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FOREWORD 
The ACS SYMPOSIUM 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 

This book is composed predominantly of a compilation of papers pre
sented in two symposia of the Fuel Division of the American Chemical 

Society. These symposia were held originally at the joint ACS/CSJ Chem
ical Congress in Honolulu, Hawaii, session on coal liquefaction funda
mentals, April 1979, and the 178th Meeting of the American Chemical 
Society, at the Storch Award Symposium in Washington, D.C., September 
1979. 

One purpose of the former symposium was to bring together scientists 
from different parts of the world to discuss their beliefs on the critical 
features of coals found in their countries that are relevant to liquefaction 
behavior. The first chapter provides an excellent general background on the 
biological and geological origin of coals from different parts of the world 
and the significance of this to liquefaction potential. 

In the rest of this section, coal liquefaction researchers of the United 
States, South Africa, Australia, Japan, Canada, and Great Britain describe 
their country's coal reserves and origins, and the significance of coal com
position to liquefaction behavior. 

The second section of this volume describes several potentially new 
liquefaction processes which may have higher efficiencies than today's 
developing technologies. The theme of the Storch Award Symposium, 
featured throughout these six chapters, was new process potentials through 
the use of short-contact-time thermal processes followed by catalytic 
upgrading. 

The mechanisms by which coal is converted to soluble or liquid form 
and the nature of the products of such reactions have been the subjects of 
a great deal of effort throughout the world. In the last two sections, 
researchers from Australia, Japan, South Africa, and the United States 
describe their findings in these areas. The reader will note that no unani
mous agreement exists on the chemical mode by which coal is converted 
although kinetic descriptions are often similar. 

This book is intended primarily for those who have some expertise in 
coal liquefaction but the first six chapters should be very valuable to 
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persons just entering the field. The international flavor of the text is some
what unique and will provide the readers with a feeling for goals and 
philosophies for coal liquefaction in various parts of the world. 

Mobile Research and Development D. D U A Y N E WHITEHURST 

Corporation 
P.O. Box 1025 
Princeton, NJ 08540 

May 21, 1980 
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1 
Some Proved and Unproved Effects of Coal 
Geochemistry on Liquefaction Behavior with 
Emphasis on U.S. Coals 
P. H. GIVEN, W. SPACKMAN, A. DAVIS, and R. G. JENKINS 

College of Earth and Mineral Sciences, The Pennsylvania State University, 
University Park, PA 16802 

1. Introductory Remarks on Coal Paleobotany, Geology and 
Geochemistry 

The purpose of the collection of papers in this volume is 
to review what can be said about the susceptibility to lique
faction of coals from different parts of the world. We and 
later authors will present data relative to coals of the areas 
with which we are familiar. However, with the Editor's approval, 
we are going to devote the first part of this paper to making 
some general remarks about coal geology and geochemistry, 
in the hope that this will provide a useful background to 
what comes later. 

1.1 Paleobotany of Coal Origins 

On the evidence of coalified organs and tissues of the higher 
plants identifiable under the microscope in some coals (1), or 
petrified plan tissue found as "coal balls" in some coals (2), 
and on the basis of the pollen and spore content characteristic 
of coals, it is generally accepted that they are derived mostly 
from the organic matter of the higher plants, altered to a 
greater or lesser extent by microorganisms (3,4), and partly in 
some cases from the lower plants (algae). 

The hydrologic, geologic and climatic conditions necessary 
for the formation of extensive coal measures are evidently rather 
s p e c i f i c , because the periods in geologic time i n which major e p i 
sodes of coal formation occurred were sporadic in any one geogra
phic area (see Table I ) . Thus i s many areas, there have been 
large gaps in time when no major coal measures were formed. Since 
the evolution of the plant kingdom proceeded continuously, whether 
or not coal measures were being l a i d down, the coals that formed 
after a gap in time were formed from plants quite different to 
those that gave r i s e to coals before the gap. Table II summarizes 
a few important events in the evolution of the plant kingdom. 

0-8412-0587-6/80/47-139-003$08.00/0 
© 1980 American Chemical Society 
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1. GIVEN ET AL. Coal Geochemistry 5 

Table II. An Outline of Plant Evolution 

Period 
Late S i l u r i a n 

Carboniferous 

Permian 

T r i a s s i c & 
Jurassic 

Cretaceous 

Late Cretaceous 

Approx. m. years 
before present 

400 

350-270 

270-225 

225-180 

135- 70 

say 80 

f i r s t appearance of l i g n i f i e d 
land plants 
large, diverse f l o r a , of spore-
dispersing plants, including 
ferns and slender trees with 
varying amounts of branching 
and leaf development 
seed-fern f l o r a (Glossopteris) 
flourishes a l l over Gondwana-
land 
seed-bearing plants f l o u r i s h 
with conifers and cycadophytes 
prominent 
flowering plants evolved 
(Angiosperms) 
essentially modern f l o r a 

A comparison of Tables I and II shows that the major coal 
measures of the world were derived from several quite different 
f l o r i s t i c assemblages. Thus the plants that gave r i s e to coals 
in Europe and the east and midwest of North America i n the Car
boniferous were part of a complex f l o r a that included ferns, seed 
ferns, horsetails, lycopods and conifer precursors. Except for 
the conifer precursors, l i g n i f i e d xylem tissues tended to be min
imal i n these plant groups and unusually large leaves with exten
sive waxy c u t i c l e s were characteristic of three of the groups. 
The abundant lycopods emphasized the development of a "corky" 
periderm or bark which, presumably, was formed of c e l l walls that 
were heavily impregnated with suberin as well as l i g n i n . (Both 
cutin and suberin appear to be polymers of long chain hydroxy 
acids and dicarboxylic acids. Suberin i s a waxy substance devel
oped i n the thickened c e l l walls characteristic of cork tissues.) 
Most of the plants were p r o l i f i c spore-formers and generated 
large quantities of thick-walled microspores and megaspores whose 
waxy exines proved p a r t i c u l a r l y resistant to decay and decomposi
tion. F i n a l l y , the r a t i o of purely c e l l u l o s i c c e l l walls to 
walls impregnated with l i g n i n or suberin was much higher than at 
any subsequent time. 

The term "Gondwanaland" i n Table I refers to a once-existing 
supercontinent consisting of what are now known as A f r i c a , South 
America, Antarctica, Australasia and India (5). The Permian coals 
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6 COAL LIQUEFACTION FUNDAMENTALS 

of t h i s supercontinent i n the southern hemisphere were a l l formed 
under climatic conditions d i f f e r i n g from those that prevailed i n 
the northern hemisphere during the Carboniferous, with important 
consequences for the pétrographie make-up of Gondwanaland coals (5). 
Also, these coals were formed from a less diverse f l o r a than that 
described above, with a par t i c u l a r group of seed ferns and pre-
conifers playing a conspicuous role i n the vegetation. The seed 
habit began to affect the volume and type of spore production and 
the r a t i o of l i g n i f i e d to non-lignified tissues probably increased 
Lycopods with their suberin-rich "barks" were no longer s i g n i f i 
cant components of the swamp f l o r a s . 

L i t t l e paleobotanic study has been made of the coal-forming 
plants of the T r i a s s i c and Jurassic i n Australia and A f r i c a , but 
in the rest of the world two plant groups ascended to positions 
of dominance. These were the conifers and the cycadophytes. The 
cycadophytes emphasized non-lignified parenchymatous tissue ( i . e . , 
containing l i v i n g , protoplasmic c e l l s ) and large f e r n - l i k e leaves 
with well developed waxy c u t i c l e s . The conifers emphasized the 
development of massive l i g n i f i e d stem and root cylinders with a 
sign i f i c a n t amount of suberized periderm. Most of the plants i n 
both groups were of arboreal habit, although the cycadophytes were 
often short and stocky, with much of their mechanical support as 
engineering structures being provided by heavily l i g n i f i e d leaf 
bases. A l l were seed producers, meaning that they no longer form
ed large quantities of the thick-walled megaspores that are so 
characteristic of many Carboniferous coal types. 

The Angiosperms evolved i n the Cretaceous, and from that 
period on the coals were formed from fl o r a s much l i k e those we see 
today. In any period, the f l o r a l o r i g i n of the coals in one basin 
was not necessarily precisely the same as that of coals formed i n 
other basins at the same time. 

The above outline of the evolution of the plant kingdom dur
ing coal-forming eras has been presented largely i n the language 
of botanical anatomy. However, the a l e r t chemist w i l l note that 
the anatomical differences imply considerable quantitative and 
s p a t i a l differences i n the d i s t r i b u t i o n of the p r i n c i p a l plant 
constituents [cellulose, l i g n i n , cutin, suberin and other waxes, 
contents of protoplasmic c e l l s , pigments, resins, sporopollenin. 
The l a t t e r substance i s thought to be the p r i n c i p a l constituent 
of the outer layer (exine) of both spores and pollen grains; i t 
i s said to be a co-polymer of oxygenated carotenoid compounds 
with long-chain fatty acids (6,7)]. The differences may be qu a l i 
tative also. It i s a prime cha r a c t e r i s t i c of the higher plants, 
as opposed to other types of organism, that they contain a wide 
variety of phenolic substances, of which l i g n i n i s only one (8.,9) · 
Other important phenolic constituents of plants include the hy-
drolyzable and condensed tannins (9) which as c e l l f i l l i n g s are 
thought to give r i s e to the rather rare coal maceral, phlobaphen-
ite(10).The structure and nature of these various phenolic sub
stances d i f f e r considerably i n plants that represent d i f f e r i n g 
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1. GIVEN ET AL. Coal Geochemistry 7 

degrees of evolution (11,12,13,14). Thus the "paleo-biochemistry" 
of coal-forming plants i n di f f e r e n t periods and areas d i f f e r e d i n 
several respects. 

1.2 Metamorphism or Catagenesis 

There are geologic processes by which a peat formed at the 
earth's surface becomes buried progressively more and more deeply, 
and i t i s c h i e f l y exposure to the elevated temperatures experien
ced at depth that i s responsible for converting peat into the 
coals of various ranks, the rank attained depending on the maxi
mum temperature reached by a stratum (15,16). The mean temperature 
gradient i n the earth's crust i s 3°C/100 m, but there i s wide 
var i a t i o n about the mean. Also, the length of time during which 
deeper and deeper b u r i a l takes place, before u p l i f t brings the 
stratum back towards the surface, i s quite variable. Thus coals 
in different basins may reach the same apparent rank through ma
t e r i a l l y d i f f e r e n t temperature/time h i s t o r i e s (as, for example, 
in the Appalachian and midwest areas of the U.S.) (16). The meta
morphism of coals no doubt involves a large number of p a r a l l e l 
reactions, each having i t s own enthalpy and entropy of activation. 
Available methods of assigning a degree of metamorphism, or rank, 
to a coal are so crude that i t i s very l i k e l y that we s h a l l de
scribe two coals as of the same rank when, even i f the starting 
materials were i d e n t i c a l , a diff e r e n t mix of products results 
from coal A being formed at temperature T^ during the time i n t e r 
v a l t i , while coal Β was formed at the lower temperature T 2 dur
ing the longer time t 2 - For pure substances there i s i n kinetics 
a considerable degree of temperature/time compensation: for coals, 
this cannot be so, because of their complexity. 

It i s customary to treat the ki n e t i c s of processes a l t e r i n g 
coals by the c l a s s i c a l methods of chemical k i n e t i c s , as i f a coal 
were a single chemical substance, whether from the point of view 
of the geochemistry of metamorphism (17), or laboratory pyrolysis 
(e.g.18), or liquefaction (e.g.19). In a study of coal liquefac
tion mechanisms and k i n e t i c s , Szladow has strongly objected to 
such procedures, arguing that any v a l i d k i n e t i c analysis must 
start from the proposition that any chemical process of a l t e r a 
t i o n of a coal consists of a large number of reactions proceeding 
in p a r a l l e l , each with i t s own rate and temperature coef f i c i e n t 
(20,21). Accordingly, he developed his own kinetic analysis of 
liquefaction, which showed, inter dliay that the apparent o v e r a l l 
energy of activation of coal liquefaction must vary with the de
gree of conversion of the coal to l i q u i d s + gases. Surely simi
l a r considerations must apply to the complex of chemical reac
tions that represent metamorphism, or, as the low-temperature 
thermal a l t e r a t i o n of organic matter i s increasingly being termed, 
catagenesis (22). 

The various aspects of coal origins b r i e f l y reviewed above 
already strongly suggest that a world view of the i n t e r r e l a t i o n -
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8 COAL LIQUEFACTION FUNDAMENTALS 

ships of coal properties, and of the r e l a t i o n of coal characteris
t i c s to behavior i n processes, i s l i k e l y to show a great deal of 
dispersion. Very few authors have obtained data that confirm or 
deny this conclusion. Tribute should be paid to Mott (23), who, 37 
years ago, showed that the moisture-holding capacity of some 2000 
coals i s dependent on geological antecedents as well as on rank. 

1.3 Some Macérais and their Origins 

Certain compositional differences between coals of d i f f e r i n g 
origins can be inferred from available data. D i f f e r i n g anatomical 
distributions of cellulose, l i g n i n and suberin, with implications 
for the origins of v i t r i n i t e s , and d i f f e r i n g d i s t r i b u t i o n of phen
o l i c substances i n plants of different orders and families, have 
been referred to above. Some biochemical investigations of modern 
representatives of ancient plants have been made (e.g., r e f s . 14, 
24), which display taxonomic variations i n l i g n i n structure, f l a -
vonoid types and sugar anabolism. 

Most of the plants that flourished i n the Carboniferous and 
Permian reproduced by means of spores. This was a rather i n e f f i 
cient mode of reproduction, so that large numbers of spores were 
produced as a f a i l - s a f e reproductive strategy. Later plants (con
i f e r s and flowering plants) reproduced more e f f i c i e n t l y v i a seed 
production. This involves elimination of the development and 
dispersal of large quantities of thick-walled megaspores and the 
production of smaller quantities of, often, thinner-walled pollen 
grains as the equivalent of the more ancient microspores. Thus 
the coals formed i n the T r i a s s i c and l a t e r t y p i c a l l y contain con
siderably smaller concentrations of sporinite (or exinite) maceral 
than e a r l i e r coals, and i n biochemical terms the contribution of 
sporopollenin was therefore much less. Since i t i s assumed that 
sporinite i s a highly reactive maceral i n liquefaction, t h i s i s 
s i g n i f i c a n t . 

So far as i s known, a l l of the higher plants contain terpen
oid hydrocarbons and oxygen-containing compounds that are commonly 
described as resins. These may have various b i o l o g i c a l functions, 
such as sealing of wounds in the stem by exudation of l i q u i d t e r 
penoids and oxidative polymerization to a s o l i d resin. Resin 
ducts containing such materials did occur in the plants that gave 
r i s e to coals i n the Carboniferous, but were much more abundant 
in the conifers that were the precursors of many coals in the 
Cretaceous. Thus the d i s t r i b u t i o n of r e s i n i t e macérais d i f f e r s 
i n coals originating i n different eras. The study of Murchison (25) 
suggests materially different chemical characteristics of r e s i -
nites of d i f f e r i n g geological age. Fragmentary unpublished ob
servations of our own indicate that r e s i n i t e s are highly reactive 
macérais in liquefaction. 

Fusinite macérais are generally held to be inert i n coking, 
and in liquefaction, as w i l l be seen below. In the production 
of metallurgical coke, they do not become f l u i d on heating, and 
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1. GIVEN ET AL. Coal Geochemistry 9 

participate i n the formation of vesicular coke only as non-reac
tive diluents (though contributing to the mechanical strength of 
the coke). Such knowledge as we have of f u s i n i t e s i s e n t i r e l y 
based on samples procured from macroscopically v i s i b l e lenses of 
fusain that often occur i n coal seams. Fusinites of this kind 
have long been believed to have originated as charred wood formed 
in forest f i r e s (26). Comparisons of the change i n e.s.r. signal 
given by pairs of v i t r i n i t e s and f u s i n i t e s from the same coals 
after laboratory pyrolysis showed that the f u s i n i t e s had already 
been exposed to temperatures of 500-600°C (27,28). From t h i s 
point of view, related semifusinites must represent the inner l a 
yers of woody stem that were p a r t i a l l y protected and experienced 
r e l a t i v e l y low temperature pyrolysis; hence they are l i k e l y to show 
a range of compositions and r e a c t i v i t i e s . 

The kind of f u s i n i t e discussed above i s called "pyrofusinite" 
(26). It i s of high reflectance (mean value, 3-5%) and often pre
serves the c e l l u l a r structure of wood (26); i t i s of high carbon 
content (29), and high aromaticity (29,30,31). Thus there i s 
some degree of understanding of the origins and nature of pyrofu
s i n i t e . 

There i s , regrettably, l i t t l e understanding of the nature or 
properties of another important sub-maceral of f u s i n i t e , "degrado
f u s i n i t e " . M. Teichmuller believes that this maceral may originate 
in the unconsumed part of wood attacked by fungi such as dry rot, 
Merulius laohrymans; such fungi " a l t e r the unused part of the 
wood into carbon-rich, strongly r e f l e c t i n g , humic substances" (26). 
For what reason or by what means the fungus should so a l t e r "the 
unused part of the wood" i s not made clear. Moreover, no evidence 
that degradofusinite i s indeed carbon-rich has ever been presented, 
that we know of, and in fact we have experience of only one single 
concentrate of this maceral, which was prepared by M. Teichmuller; 
unfortunately, i t s carbon content was not determined, but i t s 
e.s.r. behavior indicated that i t had not previously been exposed 
to elevated temperatures (32). In any case, the proposition that 
some microorganisms in t h e i r respiratory cycles or other metabolic 
processes burn the hydrogen from organic molecules to leave a 
highly carbonaceous residue postulates physiological a c t i v i t i e s 
that have not so far been recognized i n any laboratory culture or 
natural ecosystem that we have heard of. Of course, i t i s plaus
i b l e to suppose that there may be biochemical processes that 
transform plant tissue into the precursor of degradofusinite, i f 
the assumption were removed that this maceral i s highly carbona
ceous; we are, of course, ignorant of what these processes may be. 

Concerning the d i s t r i b u t i o n of degradofusinites, M. Teich
muller states (26): "By far the greatest part of Carboniferous and 
Permian f u s i n i t e and semifusinite occurs i n d u l l coal bands (du-
r a i n s ) . These f u s i n i t e s , i n contrast to the fusain lenses, are 
not v i s i b l e macroscopically. Their c e l l structures are poorly 
preserved, their r e f l e c t i v i t y i s mostly semifusinitic these 
degradofusinites apparently form through dehydration and 
oxidation", and again, "Degradofusinites are especially abundant 
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10 COAL LIQUEFACTION FUNDAMENTALS 

i n the thick Carboniferous bituminous coals of E. Upper S i l e s i a 
[Poland] and in many Gondwana coals which may contain up to 50% of 
this material". 

There are certainly lithotypes that can be handpicked from 
European and American coals that are r e l a t i v e l y r i c h i n f u s i n i t e 
and semifusinite. However, i t i s perhaps s i g n i f i c a n t that the 
mean content of total f u s i n i t e + semifusinite i n 697 coal samples 
in the Penn State/DOE Data Base i s 8.9%. On the other hand, the 
content of i n e r t i n i t e macérais in the Permian coals of Gondwana-
land i s notoriously high and much of t h i s i n e r t i n i t e material con
s i s t s of semifusinite (5,26,33,34), the concentration of which can 
be as high as 50% i n the whole seam. 

Gray et a l . (33) state that one t h i r d of the semifusinite i n 
Permian coals of South A f r i c a i s assumed to be reactive in coking; 
this i s the same proportion as i s assumed reactive in U.S. coals 
by some workers, as w i l l be documented l a t e r . In fact, i t seems 
to be assumed that pyrofusinite and degradofusinite have the same 
r e a c t i v i t i e s (35). However, the evidence for t h i s proposition i s 
scanty and i t i s evidently undergoing a careful re-examination, 
as i s made clear i n the contribution to t h i s symposium by Durie (34). 

Thus we accept that the maceral "degradofusinite" and the 
associated semifusinite exist, that they are widely distributed 
and quantitatively important i n many Gondwanaland coals, and that 
their o r i g i n i s different from that of pyrofusinite. However, for 
biochemical reasons, we are unable to accept the suggestion that 
these macérais are derived from wood unconsumed by fungi i f they 
are indeed highly carbonaceous, and we submit that the character 
and technologic properties of some major constituents of coals of 
the southern hemisphere including India, are hardly understood at 
a l l . 

The recent presentation of Neavel draws attention to the 
heterogeneity of coals and i t s importance i n determining the pro
perties and conversion behavior of coals (36). The remarks made 
above indicate that the pétrographie composition of coals varies 
with the character of the f l o r a from which their organic matter 
was derived and that the nature of some of the macérais or sub-
macerals, as presently judged, may be d i f f e r e n t i n different areas. 
The data reviewed by Francis (37) show that coals from, for exam
ple, Nigeria and Pakistan may contain p a r t i c u l a r l y high contents 
of hydrogen. Pétrographie analyses by modern methods were not 
given, but the data presumably t e s t i f y to the presence of r e l a t i 
vely high concentrations of macérais of the l i p t i n i t e suite (spor
i n i t e , c u t i n i t e , r e s i n i t e , a l g i n i t e ) . Thus i f one takes a global 
view, i t appears that there can be wide variations in pétrographie 
composition and hence in liquefaction behavior, since macérais of 
the l i p t i n i t e suite, of highly a l i p h a t i c character, are assumed 
to be specially susceptible to liquefaction. 
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1. GIVEN ET AL. Coal Geochemistry 11 

1.4 Further Aspects of the Effects of the Environments 
of Deposition and C o a l i f i c a t i o n 

At the present time, a large majority of the peats now accum
ulating are to be found i n fresh-water hydrologie conditions (4, 
38), whereas i n the geologic past, saline conditions often pre
vailed (4,38,39). Sulfate ion i s the second most abundant anion 
in saline waters, and whenever such waters impregnate an accumu
lat i n g organic-rich sediment, b a c t e r i a l reduction of sulfate to 
H 2 S , and f i x a t i o n of sulfur as su l f i d e minerals and in organic 
structures, occurs (4,40,41,42). This i s obviously an important 
factor determining the sulfur content of coals, which, as we s h a l l 
see, i s i n i t s turn an important factor determining liquefaction 
behavior. In addition, one wonders whether the combination of 
halophilic plants as source of the debris preserved i n peats with 
the a c t i v i t i e s of h a l o p h i l i c microorganisms, and the reducing con
ditions resulting from the abundant presence of H 2 S , might not re
sult in the preservation of organic matter different i n some ways 
from that accumulating i n fresh-water conditions. The degree of 
s a l i n i t y , and hence the magnitude of these effects, i s l i k e l y to 
vary i n different s i t e s of accumulation (43). 

Teichmuller (39) has indicated that coals formed i n saline 
environments tend to be richer i n hydrogen and nitrogen than fresh
water coals. She also believes that certain fluorescent macérais 
may be r e l a t i v e l y more abundant i n coals formed i n more saline 
conditions; in accordance with this view, f l u o r i n i t e and fluores
cent v i t r i n i t e appear to be more abundant i n coals from I l l i n o i s 
than i n those i n the Eastern province. 

Recent work has suggested that the coals of the I l l i n o i s Ba
sin were never buried deeper than about 1500 m. (44), compared 
with an estimated 3000 m. or more for the coals of western Penn
sylvania i n the Eastern province. Presumably as a consequence, 
the coals of the Interior province tend to show low values of 
v i t r i n i t e reflectance and high values of moisture-holding capacity 
r e l a t i v e to coals of other areas of apparently similar rank (45). 

The minerals and other inorganic species i n coals derive 
mostly from the input of d e t r i t a l minerals and soluble cations to 
the o r i g i n a l peat swamp or marsh; these i n turn derive from what
ever rocks are being eroded i n highlands around the peat-forming 
area. This input makes possible the formation of additional min
erals within the peat (e.g., pyrite, c a l c i t e ) . Also, some further 
mineral deposition (e.g., of pyrite) may occur i n cleats after 
induration of the organic sediment, to an extent that again de
pends on l o c a l geochemical conditions (46,47). 

1.5 Some Conclusions of t h i s Section 

A l l of the material outlined in this introductory section 
suggests strongly that the coals of the world almost cer t a i n l y 
w i l l show a wide variety of ch a r a c t e r i s t i c s , due to d i f f e r i n g 
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12 COAL LIQUEFACTION FUNDAMENTALS 

plant origins, to d i f f e r e n t i a l preservation and a l t e r a t i o n of 
plant tissues and organs, to d i f f e r i n g inputs of inorganic mater
i a l s and to d i f f e r i n g temperature/pressure/time h i s t o r i e s . Sure
l y , therefore, one must anticipate considerable dispersion of 
behavior i n conversion processes. However, i t i s doubtful whether 
any i n s t i t u t i o n has either the f i n a n c i a l resources or a sample 
base adequate to permit a test of these hypotheses. 

A further factor i s that i n any one continental land mass, 
at any one point i n time, there have been a number of different 
environments of deposition of peat, which may well have influen
ced the characteristics of the coals derived from the peats. It 
i s not proposed to review these in any general sense, but some 
discussion i s offered l a t e r on the possible relevance of t h i s fac
tor i n determining the liquefaction behavior of U.S. coals. In 
the meantime, we summarize, for future reference, the major coal-
bearing areas, or provinces, of the United States i n Table I I I . 
The relevance of the remarks on sulfur content i s that, for reas
ons explained above, i t i s usually a v a l i d index of the s a l i n i t y 
of the environments of deposition. It was remarked e a r l i e r that 
the Eastern and Interior provinces have experienced different 
temperature/prèssure/time h i s t o r i e s . It should be added that 
coals of the Rocky Mountain, P a c i f i c and Alaskan provinces most 
probably experienced yet further sets of conditions of metamor
phism: a l o c a l l y increased geothermal gradient that produced 
r e l a t i v e l y high temperatures at r e l a t i v e l y low depths of b u r i a l 
and hence at r e l a t i v e l y low pressures of overburden. 

2. Experimental Studies of the Dependence of Liquefaction 
Behavior of U.S. Coals on Coal Characteristics 

The remainder of this paper can be r e s t r i c t e d to coals of 
North America, since t h i s i s the area for which we have data and 
in any case other contributors to this collection w i l l deal with 
the coals of their own areas. The f i r s t statement above needs 
q u a l i f i c a t i o n : we ourselves have no liquefaction data on Canadian 
coals, but Ignasiak et a l . (48) present some in t h i s collect ion. Re
ly i n g , as i n the e a r l i e r partfof this paper, on geological i n f o r 
mation, we can say that the strata of the North Great Plains and 
Rocky Mountain provinces continue north into Canada, as does the 
P a c i f i c province. Nova Scotia contains some Carboniferous coals 
related to those i n the Eastern province. 

2.1 Early U.S.B.M. Work 

A large program of work on coal liquefaction at the U.S. 
Bureau of Mines station at Bruceton, Pa., under the dire c t i o n of 
H. H. Storch, was stimulated by the pre-war and wartime develop
ments in Germany (49,50,51 ,J^,.53) . The very extensive studies 

showed that, with some modification of processing conditions, most 
U.S. coals could be converted to l i q u i d fuels i n acceptable y i e l d s 
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14 COAL LIQUEFACTION FUNDAMENTALS 

(the severe conditions needed for some coals would now be exces
sive l y expensive). Detailed studies were made to evaluate the 
liquefaction potential of pétrographie constituents of coals (50, 
53). The system of pétrographie analysis used i s now regarded as 
obsolete, and e n t i t i e s described as "translucent a t t r i t u s " and 
"opaque a t t r i t u s " cannot be interpreted unambiguously i n modern 
terms (contrary to some unsupported and i l l - a d v i s e d statements i n 
the l i t e r a t u r e , 54,55). However, the findings that a l l "fusains" 
tested showed poor liquefaction conversion i s acceptable evidence 
that f u s i n i t e macérais are unreactive i n liquefaction. An impor
tant review of this and related work was published i n 1968 by Wu 
and Storch and has recently been reprinted (54). 

2.2 Influence of Rank 

Coal rank i s the most obvious characteristic to examine i n 
r e l a t i o n to variations i n liquef a c t i o n behavior. Different resear
chers have reached varying conclusions on the effect of rank i n 
coal liquefaction experiments (e.g. 50,56), although there i s gen
eral agreement about the lower yields obtained from higher rank 
coals. Some have reported that the highest yields are obtained 
from the lowest rank coals, others that optimum conversion i s 
found for coals of high v o l a t i l e bituminous rank, and yet others 
that there i s no satisfactory rank-conversion relationship. Work
ers at the U. S. Bureau of Mines (50) concluded that low-rank sam
ples were more sensitive to experimental conditions than bituminous 
samples. More recent results from diff e r e n t laboratories also lack 
consistent trends with rank. Our own limited data obtained from 
two series of autoclave experiments (57) indicated that maximum 
conversion occurs at high v o l a t i l e bituminous rank. 

Contrasting results were experienced with a suite of seven 
coals, a l l of high v i t r i n i t e content and varying i n rank from l i g 
n i t e to low v o l a t i l e bituminous, reacted i n Mobil Research and 
Development Corporation's s t i r r e d autoclave for a very short r e s i 
dence time and with a synthetic solvent (58) (430°C, ̂ 13.40 MPa 
of H 2 , 3 min. residence time, coal p a r t i c l e size <350ym). These 
experiments were designed anticipating that a shorter residence time 
would be more l i k e l y to reveal the effects of differences in the 
conversion mechanisms of the individual coals. Figure 1 shows 
the conversions obtained from this suite, the greatest being for a 
high V o l a t i l e A bituminous coal ( v i t r i n i t e Ι ^ 3 χ = 1.00%). The 
Mobil R&D group have suggested that the rate of dissolution of the 
lower rank coals i s s u f f i c i e n t l y slow to be reflected i n the con
version levels achieved at 3 min. residence times (59). 

Further information on the trends of behavior of v i t r i n i t e s 
with change of rank was provided by the examination with an o p t i c a l 
microscope of residues from liquefaction experiments. This w i l l be 
dealt with l a t e r . 
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1. GIVEN ET AL. Coal Geochemistry 15 

Figure 1. Conversions over short residence time for high-vitrinite coals of varying 
rank 
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16 COAL LIQUEFACTION FUNDAMENTALS 

2.3 S t a t i s t i c a l Analyses of Liquefaction Data for a 
Large Sample Set 

The above discussion has assumed that the rank of a coal can 
be adequately measured by a single parameter, such as the r e f l e c 
tance, the v o l a t i l e matter y i e l d or the organic carbon content. 
This assumption i s commonly made, but i t has for a long time ap
peared a pretty improbable proposition. The discussion also was 
r e s t r i c t e d to bivariate correlations, that i s , plots of a single 
variable against another. 

A s t a t i s t i c a l study of the conversion with t e t r a l i n of 68 
coals (60) must now be regarded as superseded by a l a t e r , more 
comprehensive paper (61), but i t did show very c l e a r l y that b i 
variate plots are of l i t t l e value i n i n t e r r e l a t i n g liquefaction 
behavior with coal properties; at least two or three coal proper
t i e s must be taken into account i n seeking to explain the variance 
of liquefaction behavior, and some of these properties are not 
related to the rank of the coal. The paper implies strongly that 
any interrelationships of coal characteristics must necessarily 
be multivariate. Hence in any study of coal a large sample and 
data base i s essential i f worthwhile generalizations are to be 
made. 

The raw data i n the more comprehensive study (61) were con
versions, determined i n duplicate, when each of 104 coals selected 
from three geological provinces was heated with t e t r a l i n under 
standard conditions, together with the results of 14 commonly made 
ana l y t i c a l determinations for each coal. An early observation i n 
t h i s study was that when data for a l l 104 samples were plotted 
against v o l a t i l e matter, a steady decrease of conversion with de
creasing v o l a t i l e matter was apparent. But there was a great deal 
of scatter (r=0.85). In any case, the formal requirements that 
make possible the employment of v a l i d s t a t i s t i c a l analyses were 
not met by the data matrix, as evidenced by skewed and bimodal 
relationships between the variables: the sample set was hetero
geneous . 

"Cluster analysis", when the computer was provided with 15 
coal c h a r a c t e r i s t i c s , including liquefaction conversion i n reac
tion with t e t r a l i n , partitioned the sample set into three more 
homogeneous populations. It was observed that each population 
consisted mainly of coals from one particular geological province, 
and, interestingly, the groups differed markedly i n t o t a l sulfur 
content and liquefaction conversion, and differed s i g n i f i c a n t l y 
in rank as measured by the carbon content: discriminant analysis 
showed that the contents of t o t a l sulfur and of organic carbon 
could by themselves be used to assign correctly 102 out of 104 
coals to the groups revealed by cluster analysis. 

P r i n c i p a l components analysis of the characteristics of the 
coals i n each of the three groups showed that the i n t e r r e l a t i o n 
ships between coal properties were markedly different; that i s , 
the trends of properties with increasing rank are d i f f e r e n t , i n 
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1. GIVEN ET AL. Coal Geochemistry 17 

important ways, for coals assigned by cluster analysis to d i f f e r 
ent groups. Moreover, multiple regression analyses, designed to 
establish predictive relationships between liquefaction conversion 
and coal characteristics, called out a different selection of coal 
properties for each of the three groups. The geochemical basis 
of these empirical findings i s something that v i t a l l y needs to be 
understood as a contribution to the advance of coal science and 
technology. However, at least they demonstrate (albeit empirical
ly) that the geological/geochemical antecedents of a coal are r e l e 
vant to i t s properties and behavior, and provide clues indicating 
where searches for s c i e n t i f i c understanding should start. The 
provinces from which coals were selected were the Eastern (or 
Appalachian), the Interior (the area known to Americans as "the 
mid-west"), and the Rocky Mountain. The f i r s t two are of Carbo
niferous age, and the t h i r d of Cretaceous age, so that the charac
ter of the antecedent vegetation w i l l d i f f e r as described e a r l i e r . 
Moreover, the temperature/pressure/time h i s t o r i e s of the strata 
differed markedly, as has been b r i e f l y described i n a recent pub
l i c a t i o n (62), which also provides evidence that there are system
a t i c structural differences between coals of the different pro
vinces. 

About one half of the coal samples used i n the above study 
(61) have been investigated by workers i n Gulf Research and De
velopment Company, using a continuous flow reactor (63). The 
throughput was about 1 kg./h of coal/solvent slurry, the solvent 
was a partly hydrogenated anthracene o i l , temperatures of 440 and 
455°C were used, and the system was pressurized with hydrogen to 
20.69 MPa. 

If the coals studied are c l a s s i f i e d into the groups estab
lished by the cluster analysis discussed above, Gulf conversion 
data for coals of groups 1 and 2 are even more widely segregated 
than they are for the behavior of the samples i n our small-scale 
batch reactors, as i l l u s t r a t e d in Figure 2. [Group 1: coals of 
r e l a t i v e l y high bituminous rank, of medium sulfur content, very 
largely from the Appalachian province. Group 2: coals of the 
medium and low ranges of the high v o l a t i l e bituminous classes, of 
high sulfur content, mostly from the Interior province, but with 
a substantial minority from the Appalachian province (61). Group 
3 coals had not been studied at the time the paper (63) was writ
ten; they are with only one exception from the Rocky Mountain 
province.] S t a t i s t i c a l analysis empirically shows good linear 
correlations between our data for small batch reactors, and Gulf 
data for a d i f f e r e n t donor solvent, the use of continuous flow 
conditions and pressurization with 20.69 MPa of hydrogen (63). 
Thus the predictive a b i l i t y we have established from small-scale 
batch tests most probably has relevance under conditions more 
r e a l i s t i c a l l y representing commercial practice. 

Considerable d i f f i c u l t y has been experienced i n removing 
residual s o l i d organic matter and mineral constituents by f i l t r a 
t i o n or centrifugation of the products issuing from coal liquefac-
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18 COAL LIQUEFACTION FUNDAMENTALS 

Figure 2. Distribution of liquefaction conversion for coals tested in Gulf con
tinuous-flow unit (455° C) 
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1. GIVEN ET AL. Coal Geochemistry 19 

t i o n p i l o t plants. Several processes now under development 
(notably SRC I I and Exxon Donor Solvent) tend to r e l y on vacuum 
d i s t i l l a t i o n as a means of removing solids from the saleable pro
duct. Hence,the d i s t i l l a b i l i t y of products can be an important 
aspect of the liquefaction behavior of coals. Results obtained 
under the subcontract from P.S.U. to Gulf show that the f r a c t i o n 
of coal feedstock converted to l i q u i d s d i s t i l l a b l e under a standard 
set of conditions varies widely from coal to coal (e.g., from a low 
of 12% to a high of 60% of dmmf coal) (63). We have yet to iden
t i f y the characteristics of a coal that make for a high y i e l d of 
d i s t i l l a b l e products. A plot of y i e l d of d i s t i l l a t e against the 
carbon content of the coal showed a reasonably good correlation, 
d i s t i l l a b i l i t y decreasing with increasing rank. (63) The coals of 
Group 1 tend to give a lower y i e l d of d i s t i l l a b l e material than 
those of Group 2: because Group 1 coals tend to be of higher rank, 
or for some other reason? 

It i s known that pyrite, or the pyrrhotite derived from i t 
during liquefaction of coals, catalyzes coal liquefaction, i n 
creasing conversion to l i q u i d s + gases and to l i q u i d s soluble in 
hexane, and decreasing the sulfur contents of the products (see, 
for example, Granoff, 64). We have observed (Yaykin and Given, 
1979-80, unpublished) that pyr i t e specimens isolated from a number 
of d i f f e r e n t coals exhibit d i f f e r i n g levels of c a t a l y t i c a c t i v i t y 
i n the li q u e f a c t i o n of coals of very low sulfur content. Eviden
t l y the processes that emplace pyrite i n coals give r i s e to d i f f e r 
ing p a r t i c l e size d i s t r i b u t i o n s , or d i f f e r i n g electrical/magnetic/ 
c a t a l y t i c effects determined by the nature and concentration of 
impurity atoms or other defects i n the c r y s t a l l a t t i c e . Here we 
see yet a further role of the geochemistry of coal formation. 

Thus our rather small set of samples from a few selected 
areas of the U.S.A. shows a dispersion of some aspects of lique
faction behavior that i s evidently associated with differences i n 
the geology and geochemistry of the sample. S t i l l more would we 
expect many sets of complex interrelationships between coal char
a c t e r i s t i c s to emerge had we had a s u f f i c i e n t l y large world-wide 
sample base to work with. 

2.4 Microscopic Examination of Residues from Liquefaction 

Our o p t i c a l examinations of liquefaction residues have given 
further insights into the di f f e r e n t responses of coals of varying 
rank. The huminite or v i t r i n i t e macérais of l i g n i t e s and subbi-
tuminous coals, as might be expected, generally do not become 
p l a s t i c during liquefaction. The residues derived from members of 
t h i s maceral group show similar p a r t i c l e i n t e g r i t y to the feed 
coal, although dissolution may leave tattered skeletons of the 
o r i g i n a l structures (65). At the high v o l a t i l e C bituminous rank 
l e v e l , p l a s t i c behavior of the v i t r i n i t e becomes evident i n the 
appearance of the residues, and at high v o l a t i l e Β bituminous and 
higher ranks the v i t r i n i t e has p l a s t i c i z e d more completely. This 
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20 COAL LIQUEFACTION FUNDAMENTALS 

i s evident mainly through the formation of v i t r o p l a s t (66), a 
v i t r i n i t e - d e r i v e d material occurring as isotropic spheres and 
rounded p a r t i c l e s i n which no trace remains of the o r i g i n a l bed
ding structure. Vitroplast, p a r t i c u l a r l y that from high and medium 
v o l a t i l e bituminous coals, can develop pores owing to the forma
tio n of gas bubbles. At an early stage i n liquefaction, the bloat
ing up of v i t r o p l a s t into highly porous cenospheres may contribute 
to the dissolution of coal by providing a large surface area of an 
intermediate p l a s t i c phase in which the molecular structure has 
been loosened by depolymerization (67). However, i f conditions 
in the reactor are such as to permit a recombination of thermally 
ruptured bonds, i t i s unlikely that the resulting cenospheres, 
which have a high l e v e l of reflectance compared to either v i t r i 
n ite or v i t r o p l a s t , w i l l be readily hydrogenated (66). 

Some other results revealed by the rank series tested in the 
Mobil autoclave referred to above are as follows: 

a) Unreacted v i t r i n i t e was an important constituent only i n 
the residues from coals of high v o l a t i l e C bituminous rank and 
lower. 

b) Significant amounts of anisotropic semicoke were formed 
only by the low v o l a t i l e bituminous coals. 

The results of a) and b) together show that the higher rank 
(medium and low v o l a t i l e bituminous) coals do dissociate into a 
p l a s t i c phase in the reactor. In the case of residues from low 
v o l a t i l e bituminous coals, these substances are readily coked, 
as indicated by the development of mesophase spheres within the 
isotropic pitch. Our work on solvent-refined coal (SRC) fractions 
showed that the more highly functional, higher molecular weight 
fractions have a greater propensity to form pyridine-insoluble 
products. Further, the more pyridine-insoluble material that i s 
produced by heating various SRC's, the greater the amount of meso
phase semicoke formed appears to be. 

2.5 Behavior of Macérais other than V i t r i n i t e 

E a r l i e r publications have documented the higher r e a c t i v i t i e s 
of v i t r i n i t e and l i p t i n i t e group macérais and the lower r e a c t i 
v i t i e s of certain i n e r t i n i t e macérais in liquefaction (50,57,68). 

The degree to which f u s i n i t e and semifusinite react appears 
to be related to the extent to which the woody tissues were a l 
tered by the processes leading to the formation of "pyrofusinite 1 1 

or "degradofusinite". As noted e a r l i e r , i t i s generally accepted 
in the U.S. coke industry that f u s i n i t e , macrinite and micrinite 
behave as inert substances i n coke formation, whereas semifusinite 
may behave partly as a reactive ingredient. In various coke 
strength predictive methods employed by U.S. steel companies, an 
arbitrary two-thirds of the semifusinite content i s assigned to 
the inert category (69). However, other workers have maintained 
that semifusinites do not pass through a p l a s t i c phase (35). A 
determination of how semifusinite behaves i n liquefaction processes 
i s c l e a r l y important. 
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1. GIVEN ET AL. Coal Geochemistry 21 

Table IV reports the macérai and reflectance analyses, and 
percent conversion i n hydrogen transfer, for a series of samples 
high i n i n e r t i n i t e macérais (70). The samples consist of two 
Australian coal seams with unusually high (by U.S. standards) semi-
f u s i n i t e contents, and f i v e hand-picked fusains of high f u s i n i t e 
and semifusinite contents from I l l i n o i s [whether the comparison of 
Australian and U.S. samples i s j u s t i f i a b l e i s open to question, but 
the results are interesting]. The l a t t e r samples, presumably a l l 
of the pyrofusinite type, a l l show low conversions (12-25%), even 
where there i s a r e l a t i v e l y large percentage of semifusinite (in 
PSOC 263), and the mean fusinite-semifusinite reflectance i s the 
lowest of the f i v e I l l i n o i s fusains (3.05%). In contrast, the 
conversions obtained from the two Australian samples were moderate. 
PSOC 303 has a semifusinite content of 73%, so that i t appears 
that this maceral i s making a contribution to the t o t a l conversion 
of 40%. Note that the average reflectance of f u s i n i t e and semi
f u s i n i t e i n this sample i s only 1.26%. These various results sug
gest that there are differences between f u s i n i t i e macérais i n 
Gondwanaland and northern hemisphere coals. 

Microscopic examination of the residue of PSOC 303 confirms 
the l i q u e f l a b i l i t y of the low-reflecting i n e r t i n i t e macérais. The 
remnants of semifusinite were observed which showed clear evidence 
of p l a s t i c i t y , including the rounding of p a r t i c l e s and formation 
of spheres (66). In residues from the rank suite reacted i n Mobil's 
s t i r r e d autoclave, semifusinite from U.S. coals of high v o l a t i l e 
Β bituminous rank and lower also appeared partly reacted, having 
rounded margins and dissolution embayments. That from higher rank 
coals showed no such evidence of p l a s t i c i t y , even though the high 
v o l a t i l e A bituminous coal gave the highest l e v e l of conversion. 

The behavior of macrinite and micrinite i n i n d u s t r i a l proces
ses i s not c l e a r l y understood. As stated above, many U.S. petro-
graphers treat both of these constituents as " i n e r t " coal c o n s t i 
tuents. On the other hand, overseas workers have observed that 
micrinite may not be inert during carbonization. Because some 
micrinite appears to have been generated during the progressive 
c o a l i f i c a t i o n of the l i p t i n i t e macérais, i t might, instead, be 
quite reactive. 

The s i g n i f i c a n t liquefaction yields that are presumed to have 
been derived from some macrinite-rich samples may attest to a con
tr i b u t i o n to conversion from this maceral. However, results from 
durains, and s p l i n t and cannel coals, which may contain large 
amounts of macrinite, generally have been variable (50). The con
version which we achieved with a coal containing 21% macrinite 
indicated that there was a contribution to the l i q u i d products of 
batch hydrogénation from this maceral. Further, the residues exam
ined from runs made with this coal at a series of temperatures 
contained no distinguishable macrinite product once a temperature 
of 425°C had been reached (66). 

Because of the p o s s i b i l i t y that the response of macrinite i s 
variable, then there may be j u s t i f i c a t i o n for the recognition of a 
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semi-macrinite category i n pétrographie analysis, since the degree 
of inertness could be related to reflectance, as we have shown i s 
the case with the series fusinite-semifusinite. 

The reactive r o l e of l i p t i n i t e macérais i n liquefaction has 
been p a r t i a l l y documented (50,68). However, recent work has shown 
that unaltered sporinite often i s encountered i n the residues from 
both batch and continuous liquefaction runs. For example, sporin
i t e was a common component i n the residues of a high v o l a t i l e A 
bituminous coal af t e r hydrogen-transfer runs at 400° for 30 min
utes (70). In spite of the r e l a t i v e unreactivity of the sporinite 
in t h i s instance, the v i t r i n i t e c l e a r l y had reacted extensively 
because v i t r o p l a s t was the predominant residue component. The 
dissolution rate of sporinite from some coals, even at 400°C, may 
be somewhat less than that of v i t r i n i t e . 

In contrast to sporinite, r e s i n i t e from a Utah high v o l a t i l e 
A bituminous coal reacted rapidly and more completely than the 
corresponding v i t r i n i t e . Table V shows the conversion levels 
achieved for a concentrate containing 75% r e s i n i t e (mineral-free 
basis) reacted under r e l a t i v e l y mild conditions. The results are 
curious. A f a i r l y respectable l e v e l of conversion i s achieved i n 
15 minutes at 350°C (under which conditions the associated v i t r i 
nite would presumably show l i t t l e conversion), but longer times 
and a temperature of 370° have l i t t l e further effect; even r a i s i n g 
the temperature to 400° does not show a major increase i n conversion. 

Table V. Conversion of Utah Resinite Concentrate 

Temperature (°C) Time (min) Conversion (% daf5 

350 15 59 
370 15 60 
370 30 62 
400 15 73 

*For d e f i n i t i o n see Table IV 

The residue produced from the 350°C run contained discernible 
r e s i n i t e p a r t i c l e s . In contrast, examination of the fluorescence 
of residues from the two 370° runs i n blue l i g h t showed that l i t 
t l e r e s i n i t e was l e f t undissolved other than that incorporated 
within a matrix of other macérais. Instead, a diffuse fluores
cence had been imparted to the epoxy resin embedding medium. Pre
sumably, the epoxy was able to dissolve some of the l i q u e f i e d 
resin remaining after extraction with ethyl acetate. In the 
residue from the run at 400°C, only one discrete r e s i n i t e p a r t i c l e 
was observed among the many coal p a r t i c l e s embedded in the epoxy 
polymer. It appears that i n a short time at 350°, most, but not 
a l l , of the r e s i n i t e undergoes liquefaction. A l l other material 
in the sample needs considerably more severe treatment. 
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2.6 Accumulation of Reactor Deposits 

It i s well known that during liquefaction there i s always 
some amount of material which appears as insoluble, residual s o l 
ids (65,71). These materials are composed of mixtures of coal-
related minerals, unreacted (or p a r t i a l l y reacted) macérais and 
a diverse range of solids that are formed during processing. 
P r a c t i c a l experience obtained in liquefaction p i l o t plant opera
tions has frequently shown that these materials are not completely 
eluted out of reaction vessels. Thus, there i s a net accumulation 
of solids within vessels and f l u i d transfer l i n e s i n the form of 
agglomerated masses and wall deposits. These materials are often 
referred to as reactor s o l i d s . It i s important to understand the 
phenomena involved in reactor solids retention for several reasons. 
F i r s t l y , they can be detrimental to the successful operation of a 
plant because extensive accumulation can lead to reduced conver
sion, enhanced abrasion rates, poor heat transfer and, i n severe 
cases, reactor plugging. Secondly, some retention of minerals, 
especially pyrrhotites, may be desirable because of their poten
t i a l c a t a l y t i c a c t i v i t y . 

In absolute terms, the quantities of reactor s o l i d s found i n 
various processes do vary considerably. The rate of accumulation 
i s related to several factors, such as coal c h a r a c t e r i s t i c s , re
cycle solvent quality and reactor design. However, i t can be 
stated i n general terms that liquefaction of low rank coals (sub-
bituminous C and l i g n i t e s ) does result i n higher rates of accumu
l a t i o n of solids than do similar operations with bituminous coals. 
For example, during normal operations of the SRC-I p i l o t plant 
at Wilsonville, Ala., i t has been found that the amount of solids 
retained varies from about 0.2-0.5 wt.% (moisture-free) for b i t u 
minous coals to 1.0-1.9 wt.% (moisture free) for a subbituminous 
C coal (Wyodak) (72). Exxon also reports much larger accumulations 
for l i g n i t e s and subbituminous coals than those found for bitumi
nous coals (73). 

Perhaps the most important components of reactor s o l i d s are 
those that are generated during processing rather than those that 
are derived from inert minerals (quartz, clays) and macérais (fu-
s i n i t e s , etc.) i n the feed coal (74). The retention of these 
'formed1 materials i s more d i f f i c u l t to predict from the character
i s t i c s of the feed and, hence, control i n liquefaction processes. 
In most cases, the inert materials are merely held together by 
matrices of the i n t e r n a l l y generated sol i d s . It i s important to 
recognize that there are two very d i s t i n c t types of material gen
erated by coal liquefaction; namely carbonaceous (coke-like) solids 
and carbonates. 

Carbonaceous solids appear as a result of retrogressive reac
tions, in which organic thermal fragments recombine to produce i n 
soluble semi-cokes (59,65). Coke formation i s observed during 
li q u e f a c t i o n of a l l coals and i t s extent can vary widely according 
to the coal, the reaction solvent, and reaction conditions. The pre
dominant inorganic species produced during the process of coal 
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l i q u e f a c t i o n are calcium carbonates. This phenomenon only occurs 
during processing of low rank (subbituminous C and l i g n i t i c ) coals. 

In the following, we s h a l l discuss reactor solids i n terms of 
observed behavior of bituminous coals versus those of lower rank. 
Examination of reactor solids obtained from bituminous coals (65, 
74,75) nearly always reveals that they are predominantly composed 
of mineral species (Table VI) that are derived from the minerals 
occurring i n the coals. These solids usually y i e l d more than 60% 
ash; the only exceptions are found when severe coking has occurr
ed (74). The most common minerals i d e n t i f i e d i n reactor solids 
from bituminous coals are quartz, pyrrhotite and anhydrite. Minor 
constituents d i f f e r among solids from diff e r e n t coals, but gener
a l l y consist of clays, calcium-containing minerals (carbonates and 
sulfates), iron-containing minerals (sulfides and carbonate), and 
titanium oxides (65,74). We have shown that minerals such as 
quartz, c a l c i t e and r u t i l e are e s s e n t i a l l y unchanged by liquefac
t i o n (74). Clays and calcium sulfates appear to undergo dehydra
tio n and fragmentation. There i s some doubt concerning the occur
rence of calcium sulfates because i t has been noted that they 
appear i n greater concentrations i n reactor solids than i n the 
corresponding feed coals. The p o s s i b i l i t y of sulfate formation 
cannot be ruled out, though a mechanism of formation i s hard to 
envisage. For a l l bituminous coal reactor solids studied, the 
most s t r i k i n g mineralogical change i s the reduction of p y r i t e to 
pyrrhotite. 

For these types of reactor so l i d s , the carbonaceous solids 
content varies usually from about 20 to 40%. The components of 
these solids are l i s t e d i n Table VII. Optical examination of the 
solids has shown that they are primarily composed of mixtures of 
semi-cokes formed during liquefaction by retrogressive reactions 
with chars derived from macérais. Unreacted macérais comprise 
only a small f r a c t i o n of these solids (65,74,75). 

Extensive studies have been made into the propensity of 
various SRCfs and SRC fractions to undergo retrogressive react
ions (65,75). In these experiments, a selection of SRC's and SRC 
components was heated to the desired temperature at elevated pres
sures (5000 p s i ) . Coking propensity was defined as the amount of 
pyridine insolubles produced under the selected conditions. Re
sults from these studies indicated that the tendency of SRC to 
coke i s dependent on the characteristics of the feed coal. Under 
comparable pyrolysis conditions, a whole SRC obtained from a Wyodak 
(subbituminous C) coal does undergo retrogressive reactions s l i g h t 
l y more readily than those derived from high v o l a t i l e bituminous 
coals. It has been suggested that this i s a result of higher 
concentrations of oxygen functionality in the Wyodak SRC. However, 
i t should be noted that coke formation i s often dominated by fac
tors that may mask the r o l e of coal characteristics, e.g. a v a i l a 
b i l i t y of hydrogen donors, temperature, pressure and degree of 
agitation. One important observation made on Wyodak reactor 
solids i s that the carbonaceous materials do tend to contain a 
r e l a t i v e l y large proportion of mesophase-derived semi-cokes (74). 
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Table VI. Mineralogical Compositions of Reactor Solids 
Determined by X-ray D i f f r a c t i o n (74) 

Coal 

W. Ky. Nos. 
9/14 

(Bituminous) 

Major 
Constituents 

Minor 
Constituents 

quartz, pyrrho- c a l c i t e , gypsum, 
t i t e , anhydrite i l l i t e , k a o l i n i t e , 

montmorillonite, 
r u t i l e 

Ash from 
Reactor Solids 
wt% Dry Basis 

61-71 

111. No. 6 quartz, pyrrho- aragonite, bassanite, 
(Bituminous) t i t e , anhydrite c a l c i t e , gypsum, i l 

l i t e , k a o l i n i t e , mont-
morillonite, r u t i l e , 
s i d e r i t e 

71-80 

Wyodak (sub- c a l c i t e , vater- anhydrite, k a o l i n i t e , 
bituminous) i t e , quartz pyrrhotite 

60-70 

Table VII. Carbonaceous Components of Reactor Solids (74) 

1. Materials formed during liquefaction 
P i t c h - l i k e solids and isotropic semi-cokes 
Anisotropic semi-cokes 

2. Unreacted macérais 
Fusinite 
Semifusinite 
V i t r i n i t e 
Mixed-maceral p a r t i c l e s 
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The tendency to coke formation also increases again, as might be 
expected, i n the liquefaction of medium and low v o l a t i l e bitumi
nous coals. 

It w i l l be seen that, unfortunately, not very much can be 
said at the present time about the role of coal characteristics 
in determining agglomeration behavior i n liquefaction. Effects 
do vary widely in d i f f e r e n t experiments, p a r t i c u l a r l y i n continu
ous flow p i l o t plants, but i t i s often d i f f i c u l t to disentangle 
effects of coal characteristics from effects due to differences 
or changes i n reaction conditions. In a p i l o t plant, i t i s a l 
most impossible to maintain precisely constant conditions for a 
length of time, and perturbations may trigger the onset of more 
severe coking. It appears that some coals are more susceptible 
than others to such upsets i n conditions, but the causes in coal 
composition and geochemistry have not yet been i d e n t i f i e d . Much 
of the laboratory work i n t h i s f i e l d has related to the behavior 
of SRC samples previously prepared in a continuous flow reactor, 
rather than to the coal i t s e l f i n a liquefaction reactor. 

The most important feature of reactor deposits obtained from 
low rank coals i s the formation of calcium carbonate (Table VI) as 
c a l c i t e and/or metastable v a t e r i t e (65,74,75,76,77). Optical and 
SEM studies on these solids indicates that carbonate i s p r e c i p i t a 
ted and i s not related to c a l c i t e grains which may occur in the 
feed coal (65,73,74,77). It has been shown that during liquefac
t i o n of subbituminous and l i g n i t i c coals, calcium carboxylates i n 
the coal structure decompose to produce calcium carbonate. In these 
coals, almost the entire calcium content i s present i n an ion-ex
change form (as calcium carboxylates). Determination of the 
amounts of ion-exchangeable calcium by exchange with other cations, 
e.g., barium, indicates t h e i r extent i n several low rank coals, as 
seen i n Table VIII (65,75). In a l l cases, the amount of exchange
able calcium represents a large proportion (>80%) of the t o t a l 
calcium content. Additionally, the calcium content of these coals 
i s much larger than those generally found for higher rank coals (6f* 
75). Of course, the quantity of ion-exchangeable calcium found i n 
bituminous coals i s extremely small because these coals contain 
l i t t l e or no carboxylic acid functionality. Thus, the problem of 
calcium carbonate deposits i s limited to liquefaction of low rank 
coals. A semi-quantitative relationship can be found between the 
amount of reactor solids formed and the ion-exchangeable calcium 
content of feed coals (65). Exxon workers have shown a li n e a r 
relationship between the t o t a l calcium content of a series of coals 
and the quantity of calcium carbonate deposited i n a p i l o t plant 
reactor (73). From these data, i t i s evident, again, that l i g n i t e s 
and subbituminous coals y i e l d by far the greatest amounts of carbo
nate deposits. They have also found that a Texas l i g n i t e can pro
duce deposits of a sodium-magnesium carbonate ( e i t e l i t e ) . Presuma
bly, t h i s carbonate deposit i s related to exchangeable sodium and 
magnesium cations in that l i g n i t e . 
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Table VIII. Calcium Distribution i n Selected Coals 

Total C a ^ Exchangeable Ca 
Source of Coal wt% (Dry Coal) wt% (Dry Coal) 

N. Dakota ( l i g n i t e ) 1.84 1.76 

Wyoming (subbit. C) 1.20 1.17 

Wyoming (subbit. C) 1.06 0.99 

Wyoming (subbit. C) 1.03 0.86 

I l l i n o i s No. 6 0.30 0.17 
(bituminous) 

A recent study in these laboratories (75) on calcium carbonate 
p r e c i p i t a t i o n from Wyodak coal has confirmed the relationship be
tween ion-exchangeable calcium and the appearance of calcium carbo
nates during liquefaction. These experiments were performed on 
samples of the subbituminous coal which had been demineralized, to 
ensure that a l l carboxylic acid groups were i n the acidic form, and 
subsequently exchanged with varying amounts of calcium ions. 

In addition to the content of ion-exchangeable calcium, other 
factors must be considered when the rate of accumulation i s i n ques
tion. In order that the precipitates be retained i n reaction ves
sels, i t i s necessary that they grow to a s u f f i c i e n t size to preclude 
elution. This condition i s achieved i n reactor configurations where 
residence time i s r e l a t i v e l y long. Alternatively, i f turbulent con
ditions p r e v a i l , as i n the Η-Coal reactor, the precipitates may be 
abraded or not allowed to grow, so that retention would be inhibited, 
though their formation w i l l not be prevented. 

Literature Cited 

1. Spackman, W.; Barghoorn, E. S. In "Coal Science", Amer. Chem. 
Soc. Adv. Chem. Ser. 55, Peter H. Given, Ed., Washington, D. 
C., 1966, pp. 695-707. 

2. Phillips, T. L . ; Mickish, D. J.; Kunz, A. B. In "Interdisci
plinary Studies of Peat and Coal Origins", Geol. Soc. Amer. 
Microform Publication 7, P. H. Given and A. D. Cohen, Eds., 
1977, pp. 18-49. 

3. Given, P. H. In "Advances in Organic Geochemistry 1971", 
H. Wehner and H. von Gaertner, Eds., Vieweg und Sohn, Brans
chweig, Germany, 1972, p. 69. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

00
1

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



1. GIVEN ET AL. Coal Geochemistry 29 

4. Given, P. H.; Dickinson, C. H. In "Soil Biochemistry", E. A. 
Paul and A. D. McLaren, Eds., Marcel Dekker, Inc., New York, 
1975, v. 3, pp. 123-212. 

5. Mackowsky, M.-Th. Chapter 14 in "Coal and Coal-Bearing 
Strata", D. Murchison and T. S. Westoll, Eds., Oliver & 
Boyd, Edinburgh, 1968, p. 325. 

6. Brooks, J.; Shaw, G. Nature, 1968, 219, 532-533. 

7. Brooks, J.; Shaw, G., Grana, 1978, 17, 91-97. 

8. Hopkinson, Shirley M. Quart. Rev. Chem. Soc., 1969, 23, 98. 

9. Hil l is , W. Ε., Ed. "Wood Extractives and their Significance 
to the Pulp and Paper Industry", Academic Press, New York, 
London, 1962, 513 pp. 

10. Teichmüller, M. In "Coal Petrology", by E. Stach, G. H. 
Taylor, M.-Th. Mackowsky, D. Chandra, M. Teichmüller and R. 
Teichmüller, Gebrüder Borntraeger, Berlin, 1975, pp. 194-198. 

11. Chen, Angeli S-H. "Flavonoid Pigments in the Red Mangrove, 
Rhizophora Mangle L., of the Florida Everglades and in the Peat 
Derived from it", M.S. Thesis, Pennsylvania State University, 
1971, 233 pp. 

12. Harborne, J . B. "Comparative Biochemistry of the Flavonoids", 
Academic Press, London and New York, 1967. 

13. Bate-Smith, E. C. J . Linnean Soc. London, Botany, 1962, 58, 
95. 

14. Harborne, J . Β., Ed. "Biochemistry of Phenolic Compounds", 
Academic Press, London, 1964. 

15. Teichmüller, M.; Teichmüller, R. In "Coal Science", Amer. 
Chem. Soc. Adv. Chem. Ser. 55, Peter H. Given, Ed., Washing
ton, D. C., 1966, pp. 133-155. 

16. Teichmüller, M.; Teichmüller, R. Chapter 11 in "Coal and 
Coal-Bearing Strata", D. Murchison and T. S. Westoll, Eds., 
Oliver & Boyd, Edinburgh, 1968, pp. 233-267. 

17. Karweil, J . In "Advances in Organic Geochemistry 1968", 
P. A. Schenk and I. Havenaar, Eds., Pergamon, 1969, p. 59. 

18. van Krevelen, D. W. Chapter 14 in "Coal", Elsevier, Amster
dam, 1961, pp. 286-300. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

00
1

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



30 COAL LIQUEFACTION FUNDAMENTALS 

19. Hi l l , G. R.; Hariri, H.; Reed, R. I.; Anderson, L. L. In 
"Coal Science", Amer. Chem. Soc. Adv. Chem. Ser. 55, Peter 
H. Given, Ed., Washington, D. C., 1966, p. 427. 

20. Szladow, A. J . "Some Aspects of the Mechanism and Kinetics 
of Coal Liquefaction", Ph.D. Thesis, Pennsylvania State Uni
versity, 1979, 172 pp. 

21. Szladow, A. J.; Given, P. H. Ind. Eng. Chem. (Proc. Des. 
Dev.), paper submitted August 1979. 

22. Tissot, B.; Welte, D. "Petroleum Formation and Occurrence", 
Springer-Verlag, Berlin, 1978, pp. 123-147. 

23. Mott, R. A. Contribution to Discussion, "Proc. Conf. on 
Ultra-fine Structure of Coals and Cokes", British Coal Ut i l i 
zation Research Association, 1944, pp. 156-159. 

24. White, E.; Towers, G. H. N. Phytochemistry, 1967, 6, 663. 

25. Murchison, D. G. In "Coal Science", Amer. Chem. Soc. Adv. 
Chem. Ser. 55, Peter H. Given, Ed., Washington, D. C., 1966, 
p. 307. 

26. Teichmüller, M. In "Coal Petrology", by E. Stach, G. H. 
Taylor, M.-Th. Mackowsky, D. Chandra, M. Teichmüller and R. 
Teichmüller, Gebrüder Borntraeger, Berlin, 1975, pp. 218-220. 

27. Austen, D. E. G.; Ingram, D. J . E . ; Given, P. H.; Binder, C. 
R.; Hi l l , L. W. In "Coal Science", Amer. Chem. Soc. Adv. 
Chem. Ser. 55, Peter H. Given, Ed., Washington, D. C., 1966, 
pp. 344-362. 

28. Given, P. H.; Binder, C. R. In "Advances in Organic Geochem
istry 1964", G. D. Hobson and M. C. Louis, Eds., Pergamon, 
1966, p. 147. 

29. Given, P. H.; Peover, M. E. ; Wyss, W. F. Fuel, 1965, 44, 
425. 

30. Bent, R.; Brown, J. K. Fuel, 1961, 40, 47. 

31. Hirsch, P. B. Phil. Trans. Roy Soc., 1960, 252A, 68. 

32. Binder, C. R. "Electron Spin Resonance: Its Application to 
the Study of Thermal and Natural Histories of Organic Sedi
ments", Ph.D. Thesis, Pennsylvania State University, 1965, 
129 pp. 

33. Gray, D.; Barrass, G.; Jezko, J . This volume, p. 35. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

00
1

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



1. GIVEN ET AL. Coal Geochemistry 31 

34. Durie, R. A. This volume, p.53. 

35. Taylor, G. H.; Mackowsky, M.-Th.; Alpern, B. Fuel, 1967, 
46, 431. 

36. Neavel, R. C. Amer. Chem. Soc. Fuel Chem. Div. Preprints 
24(1), pp. 73-82 (papers presented at Honolulu, Hawaii, 
April 2-6, 1979). 

37. Francis, W. "Coal", Arnold, London, 1961, pp. 300, 302, 432. 

38. Given, P. H. In "Environmental Organic Chemistry", Special
ist Periodical Rept., G. Eglinton, Senior Reporter, Chem. 
Soc., London, 1975, p. 

39. Teichmüller, M. Fortschr. Geol. Rheinl. Westfälen, 1974, 
24, pp. 65-112. 

40. Given, P. H.; Miller, Robert N. Abstracts with Programs, 
Geol. Soc. Amer., 1971 Annual Meeting, 3(7), p. 580. 
[Typescript of full text available on request]. 

41. Brock, Thomas D. "Biology of Microorganisms", Prentice
-Hall, Englewood Cliffs, N. J., 1979, 3rd Edition, pp. 434-439. 

42. Kaplan, I. R.; Emery, K. O.; Rittenburg, S. C. Geochim. et 
Cosmochim. Acta, 1963, 27, 297-331. 

43. Spackman, W.; Cohen, A. D.; Given, P. H.; Casagrande, D. J. 
"The Comparative Study of the Okefenokee Swamp and the Ever

glades-Mangrove Swamp-Marsh Complex of Southern Florida, Field 
guidebook printed for Geol. Soc. Amer. Pre-convention field 
trip, 15-17 November 1974 (subsequently published by Coal Re
search Section, Pennsylvania State University, 1976), 403 pp. 

44. Damberger, H. H. Econ. Geol., 1971, 66, 488. 

45. Waddell, C.; Davis, Α.; Spackman, W.; Griffiths, J . C. 
"Study of the Interrelationships among Chemical and Petrogra
phic Variables of United States Coals", Tech. Rept. 9 to U.S. 
Department of Energy from Coal Research Section, Pennsylvania 
State University, Rept. FE-2030-TR 9, 1978. 

46. Nichols, G. D. Chapter 12 in "Coal and Coal-Bearing Strata", 
D. Murchison and T. S. Westoll, Eds., Oliver & Boyd, Edinburgh, 
1968, p. 269. 

47. Miller, R. N. "A Geochemical Study of the Inorganic Constitu
ents in Some Low-Rank Coals", Ph.D. Thesis, Pennsylvania State 
University, 1977, 314 pp. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

00
1

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



32 COAL LIQUEFACTION FUNDAMENTALS 

48. Ignasiak, B.; Carson, D.; Szladow, Α.; Berkowitz, N. This 
volume, p. 97. 

49. Fisher, C. H.; Eisner, A. Ind. Eng. Chem., 1937, 29, 939-945. 

50. Fisher, C. H.; Sprunk, G. C.; Eisner, Α.; O'Donnell, H. J.; 
Clarke, L . ; Storch, H. H. "Hydrogenation and Liquefaction of 
Coal. II. Effect of Petrographic Composition and Rank of Coal", 
U.S. Bureau of Mines Tech. Paper 642, 1942, 162 pp. 

51. Glenn, R. Α.; Basu, A. N.; Wolforth, J . S.; Katz, M. Fuel, 
1950, 29, 149-159. 

52. Hirst, L. L . ; Storch, Η. H.; Fisher, C. H.; Sprunk, G. C. Ind. 
Eng. Chem., 1940, 32, 864-871. 

53. Hirst, L. L . ; Storch, Η. H.; Fisher, C. H.; Sprunk, G. C. Ind. 
Eng. Chem., 1940, 32, 1372-1379. 

54. Wu, W. R. K.; Storch, H. H. "Hydrogenation of Coal and Tar", 
U. S. Department of the Interior, Bureau of Mines Bull. 633, 
1968, 195 pp. 

55. Ergun, S. In "Coal Conversion Technology", C. Y. Wen and E. 
Stanley Lee, Eds., Addison-Wesley Publishing Co., Reading, 
Mass., 1979, pp. 1-56. 

56. Wright, C. C.; Sprunk, G. C. Penn. State Coll. Min. Ind. Exp. 
Stat. Bull. 26, 1939, 32 pp. 

57. Given, P. H.; Cronauer, D. C.; Spackman, W.; Lovell, H. L.; 
Davis, Α.; Biswas, B. Fuel, 1975, 54, 34-39. 

58. Whitehurst, D. D.; Farcasiu, M.; Mitchell, T. O.; Dickert, J . 
J . "The Nature and Origins of Asphaltenes in Processed Coals", 
Annual Rept. AF-480 from Mobil Res. & Dev. Corpn. to Electric 
Power Research Institute, 1977. 

59. Whitehurst, D. D.; Farcasiu, M.; Mitchell, T. O.; Dickert, J . 
J. "The Nature and Origins of Asphaltenes in Processed Coals: 
Chemistry and Mechanisms of Coal Conversion to Clean Fuel", 
Annual Rept. for 1978 from Mobil Res. & Dev. Corpn. to Electric 
Power Research Institute, AF-1298, Vol. 2. 

60. Abdel-Baset, M. B.; Yarzab, R. F.; Given, P. H. Fuel, 1978, 
57, 89-94. 

61. Yarzab, R. F.; Given, P. H.; Davis, Α.; Spackman, W. Fuel, 
1980, 59, 81-92. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

00
1

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



1. GIVEN ET AL. Coal Geochemistry 33 

62. Yarzab, R. F.; Baset, Z.; Given, P. H. Geochim. et Cosmochim. 
Acta, 1979, 43, 281-287. 

63. Given, P. H.; Schleppy, R.; Sood, Ajay. Fuel, 1980 (in the 
press). 

64. Granoff, Β.; Baca, T. M.; Thomas, M. G.; Noles, G. P. "Chemi
cal Studies on Synthoil: Mineral Matter Effects", Sandia Labs. 
Energy Rept. No. SAN-78-1113, 1978. 

65. Walker, P. L . ; Spackman, W.; Given, P. H.; Davis, Α.; Jenkins, 
R. G.; Painter, P. C. "Characterization of Mineral Matter in 
Coals and Coal Liquefaction Residues", Annual Rept. AF-832 
from Pennsylvania State University to Electric Power Research 
Institute, 1978. 

66. Mitchell, G. D.; Davis, Α.; Spackman, W. In "Liquid Fuels 
from Coal", Rex T. Ellington, Ed., Academic Press, 1977, pp. 
255-270. 

67. Neavel, R. C. Fuel, 1976, 55, 237. 

68. Davis, Α.; Spackman, W.; Given, P. H. Energy Sources, 1976, 
3(1), 55. 

69. Shapiro, N.; Gray, R. J.; Eusner, G. R. A.I.M.E. Proc. Blast 
Furnace, Coke Oven & Raw Materials, 1961, v. 20, pp. 89-112. 

70. Given, P. H.; Spackman, W.; Davis, Α.; Walker, P. L . ; Lovell, 
H. L . ; Coleman, M.; Painter, P. C. "The Relation of Coal Char
acteristics to Liquefaction Behavior", Quart. Tech. Prog. Repts. 
for period Jan.-June 1978 to U.S. Department of Energy under 
Contract No. EX-76-C-01-2494, Rept. Nos. FE-2494-7/8, 1978. 

71. Walker, P. L . ; Spackman, W.; Given, P. H.; White, E. W.; 
Davis, Α.; Jenkins, R. G. "Characterization of Mineral Matter 
in Coals and Coal Liquefaction Residues", Rept. No. EPRI AF-417, 
RP366-1 from Pennsylvania State University to Electric Power 
Research Institute, June 1977. 

72. Lewis, M. E . ; Weber, W. H.; Usnick, G. B.; Hollenack, W. R.; 
Hooks, H. W. Annual Rept. for 1976 for Operation of Wilson
ville SRC Pilot Plant from Catalytic, Inc. to Electric Power 
Research Institute and U.S. Department of Energy, Project 
1234-1-2, November 1977. 

73. Epperly, W. R. (Project Director). "EDS Coal Liquefaction 
Process Development—Phase IV", Annual Tech. Rept. for July 
1978-June 1979 from Exxon Research and Engineering Company 
to U.S. Department of Energy and Electric Power Research In
stitute under Contract No. EF-77-A-01-2893, September 1979. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

00
1

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



34 COAL LIQUEFACTION FUNDAMENTALS 

74. Wakeley, L. D.; Davis, Α.; Jenkins, R. G.; Mitchell, G. D.; 
Walker, P. L. Fuel, 1979, 58, 379-385. 

75. Walker, P. L . ; Spackman, W.; Given, P. H.; White, E. W.; 
Davis, Α.; Jenkins, R. G.; Painter, P. C. "Characterization 
of Mineral Matter in Coals and Coal Liquefaction Residues", 
Final Rept. from Pennsylvania State University to Electric 
Power Research Institute, 1980 (in preparation). 

76. Brunson, R. J.; Chaback, J . J . Chem. Geol., 1979, 25(4), 
333-338. 

77. Stone, J . B.; Trachte, K. L . ; Poddar, S. K. Amer. Chem. Soc. 
Fuel Chem. Div. Preprints 24(2), pp. 255-262 (papers presented 
at Honolulu, Hawaii, April 2-6, 1979). 

RECEIVED May 16, 1980. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

00
1

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



2 
South African Coals and Their Behavior During 
Liquefaction 

D. GRAY, G. BARRASS, J. JEZKO, and J. R. KERSHAW 

Fuel Research Institute of South Africa, P.O. Box 217, Pretoria, South Africa 0001 

South African coals differ from most Northern Hemisphere 
coals in their geological age, unusual petrology and their high 
mineral matter content. If these coals are to be used for con
version to synthetic fuels then criteria must be found to enable 
predictions of their behaviour under liquefaction conditions to 
be determined. This paper describes the hydrogenation of a 
number of South African coals using two different techniques, 
to ascertain whether well known coal properties can be used to 
predict their hydrogenation behaviour. 

The effect of the mineral matter content and of the 
inorganic sulphur content on the hydrogenation of coal were 
also studied. 

GEOLOGICAL ORIGIN OF SOUTH AFRICAN COALS 
The coal deposits of South Africa were formed during the 

Permian age just after a retreat of glaciation. This makes it 
almost certain that the climate was temperate rather than sub
tropical and may explain the differences between the plant life 
in South Africa at that time and the flora of the North American 
Carboniferous era. The predominance of the inertinite maceral 
group in South African coals is indicative of drier swamp con
ditions in which rotting processes as well as peatification 
played a more dominant role than in the formation of the humic 
coals of Europe (1) . South African coals were thought to be 
deposited in deltaic or f luvial environments where fluctuations 
in water level may have caused deposition of large quantities of 
mineral matter. South African coals generally have not reached 
a very high rank although in Natal anthracites are found. This 
rank increase seems to be due to metamorphism brought about by 
dolerite intrusions rather than by stratigraphic depth. 

GEOGRAPHICAL LOCATION AND COAL RESERVES OF SOUTH AFRICA 

A map showing the coal fields of the Republic of South 
Africa is shown in Figure 1. The main coalfields l ie in the 
Highveld area of the Orange Free State, South-Eastern Transvaal 

0-8412-0587-6/80/47-139-035$05.00/0 
© 1980 American Chemical Society 
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COAL LIQUEFACTION FUNDAMENTALS 

Figure 1. Coalfields of South A frica 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

00
2

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



2. GRAY E T A L . South African Coals 37 

and Natal. Other c o a l f i e l d s are located i n the Northern part of 
the country, the Waterberg f i e l d on the Botswana border and the 
Limpopo and Pafuri f i e l d s on the borders of Zimbabwe/Rhodesia 
and Mozambique. The largest f i e l d i s the Highveld f i e l d (25,407 
m i l l i o n metric tons of raw bituminous mineable coal i n situ) 
followed by the Witbank and Waterberg f i e l d s (approximately 
17,000 m i l l i o n metric tons) (2). 

Table I Raw Bituminous Coal Resources 

Ash % 5-10 10-15 15-20 20-25 25-30 30-35 Total 

Resources 20 1,499 8,620 15,220 18,565 37,350 81,274 
M i l l i o n 
Metric Tons 

Table I shows the raw bituminous coal resources figures i n 
millions of metric tons at various ash contents (2). The t o t a l 
figure of 81,274 m i l l i o n metric tons i s for the t o t a l resources 
of raw bituminous coal mineable i n s i t u down to 300 meters. 
This t o t a l is the sum of the proven, indicated and inferred 
reserves. 

Mineable coal i n s i t u i s that portion of the coal i n s i t u 
which can be mined by existing techniques. The Petrick commission 
report 02) arrives at a figure of 24,915 m i l l i o n metric tons of 
raw bituminous coal extractable by underground mining. Extrac-
table coal i s defined as that portion of the mineable coal i n 
s i t u which i s extractable i n prevailing or s l i g h t l y less rigorous 
economic conditions. The figure of 24,915 m i l l i o n metric tons 
for a raw bituminous coal has been substantially added to since 
1975 by further exploration and could well be of the order of 
28,000 m i l l i o n metric tons by this time. It must also be empha
sized that reserves are dynamic, as higher prices or improved 
technology may allow the exploitation of deposits which are 
presently not regarded as reserves. 

Table I shows that most of the South African bituminous coal 
contain high quantities of mineral matter which is often i n t i 
mately associated with the organic matter of the coal. About 
half of the resources y i e l d between 30 and 35 per cent ash. 

LIQUEFACTION BEHAVIOUR OF A SELECTION OF SOUTH AFRICAN COALS 
Experimental Two different experimental procedures were used 
in this study, to identify the coal properties of importance i n 
coal conversion which are independent of processing conditions. 

These were: 
(i) 'Dry1 Hydrogénation using a semi-continuous 'hot-rod' 

reactor. 
( i i ) Slurried Hydrogénation using a rotating autoclave. 
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38 COAL LIQUEFACTION F U N D A M E N T A L S 

(i) 'Hot-Rod1 Method 
This method was similar to that used by Hiteshue et a l (3). 

In this method sand (50 g, mesh 0.42 - 0.15 mm) was mixed with 
the coal (25 g, mesh 0.5 - 0.25 mm). The addition of sand to 
the coal helped to prevent agglomeration (4). A l l the experi
ments used an aqueous solution of stannous chloride impregnated 
on the coal as a catalyst. The amount of catalyst added on a 
t i n basis was 1% of the mass of the coal. These mixtures were 
placed i n a 'hot-rod 1 reactor and heated to 500°C at a heating 
rate of 200°C per minute. Residence time at temperature was 15 
minutes. Hydrogen at a flow rate of 22 liters/minute and a 
pressure of 25 MPa was continously passed through the fixed bed 
of coal/sand/catalyst. The v o l a t i l e products were collected i n 
high-pressure cold traps. A schematic of the apparatus used i s 
shown i n Figure 2. 

( i i ) Rotating Autoclave Method 
The reactor was a 1 l i t e r stainless steel rotating autoclave. 

In these experiments the r a t i o of anthracene o i l to coal was 3:1. 
Coal (50 g) impregnated with catalyst (1% Sn as SnCl^) was mixed 
with sand (200 g). The autoclave was pressurized with hydrogen 
to 10 MPa at room temperature and heated (ca 7°C/minute) to the 
f i n a l reaction temperature (450°C). The pressure at reaction 
temperature was approximately 25 MPa. 

The product was washed from the cooled 'hot-rod' reactor 
system or autoclave with toluene. The s o l i d residue was extrac
ted with b o i l i n g toluene i n a soxhlet extractor for 12 hours. 

The overall conversion of coal to l i q u i d and gaseous 
products was obtained from the formula: 

In the case of the 'hot-rod' reactor experiments, the 
toluene solutions were combined and the toluene removed under 
reduced pressure. n-Hexane (250 ml) was added to the extract 
and i t was allowed to stand for 24 hours with occasional shaking. 
The solution was f i l t e r e d to leave a residue (asphaltene) and 
the hexane was removed from the f i l t r a t e under reduced pressure 
to give the o i l . 

Properties of the coals used 
The chemical and pétrographie properties of the twenty coals 

used in the hydrogénation experiments are shown i n Tables II and 
III. Mineral matter was determined d i r e c t l y using a radio 
frequency low temperature plasma asher at medium power rating for 
approximately 48 h per coal. The v o l a t i l e matter was corrected 
for the effects of the mineral matter by applying the equation 
used by Given et a l (5). 

The mean maximum reflectance of v i t r i n i t e (Ro max) i s the 
mean of one hundred determinations. 

The percentage of reactive macérais on a volume basis was 

Percentage conversion =100 1 ^Organic material i n the residue^ 
^Organic material i n the coal 
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40 COAL LIQUEFACTION FUNDAMENTALS 

Table III Pétrographie Composition of the Coals Used 
(Mineral Matter Free Basis) 

Coal 
Fuel Research 

Institute 
V+E 

Volume % 
R 1 

Ο 
max 

V+E 

South African 
Iron and Steel 
2 Corporation 

Volume % 
Total 

Matla 84 0.656 84 4 88 
Waterberg 94 0.720 94 1 95 
New Wakefield 85 0.677 85 5 90 
K r i e l 74 0.685 79 9 88 
Spitzkop 63 - 62 22 84 
Landau 70 0.746 69 16 85 
Koornfontein 61 0.787 61 22 83 
Delmas 54 0.661 54 27 81 
Sigma 32 0.599 32 53 85 
Tvl. Nav. 42 0.748 42 33 75 
Springbok 38 0.815 38 34 72 
Vierfontein 35 0.619 35 33 68 
Ballengeich 47 0.858 47 31 78 
Cornelia 29 0.569 24 55 79 
Phoenix 42 0.793 42 33 75 
Wolvekrans 34 0.760 34 36 70 
Newcastle 50 1.116 50 13 63 

1 Mean Maximum Reflectance of V i t r i n i t e 
2 V i t r i n i t e + Exinite 
3 Reactive semi-fusinite 
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2. GRAY E T A L . South African Coals 41 

determined by two techniques. The v i t r i n i t e and exinite values 
were obtained by the Fuel Research Institute and the t o t a l per
centage of 'reactive 1 macérais was determined by the South 
African Iron and Steel Corporation (ISCOR) (6). A number of 
these coals contain large quantities of reactive semi-fusinite 
(see Table I I I ) . This has important implications for the pre
di c t i o n of technological behaviour and w i l l be discussed l a t e r . 

RELATIONSHIPS BETWEEN LIQUEFACTION BEHAVIOUR AND THE COAL 
COMPOSITION 

The effect of the following coal property parameters was 
studied i n r e l a t i o n to l i q u i d yields and conversions during 
coal hydrogénation using both experimental procedures. 

1. V o l a t i l e Matter Yi e l d 
2. H/C Atomic Ratio 
3. 'Reactive'Mac era 1 Content 
4. Rank 
5. Mineral Matter Content and Composition 

Organic Coal Properties 
Good correlations are obtained by pl o t t i n g the percentage 

t o t a l conversion of the coal expressed on a dry mineral matter 
free basis (dmmf) against the corrected v o l a t i l e matter content 
for both the 'hot-rod' and autoclave modes (see Figures 3 and 4). 
The slopes of the regression lines are very similar i n both 
modes and the square of the correlation coefficients are i n both 
cases very close to 1. The fact that the slopes are similar for 
the results from the diff e r e n t experimental techniques, indicates 
that thermal fragmentation i s the overriding step i n conversion 
of the coal and that any differences are related to the mode of 
s t a b i l i z a t i o n of the reactive fragments formed. 

Figures 5 and 6 show that there i s a good correlation between 
the percentage conversion and the H/C atomic r a t i o of the coals 
for both experimental procedures. 

Thus the corrected v o l a t i l e matter y i e l d and the atomic H/C 
r a t i o both appear to be good parameters for assessing the 
r e a c t i v i t y of the coals studied. 

There i s also inter c o r r e l a t i o n between the v o l a t i l e matter 
and the H/C atomic r a t i o for the South African coals studied. 
Thus a good correlation between conversion y i e l d and one of 
these properties obviously implies a similar correlation with the 
other property. The correlations between the v o l a t i l e matter 
y i e l d and the 'reactive' maceral content and between the H/C 
atomic r a t i o and the 'reactive' maceral content are not s t a t i s 
t i c a l l y s i g n i f i c a n t . 

No data on l i q u i d yields are available for the autoclave 
experiments because i t i s not possible to separate the product 
o i l , which results from coal liquefaction, from the anthracene 
o i l and i t s decomposition products. In the case of the 'hot
rod' experiments this complication does not exist. 
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42 COAL LIQUEFACTION F U N D A M E N T A L S 

GAS STORAGE 

GAS SAMPLE 

U ROTAMETER 

Figure 2. Hot rod reactor 

Ο 20 40 60 80 100 
CONVERSION (DMMF) % 

Figure 3. Percentage conversion against volatile matter yield (hot rod mode) 
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GRAY E T A L . South African Coals 

Ο 20 40 60 80 100 
CONVERSION (DMMF) % 

Figure 4. Percentage conversion against volatile matter yield (rotating autoclave 
mode) 

0 20 40 60 80 100 

CONVERSION (DMMF) % 

Figure 5. Percentage conversion against H/C atomic ratio (hot rod mode) 
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44 COAL LIQUEFACTION F U N D A M E N T A L S 

For the la t t e r technique the y i e l d of toluene solubles ( o i l 
plus asphaltene) i s the most r e l i a b l e of the l i q u i d y i e l d 
figures because of the uncertainty in estimating the asphaltene 
y i e l d by prec i p i t a t i o n with n-hexane (7). Figure 7 shows the 
variation i n toluene soluble y i e l d with H/C atomic r a t i o and 
with v o l a t i l e matter y i e l d of the coals. The best f i t of the 
data for the toluene solubles against H/C atomic r a t i o i s a power 
curve passing through the o r i g i n , whereas for the v o l a t i l e matter 
y i e l d a linear correlation was marginally better. 

Figure 8 shows the effect of rank, as measured by the mean 
maximum reflectance of v i t r i n i t e , on the overall conversion. 
The conversion was highest for coals i n a narrow Ro max range 
of between 0.65 - 0.70. Cudmore's data on Australian coals also 
appears to exhibit a maximum when reflectance data i s plotted 
against conversion (8). It i s d i f f i c u l t to interpret this data 
because of the large variation in the v i t r i n i t e and reactive 
semi-fusinite content of these coals. The r e a c t i v i t y of v i t r i 
nite and reactive semi-fusinite would be expected to vary with 
rank but to different degrees. For several of the lower rank 
coals v i t r i n i t e i s only a minor component of the coal. 

In Figure 9 the v i t r i n i t e + exinite content and the 'reac
t i v e 1 maceral content, as determined by ISCOR, are plotted against 
the t o t a l conversion for the 'hot-rod' technique. Figure 10 
plots the same information for the autoclave results. 

The different slopes for the lines of best f i t for 'total 
reactives 1 and v i t r i n i t e + exinite r e f l e c t s the special petrolo
gy of the majority of South African coals used i n this study 
(see Table I I I ) . For these coals the 'reactives' contain a high 
proportion of semi-fusinite i n the i n e r t i n i t e . 

Several investigators have t r i e d to characterize the beha
viour of reactive semi-fusinite in coals during carbonization. 
Recently there have been reports dealing with the behaviour of 
this maceral under liquefaction conditions. Ammosov et a l ( 9 ) 
c l a s s i f i e d one thi r d of the semi-fusinite as being reactive 
during coking, whilst the balance together with the micrinite 
are inert. Taylor o r i g i n a l l y concluded that semi-fusinite and 
micrinite i n Australian coals were inert during carbonization but 
later observed p a r t i a l fusing of a tr a n s i t i o n a l material between 
v i t r i n i t e and semi-fusinite ( 1 0 , 1 1 ) . 

For American and European coking coals the behaviour of 
semi-fusinite i s generally less important since only small 
quantities of this maceral are usually present. However, South 
African coal used i n coke oven-blends contains as l i t t l e as 40 
per cent v i t r i n i t e and as much as 4 5 per cent reactive semi-
fu s i n i t e ( 1 2 ) . The p a r t i a l r e a c t i v i t y of the semi-fusinite 
fra c t i o n during liquefaction of Australian coals has been 
reported by Guyot et a l (13). They found that the low r e f l e c t i n g 
i n e r t i n i t e i n two coals up to (a reflectance from 1.40 to 
1 . 4 9 ) was reactive. This agrees with the results of Smith and 
Steyn ( 1 2 ) who consider that the semi-fusinite f r a c t i o n i n South 
African coals up to V 1 5 (1.50 - 1 . 5 9 ) can be reactive to coking. 
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GRAY E T A L . South African Coals 45 

Figure 6. Percentage conversion against H/C atomic ratio (rotating autoclave 
mode) 

Figure 7. Percentage toluene solubles 
against H/C atomic ratio (X) and volatile 

TOLUENE SOLUBLES (DMMF)% matter yield (·) 
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In addition, Shibaoka et a l (14) during hydrogénation of a New 
South Wales coal reported that the i n e r t i n i t e with r e l a t i v e l y 
low reflectance became p a r t i a l l y l i quefied. 

On the basis of numerous pétrographie analyses of South 
African coking coals varying i n v i t r i n i t e content from 40 per 
cent up to 90 per cent Smith and Steyn (12) concluded that 
"semi-fusinite cannot be added to the reactives on a fixed 
arbitrary basis but need to be counted as a d i s t i n c t group of 
reactives which can form up to 60 per cent of the t o t a l of semi-
fu s i n i t e plus micrinite". Since the low r e f l e c t i n g unstructured, 
or only s l i g h t l y structured, semi-fusinite i n a coal has a 
si g n i f i c a n t role i n the coking process, i t i s reasonable to 
assume that this maceral has an equally important role i n lique
faction processes. For example a coal l i k e Sigma having a con
ventionally assessed v i t r i n i t e + exinite content of only 32 per 
cent s t i l l gives a conversion y i e l d , on hydrogénation, of 75 per 
cent (dmmf coal basis). The t o t a l 'reactive 1 maceral content of 
this coal i s 85%. 

The slopes of the regression lines for conversion y i e l d 
against 'reactive' macérais for the 'hot-rod' and for the rota
ting autoclave modes of hydrogénation are shown by s t a t i s t i c a l 
analysis to be similar (compare Figures 9 and 10). This suggests 
that the relationship between t o t a l 'reactive' macérais and coal 
r e a c t i v i t y as measured by conversion i s not dependent on the 
conversion technique. 

However, coal r e a c t i v i t y as measured by t o t a l conversion to 
liquids and gases becomes less dependent on coal parameters as 
processing severity increases. The effect of process temperature 
in the 'hot-rod' reactor was studied using three coals of varying 
properties. These were Waterberg, Sigma and Landau. At 650°C 
the conversion yields of these coals were 89, 90 and 88 per cent 
of the coal (dmmf) respectively. Within experimental error the 
conversion yields had converged to the same value, whereas at 
500°C the conversion yields were 85, 75 and 65 per cent respec
t i v e l y . 

THE EFFECTS OF THE INORGANIC CONSTITUENTS 
The effects of the inorganic constituents i n the coal were 

studied i n two ways. F i r s t l y , to obtain samples with varying 
mineral matter content, a coal was subjected to a f l o a t and sink 
separation. These fractions were subsequently hydrogenated. The 
analyses of the f l o a t and sink fractions are shown i n Table IV. 
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100 
C0NV = 0.88(R)*4.3^ 
r = 0.85 * 

C0NV.= 0.29 (R)+59.0 
r = 0.70 . 

20 40 60 80 
CONVERSION (DMMF) % 

100 

Fuel 

Figure 9. Percentage conversion against vitrinite + exinite (Φ) and total reactive 
macérais (X) (hot rod mode) (Π) 

r=0.59 
0' 1 1 1 1 1 1 1 1 - 1 1 

0 20 40 60 80 100 
CONVERSION ( DMMF ) % 

Figure 10. Percentage conversion against vitrinite + exinite (%) and total reactive 
macérais (X) (rotating autoclave mode) 

American Chemical 
Society Library 

1 1 5 5 16th St. H. W. 
Washington, D. C. 20036 
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Table IV Pétrographie Analyses and Ash Yield of 
Float/Sink Fractions 

Relative 
Density 

V i t r i n i t e Exinite Inertinite 

Volume % 

V i s i b l e 
Minerals 

Ash 
wt % 

a i r dried 
basis 

1.4 flo a t 
1.4 - 1.5 
1.5 - 1.65 
1.65 sink 

80.6 
78.3 
65.6 

7.5 
8.3 
9.1 

66.6 

6.5 
9.1 
15.9 

5.4 
4.3 
9.7 

33.4 

6.7 
7.0 

16.0 
45.3 

It has been demonstrated that certain coal minerals, p a r t i 
c u l a rly iron compounds, catalyze the hydrogénation of coal-
derived solvents (15). Mukherjee et a l (16) hydrogenated f l o a t / 
sink fractions of an Indian coal and found that the conversion 
increased with the amount of mineral matter present in the 
fractio n . 

It i s d i f f i c u l t , however, to assess precisely the effect 
that the mineral matter present i n a coal has on i t s liquefaction 
behaviour. In float/sink fractions of the same coal, the pétro
graphie constituents of the coal fractions usually change s i g 
n i f i c a n t l y , with more i n e r t i n i t e being found i n the higher den
s i t y fractions. Also the mineral matter composition and concen
trati o n changes from fraction to f r a c t i o n , and there may be con
siderable variation i n the mineral matter surface areas available 
for possible c a t a l y s i s . In addition, the combination of the 
effects of increased mineral matter and decreased 'reactive 1 

maceral content i n the higher density fractions reduces the 
agglomeration tendency of the coal. This allows more effec t i v e 
d i f f u s i o n in the system (4, 14). 

The results obtained from the float/sink fractions are shown 
in Figure 11. It could be that the increase i n o i l y i e l d obtained 
with the higher mineral matter fractions i s due to the increase 
in sulfur content that varies from 0.5 per cent i n the 1.4 
fl o a t to 9 per cent i n the 1.65 sink fr a c t i o n . The significance 
of these res u l t s , at least as far as South African coals are 
concerned, i s that a high mineral matter content does not 
necessarily mean poor performance during coal liquefaction. 
Indeed, this evidence suggests that the mineral matter can be 
b e n e f i c i a l in increasing both the conversion and l i q u i d product 
y i e l d s . From a processing viewpoint, high mineral matter can 
create other problems, and a trade off between possible c a t a l y t i c 
benefits and engineering process d i f f i c u l t i e s i s necessary. 

The second procedure studied the effects of the sulfur 
content of the coals during hydrogénation. A suite of unwashed 
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2. GRAY E T A L . South African Coals 49 

coals was selected so that the only parameter to show si g n i f i c a n t 
variation was the t o t a l sulfur content. Of this t o t a l sulfur, 
approximately 1 per cent was organic, and the rest was inorganic 
sul f i d e . The maceral content and t o t a l mineral matter content 
of a l l these samples were very similar. Relevant analyses of 
this suite of coals is shown i n Table V. 

Table V Analyses of Unwashed Coals Used to 
Determine the Effect of Pyrites 

Coal V+E % Total Ash % Moisture % Sulfur % VM % 

A 83.0 24 2.4 6.5 31.9 
Β 83.8 22 3.0 5.7 29.1 
C 83.7 26 2.3 5.0 32.2 
D 82.0 22 2.8 4.1 32.5 
Ε 82.0 22 2.7 2.2 32.1 
F 83.2 24 2.5 1.9 30.2 
G 80.0 22 2.4 1.3 32.5 

V+E = V i t r i n i t e + Exinite VM = V o l a t i l e Matter 

Figure 12 c l e a r l y shows the effect of iron s u l f i d e content 
of the coal on t o t a l conversion and l i q u i d product y i e l d during 
hydrogénation. The conversion increased from about 52 per cent 
to 70 per cent using the 'hot-rod 1 reactor with no added catalyst. 
The y i e l d of toluene soluble product ( o i l plus asphaltene) 
increased from about 30 to 44 per cent with t o t a l sulfur increase 
from 1 to 6.5 per cent. Thus i t would appear that iron sulfide 
can act c a t a l y t i c a l l y i n the 'dry' hydrogénation reaction as well 
as i n s l u r r i e d reactions (15). 

The iron sulphide i n South African coals i s a mixture of 
pyrite and marcasite (18). Although marcasite i s known to trans
form into pyrite at elevated temperatures, separate spiking 
experiments were performed to see i f pyrite or marcasite would 
show a preferential c a t a l y t i c e f f e c t . The addition of pyrite 
and marcasite minerals (-200 mesh), to the coal showed equivalent 
t o t a l conversions, and yields of o i l and asphaltene. 

CONCLUSIONS 
For the South African bituminous coals studied here the 

following conclusions can be made: 
(i) Conversion yields obtained from coal liquefaction 

under 'dry 1 hydrogénation conditions and i n the 
presence of anthracene o i l both show good correla
tions with H/C atomic r a t i o , the v o l a t i l e matter 
y i e l d and the 'reactive 1 maceral content of the 
coals. 
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50 COAL LIQUEFACTION F U N D A M E N T A L S 

PERCENTAGE ASH 

Figure 11. Product distribution vs. ash content of coal (hot rod mode): catalyst = 
1 % Sn; Ρ = 25 MPa; Τ = 500°C> 

Figure 12. Effect of sulfur content on liquid yields and overall conversion (hot 
rod reactor): sandxoal = 2:1; Τ = 450°C;V = 25 MPa. 
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2. GRAY E T A L . South African Coals 51 

( i i ) 'Reactive 1 macérais cannot be defined as the sum of 
v i t r i n i t e + exinite for these South African coals, 
but substantial portions of the semi-fusinite must 
be added to obtain t o t a l 'reactives'. 

( i i i ) For 'dry' hydrogénation, good correlations are 
obtained between toluene soluble yields and the 
H/C atomic r a t i o and the v o l a t i l e matter y i e l d 
of the coals. 

(iv) The iron sulfide i n the coal appears to act bene
f i c i a l l y i n the 'dry' hydrogénation reaction and 
enhances the overall l i q u i d y i e l d . No difference 
was detected i n the r e a c t i v i t y of pyrite and 
marcasite during 'dry' hydrogénation. 
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3 
The Characteristics of Australian Coals and 
Their Implications in Coal Liquefaction 

R. A. DURIE 

R. W. Miller & Co., Pty. Ltd., 213 Miller Street, North Sydney, New South Wales, 2060 

In Australia, coal represents, in energy terms, over 97% of 
the country's non-renewable fossil fuel based energy resources, 
yet indigenous oi l which barely representa 1% of these resources, 
together with imported oil, supply over 50% of the energy demand 
with much of this from the transport sector. This situation, 
catalyzed by the OPEC oil embargo in 1973, has led to strong and 
sustained interest in the prospects for producing liquid fuels 
from the abundant coal resources. The reserves of recoverable 
fossil fuels (1) and the present pattern of energy demand in Aust
ralia (2) are shown in more detail in Tables 1 and 2, respectively. 

Location, Geology and General Characteristics of Australian Coals 
The geographical distribution of Australia's coal resources 

is shown in Fig. 1. New South Wales and Queensland possess large 
reserves of black coals in the Sydney and Bowen Basins, respect
ively, adjacent to the eastern seaboard. Significant deposits of 
bituminous coals are also known to occur in remote areas in South 
Australia at Lake Phillipson in the Arckaringa Basin and at cur
rently inaccessible depth (200-300 m) in the Cooper Basin (3,4). 
[An estimated 3.6x106 million tonnes in the latter]. 

Large reserves of brown coals occur in Victoria with smaller 
deposits in New South Wales and South Australia. 

Whereas the majority of the black coals in the northern 
hemisphere, including the USA and Europe, were formed during the 
Carboniferous age, the black coals of Australia are, in the main, 
Permian. The latter include the coals from the two major basins -
the Sydney and the Bowen - and also large deposits in the Galilee 
Basin (Queensland), at Oaklands (N.S.W.), Lake Phillipson (South 
Australia) and Collie (West Australia) as well as the deep coal 
in the Cooper Basin (the Cooper Basin is in the N.E. corner of 
South Australia extending into the S.W. corner of Queensland 
(refer Fig. 1) ). 

0-8412-0587-6/80/47-139-053$05.25/0 
© 1980 American Chemical Society 
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54 COAL LIQUEFACTION F U N D A M E N T A L S 

Table I Australia's F o s s i l Fuel Energy Resources 
Resource 

Black Coal* 
In-Situ 
Recoverable 

Brown Coal 
In-Situ 
Recoverable 

Crude O i l and Condensate 
In-Situ 
Recoverable 

Natural Gas + LPG 
In-Situ 
Recoverable 

Total 
In-Situ 
Recoverable 

Quantity 
(D emo ns tra ted ) 

48.55xl0 9t 
27.22xl0 9t 

40.93xl0 9t 
39.00xl0 9t 

49.00xl0 9bbl 
20.70xl0 9bbl 

545xl0 9 m3 

327x109 m3 

(10 
Specific Energy 

1 8 Joules) (Percentage) 

1390 
780 

400 
380 

29.7 
12.4 

21.0 
12.6 

1840.7 
1185.0 

75.5 
65.8 

21.7 
32.1 

1.6 
1.0 

1.2 
1.1 

100 
100 

•Demonstrated + Inferred i n - s i t u black coal resources are 
estimated to be 5600x1ο 1 8J with 55% recoverable - inferred 
resources of crude o i l and natural gas are r e l a t i v e l y minor 
representing only 1% and 8%, respectively, of the demonstrated 
resources. 

Table II Pattern of Australian Use of F o s s i l Fuels 1974-75 
Total primary energy demand 2512x1ο 1 5J consisting of: 
coal 1035x1ο 1 5J; o i l 1318x1ο 1 5J; natural gas 159x1ο 1 5J 

% of Fuel % Total Primary 
Type Energy 

Coal 
E l e c t r i c i t y generation 
Iron and steel 
Other 

O i l 
Transport* 
Fuel o i l 
Other 

Natural Gas 
E l e c t r i c i t y generation 
Other 

61 
25 
14 

61 
15 
24 

20 
80 

26) 
10 ) 42 
6) 

32) 
8 ) 52 
12) 

*Includes fu e l o i l for bunkering 
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These Permian coals, together with counterparts i n India, South 
A f r i c a , Antarctica and South America, are referred to as Gondwana 
coals after the hypothetical super-continent which subsequently 
broke up into the continents and sub-continents mentioned above (5) . 

The climatic conditions prevailing i n the Permian during the 
formation of these Gondwana coals were d i f f e r e n t from those for 
the Carboniferous coals of North America and Europe. As a r e s u l t 
of a cooler climate with alternating dry and wet periods, and of 
the consequent difference i n the o r i g i n a l plant materials, the 
conditions of accumulation, the slower rate of accumulation, and 
prolonged duration of sinking, the Australian (and other Gondwana) 
Permian coals d i f f e r i n many respects from the Carboniferous coals 
of the northern hemisphere. Thus for the former coals, seam thick
ness tends to be greater, v i t r i n i t e content lower, semi-fusinite 
content higher, mineral matter content high and sulphur content 
generally low; the ash derived from the mineral matter i s usually 
refractory with high fusion temperatures. These coals occur i n 
seams near the surface, and at depth. 

The Australian Permian coals vary widely i n rank (maturity) 
and type ( v i t r i n i t e content) from the Oaklands (N.S.W.) coal at 
72% (dry ash-free basis) carbon, a hard brown coal (6), containing 
17% v i t r i n i t e , at one extreme - through high v o l a t i l e bituminous 
coals such as G a l i l e e (Queensland) coal at 77% carbon, 16% v i t r i n 
i t e ; B l a i r Athol (Queensland) coal a t 82% carbon, 28% v i t r i n i t e , 
L i d d e l l (N.S.W.) coal at 82% carbon, and >70% v i t r i n i t e - to low 
v o l a t i l e bituminous such as Peak Downs (Queensland) at 89% carbon, 
71% v i t r i n i t e , and B u l l i seam (N.S.W.) 89% carbon, 45% v i t r i n i t e . 

In addition to the Permian coals there are occurrences of 
Mesozoic and Tertiary coals i n A u s t r a l i a . Mesozoic coals occur i n 
small basins i n South Australia, Tasmania, New South Wales and 
Queensland and vary i n rank from brown to bituminous. Perhaps the 
most notable occurrences i n the present context are the Walloon 
coals i n the Clarence-Morton basin i n Queensland, e.g. Millmerran 
bituminous coal (78% carbon, v i t r i n i t e plus exinite -90%). 

The most s i g n i f i c a n t T e r t i a r y coals are represented by the 
vast brown coal deposits i n V i c t o r i a , p a r t i c u l a r l y i n the Latrobe 
Valley. These brown coals with 68-70% carbon, occur i n very thick 
seams (up to 200 meters) under shallow cover (<30 meters). These 
coals d i f f e r from the Tertiary brown coals of North America i n 
that they have a much lower ash y i e l d and s i g n i f i c a n t amounts of 
the ash-forming inorganic constituents are present as cations on 
the carboxylic acid groups which are a characteristic of low rank 
coals. 

Coal Characteristics and Their Effects i n Liquefaction Process 
The wide var i a t i o n i n Australian coals i n rank, type and i n 

organic impurities and the s i g n i f i c a n t differences between these 
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3. DURiE Australian Coals 57 

coals and those from the USA and elsewhere, emphasize the need for 
detailed understanding of how s p e c i f i c coal characteristics i n 
fluence liquefaction reactions and the properties of the l i q u i d 
product. The heterogeneity and v a r i a b i l i t y of coals make them a 
complex feedstock and presents major challenges to e f f o r t s to 
i d e n t i f y and quantify those parameters of most significance. How
ever, u n t i l this i s achieved the application of a process developed 
and optimized on a coal, or similar coals, from one region to 
coals i n another region i s fraught with danger. In recognition of 
t h i s , research i s i n progress i n a number of laboratories i n 
Australia to elucidate the chemistry of Australian coals i n 
r e l a t i o n to their liquefaction. This encompasses both black and 
brown coals and liquefaction v i a pyrolysis, non-catalytic hydro
génation (solvent refining) and c a t a l y t i c hydrogénation. The 
resul t s obtained i n these studies are informative but some give 
r i s e to more questions than answers. In the remainder of this 
paper selected highlights from these Australian studies w i l l be 
presented and discussed. 

Effects of Pétrographie Composition and Rank 
It i s possible to produce some l i q u i d hydrocarbons from most 

coals during conversion (pyrolysis and hydrogénation, c a t a l y t i c 
and v i a solvent r e f i n i n g ) , but the y i e l d and hydrogen consumption 
required to achieve t h i s y i e l d can vary widely from coal to coal. 
The weight of data i n the l i t e r a t u r e indicate that the l i q u i d 
hydrocarbons are derived from the so-called 'reactive 1 macérais, 
i . e . the v i t r i n i t e s and exinites present (7,8,19). Thus, for 
coals of the same rank the y i e l d of l i q u i d s during conversion 
would be expected to vary with the v i t r i n i t e plus exinite contents. 
This leads to the general question of effect of rank on the 
response of a v i t r i n i t e and on the y i e l d of l i q u i d products; and, 
i n the context of Australian bituminous coals, where semi-fusinite 
i s usually abundant, of the r o l e of t h i s maceral i n conversion. 

A number of research projects i n Australia are being address
ed to these questions. The Australian Coal Industry Research 
Laboratories (ACIRL) have been approaching the question through a 
study of the conversion behaviour of a selected range of Austral
ian bituminous coals under non-catalytic solvent r e f i n i n g 
conditions (9,10). The Commonwealth S c i e n t i f i c and Industrial 
Research Organization (CSIRO) i s considering the question with 
regard to pyrolysis (11) and c a t a l y t i c hydrogénation (13) of 
bituminous and brown coals, with support from studies of the 
behaviour of individual maceral types during conversion with the 
aid of pétrographie techniques (12). 

Experimental data published recently by Cudmore (10) for 
eight Australian bituminous coals, reproduced i n F i g . 2, show a 
d i r e c t linear c o rrelation between conversion (to gas + l i q u i d s ) , 
under non-catalytic hydrogénation conditions using T e t r a l i n as 
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Fuel Processing Technology 

Figure 2. Noncatalytic hydrogénation—product yields vs. vitrinite + exinite 
content. Curve a, total conversion (X); Curve b, extract (·) (10). (Note: Lines 
a and b relate to coals where the mean maximum reflectance (R0 max) of the 
vitrinite fall in the range 0.43-0.68%. Values in parenthesis refer to R0 max for 

higher-rank coals.) 
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vehicle, and the v i t r i n i t e plus exinite contents over the range 40 
to 80%^ for coals i n the rank range where the mean maximum r e f l e c t 
ance (R 0 max.) of the v i t r i n i t e varies from 0.43 to 0.68%, i . e . 
for carbon content over the range of about 75% (dry ash-free) to 
about 82%. This encompasses the sub-bituminous coals and high 
v o l a t i l e bituminous coals. However, for coals where R Q max. i s 
greater than 1.47% the y i e l d was markedly lower than might other
wise have been expected from the v i t r i n i t e plus exinite contents 
(refer F i g . 2). The information i n F i g . 2 would further suggest 
that the rank effe c t i n decreasing conversion y i e l d increases 
ra p i d l y with increase i n rank from Ë Q max. 1.47% to 2.64%, i . e . 
carbon (dry ash-free basis) 88% to >90%. This, of course, leaves 
open the question of where the decrease i n the conversion of the 
v i t r i n i t e (+ exinite) starts i n the rank range 83 to 88% carbon. 

An implication of Cudmore's data (10) for the sub-bituminous 
and high v o l a t i l e bituminous coals i s that the semi-fusinite as 
such appears to contribute l i t t l e to the conversion products, 
otherwise the apparent dependence of y i e l d on the v i t r i n i t e 
(+ exinite) content would not be so l i n e a r . 

The whole question r e l a t i n g to the possible ro l e of semi-
f u s i n i t e i s receiving the attention of Shibaoka and his associates 
i n CSIRO (12). Although the project i s s t i l l a t an early stage, 
d i r e c t observations on the changes occurring i n semifusinite-rich 
coal grains during conversion under a wide variety of conditions 
suggest that the possible contributions of t h i s maceral i n con
version cannot be ignored although further work i s required to 
define the nature and magnitude of such contributions. 

Studies i n i t i a t e d by the author i n CSIRO (13) seek to throw 
l i g h t on the r o l e of the various macérais by studying the con
version, under c a t a l y t i c hydrogénation conditions, i n T e t r a l i n as 
vehicle, of maceral concentrates from a high v o l a t i l e bituminous 
coal. Some preliminary r e s u l t s , given i n F i g . 3, show conversions 
as almost complete for the hand picked v i t r a i n (>90% v i t r i n i t e ) 
from a high v o l a t i l e bituminous coal (Liddell seam N.S.W., 83.6% 
carbon and 43% v o l a t i l e matter both expressed on a dry ash-free 
basis). However, i t i s evident that the conversion of the 'whole1 

coal increases rapidly with increase i n hydrogen pressure (under 
otherwise similar conditions - batch autoclave, 4h. @ 400°C). 
This could suggest either that conversion of the v i t r i n i t e i s sup
pressed by other components i n the coal, p a r t i c u l a r l y at the lower 
pressures, or more l i k e l y , that other macérais are participating 
to an increasing extent as the hydrogen pressure increases. 

Consideration of the l a t t e r r e s u l t s i n r e l a t i o n to those of 
Cudmore (10), discussed above, emphasize the need for caution when 
generalising on the influence of coal characteristics on conversion. 
Indeed, i t would appear that the absolute and r e l a t i v e 
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82 h-

Vitrain 

3.4 6.9 10.3 13.8 17.2 20.6 Mpa 

500 1000 1500 2000 

Initial hydrogen pressure 

2500 3000 psi 

Figure 3. Effect of hydrogen pressure on conversion of Liddell coal: (O), un
treated coal; (%) demineralized coal; (Α λ hand-picked vitrain. Reaction tempera

ture = 400° C; reaction time = 4 hr. 
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3. DURIE Australian Coals 61 

contribution of the various pétrographie components i s dependent 
on the process conditions which include, inter a l i a , the hydrogen 
potential. 

The petrography of brown coals d i f f e r s from that of black 
coals and i s less well developed. However, evidence i s mounting 
that brown coals can vary s i g n i f i c a n t l y , even within the same seam, 
and that these variations may e f f e c t t h e i r conversion behaviour. 
The V i c t o r i a n Brown Coal Council has i n i t i a t e d studies i n this 
area (with advice from the German Democratic Republic). 

The E f f e c t of Elemental Composition 
I t i s well established that for any coal the so-called r e 

active macérais, v i t r i n i t e and exinite, are richer i n hydrogen 
than the inert macérais. Therefore, since the conversion of coals 
to l i q u i d fuels involves the production of lower molecular weight 
products having atomic hydrogen to carbon r a t i o s i n the range 1.7 
to 2 compared with <1 for most coals, i t i s of inte r e s t to consider 
the e f f e c t of the hydrogen content, or a l t e r n a t i v e l y the hydrogen/ 
carbon r a t i o on the conversion of coals to l i q u i d and gaseous 
fuels under a wide range of conditions. 

Pyrolysis. In this context i t i s relevant to consider 
i n i t i a l l y the eff e c t of hydrogen contents on tar yields during 
pyrolysis (carbonization). This i s p a r t i c u l a r l y so, since, i n a l l 
coal conversion processes l i t t l e happens u n t i l the coal i s at a 
temperature above that where active thermal decomposition normally 
sets i n . In other words, a l l coal conversion processes may be r e 
garded as pyrolysis under a variety of conditions which determine 
the nature of the primary decomposition and the reactions which 
follow. 

F i g . 4 represents a p l o t of the atomic H/C r a t i o versus tar 
yields obtained by the former CSIRO Di v i s i o n of Coal Research for 
a wide variety of Australian coals during low temperature (600°C) 
Gray-King carbonization assays (14) over several years. This 
figure shows that, despite a wide v a r i a t i o n i n rank and inorganic 
impurities, there i s a s i g n i f i c a n t linear correlation between the 
tar y i e l d and the atomic H/C r a t i o . A variety of factors may 
account for the scatter - the empirical nature of the assay, wide 
variations i n the ash y i e l d and nature of the ash (see below), 
weathering of the coal, the multitude of analyses involved and the 
long time span over which the resul t s were accumulated. 

The steep dependence on hydrogen content of the tar yields 
obtained during the low temperature (500°C) f l u i d i z e d bed carbon
iz a t i o n of 14 Australian coals, ranging i n rank from 72% to -89% 
(dry ash-free basis) carbon content, i s c l e a r l y demonstrated i n 
Fi g . 5 (15,16). 
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I υ 
Ε ο 
< 

Tar yield (% d.a.f. coal basis) 

Figure 4. Dependence of tar yield, determined by low-temperature Gray-King 
carbonization assay, η atomic hydrogen-to-carbon ratio for a wide range of Austra

lian coals. Tar yield = 50.4 χ H/C - 25.9; correlation coefficient, 0.95. 
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Figure 5. Dependence of tar yields from low-temperature (500°C), fluidized-bed 
carbonization of hydrogen content for some Australian coals (15, 16) 
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In current CSIRO investigations into the production of l i q u i d 
fuels v i a the f l a s h pyrolysis of selected Australian coals (11) 
the importance of the hydrogen content, or more precisely the 
atomic H/C r a t i o of the coal with regard to the t o t a l y i e l d of 
v o l a t i l e matter and tar, has been demonstrated also. This i s 
shown i n F i g . 6 (20) together with the reproduction of the cor
r e l a t i o n l i n e for the low temperature Gray-King Carbonization 
assay transferred from F i g . 4. Also included are data obtained 
for one USA bituminous coal (Pittsburgh No. 8) and one l i g n i t e 
(Montana). The former coal plots consistently with the Australian 
bituminous coals for both the v o l a t i l e matter and tar yi e l d ; but 
whereas the raw Montana l i g n i t e , together with the raw Australian 
brown coal, are consistent with the bituminous coals for t o t a l 
v o l a t i l e matter y i e l d , the tar yields from the l i g n i t e and brown 
coal f a l l s i g n i f i c a n t l y below those to be expected from F i g . 4 for 
bituminous coal with similar atomic H/C r a t i o s with one exception -
a low ash sample of Loy Yang brown coal. The reason for the 
'deviation 1 i s considered i n the next section of the paper. 

Hydrogénation. Cudmore (10) i n his studies of the non-
c a t a l y t i c hydrogénation (solvent refining) of six Australian coals 
has indicated that the conversion systematically increases as the 
atomic H/C r a t i o of the coal increases over the range 0.60 to 0.85. 
This i s shown i n F i g . 7 (10) which also includes data for the 
c a t a l y t i c hydrogénation of six Canadian coals (17). These results, 
together, indicate the importance of the hydrogen contents of coal 
i n general for both non-catalytic and c a t a l y t i c hydrogénation. 

With regard to the implications of the elemental composition 
(ultimate analysis) of Australian coals, brown coals (lignites) 
c a l l for special attention by virtue of their high oxygen contents 
(as high as 30%). During hydrogénation of brown coals i t i s 
usually considered that s i g n i f i c a n t amounts of hydrogen are con
sumed i n the elimination of oxygen as water and that this places 
these coals at a disadvantage because the cost of hydrogen i s a 
si g n i f i c a n t factor i n the economics of conversion. White has 
recently considered oxygen balances i n the c a t a l y t i c hydrogénation 
of some Australian brown coals (18). This study indicates that, 
whereas the ov e r a l l conversion, under comparable conditions, i s 
higher for brown coals than for bituminous coals studied, the 
yi e l d of hydrocarbon liqu i d s i s higher for the l a t t e r ; but, 
surprisingly, the hydrogen consumption i n the primary conversion 
i s actually lower for the brown coals than for any of the bitumin
ous coals studied (H/C i n range 0.57 to 0.72). Further, the 
results show that the percentage hydrocarbon l i q u i d y i e l d (dry ash-
free basis) per percent of hydrogen consumed i s actually as high, 
or higher, for a low ash y i e l d (0.5%) brown coal (H/C = 0.81) by 
comparison to the bituminous coals studied. Indeed, the evidence 
suggests that much of the oxygen (-30%) i s eliminated as carbon 
monoxide and carbon dioxide). 
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TOTAL VOLATILE MATTER 
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ATOMIC H/C RATIO 

Figure 6. Dependence of maximum tar yields and corresponding total volatile 
matter yields during Hash pyrolysis on atomic hydrogen-to-carbon ratio for some 
Australian and U.S.A. coals: (Ο, Φ), black coals; (X), brown coals; (A), Pitts

burgh No. 8 (USA); Montana lignite (USA). 
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Figure 7. Dependence of yields of hydrogénation products on the atomic hydro
gen-to-carbon ratio: (a) Australian coals—noncatalytic conditions (10); (b) Cana

dian coals—catalytic conditions. 
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E f f e c t of Inorganic Constituents 
Despite much speculation on the possible effects of the i n 

organic ash-forming constituents i n a coal on i t s behaviour during 
conversion, there i s s t i l l no clear understanding on the subject. 
I t i s generally suspected that where pyrite i s present i n a coal 
th i s i s converted to pyrrhotite under the conditions of coal 
hydrogénation and can act as a c a t a l y s t (19) . The effectiveness 
w i l l , of course, be dependent on how the py r i t e i s disseminated 
through the coal including the maceral association; t h i s may be 
the cause where no s i g n i f i c a n t effect has been noted (j8). In the 
majority of Australian coals the sulphur, and hence pyrite, content 
i s very low and hence the p o s s i b i l i t y of a c a t a l y t i c e f f e c t from 
pyri t e i s negligible. As mentioned e a r l i e r , Australian bituminous 
coals tend to be high i n mineral matter. This consists primarily 
of alumino-silicate minerals (20). To prepare most coals for use 
as a feedstock i n conversion these w i l l need to be processed i n a 
coal preparation plant to reduce the ash y i e l d . Otherwise reactor 
throughput i n terms of e f f e c t i v e coal feed rates, are adversely 
affected and excessive ash can •blind* added catalysts and cause 
other operational problems. Since alumino-silicates are the basis 
of cracking catalysts, the mineral matter i n the coal might well 
act i n this way and be either to the advantage or disadvantage of 
the conversion process. 

A project i n i t i a t e d by the author when with CSIRO has, as one 
of the objectives, the study of eff e c t of the mineral matter i n 
selected Australian coals during c a t a l y t i c hydrogénation (13). 
The i n i t i a l approach has been to compare, under otherwise i d e n t i c a l 
conditions, the conversion behaviour of a coal sample before and 
after démineraiization. Some very preliminary resu l t s are shown 
i n F i g . 8 for a sample of L i d d e l l seam coal (ash y i e l d 7.35% a i r 
dried basis; v o l a t i l e matter 43.2% and t o t a l sulphur 0.48% dry 
ash-free basis) before and after demineralization to reduce the 
ash y i e l d to 0.5%. F i g . 8 shows the eff e c t of temperature on the 
t o t a l conversion and y i e l d of bitumen, ( i . e . residue from 
atmospheric and vacumn d i s t i l l a t i o n to 210°C of the hydro
génation product) during batch c a t a l y t i c (a commercial Co-Mo on 
alumina catalyst) hydrogénation using j e t r a l i n as solvent. The 
main effect of the mineral matter appears to be to give an 
increased scatter i n the experimental data with regard to t o t a l 
conversion. This i s also evident, but to a lesser degree, i n 
Fi g . 3 where the effect of i n i t i a l hydrogen pressure on t o t a l con
version for the same coal i s indicated. 

Since the scatter of experimental points for t o t a l conversion 
i s both above and below the curve for the demineralized sample, i t 
i s not possible to assign the behaviour of the untreated coal to 
either catalyst blinding or enhanced c a t a l y t i c e f fects. With 
regard to the y i e l d of 'bitumen' (Fig. 8), the bias on the high 
side i n y i e l d could be interpreted to suggest that some c a t a l y t i c 
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Figure 8. Effect of temperature on conversion of untreated and demineralized 
Liddell coal (300-mL autoclave, 6.9 MPa, 4 hr): (O), untreated; (%), demineralized. 
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e f f e c t was exhibited by the mineral matter. Obviously further 
studies of t h i s type are required to determine the nature of the 
effects, i f any, of the alumino-silicates i n Australian bituminous 
coals on the response of these coals during conversion. 

Australian brown coals are of special interest with regard to 
the possible influence of the inorganic constituents during 
pyrolysis and hydrogénation. In the low ash y i e l d Australian 
brown coals, a considerable proportion of the inorganic ash-forming 
constituents are present as cations associated with the carboxylic 
acid groups i n the coal (21,^2,23). Studies i n CSIRO have shown 
that the nature and amount of these cations can exert marked 
effects on the behaviour of the coal during thermal decomposition 
(pyrolysis). In particular, Schafer (24) has shown that the pre
sence of cations f a c i l i t a t e the elimination of the oxygen during 
pyrolysis i n a manner that i s s t i l l not understood. This could 
have interesting and p r a c t i c a l opportunities for upgrading brown 
coal as a feedstock for hydrogénation. 

In the USA, observations with North Dakota l i g n i t e s have 
suggested that sodium associated with the carboxyl groups have a 
b e n e f i c i a l c a t a l y t i c e f f e c t with regard to the quality of the 
l i q u i d product (8) . Further, the superiority of CO-steam over 
hydrogen i n the 'non-catalytic 1 hydrogénation of l i g n i t e has been 
attributed again to the c a t a l y t i c effects of a l k a l i and alkaline 
earth metals present on the coal (_25) which are known to be 
effective catalysts i n the carbon-steam and carbon monoxide-steam 
reactions. It has been suggested that the hydrogen generated 
accordingly i n - s i t u i s more effective since i t probably passes 
transiently through the reactive 'nascent 1 hydrogen-form and 
avoids the need to dissociate the strong bond i n molecular 
hydrogen. 

The a b i l i t y to exchange cations on the carboxylic acid groups 
in brown coal (26) has led to i n t e r e s t into the effectiveness of 
t r a n s i t i o n metals exchanged onto the carboxyl groups as catalysts. 
This aspect was f i r s t looked at by Severson and his colleagues i n 
North Dakota with negative results (27) . However, the matter i s 
now being re-examined i n Au s t r a l i a i n the context of V i c t o r i a n 
brown coals. Careful studies i n t h i s area could well help con
tribute to the better understanding of the role of the catalyst 
i n coal hydrogénation, e.g. does i t f a c i l i t a t e the d i r e c t transfer 
of hydrogen from molecular hydrogen i n the gas phase, or i n 
solution, to the fragments derived from the thermally decomposing 
coal? or does i t simply f a c i l i t a t e i n the regeneration of the 
hydrogen donor capacity of the 'solvent'? 

I t i s appropriate to conclude this section by reference to 
one aspect of the CSIRO f l a s h pyrolysis project involving, again, 
brown coals. Here, i t has been shown (28) that the presence of 
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cations on the carboxyl groups strongly supresses the tar y i e l d 
obtained during rapid pyrolysis. For example, a sample of raw 
Gelliondale (Victoria) brown coal having a 7.2% (dry basis) ash 
y i e l d , yielded 12% (dry ash-free basis) of tar during f l a s h 
pyrolysis but, when this coal was acid washed 0.7% (dry basis) ash 
y i e l d , the tar y i e l d increased to 20% (dry ash-free basis). 
Further reference to F i g . 6 shows that the l a t t e r tar y i e l d now 
plots with the bituminous coals with reference to the e f f e c t of 
the atomic H/C r a t i o . S imilarly a second brown coal sample (Loy 
Yang) which, as recovered from the seam, has a very low ash y i e l d 
(0.4% dry ash-free basis), and most of the carboxyl groups i n the 
acid form, plots with the bituminous coals i n F i g . 6; however, 
when the sodium-salt i s produced from th i s coal before f l a s h 
pyrolysis the tar y i e l d i s almost complete supressed. 

I t i s interesting to speculate on the significance of these 
observed effects of the presence of cations on the carboxylic 
acid groups i n brown coals. I t would appear that the cations 
either i n h i b i t the tar forming reactions i n some way or else cause 
the tars, once formed, to polymerize to a s o l i d residue. The 
former p o s s i b i l i t y could imply that the tars are formed from lower 
molecular weight precursors by reactions which are blocked by the 
presence of a cation, or cations, on the carboxyl groups and the 
l a t t e r that these cations i n h i b i t the escape of the tars. The 
clue to the detailed explanation perhaps resides with the observ
ations, already mentioned, of Schafer (24) on the effects of 
cations associated with carboxyl groups on the oxygen elimination 
reactions during the thermal decomposition of brown coals. 

Further detailed studies i n this area are obviously needed 
to resolve the chemistry involved. Such pyrolysis studies sup
plemented by hydrogénation experiments with acid-form and s a l t -
form brown coals offer promise of resolving the precise r o l e of 
pyrolysis i n the hydrogénation of these coals and of how the 
ash-forming cations participate i n the hydrogénation reactions. 
For example, how does the presence of the cations e f f e c t the 
hydrogen consumption? A question that needs also to be considered 
i n the context of the observations of White (18) . 

CONCLUDING REMARKS 

The f i r s t part of t h i s paper has shown that Australian black 
and brown coals d i f f e r s i g n i f i c a n t l y i n a number of respects from 
coals of similar ranks from North America and elsewhere i n the 
northern hemisphere. The r e s t of the paper than proceeded to 
indicate the progress being made to determine how the characteris
t i c s of Australian coals influence their conversion to v o l a t i l e 
and l i q u i d products during pyrolysis and hydrogénation. 

The r e s u l t s presented and discussed here for current i n 
vestigations on Australian black coals indicate strongly that, 
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over a rank range up to about 83% (dry ash-free) carbon, the 
v i t r i n i t e and exinite contents and o v e r a l l , the atomic hydrogen-
to-carbon r a t i o are the important parameters with regard to t o t a l 
v o l a t i l e and l i q u i d yields during pyrolysis and hydrogénation of 
such coals. In these respects there appears to be no major 
differences r e l a t i v e to northern hemisphere coals. The strong 
dependence of conversion on atomic H/C r a t i o suggest that the 
subleties of v a r i a t i o n i n chemical composition or structure with 
change i n rank are of secondary importance. Also the near linear 
dependence of conversion yields on the atomic H/C r a t i o further 
suggest that the effects of the mineral matter i n the Australian 
black coals may be secondary. 

The resu l t s mentioned for Australian brown coals r a i s e many 
interesting questions concerning the ef f e c t of coal characteris
t i c s on conversion during pyrolysis and hydrogénation. These 
rel a t e to the s i m i l a r i t y of the behaviour of the acid-form brown 
coals with the black coals i n terms of the eff e c t of the atomic 
H/C r a t i o on conversion during pyrolysis; the suppression of the 
tar y i e l d when the carboxyl groups are i n the salt-form; and the 
elimination of oxygen during the primary hydrogénation without the 
involvement of hydrogen. Again, within the limitations of the 
investigations mentioned, there i s no reason to believe that the 
effects observed should be unique to Australian brown coals. 

I t i s emphasised that many of the results discussed r e l a t e to 
on-going investigations and need confirmation on other coals. 
Also, many of the effects mentioned r e l a t e to the ov e r a l l con
version. In coming to grips with the effects of coal characteris
t i c s , attention must be given to the quality as well as the 
quantity of l i q u i d products obtained during conversion; as well 
as to the rate at which the conversion occurs under various 
conditions. These aspects, which have not been considered i n this 
presentation, c a l l for careful experimentation where the emphasis 
i s not on maximising conversion but on careful control of 
experimental conditions with termination of experiments at only 
p a r t i a l conversion. 
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4 
Relationship Between Coal Characteristics and 
Its Reactivity on Hydroliquefaction 

K. MORI, M. TANIUCHI, A. KAWASHIMA, O. OKUMA, and T. TAKAHASHI 

Mechanical Engineering Laboratory, Kobe Steel, Ltd., Iwaya, Naka-ku, Kobe 657, Japan 

It has recently been acknowledged that in future coal will 
play a more important role as an energy source for petroleum. 
Especially in Japan, whose energy sources depend largely on 
imported petroleum, the development of coal technology must be 
accelerated to prepare against a future energy crisis. Coal 
liquefaction, one of the processes that promises to solve this 
crisis, is now in the development stage. As with petroleum, Japan 
depends on imported foreign coal, because of its own peculiar 
coal mining conditions. But in Japan, a wide variety of coal 
species will be used for liquefaction. Therefore, the effect of 
characteristics of coal on reactivity during liquefaction is an 
important research subject for selecting the coal species. 

Location, Geology and General Characteristics of Japanese Coals 

The geographical distribution of Japan's main coal fields 
and coal mines is shown in Fig.1. Though Japan is composed of 
four main islands, i .e . , Hokkaido, Honshu, Shikoku and Kyushu, 
from the north to the south, the coal resources are mainly 
limited to Hokkaido and Kyushu as shown in Table 1. Although the 
majority of the Japanese coals were formed during the Cenozoic 
era in the Tertiary period, their coalifications are extraordi
narily advanced owing to the crustal movements and volcanic 
activities they have experienced; therefore Japan produces a 
wide range of coals varying from brown coal to anthracite. 

The properties of Japanese coal and the fields can be char
acterized, in comparison with those of the continental type, as 
follows : 

(1) Coal fields are small in scale and defective in 
continuity. 

(2) Geological structure is complicated due to numerous 
faults and foldings. 

0-8412-0587-6/80/47-139-075$05.50/0 
© 1980 American Chemical Society 
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Takashima coal field 

Figure 1. Main coalfields in Japan 
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(3) Coal i s r i c h i n hydrogen or v o l a t i l e matter and higher 
i n heating value. 

{k) Caking property i s not strong "but some are of ex
tremely high f l u i d i t y . 

Liquefaction Behaviour of Coals 

It i s well known that the characteristics of coal d i f f e r 
widely according to the age of the coal formation as well as to 
the location of coal, etc. And the r e a c t i v i t y during hydro-
liquefaction depends on the characteristics of coals. This 
relationship w i l l be a guidance to select and develop coal mines. 
Many parameters to indicate the r e a c t i v i t y of coal have been 
proposed ( l , 2, 2)· Among these parameters, carbon content, 
v o l a t i l e matter content, value of H/C atomic r a t i o , reactive 
macérais 1 content, etc. are reported to be r e l a t i v e l y closely 
related parameters to coal r e a c t i v i t y . However, these relations 
are usually found only i n l i m i t e d reaction conditions. There
fore, attempts to f i n d better parameters s t i l l continue. 

In t h i s study, we have t r i e d to f i n d a more comprehensive 
parameter related to coal r e a c t i v i t y , as represented by con
version, by liquefying several ranks of coals. These cover a 
wide range from l i g n i t e to bituminous coal. Also we have studied 
the difference of coal r e a c t i v i t y caused by the mining sites i n 
Australian brown coal mines. Selected coals from a wide range of 
rank are located i n the coal band shown in Fig.2. The resulting 
parameters are compared with other parameters reported "by other 
researchers (2, ,2.). 

Experiments and Results 

Analytical data on coals used i n t h i s study are presented i n 
Tables 2 and 3. Hydroliquefaction data on coals used i n t h i s 
study are summarized i n Tables k and 5· 

The liquefaction of coals was studied i n a 500 ml magnetical
l y - s t i r r e d stainless steel antoclave. Two different reaction 
conditions were used i n t h i s study, but the experimental pro
cedures were almost the same in "both conditions. 

Coal, solvent and catalyst were charged to the autoclave. 
After the autoclave had been flushed and pressurized with hydro
gen to the desired i n i t i a l pressure, the autoclave was heated 
with constant e l e c t r i c power and with constant s t i r r i n g up to the 
reaction temperatures. Then, the autoclave was held at these 
temperatures for periods of the desired length. At the conclu
sion of the reaction, the autoclave was quenched "by dropping the 
heating jecket and cooled by standing i n a i r u n t i l i t reached 
room temperatures. After cooling, the reaction gases were vented, 
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MORI E T A L . Coal Characteristics 

Coal band of Japanese coals 
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Figure 2. Relationship between coals used and coal bands 
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and c o l l e c t e d i n a gas s ampling f l a s k . The f i n a l p r o d u c t s l e f t 
i n t h e a u t o c l a v e were f i l t e r e d by s u c t i o n . The r e s i d u e l e f t on 
th e f i l t e r was t r a n s f e r r e d t o a S o x h l e t e x t r a c t o r and e x t r a c t e d 
w i t h "benzene o r p y r i d i n e u n t i l t h e washing s o l v e n t was a l i g h t 
y e l l o w c o l o r . A f t e r e x t r a c t i n g , t h e weight o f t h e i n s o l u b l e 
r e s i d u e was determined a f t e r b e i n g d r i e d a t 120°C, under 5 mmHg, 
and over 2 h r s , u s i n g a vacuum-drier. The f i l t r a t e from t h e 
r e a c t i o n m i x t u r e and t h e c o n c e n t r a t e d s o l u t i o n from t h e washing 
s o l v e n t were combined and t h e n vacuum d i s t i l l e d up t o 310°C at 
90 mmHg. The f r a c t i o n s w i t h b o i l i n g p o i n t : 120 - 310°C and 
310°C above (the vacuum bottom) were r e c o v e r e d as s o l v e n t and 
SRC, r e s p e c t i v e l y . 
C o n v e r s i o n was c a l c u l a t e d as f o l l o w s : 

Co n v e r s i o n % 

- C o a l charged ( d . a . f . ) - I n s o l u b l e r e s i d u e ( d . a . f . ) 
C o a l charged ( d . a . f . ) 

The a n a l y t i c a l d a t a f o r c o a l samples used by o t h e r r e s e a r 
c hers and t h e i r e x p e r i m e n t a l r e s u l t s a r e shown i n T a b l e s 6 and 
7. A rough comparison o f t h e l i q u e f a c t i o n c o n d i t i o n s used i n 
t h i s study t o e x p l o r e t h e parameter r e p r e s e n t i n g c o a l c h a r 
a c t e r i s t i c s i s shown i n T a h l e 8. 

The r e l a t i o n s between c o a l r e a c t i v i t y and s e v e r a l p a r a 
meters are shown i n F i g s . 3 t o 8. I n t h e s e f i g u r e s t h e r e a c t i v i 
t y o f c o a l i s measured by c o n v e r s i o n . I n th e r e s u l t s , v o l a t i l e 
carbon % i s s e l e c t e d as a more c l o s e l y r e l a t e d parameter t h a n 
t h e common parameters, such as C%9 E%9 0%, H/C atomic r a t i o , 
v o l a t i l e m a t t e r , e t c . 

V o l a t i l e carbon % i s d e f i n e d by the e q u a t i o n as f o l l o w s . 

V o l a t i l e carbon % 
- Μ (ή » + \ F i x e d carbon % , Q 0 

- υ/* v a . a . i . ; - V o l a t i l e m a t t e r % + F i x e d carbon % 

T h i s parameter i s d e r i v e d from t h e f o l l o w i n g i d e a . 
I t i s g e n e r a l l y c o n s i d e r e d t h a t t h e f i r s t s t e p o f c o a l h y dro
l i q u e f a c t i o n i s t h e t h e r m a l d e c o m p o s i t i o n o f C-C and C-0 bonds, 
e t c . i n c o a l s t r u c t u r e . Thus, i t i s presumed t h a t t h e v o l a t i l e 
m a t t e r i n c o a l i s c l o s e l y r e l a t e d , as a parameter t o c o a l r e 
a c t i v i t y ( c o n v e r s i o n ) . B u t , t h e amounts o f oxygen c o n t a i n i n g 
compounds, such as carbon d i o x i d e , w a t e r , e t c . i n v o l a t i l e m a t t e r 
formed "by t h e t h e r m a l d e c o m p o s i t i o n o f oxygen c o n t a i n i n g f u n c 
t i o n a l groups i n c o a l , are l a r g e and v a r y g r e a t l y w i t h t h e rank 
o f c o a l . Moreover, the f u n c t i o n a l groups are m o s t l y a t t a c h e d t o 
the s i d e c h a i n o f the b a s i c a r o m a t i c u n i t s i n t h e c o a l s t r u c t u r e . 
Thus,the v o l a t i l e m a t t e r i n c o a l i s not g e n e r a l l y c o n s i d e r e d t o 
be a b e t t e r parameter r e p r e s e n t i n g c o a l r e a c t i v i t y . 
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Yamakawa, et al 
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Figure 3. Relationship between conversion and carbon percentage in coal. The 
asterisks indicate that the figures in parentheses show the inert content in the coal 

Symbols: (Φ), with catalyst; (Ο),ηο catalyst; (A), Morwell brown coal. 
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Figure 4. Relationship between conversion and H/C of coal: (%), with catalyst; 
(Ο),ηο catalyst'; (A), Morwell brown coal. 
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Figure 5. Relationship between conversion and volatile matter percent in coal: 
(%), with catalyst; (Ο),ηο catalyst; (A), Morwell brown coal. 
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Figure 6. Relationship between conversion and volatile carbon percent in coal: 
(%), with catalyst; (Ο),ηο catalyst; (A), Morwell brown coal. 
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Based on t h e i d e a mentioned above, we s h o u l d pay a t t e n t i o n 
t o t h e q u a n t i t y o f carbon c o n t e n t i n t h e v o l a t i l e m a t t e r i n c o a l . 

D i s c u s s i o n 

I t i s w e l l known t h a t c o a l r e a c t i v i t y depends on t h e s o l v e n t , 
t h e c o n d i t i o n s o f h y d r o l i q u e f a c t i o n , and t h e c o m p o s i t i o n o f t h e 
c o a l . D i f f e r e n t e x t r a c t i n g s o l v e n t r e s u l t s i n d i f f e r e n t conver
s i o n , but i t can be c o n s i d e r e d t h a t t h e d i f f e r e n t c o n v e r s i o n shows 
a s i m i l a r tendency t o c o a l r e a c t i v i t y . Thus, i t i s d e s i r a b l e t h a t 
t h e parameter r e p r e s e n t i n g c o a l r e a c t i v i t y shows e s s e n t i a l l y t h e 
same tendency, d e s p i t e t h e c o n d i t i o n s o f h y d r o l i q u e f a c t i o n . 
A c c o r d i n g l y comparison o f parameters was c a r r i e d o u t , u s i n g some 
p r e v i o u s l y r e p o r t e d r e s u l t s (2, 3). 

The f o l l o w i n g r e s u l t s were o b t a i n e d as shown i n t h e ex
ample below. 

The r e l a t i o n s h i p between c o n v e r s i o n and C% i n c o a l ( d . a . f . ) 
i s shown i n F i g . 3 . I n t h i s f i g u r e , t h e r e l a t i v e l y c l o s e r e 
l a t i o n s h i p between c o n v e r s i o n and C% i n c o a l i s obs e r v e d , but 
at t h e same t i m e , i t i s found a l s o t h a t t h e r e a r e some e x c e p t i o n s 
i n t h i s r e l a t i o n s h i p . The b e h a v i o u r o f abnormal c o a l s c o u l d 
p o s s i b l y be e x p l a i n e d by t h e i n e r t c o n t e n t i n t h e c o a l a t t h e 
same carbon l e v e l . That i s , i n Yamakawa 1s d a t a , t h e i n e r t 
c o n tent o f M i i k e and Y u b a r i c o a l s a r e l o w e r , w h i l e G r i f f i n c o a l 
i s h i g h e r . 

Moreover, i n c o a l s o f a s i m i l a r carbon l e v e l , such as M i i k e 
c o a l , N e w d e l l c o a l , and Grose v a l l e y c o a l , t h e r e a c t i v i t y o f c o a l 
decreases g r e a t l y w i t h t h e i n c r e a s i n g i n e r t c o ntent o f c o a l . 

The same r e s u l t can be observed i n our r e s u l t s . The i n e r t 
c o n t e n t o f Lithg o w c o a l i s f a i r l y h i g h as compared w i t h t h e 
o t h e r c o a l s used. 

Furthermore, i n P.H. G i v e n 1 s d a t a , t h e l i g n i t e sample, PSOC 
87 c o a l i s v e r y r e a c t i v e though i t s i n e r t c o n t e n t i s h i g h e r , and 
d e v i a t e s c o n s i d e r a b l y from t h e g e n e r a l tendency. T h i s seems t o 
i n d i c a t e t h a t t h i s c o a l was c h e m i c a l l y t r e a t e d . 

From t h e d a t a mentioned above, i t i s found t h a t t h e con
sequences o f t h i s r e l a t i o n s h i p depend on t h e c o n d i t i o n s o f 
l i q u e f a c t i o n and c o a l q u a l i t y used ( F i g . 3 ) . Thus, C% i n c o a l 
i s not a p p r e c i a b l y u s e f u l as a parameter. S i m i l a r consequences 
are found i n t h e r e l a t i o n s h i p between c o n v e r s i o n and o t h e r p a r a 
m e t e r s , such as H#, 0% i n c o a l . 

The r e l a t i o n s h i p between c o n v e r s i o n and t h e H/C atomic r a t i o 
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4. MORI E T A L . Coal Characteristics 93 
of coal i s shown i n Fig.U. A f a i r l y good relationship i s found 
i n some r e s t r i c t e d conditions of liquefa c t i o n , such as i n 
Yamakawa!s, P.H. Given 1s and our data of Morwell "brown coal, hut 
since there i s no defi n i t e tendency i n the several ranks of coal 
we used, the characteristics of th i s relationship do not seem to 
be general. Thus, the H/C of coal i s not p a r t i c u l a r l y useful as 
a general parameter. 

The relationship between conversion and the v o l a t i l e matter 
% i n coal i s shown i n Fi g . 5 . According to Yamakawa's data, 
conversion becomes higher with an increase i n the v o l a t i l e matter 
content i n coal i n the range of 20% to 50%, but conversion 
reaches a maximum of about 50%, and decreases after that. Rough
l y speaking, i n P.H. Given 1s data, conversion decreases with the 
increasing v o l a t i l e matter % i n coal i n the range of k0% to "(0%. 
On the other hand, i n our data, no clear relationship between 
conversion and v o l a t i l e matter^ i n coal can be found i n the sev
era l ranks of coal and i n the samples of similar rank l e v e l s . 
The characteristics of t h i s relationship are found to d i f f e r 
greatly from one another i n the conditions of liquefaction and 
the coals used. Thus, the v o l a t i l e matter % i n coal i s not 
p a r t i c u l a r l y useful as a parameter. 

The relationship between conversion and v o l a t i l e carbon % 
in coal i s shown i n Fig.6 . As shown i n t h i s figure, conversion 
of almost a l l coals i n our research can be expressed exclusively 
under the same experimental conditions. It was further found 
that the effect of a catalyst was larger i n coals of a lower 
v o l a t i l e carbon %. In Yamakawa's data, a f a i r l y good r e l a t i o n 
ship i s found except for abnormal coals of high sulphur content 
(Kentucky No.11) and of high inert content ( G r i f f i n ) , though the 
behavior of Taiheiyo coal can not be explained. In addition, i n 
P.H. Given 1s data, a similar relationship, roughly speaking, i s 
found except for the abnormal coal (PSOC 99)· In spite of the 
differences of the liquefaction conditions and the coals used, 
the characteristics of t h i s relationship are almost the same 
except for some abnormal coals. Therefore, i t i s safe to say 
that coals of a higher v o l a t i l e carbon % are more reactive than 
those of lower v o l a t i l e carbon %. Thus, v o l a t i l e carbon % does 
seem to be a better parameter to estimate coal r e a c t i v i t y . How
ever, further study i s necessary to c l a r i f y the v a l i d i t y of t h i s 
new parameter. 

The relationship between conversion and the mean maximum 
reflectance i s shown i n Fig.7· In Yamakawa's data, a f a i r l y 
good relationship i s found except for abnormal coals of high 
inert content ( G r i f f i n , Grose valley) and low inert content 
(Miike). A similar good relationship i s also found i n P.H. 
Given 1s data. However, the characteristics of t h i s relationship 
are the reverse i n both cases. Thus, i t seems that the mean 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

00
4

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



94 COAL LIQUEFACTION F U N D A M E N T A L S 

maximum reflectance of coal i s not useful as a parameter. 

Recently the pétrographie components' content i n coal has 
been widely used as a new measure for finding the characteristics 
of coal which were treated only i n an average manner u n t i l re
cently by the v o l a t i l e matter % i n coal or the carbon % i n coal, 
etc. Thus, the relationship between the conversion and the 
pétrographie components1 % i n coal i s shown i n Fig.8. In P.H. 
Given's data, a good relationship between the conversion and 
reactive macérais % i n coal can be observed. Furthermore, a 
f a i r l y good relationship between the conversion and inert i n 
gredients % i n coal can also be observed i n both P.H. Given 1s 
and Yamakawa1s data. And the characteristics of t h i s r e l a t i o n 
ship are essentially the same for the two different liquefaction 
conditions. Thus, i t i s concluded that the reactive macérais % 
or the inert ingredients % i n coal i s a better parameter to 
estimate coal r e a c t i v i t y . 

As stated before, v o l a t i l e carbon % i s considered to be one 
of the most important parameters of hydroliquefaction. Also a 
f a i r l y good l i n e a r relationship between the v o l a t i l e carbon % i n 
coal and low temperature tar y i e l d from coal i s found i n Morwell 
brown coals, based on the data from the State E l e c t r i c i t y Com
mission of V i c t o r i a (SECV) i n A u s t r a l i a , as shown i n Fig.9· 
Therefore, the low temperature tar y i e l d i s also estimated to be 
an important parameter. In addition, the color tone of brown 
coal (lithotypes) i s shown i n t h i s figure. From t h i s figure, i t 
i s observed that both v o l a t i l e carbon % and low temperature tar 
y i e l d are i n a f a i r l y good r e l a t i o n to the color tone of brown 
coal. Thus, as proposed by the Australian researchers, the 
color tone of brown coal i s considered to be an important para
meter. 

F i n a l l y , we have made an e f f o r t to c l a r i f y the r e l a t i o n be
tween the characteristics of coal and i t s r e a c t i v i t y . As coal 
i s a complicated organic high molecular compound containing 
different kinds of inorganic ingredients, i t seems d i f f i c u l t to 
c l a r i f y t h i s r e l a t i o n b r i e f l y . However, the following parameters 
are considered to be more effective than the others, i f attention 
i s paid only to the organic ingredients of coal. 

1) the parameter related to c o a l i f i c a t i o n and v o l a t i l e 
matter content i n coal which we proposed. 

V o l a t i l e Carbon % 

2) the parameter related to the pétrographie components 
in coal proposed by P.H. Given et a l and Yamakawa et 
a l . 
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Figure 9. Relationship between low-temperature tar yield and volatile carbon 
content: (O), Australian researcher's data; ( • ), present study data. 
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Reactive macérais % or Inert ingredients % 

3) In the case of Australian brown coal, the parameter 
related to the color tone of coal proposed by the 
Australian researchers. 

Lithotype s, et c. 

The effectiveness of these parameters i s considered to 
depend heavily on the liquefaction conditions and the charac
t e r i s t i c s of the coal which i s used. The better parameters can 
possibly be derived from both the amounts of the pétrographie 
components % 9 such as i n e r t s f ingredients % 9 or reactive 
macérais % and t h e i r quality, such as H/C atomic r a t i o and so on. 
Consequently, i t must be said that much further study i s neces
sary to f i n a l l y c l a r i f y the more comprehensive parameter. 
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Studies on Noncatalytic Liquefaction of 
Western Canadian Coals 

B. IGNASIAK, D. CARSON, A. J. SZLADOW1, and N. BERKOWITZ2 

Alberta Research Council, 11315—87th Avenue, Edmonton, Alberta, Canada T6G 2C2 

Though still only very incompletely explored and subject to 
major revisions, Canada's coal resources are so extensive as to 
place this country among the most richly coal-endowed nations 
(1,2,3). Recent appraisals (Table I) set ultimate in-place re
sources in >2½ ft thick seams under less than 2500 ft of cover 
at some 518 billion tons; and preliminary estimates from deeper 
testhole logs suggest that similar, i f not even larger, tonnages 
may lie in coal occurrences at depths between 2500 and 4500 feet. 

But there are wide regional disparities with respect to dis
tribution and coal type. 

Except for a relatively small (<500 million ton) lignite 
deposit in northern Ontario's James Bay area, the Central region 
(i.e., Quebec, Ontario and Manitoba), which accommodates some 70% 
of the country's population and the greater part of its industry, 
is devoid of coal; and the Maritime Provinces (principally Nova 
Scotia) contain less than 1% of Canada's total coal - mostly 
Carboniferous hvb coal which closely resembles its Eastern US 
counterparts. 

The great bulk of Canadian coal is concentrated in the three 
Western provinces (Saskatchewan, Alberta and British Columbia). 
In this region, it is of Cretaceous and/or Tertiary age, with 
rank generally increasing in a westerly direction toward the 
Rocky Mountains. Although contained in different geological 
formations (which, in Alberta form three partially overlapping 
coal zones), the lignites of Saskatchewan thus give way to sub-
bituminous coals in the Alberta Plains, and the latter succes
sively to hvb, mvb and lvb coals in the Mountain regions further 
west. 

Table I summarizes latest available data respecting reserves 
of these classes of coal. 

1 Current address: CANMET, Federal Department of Energy, Mines 
and Resources, Ottawa, Canada. 

2 Current address: University of Alberta, Department of Mineral 
Engineering, Edmonton, Alberta, Canada. 

0-8412-0587-6/80/47-139-097$05.00/0 
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98 COAL LIQUEFACTION F U N D A M E N T A L S 

As matters stand, the low-rank coals of Western Canada (as 
well as some hvb coal i n the Maritimes) are now being increasing
l y used for generation of e l e c t r i c energy, and metallurgical (mvb 
and lvb) coals are being primarily produced for export (notably 
to Japan, though other markets are being developed i n Korea, 
South America and Western Europe). But the large reserves of 
near-surface subbituminous coals and l i g n i t e s are also being 
looked upon as future sources of synthetic fu e l gases and l i q u i d 
hydrocarbons that would augment production of synthetic crude 
o i l s from, e.g., Northern Alberta's o i l sands (4). 

A notable feature of the Western Canadian coals i s the i r low 
sulphur content (usually <0.5%) which tends, however, to be 
partly offset by higher mineral matter contents than are assoc
iated with the Eastern coals. As well, bituminous coals i n the 
mountain belts are t y p i c a l l y deficient i n v i t r i n i t e , which often 
represents less than 50% of the coal "substance" and only occa
s i o n a l l y reaches 70-75%, but this i s compensated by the fact that 
their micrinites and semifusinites tend to be "reactive" c o n s t i 
tuents when the coals are carbonized. Notwithstanding th e i r low 
f l u i d i t y (rarely >1000 dd/min), Western mvb coals therefore make 
excellent metallurgical cokes when carbonized i n suitably propor
tioned blends. 

But, perhaps r e f l e c t i n g their unique pétrographie make-up 
as much as a more basic chemistry which may set them apart from 
their Carboniferous equivalents, the Western coals also tend to 
respond d i f f e r e n t l y to, e.g., oxidation and the action of s o l 
vents on them. Air-oxidation at 150°C, instead of developing 
acid oxygen functions, incorporates much of the chemisorbed oxy
gen i n carbonyl groups; and s o l u b i l i t y i n C H C I 3 (after shock-
heating to ̂ 400°C) i s substantially smaller than the FSI would 
lead one to expect from correlations for Carboniferous coals (5). 

These, and other, behaviour differences have prompted i n i t 
i a t i o n of several exploratory studies i n order to assess the 
response of selected Western coals to liquefaction procedures 
and i d e n t i f y the parameters that a f f e c t this response. This 
paper summarizes some of the more important observations recorded 
i n the course of that work. 

1. Liquefaction (Solubilization) by Interaction with H-Donors 

To test s o l u b i l i z a t i o n , %5 gm samples were reacted with 10-
15 gm xetr a l i n at 390+°C and autogenic pressures i n helium-
purged, sealed Pyrex capsules. (To counterbalance the pressures 
generated i n them, the capsules were inserted into a stainless 
s t e e l bomb charged with ^30 ml ^ t r a l i n . ) Reactions were carried 
to completion over 4 hrs, a f t e r which the capsules were cooled to 
room temperature and opened i n a manner that permitted quantita
tive analysis of a l l reaction products. 
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5. IGNASIAK E T A L . Western Canadian Coals 99 

Residual Te t r a l i n was then removed by heating the s o l v o l -
yzed samples at 70-80°C i n vacuo (^0.05 mm Hg) to constant 
weight, and yields of non-volatile products and th e i r s o l u b i l i 
t i e s i n pyridine and i n benzene were determined. 

The s o l u b i l i t i e s thus recorded for 13 Western (Cretaceous) 
coals (with 69.6-91.5% carbon, daf) and 8 Carboniferous coals 
(80.6-90.9% C, daf) are shown i n Figure 1, and indicate that 

(a) the p y r i d i n e - s o l u b i l i t i e s of reacted Carboniferous subbitu-
minous and bituminous coals are s i g n i f i c a n t l y higher than 
those of corresponding Cretaceous coals, and 

(b) strongly caking Carboniferous coals (with 86-88% C, daf) 
tend to generate substantially more benzene-soluble matter 
than their Cretaceous counterparts under the conditions of 
these experiments. 

What i s , however, s t i l l unclear i s whether these effects 
arise s o l e l y from different chemical compositions (and molecular 
configurations) or are also, at least i n part, a consequence of 
the Cretaceous coals generally containing almost twice as much 
mineral matter as the Carboniferous samples. 

2. The Role of Ether-Linkages i n S o l u b i l i z a t i o n 
of Low-Rank Carboniferous Coals by H-Donors 

Formation of asphaltenes during s o l u b i l i z a t i o n of low-rank 
bituminous coals has been attributed to cleavage of open ether-
bridges (6). But while the presence of such configurations i n 
high- and medium-rank bituminous coals i s well established (7), 
their existence i n less mature coals remains to be demonstrated. 
From reactions of low-rank bituminous coals with sodium i n l i q u i d 
ammonia or potassium i n tetrahydrofuran, i t has, i n fact, been 
concluded that open ether-bonds are absent (8) or only present i n 
neg l i g i b l e concentrations (9). 

The f a i l u r e to detect open ether-linkages by treatment with 
Na/liq. N H 3 could conceivably be due to formation of non-cleavable 
phenoxides (10). We note, i n this connection, that low-rank 
coals, which contain much "unreactive" oxygen, are also character
ized by r e l a t i v e l y high concentrations of hydroxyl groups, and 
some "unreactive" oxygen could therefore be quite reasonably as^ 
sociated with phenoxy phenol configurations. However, whereas 
phenoxy phenols would be expected to r e s i s t cleavage by hydrogen-
donors, low-rank coals are, as a rule, most e a s i l y s o l u b i l i z e d by 
them; and this seeming inconsistency has prompted us to reexamine 
the behaviour of oxygen-linkages during interaction with H-donors. 

The reactions were carried out under the same conditions as 
s o l u b i l i z a t i o n (see sec. 1), except that a constant 2:1 donor: 
substrate (molar) r a t i o was used; and for comparative purposes, 
a l l runs with T e t r a l i n were repeated with 1,2,3,4-tetrahydro-
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1 0 0 COAL LIQUEFACTION FUNDAMENTALS 

Table I. Canada's ultimate in-place coal resources 
(Energy, Mines & Resources, Canada 
Report EP 77-5, 1976 Assessment) 

In-place, P r i n c i p a l 
g l ° n b i l l i o n tons coal type 

Maritime Provinces 
Nova Scotia 

New Brunswick 1.7 hvb (Carb.) 

Western Region Saskatchewan 38.8 l i g n i t e (Tert.) 
Alberta* - Plains 360.0 subbit. (U.Cret. 

& Tert. 
F o o t h i l l s 10.0 lvb, mvb, hvb, 

(Cret.) 
Mountains 30.0 lvb, mvb, hvb, 

(Cret.) 
B r i t i s h Columbia 77.8 mvb, lvb (Cret.) 

subbit. (Tert.) 
Canada Total 518.3 

After Energy Resources Conservation Board, Province of Alberta, 
Report 77-31, December 1976. 

10 -
I I I I I I 1 1 1 1 1 

70 72 Ik 75 76 78 80 82 84 86 88 90 
Carbon, % daf 

Figure 1. Solubilities after treatment with tetrahydronaphthalene at 390°C for 
4 hr: ( ), cretaceous coals; ( ), carboniferous coals. 
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5. IGNASIAK ET AL. Western Canadian Coals 101 

quinoline as the donor. The results obtained with different 
ethers are summarized i n Table I I . 

Detailed discussion of these findings w i l l be presented 
elsewhere. Here we only wish to point out that responses to a 
hydrogen donor tend to be c r i t i c a l l y affected by minor structural 
differences between the compounds. Thus, while diphenyl ether 
remains substantially unaffected by the donor, i t s hydroxy-
derivatives (phenoxy phenols) often display f a i r l y high r e a c t i 
v i t y . Taken i n conjunction with the f a i l u r e of low-rank coals 
(7) and phenoxy phenols (10) to suffer reductive cleavage when 
treated with sodium i n l i q u i d ammonia, this lends some support 
for the existence of phenoxy phenol e n t i t i e s i n low rank coals. 

Other observations, however, indicate that this notion w i l l 
require more direct evidence before i t can be accepted. 

The inertness of phenols and phenoxy phenols toward Na/liq. 
NH3 can be attributed to the fact that phenols are powerful 
proton-donors i n this system, and resistance of the resultant 
anions toward reduction i s believed to result from s t a b i l i z a t i o n 
by resonance (10). While alkylation of low-rank coals before 
treatment with Na/liq. N H 3 therefore offers means for es t a b l i s h 
ing the presence of phenoxy phenol ethers i n them, an alterna
tive i s afforded by the observation that some phenols can be 
reduced by concentrated solutions of lithium (11). If this l a t 
ter reaction also reduces phenoxy phenols i n coal, a second 
treatment should then cause ether-cleavage. 

We found, however, that even highly concentrated lithium 
(9M) or sodium (3M) solutions did not reduce coal i n a manner 
that increased i t s hydroxyl content; and i n p a r a l l e l tests, 100% 
unreacted p-phenoxy phenol was always recovered from the lithium 
solutions. 

The f a i l u r e to cleave p-phenoxy phenol by reduction and sub
sequent s c i s s i o n of the ether-bond led us to examine the possi
b i l i t y of s p l i t t i n g the C-0 bond i n the alkylated molecule (12). 
Attempts to alkylate p-phenoxy phenol with C2H5Br af t e r treatment 
with lithium i n l i q u i d ammonia were unsuccessful; but ethylation 
i n Na/liq. NH3 yielded nearly 50% of the ethylated product, and 
ethylation i n K / l i q . NH3 led to quantitative conversion of the 
substrate - with 40% of the reaction product recovered as p-
diethoxybenzene. Formation of p-diethoxybenzene on treatment of 
p-PhO-PhOH with potassium followed by alkylation with C2H5Br re
sults from cleavage of p-Ph0-Ph0C2H5 (formed i n early stages of 
alkylation) i n presence of residual amounts of potassium. Pro
tonation (CH3OH) of potassium s a l t s formed by reacting p-PhO-PhOH 
with K / l i q . NH3 did not form p-dihydroxybenzene. 

Treatment of low-rank coal (or of a v i t r i n i t e f r a c t i o n from 
such coal) with variously concentrated solutions of potassium i n 
l i q u i d ammonia did not cause an increased -OH content i n the 
reacted material. Nor was the hydroxyl content affected by such 
treatment after p r i o r exhaustive methylation of the coal with 
dimethyl sulphate and K ?C0 q i n acetone (13). On the other hand, 
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102 COAL LIQUEFACTION FUNDAMENTALS 

TABLE II. Reactions of Fthers with 

1,2,3,^ Tetrahydronaphthalene 

Ether Structure 

% 
o

f 
Et

he
r 

C
on

ve
rs

io
n 

H
yd

ro
ge

n 
Co

n
su

m
pt

io
n 

M
ol

es
/M

ol
e 

Re
co

ve
ry

 o
f 

T
et

ra
hy

dr
o-

na
pt

ha
le

ne
 +

 
N

ap
ht

h.
 [

%
] Reaction 

I den t îf ication 

Products 

Yield 

[Molar %] 

dibenzyl ether ^ ̂ - C H 2 - 0 - C H 2 - ® 100 0.05 -100 toiuene 
benzene 
benzaldehyde 
1 methylindane 

50 
29 
16 

undetermined 

ρ (benzyloxy)phenol Q- CH 2-0-@-OH - 0.8 -100 toluene 70 

benzyl 1-naphthyl ether 

diphenyl ether 

p-phenoxyphenol 

0 - CH 2 -O-g 

® - 0 - ® - O H 

2 

7 

0.75 

0.0 

0.0Ί 

ο
 

ο 
οο 

ο
 

ο 
οο 

toiuene 
b ibenzy1 
1- naphthol 
2- benzyl naphthal

ene 
1-methylindane(1) 
3 unidentified 

no GC detectable 
prodts. 

phenol 

73 
7 

7* 

undetermined 

undetermined 

7 

m-phenoxyphenol 
OH 

0 0.0 -100 none -

ra-d î phenoxyhenzene 0 0.0 100 none -
p-phehoxybiphenyl 0 0.0 100 none -
furan 9 0 0.0 100 none -
2,3-benzofuran 

dibenzofuran 

0 

0 

0.0 

0.0 

100 

-100 

none 

1 unidentified trace 

tetrahydrofuran 0 0.0 -100 1 unidentified trace 

1. probably originating from donor 
2. % by weight 
3. elemental analysis of the high molecular weight product unknown 
k. elemental analysis: 82.3%C; 7.0%H; k.2%H; O.OfcS; 0.0% ash; 6.5%0 (by diff.) 
5. elemental analysis: 79.0%C; 6.2%H; 1.8%N; 0.0SS; O.OSash; 13.0%0 (by diff.) 
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5. IGNASIAK ET AL. Western Canadian Coals 

ΤΗΝ and Tetrahydroquinoline at 385°C 

1,2,3,*» Tetrahydroquinoline 

c Reaction Products 
«2 υ I + 

0) ο 
JC — c e o l_ 0) 

>>-o C 
4) 
C Identi fication Yield 

UJ Ι 
Ο) 

M- > 
en — \ 
Ο *-» «Λ l_ Q. Q) 

V -C — 
> « ο 
Ο «- C 

Ο 
c 

[Molar %] 
0 c -σε — υ «J — 

*e ο Z i / l Σ oc κ- σ ο * 

100 -1 85 toluene 51 
water 10 
3 methylpyridine(l) undetermined 
ethylbenzene(l) undetermhed 
high mol.w.product(3) undetermhed 

- - AO toiuene 72 
high mol.w.product(3) undetermined 

0 0.0 -100 no GC detectable 
prodts. 

50 - 62 phenol *»3 
o-toluidine(l ) undeterm ined 
high mol.w.productif) 90(2) 

2k - 73 high mol.w.product(5) 90(2) 

0 0.0 100 none -
0 0.0 100 none -
0 0.0 100 none -
0 0.0 100 none -
0 0.0 -100 2 unidentified traces 

0 0.0 100 none -
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104 COAL LIQUEFACTION FUNDAMENTALS 

a l k a l i metal reduction of methylated, high molecular weight, 
complex phenoxy phenol type compounds always resulted i n ether 
cleavage (11). 

It appears to us therefore that cleavage of ether-bonds 
contributes l i t t l e to s o l u b i l i z a t i o n (and consequent reductions 
of the molecular weight) unless the coal contains an appreciable 
proportion of open oxygen linkages i n the form of d i a l k y l ethers. 
And since there are indications that such structures are general
l y absent (14), one might tentatively conclude that molecular 
weight reductions during s o l u b i l i z a t i o n by Η-donors accrue prim
a r i l y from C-C bond sc i s s i o n or from structural realignments 
associated with elimination of oxygen. It should be possible to 
test this by measuring molecular weight distributions i n H-donor 
l i q u e f i e d and non-destructively s o l u b i l i z e d coal products (see 
sec. 3). 

3. Non-Destructive S o l u b i l i z a t i o n of Low-Rank 
Bituminous Coal (by non-reductive alkylation) 

Present methods for s o l u b i l i z i n g coal (including reductive 
alky l a t i o n i n tetrahydrofuran (15) or l i q u i d ammonia (8)) e n t a i l 
cleavage of oxygen ethers, s c i s s i o n of C-C bonds i n certain 
polyaryl-substituted ethylenes and, i n the case of reactions i n 
tetrahydrofuran, extensive elimination of hetero-atoms (16). 

We therefore draw attention to a novel technique which 
allows s o l u b i l i z a t i o n of coal without rupture of covalent bonds. 
This u t i l i z e s the fact that the a c i d i t y of low-rank coals, which 
i s largely due to their high -OH contents, can be enhanced by 
proper choice of a medium. 

We selected l i q u i d ammonia because of i t s pronounced solu
b i l i z i n g characteristics and powerful ionizing properties. At 
-33°C and atmospheric pressure, the pK a~value for auto-ioniza-
tion of l i q u i d ammonia [ 2 N H 3 = NH2 ® + NH4 ® ] i s 34; and since 
the equivalent value for water i s only 14, many substances (with 
pK a-values between 14 and 34) which are neutral i n water should 
be capable of s p l i t t i n g o f f protons i n l i q u i d ammonia. Acid i c 
properties i n l i q u i d ammonia can be further enhanced by increas
ing the concentration of NH2 ® at the expense of protonic NH^ ®; 
and this can be achieved by adding potassium and/or sodium 
amides which w i l l then also form the respective coal " s a l t s " . 

To test this approach, ^5 g samples -300 mesh Tyler, of a 
low-rank v i t r i n i t e , were s t i r r e d for 6 hrs i n l i q u i d ammonia 
(150 ml; -33°C) containing ^5 gms of potassium amide and ^5 g 
of sodium amide. (The amides were formed i n the medium, before 
introducing the coal, by action of anhydrous f e r r i c oxide (1 g) 
or f e r r i c chloride (1.5 g) on a l k a l i metals.) Thereafter, 100 
ml of anhydrous ethyl ether was added, the suspended coal mater
i a l ethylated with C 2H 5Br (32 ml), and the reaction mixture 
s t i r r e d u n t i l a l l ammonia and ether had evaporated. Following 
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5. IGNASIAK ET AL. Western Canadian Coals 105 

a c i d i f i c a t i o n of the residue with 10% HC1, the product was thor
oughly washed with d i s t i l l e d water, dried at 70-80°C i n vacuo 
(0.05 mm Hg) and analysed. Table III summarizes the results of 
three consecutive alkylations, with each datum being the average 
of four independent test runs. The i n i t i a l ethylation introduced 
7-8 ethyl groups/100 C atoms into the coal, and the results of 
the second and t h i r d ethylations indicate that e s s e n t i a l l y only 
-OH groups were ethylated at this stage. Overall, however, over 
50% of ethyl groups introduced into coal were not linked to hy
droxyl functions and i t i s therefore tentatively concluded that 
low-rank coals contain a s i g n i f i c a n t number of a c i d i c carbon 
atoms. I t i s known that the a c i d i t y of phenyl-substituted a l -
kanes i n which at least two phenyl groups are attached to the 
same carbon atom i s s u f f i c i e n t l y high to allow proton abstrac
tion i n l i q u i d ammonia (11). 

The most interesting outcome of this work i s the observa
tion that low-rank v i t r i n i t e s can be rendered substantially 
soluble i n chloroform and pyridine by alkylating coal s a l t s 
formed i n a non-reducing medium and under conditions that appear 
to preclude cleavage of covalent bonds. 

In coals alkylated i n this manner, the number of a c i d i c 
sit e s i s substantially reduced, and acid-base associations are 
v i r t u a l l y precluded. Extracts from alkylated coals should, 
therefore, be amenable to GPC fractionation. Such fractionation, 
conducted on Bio Beads S-Xl and S-X2, results i n separation by 
molecular weight and indicates that both benzene and chloroform 
extracts contain substantial amounts of high (^6000) and f a i r l y 
low (560-640) molecular weight fractions (Figure 2). While the 
extract yields from non-reductively ethylated v i t r i n i t e increase 
i n the order benzene extr. •> chloroform extr. -> pyrid. extr., 
the molecular weights determined by VPO i n pyridine, decrease i n 
this order. 

Figure 3 shows GPC fractionation of the benzene extract of 
a v i t r i n i t e which, before a single non-reductive ethylation, was 
treated with tetrahydronaphthalene at 390°C. Although hydrogén
ation reduced the -OH contents (from 4.9 to 1.7%), non-reductive 
alky l a t i o n increased the benzene-solubility of the solvolyzed 
material from 53% to 80.2%. I t appears that this e f f e c t i s due 
to ethylation of a c i d i c atoms. 

Analysis of the results presented i n Figures 2 and 4 appears 
to indicate that hydrogénation of the v i t r i n i t e i s also accom
panied by polymerization (see pyridine extract, Figure 4). If 
t h i s can be confirmed, i t would be worth investigating whether 
i t involves s p e c i f i c fractions i n the o r i g i n a l v i t r i n i t e or has 
a random character. Solvolysis of d i f f e r e n t molecular weight 
fractions of a non-reductively alkylated v i t r i n i t e (or coal) may 
furnish some insight. 
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6 
Reactivity of British Coals in Solvent Extraction 

J. W. CLARKE, G. M. KIMBER, T. D. RANTELL, and D. E. SHIPLEY 

National Coal Board, Coal Research Establishment, Stoke Orchard, Cheltenham, 
Gloucestershire, England 

By 1980 the rate of recovery of light crude oil from the 
North Sea oil fields will exceed the total demand for crude 
oil in the United Kingdom. Heavy crude oils from the Middle 
East will be used for balancing the refineries to produce the 
required range of petroleum products. However, by the late 
1980's the diminishing supply of indigenous oil and general 
world shortage will result in a serious shortfall in supply. 
Thus it will be necessary to exploit other more abundant 
resources of hydrocarbons. In the United Kingdom there are 
large reserves of coal which could satisfy demand for at least 
two hundred and fifty years. The National Coal Board currently 
mines approximately 120 million tons of coal per annum of which 
65% is used for generating electricity (1). (Combustion of the 
low sulphur British coals does not result in excessive 
atmospheric pollution.) To satisfy the increased demand for 
coal the National Coal Board has undertaken an investment 
programme which includes the development of a mining complex at 
Selby in Yorkshire which, it is estimated, will produce in 
excess of 10 million tons when full production is reached 
in 1988. 

At the Coal Research Establishment of the National Coal 
Board, methods for the liquefaction of coals to produce transport 
fuels, feedstocks for the chemical industry and high purity 
carbons suitable for electrode manufacture are being developed. 
A schematic diagram of the liquid solvent extraction process 
is illustrated in Figure 1. Where the production of liquid 
hydrocarbons is the main objective an hydrogenated donor process 
solvent is used, whereas in the production of needle coke this 
is not necessary and a coal derived high boiling aromatic solvent 
may be used (e.g. anthracene oil). An essential economic 
requirement of the process is that a high extraction yield of 
the coal is obtained and this will depend upon the coal used 
and the digestion conditions. 

The properties of the coals mined in the United Kingdom 
vary from the high carbon anthracites to the lower rank non 

-

0-8412-0587-6/80/47-139-1 11$05.00/0 
Published 1980 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

00
6

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



112 COAL LIQUEFACTION F U N D A M E N T A L S 

( COAL ) ( SOLVENT J 

DIGESTION DIGESTION 

( DIGEST ) 

SOLIDS 
SEPARATION 

COAL EXTRACT SOLUTION 

C D 

HYDROGENATION COKING 

(PREMIUM LIQUID PRODUCTS*) PREMIUM GRADE ELECTRODE COKE 

Figure 1. The National Coal Board solvent extraction process 
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6. CLARKE ET AL. British Coals 113 

caking coals, but with virtually no deposits of brown coals or 
lignites. These variations in composition can be conveniently 
illustrated on Seyler's coal chart (Figure 2 ) ( 2 ) . In general 
each mining area produces coal of a characteristic type, for 
example, the South Wales coal fields produce anthracites and 
prime coking coals; while the large mining areas of Yorkshire, 
Derbyshire and Nottinghamshire produce lower rank coals and it 
is here that the substantial reserves of coal are found. 

Extensive studies into the solvent extraction of coals have 
revealed the mechanism controlling digestion and produced 
kinetic data on the reactions ( 3 - 1 1 ) . In digestion, a coal-
solventQslurry is heat-treated at temperatures in the range 
4 0 0 - 4 4 0 C during which most of the coal depolymerises and 
dissolves. The heat treatment causes some bonds in the molecular 
structure of the coal to rupture producing radicals which are 
stabilised by hydrogen transfer from the solvent. In the absence 
of hydrogen the radicals combine to form an insoluble high 
molecular weight product. This is a simplified model and more 
detailed studies of digestion are available (8, 9). Kinetic 
studies have mainly supported this model but the interpretation 
of the reaction orders and activation energies of the reactions 
appears complex ( 1 0 , 1JL). In a study of the digestion of a low 
rank British coal in anthracene oil it was found that the 
initial decomposition of the coal was of first order with an 
apparent activation energy of 4 0 kJ mole-1. This was followed 
during further heat-treatment of the digest by a second order 
polymerisation with an activation energy of 1 2 0 kJ mole"-'-. For 
a solution prepared from a high rank coal the polymerisation was 
again second order but with an activation energy of 1 9 0 kJ mole-1 

( 1 2 ) . 
Most studies on the mechanism and kinetics of solvent 

extraction have necessarily used only a limited selection of 
coals. In a commercial environment where coals with widely 
varying properties are available, it is necessary to develop 
a generalised system of grading the coals with respect to their 
suitability for liquefaction. 

To classify coals for the production of metallurgical cokes 
the National Coal Board adopted a system of ranking based upon 
the Gray King coke type and volatile matter (Figure 2 ) ( 1 3 ) . 
Unfortunately, this method of ranking coals was found unsuitable 
for solvent extraction ( 1 4 ) . In this work consideration has 
been given to methods of ranking coals based upon reactivity 
during liquefaction. 

Technique 

Samples of digest were prepared using either the maxibomb 
digester shown in Figure 3 or a smaller digestion vessel 
(minibomb) described elsewhere (12). The maxibomb consisted of 
a length of 25 mm o.d. stainless steel tube closed at one end 
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114 COAL LIQUEFACTION FUNDAMENTALS 

Figure 2. Classification of British coals 
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Figure 3. Maxibomb digester 
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116 COAL LIQUEFACTION FUNDAMENTALS 

with a 'Gyrolok1 compression coupling. The top of the tube was 
closed with a modified coupling containing a packed gland and 
stirrer. Approximately 20 g of a coal-solvent slurry were 
accurately weighed into the barrel of the reactor. The complete 
bomb was immersed in a fluidised sandbath controlled at the 
required operating temperature. After a given residence time 
the bomb was removed from the sandbath and water quenched. The 
volume of gas produced during digestion was measured. 

For short residence times it was necessary to compensate 
for the heating up period. Heating curves were constructed at 
each digestion temperature by using a modified digestion vessel 
into which a thermocouple had been sealed. From these curves 
and a knowledge of the activation energies it was possible to 
calculate the time interval to be allowed (seven minutes for 
maxibomb) after immersion of the bomb in the sandbath before 
digestion was effectively started (12). This method of 
compensating for the heating up period introduces a small error 
in the short residence time tests. 

The extraction yield of the coal was determined from the 
concentration of residual solids in the digest and the yield 
of gas. The solids concentration of the digest was determined 
from the measurement of the solubility of the digest in 
quinoline. The addition of quinoline does not precipitate the 
dissolved coal in the digest and thus the yield of quinoline 
insolubles can be directly equated to the concentration of 
solids in the digest (12). 

In some tests the samples of digest were filtered at 
constant temperature and pressure through a heated pressure 
filter. The yield of filter cake was measured and the solubility 
in quinoline determined in order to calculate the extraction 
yield. 

Materials 

Data relating to the coals used are listed in Table I. 
The coals were crushed 80% less than 75 jim. The solvents used 
were anthracene oil (ex British Steel Corporation), hydrogenated 
process solvent (produced in a continuous coal extract 
hydrogénation plant) and several pure organic compounds 
(ex Koch-light). 

Results 

The results from the extraction of coals in anthracene 
oil and phenanthrene are given in Tables III to VII, while 
Table II gives extraction yields of Annesley coal when digested 
in a range of solvents including a selection of organic 
compounds. The influence of digestion conditions upon extraction 
is shown in Figures 4 to 6. 
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Table I 

Analysis of Coals 

Coal 

NCB 
Coal 
rank 
code 
(CRC) 

Proximate 
analysis (ar) ana! 

Ultimate 
.ysis % (dmmf) 

Coal 

NCB 
Coal 
rank 
code 
(CRC) 

% 
Moisture 

% 
Ash 

% 
Volatile 
matter 

C 
1 

H Θ Ν 
S 
(to 
tal 

Cynheidre beans 101 1.1 7.4 5.4 93.7 3.1 1.2 1.2 1.0 
Penalta 202 0.5 7.3 14.2 91.3 4.3 2.0 1.5 0.9 
Garw 204 0.5 9.4 18.1 91.6 4.4 1.3 1.6 0.9 
Tilmanstone 204 0.5 7.3 17.7 91.7 4.3 1.8 1.4 0.6 
Tymawr 204 0.5 5.8 18.8 91.2 4.5 1.9 1.6 0.8 
Beynon 301a 1.0 8.1 24.1 89.4 4.9 3.2 1.4 1.0 
Windsor 301a 1.2 7.4 26.1 89.7 4.8 1.5 3.3 1.5 
Marine 301a 1.3 10.2 25.1 90.4 5.0 1.6 2.7 0.8 
Oakdale 301a 1.3 6.7 20.9 91.2 4.7 1.6 1.6 0.9 
Cwm (a) 301a 0.5 2,3 21.3 91.0 4.8 1.9 1.5 0.8 

(b) 301a 0.5 6.7 21.6 90.8 4.7 2.6 1.5 0.4 
(c) 301a 0.8 2.7 21.7 90.3 4.9 2.3 1.6 0.9 
(d) 301a 0.8 4.2 22.9 90.6 4.9 2.3 1.6 0.6 

Bedwas 301b 0.9 10.7 28.5 88.8 5.1 1.5 3.8 1.7 
Herrington 401 1.0 8.2 32.8 87.2 5.2 4.8 1.9 0.5 

Bersham 502 1.5 4.5 39.2 85.7 5.2 6.0 1.7 0.9 
Wearmouth 502 3.4 5.4 36.0 86.0 5.2 5.8 1.8 0.9 
Hawthorn 502 2.3 7.3 35.5 86.8 5.4 5.3 1.8 1.5 
Manton 502 2.3 3.7 37.0 85.7 4.7 6.1 1.4 2.5 
Barrow 502 1.1 6.6 36.3 86.6 5.4 5.1 1.8 1.9 

Brodsworth (a) 602 2.6 4.3 38.1 84.5 5.3 7.1 1.9 1.8 
Swallowood 602 3.8 5.7 36.9 85.4 5.6 6.1 1.8 1.3 
Brodsworth (b) 702 2.0 14.2 38.9 85.1 5.3 6.3 1.9 1.8 
Annesley 702 1.8 6.3 37.9 84.5 5.4 8.0 1.9 0.7 
Rufford (a) 702 5.4 5.6 38.8 84.1 5.3 7.7 2.0 2.0 
Rufford (b) 702 5.3 5.9 38.7 84.3 5.2 7.6 1.9 1.3 
Blidworth 702 6.9 8.1 40.4 83.6 5.0 8.3 1.8 1.6 
Markham 702 5.5 5.0 39.2 

Whitwell 902 3.1 5.7 38.6 83.2 5.0 8.7 2.0 0.9 
Bestwood high 902 4.2 6.2 39.0 
Linby (fresh) 802 6.9 7.5 34.3 84.6 5.5 7.3 1.9 0.8 
Linby (aged) 902 3.1 7.5 38.0 82.5 5.3 9.5 1.9 0.8 
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Table II 

Solvent Power 

Coal: Annesley 
Digestion: 400°C, 60 minute residence time 
Coal:Solvent ratio 1:4 

Solvent (*) 

Diphenyl 13 

Naphthalene 14 

Anthracene 32 

1-Methylnaphthalene 48 

Dibenzofuran 51 

2-Me thylnaphthalene 51 

Phenanthrene 55 

Fluorene 66 

Dibenzothiophene 66 

Anthracene oil 71 

9,10-Dihydroanthracene 77 

Pyrene 83 

Acenaphthene 85 

Tetralin 86 

Hydrogenated anthracene oil 89 

Indoline 95 

1,2 ,3 ,4-Tetrahydroquinoline 95 

Note 1 d.a.f. basis. 

m ^ -, ^ · -, -, w t - of (dry coal-residue) , ( 0 / λ 

Total extraction yield = 7—TTTTî x 100 (%) 
J wt. of d.a.f. coal 
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6. C L A R K E E T A L . British Coals 119 

Table III 

Extraction of Coals in Anthracene Oil 

Digestion conditions 400°C, 
60 minute residence time 
Coal:solvent ratio 1:3 

Coal 
NCB coal 
rank code 

Characterisation 
of products 2 

(CRC) % gas % coal in % total 
% gas solution extraction 

Cynheidre beans 101 *1 6 6 
Penalta 202 <1 3 3 
Garw 204 1 46 47 
Tilmanstone 204 2 34 36 
Tymawr 204 2 39 41 
Beynon 301a 1 67 68 
Windsor 301a 1 70 71 
Marine 301a 2 74 76 
Oakdale 301a 2 70 72 
Cwm (a) 301a 1 43 44 

(b) 301a 1 50 51 
(c) 301a 1 50 51 
(d) 301a 1 41 42 

Bedwas 301b 2 52 54 
Herrington 401 2 80 82 
Bersham 502 3 82 85 
Wearmouth 502 3 76 79 
Hawthorn 502 3 79 82 
Manton 502 3 78 81 
Barrow 502 2 76 78 

Brodsworth (a) 602 2 75 77 
Swallowood 602 3 60 63 
Brodsworth (b) 702 3 60 63 
Annesley 702 3 68 71 
Rufford (a) 702 3 55 58 
Rufford (b) 702 2 76 78 
Blidworth 
Markham 

702 
702 

3 
4 

71 
53 

74 
57 

Whitwell 802 4 51 55 
Bestwood high 902 4 45 49 
Linby (aged) 902 4 45 49 
Linby (fresh) 802 4 54 58 

Note 2 d.a.f. basis; on weight of coal 
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I00r 

JjiNNESLEY- HYDR0GENA7JDSOLVENT 

I f LINBY - HYDROGEN ATED SOLVENT 

,, ! BERSHAM-ANTHRACENE OIL 

j Aj^^EYjANTHRACENE OIL^ ^ 
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Figure 4. Extraction of coals at 400°C 
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DIGESTION TIME(min) 

Figure 6. Influence of digestion time on the extraction yield and yield of filter 
cake. Digestion: Annesley coal/hydrogenated solvent; prepared at 430°C: (— · —), 

yield of filter cake; ( ), extraction yield. 
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6. C L A R K E E T A L . British Coals 123 

Discussion of Results 

Influence of Digestion Conditions. To make a comparison 
between the reactivity of coals it was necessary to select the 
digestion conditions under which the maximum extraction yield 
is obtained. For digests prepared in anthracene oil or 
phenanthrene at 400 C the maximum extraction yield was obtained 
with a residence time of 60 minutes (Figure 4). In comparison, 
the extraction yields of coals in hydrogen donor solvents were 
relatively insensitive to changes in residence time due to the 
suppression of the polymerisation of the dissolved coal by 
hydrogen transfer from the solvents. The extraction yield is 
also dependent upon the digestion temperature and it has been 
shown that a relationship exists between the digestion time and 
temperature (14). A shorter digestion time at a relatively 
high temperature can be equated to a longer digestion at a lower 
temperature (Figure 5). 

Where digests are prepared with short residence times it is 
important to consider the physical changes occurring in the coal 
particles during digestion (8, 14). The mechanism operating is 
not fully understood but it has been suggested that in the early 
stages of digestion the coal particles contain some 
depolymerising gel-like material which is indistinguishable from 
the dissolved coal by quinoline solubility. A measure of the 
amount of depolymerised coal retained in the coal particles has 
been made from the weight of filter cake after filtration of 
digests prepared using different residence times. To simplify 
the interpretation of the results it was convenient to prevent 
the polymerisation of the dissolved coal by use of a hydrogen 
donor solvent. The digests were prepared at 430 C to facilitate 
rapid filtration. The results show a decreasing yield of filter 
cake with digestion time up to 60 minutes, whilst little 
variation in the extraction yield as measured by quinoline 
solubility is observed (Figure 6). In view of the length of 
time required for dissolution of the coal a standard digestion 
of 400 C and 60 minutes residence time was used for comparison 
of coals. 

It has been shown that the coal to solvent ratio has 
little influence upon the extraction yields when using coal 
concentrations in the range 10 to 50% (15). 

Selection of Solvents. The extraction yield of a low rank 
coal (Annesley) has been determined after digestion using a 
selection of solvents (Table II). The results show large 
variations in solvent power and, in particular, the high 
extraction yields obtained with hydrogen donor solvents. It is 
important to differentiate between the ability of a solvent to 
prevent polymerisation of the dissolved coal by hydrogen 
transfer, and its ability to retain the dissolved coal in 
solution. For example, Tetralin is frequently quoted as an 
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124 COAL LIQUEFACTION F U N D A M E N T A L S 

excellent solvent for coals, but if the digest is allowed to 
cool a large proportion of the depolymerised coal is 
precipitated. Anthracene oil does not suffer from this defect, 
but a small amount of precipitate may form in digests prepared 
using an hydrogenated anthracene oil depending on the process 
conditions. 

Anthracene oil or an hydrogenated process oil are the 
solvents which will be used on a commercial plant. Hydrogen 
donor solvents give consistently high extraction yields of the 
coals irrespective of type and thus are unsuitable for the 
comparison of coal reactivity. The lower solvent power of 
anthracene oil would appear more suited to this purpose. 
Unfortunately, changes in composition of the solvent between 
batches gives rise to small differences in the extraction yield 
of a coal. In particular, the small concentration of labile 
hydrogen donor compounds (e.g. 9, 10 dihydroanthracene) will 
have a significant effect. For this reason a pure low power 
solvent, phenanthrene (the main component of anthracene oil) 
was also selected as a solvent suitable for comparison of coal 
reactivity. 

Characterisation of Coals. The results from the extraction 
of a range of coals in anthracene oil and phenanthrene (Tables 
III and IV) show that the mid rank coals (CRC 401 and CRC 502, 
Figure 2) are the most reactive. In comparison, the high rank 
coals (CRC 101 and CRC 202) are almost totally inert. A 
convenient graphical method of displaying the changes in 
extraction yield is shown in Figure 7 where the data has been 
superimposed on Seyler's coal chart. A similar classification 
can be made using phenanthrene as solvent but with lower 
overall extraction yields. Small increases in the gas yield 
are observed with a decreasing rank of coal. 

Influence of Maceral Composition. Coals of a similar 
elemental composition can give different extraction yields. 
For example, Beynon and Cwm coals when digested in anthracene 
oil give extraction yields of 68% and 47% respectively. This 
variation can be explained by reference to the maceral 
composition of the coals. Beynon coal contains a lower con
centration of inertinite than the Cwm coal (Table V). In experi
ments where relatively pure samples of pétrographie species were 
digested in anthracene oil, exinite and vitrinite were shown 
to be highly soluble, whilst in comparison the inertinite was 
almost completely insoluble. Similar variations in reactivity 
of macérais have been reported from studies of solubility in 
pure organic solvents (16). 

A more detailed study has shown that the solubility of 
vitrinites is dependent upon coal rank (17). Those from the 
prime coking coals and mid rank coals (e.g. CRC 301a and 
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100 95 90 85 80 75 70 

* CARBON CONTENT (D.KKF.) 

Figure 7. Relationship between coal type and extraction yield 
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Table IV 

Extraction of Coals in Phenanthrene 

Digestion conditions 400°C 
60 minute residence time 
Coal:solvent ratio 1:3 

Coal 
NCB coal 
rank code 
(CRC) 

Characterisation 
of products 2 

Coal 
NCB coal 
rank code 
(CRC) % gas % coal in 

solution 
% total 

extraction 

Garw 204 1 14 15 
Beynon 301a 2 44 46 
Oakdale 301a 2 43 45 
Bersham 502 2 78 80 
Annesley 702 4 51 55 
Linby 902 4 24 28 

Table V 

Influence of Maceral Composition 

Digestion conditions 400°C, 
60 minute residence time 
Coals: selected from NCB rank CRC301a 
Solvent: anthracene oil 

Coal 
Total 1 

extraction 
yield (%) 

Maceral Composition (%) 
Coal 

Total 1 

extraction 
yield (%) Vitrinite Exinite Inertinite 

Beynon 68 78 0.6 17 
Windsor 71 67 2.0 29 
Marine 76 71 4.0 24 
Oakdale 72 73 0.2 24 
Cwm (a) 44 58 0.6 38 

(b) 51 68 0.2 30 
(c) 51 59 0.6 37 
(d) 42 64 0.4 35 
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CRC 502) are the most soluble. In comparison, the extraction 
yields of exinites were independent of coal rank. The 
subdivision of inertinites into fusinite and micrinite showed 
that fusinite was completely insoluble in anthracene oil, whilst 
the micrinite was slightly soluble. 

The petrological composition is important when considering 
the solvent extraction of prime coking coals but with lower 
rank British coals the variations in petrology are less 
pronounced. A more frequent cause of variations in extraction 
yield with low rank coals (CRC 802 and CRC 902) results from 
ageing. The reactivity of a coal decreases substantially as 
the coal becomes oxidised by exposure to the atmosphere 
(Table III). 

Application to Larger Scale Plant. To determine whether 
this method of coal classification is applicable on a larger 
scale, a series of comparative tests were made using a 
200 litre autoclave and a continuous digester with a throughput 
of 120 kg h-1. The results generally show good agreement 
between the extraction yields from digests prepared in the 
maxibomb (as determined from quinoline solubility) and data 
from mass balance on larger scale digesters (Table VI). 

Blending of Coals. In practice it is unlikely that a 
coal from a single source will be used as a feed to a large 
solvent extraction plant and a blend of several coals may have 
to be used. A preliminary series of tests using blends gave 
extraction yields in reasonable agreement with those derived 
from extraction of individual coals (Table VII). 

Conclusion 

A system based upon the reactivity of coals during 
extraction with anthracene oil and phenanthrene has been 
developed. A convenient graphical method of expressing the 
data on Seyler's chart has been adopted. This method has 
limitations when dealing with prime coking coals, which show 
wide variations in extraction yield. The differences in 
extraction yield relate to the concentration of inertinite 
which is virtually insoluble in anthracene oil. 

It has been shown that data from this classification is 
applicable to large scale digesters and can be used with 
blends of different coals. 
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Table VI 

Comparison of Extraction Yields Between Different Digesters 

Digestion conditions nominally 
400 C with 60 min residence time 
Solvent: anthracene oil 

Extraction yieldl (%) 
Coal 200 litre 2 tonne per day 

Maxιbomb autoclave extract plant 

Garw 47 52 45 
Beynon 68 68 63 
Bersham 85 78 78 
Oakdale 72 70 56 
Manton 81 72 -
Whitwell 55 56 — 

Table VII 

Influence of Coal Blend on Extraction Yields 

Digestion conditions 400°C 
60 minute residence time 
Solvent: anthracene oil 
Coal:solvent ratio 1:3 

Coals Ratio 
A:B 

Extraction yield"'' {%) 

A Β 

Ratio 
A:B As measured calculated 

Garw Bersham 25:75 68 75 
50:50 65 66 
75:25 61 57 

Annesley 50:50 55 60 

Oakdale Annesley 50:50 66 72 
Manton 50:50 71 76 
Man ton 75:25 68 74 
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Abstract 

A system of classifying coals for solvent extraction, 
based upon the extent of extraction when using anthracene oil 
and phenanthrene as solvents has been developed. The 
reactivity of the coals can be conveniently presented by 
superimposing the results on Seyler's coal chart. The effects 
of variations in maceral composition are also discussed. 

It has been shown that the results obtained are applicable 
to large scale reactors and to blends of coals. 
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7 
A New Outlook on Coal Liquefaction Through 
Short-Contact-Time Thermal Reactions: 
Factors Leading to High Reactivity 
D. DUAYNE WHITEHURST 

Mobil Research and Development Corporation, Princeton, ΝJ 08540 

About 35 years ago German investigators observed that the 
initial phases of coal liquefaction in presence of hydrogen donors 
involved the conversion of the insoluble coal matrix into a form 
which is soluble in strong organic solvents such as pyridine (1). 
Work in the United States by Gorin (2) and Hill (3) showed that 
such transformations are extremely rapid and require the consump
tion of relatively little hydrogen from the solvent. These initial 
products are highly functional molecules having molecular weights 
of 300-1000 and become soluble in weaker solvents such as benzene 
or hexane only after the degree of functionality and molecular 
weight are reduced (4). They have been referred to by a variety of 
names but in this paper they will subsequently be called asphaltols 

Conversion of coal to benzene or hexane soluble form has been 
shown to consist of a series of very fast reactions followed by 
slower reactions (2,3) . The fast initial reactions have been pro
posed to involve only the thermal disruption of the coal structure 
to produce free radical fragments. Solvents which are present 
interact with these fragments to stabilize them through hydrogen 
donation. In fact, Wiser showed that there exists a strong simi
larity between coal pyrolysis and liquefaction (5). Recent studies 
by Petrakis have shown that suspensions of coals in various sol
vents when heated to ~450°C produce large quantities of free radi
cals (~.1 molar solutions!) even when subsequently measured at 
room temperature. The radical concentration was significantly 
lower in Η-donor solvents (Tetralin) then in non-donor solvents 
(naphthalene) (6). 

The production of such high concentrations of radicals leads 
to a very unstable situation and if the radicals are not stabil
ized via Η-donation, they undergo a variety of undesired reactions 
such as condensation, elimination or rearrangement (7). Neavel 
has shown that at short times (~5 min) a vitrinite enriched bitu
minous coal can be converted to ~80% pyridine soluble form in even 
non-donor reaction solvents (naphthalene) (8). But if reaction 
times are extended, the soluble products revert to an insoluble 
form via condensation reactions. Such condensation reactions were 

0-8412-0587-6/80/47-139-133$08.00/0 
© 1980 American Chemical Society 
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134 COAL LIQUEFACTION FUNDAMENTALS 

proposed to involve hydrogen abstraction from hydroaromatic coal 
structure (798) . Indeed, coals have been shown to contain large 
quantities of l a b i l e hydrogen (9) and i n solvents containing l i m i t 
ed Η-donors, coal products are more aromatic than those in H-donor 
ri c h solvents. Figure 1 shows the hydrogen consumption measured 
for a series of conversions of a bituminous coal ( I l l i n o i s #6 -
Monterey Mine) i n which solvents of varying Η-donor content were 
used. It can be seen that the hydrogen required to produce 450""°C 
products and lower heteroatom contents were ess e n t i a l l y the same 
for a l l solvents but as the solvent Η-donor content was decreased, 
H2 gas and SRC provided the needed hydrogen. 

The significance of the above-described work i s that i n a l l 
of the presently developing coal liquefaction processes, the 
i n i t i a l step in the conversion i s thermal fragmentation of the coal 
structure to produce very f r a g i l e molecules which are highly func
t i o n a l , low i n s o l u b i l i t y , and extremely reactive toward dehydro-
genation and char formation. A more detailed discussion of the 
chemical nature of these i n i t i a l products has been presented else 
where (4) . 

The formation of these thermal fragments i s necessary to cata
l y t i c liquefaction processes before the catalysts can become effec
tive for hydrogen introduction, cracking and/or heteroatom re
moval (10) . 

In thermal processes the formation of asphaltols always pre
cedes other reactions such as major heteroatom rejection and d i s 
t i l l a t e formation. In fact, i n the SRC process bituminous coals 
are actually dissolved by the time the coal slurry exits the pre-
heater (4,11). This has recently been demonstrated at the SRC 
process development unit (PDU) i n Wilson v i l l e , Alabama (11) (see 
Figure 2). 

These observations suggest that new coal liquefaction tech
nology may be possible based on short contact time reactions. The 
purpose of t h i s and the related papers i n t h i s volume by R.H. Heck 
and W.C. Rovesti i s to show some potential advantages for o p t i 
mized or integrated short contact time liquefaction processes over 
conventional technology. 

This paper w i l l concentrate on factors which lead to high 
conversion at short time. R.H. Heck, T.O. M i t c h e l l , T.R. Stein 
and M.J. Dabkowski discuss the re l a t i v e ease of conversion of 
short and long contact time SRCs to higher quality products. C.J. 
Kulik, W.C. Rovesti and H.E. Liebowitz discuss some new leads 
presently being explored at the Wilsonville PDU i n which short 
contact time liquefaction i s being coupled with rapid product 
i s o l a t i o n v i a the Kerr-McGee C r i t i a l Solvent Deashing Process. 

Advantages for Short Contact Time Coal Liquefaction 

In order to understand the potential advantages for short 
contact time liquefaction processes, l e t us f i r s t consider some 
of the disadvantages for presently developing long contact time 
processes. These are enumerated below. 
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Figure 1. The source of hydrogen is controlled by the solvent 
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136 COAL LIQUEFACTION F U N D A M E N T A L S 

Figure 2. Effect of temperature on coal conversion: (O), 600-650 Ib/hr; 
300-350 Ib/hr; (A), 730-830 Ib/hr; (O), 400-450 Ib/hr. Gas rate = 0-10flOO 

scfh 
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7. WHITEHURST Short-Contact-Time Thermal Reactions 137 

Long contact time thermal processes have the i n 
t r i n s i c disadvantage of poor s e l e c t i v i t y for l i g h t 
hydrocarbon gas formation r e l a t i v e to heteroatom 
removal (see Figure 3) . 
Some desulfurization occurs thermally but essentially 
no denitrogenation occurs without the aid of cata
lysts . 
In long contact time thermal processes, essentially 
no net hydrogen i s introduced into the heavy l i q u i d 
products and the major product (SRC) continually 
dehydrogenates with increasing time (4,11). These 
last two points are i l l u s t r a t e d i n Table I and 
Figure 4. 
In c a t a l y t i c coal liquefaction processes, reaction 
temperatures must be high in order to insure that 
thermal reactions disrupt the coal structure to the 
point that the catalyst can act on the products. 
As a result , s e l e c t i v i t y i s not optimal and excess
ive hydrocracking results (10). Catalyst aging i s 
also excessive. 

Poor hydrogen u t i l i z a t i o n results i n less than 
optimal thermal e f f i c i e n c i e s for a l l developing 
processes. 

TABLE I 
HETEROATOM REMOVAL 

Number 
General Formula Heteroatoms/100 C 

Monterey Coal 
(maf) C100 H88 N1.6°13.2 S1.74 1 4 ' 9 

Monterey SRC, 
short contact 
time (AC-59) W ^ N ^ O ^ S ^ 12.0 
Monterey SRC, 
long contact 
time (AC-58) C ^ H ^ ^ S ^ 7.5 

To improve s e l e c t i v i t y and conservation of hydrogen over pre
sent liquefaction technology i n the conversion of coal to high 
quality l i q u i d s , we believe that thermal reactions should be kept 
as short as possible. Catalytic processes must be used for up
grading but should be used i n a temperature regime which i s o p t i 
mal for such catalysts. 
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Moles of Oxygen Removed From Coal Products 

Figure 3. Sensitivity of hydrogen consumption to oxygen removal  P
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Figure 4. H/C mole ratio of coal products vs. time  P
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Conversion levels should be limited so as to be compatible 
with the required hydrogen manufacture from unconverted coal. 

To i l l u s t r a t e t h is l a t t e r point, Figure 5 shows the calculated 
amount of coal required for hydrogen manufacture as a function of 
the rank of the starting coal and the composition of the desired 
products (10). In these calculations a 12.5% methane byproduct 
was assumed and the thermal efficiency of the hydrogen generation 
was assumed to be 70%. 

The significance of these calculations i s that lower rank 
coals w i l l require ^5% lower conversion than higher rank coals 
for a given end product. Also, the more severe a coal i s to be 
upgraded, the lower i t s conversion has to be i n the i n i t i a l phases 
of liquefaction. One very pertinent question to be addressed i s 
whether or not coals can be converted to the levels shown i n F i g 
ure 5 in a short contact time process. This paper w i l l deal with 
that question as well as what compositional features of the coal 
and the solvent influence short contact time conversions. 

A combination of this and the related papers w i l l show the 
following potential advantages for short contact time optimized 
or inte-grated processes. 

• A greater degree of f l e x i b i l i t y i s achieved by 
decoupling thermal and c a t a l y t i c processes. 

• Higher yields of desired l i q u i d products are 
possible. 

• Catalytic upgrading of short contact time pro
ducts allows catalysts to be used i n more optimal 
conditions; s e l e c t i v i t i e s are improved and aging 
rates decreased. 

• Less hydrogen consumption may be required for 
the production of high quality products because 
less gaseous hydrocarbon byproducts are produced. 

• Low sulfur b o i l e r fuel can potentially be pro
duced from low sulfur western coals with reduced 
capital investment. 

The Effect of Coal Composition on Short Contact Time Conversion 

The c l a s s i c work of Storch and co-workers showed that essen
t i a l l y a l l coals below ^89% C ^ f can be converted i n high yields 
to acetone soluble materials on extended reaction (12). We have 
investigated the behavior of coals of varying rank toward short 
contact time liquefaction. In one series of experiments, coals 
were admixed with about 5 volumes of a solvent of limited H-donor 
content (8.5% Tetralin) and heated to 425°C for either 3 or 90 
minutes. The solvent also contained 18% p-cresol, 2% γ-picolene, 
and 71.5% 2-methylnaphthalene and represented a synthetic SRC re
cycle solvent. The conversions of a variety of coals with this 
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Figure 5. Hydrogen requirement for conversion of coal  P
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142 COAL LIQUEFACTION FUNDAMENTALS 

solvent to pyridine soluble materials are shown i n Figure 6. As 
i n the work of Storch (12) , we observed that coal conversion at 
long times was high for a l l coals having less than 88% C ^ f . At 
short contact time, however, both low and high rank coals were not 
converted i n high y i e l d to pyridine soluble form. Only coals from 
77 to 87% Cmaf were converted to more than 70% i n 3 minutes. The 
lack of conversion for low rank coals led to an investigation of 
what compositional features of the coal had limited their conver
sion. 

This investigation showed that although the low rank coals 
did not produce as much pyridine soluble products, they had indeed 
undergone major compositional change. This was evidenced by high 
hydrogen consumption and the production of large quantities of C02 
as shown i n Figure 7. The r e f l e c t i v i t y of the unconverted solids 
was much higher than that of the o r i g i n a l coals as shown in Table 
II. This also indicates a major compositional change. 

An oxygen balance calculation of the products of short con
tact time conversion showed that the percent loss of oxygen from 
the coal was also much more advanced for low rank coals than for 
high rank coals. Figure 8 i l l u s t r a t e s the percent oxygen conver
sion for a variety of coals at short times (2-5 minutes). If this 
f r a c t i o n of the t o t a l oxygen i s compared to the fraction of the 
t o t a l oxygen present as carboxyl (13) and carbonyl groups (14), an 
almost 1 to 1 correlation res u l t s . The average di s t r i b u t i o n of the 
various oxygen-containing functional groups i n coal i s shown in 
Figure 9 ( 15) . 

It i s believed that a major reason for the i n s o l u b i l i t y of 
short contact time products of low rank coals i s that the i n s o l 
uble materials are s t i l l too highly functional (phenolic) to be 
soluble. The short contact time SRCs from low rank coals do i n 
deed contain less polyfunctional materials than the SRCs of, high 
rank coals (see Figure 10). We have also shown that for low rank 
coals, the i n i t i a l low conversion SRCs contain a lower proportion 
of phenolic oxygen than long contact time, high conversion SRCs 
(16) . A possible explanation i s that the phenolic content of low 
rank coal products are too high to allow s o l u b i l i t y in even p y r i 
dine. This point has yet to be proven, however. 

In addition to functionality, skeletal structure and the 
physical make-up of the coal was found to be important i n achiev
ing high conversions at short time. Neavel has previously called 
attention to the importance of p l a s t i c i t y in coal liquefaction 
(17) . Mochida and co-workers have also shown that the degree of 
s o l u b i l i z a t i o n of coals in polyaromatic solvents relates d i r e c t l y 
to t h e i r f l u i d i t y (18). We did not obtain f l u i d i t y measurements 
d i r e c t l y on this series of coals but data developed by Honda (19) 
indicate that a maximum i n f l u i d i t y occurs at ^85% C m a f (see 
Figure 11). This i s i n the same region of carbon content i n 
which we observed a maximum i n conversion at short time (see 
Figure 6). 
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Figure 6. Conversion vs. percent MAF after 3 and 90 min: 3-min ring; 
(A), 90-min ring. 
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Figure 7. Liquefaction behavior at 3 min as a function of rank 
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Figure 8. Percent oxygen converted vs. rank (2-5 min): (%), percent oxygen 
lost as CO or C02; (X), percent oxygen in coal as carboxyl or carboxyl groups. 
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τ Γ 

PERCENT CARBON IN DMMF COAL 

Figure 9. Distribution of oxygen functionality in coals 

1 

PERCENT MAF COAL 

Figure 10. SRC composition at short time 
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PERCENT CARBON (MAF) IN COAL 

Figure 11. Maximum fluidity vs. rank of coal 

American Cheminai 
Society Library 

1155 16th St. N. W. 
Washington, 0. C. 20036 
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Another parameter i s the i n t r i n s i c e x t r a c t a b i l i t y of the 
parent coals by pyridine. As can be seen i n Figure 12, the shape 
of the curve of pyridine extract y i e l d from the various coals vs. 
thei r carbon content follows the same trend as the short contact 
time conversions of these coals. 

It has been proposed (17) that the portion of coal which is 
mobile under liquefaction conditions, contributes to the s t a b i l i 
zation of thermally-generated radicals. Thus, coals which are 
highly f l u i d or contain large contents of extractable material 
might be expected to provide hydrogen and thus promote conversion. 
Collins has reported that v i t r i n i t e i s a better donor of hydrogen 
than i s T e t r a l i n (20). Our own measurements of the aromatic con
tent and elemental analyses of the coals (16,21) (or coal products) 
before and after conversion at short time are in s u f f i c i e n t to con
firm or deny the supposition that coal acts as i t s own H-donor 
even at short times. 

There i s a clear trend, however, in the content of aromatic 
carbon in a coal and i t s c o n v e r t i b i l i t y at short times. This i s 
shown i n Figure 13. It can be seen that high c o n v e r t i b i l i t y occurs 
for coals which are intermediate i n aromatic carbon content. This 
observation i s consistent with the common b e l i e f that thermal frag
mentation occurs at a l i p h a t i c positions α or $ to aromatic rings. 
If the aromatic content becomes too high, the concentration of such 
a l i p h a t i c linkages must become limited. 

Working co-operatively with others, we have found some i n d i 
cation that certain a l i l p h a t i c linkages between aromatic n u c l e i i 
are involved i n the rapid dissolution of coal. The absolute a l i 
phatic hydrogen content as determined by P. Solomon using FTIR 
(22) shows a very good l i n e a r relationship with conversion of coal 
in 3 minutes to pyridine soluble materials (Figure 14a). 

Deno has also developed an analytical procedure for determin
ing the type and amount of al i p h a t i c constituents i n coals and 
natural products (23). This procedure sele c t i v e l y oxidizes aro
matic n u c l e i i and does not attack saturated a l i p h a t i c structures. 
Among the structures which can be i d e n t i f i e d are Ar-CH2~CH2-Ar and 
Ar-CH2-aliphatic. Such structures could constitute some easi l y 
broken C-C bonds in coals. A limited number of coals were oxidized 
and the amont of hydrogen of the types i d e n t i f i e d above were deter
mined. These results were compared with the y i e l d of SRC achieved 
in short contact time conversions. Figure 14b shows that there 
i s a rough correlation between SRC y i e l d and certain a l i p h a t i c 
structures. These encouraging i n i t i a l results do suggest that 
further work in thi s area could help in understanding the nature 
of the reactive a l i p a h t i c structures i n coal. 

These results indicate that the a l i p h a t i c portion of the coal 
is very important i n the i n i t i a l phases of coal conversion. Weak 
linkages must be associated with the aliphatics i n coal though 
they have not as yet been completely i d e n t i f i e d . Both of the above 
methods show an increase in the aromatic methyl content of SRCs 
at short times which indicates that cleavage at a benzylic carbon 
i s important in dissolving the coal. 
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Figure 12. Yield of extract (percent weight recovered) vs. rank (percent MAF 
carbon) 
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Figure 13. Relationship between conversion and aromatic carbon 
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Figure 14a. Response of coal conversion to aliphatic hydrogen content 
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( {&CH2~CH2~©L a j^)-CH 2-Aliphatic) 

% MAF REACTIVE H IN COAL 

Figure 14b. Relationship between SRC yield and reactive aliphatic hydrogen 
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There i s additional evidence for the importance of a l i p h a t i c 
hydrogen and i t s relationship to coal rank and r e a c t i v i t y i n l i q u e 
faction. Reggel, Wender, and Raymond (9) studied the dehydro-
genation of v i t r a i n s from a variety of coals with 1% Pd/CA(C03)2 
i n refluxing phenanthridine. Coals i n the rank range which rapidly 
give high SRC yields are r i c h in hydrogen, which their technique 
can remove. Furthermore, there was a d i s t i n c t difference between 
bituminous coals, subbituminous coals and l i g n i t e s . The lower rank 
materials yielded less H2 i n their test; we find these to be very 
reactive but slow to y i e l d pyridine-soluble products. These work
ers concluded from their work "that l i g n i t e s and subbituminous 
coals contain some c y c l i c carbon structures which are neither aro
matic nor hydroaromatic; that low rank bituminous coals contain 
large amounts of hydroaromatic structures; and that higher rank 
bituminous coals contain increasing amounts of aromatic structures". 

The following summarizes the compositional features of coals 
which have been i d e n t i f i e d as significant to t h e i r potential con
v e r t i b i l i t y to SRC at short times: 

• High v i t r i n i t e content 
• High f l u i d i t y 
• High e x t r a c t a b i l i t y 
• Carbon contents (maf) near 85% 
• Intermediate aromatic carbon content 
• Presence of certain a l i p h a t i c structures 

Effect of Process Parameters on Short Contact 
Time Conversions 

The data on Figure 6 indicate that some coals are d i f f i c u l t 
to convert to soluble form at short times. In fact, the degree of 
conversion at 425°C with the solvent chosen would not be high 
enough to balance the hydrogen manufacture/conversion st o i c h i o -
metry, shown i n Figure 5. Several alternatives are available to 
increase this conversion. Among these are to increase the temper
ature and/or pressure of the reaction. 

At present, our data are not d e f i n i t i v e on the effect of i n 
creasing H2 pressure. However, increasing the temperature has a 
profound e f f e c t . This was cl e a r l y demonstrated by early workers 
i n the f i e l d 02,3). More recently i t has been shown by Morita and 
Hirosawa that for a given coal there i s a temperature above which 
conversion to soluble form no longer increases even at short time 
(24). Their data for one coal i s shown in Figure 15. Kleinpeter 
and Burke have reported a similar result for a bituminous coal of 
the United States (25). S e n s i t i v i t y to temperature i s most prob
ably dependent on the nature of the solvent used for the conver
sion. This preliminary conclusion i s based on the work of Neavel 
(8) and our own work with solvents having high Η-donor contents 
(40% T e t r a l i n ) . Figure 16 shows that raising the temperature to 
^450°C has no detrimental effect for 3 U.S. bituminous coals with 
this solvent. 
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Figure 16. Conversions of various coals 
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Similarly, a subbituminous coal (Wyodak-Anderson) which gave 
only 60% conversion at 427°C i n 2 minutes could be converted to 
>70% at 460°C with no i l l effects (see Figure 17). At ^470°C 
there was an indication that conversion had begun to decline at 
^2 minutes; however, this data i s extremely limited. The implica
tions of these results with a western subbituminous coal i s that a 
low sulfur b o i l e r fuel may p o t e n t i a l l y be produced i n a si n g l e -
stage short contact time process. 

Effect of Solvent Composition of Short Contact 
Time Convers ions 

As discussed above, the composition of the solvent used in 
short contact time conversions can be important. The concentra
tion of Η-donors i s one factor to be considered. It i s known that 
in long contact time conversions, solvents having high H-donor 
contents have a better a b i l i t y to prevent char formation as sulfur 
i s removed from the SRC. Thus, higher yields of upgraded l i q u i d s 
are observed when solvents containing high concentrations of H-
donors are used. 

If the i n i t i a l reactions of coal are purely thermal, one 
might expect that the Η-donor l e v e l w i l l be of minor importance 
i f times are kept short. In fact, a l l coals contain a certain 
portion of material that i s extractable by pyridine. On heating 
coals to liquefaction temperatures, some additional material also 
becomes soluble in even non-donor solvents. Thus, there i s a por
tion of a l l coals which can be s o l u b i l i z e d with l i t t l e dependence 
on the nature of the solvent. 

Table III shows that hydrogenated and unhydrogenated SRC re
cycle solvents were equally effective for the conversion of a 
western subbituminous coal at low reaction severity. At higher 
severity but at times shorter than 10 minutes, s i g n i f i c a n t l y high
er conversions were achieved only with the hydrogenated solvents 
which could donate more hydrogen. 

TABLE III 
SOLVENT EFFECTS ON SHORT TIME CONVERSION 

OF BELLE AYR SUBBITUMINOUS COAL 
(800°F, ^3 min., 1500 p s i H2) 

Solvent %H Conversion 

400-800°F Recycle Solvent (Wilsonville) 8.15 59 

400-800°F Hydrogenated Recycle Solvent 9.67 58 

We have observed that at short contact times the conversion 
of bituminous coals i s also responsive to the l e v e l of Η-donor in 
the solvent. Table IV shows the conversions of an I l l i n o i s #6 
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Figure 17. Conversion of Wyodak coal with time: (O), 800°C; 820°C; 
(Ah 840°-850°C; ( V A > 860eC; (Y), 878eC. 
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bituminous coal which was heated for 2-3 minutes at 425°C i n s o l 
vents of varying Η-donor contents. The conversions increased from 
50 to 85% conversion as the t e t r a l i n l e v e l was raised from 0% to 
43% of the solvent. 

TABLE IV 
EFFECT OF SOLVENT* COMPOSITION OF CONVERSION OF 
ILLINOIS #6 (BURNING STAR) COAL AT SHORT TIME 

(2-3 minutes, 425°C) 

% T e t r a l i n i n Solvent % Conversion 

0 50 
8.5 68 
43 85 

*A11 solvents contained 2-methylnaphthalene as the 
major component. In some cases ^18% p-cresol was 
also present. 

Hydrogen donors are, however, not the only important compo
nents of solvents i n short contact time reactions. We have shown 
(4,7,16) that condensed aromatic hydrocarbons also promote coal 
conversion. Figure 18 shows the results of a series of conversions 
of West Kentucky 9,14 coal in a variety of process-derived s o l 
vents, a l l of which contained only small amounts of hydroaromatic 
hydrocarbons. The concentration of d i - and polyaromatic ring 
structures were obtained by a l i q u i d chromatographic technique 
(4c). It i s interesting to note that a number of these process-
derived solvents were as ef f e c t i v e or were more effective than a 
synthetic solvent which contained 40% t e t r a l i n . The balance be
tween the concentration of Η-donors and condensed aromatic hydro
carbons may be an important c r i t e r i o n in adjusting solvent effec
tiveness at short times. 

Kleinpeter and Burke have recently reported (24) that solvents 
can also be over hydrogenated and thus become less e f f e c t i v e in 
short time processes. Figure 19 shows some of their work i n which 
a process-derived SRC recycle solvent was hydrogenated to various 
severities and used for the conversion of an Indian V bituminous 
coal. The results c l e a r l y show a maximum at intermediate hydro
génation s e v e r i t i e s . Our assessment of t h i s observation i s that 
the loss in conversion was due primarily to the loss i n condensed 
aromatic n u c l e i i rather than conversion of hydrogen donors to 
saturates. 

Summary 

To summarize, we have i d e n t i f i e d a number of features unique 
to short contact time coal liquefaction. The important factors 
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Figure 18. Conversion of West Kentucky coal in various solvents 
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162 COAL LIQUEFACTION FUNDAMENTALS 

which affect the application of short contact time conversions are 
tabulated below: 

• Very high conversion is not necessary because of 
hydrogen manufacture requirements. 

• Practically a l l coals can be converted to the 
desired stoichiometry at short time. 

• High reactivity is associated with coals having 
high f luidity, high extractability, intermediate 
aromaticity, and the presence of weak aliphatic 
linkages. 

• For each coal an optimal temperature for conver
sion exists. 

• For a given coal a certain portion can be con
verted to soluble form very easily and is inde
pendent of solvent composition. 

• Beyond this easily converted portion of the coal 
even at short times, the composition of the solvent 
is important - high concentrations of Η-donors and 
polyaromatics are beneficial. Over hydrogénation 
is detrimental. 
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8 
Short-Residence-Time Coal Liquefaction 

J. R. LONGANBACH, J. W. DROEGE, and S. P. CHAUHAN 

Battelle, Columbus Laboratories, 505 King Avenue, Columbus, OH 43201 

A two-step coal liquefaction process, which seems to have 
potential to reduce hydrogen usage compared to conventional 
solvent-refined coal (SRC) technology, has been investigated.(1) 
The f irst step of the two-step process consists of a relatively 
low temperature, low pressure reaction of coal with a coal
-derived solvent at short contact time in the absence of molecular 
hydrogen. After removal of unreacted coal and mineral matter, 
the second step is a short contact time, high pressure and tem
perature reaction of the soluble products in the presence of 
molecular hydrogen. The purpose of the f irst step is primarily 
to dissolve the coal and the purpose of the second step is to 
reduce the sulfur level of the product and regenerate the solvent. 
Decreased hydrogen consumption should result from the short con
tact times and the removal of mineral matter and pyrit ic and sul
fate sulfur before the addition of molecular hydrogen. 

Four variables were studied in the part of the experimental 
program which examined the f i rs t step of the proposed two-step 
process. The variables were: reaction temperature (413-454 C), 
solvent to coal ratio (2:1 and 3:1), residence time (0-5 minutes), 
and pressure (300-1800 psi nitrogen). Four experiments were done 
to simulate the second step, in which hydrogenated solvent and 
molecular hydrogen would be used to lower the sulfur content of 
the product. These experiments were done at 441 C for 2 minutes, 
with and without molecular hydrogen and recycle solvent containing 
25 weight percent Tetralin. 

Experimental 

The experimental apparatus consisted of a 1-liter, stirred 
autoclave (AC1), used to preheat the solvent-coal slurry, 
connected to a 2-liter, stirred autoclave (AC2), equipped with 
an internal heating co i l to bring the solvent-coal slurry rapidly 
to a constant reaction temperature, and a third autoclave (AC3), 
equipped with a cooling co i l to act as a quench vessel (Figure 
1). This allowed direct determination of the material lost in 

0-8412-0587-6/80/47-139-165$05.00/0 
© 1980 American Chemical Society 
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166 COAL LIQUEFACTION F U N D A M E N T A L S 

each transfer step and an unambiguous determination of the 
product y i e l d . When the experiments required a high pressure 
hydrogen atmosphere, a thermostatted hydrogen cylinder equipped 
with a precise pressure gauge was used to determine the amount 
of hydrogen gas before reaction. After reaction the autoclaves 
were vented and the volume of gas was determined using a wet-test 
meter and the percentage of hydrogen was determined by GC analy
si s of the gas samples. The slur r y transfer lines were heat-
traced, 1/4-inch tubes equipped with quick-opening valves which 
could be manually operated through a safety b a r r i e r . AC2 was 
equipped with a thermocouple i n the autoclave body as well as one 
i n the solution for precise temperature control during heating. 
During venting the gases passed through a trap to condense 
li q u i d s , a gas sample port, an H 2 S scrubber and a wet-test meter 
to measure ^ S - f r e e gas volume. 

The experimental procedure consisted of preheating the coal-
solvent s l u r r y to 250 C i n AC1 while AC2 was heated empty to 
s l i g h t l y higher than the desired temperature. The slurry was 
transferred to AC2 and the internal heater was used to bring the 
slurry rapidly to constant reaction temperature. Typically, 
heatup required 3.4 ± 0.6 min and the temperature remained con
stant within ±0.1 degree during the reaction period. The heatup 
time was long i n an apparatus of this s i z e , but only 1-2 minutes 
of the heatup period were spent at temperatures where the lique
faction rate i s s i g n i f i c a n t . After the reaction was complete, 
the slurry was transferred to AC3 where i t was quenched to 250 C 
using an internal cooling c o i l . After the gases were vented, the 
slurry was transferred to a heated f i l t e r and f i l t e r e d at 250 C. 

The product workup consisted of continuously extracting the 
f i l t e r cake with tetrahydrofuran (THF) and combining the THF and 
f i l t r a t e to make up a sample for d i s t i l l a t i o n . In some experi
ments the THF extracted f i l t e r cake was extracted with pyridine 
and the pyridine extract was included i n the l i q u i d products. 
Extraction with pyridine increased coal conversion to soluble 
products by an average of 1.6 weight percent. The hot f i l t r a t e -
THF-pyridine extract was d i s t i l l e d . D i s t i l l a t i o n cuts were made 
to give the following fractions, THF (b.p. <100 C), l i g h t o i l 
(b.p. 100-232 C), solvent (b.p. 232-482), and SRC ( d i s t i l l a t i o n 
residue, b.p. >482 C). 

Materials 

The two coals used for the experiments were blends of West 
Kentucky 9 and 14 seam coals. One blend contained 0.39 weight 
percent more organic sulfur than the other. Both coals were 
s i g n i f i c a n t l y oxidized before they were received as shown by the 
appreciable sulfate sulfur contents. Coal analyses are shown i n 
Table 1. 

The solvent used for experiments simulating the f i r s t 
process step was recycle solvent obtained from the Wilsonville 
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LONGANBACH E T A L . Short-Residence-Time Coal Liquefaction 

TABLE I. ANALYSES OF WEST KENTUCKY COAL 9/14 BLENDS (3) 

(As-Received Basis) 

Sample I II 

Proximate Analysis, wt % 

Moisture 5.72 ( a ) 2.71 ( b ) 

Ash 12.71 8.90 
V o l a t i l e matter 34.7 36.9 
Fixed carbon 47.5 51.49 

Ultimate Analysis, wt % 

Carbon 66.0 70.0 
Hydrogen 4.7 4.8 
Nitrogen 1.3 2.4 
Sulfur 3.75 3.16 
Oxygen 12.2 10.74 

Sulfur Types, wt % 

Total 3.77 3.16 
P y r i t i c 1.96 1.30 
Sulfate 0.60 0.31 
Sulfide 0.01 
Organic (by difference) 1.16 1.55 

(a) W i l s o n v i l l e SRC p i l o t plant sample No. 15793. 

(b) Sample from Pittsburgh and Midway Coal Company. 
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168 COAL LIQUEFACTION F U N D A M E N T A L S 

SRC p i l o t plant. An analysis and d i s t i l l a t i o n data for the 
solvent are shown i n Table 2. The solvent contained 5 percent 
of material b o i l i n g below 232 C, the cutoff point between l i g h t 
o i l and solvent i n the product d i s t i l l a t i o n , and 4-5 percent of 
material b o i l i n g above 482 C, the cutoff point between solvent 
and SRC. 

A blend of Wilsonville recycle solvent (75 weight percent) 
and 1,2,3,4-tetrahydronaphthalene (25 weight percent) was prepared 
for use as the solvent i n experiments simulating the second 
process step, which would use hydrogenated solvent. Analyses 
and d i s t i l l a t i o n data for this solvent are also given i n Table 2. 
T e t r a l i n b o i l s below 232 C and was collected i n the l i g h t o i l 
d i s t i l l a t i o n f r a c t i o n during product workup. 

Results and Discussion 

THF Conversion. Tetrahydrofuran (THF) conversion was calcu
lated from the difference between the i n i t i a l and the f i n a l 
s o l u b i l i t i e s of the t o t a l coal-solvent slurry i n THF. I t was 
assumed that a l l of the solvent and none of the star t i n g coal 
was soluble i n THF. THF conversions were calculated on an MAF 
coal basis and adjusted for the coal not recovered from the auto
claves. The f i l t e r cake resulting from f i l t r a t i o n of the product 
at 250 C was continuously extracted with THF for up to 3 days. 
The THF soluble conversion figures may be high however, since hot 
recycle solvent i s probably a better solvent for coal l i q u i d s 
than THF and may have dissolved some material during the hot 
f i l t r a t i o n which would be insouble i n THF. 

Figure 2 shows THF conversion plotted as a function of 
reaction time and temperature at 3:1 solvent/coal r a t i o . The THF 
solubles appear to be formed as unstable intermediates i n the 
absence of a good hydrogen donor. The low molecular weight THF 
solubles may be able to combine i n the absence of hydrogen to 
form higher molecular weight materials which are insoluble i n 
THF. At 413 C, THF solubles increase between 0 and 2 minutes. 
At 427 C, most of the THF solubles are produced during the heatup 
period. THF solubles formation i s over by the end of the heatup 
period and i s declining slowly after "zero" reaction time at 
441 C. At 454 C the production of THF solubles i s over before 
the heatup period i s completed and the decline i s more rapid 
than at 441 C. 

Increasing the solvent to coal r a t i o might be expected to 
have the effect of s t a b i l i z i n g the THF soluble materials by 
making available more hydrogen from the solvent. However, the 
changes i n THF conversion as a function of solvent to coal r a t i o 
at 1 minute residence time and 427-441 C are r e l a t i v e l y small. 
THF soluble conversion i s increased by the presence of both 
molecular hydrogen i n the gas phase and T e t r a l i n added to the 
solvent. 
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Vent 

Electric Power Research Institute 

Figure 1. Short-residence-time coal liquefaction apparatus (3); Note: Stirrers in 
all autoclaves, heater in AC2, and cooling coal in AC3 are not shown. All auto

claves and filters are equipped with furnaces and temperature controls. 

6 
Figure 2. THF soluble conversion vs. Time in AC2 , minutes 
time and temperature (3): O , 413°C; 
(0), 427°C; (\7), 441 °C; (O), 454°C. Electric Power Research Institute 
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8. LONGANBACH E T A L . Short-Residence-Time Coal Liquefaction 111 

SRC Yields. SRC y i e l d was defined as the material which i s 
soluble i n the hot f i l t r a t e plus the material i n the f i l t e r cake 
which i s soluble i n THF, with a b o i l i n g point above 482 C, calcu
lated on an MAF coal and MAF SRC basis. The yields of SRC would 
normally be smaller than the THF soluble conversions were i t not 
for the presence of the solvent. Components of the solvent may 
report to the SRC fraction i n several way: 1) by reacting with 
the SRC, this reaction has been studied i n some d e t a i l by other 
investigators and found to consist of a reversible reaction of 
phenols with the SRC product f r a c t i o n ^ ) , 2) by polymerizing to 
higher molecular weight materials which appear i n the SRC d i s t i l 
l a t i o n fraction, and 3) 4-5 weight percent of the start i n g s o l 
vent boiled above 482 C during d i s t i l l a t i o n and was included i n 
the SRC. 

Figure 3 i s a plot of SRC y i e l d versus time and temperature 
at 3:1 solvent to coal r a t i o , uncorrected for the 4-5 percent of 
solvent which d i s t i l l s i n the SRC f r a c t i o n . SRC yields decrease 
at 413 C and 427 C and increase at 441 C and probably 454 C as 
a function of increasing reaction time at temperature. One 
explanation for these results might be found i n the thermal 
behavior of the solvent. The product of the interaction of SRC 
with components of the solvent can be reversed with increasing 
reaction time releasing solvent-molecular weight material. At 
higher temperatures this i s offset by the polymerization of s o l 
vent to heavier molecular weight products which d i s t i l l with the 
SRC fr a c t i o n . 

There was a s l i g h t increase i n SRC y i e l d when an overpressure 
of hydrogen was used. 

Quality of SRC. The amount of ash and p a r t i c u l a r l y s u l f u r 
in the SRC are as important as the y i e l d . I f the SRC i s to be 
used as a clean b o i l e r f u e l , the ash content must be quite low 
and the sulfur content must be low enough to meet the new source 
standards for S 0 2 emissions during combustion. Average analyses 
for SRC made from both coals are shown i n Table 3. As expected, 
the average SRC produced i n the f i r s t step of the two-step 
process, even using a West Kentucky 9/14 coal blend with an 
unusually low organic sulfur content (Coal Sample 1), results i n 
1.34 lb SO2/MM Btu during combustion and would not meet the 
present new source emission standards. Adding an overpressure 
of molecular hydrogen did not affect the sulfur l e v e l i n the SRC 
when the second step was carried out at 441 C. Higher reaction 
temperature i s e f f e c t i v e i n lowering the product sulfu r content 
and would probably be required i n the second process step. 

The sulfur i n the f i r s t West Kentucky 9/14 coal can be 
divided into organic (1.16 weight percent) and inorganic (2.61 
weight percent) fractions. The maximum percentage of organic 
su l f u r removed i n the simulated f i r s t step was 37 percent (MAF 
basis) at 454 C, 1 minute residence time, as shown i n Figure 4. 
Sulfur was removed i n increasing amounts with increasing reaction 
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0 1 2 3 4 5 6 
Time f minutes Figure 3. SRC yield vs. time and tem

perature (3): O , 413°C; (0), 427° C; 
Electric Power Research Institute (S/), 441 °C; (O), 454°C. 

0 1 2 3 4 5 
Reaction Time, minutes 

Electric Power Research Institute 

Figure 4. Sulfur in SRC vs. time and 
temperature (3):([3),4130C; (0),427°C; 

(S7), 441°C;(0), 454°C. 
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174 COAL LIQUEFACTION F U N D A M E N T A L S 

time and at increasing rates with increasing reaction temperature. 
There was no effect of increasing solvent to coal r a t i o on 
sulfur removal. This suggests that hydrogen was not being trans
ferred from the Wilsonville recycle solvent to the coal molecule 
in order to remove sulfur at the low temperature used i n the 
f i r s t step. The sulfur removal mechanism at this stage probably 
only involves thermal removal of nonthiophenic sulfur. 

Other Reaction Products. In addition to SRC, gas, l i g h t 
o i l , and a f i l t e r cake of unreacted coal and inorganic materials 
are produced i n the f i r s t step of the short residence time coal 
liquefaction process. One of the objectives of short residence 
time coal liquefaction i s to minimize the loss of hydrogen to 
gases and l i g h t o i l . 

The average quantity and composition of gases from AC1 and 
AC2 are shown in Table 3. The N 2~free gases contained small 
quantities of C O 2 , H 2 S, and other gases which are probably the 
result of thermal coal decomposition. Only 2 weight percent of 
the as-fed coal goes to gas during the f i r s t step of the process. 
This amount of gas formation probably cannot be avoided. 

Added T e t r a l i n , hydrogen overpressure and increased solvent-
to-coal ratios resulted i n no measurable increase in gas y i e l d . 
The results are complicated by and corrected for hydrogen added 
i n the experiments with high-pressure hydrogen. 

The IL̂ S present i n the gas i n AC2 represents 22 percent of 
the sulfur i n the coal. The t o t a l amount of sulfur released into 
the gas phase during the f i r s t step of this coal liquefaction 
process i s 25 percent of the t o t a l sulfur i n the as-fed coal. 
This presumably arises from ea s i l y removed organic sulfur and 
some of the p y r i t i c sulfur which can be half converted thermally 
to H2S under the reaction conditions. 

Individual f i l t e r cake compositions vary widely. As conver
sion increases, sulfur and ash increase while oxygen and hydrogen 
and possibly nitrogen concentrations i n the f i l t e r cakes decrease. 
The average f i l t e r cake y i e l d i s 30 weight percent of the as-fed 
coal. The sulfur i n the f i l t e r cake averaged 49 percent of the 
sulfur i n the coal feed and i s made up of the sulfur remaining 
after p a r t i a l pyrite decomposition and sulfate sulfur. 

Hydrogen introduced after removal of unreacted coal and ash 
would come i n contact with only 25 percent of the sulfur content 
of the as-fed coal. 

Solvent Composition and Recovery. The solvent was defined 
as the product fraction which i s soluble i n the hot f i l t r a t e and 
the THF extraction of the f i l t e r cake and which boiled between 
232 C and 482 C at atmospheric pressure. One of the requirements 
of a commercial coal liquefaction process i s that a least as much 
solvent be created as i s used i n the process. In addition, the 
composition of the solvent must be kept constant i f i t i s to be 
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8. LONGANBACH E T A L . Short-Residence-Time Coal Liquefaction 175 

used as a hydrogen donor and as a solvating agent for the d i s 
solved coal. 

The average solvent recovery for these experiments i n the 
absence of hydrogen or T e t r a l i n was 89 percent, corrected for 
solvent l o s t i n the residues which remained i n the autoclaves and 
by normalizing mass balances from 95.4 to 100 percent. Of the 
11 percent of the solvent unaccounted for d i r e c t l y during the 
reaction, 5-6 percent i s collected i n each of the l i g h t o i l and 
SRC fractions as discussed e a r l i e r . The recovery of solvent, 
uncorrected for starting solvent which d i s t i l l e d i n the l i g h t o i l 
and SRC fractions, i s shown as a function of reaction time and 
temperature i n Figure 5. There i s no correlation with tempera
ture. However, solvent recovery does increase with reaction 
time and with decreasing solvent to coal r a t i o . 

Hydrogen Transfer. During the liquefaction process, the 
solvent i s presumed to donate hydrogen to the dissolved coal 
molecules to s t a b i l i z e them and prevent polymerization reactions 
which lead to coke. In these experiments, hydrogen transfer was 
followed by monitoring the elemental analysis of the solvent to 
see i f a change i n hydrogen percentage or H/C ratio occurred. 
Comparison of the average solvent analyses before and after 
reaction i s complicated by the loss of recovered solvent to SRC 
and l i g h t o i l fractions which occurs during d i s t i l l a t i o n . The 
data indicate that there was a net consumption of hydrogen in 
the presence of high pressure hydrogen. There i s a net produc
tion of hydrogen i n the absence of high pressure hydrogen. 

The analyses for hydrogen and carbon i n the solvent before 
and after reaction are the same within experimental error. How
ever, i f as shown i n Tables 2 and 3, hydrogen content i n the 
solvent after reaction has decreased 0.1 weight percent and the 
H/C ratio has decreased 0.02 on the average, approximately 1.3 
percent Of the hydrogen i n the solvent transfers to coal during 
liquefaction at 3:1 solvent to coal r a t i o . This indicates that 
up to 80 percent of the coal can be converted to THF soluble 
materials by transferring hydrogen amounting to less than 0.3 
weigjit percent of the coal charge. 

The solvent's role i n the f i r s t step of the process i s 
clea r l y based as much on dispersing and dissolving the coal 
molecules resulting from thermal bond breaking as i t i s on 
s t a b i l i z i n g the molecules by hydrogen transfer. 

Conclusions 

In step one, conversion of coal to a THF soluble product i s 
rapid. The THF solubles are unstable i n the presence of a coal 
derived solvent, but i n the absence of hydrogen. In step two, 
the addition of molecular hydrogen to the system or of T e t r a l i n 
to the solvent to increase hydrogen transfer to the coal i n 
creases the THF soluble conversion but does not lower the su l f u r 
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176 COAL LIQUEFACTION F U N D A M E N T A L S 

Figure 5. Solvent recovery vs. time and 
temperature (3): 413°C; (0) 

427°C; (V), 441°C; (O), 454°C. 

0 1 2 3 4 5 6 
Time in AC2, minutes 

Electric Power Research Institute 
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8. LONGANBACH E T A L . Short-Residence-Time Coal Liquefaction 111 

content of the SRC. Higher temperatures are required to remove 
additional sulfur. 

SRC yields are greater than 100 percent due to the presence 
of solvent i n the SRC. The average SRC prepared from West 
Kentucky 9/14 coal blends does not meet new source standards for 
SO2 emissions after the f i r s t step of the two-step process 
although a l l of the inorganic s u l f u r and an average 12 percent 
of the organic s u l f u r are removed. 

Hydrogen i s produced i n the absence of an overpressure of 
molecular hydrogen and apparently i s consumed when hydrogen i s 
present in the system. During step one of the two-step process 
less than 0.3 weight percent hydrogen i s transferred from the 
solvent to the SRC i n the absence of hydrogen. The solvent 
appears to physically s t a b i l i z e the coal. Solvent recovery from 
the f i r s t step i s approximately 100 percent when corrected for 
the amounts of st a r t i n g solvent which are collected i n the l i g h t 
o i l and SRC fractions. 
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9 
Upgrading of Short-Contact-Time Solvent
-Refined Coal 
R. H. HECK, T. O. MITCHELL, and T. R. STEIN 
Mobil Research and Development Corporation, Princeton, ΝJ 08540 
M. J. DABKOWSKI 
Mobil Research and Development Corporation, Paulsboro, NJ 08066 

In solvent refining, coal is converted to a pyridine-soluble 
product after very short residence time at reaction conditions. 
The product formed in this short time is primarily a heavy high
-melting point solid that contains most of the organic sulfur, 
nitrogen and oxygen of the original coal. In the SRC-I and SRC-II 
processes, this initial product is held at reaction conditions 
(~455°C and 13790 kPa) to achieve further defunctionalization and 
conversion to lighter products. A two-step process in which the 
coal is dissolved at short residence time, the ash and unreacted 
coal removed, and the resultant product catalytically hydropro
cessed could have significant selectivity and activity advantages 
over a strictly thermal scheme. In this work, products from 
short-contact time dissolution were processed over a conventional 
NiMo/Al2O3 catalyst to determine the feasibility of the catalytic 
upgrading step in this two-stage liquefaction scheme. 

Production of Short-Contact Time SRC 

In the solvent-refined coal pilot plant at Wilsonville, Ala
bama, the coal slurry is heated to reaction temperature in 3-4 
minutes residence time in the preheater. The slurry is then held 
in the dissolver for an additional 40 minutes before it is filter
ed to obtain specification solvent-refined coal. By bypassing the 
dissolver and going directly to the filters, samples of short-con
tact time (SCT) SRC were produced from Illinois #6 (Monterey) and 
West Kentucky coals. 

Table I compares the conditions and results of this operation 
to those for conventional SRC for Illinois #6 coal. At the short 
residence time, the coal conversion determined by pyridine solu
bility is 89% compared to 95% at conventional SRC conditions. The 
hydrogen consumption and production of light gases are reduced 
significantly at short residence time, while the SRC yield is in
creased. 

0-8412-0587-6/80/47-139-179$05.00/0 
© 1980 American Chemical Society 
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180 COAL LIQUEFACTION FUNDAMENTALS 

TABLE I 
COMPARISON OF REGULAR AND SHORT-CONTACT TIME OPERATIONS 

Regular 
Process Conditions SRC SCT-SRC 

Temperature, °C 
Preheater Outlet 
Reactor Outlet 

Pressure, kPa 

Residence Time, min. 

Results, % MAF Coal 

Conversion 
H2 Consumption 
SRC Yield 
Gas Make 

SRC 

430 
457 

16548 

40 

95 
2.9 
52 
8.2 

440 

16755 

3-4 

91 
1.6 
76 

1.3 

Properties of SCT-SRC 

The elemental composition and gradient elution chromatographic 
(GEC) analysis for two SCT-SRC samples and a regular SRC are com
pared in Table II. GEC i s a l i q u i d chromatographic technique that 
was developed by Mobil and i s described elsewhere (1). The hydro
gen and nitrogen contents are similar for a l l three samples. How
ever, the longer residence time in the dissolver results i n lower 
oxygen and sulfur for the regular SRC sample. The GEC analyses 
show that the SCT-SRC contains about 30% of highly polar compounds 
which are not eluted in th i s technique. This compares to only 5% 
non-eluted material in regular SRC. This increased f r a c t i o n of 
non-eluted materials comes at the expense of polar and eluted as
phaltenes. 

The d i s t r i b u t i o n of sulfur, nitrogen and oxygen i n the GEC 
fractions i s similar for the regular and SCT-SRC from the I l l i n o i s 
#6 coal (Figure 1). The oxygen content increases from less than 
0.8 wt.% in the lowest number, less polar, GEC fraction to almost 
10 wt.% in the higher fractions. The nitrogen content goes through 
a maximum of about 2.2 wt.% in the resins and eluted asphaltene 
fractions. The sulfur i s almost evenly distributed across the GEC 
fractions. 

The molecular weights of the SCT-SRC product increase with 
increasing GEC fraction number and are s l i g h t l y higher than con
ventional SRC (Figure 2). The molecular weight can be correlated 
with the oxygen content of the GEC fractions for both regular and 
SCT-SRC (Figure 3). Data for GEC fractions from Η-Coal f u e l o i l 
have been included on this figure and show a similar correlation. 
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9. HECK ET AL. Short-Contact-Time SRC 181 

TABLE II 
ANALYSES OF SHORT-CONTACT TIME AND REGULAR SRC 

SCT 
West Kentucky 

SRC 
76D3653 

SCT 
Monterey 

SRC 
77D13 

Regular 
Monterey 

SRC 
76D2155 

Composition, wt. % 

Hydrogen 
Sulfur 
Oxygen 
Nitrogen 
Ash 
CCR 

6.03 
0.99 
5.3 
1.99 
0.26 

44.98 

6.14 
2.19 
5.0 
1.66 
0.55 
48.40 

6.22 
0.70 
4.0 
1.75 
0.085 

GEC Analysis, wt.% 

No. Fraction Designation 
1 Saturates 0.27 0.04 0.02 
2 MNA + DNA O i l 0.21 0.19 1.08 
3 PNA O i l 0.21 1.07 1.79 
4 PNA Soft Resin 7.54 3.09 4.83 
5 Hard Resin 1.53 0.81 2.41 
6 Polar Resin 3.53 2.12 4.86 
7 Eluted Asphaltenes 12.18 10.67 25.71 
8 Polar Asphaltenes 9.94 8.62 15.93 
9 If II 2.84 4.62 5.52 
10 II II 4.95 6.59 10.97 
11 tl II 17.58 21.56 17.73 
12 II II 9.83 9.11 3.99 
13 Non-eluted + Loss 29.39 31.87 5.16 

TOTAL 100.00 100.00 100.00 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

00
9

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Oxygen 

. rk it Π rl rl ll 
-

Nitrogen 

n i l l i 
Sulfur 

ι ι IB IB IB IB IB IB IB IB IB IB J 1 »• ! • ! • ! • ! • ! • ! • ! • ! • ! • 
1 2 3 4 5 6 7 8 9 10 11 12 

G EC Fraction Number 

Figure 1. Elemental composition of short-contact-time and regular Monterey 
SRC: (Q), regular contact time; (U), short contact time. 
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Molecular 
Wt. by V. P. 
Osmometry 
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Figure 2. Molecular weight of G EC cuts from short-contact-time and regular 
Monterey SRC: Ο λ regular contact time; (f^)f short contact time. 

Molecular 
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Figure 3. Molecular weight vs. oxygen content for resins and polar asphaltenes in 
raw coal liquids: (Π), regular SRC; (O), Η-coal; (A), SCT-SRC. 
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184 COAL LIQUEFACTION FUNDAMENTALS 

Thermal Processing of SCT-SRC 

SCT-SRC could be further processed at temperatures above that 
of dissolution to produce a clean s o l i d f u e l of reduced sulfur con
tent. Char formation tendency would be lowered by prior removal of 
mineral matter and undissolved coal. At higher temperatures, de-
su l f u r i z a t i o n would proceed rapidly; l i g h t gas formation might be 
minimized by keeping the time very short. Hydrogen consumption 
would be minimized because aromatic-hydroaromatic e q u i l i b r i a favor 
aromatics as temperatures increase. 

This concept was examined by thermally processing I l l i n o i s #6 
Burning Star SCT-SRC i n 5 minute batch autoclave runs (2). A syn
thetic solvent containing about 40% t e t r a l i n was used under a H2 
pressure of about 10343 kPa. It was found that temperatures of at 
least 480°C were required to produce SRCs containing less than 1% 
sulfur from SCT-SRCs containing 1.3 to 2% sulfur. Pyridine-insol
uble residue y i e l d s were 10-15% (based on SCT-SRC fed) and H2 con
sumptions were 0.8 to 1.5%. 

For Burning Star SCT-SRCs, the s e l e c t i v i t y for desulfurization 
is not s u f f i c i e n t l y high, r e l a t i v e to those for formation of gases 
and insoluble residue, to make this process practicable. No other 
SCT-SRCs were tested. 

Hydroprocessing of SCT-SRC 

The SCT-SRC from the I l l i n o i s #6 coal was mixed with regular 
SRC recycle solvent to y i e l d a 33% SRC blend. This d i l u t i o n with 
recycle solvent was necessary in order to give s u f f i c i e n t f l u i d i t y 
for charging to a fixed-bed c a t a l y t i c reactor. A r e l a t i v e l y large 
pore, NiMo on alumina catalyst (Harshaw 618X),was employed (Table 
I I I ) . The results for selected runs from this ten-day study are 
given i n Table IV. The conditions are r e l a t i v e l y severe when com
pared to those required for hydroprocessing d i s t i l l a t e coal liquids 
(3). The results show that sulfur i s the easiest to remove of the 
heteroatoms, while nitrogen i s the most d i f f i c u l t . The hydrogen 
consumption ranged from about 267 m̂  gas/m^ o i l to greater than 
623 m3 gas/m3 o i l . Figure 4 shows that 65-75% of th i s hydrogen 
winds up in the C6+ l i q u i d product, with the remainder going to 
make lighter hydrocarbons and heteroatom-containing gases (H2O, 
NH3, H2S). 

Previous studies on regular SRC blends (4) can provide a com
parison of the r e l a t i v e ease of upgrading regular and SCT-SRC pro
ducts. Table V shows charge and product properties for two runs in 
which 33% blends of regular and SCT-SRC were hydroprocessed over 
the same NXM0/AI2O3 catalyst at approximately equivalent conditions. 
Although the SCT blend i s higher in sulfur and oxygen content and 
contains more polar asphaltenes, the products are very similar. 
The product from the SCT-SRC charge i s actually better in several 
respects than that from the regular SRC. 
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HECK ET AL. Short-Contact-Time SRC 

TABLE III 

PROPERTIES OF HYDROTREATING CATALYST HARSHAW 618X 

Physical Properties 
Total Pore Volume, cc/g 0.60 
Real Density, g/cc 3.60 
P a r t i c l e Density, g/cc 1.14 
Surface Area, m̂ /gm o 140 
Avg. Pore Diameter, A 171 

Chemical Composition, wt.% 

Ni 2 · 7 

M 0 O 3 1 4 · 8 

TABLE IV 
HYDROPROCESSING OF 33% BLEND* OF SHORT-CONTACT TIME SRC 

(Pressure 13790 kPa; NiMo Catalyst) 

Feed Run 1 Run 2 Run 3 
Operating Conditions 
Temperature, °C - 358 385 417 
LHSV - 0.57 0.31 0.57 
H2 Consumption, m3H2/m3 O i l - 266 479 566 

Product Analyses, Wt.% 
Hydrogen 6.5 8.2 9.6 10.0 
Sulfur 1.0 0.4 0.1 .07 
Nitrogen 1.1 0.8 0.4 .30 
Oxygen 4.5 3.0 1.6 .80 
CCR 16.8 10.8 5.9 5.4 

Yie l d , Wt.% of Feed 
c l " c 3 - 0.3 .4 1.9 

- 0.2 .3 1.2 

100.0 98.7 97.7 95.0 

H 2 - -2.0 -3.6 -4.3 

*Sixty-seven percent regular SRC recycle solvent. 
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9. HECK ET AL. ShorUContact-Time SRC 187 

TABLE V 

HYDROPROCESSING REGULAR AND SCT MONTEREY SRC BLENDS 

Processing Conditions Regular SRC SCT-SRC 

H 2 Pressure, kPa 13790 13790 

Temperature, °C 414 417 

LHSV, V/V/Hr .50 .57 

Liquid Product Properties Charge Product Charge Product 

Gravity, °API -4.9 12.2 -5.9 12.1 

Hydrogen, Wt.% 7.0 9.2 6.5 10.0 

Sulfur, Wt.% 0.58 .04 1.01 .07 

Nitrogen, Wt.% 1.12 .32 1.14 .30 

Oxygen, Wt.% 3.7 1.0 4.5 .8 

CCR, Wt.% 17.1 6.2 16.8 5.4 

KV (es @ 100°C) 13.4 1.9 416 2.2 

343°C", Wt.% 48.3 60.7 49.0 66.2 

343°C+ Residue, Wt.% 

Cut 1 (Saturates) 0.4 1.4 0.3 2.1 

Cut 2-4 (Aromatic Oils) 10.9 24.9 6.0 19.7 

Cut 5-7 (Resins/Asphaltenes) 15.9 9.9 8.4 8.2 

Cut 8-13 (Polar Asphaltenes) 24.5 3.1 36.3 3.8 
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188 COAL LIQUEFACTION FUNDAMENTALS 

The l i q u i d p r o d u c t s were d i s t i l l e d t o d etermine the y i e l d and 
p r o p e r t i e s of the r e s i d u a l (343°^) and l i g h t l i q u i d (343°C") p r o 
d u c t s . T a b l e V I shows t h a t Runs 2 and 3 i n T a b l e IV r e s u l t e d i n 
27 and 34 wt.% c o n v e r s i o n of t h e 343°C + f r a c t i o n , w h i l e t h e s u l f u r 
i n t h i s f r a c t i o n was reduced t o 0.25 and 0.18 wt.%, r e s p e c t i v e l y . 
The d i s t i l l a t e and l i g h t l i q u i d product (343°C~) are a l s o upgraded 
i n t h i s p r o c e s s . The a d d i t i o n a l l i g h t d i s t i l l a t e s produced c o u l d 
presumably be r e c y c l e d t o t h e l i q u e f a c t i o n r e a c t o r or u t i l i z e d as 
low s u l f u r l i g h t d i s t i l l a t e f u e l . 

TABLE V I 
ANALYSES OF PRODUCT FRACTIONS FROM HYDROPROCESSING 

OF 33% BLEND OF SHORT-CONTACT TIME SRC 

Feed Run 2 Run 3 
IBP-343°C, Wt.% 49.0 62.9 66.2 
Hydrogen 7.4 9.7 10.2 
S u l f u r 1.01 0.012 0.015 
N i t r o g e n 0.6 - -
Oxygen 4.5 1.1 0.4 

343°C + Bottoms, Wt.% 51.0 37.1 33.8 
Hydrogen 5.86 8.25 8.20 
S u l f u r 1.63 0.25 0.18 
N i t r o g e n 1.66 1.00 0.94 
Oxygen 6.00 2.40 1.60 

Comparison W i t h Other L i q u e f a c t i o n P r o c e s s e s 

A l t h o u g h the work i n t h i s study was d i r e c t e d p r i m a r i l y a t t h e 
upgrading s t e p and was not f u l l y i n t e g r a t e d w i t h t h e d i s s o l u t i o n 
s t e p , t h e r e s u l t s can be used t o e s t i m a t e t h e y i e l d s f o r a combin
a t i o n SCT d i s s o l u t i o n p l u s u p g r a d i n g . ( I n e s t i m a t i n g the o v e r a l l 
y i e l d s , i t was assumed t h a t t h e r e was no c o n t r i b u t i o n from co n v e r 
s i o n s of t h e s o l v e n t t o f o r m a t i o n of g a s e s , naphtha, or residuum; 
a l l such p r o d u c t s come from upgr a d i n g of the SCT-SRC.) The y i e l d 
of t h e s e p r o d u c t s was added t o t h e y i e l d from t h e SCT d i s s o l u t i o n 
s t e p at W i l s o n v i l l e t o o b t a i n an e s t i m a t e of t h e o v e r a l l p r o c e s s . 
No attempt was made t o o p t i m i z e the h y d r o t r e a t i n g s t e p or t o i n t e 
g r a t e the p r o c e s s w i t h r e s p e c t t o s o l v e n t r e c y c l e between the up
g r a d i n g and d i s s o l u t i o n s t e p s . 

T a b l e V I I shows the e s t i m a t e d y i e l d s from an SCT-SRC p l u s 
h y d r o t r e a t i n g scheme a l o n g w i t h p u b l i s h e d y i e l d s from SRC-I ( 5 ) , 
SRC-II (6) and Η-coal Syncrude (7) p r o c e s s e s . The y i e l d s f o r t h e 
SCT d i s s o l u t i o n o p e r a t i o n at W i l s o n v i l l e (8) a r e a l s o i n c l u d e d 
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9. HECK ET AL. Short-Contact-Time SRC 189 

in this table. A l l yields are based on I l l i n o i s #6 coal except 
those for the SRC-II process which i s based on a West Kentucky 
bituminous coal. A l l y i e l d s were adjusted to an MAF basis based 
on coal fed to the liquefaction reactor. 

Comparison of coal liquefaction process y i e l d s i s d i f f i c u l t 
in that each scheme separates the products into di f f e r e n t b o i l i n g 
ranges when reporting y i e l d s . In addition, some processes, such 
as SRC-II or Η-Coal Syncrude, only report d i s t i l l a t e and lighter 
products; the residual materials being used for hydrogen produc
tion, while i n other processes, such as SRC-I, * he residual mate
r i a l i s the primary product and hydrogen must be produced from raw 
or unreacted coal which i s separated from the process. With these 
reservations in mind, the processes were compared on a net l i q u i d 
y i e l d from the liquefaction step, exclusive of any consideration 
for hydrogen production. 

Table VII shows that the SCT-SRC plus upgrading y i e l d s s i g 
n i f i c a n t l y less gas and more li q u i d (residual material included) 
than the other processes. The hydrogen consumption in the two-
step SCT process is higher than for the SRC-I process; however, i t 
i s s t i l l lower than for the SRC-II process and s i g n i f i c a n t l y lower 
than for the Η-Coal Syncrude operation. 

Table VIII shows the y i e l d and approximate elemental compo
s i t i o n of the composite l i q u i d product from these processes. The 
SCT-SRC and SRC-I residual products were assumed to be liquids for 
this comparison. SCT-SRC plus upgrading gives a l i q u i d y i e l d a l 
most equivalent to the SRC-I process, but the l i q u i d i s of s i g n i f i 
cantly higher quality: 2.4% higher in hydrogen and 2884 kJ/kg high
er in heating value. The Η-Coal Syncrude process yields a somewhat 
higher value l i q u i d i n terms of hydrogen content. However, this 
l i q u i d i s higher in sulfur and oxygen content, which tends to re
duce i t s heating value. The t o t a l l i q u i d y i e l d from the H-Coal 
process i s again s i g n i f i c a n t l y lower than from the two-step SCT 
process. 

Although the comparisons are by no means exact, a process 
based on short-contact time dissolution and c a t a l y t i c upgrading 
would appear to have potential for s i g n i f i c a n t l y higher y i e l d s of 
high quality l i q u i d s from coal. 

Conclusion 
I l l i n o i s #6 and West Kentucky coals are dissolved at short 

residence times in the SRC process. When compared to regular SRC, 
short residence time operation results i n a decreased production 
of l i g h t liquids and gases and less hydrogen consumption. The 
s o l i d product from short contact time i s more viscous and higher 
in sulfur and oxygen content than conventional SRC. Although the 
short-contact time product i s a lower quality SRC, the differences 
between regular and short-contact time SRC disappear rapidly with 
c a t a l y t i c hydroprocessing. This processing yields an upgraded, 
low sulfur b o i l e r f u e l and produces additional solvent f o r recycle 
or use as a l i g h t d i s t i l l a t e f u e l . 
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190 COAL LIQUEFACTION FUNDAMENTALS 

TABLE VII 
ESTIMATED YIELDS FROM LIQUEFACTION SCHEMES 

Yields % MAF 

SCT-SRC H-Coal 
SRC-II SRC-I SCT-SRC HPT Syncrude 

Light Gases 18.4 8.2 1.3 4.0 11.8 
Hydrogen -5.2 -2.9 -1.6 -4.9 -6.6 

D i s t i l l a t e Products 
Approximate Boiling 
Range, °C C5-482 C6-371 C6-371 C5-343 C4-524 

Yield, % MAF 48.5 27.4 10.1 31.1 34.7 

Residual Products 
Yi e l d , % MAF 22.4 52.4 75.8 48.6 47.5 
Unreacted Coal 4.1 5.0 9.2 9.2 

TABLE VIII 
ESTIMATED YIELD AND COMPOSITION OF LIQUID PRODUCTS FROM 

LIQUEFACTION PROCESSES 

SRC-II SRC-I SCT 
SCT-SRC 
HDT 

H-Coal 
Syncrude 

Liquid Yield, Wt.% MAF 48.5 79.8 85.9 79.7 34.7 
Approximate Boiling 

Range 38--482° C C5 + c 5

+ c 5

+ C4--524°C 

Elemental Analyses, Wt.% 
Hydrogen 8.8 6.3 6.3 8.7 10.5 

Sulfur 0.3 0.6 2.0 0.2 0.8 

Nitrogen 0.8 1.3 1.5 0.7 0.4 

Oxygen 3.9 4.1 4.9 1.6 2.4 

Estimated Heating Value 
(kJ/kg) 40077 38053 37146 40938 41915 
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9. HECK ET AL. Short-Contact-Time SRC 191 

A comparison of potential yields from a combined SCT dissolu
tion plus upgrading scheme with yields from other liquefaction 
schemes shows that the SCT scheme has potential to give s igni f i 
cantly lower gas and higher liquid yields. This results in a more 
efficient uti l ization of hydrogen in the liquefaction process. 

Acknowledgement 

This work was conducted under Electric Power Research Insti
tute (EPRI) Contract No. RP-361-2 which is jointly funded by EPRI 
and Mobil Research and Development Corporation. Figures 1, 2, and 
3 in this chapter appeared in EPRI Report AF-873. 

Literature Cited 

1. Bendoraitis, J .G. ; Cabal, A .V . ; Callen, R.B.; Stein, T.R.; 
Voltz, S.E. Phase I Report, EPRI Contract No. RP 361-1, Mobil 
Research and Development Corporation, January 1976. 

2. Dickert, J .J . ; Farcasiu, M.; Mitchell, T.O. ; Whitehurst, D.D. 
"The Nature and Origin of Asphaltenes in Processed Coals", 
Final Report to EPRI under contract RP 410-1, in press, 1979. 

3. Bendoraitis, J .G . ; Cabal, A . V . ; Callen, R.B.; Dabkowski, M.J . ; 
Heck, R.H.; Ireland, H.R.; Simpson, C.A. ; Stein, T.R. Annual 
Report, EPRI Contract No. AF-444 (RP 361-2), Mobil Research 
and Development Corporation, October 1977. 

4. Stein, T.R.; Cabal, A .V . ; Callen, R.B.; Dabkowski, M.J . ; 
Heck, R.H.; Simpson, C.A. ; Shih, S.S. Annual Report, EPRI 
Contract No. AF-873 (RD 361-2), Mobil Research and Development 
Corporation, December 1978. 

5. "Solvent Refined Coal Pilot Plant, Wilsonville, Alabama", 
Technical Report No. 8, Catalytic Incorporated to Southern 
Services, Apri l 30, 1976. 

6. Schmid, B.K. and Jackson, D.M. The SRC-II Process, Third 
Annual International Conference on Coal Gasification and Lique
faction, University of Pittsburgh, August 3-5, 1976. 

7. "H-Coal Process Passes PDU Test," Oi l and Gas Journal, 
August 30, 1976, 52-53. 

8. "Operation of Solvent Refined Coal Pilot Plant at Wilsonville, 
Alabama," Annual Technical Progress Report, January-December 
1976. 

RECEIVED June 12, 1980. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

00
9

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



10 
Processing Short-Contact-Time Coal Liquefaction 
Products 

CONRAD J. KULIK, HOWARD E. LEBOWITZ, and WILLIAM C. ROVESTI 

Electric Power Research Institute, 3412 Hillview Avenue, Palo Alto, CA 94303 

A considerable effort has been expended in the past few 
years by many researchers in attempts to better understand the 
mechanism by which coal is liquefied. From this work has 
emerged the concept of short residence time coal liquefaction 
which promises potential process advantages, small reactor, 
minimum hydrogen flow, and the efficient utilization of hydrogen 
for a particular product slate. 

Work done for EPRI by Mobil Research (1) and Battelle (2) 
demonstrated that coal could be liquefied at these relatively 
short reaction times. This work, however, was limited, and 
indicated some very apparent process disadvantages: 

• process was out-of-solvent balance, 
• a viscous reactor effluent was produced resulting in 

poor filterability, 
• vacuum still bottoms had high viscosity, 
• the product was thermally sensitive. 
In order to overcome these problems, the flow schemes as 

shown in Figures 1 and 2 were developed. These incorporate the 
use of Kerr-McGee Corporation's Critical Solvent Deashing and 
Fractionation Process (CSD) for recovery of the SRC. The Kerr
-McGee Process adds extra flexibility since this process can 
recover heavy solvent for recycle, which is not recoverable by 
vacuum distillation. EPRI contracted with Conoco Coal Develop
ment Company (CCDC) and Kerr-McGee Corporation in 1977-1978 to 
test these process concepts on continuous bench-scale units. A 
complementary effort would be made at the Wilsonville Pilot 
Plant under joint sponsorship by EPRI, DOE, and Kerr-McGee Cor
poration. This paper presents some of the initial findings. 

Experimental 

CCDC built a continuous short residence time coal lique
faction unit with throughput of about 4.5 kg/hr of coal. The 
SRC unit consisted of a short residence time reactor constructed 
from 53.3 m of high pressure tubing having an ID of 0.516 or 

0-8412-0587-6/80/47-139-193$05.00/0 
© 1980 American Chemical Society 
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196 COAL LIQUEFACTION FUNDAMENTALS 

0*704 cm. The c o i l was heated by a radiant furnace with four 
i n d i v i d u a l l y controlled heating zones. The furnace was con
t r o l l e d to simulate a linear heat-up p r o f i l e . The bench-scale 
c o i l was operated i n the laminar flow region, where coking can 
be a problem. On a commercial scale, t h i s furnace would operate 
i n a highly turbulent mode. During the early phases of work at 
CCDC, work centered around operation of the continuous bench-
scale SRT unit with d i s t i l l a b l e solvents. 

P a r a l l e l i n g the work at CCDC were the c r i t i c a l solvent 
deashing and fractionation studies done on a continuous bench-
scale unit at Kerr-McGee Technical Center, Oklahoma City, Okla
homa, Figure 3. The Kerr-McGee C r i t i c a l Solvent Deashing and 
Fractionation Process has been previously discussed (3)· 

In work p r i o r to t h i s program, Kerr-McGee demonstrated that 
extremely rapid solids separation (deashing) on the order of 30 
to 60 times faster than a conventional deasphalting unit and 
high deashing e f f i c i e n c i e s producing less than 0.1 wt% ash on 
SRC product could be achieved. In addition, i t has been demon
strated that the SRC could be fractionated into multiple r e s i d 
ual f r a c t i o n s . 

The work involved the integration of the SRC operations at 
Kerr-McGee with those at CCDC where the concept of recycling 
certain residual fractions back to liquefaction would be 
tested. This program involved repeated product shipments 
between the respective laboratories. The data presented i n this 
paper w i l l focus on the work done i n t h i s l a t t e r phase of the 
program. 

In addition to continuous bench-scale work, CCDC carried 
out a rather extensive laboratory program involving the use of 
the microautoclave reactor. The program developed tests to 
compare the a c t i v i t i e s of d i f f e r e n t solvents. These tests 
quickly evaluated a solvent so that the performance under coal 
liquefaction conditions could be predicted. The tests are now 
used at the Wilsonville SRC P i l o t Plant as a means of deter
mining when stable operation has been achieved. 

The microautoclave solvent a c t i v i t y tests measure coal 
conversion i n a small batch reactor under c a r e f u l l y controlled 
conditions. The tests are described as Kinetic, Equilibrium and 
SRT. The Kinetic and Equilibrium Tests measure coal conversion 
to tetrahydrofuran solubles at conditions where conversion 
should be monotonically related to hydrogen transfer. The 
Kinetic Test i s performed at 399°C for 10 minutes at an 8 to 1 
solvent to coal r a t i o . The combination of high solvent r a t i o 
and low time provide a measure of performance at essentially 
constant solvent composition. The measured conversion i s thus 
related to the rate of hydrogen donation from solvent of roughly 
a single composition. In contrast, the Equilibrium Test i s 
performed at 399°C for 30 minutes at a 2 to 1 solvent to coal 
r a t i o . At these conditions, hydrogen donors can be substan
t i a l l y depleted. Thus performance i s related to hydrogen donor 
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Figure 3. Three-stage CSD pilot plant; block flow diagram—Wilsonville program. 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

01
0

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



198 COAL LIQUEFACTION FUNDAMENTALS 

concentration. The SRT Test, performed at 427°C for 5 minutes 
at a 2 to 1 solvent to coal r a t i o , simulates performance at 
short residence time coal liquefaction conditions. 

Discussion of Results 

Autoclave Results - Solvent A c t i v i t y Test. The i n i t i a l 
microautoclave work was done with t e t r a l i n and methylnaphtha-
lene, using Indiana V bituminous coal (Table I ) . Base l i n e data 
i s shown i n Figure 4. A l l three tests, Kinetic, SRT, and Equi
librium, show an increase i n coal conversion with an increase i n 
the concentration of t e t r a l i n . The Equilibrium Test shows the 
highest coal conversion of approximately 86 wt% of the MAF coal 
(based on the s o l u b i l i t y i n the tetrahydrofuran) at the 50% 
t e t r a l i n concentration. The Kinetic Test shows lower coal con
version. The hydrogen transferred to the coal from the t e t r a l i n 
i n the Equilibrium Test at the 50 wt% t e t r a l i n feed concentra
t i o n i s approximately 0.5 wt% of the MAF coal. In the Kinetic 
Test 50 wt% t e t r a l i n feed concentration results i n a much 
smaller transfer at the short reaction time of 10 minutes. 

Microautoclave data was also obtained with Wilsonville 
Batch I solvent u t i l i z i n g Indiana V coal. Batch I solvent was 
obtained from Wilsonville i n mid-1977. Other batches of recycle 
solvent were received l a t e r . Batch I solvent had inspections 
most l i k e the A l l i e d 24CA Creosote O i l used for start-up at the 
Wilsonville P i l o t Plant. Succeeding batches of solvent received 
by CCDC showed substantial differences, presumably due to e q u i l 
i b r a t i o n at various operating conditions. As the Wilsonville 
solvent aged and became more coal derived, the solvent aroma-
t i c i t y decreased with an increase i n such compounds as indan and 
related homologs. The decrease i n aromaticity has also been 
v e r i f i e d by NMR. A l a t e r solvent (Batch III) also showed an 
increase i n phenolic and a decrease i n phenanthrene (anthracene) 
and hydrogenated phenanthrene (anthracene) type compounds. 

The hydrogen content of Batch I solvent was varied by cata
l y t i c hydrogénation i n a fi x e d bed, t r i c k l e phase, adiabatic 
reactor at various s e v e r i t i e s . American Cyanamid HDS-3A, a 
nickel-molybdenum catalyst, was used. Reactor conditions were 
varied from 8.4 to 11.1 MPa and from .5 to 2 LHSV at a reactor 
temperature of 371°C and a hydrogen to feed r a t i o of .14 m̂  
hydrogen per .45 kg of feed. At these hydrogénation conditions, 
hydrogenated Batch I solvent was produced with various hydrogen 
contents. The optimum coal conversion under SRT Test conditions 
was obtained with Batch I solvent to which 1 wt% hydrogen was 
added. With solvent hydrogen contents above 9 wt%, the coal 
conversion slowly decreased, indicating that even though the 
hydrogen content of the solvent was increased, the additional 
chemical hydrogen was not being made available as hydrogen 
donors at t h i s reaction severity. 
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Figure 5 shows that the solvent hydrogen donor content 
plays a s i g n i f i c a n t role i n liquefaction performance at short 
reaction times* A coal conversion maxima i s reached at approxi
mately 4 minutes aft e r which measured coal conversion decreases 
due to regressive reactions (reconversion of the THF Solubles to 
THF Insolubles)* Understandably, other coal conversion per
formances can be expected with different solvent q u a l i t i e s and 
other reaction temperatures* Additional work has shown that not 
only the t o t a l hydrogen donor content of the solvent i s impor
tant but also the a c t i v i t y of the donors present, i . e . , heavier 
molecular weight hydroaromatics such as hydrophenanthrene donate 
hydrogen more rapidly than t e t r a l i n . The e f f e c t of solvency 
also i s a factor and i t appears the "heavier" the solvent ( i . e . , 
higher b o i l i n g point or molecular weight) the better the perfor
mance* The interrelationship of the amount and type of hydrogen 
donors along with the solvency e f f e c t at a s p e c i f i c set of reac
t i o n conditions appear to be dictating liquefaction performance 
p a r t i c u l a r l y at short reaction times* 

The superiority of "heavy" solvents appears to refute the 
proposition that the rate c o n t r o l l i n g step i n coal conversion i s 
the pyrolysis of the coal and that given a s u f f i c i e n t concentra
t i o n of donors, the rate of hydrogen donation would not be 
l i m i t i n g (j4)* Comparing the performance of natural solvents to 
t e t r a l i n , the factor that appears to be l i m i t i n g conversions i s 
the hydrogen donation rate of t e t r a l i n , at least i n the early 
stages of coal dissolution* Hydrogen donors contained by coal 
derived solvent reacted more rapidly than t e t r a l i n * Work by 
Whitehurst M) has also shown the same phenomenon* 

The most dramatic discovery i n the microautoclave study was 
the enhancement of coal conversion with Light SRC addition (see 
Table I I ) . Success with the high b o i l i n g d i s t i l l a b l e solvents 
encouraged experimentations with Light SRC. Light SRC i s 
obtained by fractionating SRC i n the c r i t i c a l solvent* A 
50% (wt) blend of Ligfrit SRC and 256 χ 535°C Batch III solvent 
was tested on the microautoclave as shown i n Table II* The 50% 
blend performed well i n the Kinetic Test and rather poorly i n 
the Equilibrium Test as compared to the d i s t i l l a t e base* This 
presumably i s indicative of a low concentration of highly active 
donors* When 7 MPa cold gaseous hydrogen was added to the 
microautoclave, and the Kinetic, Equilibrium Tests reperformed, 
a rather remarkable phenomenon occurred* The results of the 
Kinetic Test remained unchanged, but i n the Equilibrium Test, 
the addition of gaseous hydrogen caused a higher coal conver
sion* I t could be surmised that the gaseous hydrogen reacted 
with the coal liquefaction media even at the low temperature of 
399°C, where one would have expected the addition of a catalyst 
to be required for aromatic hydrogénation. To further under
stand t h i s phenomenon, a base run was made with Batch III s o l 
vent to which gaseous hydrogen was added* No change was 
apparent i n the Equilibrium Test r e s u l t . The Light SRC i s thus 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

01
0

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



10. KULIK ET AL. Processing Coal Liquefaction Products 201 

Figure 4. Microautoclave tests, Indiana V coal.Tetralin-methyl naphthalene mix
tures (conversion vs. percent Tetralin content) 

2 4 6 8 10 12 
Time (min.) Includes Heat Up 

Figure 5. Microautoclave tests, Indiana V Coal (conversion at 440°C vs. time). 
Batch I solvent: (O), 8.7% hydrogen solvent 3/1 S/C; (0), 8.9% hydrogen 
solvent 3/1 S/C; (\J), 8.0% hydrogen solvent 3/1 S/C; (A), 8.0% hydrogen 

solvent 2/1 S/C. 
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a curious material having few donors of i t s own, but promoting 
the reaction of other donors and the reaction with gaseous 
hydrogen. 

TABLE II 

MICROAUTOCLAVE DATA-LIGHT PHASE SRC ADDITION-INDIANA V COAL 

THF CONVERSION 

KINETIC SRT EQUILIBRIUM 

WHOLE WILSONVILLE BATCH III 76.5 71.5 74.4 

WHOLE WILSONVILLE BATCH III - - 74.4 
W/7 MPa OF COLD H 2 

50WT% LIGHT PHASE SRC 87.5 72.5 65.5 
50WT% 256 χ 535°C BATCH III 

50WT% LIGHT PHASE SRC 87.5 75.7 86.6 
50WT% 256 χ 535°C BATCH III 
W/7 MPa OF COLD H 9 

Continuous Bench-Scale Experimentation. With encouraging 
results obtained from microautoclave tests, experimentation 
emphasis moved to the bench-scale unit. Here the concept of 
adding Light SRC to the recycle solvent on a continuous basis 
was tested. E a r l i e r work (j>) performed on short contact time 
coal liquefaction showed Indiana V coal to be out-of-solvent 
balance. Also the operability of the continuous bench-scale SRT 
unit was highly dependent upon the quality of the solvent. 
Short residence time vacuum bottoms were processed i n the C r i t i 
c a l Solvent Deashing and Fractionation Unit to allow recovery of 
higher b o i l i n g solvent that would not normally be recovered by 
d i s t i l l a t i o n . I t was postulated that recycle of t h i s material 
back to liquefaction would help close the solvent balance and 
improve SRT unit operability. In l i g h t of the q u a l i t i e s of the 
Light SRC found i n microautoclave tests, the i n i t i a l phase of 
the continuous work was expanded toward test i n g the concept of 
Light SRC recycle i n the conventional SRC-I mode with an I l l i 
nois No. 6 Coal from Burning Star No. 2 mine. Analyses are 
given i n Table I. Burning Star coal was chosen since i t has low 
solvent range yie l d s i n ordinary SRC operations. 
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The work was done on the continuous bench-scale hydro-
extraction unit at CCDC which was previously described (6)· The 
d i s t i l l a t e solvent and Light SRC for t h i s program were obtained 
from the Wilsonville P i l o t Plant. The processing history by 
which the recycle solvent was produced at the Wilsonville P i l o t 
Plant was somewhat dif f e r e n t from the processing conditions 
planned for the solvent on the bench scale unit. It was feared 
that the Wilsonville solvent may have contained residual hydro
gen donors that would not be available at the bench unit opera
t i n g conditions. The solvent was therefore recycled for each 
series of runs. Each series of runs constituted ~ 60 hours of 
operations after which the d i s t i l l a t e solvent was recovered and 
recycled to the next series. A base case run was made i n each 
series to i d e n t i f y changes i n the d i s t i l l a t e process solvent 
which could be attributed to depleting residual hydrogen donors 
as the solvent was being recycled from series to series. The 
data showed, however, no appreciable change i n quality as the 
solvent was recycled. The Light SRC, obtained from the Wilson
v i l l e P i l o t Plant, was used on a once-through basis except for 
Runs 4 and 5 where i n t e r n a l l y recovered Light SRC was used. 

Figure 6 shows that as the concentration of the Light SRC 
was increased the y i e l d of d i s t i l l a b l e recycle solvent (+206 χ 
535°C) also increased. With 30 wt% of Light SRC i n the t o t a l 
solvent the net y i e l d of recycle solvent was zero, e.g., the 
process was i n solvent balance. Without the addition of Light 
SRC, i n Run 1A, there was a net recycle solvent d e f i c i t of 
approximately 15% of the MAF coal. It should be noted that the 
plotted d i s t i l l a t e yields are only for the liquefaction unit 
with vacuum d i s t i l l a t i o n . If yields are obtained around the 
liquefaction and CSD unit the d i s t i l l a t e yields are appreciably 
higher due to the recovery of heavy d i s t i l l a t e on the CSD unit 
that would not normally be recovered by d i s t i l l a t i o n . These 
values are footnoted i n Figure 6. The Light SRC addition had 
then demonstrated a very dramatic improvement i n liquefaction 
performance even at these mild operating conditions. From each 
of the runs with Light SRC addition, Kerr-McGee recovered on the 
CSD Bench-Scale Unit Light SRC approximately equivalent to the 
amount of Light SRC required to sustain Light SRC recycle. 

A second series of runs was made that investigated the 
effect of liquefaction temperature on y i e l d performance with 30 
wt% Light SRC addition. Interestingly, the lower temperatures 
resulted i n high SRC yields with low gas and water yields and 
s u f f i c i e n t recycle solvent to sustain recycle. The hydrogen 
consumption was low as expected i n the order of 2 wt% on MAF 
coal. From t h i s data i t appeared that these mild operating 
conditions were conducive i n producing SRC with very e f f i c i e n t 
hydrogen u t i l i z a t i o n . Further work was done at these condi
tions, as shown i n Figure 7, to determine the eff e c t of recyc
l i n g Light SRC at these mild operating conditions, 418°C and 8.3 
MPa. Light SRC for recycle was recovered by CSD fractionation 
from some of the runs previously described. 
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80 

MAF SRC 

Illinois No. 6 coal 
Burning Star Mine 
440°C 
8.3 MPa total pressure 
800 kg coal/h-m3 

0.62 m3 H2/kg MF coal 
2/1 solvent (incl. KM)/MF coal weight ratio 

Gases X -206°C dist. 

MAF residue 

Recycle solvent* 
+206 X 535°C 

Weight Percent 
Light Phase SRC 
in Total Solvent 

Run 
1A 

Run 
1B 

15 

Run 
1C 

30 

*The plotted yields are for liquefaction alone. The combined yields including CSD 
are as follows: 

Run 

1B 
1C 

Yield 
206 X 535°C 

0.3 
10.2 

Figure 6. Hydroextraction yields 
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70 μ -
MAF SRC 

Illinois No. 6 coal 
Burning Star Mine 
418°C 
30 weight percent light phase SRC in total solvent 
8.3 MPa total pressure 
560 kg coal/h-m3 

0.62 m 3 H2/kg MF coal 
2/1 solvent (incl. KM)/MF coal weight ratio 

Gases X-206°C dist. 

-O MAF residue 

Recycle solvent* 
+206 X 535°C Hydrogen 

consumption 

*The plotted yields are for liquefaction alone. The combined yields including CSD 
are as follows: 

Yield 
Run 206 X 535°C 

2B 
5 

18.5 
8.2 

Figure 7. Recycle hydroextraction yields 
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Data from Runs 4 and 5 (Figure 7) show that with repeated 
Light SRC recycle the product yields remained e s s e n t i a l l y con
stant with the exception that the hydrogen consumption increased 
s l i g h t l y . From each of these runs Kerr-McGee recovered on the 
CSD Bench-Scale Unit Light SRC approximately equivalent to the 
amount of Light SRC required to sustain recycle of the Light 
SRC. The composition of the recovered Light SRC i n Runs 4 and 5 
was nearly i d e n t i c a l i n composition to the Light SRC i n i t i a l l y 
added to Run 2B. In addition, v i s c o s i t y measurements made on 
+535°C vacuum bottoms made with Light SRC addition showed a 
great reduction i n vis c o s i t y as opposed to vacuum bottoms made 
under similar conditions without Light SRC addition. The addi
t i o n of Light SRC should improve the operability of the vacuum 
bottoms handling particularly with short residence time products 
that are high i n preasphaltenes. 

Continuous Short Residence Time Experimentation. After 
determining the ef f e c t of Light SRC addition to a conventional 
SRC-I operation, experimentation moved to determining the effect 
of Light SRC addition on short residence time coal liquefaction 
performance. 

E a r l i e r short residence time work (J3) had shown the lique
faction of Indiana V coal to be out-of-solvent balance and that 
the operability of the SRT unit was p a r t i c u l a r l y sensitive to 
the quality of recycle solvent. Batch VI solvent to be used i n 
th i s t h i r d phase of the program was the lat e s t i n the series of 
solvents received by CCDC from Wilsonville. This Batch VI s o l 
vent was of a lower quality than Batch I solvent which was oper
able on the SRT unit i n the donor mode but very similar i n 
quality to Batch I I I . Attempts to run Batch III solvent on the 
continuous Bench-Scale SRT unit were unsuccessful i n the hydro
gen donor mode. Gaseous hydrogen addition, at elevated pres
sure, was required. Attempts to improve the l a t e r series of 
solvents by c a t a l y t i c hydrogénation proved unsuccessful. This 
l a t e r phase of the program had the objective of determining 
whether the addition of Light SRC would improve not only SRT 
unit operability i n the hydrogen donor mode but also help to 
close the solvent balance. 

Table III shows the results of operating the SRT unit i n 
the hydrogen donor mode ( c a t a l y t i c a l l y hydrogenated solvent) 
with and without the addition of Light SRC to the d i s t i l l a t e 
solvent. Batch I solvent was Tised i n Run 9. A blend of 
Batch VI solvent and Light SRC, 70/30 weight r a t i o , were cata
l y t i c a l l y hydrogenated as the feed to Runs 1 and 3. The hydro
gen donor capability of the solvents were measured by the Equi
librium microautoclave te s t s . These bench-scale SRT results are 
rather extraordinary i n respect to increased d i s t i l l a t e yields 
and improvement i n unit operability with addition of Light 
SRC. In Table III the integrated yields refer to the combina
t i o n of liquefaction, CSD, and c a t a l y t i c hydrogénation of the 
solvent. 
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208 COAL LIQUEFACTION FUNDAMENTALS 

To evaluate the effect of adding gaseous hydrogen d i r e c t l y 
to the SPT unit without externally hydrogenating the solvent, 
one run was made with the addition of Light SRC. Table IV shows 
the effects of Light SRC addition and again increased d i s t i l l a t e 
y i elds are noted. The indication i s that the process i s i n 
solvent balance. Further work i s required on an integrated 
basis recycling both Light SRC and d i s t i l l a t e solvent to further 
substantiate these i n i t i a l findings. 

Kerr-McGee CSD Performance as Related to Product Quality. 
As previously mentioned, the f i n a l phase of the program involved 
c y c l i c shipments between CCDC to Kerr-McGee Corporation. Vacuum 
bottoms produced v i a conventional SRC-I or SRT liquefaction 
modes were sent to Kerr-McGee for c r i t i c a l solvent deashing and 
fractionation. In some instances the recovered Light SRC was 
sent back to CCDC for recycle. Kerr-McGee attempted to recover 
an amount of Light SRC required to maintain recycle. In most 
instances an equivalent amount of Light SRC was recovered to 
sustain recycle i n both the conventional SRC and SRT modes. 
Approximately 30% of the MAF coal was l o s t to the rejected Kerr-
McGee phase, ash concentrate, as SRC, and i t appeared that the 
amount of SRC l o s t to the ash concentrate as a percent of the 
MAF coal was es s e n t i a l l y constant and independent of a wide 
range of liquefaction s e v e r i t i e s . If the CSD performance was 
expressed as a fr a c t i o n of the SRC produced, the CSD performance 
was highly dependent upon the quality of the SRC. Higher pre-
asphaltene content corresponded to lower SRC recovery. At the 
extreme l i m i t , low residence time, no gaseous hydrogen addition 
and high temperature, the SRC product i s of a very podr quality, 
high preasphaltene content (Table V). Here, considerably more 
than the 30 wt% of MAF coal was l e f t i n ash concentrate. 

It i s interesting to note that the comparison run, made at 
higher liquefaction severity, produced a comparable preasphal
tene content. But upon further examination of these products by 
Mobil's SESC analyses, a noticeable difference between the pro
ducts was observed. The lower severity product showed a higher 
content of the higher SESC fractions. Unfortunately, the work 
done between CCDC and Kerr-McGee was performed i n a blocked-out 
fashion which necessitated the reheating of various products at 
either Kerr-McGee or CCDC which can result i n thermal degrada
t i o n of the products. 

In Wilsonville Runs 143 and 147, thermal degradation of the 
coal-derived products greatly affected the SRC recovery on the 
Kerr-McGee CSD Unit. Both runs were made at i d e n t i c a l l y the 
same operating conditions, except i n Run 143, where presumably 
c a t a l y t i c a l l y active solids were allowed to accumulate i n the 
liquefaction reactor, whereas i n Run 147 the soli d s were 
removed. The product yields exiting the reactor for both runs 
were very si m i l a r ; however, the thermal s e n s i t i v i t y of the 
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210 COAL LIQUEFACTION FUNDAMENTALS 

TABLE V 

PRODUCT RECOVERY OF SHORT CONTACT TIME FEEDS 

LIQUEFACTION CONDITIONS SRT-4 SRT-2 

EXIT TEMPE RATURE , °C 454 441 
TIME ABOVE 316°C, MIN. 0·6 3.3 
HYDROGEN GAS, MPa NONE 137 

NET CSD SOLIDS FREE FEED ANALYSJg», #T% 

BENZENE SOLUBLE 27 25 
BENZENE INSOLUBLE 73 75 

NET RECOVERY IN CSD, WT% OF SOLIDS FREE FEED 30 58 

Excluding the amount of Light SRC required to sustain recycle. 

TABLE VI 

EFFECT OF PRESSURE AT WHICH SRC WAS PRODUCED ON CSD RECOVERY 

WILSONVILLE COMMON OPERATING CONDITIONS 

KENTUCKY 6/11 COAL 
800 kg/hm3 

440°C 

RUN NO. 150 151 
SRC REACTOR PRESSURE (MPa) 11.7 14.5 
CONVERSION (MAF COAL %) 94 94 
SRC YIELD (MAF COAL %) 65-67 59-61 
% SRC RECOVERY IN CSD 78% 85% 

(OPTIMIZED) 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

01
0

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



10. KULIK ET AL. Processing Coal Liquefaction Products 211 

products were vastly différent» Products produced from Run 147 
degraded most readily to "post-asphaltenes. M This resultant 
degradation lowered the CSD SRC recovery. Additional work at 
Wilsonville showed that the CSD performance i s linked d i r e c t l y 
to the quality of SRC produced (Table VI)· 

A question then arises as to whether the CSD recovery i s 
being limited by the preasphaltene content produced from direct 
products of coal liquefaction or whether by low liquefaction 
severity a more thermally sensitive product i s produced r e s u l t 
ing i n retrogressive reactions of liquefaction products to 
"post-asphaltenes." There i s some indication that " v i r g i n " pre
asphaltene s, primary products of coal dissolution, are more 
eas i l y recovered via CSD as shown i n Table VII; however, "post-
asphaltenes" made from thermal regressive reactions are not. 
The species are inseparable by ordinary a n a l y t i c a l measures. 
Further work i s being done to more c l e a r l y understand the rol e 
of regressive reactions i n low severity liquefaction. In addi
t i o n , recent work has resulted i n techniques for obtaining high 
SRC recoveries from less desirable feedstocks. 

TABLE VII 

CSD RECOVERY OF A SHORT CONTACT FEED 

• FEED PRODUCED AT WILSONVILLE (INDIANA V COAL) 

• CONTAINED ABOUT 1/3 DISTILLATE PRODUCTS (MOSTLY OILS) 

• CSD FEED ANALYSIS, WT% OF SOLIDS FREE FEED 

OIL (includes D i s t i l l a t e ) 30.3 
ASPHALTENE 35.7 
PREASPHALTENE 33.9 

• CSD PRODUCT RECOVERY, WT% OF FEED COMPONENT 

OIL 94.4 
ASPHALTENE 88.6 
PREASPHALTENE 74.6 

Conclusions. The quality of liquefaction solvent i s an 
extremely important factor i n liquefying coal at conventional or 
short residence time liquefaction conditions. The a b i l i t y to 
a l t e r the quality of this solvent by recycle of certain SRC 
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212 COAL LIQUEFACTION FUNDAMENTALS 

fractions has made a marked improvement in the liquefaction 
performance over a wide range of liquefaction severities* The 
implication of these findings as to a finalized overall process 
scheme has yet to be determined; however, this work supports the 
underlying process concept of being able to efficiently ut i l ize 
hydrogen to produce a particular product slate* Further work i s 
needed on an integrated basis to substantiate these i n i t i a l 
findings* 
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11 
Kinetics of Direct Liquefaction of Coal in the 
Presence of Molybdenum-Iron Catalyst 

MINORU MORITA, SHIMIO SATOH, and TAKAO HASHIMOTO 

Department of Chemical Engineering, Yamagata University, Yonezawa, 
Yamagata-ken 992, Japan 

Many studies on direct liquefaction of coal have 
been carried out since the 1910's, and the effects of 
kinds of coal, pasting o i l and catalyst, moisture, ash, 
temperature, hydrogen pressure, stirring and heating-
up rate of paste on coal conversion, asphaltene and o i l 
yields have been also investigated by many workers. 
However, few kinetic studies on their effects to re
action rate have been reported. 

In this paper the effects of kinds of coal, pasting 
oil, catalyst and reaction temperature on coal lique
faction are illustrated, and a few kinetic models for 
catalytic liquefaction of five coals carried out in an 
autoclave reactor are proposed. 

I. EXPERIMENTAL 
Five coal materials were used in this study. These 

were Miike, Taiheiyo, Hikishima (Japanese coals), 
Morwell (Australian) and Bukit Asam (Indonesian) coals. 
The proximate and ultimate analyses of these coals are 
shown in Table 1. All of catalysts were powdered before 

Table 1 Analyses of sample coals 

Coal 
Proximate anal\ rsis (vt#) Ultimate analysis (vt*> Coal Noisture Pixed carboi Volatile/Ash 

Ultimate analysis (vt*> Coal Noisture Pixed carboi i matte] / C H C/H Niike Hikishima Taiheiyo Norvell Bukit Asam 

0.9 1.2 6.4 12.6 9.5 

45.9 
50.7 32.3 52.4 44.8 

39.8 26.0 46.3 34.2 45.0 

13.4 22.1 15.0 0.8 0.7 

82.9 86.2 79.8 65.3 68.6 

6.2 6.2 5.7 5.2 5.2 

0.897 0.863 0.857 0.956 0.910 
use. In all of the experiments 30 wt% of powdered coal 
(passed through100-mesh sieve) to paste, 0.033 of cata
lyst ( weight ratio to the coal charged ), a steel ball 

0-8412-0587-6/80/47-139-213$05.00/0 
© 1980 American Chemical Society 
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214 COAL LIQUEFACTION FUNDAMENTALS 

(10 mm*) and v e h i c l e were charged to the 0.3 ( f o r M i i k e 
l i q u e f a c t i o n ) or 0.5 ( f o r the o t h e r c o a l l i q u e f a c t i o n s ) -
l i t e r a u t o c l a v e r e a c t o r i n the r e q u i r e d r a t i o . The 
r e a c t o r s were f l u s h e d and f i l l e d w i t h c o l d hydrogen t o 
an i n i t i a l p r e s s u r e of 100 kg/cm 2-gauge a t room tempera
t u r e , h e a t e d to r e a c t i o n temperature a t a heat-up r a t e 
of about 4 #C per m i n i t e , h e l d a t c o n s t a n t temperature 
f o r the d e s i r e d l e n g t h of time, and c o o l e d t o room 
temperature a t a heat-down r a t e of about 3*C per m i n i t e . 
Then a u t o c l a v e r e s i d u e s were t r e a t e d w i t h benzene and 
n-hexane i n S o x h l e t a p p a r a t u s , and the p r o p o r t i o n of 
" a s p h a l t e n e " ( d e f i n e d as the benzene s o l u b l e and n-
hexane i n s o l u b l e m a t e r i a l ) , " o i l " (the benzene and n-
hexane s o l u b l e m a t e r i a l ) i n the l i q u e f i e d p r o d u c t and 
and " o r g a n i c benzene i n s o l u b l e " (the benzene i n s o l u b l e 
and o r g a n i c m a t e r i a l ) was d e t e rmined. C o a l c o n v e r s i o n i s 
d e f i n e d as ( l - o r g a n i c benzene i n s o l u b l e ) x l O O / M A F c o a l , 
where MAF means m o i s t u r e - a n d a s h - f r e e . L i q u e f a c t i o n 
p e r c e n t i s d e f i n e d as ( a s p h a l t e n e + o i l ) x l O O / M A F c o a l . 

I I . RESULTS AND DISCUSSION 

A. E f f e c t of p a s t i n g o i l on c o a l l i q u e f a c t i o n 

1. Charged r a t i o of c o a l to p a s t i n g o i l . C o a l con
v e r s i o n per c e n t on a m o i s t u r e - and a s h - f r e e was i n d e 
pendent of the charged r a t i o and had c o n s t a n t v a l u e 
about 80-90 w h i l e l i q u e f a c t i o n p e r c e n t a g e d e c r e a s e d 
w i t h i n c r e a s i n g the charged r a t i o . T h i s r e s u l t was 
c o n s i d e r e d to be r e s p o n s i b l e f o r g a s i f i c a t i o n w i t h 
t h e r m a l d e c o m p o s i t i o n and c o k i n g of c o a l s on i n n e r w a l l 
of the r e a c t o r ; temperature a t the w a l l would be h i g h e r 
due to more v i s c o u s c o a l p a s t e s iufhigher c o a l c o n c e n t r a 
t i o n . T h e r e f o r e , w e l l m i x i n g was n e c e s s a r y t o o b t a i n a 
good l i q u e f a c t i o n p e r c e n t a g e under h i g h e r c o a l concen
t r a t i o n . 

2. K i n d of p a s t i n g o i l . U s i n g f o u r p a s t i n g o i l s 
w i t h b o i l i n g temperature of 330*C t o 380*C, a c o a l 
l i q u e f i e d under the same r e a c t i o n c o n d i t i o n e xcept f o r 
the p a s t i n g o i l s . When a hydrogenated p a s t i n g o i l was 
used, a r e a c t i o n r a t e was g r e a t e r t h a n w i t h non-hydro-
genated p a s t i n g o i l s . T h i s h i g h e r l i q u e f a c t i o n r a t e f o r 
the hydrogenated p a s t i n g o i l was i n t e r p r e t e d by the 
a c t i o n of g r e a t e r p r o t o n - d o n e r a b i l i t y w i t h i t . 

B. E f f e c t of c a t a l y s t on c o a l l i q u e f a c t i o n 

F i g u r e 1 i s the e x p e r i m e n t a l r e s u l t of M i i k e c o a l 
l i q u e f a c t i o n f o r Mo0~, Fe(0H)^-S, Fe(OH)~-MoO~-S, 
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11. MORITA ET AL. Direct Liquefaction of Coal 215 

H 2MoO^H 20 and Fe(OH)3 - H 2 M 0 O 4 H 2 O-S c a t a l y s t s . F i g u r e s 2 
t o 5 are those of T a i h e i y o , H i k i s h i m a , M o r w e l l and B u k i t 
Asam c o a l s f o r Fe(OH)3 - M 0 O 3-S. F i g u r e 1-C shows r e a c t i o n 
c ourse f o r M i i k e c o a l under s e v e r a l r e a c t i o n tempera
t u r e s w i t h nominal r e a c t i o n time f o r Fe(OH)3 - M 0 O 3-S 
which i s the most a c t i v e among the c a t a l y s t s . These 
r e s u l t s show t h a t under temperature range 350*C to 410 
*C a r e a c t i o n r a t e i n c r e a s e s w i t h i n c r e a s i n g temperature 
and a o i l y i e l d becomes g r e a t e r w i t h i n c r e a s i n g nominal 
r e a c t i o n time, whereas a t the h i g h e s t temperature 450 *C 
a o i l y i e l d d e c r e a s e s , and b o t h o r g a n i c benzene i n 
s o l u b l e ( u n r e a c t e d c o a l + coke) and a s p h a l t e n e i n c r e a s e 
w i t h i n c r e a s i n g nominal r e a c t i o n time. R e a c t i o n c o u r s e s 
of H i k i s h i m a , M o r w e l l and B u k i t Asam c o a l s f o r Fe(0H)3-
M 0 O 3-S (Fe-Mo-S) c a t a l y s t are shown i n F i g u r e s 3 t o 5, 
r e s p e c t i v e l y . In F i g u r e s 4 and 5, i t i s shown t h a t r e 
a c t i o n r a t e s and o i l y i e l d s of Morwell and B u k i t Asam 
c o a l s are g r e a t e r t h a n any o t h e r t e s t e d c o a l s a t lower 
t e m p e r a t u r e s . R e a c t i o n c o u r s e s f o r T a i h e i y o and H i k i 
shima c o a l s , when the Fe-Mo-S c a t a l y s t was used, are 
shown i n F i g u r e s 2 and 3. They show t h a t a t the h i g h e s t 
temperature formed o i l degrades t o o r g a n i c benzene i n 
s o l u b l e s i n a s i m i l a r way to t h a t f o r M i i k e c o a l a t the 
h i g h e s t temperature. T h i s c h a r a c t e r i s t i c was e x p l a i n e d 
from f o r m i n g of o r g a n i c benzene i n s o l u b l e s by c o k i n g of 
produced a s p h a l t e n e and o i l . Degree of c o k i n g was de
pendent on b o t h r e a c t i o n temperature and k i n d s of c a t a 
l y s t , b e i n g c o n s i d e r a b l e a t the h i g h e s t t e m p e r a t u r e . No 
c o k i n g was observed f o r Fe(0H)3-S. C o k i n g o c c u r e s i n the 
case of hydrogen l a c k i n g or u n s u f f i c i e n t hydrogen d i f 
f u s i o n c o n d i t i o n s . Charged hydrogen weight r a t i o t o c o a l 
p a s t e was about 0.04 f o r M i i k e c o a l l i q u e f a c t i o n and 
about 0.11 f o r the o t h e r c o a l s , s i n c e W e l l e r e t a l . ( l ) 
used about 0.08 of the r a t i o and I s h i i e t a l . (2) used 
about 0.15, the r a t i o of 0.1 was s u f f i c i e n t t o l i q u e f y 
the c o a l s . When the r a t i o was 0.04 f o r M i i k e c o a l , 
l i q u e f a c t i o n however, might be i n hydrogen poor s t a t e 
a t r e a c t i o n temperature 450°C. G r e a t e r t r e n d of c o k i n g 
on M i i k e c o a l than the o t h e r c o a l s might be p a r t l y 
r e s p o n s i b l e f o r t h i s l e s s hydrogen r a t i o . The r e a c t a n t 
was a g i t a t e d by the s t e e l b a l l , and c o l l i s i o n sound of 
the b a l l w i t h a r e a c t o r w a l l c o u l d be heard e x c e p t f o r 
runs i n which the cokes was made remarkably. From b o t h 
the f a c t of no a g i t a t i n g e f f e c t on a l i q u e f a c t i o n r a t e , 
as shown by Maekawa e t a l . (3.), and such t h i s easy moving 
of the s t e e l b a l l , the a g i t a t i o n i s adequate f o r the 
c o a l l i q u e f a c t i o n , b e i n g not r e s p o n s i b l e f o r c o k i n g . 

In F i g u r e s 6, 7 and 8 p e r c e n t a g e s of o r g a n i c ben
zene i n s o l u b l e s t o MAF c o a l charged i n the r e a c t o r s are 
p l o t t e d as a f u n c t i o n of nominal r e a c t i o n time on a 
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1C. Catalyst:Fe(OH)3-MoOs-S (1:1:1) N R T (m ι η : 

Figure 1. Liquefaction courses of Miike 
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Temp. C o a l Asph. O i l 

Ce) ( • ·)( ) ( ) 

350 • θ Ο 

380 A Δ Δ 
410 - Φ  <> 
450 ι Β • 

NRT: Nominal reaction time 

coal under various reaction temperatures 
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Figure 4. Liquefaction courses of Mor
well coal 
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3«κ»ι 

410-CMI 90 120 
NRT ( m i n ) 

Figure 5. Liquefaction courses of Bukit 
Asam coal 

Temperature Coal Asphaltene 
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335 • 
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Figure 6. Log of percentages of organic 
benzene insolubles vs. NRT for various 

coals 

24 

NRT CmiiO 
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M* 

i 
ο 

w 

Ε 

350-Fe-HMa-S 

6l4lli 

20 40 60 
NRT CmirO 

Figure 8. Log of percentages of organic 
benzene insolubles vs. NRT for Miike 

coal 

Reaction Temperature 
Ο 350-C φ 380 • 410 
φ 440 • 450 

Coa 1 

Η Hikishima c o a l 
Τ T a i h e i y o coal 
M Miike c o a l 

Fe(0H) 3-S (Fe-S) 
Μο0 } (Mo) 
Fe(OH) 3-MoO }-S 
(Fe-Mo-S) 
FeiOHK-H-MoCK-S 

3 2 4 
(Fe-HMo-S) 
H 2Mo0^H 20 (HMo) 

Figure 9. Comparison of experimental liquefaction course for Miike coal with 
simulated one: (O, ·, 3 , ), experimental data; ( ), simulated course. NRT 

= 16 min; reaction temperature = 450° C; catalyst = Mo03. 
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s e m i l o g a r i t h m i c graph paper i n the same way as I s h i i e t 
a l . {2) showed i n Sumiyoshi c o a l l i q u e f a c t i o n . R e a c t i o n 
r a t e i s f i r s t o r d e r w i t h r e s p e c t to c o a l c o n c e n t r a t i o n , 
s i n c e the p l o t s a t lower temperatures g i v e s t r a i g h t 
l i n e s . A t h i g h e r temperatures the p l o t s do not g i v e o n l y 
one d e c r e a s i n g s t r a i g h t l i n e . T h i s c h a r a c t e r i s t i c i s 
e x p l a i n e d from g r e a t e r e x t e n t of c o k i n g under these 
t e m p e r a t u r e s . The s p e c i f i c r e a c t i o n r a t e s c a l c u l a t e d 
from the s l o p e of l i n e s are shown i n T a b l e 2. 

Table 2 Rate constants (min~" ) on various c a t a l y s t s 

C a t a l y s t Reaction temperature {t ) 
350 380 410 450 

Mo0 3 0.0145 0.0212 0.0253 -
Fe(OH) 3-S 0.0039 0.0113 0.0207 0.0338 
Fe(OH) 3-Mo0 3-S 0.0192 0.0253 0.0305 -
H oMo0;H n0 2 4 2 0.0188 0.0322 - -
Fe(OH)^-H_MoO-H^O 3 2 4 2 
-s 

0.0023 0.0069 0.0230 -
(Coal:Miike) 

From these r e s u l t s a c t i v i t i e s of the c a t a l y s t s used 
were compared. C o n c l u s i o n s are shown as f o l l o w s : 

(a) M0O3 i s more a c t i v e under lower t e m p e r a t u r e s , 
w h i l e Fe(0H)3-S i s more a c t i v e under h i g h e r 
t e m p e r a t u r e s . 

(b) M0O3 and Fe(0H)3-S are complements each of the 
o t h e r , Fe(OH)3 - M 0 O 3-S b e i n g more a c t i v e under 
bo t h the lower and the h i g h e r t e m p e r a t u r e s . 

(c) Η2Μ0Ο4Ή2Ο of the c a t a l y s t s c o n t a i n i n g water of 
c r y s t a l l i z a t i o n have a tendency of r e s i n i f i n g 
and g a s i f i c a t i o n , and Fe ( OH) 3-H2Mo04'H20-S i s 
not so a c t i v e as e x p e c t e d . 

(d) The a c t i o n of the Fe(OH)3 - M 0 O 3-S c a t a l y s t t o 
T a i h e i y o c o a l i s the same t h a t to M i i k e c o a l . 

C. Mechanism and k i n e t i c s of c o a l l i q u e f a c t i o n 

V a r i o u s mechanisms and k i n e t i c s of c o a l l i q u e f a c 
t i o n have been proposed and examined by many i n v e s t i g a 
t o r s ( 1 , 2 , 4 - 8 ) . As a g e n e r a l k i n e t i c model of c o a l l i q u e -
a c t i o n , scheme 1 was assumed. The r e a c t i o n r a t e of 

e v e r y r e a c t i o n s t e p i n the scheme assumed t o be f i r s t 
o r d e r w i t h r e s p e c t to r e a c t i n g s p e c i e s and d i s s o l v e d 
hydrogen. A few t y p i c a l cases of a g e n e r a l k i n e t i c model 
and the g e n e r a l c h a r a c t e r i s t i c s f o r t h e i r cases are 
i l l u s t r a t e d on Table 3. When compared these t y p i c a l 
f i g u r e s , the c u r v e s are a p p a r e n t l y d i f f e r e n t i n shape. 
I t i s n e c e s s a r y to get the r e a c t i o n d a t a a t lower 
temperatures ( i . e . 350-400*0) t o d i s t i n g u i s h between 
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Scheme 1 K i n e t i c Model of D i r e c t L i q u e f a c t i o n of Coal 
A general model 

k l K 2 K 3 K 4 
A , — Β — * C, * D — A Coal D:Resin 

Ar 1 1 
Β Asphaltene Ε : Coke 

I A 2 — _ ^ c 2 

K 5 

C O i l 

Table 3 T y p i c a l Cases of a General K i n e t i c Model 
Case C o n d i t i o n Model Coal C a t a l y s t Worker 

1 
A^>>A2=0 
k x > k ^ > k 3 , k 4 

A-B*C P i t t z b u r g Seam SnCl^-NH.Cl 2 4 S. V e l l e r 
et a l . 

2 A ^ A ^ O 
k ^ k ^ k ^ ^ 

T a i h e i y o , 
Mi ike 

Fe(OH) 3-S, 
H2MoO^H20 

M. M o r i t a 
et a l . 

3 
A ^ A ^ O 
k x>k 2>k 4>k 3 

A-B-C-D^E Mi ike Fe{OHJ 3-
Mo0 3-S 

M. M o r i t a 
et a l . 

4 
A l > A 2 A r B ^ c i 

A 2 - ^ C 2 

Yubari, Soya, 
Sumiyoshi Red Mud G. Takeya 

et a l . 

5 
A1>A2 
k 5>k^>> 1 

A - ( B ) - C 1 

i(A 2) -C 2) 
Morve11, 
Bukit Asam 

Fe(OH) 3-
Mo0 3-S 

M. Mor i t a 
et a l . 

100i 

I 5 0 

° ο 

ai 

/ 
/ 

\ % on__ 
χ ^ ^ ^ ^ 

350#C 

Asph 
* r ' -r- — . 

350*C 

Caei 

— ' Â s p h . _ 

350 Ό 

390 390 

— 

380 
\ 

— 

380 

0 50 100 150 0 15 30 45 0 30 60 90 0 30 60 90 120 

NRT CmiiO 

[ Ο — 1 | | C m 2 or 3 | | C — 4| |Os# 5 | 
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224 COAL LIQUEFACTION FUNDAMENTALS 

s e r i e s r e a c t i o n s (Case 1, 2, 3) and p a r a l l e l r e a c t i o n s 
(Case 4, 5), s i n c e f o r p a r a l l e l r e a c t i o n the t i m e - l o g a 
r i t h m i c of o r g a n i c benzene i n s o l u b l e s fo curve does not 
g i v e a s t r a i g h t l i n e but two ones. A t y p i c a l curve i n 
T a b l e 3 shows t h a t when the a p p a r e n t c o a l and a s p h a l t e n e 
c o n c e n t r a t i o n s b e g i n to i n c r e a s e g r a d u a l l y , a f u r t h e r 
s e r i e s r e a c t i o n , oil(C)—-resin(D)—»coke ( É ) , s h o u l d be 
assumed, where r e s i n i s d e f i n e d as the m a t e r i a l s s o l u b l e 
i n benzene and i n s o l u b l e i n n-hexane and a n a l y z e d w i t h 
a s p h a l t e n e . The magnitude of the r a t e c o n s t a n t of each 
s t e p i s dependent on k i n d s of c a t a l y s t , and i t i s p o s s i 
b l e t o f i n d the c a t a l y s t which i s v e r y e f f e c t i v e f o r 
promoting the r e a c t i o n r a t e s of any s t e p i n a k i n e t i c 
model. 

In t h i s s t u d y the o i l y i e l d d e c r e a s e d w i t h r e a c t i o n 
time, as o i l was p o l y m e r i z e d a t h i g h e r temperature f o r 
M i i k e , T a i h e i y o and H i k i s h i m a c o a l s . Thus the k i n e t i c 
models (Case 2 or 3) which i n v o l v e two s t e p s of r e s i n i -
f i c a t i o n and c o k i n g c o r r e l a t e d d a t a r e a s o n a b l y w e l l f o r 
above c o a l s , whereas f o r M o r w e l l and B u k i t Asam c o a l s , 
Case 5 i s more s u i t a b l e . 

Though c o n v e n t i o n a l k i n e t i c experiments are g e n e r 
a l l y c a r r i e d out w i t h a a u t o c l a v e a t a h i g h temperature 
and p r e s s u r e , r e a c t i o n i s not i s o t h e r m a l but non-
i s o t h e r m a l from the s t a r t of experiment to the end. As 
l o n g as nominal r e a c t i o n time which c o n s i s t s of the 
heat-up, c o n s t a n t temperature and heat-down p e r i o d s i s 
used, i t w i l l be d i f f i c u l t t o e s t i m a t e t r u e r a t e 
c o n s t a n t s . T h e r e f o r e , the r a t e c o n s t a n t s on M i i k e c o a l 
were e s t i m a t e d by the n o n - l i n e a r l e a s t square which 
i n v o l v e s m i n i m i z a t i o n of the sum of squares of d e v i a 
t i o n s between measured and c a l c u l a t e d v a l u e s . V a l i d i t y 
of t h ese v a l u e s can be i l l u s t r a t e d by agreement of 
course c a l c u l a t e d u s i n g them w i t h the e x p e r i m e n t a l ones. 
To show the v a l i d i t y F i g u r e 9 i s g i v e n as an example. 
The temperature dependency of the r a t e c o n s t a n t s on 
M i i k e c o a l was d e t e r m i n e d between 350*C and 450 #C. The 
r e s u l t i s shown i n T a b l e 4. 

I I I . CONCLUSIONS 

The e f f e c t s of v a r i o u s r e a c t i o n c o n d i t i o n s on the 
r e a c t i o n r a t e and the mechanism of c o a l l i q u e f a c t i o n 
were i n v e s t i g a t e d . C o n c l u s i o n s are summarized as f o l l o w s : 

(1) The r e a c t i o n r a t e , o i l y i e l d are a f f e c t e d by 
k i n d s of p a s t i n g o i l and r a t i o of c o a l to p a s t 
i n g o i l . 

(2) A c t i v i t i e s of c a t a l y s t s are as f o l l o w s : 
H2M0O4.H2O >Fe(OH) 3-Mo0 3-S> M0O3 > Fe (OH) 3-S. 
The a c t i v i t y of Fe(OH) 3-Mo03-S may be due t o the 
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11. MORITA ET AL. Direct Liquefaction of Coal 225 

Table 4 Rate constants calculated by non-linear l e a s t square 
method under non-isothermal condition 

Catalyst R.C^J Reaction temperature ft) Catalyst 
(min 350 380 410 450 

k l 0.011 0.020 0.035 0.069 
k 2 0.050 0.092 0.158 0.306 

MoO-
3 k3 

k4 - - - -
k l 0.008 0.015 0.026 0.051 
k~ 0.019 0.035 0.061 0.121 

Fe(OH) 3-S k 3 
- - - 0.003 

k 4 - - - 0.029 
k l 0.018 0.029 0.047 0.082 
k, 0.006 0.011 0.019 0.036 

Fe(OH) 3-Mo0 3 
ζ 

k 3 
0.- - 0.001 0.007 

-S 
k 4 - - 0.002 0.016 
k l 0.020 0.034 0.055 0.096 
k 0.050 0.110 0.223 0.519 

HoMo0;Ho0 2 4 2 k 3 - - 0.003 0.017 
k4 - - 0.010 0.057 
k i 0.016 0.020 0.024 0.029 
k_ 0.081 0.128 0.193 0.318 

Fe(OH) 3-S- 2 
k 3 

_ _ _ -
Η οΜο0·Η ο0 2 4 2 k 4 - - - 0.003 

(Coal:Miike) 
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concerted action with M0O3 and FeiOH^-S, and 
degrees of coking are dependent on kinds of 
catalyst. 

(3) Under the same reaction conditions, the reaction 
rate are depend on the mechanism of coal l ique
faction and kinds coal and catalyst. The reaction 
rate is in the following order: Morwell> Bukit 

Asam >Miike > Taiheiyo=Hikishima coal. 
The kinetic scheme of coal liquefaction would be 
expressed as follows: 
for Morwell and Bukit Asam coals, 

C o a l ^ A s p h a l t e n e i ^ O i ^ Coal i>Coal 2 

^ O i l 2 k 5 > k 2 » k 1 

and for Miike, Taiheiyo and Hikishima coals, 

Coal JiJ-Asphaltene JUL Oi l i l l Reain J^L Coke 

k2>ki>k4>k3 or k!>k2>k4>k3 

The magnitude of each rate constant is depend on 
kinds of catalyst. 

(4) In the kinetic analysis of the experimental data 
with an autoclave, the non-linear least square 
method was used to estimate the rate constants 
under nonisothermal conditions. The simulation of 
liquefaction calculated by substituing the e s t i 
mated values into the rate equations showed good 
agreement with experimental values. 
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12 
High-Yield Coal Conversion in a Zinc Chloride
-Methanol Melt Under Moderate Conditions 

JOHN H. SHINN1 and THEODORE VERMEULEN 
Chemical Engineering Department and Lawrence Berkeley Laboratory, 
University of California, Berkeley, CA 94720 

Converting coal to soluble material requires cleavage of 
enough chemical bonds to split the coal into subunits of only 
moderately high molecular weight. Because coal is inaccessible 
to conventional solid catalysts, current processing schemes use 
severe thermal conditions to effect the needed bond scission, 
forming some light gas and condensing some fragments into coke. 

Hydrogen-donor action involving direct or indirect hydroge
nation by solid catalysts has provided partial reductions in the 
severity of treatment, not sufficient to eliminate waste of coal 
and of input hydrogen. To lower the temperature sufficiently 
requires mobile catalysts which can penetrate the coal. Melts 
such as zinc chloride are therefore a promising medium. 

Major work on zinc chloride catalysts for hydrogenation and 
hydrocracking of coal has been carried out by Zielke, Gorin, 
Struck and coworers at Consolidation Coal (now Conoco Coal Devel
opment Co.) (1). The emphasis there has been on a full boiling
-point range of liquid product, from treatment at temperatures 
between 385 and 425°C and hydrogen pressures of 140 to 200 bars. 

In this Laboratory, several potential liquid-phase treating 
agents have been studied at 225-275°C--that is, at temperatures 
well below 325°C, which appears to be the initiation temperature 
for pyrolysis of the coals studied here. Working with Wyodak 
coal in a ZnCl2-water melt at 250°C, Holten and coworkers (2,3) 
discovered that addition of tetralin increased the pyridine 
solubility of product to 75%, compared to 25% without tetralin. 
About 10 wt-% of water is required in the melt, because pure 
ZnCl2 melts at 317°C. 

We have now found that replacing water in the melt by 
methanol leads to large increases in pyridine solubility of 
product from the treatment, even without tetralin addition. In 
this paper we characterize the effects of temperature, time, 
hydrogen pressure, reaction stoichiometry, and addition of 
various inorganic and organic additives. Because oxygen removal 

1 Present Address: Chevron Research Co., Box 1627, Richmond, CA 
94804. 

0-8412-05 87-6/80/47-139-227$05.00/0 
© 1980 American Chemical Society 
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228 COAL LIQUEFACTION FUNDAMENTALS 

from the coal occurs i n p a r a l l e l with s o l u b i l i z a t i o n , we conclude 
that s c i s s i o n of ether-type C-0 bonds i s the primary chemical 
reaction i n either s o l u b i l i z a t i o n or liquefaction of sub-
bituminous coal. 

Experimental Procedures 

The experiments were performed i n a 600-ml Hastelloy Β 
s t i r r e d Parr autoclave f i t t e d with a 300-ml glass l i n e r . 275 gm 
of ZnCl 2 (97+% pure from Matheson, Coleman, and Bell) was loaded 
into the l i n e r with the selected amount of methanol (Mallinkrodt 
reagent-grade) and heated to about 150°C. At this time, 50 gm of 
undried Roland seam Wyodak coal (-28 + 100 mesh) and, for some 
runs, cosolvents were added to the melt. The autoclave was 
closed, purged with hydrogen, and pressurized, so that i t would 
reach the desired hydrogen pressure at reaction temperature. The 
contents were heated approximately 10°C/min with s t i r r i n g u n t i l 
the run temperature was reached. After reaction for a specified 
period, the autoclave was immersed i n a cold-water bath, de-
pressurized, and opened, and the contents were dumped into 2 1. of 
cold water. The coal was then washed i n a Buchner funnel with 
6 1. of d i s t i l l e d water at 90°C, and dried to constant weight i n 
a vacuum oven at 110°C under 50 m i l l i b a r s of nitrogen. Some runs 
were s p l i t after water quenching; i n these, half of the product 
was washed with d i l u t e HC1 before hot-water r i n s i n g . 

A weighed portion of dried product (referred to as melt-
treated coal, MTC) was extracted to exhaustion sequentially with 
benzene and pyridine i n an atmospheric Soxhlet apparatus. The 
extracts and residue were dried and weighed to determine the 
s o l u b i l i t y of the MTC. 

In addition to knowing the t o t a l MTC s o l u b i l i t y , i t was 
important to determine the amount of methanol or other solvent 
retained by the MTC. This quantity, the incorporation r a t i o (R, 
gm incorporated organic material/gm coal-derived organic 
material), was determined by a carbon balance on the reaction. By 
assuming that any solvent retained i n the dried MTC i s pyridine-
soluble, and subtracting i t from the t o t a l dissolved material, the 
minimum s o l u b i l i t y of the coal-derived material may be calculated. 
This quantity, the corrected s o l u b i l i t y , i s an indicator of the 
true s o l u b i l i z i n g effect on the coal by the particular run con
d i t i o n s . 

Hydrogen consumption was measured by monitoring pressure 
drops, and analyzing product gases i n some runs. Additional 
details on the experimental methods employed are available else
where (4) . 
Results 

Effect of Reaction Conditions on S o l u b i l i t y . E a r l i e r re
sults (3) suggested investigation of the ZnCl 2-methanol system as 
a coal-liquefaction medium based on high product s o l u b i l i t y , low 
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12. SHiNN AND VERMEULEN High-Yield Coal Conversion 229 

incorporation, and r e l a t i v e l y low cost of methanol. 
Of primary concern were the effects of temperature, pressure, 

time, and methanol amount on the s o l u b i l i z i n g a c t i v i t y of the 
melt. Figure 1 presents the effect of hydrogen pressure and 
temperature on corrected s o l u b i l i t y . At 60 min reaction time 
with 50 gm of methanol, the s o l u b i l i t y i s roughly l i n e a r with 
hydrogen p a r t i a l pressure. Even at 225°C there i s s i g n i f i c a n t 
conversion, with 800 psig producing 40% MTC s o l u b i l i t y compared 
to 12% for the raw coal. By 275°C, conversion i s rapid with 
nearly t o t a l s o l u b i l i t y i n one hour at hydrogen pressures as low 
as 200 psig. 

As shown i n Figure 3, s o l u b i l i z a t i o n roughly conforms to 
fi r s t - o r d e r k i n e t i c s , where rate = k[unconverted coal]. Rate 
constants of 3 χ 10"^ and 1 χ 10""1 min""1 are found for 250° and 
275°C respectively, with nearly t o t a l conversion i n less than 30 
minutes at the higher temperature. Although negl i g i b l e reaction 
takes place with heatup to 250°C (so-called "zero" time), con
siderable reaction occurs i n the few minutes of heatup between 
250° and 275°C. During this period, s o l u b i l i t y r i s e s 20%, 
incorporation approaches i t s maximum extent, and the H/C r a t i o 
drops to 0.75. 

Effect of Reaction Conditions on Incorporation. In addition 
to improving s o l u b i l i z i n g a c t i v i t y , i t i s desirable to l i m i t the 
amount of methanol retained by the MTC. Table 1 shows that there 
i s no s i g n i f i c a n t effect of temperature on methanol incorporation 
at 800 psig, but a rapid r i s e i n incorporation above 250°C at 
200 psig hydrogen. Also, there i s no trend i n incorporation with 
time at 275°C, but a strong increase of incorporation with time 
at 250°C. As seen i n Figure 4, there i s less incorporation with 
25 gm methanol than with 50 gm, and a leveling off of incorpora
tion at higher hydrogen pressures. 

Hydrogen-to-Carbon Ratios. An indicator of the quality of 
the MTC i s the hydrogen-to-carbon r a t i o (raw coal H/C = 0.98). 
Figure 5 shows the effects of methanol amount and hydrogen 
pressure on the H/C r a t i o of the coal-derived portion of the MTC 
(Actual H/C rati o s were corrected by subtracting the hydrogen i n 
incorporâted-CH^ groups.). Higher hydrogen pressures result i n 
higher H/C rat i o s regardless of methanol amount; higher methanol 
amounts produce lower H/C r a t i o s . As seen i n Figure 6, there i s 
an i n i t i a l drop i n H/C ratios during the early stages of reaction, 
followed by a slow r i s e . This i n i t i a l drop i s larger and the 
subsequent r i s e more rapid at 275°C than at 250°C. 

Effect of Additives. Table 2 l i s t s the results of runs i n 
which inorganic additives were used i n the ZnC^-MeOH melt. 
Addition of 5 mole % ZnO had l i t t l e effect on s o l u b i l i t y and pro
duced a surprising r i s e i n H/C r a t i o of the MTC. The addition of 
1 gm Zn powder had l i t t l e effect i n s o l u b i l i t y , but s l i g h t l y 
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230 COAL LIQUEFACTION FUNDAMENTALS 

Figure 1. Effect of hydrogen pressure and temperature on corrected total solu
bility: 273 g ZnCl2, 50 g coal, 50 g CH3OH; 60 min. 

Figure 2. Effect of methanol charge and hydrogen pressure on corrected total 
solubility: 273 g ZnCh, 50 g coal; 250°C; 60 min. 
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SHINN AND VERMEULEN High-Yield Coal Conversion 231 

Figure 3. Effect of run time on corrected total solubility at 250°C and 275°C: 
273 g ZnCh, 50 g coal 50 g CH3OH; 800 psig H2. 

Figure 4. Effect of hydrogen pressure and methanol charge on incorporation 
ratio: 273 g ZnCl2, 50 g coal; 250°C; 60 min. Methanol: (V), 25 g; (A), 50 g. 
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Figure 6. Effect of run time on atomic H/C ratio at 250°C and 275°C: 273 g 
ZnCl2> 50 g coal, 50 g CH,OH; 800 psig H2. 
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Table 1. Effect of Operating Variables on Incorporation of 
Methanol and on Corrected H/C Ratios C273 g ZnCl 2, 
50 g Wyodak coal) 

Average of rep l i c a t e runs. 
2Based on coal organics. 
^Corrected for incorporation. 

CH30H 
(gm) 

H2 
(psig) 

Temp 
(°C) 

Time 
(min) 

Corrected Retained 
S o l u b i l i t y CH OH 

(%,daf) (gm/gmr 

Atomic 
H/C 
Ratio 

50 0 250 60 57.3 1 0.31 0.53 
200 67.4 1 0.16 0.81 
500 70.3 1 0.19 0.78 
800 85.0 1 0.18 0.85 

25 200 54.8 0.16 0.70 
800 73.6 0.05 0.96 

50 800 250 0 13.2 0.05 0.92 
30 53.7 0.16 0.82 

275 0 35.8 0.16 0.74 
30 100.0 0.21 0.78 

200 225 60 26.4 0.12 0.83 
800 40.0 0.11 0.88 
200 275 95.6 0.32 0.72 
800 99.1 0.17 0.86 

Retention 
per Unit 
S o l u b i l i t y 

0.60 
0.20 
0.25 
0.22 
0.28 
0.07 
0.35 

28 
45 
21 
45 

0.27 
0.33 
0.17 

Table 2. Effect of Inorganic Additives to ZnCl 2-Methanol Melt. 
273 gm ZnCl 2; 50 gm MeOH: 50 gm coal; Τ = 250°C; 
t = 60 min. 

Additive 
(gm) 

H2 
(psig) 

Corrected 
S o l u b i l i t y 
(%, daf) 

Retained CH30H 
(gm/gm coal 
organics) 

Corr. 
Atomic 
H/C 

HC1 (100 psig) 500 100.0 0.16 0.84 
ZnO (9.0) 3 500 69.2 0.11 1.10 

Zn (1.0) 500 73.6 0.15 0.86 
CdCl 2 (38.5) 1 200 44.3 0.16 0.76 
SnCl 2 (42.1) 2 200 0.0 0.19 0.55 
None** 500 70.3 0.18 0.79 
None3 200 67.3 0.17 0.76 

11.4 gm water present with CdCl^. 
2 
36.0 gm water present with SnCl 9. 

JAverage of two repl i c a t e runs. 
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234 COAL LIQUEFACTION FUNDAMENTALS 

increased the H/C r a t i o . HC1, added to 100 psig pressure, while 
producing t o t a l s o l u b i l i t y , had l i t t l e more effect than a d i l u t e 
HC1 wash. The hydrated chlorides of t i n and cadmium resulted i n 
reduced y i e l d s . 

Solvent additives to the melt (Table 3) f a l l into two 
categories: extractive and reactive. The extractive solvents 
(decane, perchloroethane, o-dichlorobenzene, and pyrrolidine) had 
negligible effect on s o l u b i l i t y , possibly due to the pr e f e r e n t i a l 
wetting of the coal by the solvent and exclusion of the ZnCl 2 

melt. Reactive solvents (anthracene o i l , indoline, cyclohexanol, 
and t e t r a l i n ) a l l incorporated strongly. Donor solvents, 
t e t r a l i n and indoline, increase the "corrected" s o l u b i l i t y , where
as anthracene o i l and cyclohexanol have negli g i b l e ef f e c t . 

Effect of Product Wash. For several runs, the product 
s l u r r i e s were divided after water quenching of the MTC, and 15 ml 
HC1 was added to the cold water wash. Figure 7 shows the 
increase i n benzene and t o t a l MTC s o l u b i l i t y as a result of the 
HC1 wash. Acid-washing produces t o t a l pyridine s o l u b i l i t y from 
a 65% soluble water-washed MTC. The effect of acid washing on 
benzene s o l u b i l i t y i s less marked, with a maximum increase of 
10-15% when the water-washed benzene s o l u b i l i t y i s 25%. The 
maximum benzene s o l u b i l i t y with either water or acid wash i s 40%. 

In some runs, a preliminary benzene wash was necessary to 
make the MTC s u f f i c i e n t l y hydrophilic to allow removal of the 
ZnCl 2. The amount of s o l u b i l i z e d material from the wash was 
added to the benzene Soxhlet y i e l d , to give the t o t a l benzene 
s o l u b i l i t y . As seen i n Figure 8, r e l a t i v e to water-washed MTC, 
benzene-washed MTC has higher benzene s o l u b i l i t y with the same 
t o t a l s o l u b i l i t y , whereas HCl-washed MTC has higher t o t a l 
s o l u b i l i t y with the same benzene s o l u b i l i t y . 

Oxygen Recovery and S o l u b i l i t y . E a r l i e r work with the ZnCl 2 

H 20-system (3) had revealed a correlation between the oxygen 
recovery and the s o l u b i l i t y of the MTC. There proved to be a 
similar relationship i n the ZnCl 2-methanol system, as well as a 
separate relationship for acid-washed runs (Figure 9). Con
ditions of temperature, hydrogen pressure, reaction time and 
stoichiometry did not affect the relationship for a par t i c u l a r 
solvent, whereas additional solvent produced skew points 
supporting the conclusion that the relationship i s solvent 
dependent. Acid washing produces increased s o l u b i l i t y without 
affecting oxygen removal. 

Discussion 

Figure 10 shows the sequence of chemical and physical 
effects leading to coal s o l u b i l i z a t i o n under mild conditions. 
The f i r s t step i n the conversion involves catalyst-coal con
tacting; a slow rate of contacting may l i m i t the effective 
r e a c t i v i t y of the c a t a l y t i c medium. The nature of the 
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Ί—I 1—I 1—I 1—I r 

H 20 Wash Solubility (%) 

Figure 7. Effect of acid wash on solubilities compared with water wash: 273 g 
ZnCl2, 50 g coal Total solubility is the sum of benzene solubility and incremental 

pyridine solubility. 

Total Solubility (%) 

Figure 8. Relations between benzene solubility and total (pyridine) solubility: 
273 g ZnCh, 50 g coal Wash: (M), benzene; (V), H20; (·), HCl 
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Figure 9. Recovery of oxygen plus sulfur in product, relative to total solubility: 
273 g ZnCl2, 50 g coal. 

UNREACTED COAL IMMERSED IN CATALYST 

Catalyst Penetration 

UNREACTED COAL IN CONTACT WITH CATALYST 

Solvent Action 

EXTRACTED PRODUCT COAL 

Figure 10. Sequence of reactions leading to solubilization of coal under mild 
reaction conditions 
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Table 3. Effect of Solvent Additives i n the ZnCl 2-Methanol Melt. 
273 gm ZnCl 2; 50 gm MeOH; 50 gm coal; Τ = 250°C; t = 
60 min. 

Solvent 
(gm) 

n-Decane (50) 
C 2C1 6 (50) 

o-Cl 2-benzene (60) 
Pyrrolidine (10.5) 
Cyclohexanol (10) 
Anthracene O i l (10) 
T e t r a l i n (10) 
Indoline (10) 
Methanol only 

. Corrected 
2 S o l u b i l i t y 

(psig) (%, daf) 
250 41.4 
200 40.5 
200 33.5 
500 65.6 
200 68.7 
250 73.7 
200 77.4 
500 81.5 
500 70.3 

Total Retained 
Solvents (gm/ 
gm coal organics) 

0.19 
0.43 
0.16 
0.13 
0.39 
0.77 
0.65 
0.27 
0.18 

organic material i n coal indicates that a reaction medium having 
a polar-organic character should be best able to penetrate the 
coal. Alcohols and phenols would appear desirable, p a r t i c u l a r l y 
lower-molecular-weight alcohols which penetrate smaller pores. 
Methanol i s l i k e l y to be important i n aiding the ZnCl« penetra
tion; extractive solvents may interfere by blocking the pores. 

The second step involves coal activation. The r e l a t i v e 
a b i l i t y of different media to s p l i t reactive crosslinkages of the 
coal i s a c r u c i a l factor i n obtaining conversion. The reactive 
crosslinks appear to be primarily ether bonds and a l i p h a t i c 
linkages, with suitably substituted neighboring aromatic centers 
(.5,6). Work i n these laboratories has shown that ZnCl 2 i s an 
active catalyst for cleavage of these crosslinks (5,9). Addition 
of methanol may enhance this a c t i v i t y , whereas excessive solvent 
appears to d i l u t e the catalyst. 

Following activation, the cleaved weaker bonds must be 
properly "capped" to prevent polymerization to char. Several 
mechanisms are available for such capping. F i r s t hydroaromatic 
structures i n the coal may exchange hydrogen with the reacted 
fragments, as noted by Whitehurst e t a l . ( 8 ) . This type of donation 
may result i n a net lowering of H/C r a t i o of the product as 
hydrogen i s l o s t forming water upon oxygen removal. Two sources 
of external hydrogen are also available: donor solvents, and gas-
phase hydrogen. The contribution of gas-phase hydrogen i s 
normally small, but there i s promise for enhancement of this 
effect through the use of additives with hydrogénation a c t i v i t y . 
F i n a l l y , capping may occur without hydrogen, by alkylation, or by 
alkoxylation with subsequent oxygen removal, Methanol appears 
important i n this step, as i t s presence may prevent crosslinking 
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subsequent to ZnCl^ attack. 
As s o l u b i l i z a t i o n may be impeded by i n a b i l i t y of the 

catalyst to reach the reactive s i t e s i n the coal structure, a 
f i n a l process of solvation and removal of products by the 
reaction medium may play an important r o l e . A medium which 
enhances physical disruption of the coal may enhance r e a c t i v i t y 
by increasing the reactant surface area, promoting i n t r a -
particular mass transfer, or making the i n i t i a l products mobile 
for hydrogen shuttling and donation. Scanning electron micro
graphs of coal show that methanol addition causes massive 
physical changes i n the coal p a r t i c l e s , presumably enhancing 
phase contact and removing product during reaction so as to 
expose unreacted coal (7). 

The effect of HC1 washing i n improving pyridine s o l u b i l i t y 
may be explained i n two ways. F i r s t , acid-base pairs may be 
dissociated by this wash, yielding two pyridine-soluble fragments 
from a pyridine-insoluble pair. Second, bivalent zinc ion may 
serve as a bridge between two high-molecular-weight fragments i n 
the coal; such a bridged structure would be cleaved by HC1 
washing, producing ZnCl 2 and two fragments. Whether acid-base 
dissociation, zinc-bridge cleavage, or some other mechanism i s 
responsible for the observed increase i n s o l u b i l i t y awaits 
further experimentation. 

Comparison with Current Processing Techniques. It i s 
appropriate to compare ZnCl 2~ methanol catalyzed coal conversion 
with conventional thermolytic processing. Figure 11 presents i n 
schematic form the conversion of coal to various products under 
different processing conditions. Pyrolytic processing, at 400-
450°C, causes cleavage of many bonds i n rapid succession. 
D i s t i l l a b l e products may be formed d i r e c t l y i n this manner, but 
the rapid rate of bond cleavage generally does not allow suitable 
capping, and s i g n i f i c a n t quantities of char and gas are produced 
from condensation and fragmentation of the activated coal. 
Overly active catalysts (e.g., concentrated H2S0^, or AICI3) tend 
to give similar results. 

In e f f o r t s to l i m i t the side reactions, conventional 
processes u t i l i z e diverse methods of activating hydrogen, along 
with lower reaction temperatures (375-450°C). This moderate 
activation i n i t i a l l y produces a depolymerized coal product 
consisting of mostly preasphaltenes, with some asphaltenes and 
o i l s ; the t o t a l product has reduced nitrogen, sulfur, and oxygen 
levels r e l a t i v e to the o r i g i n a l coal. This product may be used 
as a clean-burning b o i l e r f u e l , or may be reactivated by 
catalysts or hydrogen-rich recycle solvents to y i e l d d i s t i l l a b l e 
products. Some char and gas formation s t i l l accompanies the 
moderate activation and reactivation steps, although s i g n i f i 
cantly less than i s formed by intense activation. 

Our new c a t a l y t i c route u t i l i z e s a mobile catalyst to 
contact the coal and perform the activation at s t i l l lower 
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UNREACTED COAL 

Mobile Selective 
Catalysts, 
Τ < 325 eC 

Donor Solvents 
T = 375-450 e C 

Τ > 450 e C, or 
Active Mobile 
Catalysts with 

T< 325 e C 

Γ " 
Mild Activation With 

I Capping (Etheric | 
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Figure 11. Sequential conversion of coal to distillable products, char, and gas 
under alternate reaction conditions 
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Figure 12. Hydrogen pressure vs. reaction temperature for hydroaromatic-aro-
matic equilibrium. Lower hydrogen pressures are needed for producing hydro-

aromatics in processing at lower temperatures. 
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temperatures, under s t i l l more controllable conditions. Suitable 
capping produces depolymerization products almost exclusively, 
avoiding the side reactions that form char and gas. Experiments 
i n this laboratory suggest that t h i s process may be extended 
(d i r e c t l y , or i n a second stage), activating less reactive s i t e s 
(C-0 bonds, and others), by using the same ZnCl2 catalyst at 
s l i g h t l y higher temperature (e.g. 300°C), with hydrogen-donor 
solvents, higher hydrogen pressures, or hydrogénation co-
catalysts . 

A thermodynamic advantage allowing the use of lower hydrogen 
pressures accrues from use of lower temperatures for coal con
version. Figure 12 shows a plot of hydrogen pressure versus 
temperature for aromatic-hydroaromatic e q u i l i b r i a (benzene to 
cyclohexane, biphenyl to phenyl cyclohexane and bicyclohexyl, 
naphthalene to t e t r a l i n and decalin, phenanthrene to tetrahydro-, 
octahydro-, and perhydro-phenanthrene (10))· The region where the 
equilibrium concentration of aromatic and hydroaromatic are equal 
i s shown as a diagonal band on the plot; the hydroaromatic form 
i s thermodynamically favored above this region, while the 
aromatic i s favored below. Thus, as the temperature i s reduced, 
less hydrogen i s needed to make dehydrogenation unfavorable. 
Since char formation results from dehydrogenation and condensa
tion, a reduction i n conversion temperature (which i s accessible 
only with l i q u i d catalysts) w i l l allow lower hydrogen pressures 
to be u t i l i z e d without threat of char formation. 

Conclusions 

We have discovered that ZnC^, i n combination with methanol, 
constitutes an active liquid-phase c a t a l y t i c medium for con
version of coal to pyridine-soluble material. There are several 
possible explanations for this effect: improved contact between 
coal and melt; higher a c t i v i t y of the ZnCl2 i n the methanol 
medium; methylation of cleaved bonds resulting i n reduced char 
formation; and extraction of the reaction products leaving the 
coal more accessible. 

S o l u b i l i z a t i o n increases almost l i n e a r l y with hydrogen 
pressure, at constant temperature and methanol charge. There i s 
a strong effect of temperature, leading to complete s o l u b i l i t y at 
275°C i n less than 30 minutes. Incorporation i s best limited by 
using lower methanol ratios and higher hydrogen pressures. 

Extractive solvents reduce the s o l u b i l i z a t i o n ; donor solvents 
increase i t , but involve incorporation. A r e l a t i o n between 
benzene and pyridine s o l u b i l i t y i s dependent on wash conditions. 
F i n a l l y , oxygen recovery and corrected s o l u b i l i t y are related, 
the relationship varying with the solvent used. 
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13 
The Effect of Coal Structure on the Dissolution 
of Brown Coal in Tetralin 

R. J. HOOPER1 and D. G. EVANS2 

Department of Chemical Engineering, University of Melbourne, 
Parkville 3052, Victoria, Australia 

To describe in fundamental terms the dissolution of coal in a 
hydrogen-donor solvent requires an experimental approach that 
allows the chemical changes that occur within the coal during 
dissolution to be discussed. This, in turn, requires a direct 
method of determining the structural features in coal before it is 
reacted. 

The solubilization of coal by using the acid-catalysed 
reaction of coal with phenol is well recognised as an effective 
means of examining coal structure. The use of this technique to 
study the structure of an Australian brown coal from Morwell, 
Victoria , has previously been described by the authors (1). In 
that work, the coal was solubilised by reacting it with phenol 
and then separated, although other subfractions were also 
isolated, into four major fractions; the f i r s t rich in 
aliphatics, the second rich in simple aromatics, the third rich in 
di-aromatics and polar groups, and the fourth rich in poly
-aromatics. These fractions can be regarded as models of 
structural types within the coal and by reacting each fraction 
separately the role played by different chemical structures 
during the hydrogenation process can be examined - allowing the 
direct study of the effect that chemical type has on the coal 
hydrogenation reaction. 

In the work now reported coal fractions derived from a 
solubilised coal were reacted individually with Tetral in, without 
any additions of catalyst or gaseous hydrogen, and the reaction 
products studied to determine the effect that chemical type had 
on the reaction. The untreated whole coal was also reacted to 
test whether phenol, present in the coal fractions as a result of 
the fractionation procedure, was having any significant effect on 
the reaction with the fractions. 

1 Current address: Liquid Fuels Trust Board, Box 17, Wellington,NZ. 
2 Current address: Centre for Environmental Studies, University 

of Melbourne, Parkville 3052, Victoria , Australia. 

0-8412-0587-6/80/47-139-245$05.00/0 
© 1980 American Chemical Society 
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246 COAL LIQUEFACTION F U N D A M E N T A L S 

Experimental 
Experimental Procedure. Morwell brown coal was s o l u b i u s e d 

by reacting with phenol, i n the presence of para toluene s u l f o n i c 
a c i d , at 1830C, and the reaction product was then separated i n t o 
four f r a c t i o n s and analysed according to procedures described 
elsewhere (1_). The s t r u c t u r a l c h a r a c t e r i s t i c s of the four 
f r a c t i o n s as determined by the present work and confirmed by 
reference to the l i t e r a t u r e (2^3) are summarised i n Table I. As 
these c h a r a c t e r i s t i c s are influenced to some extent by the 
presence of chemically combined phenol, the content of t h i s i n 
each f r a c t i o n i s also estimated. 

Approximately 3g samples of the coal f r a c t i o n s and of the 
whole coal were then reacted separately with 25 - 30 ml of t e t r a 
l i n at 450°C i n a type 316 s t a i n l e s s s t e e l , sealed r e a c t o r , 13 cm 
high by 2 cm diameter. The reactor was heated by plunging i t 
in t o a preheated f l u i d i s e d sand bath; a f t e r 4 hours i t was 
removed and quenched r a p i d l y . 

The temperature of the reaction mix was measured by a 
st a i n l e s s steel-sheathed thermocouple ins e r t e d through the 
reactor cap. Heating up and cooling down times were small 
compared with the t o t a l r eaction time. In a l l cases the free 
space i n the reactor was flushed with nitrogen before s e a l i n g , 
and the reaction proceeded under a small i n i t i a l nitrogen 
pressure. 

A f t e r r e a c t i o n , any s o l i d residue was f i l t e r e d o f f and the 
l i q u i d product was separated by d i s t i l l a t i o n i n t o a bottoms 
product and a d i s t i l l a t e that included unreacted T e t r a l i n and low-
b o i l i n g products from both the coal and the T e t r a l i n . As 
t e t r a l i n breaks down under d i s s o l u t i o n conditions to form mainly 
the t e t r a l i n isomer 1-methyl indan, naphthalene and a l k y l 
benzenes (4J i t was assumed that no compound with a higher 
b o i l i n g point than naphthalene was formed from the solvent, and 
the d i s t i l l a t i o n to recover solvent was therefore continued 
u n t i l naphthalene stopped subliming. Some residual naphthalene 
remained i n the bottoms product; i t s mass, as determined from 
nmr and elemental a n a l y s i s , was subtracted from the mass of 
bottoms product recovered and included i n the amount of 
d i s t i l l a t e recovered. I t was assumed that a l l naphthalene present 
came from the T e t r a l i n , not the c o a l . However, as the amount of 
t e t r a l i n reacted was 10 times the amount of coal t h i s 
assumption appears reasonable. 

Material formed from the coal which appears i n the d i s t i l l a t e 
i s here c a l l e d solvent-range m a t e r i a l , f o l l o w i n g the terminology 
used by Whitehurst et a l . ( 5 ) . I t s mass was estimated by mass 
balance over the material recovered from the reaction as i t could 
not be separated from the large excess of T e t r a l i n and T e t r a l i n 
breakdown products also contained i n the d i s t i l l a t e . This proced
ure includes with the mass of solvent-range material any gases 
and water formed i n the r e a c t i o n . 
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13. HOOPER A N D EVANS Dissolution of Brown Coal 247 

TABLE I. Structural Characteristics of Coal Fractions Separated from Solubilized 
Brown Coal (7) 

Fraction Mass % 
Phenol 

St r u c t u r a l C h a r a c t e r i s t i c s 

A 
A l i q u i d 
soluble i n 
pentane 

65 Mostly a l i p h a t i c material with some 
mono-aromatic parts broken o f f the coal 
by C-C cleavage. Apart from combined-
phenol i t has n e g l i g i b l e polar material, 
I t contains some free p a r a f f i n i e 
m a t e r i a l , but e x i s t s mostly as a l k y l 
phenols and a l k y l - a r y l ethers 

Β 
A l i q u i d 
i n s o l u b l e i n 
pentane but 
soluble i n 
benzene 

65 A mixture of a l k y l side chains and 
aromatic fragments, predominantly d i -
aromatic. I t e x i s t s e i t h e r as a l k y l 
phenols or as aromatic fragments 
attached to phenol by methylene bridges 
I t also contains other oxygen functiona 
groups 

C 
A p i t c h i n 
soluble i n 
benzene but 
soluble i n 
benzene/ 
ethanol 
azeotrope 

40 Consists almost e n t i r e l y of aromatic 
fragments attached to phenol by 
methylene bridges. These fragments are 
la r g e r than i n f r a c t i o n Β as they 
contain polyaromatic groups. I t has 
more oxygen functional groups than B. 

D 
A s o l i d inso
l u b l e i n 
ethanol/ 
benzene 
azeotrope 

25 Predominantly diaromatic and poly-
nuclear perhaps combined through 
naphthenic bridges, with n e g l i g i b l e 
a l i p h a t i c content. 

American Chem!caf 
Society Library 

1155 16th St. N. W. 
Washington, D. C. 20036 
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248 COAL LIQUEFACTION F U N D A M E N T A L S 

Analysis Techniques. The contents of the major breakdown 
products of t e t r a l i n (naphthalene and 1-methyl indan) present i n 
the d i s t i l l a t e were determined by g a s - l i q u i d chromatography using 
a Hewlett Packard Series 5750 Research Chromatograph with a 
62m χ 0.5mm diameter glass c a p i l l a r y SCOT column coated with non-
polar SE 30 l i q u i d phase (see Reference (4) f o r d e t a i l s ) . 

Infrared spectra of the o r i g i n a l c o a l , the o r i g i n a l coal 
f r a c t i o n s , and a l l bottoms product and residues derived from 
them were measured on a Perkin Elmer 457 Grating Infrared 
Spectrophotometer. L i q u i d samples were analysed as a t h i n f i l m 
or smear. S o l i d samples were prepared as a KBr d i s c containing 
approximately 0.3% by weight sample. The d i s c was prepared by 
grinding the KBr mixture f o r 2 minutes i n a tungsten carbide TEMA 
grinding b a r r e l , drying f o r 24 h i n a vacuum desiccator over 
phosphorus pentoxide, then pressing i n t o a d i s c at 10 tons f o r c e , 
at room temperature, but under vacuum. 

Proton nmr spectra of f r a c t i o n s A, Β and C and a l l bottoms 
products were recorded on a Varian HA lOOnmr spectrometer using 
a s o l u t i o n of the sample dissolved i n pyridine - d s . Spectra were 
run at room temperature with t e t r a methyl s i lane (TMS) as an 
int e r n a l standard, with a sweep width of 0 to 1000 cps from TMS. 
Fraction D and the whole coal were only p a r t l y soluble i n 
pyri d i n e and i t was therefore not pos s i b l e to get representative 
spectra from them. 

Carbon, hydrogen and oxygen contents of the o r i g i n a l c o a l , 
o r i g i n a l f r a c t i o n s , bottoms and residues were determined 
m i c r o a n a l y t i c a l l y by the CSIR0 M i c r o a n a l y t i c a l Service. Ash 
contents of samples were determined i n a standard ashing oven (6). 
Phenolic and ca r b o x y l i c oxygen contents were measured by the 
State E l e c t r i c i t y Commission of V i c t o r i a using techniques 
developed by them f o r brown coals (7). 
Results 

Recovery of Coal Material from the Reaction with T e t r a l i n . 
The y i e l d s of the d i f f e r e n t products from the reactions of the 
various f r a c t i o n s with t e t r a l i n are summarised i n Table I I . 

These y i e l d s are also given on the basis of 100 g of 
o r i g i n a l dry coal before f r a c t i o n a t i o n . The bottom l i n e of the 
table shows the mass of each f r a c t i o n obtained from 100 g of dry 
c o a l . For every 100 g of o r i g i n a l dry coal an ad d i t i o n a l 100 g 
of extraneous material was present. Elemental balances and 
other evidence (1) showed t h i s to be made up almost e n t i r e l y of 
phenol chemically combined with the coal material, with traces 
present of residual solvent associated with the f r a c t i o n s as a 
r e s u l t of the coal preparation and f r a c t i o n a t i o n scheme. Note 
that with f r a c t i o n s A and Β no s o l i d residue was obtained. 

The amount of residue recovered from the other two f r a c t i o n s 
i s almost the same as that recovered from the whole-coal reaction, 
suggesting that the combined phenol and residual solvent end up 
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13. HOOPER A N D EVANS Dissolution of Brown Coal 249 

completely i n the bottoms product and solvent-range product. 
TABLE II 

Yields of Ori g i n a l Coal Fractions and t h e i r Products of Reaction 
with T e t r a l i n , g/100g O r i g i n a l Dry Coal. 

Comp
onent 

Frac t i o n Whole 
Coal 

Comp
onent 

A Β ! c D Compo
s i t e 

Whole 
Coal 

Xof g/100g 
f r a c - dry 
t i o n coal 

Xof g/100g 
f r a c - dry 
t i o n coal 

Xof g/100g 
f r a c - dry 
t i o n coal 

Xof g/100g 
f r a c - dry 
t i o n coal 

g/100g 
dry 
coal 

g/100g 
; dry 

coal 

bottoms 47 13 56 37 37 29 30 9 88 46 
residue 0 0 0 0 27 21 61 17 38 40 
solvent 
range 53 15 44 29 36 28 9 2 74 14 
t o t a l 
f r a c t 
ion 100 28 100 66 100 78 100 28 200 100 

ι .. 

Composition of the Coal Products. Table I I I shows elemental 
compositions of the o r i g i n a l coal f r a c t i o n s , the s o l i d residues 
and the bottoms products, together with the portions of the t o t a l 
oxygen present i n the o r i g i n a l f r a c t i o n s as phenolic and 
car b o x y l i c groups. Because of d i l u t i o n with combined phenol and 
residual solvent the composite a n a l y s i s of the o r i g i n a l f r a c t i o n s 
has higher carbon and lower oxygen contents than the o r i g i n a l 
whole c o a l . 

As expected, both the bottoms products and the residues, 
where formed, have s u b s t a n t i a l l y higher carbon and lower oxygen 
contents than the o r i g i n a l f r a c t i o n s , but whereas i n the bottoms 
products the hydrogen contents have increased, i n the residues 
they are reduced. The bottoms products, i n c l u d i n g that from the 
whole c o a l , are remarkably s i m i l a r i n composition to each other. 
Lkkewise the residues are s i m i l a r i n composition to each other. 

Figure 1 shows representative i n f r a r e d spectra f o r the 
f r a c t i o n s before reaction and f o r bottoms products and residues. 
Although there were considerable d i f f e r e n c e s i n the spectra of 
the four o r i g i n a l f r a c t i o n s the spectra obtained f o r t h e i r 
bottoms products were quite s i m i l a r . The spectra show that 
s i g n i f i c a n t amounts of a l i p h a t i c material (2850 and 2920 cm -1) 
are present i n the bottoms. An aromatic content i s i n d i c a t e d by 
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TABLE III. Composition of the Fractions and Their Reaction Products, Mass %. 
N.D. Means Not Determined (in the Case of the Residue from Fraction C Insuffi
cient Sample Was Available for an Ash Determination). Note That the Method for 
Backing Out Naphthalene from the Bottoms Involves Normalizing the Composition 

to C + Η + Ο = 100%. 

F r a c t i o n Whole 
A Β C D :omposite Coal 

o r i g i n a l 
f r a c t i o n 
C 76 74 69 71 72 63 
Η 7 6 5 4 5 5 
0 phen

o l i c 4 4 3 6 4 5 
0 carb

o l i c 0 1 3 2 2 5 
0 t o t a l 17 16 21 18 18 25 
ash - - 2 3 2 4 
unacc
ounted 1 4 3 4 3 3 

residue 
C 89 86 88 85 
Η 4 4 4 4 
0 3 3 3 3 
ash N.D. 7 N.D. 8 
unacc
ounted N.D. 0 N.D. -2 

bottoms 
C 86 83 86 83 85 85 
Η 7 7 7 7 7 8 
0 7 10 7 10 8 7 
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Figure 1. 1R spectra for typical fractions and their products 
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the aromatic C-H st r e t c h i n g v i b r a t i o n at 3030 cm-1, but t h i s i s 
due i n p a r t , at l e a s t , to residual naphthalene and to phenol 
combined with the o r i g i n a l f r a c t i o n . Absorption at 3400 c n r 1 

(due to hydrogen bonded OH), present both i n the coal f r a c t i o n s 
and the coal before r e a c t i o n , has almost disappeared i n the 
products from the coal f r a c t i o n s . The absorption does s t i l l 
occur i n the bottoms product from the whole c o a l , although i t i s 
g r e a t l y reduced. 

The spectra of the bottoms products show that absorption due 
to carbonyl groups (at 1700 cm-1) and the broad absorption i n the 
region 1000 - 1200 cm-1 due to oxygen functional groups, both 
normally present i n c o a l , are no longer present, i n d i c a t i n g , as 
would be expected, that functional groups are destroyed during 
the r e a c t i o n . The absence of a large hydrogen-bonded 0H peak at 
3400 cm"1 i n d i c a t e s that the remaining oxygen absorption at 
1250 cm~l i s n o t due p r i m a r i l y to phenol. This absorption may 
be due to ether, but t h i s assignment i s by no means c e r t a i n , as 
normally ether absorption i n t h i s region i s broad whereas the 
spectra show sharp absorptions. 

A l i p h a t i c material s t i l l remains i n the residue from the 
whole c o a l , but i s v i r t u a l l y eliminated i n the residue from 
f r a c t i o n C. The absorption at 1170 cm~l i n the spectra of both 
residues may be due to benzofuran type structures ( 8 ) , but i t i s 
f e l t that the strong absorption i n the region 1000 - 1200 cm-1 
may have been enhanced by the presence of s i l i c a , a major 
component of the ash content i n t h i s c o a l . 

Table IV shows the proton r a t i o s obtained from the nmr 
spectra on the o r i g i n a l f r a c t i o n s A, Β and C and a l l the bottoms 
products. The proton r a t i o s f o r the bottoms products have been 
adjusted to eliminate absorptions due to residual naphthalene. 
Note that the o r i g i n a l f r a c t i o n s contained hydrogen present from 
combined phenol. Most of t h i s hydrogen appears as monoaromatic 
hydrogen, but when the phenol-0H i s s t i l l i n t a c t , one proton w i l l 
appear as OH hydrogen. 

The nmr analyses of the bottoms products given i n Table IV 
show the material to have a large a l i p h a t i c content. The 
aro m a t i c / a l i p h a t i c r a t i o s of the f r a c t i o n s are higher than f o r 
the whole coal because of the presence of combined phenol; 
reaction with T e t r a l i n reduces these r a t i o s considerably, 
presumably by t r a n s f e r of much of t h i s material to the solvent-
range product, but some of i t must remain i n the bottoms as the 
a r o m a t i c / a l i p h a t i c r a t i o of the composite bottoms product from 
the f r a c t i o n s i s higher than that from the whole c o a l . I t was 
not possible to c a l c u l a t e the c o n t r i b u t i o n that the d i l u e n t s , 
excess solvent and combined phenol, made to the aromatic H, but 
the large monoaromatic content of the bottoms product must be due, 
i n p a r t , to these. 

The remarkable feature i n Table IV i s that a f t e r the spectra 
have been adjusted f o r naphthalene, none of the bottoms products 
show the diaromatic or polyaromatic material which were present 
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254 COAL LIQUEFACTION FUNDAMENTALS 

i n the o r i g i n a l m a t e r i a l s . I t i s possible that the presence of 
naphthalene i d e n t i f i e d i n the product may have masked any 
absorptions from diaromatic species present i n the m a t e r i a l , 
however, the nature of the spectra allowed the presence of 
naphthalene to be r e a d i l y accounted f o r and any possible c o n t r i b 
ution from diaromatics i s considered small. In the case of 
f r a c t i o n s C and D one might expect the diaromatic and polyaromatic 
material to end up i n the s o l i d residue, but i n the reactions of 
f r a c t i o n A and e s p e c i a l l y with f r a c t i o n B, where a large 
diaromatic content existed before r e a c t i o n , no residue was 
formed, thus suggesting that aromatic rings must be broken during 
the r e a c t i o n . In a d d i t i o n , none of the OH hydrogen present i n 
the o r i g i n a l coal f r a c t i o n s appears i n the bottoms product. 

The solvent-range product was not separately analysed as i t 
was not able to be separated from the recovered solvent i n the 
d i s t i l l a t e . However, GLC examination of the d i s t i l l a t e i n d i c a t e d 
that the solvent-range product was derived mainly from a l i p h a t i c 
side chains i n the coal (9). Note that v i r t u a l l y no solvent-
range product was derived from f r a c t i o n D. 

Naphthalene and 1-methyl indan contents i n the d i s t i l l a t e 
were determined i n order to c a l c u l a t e the amount of hydrogen 
tran s f e r r e d to the coal material from the solvent. The hydrogen 
tran s f e r r e d to each f r a c t i o n has been c a l c u l a t e d i n Table V i n 
terms of 100 g of the o r i g i n a l coal before f r a c t i o n a t i o n and t h i s 
shows a composite value of hydrogen t r a n s f e r r e d to the whole coal 
of 9.5 g/100g of o r i g i n a l coal compared with 3.6 g/100g of 
o r i g i n a l coal when measured d i r e c t l y from a reaction of the whole 
c o a l . When adjusted f o r the amount of hydrogen that would be 
consumed by chemically attached phenol present i n the f r a c t i o n a 
ted material the c a l c u l a t e d composite value reduces to 7.1 g/100g 
of o r i g i n a l c o a l ; s t i l l well above the hydrogen t r a n s f e r r e d to 
the unfractionated c o a l . I t i s thus apparent that the 
f r a c t i o n a t i o n procedure has enhanced the hydrogen t r a n s f e r 
process, presumably by providing a d d i t i o n a l s i t e s f o r hydrogen 
t r a n s f e r to the c o a l . Further, when adjusted f o r the masses of 
chemically combined phenol present i n the i n d i v i d u a l f r a c t i o n s , 
the weight of hydrogen t r a n s f e r r e d per 100 g of coal material 
contained i n each f r a c t i o n (as shown i n Table V) i n d i c a t e s that 
hydrogen t r a n s f e r to the coal occurs to the greatest extent to 
that part of the coal represented by f r a c t i o n C. This f r a c t i o n 
contains the greatest content of oxygen fun c t i o n a l groups. 
Discussion 

The E f f e c t of Phenol. Three types of phenol compounds have 
been i d e n t i f i e d i n the f r a c t i o n s derived from the product of the 
phenol a t i o n reaction (1,2): a l k y l phenols and a l k y l - a r y l ethers, 
both formed by combining phenol with a l k y l side chains cleaved 
from the coal molecule, and compounds made up of aromatic 
fragments attached to phenol by a methylene bridge, formed by 
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256 COAL LIQUEFACTION F U N D A M E N T A L S 

cleaving a r o m a t i c - a l i p h a t i c linkages i n the coal and exchanging 
the aromatic structures with phenol. For the hydrogénation of 
coal f r a c t i o n s separated from the phenolated product to simulate 
the hydrogénation of the whole coal the removal of coal fragments 
from the coal molecule during the phenolation reaction must 
involve s i m i l a r C-C cleavage processes as would occur by the 
thermal breakdown of coal during a hydrogénation r e a c t i o n . For 
example, one would expect a l k y l side chains to be cleaved o f f 
under hydrogénation co n d i t i o n s , i n much the same way as has been 
seen to occur i n the phenolation r e a c t i o n . Moreover, other 
workers have shown that the molecular weights of coal fragments 
from the phenolation reaction are i n the region 300 - 1000 (3) 
which i s the same molecular weight range as f o r products from a 
coal d i s s o l u t i o n reaction (4). Thus, both processes, one 
invo l v i n g C-C cleavage by phenolation, the other by thermal 
breakdown, produce coal fragments of the same s i z e . The 
hydrogénation of the coal fragments can therefore be considered to 
simulate the reaction of the whole c o a l , providing appropriate 
allowance i s made f o r the movement of the phenol groups themselves. 

The Nature of the Products. The composition of the bottoms 
products from the various reactions were a l l s i m i l a r , regardless 
of the o r i g i n a l m a t e r i a l . Elemental composition ranged from 83.3% 
to 86.4% carbon, from 6.6% to 7.2% hydrogen, and from 6.7% to 
10.1% oxygen. Infrared and nmr an a l y s i s showed the material to 
contain a s i g n i f i c a n t a l i p h a t i c content, with hydrogen bonding i n 
the product almost destroyed. The large monoaromatic hydrogen 
content of the bottoms product (see Table IV) must be due i n part 
to hydrogénation products of combined-phenol remaining from the 
d i s s o l u t i o n r e a c t i o n . The c o n t r i b u t i o n of aromatic H due to the 
dil u e n t s i n the bottoms product was not able to be measured as 
hydrogénation products from the combined-phenol w i l l also end up 
in the solvent-range m a t e r i a l . 

S i m i l a r l y , t h e residues which appear as a carbon-rich material 
with very l i t t l e oxygen, were a l l a l i k e . Their elemental 
compositions ranged from 86.1% to 89.3% carbon, 3.8% to 4.2% 
hydrogen, and 2.6% to 2.9% oxygen. The material i s mainly 
aromatic with perhaps some benzofuran type s t r u c t u r e s , suggesting 
that condensation reactions may be involved i n i t s formation. 
Most importantly, the s o l i d residue was shown to form only from 
f r a c t i o n s C and D. As f r a c t i o n C was completely soluble i n t e t r a 
l i n , and the reactor feed before reaction was therefore l i q u i d , 
the s o l i d material present a f t e r r eaction was, i n the case of 
f r a c t i o n C at l e a s t , not present i n the o r i g i n a l coal and must 
therefore be a product of the re a c t i o n . 

Although the usual nomenclature i n c a l l i n g t h i s s o l i d a 
"residue" has been followed, such nomenclature i s misleading i n 
terms of reaction mechanism. Some of the "residue" formed i n the 
reaction of the whole coal i s genuine unreacted residue and some 
i s a reaction product with the evidence suggesting that 
condensation reactions may be involved i n i t s formation (10). 
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13. HOOPER A N D EVANS Dissolution of Brown Coal 257 

The Coal D i s s o l u t i o n Process. The c l a s s i c view of the 
mechanism f o r the reaction between coal and a hydrogen-donor 
solvent involves the thermal breakdown of the s i n g l e carbon-
carbon bonds w i t h i n the coal to produce r e a c t i v e fragments i n the 
form of free r a d i c a l s which are then s t a b i l i s e d by hydrogen 
tran s f e r r e d from the solvent or elsewhere i n the c o a l . I f 
i n s u f f i c i e n t hydrogen i s a v a i l a b l e the aromatic fragments can 
polymerise y i e l d i n g chars or coke. Another view of coal 
d i s s o l u t i o n l e s s widely h e l d , i s that o i l i s produced from coal 
v i a reaction pathways i n v o l v i n g asphaltene intermediates (11). 

A most s t r i k i n g r e s u l t from the work described above i s that 
the composition of the bottoms product and residues from the 
d i s s o l u t i o n reaction did not depend on the chemical st r u c t u r e of 
the o r i g i n a l coal m a t e r i a l ; only t h e i r r e l a t i v e q u a n t i t i e s 
d i f f e r e d . This supports the view of a mechanism i n v o l v i n g the 
s t a b i l i s a t i o n of r e a c t i v e fragments rather than an asphaltene-
intermediate mechanism. The formation of a carbon-rich condensed 
material as a residue of the reaction and the f a c t that hydrogen 
t r a n s f e r occurred l a r g e l y to s p e c i f i c parts of the coal f u r t h e r 
supports t h i s view. 

Perhaps the greatest d i f f e r e n c e between the present work and 
more conventional work on higher-rank coals i s the important r o l e 
of the functional-group oxygen. The importance of oxygen groups 
i s s t r e s s e d , as the predominant process during the d i s s o l u t i o n 
reaction was the destruction of f u n c t i o n a l groups w i t h i n the c o a l . 
The r o l e of oxygen i n the reaction was not c l e a r l y defined by the 
present work, but qui none groups, f o r example, are thought to 
play a r o l e i n the l i q u e f a c t i o n of high-oxygen-content coals (12), 
and t h e i r effectiveness i n the free r a d i c a l a b s t r a c t i o n of 
hydrogen from hydrogen-donor compounds i s well known (13). 
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Abstract 

Four f r a c t i o n s representing chemical types present i n the 
o r i g i n a l coal were separated from a V i c t o r i a n brown coal 
s olubilised by reacting with phenol i n the presence of para 
toluene sulphonic acid c a t a l y s t . These f r a c t i o n s , plus a whole 
coal sample, were each reacted separately with t e t r a l i n  i n a 
nitrogen atmosphere f o r 4h at 450°C . Three products were 
recovered from the r e a c t i o n : a solvent-range product (material 
derived from the coal having the same b o i l i n g point range as the
 tetralin solvent) a liquid bottoms product with b o i l i n g point 
greater than the solvent, and a s o l i d residue. The s t r u c t u r a l 
features of the bottoms product and the residue from the d i f f e r e n t 
reactions were determined from elemental and spectroscopic 
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258 COAL LIQUEFACTION FUNDAMENTALS 

analysis. It was shown that the yield of the various products 
depended markedly on chemical structure within the coal. However, 
the composition of the bottoms product did not depend on the 
chemical structure of the original material. The dissolution of 
brown coal in Tetralin was best described by a free radical 
reaction involving the destruction of oxygen functional groups in 
the coal material by hydrogen transfer from the solvent. 
Condensation of aromatic coal liquids to a solid carbon-rich 
condensed material was also shown to occur under the reaction 
conditions. 
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14 
Coal Liquefaction Under Atmospheric Pressure 

ISAO MOCHIDA and K. TAKESHITA 

Research Institute of Industrial Science, Kyushu University 86, Fukuoka 812, Japan 

Liquefaction of coals has been extensively inves
tigated in the recent time to synthesize liquid fuels 
of petroleum substituent (1). The processes for lique
faction proposed are classified into three major 
groups. They are direct hydrogenation of coal under 
high hydrogen pressure, the solvent refining of coal, 
and the hydrogenation of liquid produced by dry distil
lation of coal. Among them, the solvent refining may 
be the most ski l l ful method for the largest yield of 
coal liquefaction under the moderate conditions (2). 
This process may be further subdivided into two cate
gories. First idea consists of extraction of coal 
molecules, using suitable solvents such as anthracene 
o i l or toluene under super cr i t ica l conditions (3). 
Another one depends on the moderate hydrogenation of 
coal molecule using solvents of hydrogen transfer 
ability such as hydrogenated anthracene o i l (4) and 
tetraline (5) under medium hydrogen pressure. 

The present authors studied the solvolytic lique
faction process (6,7) from chemical viewpoints on the 
solvents and the coals in previous paper (5). The 
basic idea of this process is that coals can be lique
fied under atmospheric pressure when a suitable 
solvent of high boiling point assures the ability of 
coal extraction or solvolytic reactivity. The solvent 
may be hopefully derived from the petroleum asphaltene 
because of its effective util ization. Fig. 1 of a 
previous paper (8) may indicate an essential nature of 
this process. The liquefaction activity of a solvent 
was revealed to depend not only on its dissolving 
ability but also on its reactivity for the liquefying 
reaction according to the nature of the coal. Fusible 
coals were liquefied at high yield by the aid of 
aromatic solvents. However, coals which are non
-fusible at liquefaction temperature are scarcely 

0-8412-0587-6/80/47-139-259$05.00/0 
© 1980 American Chemical Society 
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260 COAL LIQUEFACTION FUNDAMENTALS 

l i q u e f i e d with the non-reactive solvent. This f a c t 
i n d i c a t e s the importance of s o l v o l y t i c r e a c t i v i t y i n 
the l i q u e f a c t i o n such c o a l s . This conclusion c o r r e s 
ponds to the f a c t that t e t r a l i n e or hydrogenated anth
racene o i l assured the high l i q u e f a c t i o n y i e l d regard
l e s s of the c o a l ranks (4./.5) , although the processes 
require some high pressure. 

In the present study, the l i q u e f a c t i o n a c t i v i t i e s 
of pyrene, i t s d e r i v a t i v e s , and decacyclene with coals 
of several ranks are studied to a s c e r t a i n the previous 
ideas of l i q u e f a c t i o n mechanism and to develop novel 
l i q u e f a c t i o n process under atmospheric pressure. The 
coals used i n the present study are non-fusible or 
f u s i b l e at r e l a t i v e l y high temperature, and then gave 
small l i q u e f a c t i o n y i e l d with pyrene of a non-solvoly-
t i c solvent at 370°C. 

Experimental 

Coals. The coals used i n the present study are 
l i s t e d i n Table 1, where some of t h e i r p r o p e r t i e s are 
also summarized. They were g r a t e f u l l y supplied from 
Nippon S t e e l Co., Nippon Kokan Co., and National 
I n d u s t r i a l Research Laboratory of Kyushu. 

L i q u e f a c t i o n Solvents. The solvents used i n the 
present study are l i s t e d i n Tables 2 and 3. A l k y l a t e d 
and hydrogenated pyrenes were synthesized by F r i e d e l -
C r a f t s and B i r c h reduction, r e s p e c t i v e l y . D e t a i l s have 

0 been described i n another place (9). 

Procedure and A n a l y s i s . Apparatus used i n t h i s 
experiment consisted of a reactor of pyrex g l a s s ( d i a 
meter 30 mm, length 250 mm, volume 175 ml) with a s t i r 
r i n g bar and a co l d - t r a p . A f t e r 1 Ό g of co a l and 
described amount of the solvent were added i n the 
reactor, of which weight was pr e v i o u s l y raeasered, the 
reactor was heated i n a v e r t i c a l e l e c t r i c furnace under 
N2 gas flow. The temperature was increased at the rate 
of 4°C/min, and was kept at the prescribed temperature 
f o r 1 hr. The weight c a l c u l a t e d by substracting the 
weight of the reactor from the t o t a l weight was defined 
to be r e s i d u a l y i e l d (remaining c o a l and s o l v e n t ) . The 
weight of o i l and sublimed matter captured i n the trap 
was defined ' o i l y i e l d ' . The d i f f e r e n c e between the 
weight of charged substances and the residue plus o i l 
y i e l d s was defined 'gas y i e l d ' which contained the l o s s 
during the experiment. The gas and o i l y i e l d s were 
u s u a l l y l e s s than 20% under the present c o n d i t i o n s . 

The r e s i d u a l product i n the r e a c t i o n was ground 
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and s t i r r e d i n 100 ml of quinoline f o r 1 hr at room 
temperature, and f i l t e r e d a f t e r c e n t r i f u g a t i o n . This 
e x t r a c t i o n precedure was repeated u n t i l the f i l t r a t e 
became c o l o r l e s s (usually 2^4 times). The quinoline 
i n s o l u b l e (QI), thus obtained, was washed with benzene 
and acetone and then d r i e d f o r weighing. The c o l l e c t e d 
f i l t r a t e was evaporated to dryness i n vacuo and washed 
with acetone f o r weighing. The degree of the s o l v o l y -
t i c l i q u e f a c t i o n was described with two ways of expre
ssion , l i q u e f a c t i o n y i e l d (LY) and l i q u e f y i n g e f f i c i 
ency (LE), which were defined by equations (1) and (2) , 
r e s p e c t i v e l y . QI and the c o a l fed i n these equations 
were moisture and ash free (maf) weights. 

ρ s 
L i q u e f a c t i o n Y i e l d (LY) % = (1- ^ o a ^ f e d * X 1 0 0 ( 1 ) 

O I p - O I s 

Liquefying E f f i c i e n c y (LE) % = (1- ^ — ^ — ) X 100 (2) 
QI° 

Ρ s c 
where QI^, QI , and QI are weights of quinoline i n s o 
l u b l e i n the r e s i d u a l product, i n the o r i g i n a l solvent, 
and i n the heat-treated coal at the l i q u e f a c t i o n tempe
rature without any solvent, r e s p e c t i v e l y . LE may des
c r i b e the increased y i e l d of l i q u e f a c t i o n by using the 
solvent, i n d i c a t i n g i t s e f f i c i e n c y f o r the l i q u e f a c t i o n . 

Results 

L i q u e f a c t i o n of f u s i b l e c o a l at high temperature. 
The l i q u e f a c t i o n of Itmann c o a l , of which softening 
point and maximum f l u i d i t y temperature are 417° and 
465°C, r e s p e c t i v e l y , was c a r r i e d out at several tempe
ratures using decacyclene as a l i q u e f a c t i o n solvent. 
The r e s u l t s are shown i n F i g . 2, where the QI y i e l d was 
adoj^ted as a measure of l i q u e f a c t i o n extent. Because 
the s o l u b i l i t y of decacyclene i n quinoline was rather 
l i m i t t e d , the QI contained a considerable amount of 
decacyclene. L i q u e f a c t i o n of t h i s coal proceeded 
scar c e l y below 420°C of the softening temperature with 
t h i s solvent as w e l l as pyrene. Above t h i s tempera
ture, the QI y i e l d decreased sharply with the i n c r e a s 
ing l i q u e f a c t i o n temperature u n t i l the r e s o l i d i f i c a t i o n 
temperature of the c o a l . The maximum LY observed at 
t h i s temperature was estimated 67%, decacyclene being 
assumed uncharged under the conditions. Above the r e -
s o l i d i f i c a t i o n temperature, the QI y i e l d increased 
sharply. The carbonization may s t a r t . Decacyclene was 
known unreacted at 470°C i n i t s s i n g l e heat-treatment 
(10) , and i n i t s cocarbonization with some coals (11) r 

although i t i s f u s i b l e . Cocarbonization of f u s i b l e 
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Table 1 Coals and t h e i r p r o p e r t i e s 

Properties c o a l Itmann West 
Kent.14 Taiheiyo 

Proximate ash 7. ,3 12. ,8 10. 1 
an a l y s i s v o l a t i l e matter 19. 9 53. ,0 45. 9 

(wt%) f i x e d carbon 72. ,8 34. ,2 37. 7 
C 90. ,1 79. ,0 77. 8 

ultimate H 4. ,6 5. ,1 6. 0 
an a l y s i s Ν 1. ,3 1. ,7 1. 1 

(wt%) S 0. ,5 4. ,6 0. 2 
O ( d i f f ) 3. ,5 9. ,6 14. 9 
soften.temp.(°C) 417 387 

p l a s t i c i t y max.fluid.temp.(°C) 465 425 non L— 

a n a l y s i s max.fluid.(ddpm) 64 45 f u s i b l e 
f i n a l temp.(°C) 487 445 

Table 2 Coal l i q u e f a c t i o n by pyrene d e r i v a t i v e s 
(reaction temp.=370°C, solvent/coal=3/l) 

solvent n* co a l r e s i d u e ( % ) , d i s t i l a t e ( % ) 
QI QS o i l gas 

** 
L.Y. 

** 
L.E. 

West 
Kent. 

Itmann 
Taiheiyo 

85.1 9.2 0.8 4.9 17 0 
none 

West 
Kent. 

Itmann 
Taiheiyo 

97.5 
85.4 

0.0 
0.0 

0.8 
2.2 

1.7 
12.4 

3 
16 

0 
0 

pyrene 0 
West 
Kent*** 

Itmann 
Taiheiyo 

19.9 
20.4 
19.3 

69.9 
75.2 
75.0 

6.0 
3.1 
2.5 

4.2 
1.3 
3.2 

24 
23 
25 

8 
18 
11 

hydro-
pyrene 
(No.l) 

— 
West 
Kent. 

Itmann 
Taiheiyo 

7.6 
9.1 
6.3 

73.4 
79.6 
85.0 

9.6 
5.8 
4.5 

9.4 
5.5 
4.2 

80 
69 
83 

76 
68 
80 

hexyl-
pyrene 0.83 

West 
Kent. 

Itmann 
Taiheiyo 

19.3 
20.9 
19.7 

51.3 
63.1 
56.2 

12.8 
8.5 

11.8 

16.5 
7.5 

12.8 

26 
17 
25 

11 
15 
9 

propyl-
pyrene 0.85 

West 
Kent. 

Itmann 
Taiheiyo 

14.4 
14.9 
15.7 

66.3 
66.3 
65.7 

3.5 
7.2 
6.7 

16.1 
11.6 
11.9 

49 
43 
42 

38 
42 
30 

e t h y l -
pyrene 0.33 

West 
Kent. 

Itmann 
Taiheiyo 

7.6 
11.4 
13.4 

79.3 
77.8 
76.8 

12.4 
5.5 
2.9 

0.7 
5.7 
6.9 

80 
59 
52 

76 
58 
42 

**L.Y.=Liquefaction Y i e l d ( 
ciency(%) * 

% ) ; L.E.=Liquefying E f f i -
** r e a c t i o n temp.=390°C 
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10* 10* ]& 10b 

Max.Fluidity (ddpm) 

Fuel 

Figure 1. Liquefaction yields vs. maxi
mum fluidities in the fused state of coal: 
(Φ), solvent (SRC pitch benzene soluble); 
(O), pyrene; (ΦΛ no solvent. Coal .sol
vent ratio = 1:3; reaction temperature = 

390°C(&). 

Figure 2. Effect of reaction temperature on coal liquefaction yield. Coal = It
mann; solvent = decacyclene; solventxoal ratio = 3:1. 
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264 COAL LIQUEFACTION FUNDAMENTALS 

c o a l wi th decacyclene developed a homogeneous o p t i c a l 
texture i n the r e s u l t a n t coke, i n d i c a t i n g t h e i r mutual 
s o l u b i l i t y (11). 

L i q u e f a c t i o n of coa l s i n a l k y l a t e d and hydrogen-
ated pyrenes . Table 2 shows l i q u e f a c t i o n a c t i v i t y 

of a l k y l a t e d and hydrogenated pyrenes at 3 7 0 ° C , respec 
t i v e l y . Although hexylpyrene showed j u s t the same 
l i q u e f a c t i o n a b i l i t y as pyrene, p r o p y l a t i o n and e t h y l a -
t i o n c e r t a i n l y improved the l i q u e f a c t i o n a c t i v i t y of 
pyrene with these coa l s of three d i f f e r e n t ranks . I t 
i s of value to note that ethylpyrene showed LY of 80% 
with West-Kentucky c o a l , which was s i g n i f i c a n t l y higher 
than with other c o a l s . 

H y d r o g é n a t i o n improved q u i t e s i g n i f i c a n t l y the 
l i q u e f a c t i o n a c t i v i t y of pyrene wi th these c o a l s . The 
LY values wi th T a i h e i y o and West-Kentucky coa l s reacted 
to 80%, although the value wi th Itmann i s r a t h e r low. 

The e f f e c t of h y d r o g é n a t i o n extent on the l i q u e 
f a c t i o n a c t i v i t y was summarized i n Table 3. As the 

Table 3 
E f f e c t of h y d r o g é n a t i o n extent on the l i q u e f a c t i o n 
a c t i v i t y ( r e a c t i o n temp.= 370 C, s o l v e n t / c o a l=3 / l ) 

Itmann T a i h e i y o 
so lvent n* L . Y . L . E . L . Y . L . E . 

(%) (%) (%) (%) 
No. 1 2.2 69 68 83 80 

hydro- No. 2 2.8 78 78 90 88 
pyrene No. 3 4.3 72 71 85 82 

No. 4 4.7 72 71 83 79 
L . Y . = L i q u e f a c t i o n Y i e l d 
L . E . = L i q u e f y i n g E f f i c i e n c y 
* η =number of hydrogen atoms 

introduced/one pyrene molecule 

number of hydrogen atoms introduced per one pyrene 
molecule v a r i e d from 2.2 to 4.7 by us ing a v a r i a b l e 
amount of l i t h i u m i n B i r c h r e d u c t i o n . The l i q u e f a c 
t i o n a c t i v i t y of hydrogenated pyrene was a f f e c t e d 
s l i g h t l y , reaching the maximum around three hydrogen 
atoms per one molecule . I t i s obv ious ly observed that 
LY was always l a r g e r wi th T a i h e i y o than Itmann. 

S t r u c t u r a l change of so lvents and coa l s a f t e r the 
l i q u e f a c t i o n r e a c t i o n . To analyse s t r u c t u r a l 

change of so lvents and coa l s i n the l i q u e f a c t i o n r e a c 
t i o n , the so lvent and c o a l should be separated . 
Because the separat ion was r a t h e r d i f f i c u l t , i t was 
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assumed that the benzene so lub le and i n s o l u b l e f r a c 
t i o n s a f t e r the l i q u e f a c t i o n were der ived from the s o l 
vent and c o a l , r e s p e c t i v e l y . The procedure can be 
shemat ica l ly descr ibed i n the f o l l o w i n g : 

Gas, O i l 

Benzene , / ^ Λ ΐ η Κ 1 ΰ (Solvent) 
Coal& f o u i n o l i n e / S o l u b l e 

1 Solvent I So luble 

\ SiSS5: ( U n r e a l C o a l , 

F r a c t i o n a t i o n scheme of l i q u e f a c t i o n product 

T h i s assumption was v e r i f i e d by the f o l l o w i n g f a c t . 
The amount o f BS recovered i n the l i q u e f a c t i o n of T a i 
heiyo c o a l w i th pyrene was 73.3% as shown i n Table 4. 
Th i s value corresponds to 97.7% of the s t a r t i n g amount 
of pyrene and the BS f r a c t i o n at the same time showed 
the same NMR p a t t e r n to that of pyrene. T h i s i s a l so 
true f o r hydropyrene, however the recovered BS was 
r a t h e r low f o r e thy lpyrene , i n d i c a t i n g i t s r e a c t i v i t y . 

The recovery percentages of c o a l and so lvent (BI/ 
c o a l f e d , BS / so lvent f e d , r e s p e c t i v e l y ) c a l c u l a t e d 
based on the above assumption are summarized i n Table 
4. They were more than 85% except f o r the s i g n i f i 
c a n t l y low va lue f o r the c o a l recovery when hydropyrene 
was used as the s o l v e n t . In the l a t t e r case , some 
extent of the c o a l may be converted i n t o the benzene 
s o l u b l e . Never the le s s , analyses of BS and BI f r a c t i o n s 
may inform the s t r u c t u r a l change of c o a l and so lvent 
a f t e r the l i q u e f a c t i o n . 

F igures 3 and 4 show the NMR spec tra o f benzene 
so lub le s a f t e r the l i q u e f a c t i o n r e a c t i o n us ing hydro
pyrene and e thy lpyrene , r e s p e c t i v e l y , together wi th 
those of the so lvents before l i q u e f a c t i o n f o r compar
i s o n . The keys f o r i d e n t i f i c a t i o n of hydrogen observed 
i n the spec tra are summarized i n F i g . 5. The BS 
der ived from hydropyrene a f t e r the l i q u e f a c t i o n l o s t 
the resonance peaks a t 2 .5 , 3.2 and 4.0 ppm exten
s i v e l y , a l though peaks a t 2.0 and 2.8 ppm remanined 
unchanged as shown i n F i g u r e 3. In c o n t r a s t , there 
was e s s e n t i a l l y no change i n the NMR spec tra of e t h y l 
pyrene and i t s BS d e r i v a t i v e as shown i n F i g u r e 4, 
i n d i c a t i n g that the BS d e r i v a t i v e contained unchanged 
e thy lpyrene . However, the r e l a t i v e l y low BS recovery 
of t h i s case suggests tha t the convers ion of t h i s 
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Figure 3. NMR spectra of (a) hydropyrene, (b) its BS derivative after the lique
faction process, and (c) hydropyrene heated at 400°C 
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(a) 

Figure 4. NMR spectra of (a) ethylpyrene and (b) its BS derivative after the lique
faction. For liquefaction conditions, see Table 4. 
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compound i n t o the carbonized matter may increase the BI 
y i e l d i n comparison wi th other cases as shown i n Table 
4. 

Table 5 shows the u l t imate a n a l y s i s of benzene 
i n s o l u b l e f r a c t i o n s a f t e r the l i q u e f a c t i o n . H/C r a t i o s 
of these f r a c t i o n s were s i m i l a r when no so lvent or 
pyrene was used, however when ethylpyrene and hydro
pyrene were used, the values were s i g n i f i c a n t l y low and 
h i g h , r e s p e c t i v e l y . The h y d r o g é n a t i o n of c o a l by the 
hydrogen t r a n s f e r from the hydrogen donating so lvent 
i s s t r o n g l y suggested i n the l a t t e r case . The low H/C 
value i n the case of e thylpyrene may be expla ined i n 
terms of c e r t a i n extent of c a r b o n i z a t i o n , as suggested 
by the low recovery of the so lvent shown i n Table 4. 

D i s c u s s i o n 

In a prev ious paper (_5) , the authors descr ibed the 
l i q u e f a c t i o n mechanism according to the p r o p e r t i e s of 
the c o a l and the s o l v e n t . The c o a l was c l a s s i f i e d i n t o 
two c a t e g o r i e s . 

(1) f u s i b l e at the l i q u e f a c t i o n temperature, 
(2) n o n - f u s i b l e at the l i q u e f a c t i o n temperature. 

The f u s i b l e coa l s can g ive a h igh l i q u e f a c t i o n y i e l d i f 
the h igh f l u i d i t y dur ing the l i q u e f a c t i o n i s maintained 
by the l i q u e f a c t i o n so lvent to prevent the c a r b o n i z a 
t i o n . The p r o p e r t i e s of the so lvent r e q u i r e d f o r the 
h igh y i e l d wi th t h i s k i n d of c o a l are m i s c i b i l i t y , low 
v i s c o s i t y , r a d i c a l quenching r e a c t i v i t y and thermal 
s t a b i l i t y not to be carbonized at the l i q u e f a c t i o n 
temperature as reported i n l i t e r a t u r e s (12). 

In c o n t r a s t , the n o n - f u s i b l e c o a l r e q u i r e s the 
s o l v a t i o n (extract ion) or s o l v o l y t i c r e a c t i o n to be 
l i q u e f i e d . The s o l v a t i o n of non-polar organic com
pounds i n c l u d i n g the p i t c h may be r a t h e r l i m i t t e d , so 
that the s o l v o l y t i c r e a c t i o n i s necessary f o r the h igh 
l i q u e f a c t i o n y i e l d between the c o a l and the s o l v e n t . 

The r e a c t i o n may c o n t a i n h y d r o g é n a t i o n , a l k y l a -
t i o n , and depo lymer izat ion of c o a l molecules a s s i s t e d 
by the l i q u e f y i n g s o l v e n t . Through these r e a c t i o n s , 
c o a l molecules can be converted to be f u s i b l e or 
so lub le i n the s o l v e n t . 

The present r e s u l t s are w e l l understood by the 
above mechanism. Itmann which i s f u s i b l e at r e l a t i v e l y 
h igh temperature was not l i q u e f i e d below 4 2 0 ° C wi th a 
n o n - s o l v o l y t i c so lvent such as pyrene, however i t was 
s i g n i f i c a n t l y l i q u e f i e d at 4 8 0 ° C of i t s maximum f l u i d 
i t y temperature i n decacyclene of a s tab le aromatic 
compound. 

With s o l v o l y t i c s o l v e n t s , the f l u i d i t y of the c o a l 
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Table 4 Benzene e x t r a c t i o n of s o l v o l y s i s p i t ches 
(coal=Taiheiyo, r e a c t i o n t e m p . = 3 7 0 ° C , s o l v e n t / c o a l = 3 / l ) 

res idue d i s t i l a t e recovery* 
so lvent BI BS o i l gas c o a l so lvent 

(%) (%) (%) (%) (%) (%) 
none 86.4 10.0 0.5 3.2 86.4 -hydro
pyrene 18.4 70.6 3.6 7.4 74.6 94.1 
(No.2) 
e t h y l  23.9 64.0 7.9 4.2 96.0 85.3 
pyrene 

23.9 64.0 

pyrene 22.4 73.3 0.9 3.4 89.6 97.7 

Figure 5. Proton identification 

Table 5 Ul t imate a n a l y s i s of benzene 
i n s o l u b l e p a r t of s o l v o l y s i s p i t c h 

(coal=Taiheiyo , r e a c t i o n t e m p . = 3 7 0 ° C / s o l v e n t / c o a l = 3 / l ) 

so lvent C(%) H(%) N(%) others(%) H/C 
none 75.05 5.29 1.40 18.26 0.840 
pyrene 76.25 5.43 1.53 16.75 0.849 
e t h y l  82.24 4.93 1.80 11.03 0.714 

pyrene 
82.24 

hydro- 72.47 5.48 1.38 20.67 0.901 
pyrene 
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may not be a p r i n c i p a l f a c t o r any more. T a i h e i y o , 
West-Kentucky, and Itmann coa l s of three d i f f e r e n t 
ranks were s u f f i c i e n t l y l i q u e f i e d wi th hydropyrene 
under atmospheric pressure at 3 7 0 ° C regard le s s of t h e i r 
f u s i b i l i t y . The analyses of hydropyrene and the c o a l 
before and a f t e r the l i q u e f a c t i o n c l e a r l y i n d i c a t e the 
hydrogen t r a n s f e r from the so lvent to the c o a l sub
s tance . Lower rank coa l s look to show r a t h e r h igher 
r e a c t i v i t y i n such l i q u e f a c t i o n , probably because t h e i r 
c o n s t i t u e n t molecule may have smal ler condensed r i n g . 

T r a n s a l k y l a t i o n might be expected another k i n d of 
the s o l v o l i t i c r e a c t i o n . However, the present r e s u l t s 
suggest low p r o b a b i l i t y wi th a l k y l a t e d pyrenes as sug
gested by the NMR ana lyses . Ins tead , the increased 
p o l a r i t y by a l k y l group or the enhanced r e a c t i v i t y of 
the c a r b o n i z a t i o n precursor from a l k y l p y r e n e , espe
c i a l l y e thy lpyrene , may be r e s p o n s i b l e f o r a c o n s i d 
erab le l i q u e f a c t i o n y i e l d . The recovery of the so lvent 
becomes d i f f i c u l t by i t s l a t t e r convers ion as observed 
i n the present s tudy. 

F a i l u r e of hexylpyrene as the l i q u e f a c t i o n so lvent 
may be due to the easy d e a l k y l a t i o n (13) or h igh c a r 
b o n i z a t i o n r e a c t i v i t y probably c a t a l y z e d by c o a l s . 
T r a n s a l k y l a t i o n f o r c o a l - l i q u e f a c t i o n may r e q u i r e the 
a c i d - c a t a l y s t (14) or h igh pressure (15) . 

D e t a i l s on the l i q u e f a c t i o n of s l i g h t l y f u s i b l e 
coa l s (West-Kentucky) are not d i scussed i n the present 
s tudy. Rather huge storage of such coa l s may be most 
s u i t a b l e f o r f u r t h e r development. At moment, moderate 
h y d r o g é n a t i o n i s e x t e n s i v e l y i n v e s t i g a t e d (A) , however 
the authors would propose the p o s s i b i l i t y of t h e i r 
e x t r a c t i v e l i q u e f a c t i o n by us ing the proper so lvent or 
improving t h e i r f u s i b i l i t y . High l i q u e f a c t i o n y i e l d 
by e thylpyrene for t h i s c o a l i s sugges t ive . Such 
l i q u e f a c t i o n may be economical ly i n t e r e s t i n g . F u r t h e r 
study w i l l be pub l i shed soon (16). 
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A b s t r a c t 

Atmospheric l iquefaction of coals of three ranks 
were studied at temperature range of 370~470°C, using 
decacyclene, pyrene, alkylated pyrene and hydrogenated 
pyrene as the liquefying solvent. Coal of high 
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softening temperature was l iquefied using decacyclene, 
which i s stable at the temperature. Hydropyrene gave 
high l iquefaction yields regardless of the coal rank. 
Significant ac t iv i ty of ethylpyrene i s of value to be 
noted. 

The liquefaction mechanism was discussed by dis
tinguishing the fusible coal from non-fusible one. The 
importance of so lvolyt ic hydrogen transfer i s pointed 
for the l iquefaction of non-fusible coal under atmo
spheric pressure. 
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15 
The Effect of Catalyst Concentration, 
Temperature, and Residence Time on the 
Chemical Structure of Coal Hydropyrolysis Oils 
JOHN R. KERSHAW, GORDON BARRASS, and DAVID GRAY 
Fuel Research Institute of South Africa, P.O. Box 217, Pretoria, South Africa 0001 

Three of the most important parameters that affect the 
hydrogenation of coal and the products obtained are the catalyst, 
the temperature and the residence time. The effects of these 
parameters on the chemical nature of the products are still not 
fully understood. 

In this paper we have looked firstly at the effect that the 
catalyst concentration, secondly at the effect that the reactor 
temperature and finally at the effect that the residence time at 
temperature have on the chemical structure of the oils (hexane 
soluble product) produced on hydropyrolysis (dry hydrogenation) 
of a high volatile bituminous coal. Generally, the hydropyro
lysis conditions used in this study resulted in oil yields that 
were considerably higher than the asphaltene yields and this 
study has been limited to the effects that the three reaction 
conditions have on the chemical nature of the oils produced. 

For the study of catalyst concentration tin as stannous 
chloride was used as the catalyst and the concentration range 
studied was 0 - 15% by weight of the coal. Stannous chloride 
is one of the best, i f not the best, catalyst for conversion of 
coal to liquid products. For the study of the effect of the 
reactor temperature, the temperature range studied was from 
400 - 700°C. 

In the work reported here hydrogenation of coal was carried 
out in the absence of any vehicle oil in a semi-continuous reac
tor which allowed the volatile product to be swept from the 
reactor by a continuous stream of hydrogen. The great majority 
of coal hydrogenation oils studied by other workers were produced 
using a liquid vehicle. The vehicle oil may have an effect on 
the chemical reactions taking place and, therefore, on the 
chemical composition of the product. For example, it has been 
suggested (1) that the main role of the catalyst in coal hydro
genation where a solvent is used is to hydrogenate the solvent. 

0-8412-0587-6/80/47-139-273$05.00/0 
© 1980 American Chemical Society 
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EXPERIMENTAL 

Materials The coal (0.50 to 0.25 mm fraction) used was 
from the New Wakefield C o l l i e r y , Transvaal. Analysis, a i r dried 
basis: Moisture 4.9; Ash 14.9; V o l a t i l e Matter 32.8%; dry 
ash-free basis: C, 79.2; H, 5.4; N, 2.1; S, 2.3%. 

The catalyst was a n a l y t i c a l grade stannous chloride. 
Stannous chloride was dissolved i n water and added to the coal 
as an aequous solution. The resultant slurry was mixed by 
s t i r r i n g and then dried under nitrogen. 

Hydrogénation Hydrogénation was carried out i n a reactor 
similar to the "hot-rod" reactor (2, 3) designed by Hiteshue 
et a l . The coal (25 g) impregnated wTth catalyst was mixed with 
sand to limit agglomeration (40 and i s held within the reactor 
with s t e e l wool plugs. The reactor was heated by direct r e s i s 
tance heating at a rate of 200°C/minute. Hydrogen, at a flow 
rate of 22 £/minute and a pressure of 25 MPa was continuously 
passed through the fixed bed of coal/catalyst/sand. The v o l a t i l e 
products were condensed i n a high-pressure cold trap. For the 
study of the effect of the catalyst concentration and the tempera
ture, the time at temperature was 15 minutes. The other condi
tions are given i n the Results and Discussion section. 

The product was removed from the cooled reactor and from the 
condenser with the aid of toluene. The s o l i d residue was extrac
ted with b o i l i n g toluene (250 ml) i n a soxhlet extractor for 12 
hours. The toluene solutions were combined and the toluene 
removed under reduced pressure. Hexane (250 ml) was added to the 
extract and i t was allowed to stand for 24 hours with occasional 
shaking. The solution was f i l t e r e d to leave a residue (asphal
tene) and the hexane was removed from the f i l t r a t e under reduced 
pressure to give the o i l . 

Fractionation of the o i l s The o i l s were fractionated by 
adsorption chromatography on s i l i c a gel. The column was eluted 
successively with 40 - 60°C petroleum ether (12 fr a c t i o n s ) , 
40 - 60 petroleum ether/toluene (increasing proportions of 
toluene, 5 f r a c t i o n s ) , toluene, chloroform and methanol. The 
o i l s were also extracted with 2 M NaOH and 2 M HC1 to give the 
acids and bases, respectively. 

Analyses I.r. spectra were measured as smears on sodium 
chloride plates or as a solution i n carbon tetrachloride using 
a Perkin-Elmer 567 grating spectrophotometer, while u.v. spectra 
were measured as a solution i n hexane (spectroscopic grade) using 
a Unicam SP 1700 instrument. Fluorescence and phosphorescence 
spectra were recorded as described elsewhere 05, 6). 

'H n.m.r. spectra were recorded for the o i l s i n deutero-
chloroform or carbon tetrachloride at 90 MHz with tetramethy-
silane as an internal standard using a Varian EM 390 instrument. 
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Broadband proton-decoupled pulse Fourier transform , JC n.m.r. 
were recorded i n deuterochloroform at 20 MHz using a Varian 
CFT-20 spectrometer. 

Molecular weights were determined by vapour pressure osmo
metry i n benzene solution using a Knauer apparatus. 5 concentra
tions over the range 1 - 5 g/£ were employed and the molecular 
weight was obtained by extrapolation to i n f i n i t e d i l u t i o n . 

The v i s c o s i t i e s of the o i l s were measured using a Haake 
Rotovisco RV3 viscometer with a cone and plate sensor at 20 C. 

Elemental analysis of the o i l s was carried out as follows: 
carbon and hydrogen by micro combustion using a Perkin-Elmer 240 
Elemental Analyzer; sulphur by X-ray fluorescence using a 
Telsec Lab X-100 apparatus; nitrogen by chemiluminescence using 
a Dohrmann DN-10 apparatus. 

RESULTS AND DISCUSSION 

The Effect of Catalyst Concentration The f i r s t parameter 
that was studied was the effect of the catalyst concentration. 
Samples impregnated with 1,5, 10 and 15% t i n as stannous 
chloride and a sample with no catalyst were hydrogenated at 450°C 
to investigate the effect that increasing catalyst concentration 
has on the composition of the o i l (hexane soluble portion) formed. 

From elution chromatography, the percentage of al i p h a t i c 
hydrocarbons, aromatic hydrocarbons and polar compounds were 
obtained. The percentage of polar compounds i n the o i l decreased 
as the catalyst concentration increased (see Figure 1) with 
mainly an increase i n the percentage of aromatic hydrocarbons. 
There was also a decrease i n the percentage of both acids and 
bases i n the o i l as the catalyst concentration increases as 
shown i n Figure 1. 

The amount of sulphur and nitrogen i n the o i l s decreases 
with catalyst concentration. The decrease i n sulphur content i s 
shown i n Figure 2 while the nitrogen content of the o i l s decrea
sed from 1.3% to 0,9% when the catalyst concentration was i n 
creased from 1% to 10%. 

Thus the results from elution chromatography, extraction 
with acid and base and elemental analysis show that as the 
catalyst concentration used increases, the heteroatom content 
of the resultant o i l decreases. 

The fractions from elution chromatography were studied by 
a number of spectroscopic methods, n.m.r., i . r . , u.v., f l u o 
rescence and phosphorescence spectroscopy. Equivalent fractions 
from chromatographic separation of the various o i l s showed no 
sig n i f i c a n t differences i n their spectra and i t appears that the 
composition of the fractions was independent of the catalyst 
concentration used to produce the o i l . Though, as previously 
mentioned the amounts of the various fractions especially the 
polar fractions d i f f e r with the catalyst concentration. G.1 .C. 
analysis of the saturate fractions also indicated no changes 
with different catalyst concentrations. 
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Figure 1. Variation of polar compounds, acids, and bases with catalyst concentra
tion 
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ΊΗ n.m.r. spectra were recorded for the whole o i l s , the 
acids, bases and neutral components. The percentage of hydrogens 
i n aromatic, benzylic and a l i p h a t i c environments showed no change 
with catalyst concentrations. n.m.r. spectra were also 
recorded for the o i l s produced. No discernible differences could 
be found between the spectra of the o i l s . A more detailed de
s c r i p t i o n of the spectra of these o i l s i s reported elsewhere (6). 

The spectroscopic evidence indicates that the catalyst con
centration had very l i t t l e effect on the "gross" hydrocarbon 
structure present and this i s substantiated by the H/C atomic 
ratios of the o i l s which showed no s i g n i f i c a n t change with 
catalyst concentration. 

It was obvious on v i s u a l examination of the o i l s that the 
greater the catalyst concentration used, the less viscous was the 
o i l produced. The decrease i n v i s c o s i t y with catalyst concentra
tion i s shown i n Figure 3. 

It has been reported that the molecular weight of coal l i 
quids affects the v i s c o s i t y (7, 8). However, the decrease i n 
molecular weight that occurred with increasing catalyst concen
tra t i o n was r e l a t i v e l y small, as shown i n Figure 4. We f e e l 
that this r e l a t i v e l y small change i n molecular weight would not 
cause such a noticeable change i n v i s c o s i t y unless changes i n 
the chemical nature of the o i l also contributed to the v i s c o s i t y 
reduction. 

Sternberg et a l . (7) showed that the presence of asphaltenes 
i n coal-derived o i l s caused a marked increase i n the v i s c o s i t y . 
This group also showed that these asphaltenes were acid-base 
complexes and that hydrogen bonding occurs between the acidic and 
basic components of asphaltenes (9, H))· Recent work (8, JM) on 
coal liquefaction bottoms has shown the importance of hydrogen 
bonding on the v i s c o s i t y of coal l i q u i d s . 

The reduction of polar compounds i n the o i l with increasing 
catalyst concentration could reduce hydrogen bonding and, there
fore, the v i s c o s i t y of the o i l . To further look at this possi
b i l i t y , i . r . spectra were recorded at the same concentration i n 
CCl^ for each of the o i l s (see Figure 5). The i . r . spectra 
showed sharp peaks at 3610 cm"1 (free OH), 3550 cm"1 (2nd free OH) 
and 3480 cm"1 (N-H) and a broad peak at ca 3380 cm"1 which i s 
assigned to hydrogen bonded OH. This band decreases with increa
sing catalyst concentration (see Figure 5) indicating that hydro
gen bonding i n the o i l decreases with increasing catalyst concen
tr a t i o n used to produce the o i l . The band at ca 3380 cm"1 was 
shown to be due to intermolecular hydrogen bonding (12, 13) by 
recording the spectrum of a more di l u t e solution (using a longer 
path length c e l l ) , the 3380 cm"1 band diminished with an increase 
i n the 3610 cm"1 peak. 

Though, as previously stated, the H n.m.r. spectra of the 
o i l s were very similar, there was one noticeable difference with 
catalyst concentration and that was i n the position of the OH 
peak. As the catalyst concentration used to produce the o i l 
increases then the OH signal i s shifted to higher f i e l d (see 
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Figure 3. Variation in viscosity with catalyst concentration and reactor temperature 
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Table I) indicating less hydrogen bonding. 

Table I 

1H N.m.r. s h i f t s of OH Signal 

Catalyst Concentration (% Sn) 0 1 5 10 15 

6 OH (0.2 g of o i l i n 1 ml of CC14) 5.7 5.2 4.7 4.4 4.1 

It would appear that increasing the amount of stannous 
chloride catalyst, under our experimental conditions, as well as 
increasing the amount of o i l formed decreases the amount of polar 
compounds i n the o i l which decreases the hydrogen bonding and 
therefore helps to decrease the v i s c o s i t y of the o i l . Spectro
scopic evidence indicates that there i s l i t t l e change i n the 
hydrocarbon structures present. 

The Effect of Temperature The second parameter that we 
looked at was the effect of temperature. The temperature range 
studied was from 400°C to 700°C and t i n (1% of the coal) as 
stannous chloride was used as the catalyst. 

1H n.m.r. spectra of the o i l s were recorded for the range of 
temperatures and the protons were assigned as aromatic, phenolic 
OH, benzylic and a l i p h a t i c . There was an increase i n the percen
tage of aromatic protons and a decrease i n the percentage of 
a l i p h a t i c protons as the temperature increases, while the per
centage of benzylic protons remained constant (see Figure 6). 
I t , therefore, appears that as the hydrogénation temperature 
increases side groups are lost and that the C-C bond d i r e c t l y 
attached to the aromatic ring i s more stable than those further 
from the ring. The molecular weight of the o i l decreases with 
temperature (see Figure 4) as would be expected i f side chains 
are being removed. 

The aromaticity of the o i l s , as calculated from the H 
n.m.r. data using the Brown-Ladner equation (14) , increase with 
temperature (see Figure 7) as does the c/H atomic r a t i o as shown 
i n Figure 7. 

^ C n.m.r. spectra were recorded for the o i l s produced at 
400°, 450°, 550° and 600°C. As the temperature increased the 
aromatic carbon bands became much more intense compared to the 
al i p h a t i c carbon bands (see Figure 8). Quantitative estimation 
of the peak areas was not attempted due to the effect of v a r i a 
tions i n s p i n - l a t t i c e relaxation times and nuclear Overhauser 
enhancement with different carbon atoms. Superimposed on the 
al i p h a t i c carbon bands were sharp lines at 14, 23, 32, 29, and 
29.5 ppm, which are due to the α, $, γ, 6, and ε-carbons of long 
a l i p h a t i c chains (15). As the temperature increases, these lines 
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I ι ι ι l 

400 500 600 700 

TEMPERATURE (°C) 
Fuel Processing Technology 

Figure 6. Variation of hydrogen distribution with reactor temperature (6): (%), 
aromatic (8 8.7 — 6.1 ppm); (O), aliphatic β < 1.9 ppm); ffl, benzylic (8 3.8 — 

1.9 ppm). 
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400 500 600 700 

TEMPERATURE (°C) 

Figure 7. Variation of aromaticity and C/H atomic ratio with reactor temperature 
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Figure 8. C-13 Ν MR spectra of oils 
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become smaller compared to the other a l i p h a t i c bands and this 
i s especially noticeable i n the spectrum of the 600°C o i l . The 
ε l i n e was approximately four times the intensity of the α and 3 
lines at 400°C and 450°C, at 550°C approximately three times and 
at 600°C only about twice the intensity. It would seem that as 
the temperature increases, the long a l i p h a t i c chains are reduced 
i n both number and length. (G.1.c. analysis of the saturate 
fractions from elution chromatographic separation showed that as 
the hydrogénation temperature increases there was a decrease i n 
the percentage of the higher alkanes and an increase i n the 
percentage of their shorter chained analogues i n the saturate 
hydrocarbon fr a c t i o n s ) . It was also noticeable when comparing 
the spectrum of the 600°C o i l to the spectra of the 400°C and 
450°C o i l s that the intensity of bands due to CHj α to aromatic 
rings ( 1 9 - 2 3 ppm from TMS (16)) had increased i n intensity 
compared to the other a l i p h a t i c bands. This agrees with the 'H 
n.m.r. results which showed no change i n the percentage of ben
z y l i c protons while the percentage of al i p h a t i c protons decreased. 

It has also been recently independently reported (17, 18) 
that there i s an increase i n the aromaticity of the l i q u i d product 
with increasing reactor temperature, but i n both these reports 
the temperature range studied was very limited. Whitehurst, et aL 
i n their studies of the solvent r e f i n i n g of coal ascribe the 
increased aromatic nature of the product obtained at 450°C 
compared to 425°C to mainly increased internal rearrangement and 
aromatization rather than dealkylation of aromatic rings occuring 
at the higher temperature. However, the considerable increase 
i n the gas y i e l d , the decrease i n molecular weight, the decrease 
i n the percentage of a l i p h a t i c protons while the percentage of 
benzylic protons remained unchanged and the decrease i n the 
number of and length of long a l i p h a t i c chains with increasing 
reactor temperature indicate that, under the hydropyrolysis 
conditions described here, i t i s mainly the cleavage of a l i p h a t i c 
side groups and chains to give gases that accounts for the 
increased aromaticity of the o i l rather than dehydrogenation of 
naphthenes and hydroaromatics. 

Elution chromatography gave the percentage of a l i p h a t i c 
hydrocarbons, aromatic hydrocarbons and polar compounds i n the 
o i l . There was a reduction i n the percentage of polar compounds 
i n the o i l (see Figure 9) with subsequent increase i n the 
aromatic percentage as the reactor temperature increased. The 
sulphur content also decreased with temperature as shown i n 
Figure 9. 

The v i s c o s i t y of the o i l decreases considerably with tempera
ture as shown i n Figure 3. The decrease i n v i s c o s i t y i s expected 
as there was a decrease i n molecular weight with increasing 
temperature and also a decrease i n the percentage of polar 
compounds i n the o i l . 

The b o i l i n g range of the o i l s , as indicated by thermal 
gravimetric analysis and simulated d i s t i l l a t i o n shows a marked 
improvement as the reactor temperature increases. 
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The effect of increasing the hydrogénation temperature, 
under the conditions used here, i s to give a " l i g h t e r " , more 
aromatic o i l of lower molecular weight containing fewer long 
a l i p h a t i c chains. The v i s c o s i t y of the o i l and the percentage 
of polar compounds i n the o i l also decrease with increasing 
temperature. 

The Effect of Residence Time The f i n a l parameter that was 
studied was the s o l i d residence time. In the semi-continuous 
reactor used for this study, the v o l a t i l e product i s swept from 
the reactor by a continuous stream of hydrogen and, therefore, 
there i s both a vapour and s o l i d residence time. It i s this 
l a t t e r parameter that has been studied here and the s o l i d r e s i 
dence time was considered to be the time that the reactor spends 
at temperature. For the study of the residence time, t i n 
(1% of the coal) as stannous chloride was used as the catalyst 
and the other conditions are given i n Table I I . 

Compositional analysis shows a decrease i n the percentage 
of polar compounds i n the o i l s with increasing residence time 
(see Table I I ) . The decrease i n polar content i s substantiated 
by a lower sulphur content and results i n a lower v i s c o s i t y 
(see Table I I ) . The o i l becomes more aromatic, as shown by *H 
n.m.r. spectroscopy (see Table I I ) , with increasing time at 
temperature, while the molecular weights showed l i t t l e change. 
G.l.c. analysis of the saturate hydrocarbon fractions from 
elution chromatography indicated l i t t l e change i n the saturates 
with residence time. 

The changes that occur with s o l i d residence time i n the 
"hot-rod" reactor were not very pronounced because only the non
v o l a t i l e portion of the o i l remaining on the coal bed would be 
expected to undergo secondary reactions such as aromatization 
and loss of heteroatoms. However, the o i l s from the "hot-rod" 
reactor were also compared with those obtained i n a rotating 
autoclave with much longer s o l i d and vapour residence times and 
the changes with residence time were more noticeable i n this case 
as can be seen i n Table I I . 

CONCLUSIONS 

The results reported here have important implications for 
coal hydrogénation processes. 

Increasing the catalyst concentration appears to have a 
wholly b e n e f i c i a l effect on the quality of the o i l obtained. 
The heteroatom content and v i s c o s i t y are reduced while the gross 
hydrocarbon structure i s l i t t l e changed. However, for economic 
reasons high catalyst concentrations are unlikely to be used. 

Increasing the reactor temperature has both positive and 
negative effects on the quality of the o i l . The b e n e f i c i a l 
effects are that a " l i g h t e r " product of lower molecular weight 
and v i s c o s i t y , and containing fewer polar compounds i s formed 
as the reactor temperature increases. However, the increase i n 
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aromaticity with temperature and the* consequential decrease in 
H/C atomic ratio are detrimental especially if it is desired to 
produce diesel and jet fuel. 

Increasing the residence time also has beneficial and 
detrimental features. On the positive side the heteroatom 
content is reduced while on the negative side the aromaticity 
increases. 
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16 

Thermal Treatment of Coal-Related Aromatic 
Ethers in Tetralin Solution 

Y . K A M I Y A , T. Y A O , and S. O I K A W A 

Faculty of Engineering, University of Tokyo, Hongo, Tokyo 113, Japan 

The important elementary reactions of coal liquefaction are 
the decomposition of coal structure with low bond dissociation 
energy, the stabilization of fragments by the solvent and the 
dissolution of coal units into the solution. 

These reactions proceed smoothly in the presence of 
hydrogen donating aromatic solvent (1-4) at temperatures from 
400°C to 450°C , resulting in the formation of so called solvent 
refined coal with carbon content of 86-88% on maf basis inde
pendent of coalification grade of feed coal. 

While, oxygen containing structures of coal must be playing 
important parts in the course of coal liquefaction. It will be 
key points that what kinds of oxygen containing structure are 
decomposed and what kinds of structure are formed in the course 
of reaction. It has been proposed (5,6) and recently stressed 
(7-11) that the units of coal structure are linked by ether 
linkage. 

We have studied the thermal decomposition of diaryl ether 
in deta i l , since the cleavage of ether linkage must be one of the 
most responsible reactions for coal liquefaction among the 
various types of decomposition reaction and we found that the 
C-O bond of polynucleus aromatic ethers is cleaved considerably 
at coal liquefaction temperature. 

Experimental 

Tetralin and 1-methylnaphthalene were reagent grade and 
were used after washing with sulfuric acid, a lka l i , and water 
and the subsequent d i s t i l l a t ion at 70°C under reduced pressure. 
Various additives and model compounds were reagent grade, and 
some of them were used after recrystallization. Phenyl naphthyl 
ether and phenyl 9-phenanthryl ether were synthesized by 
refluxing a mixture of aryl bromide, phenol, CU2O and r-
collidine (12). 

0-8412-05 87-6/80/47-139-291$05.00/0 
© 1980 American Chemical Society 
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Samples were added to 300 ml or 90 ml magnetic s t i r r i n g 
(500 rpm) autoclaves. A f t e r p r e s s u r i z i n g with hydrogen, the 
autoclave was heated to the r e a c t i o n temperature w i t h i n 45 min 
and maintained at the temperature f o r the desired reaction time. 

At the completion of a run, the autoclave was cooled by 
e l e c t r i c fan to room temperature and the autoclave gases were 
vented through gas meter and analyzed by gas chromatography. 
L i q u i d portions of the samples were subjected to gas chromato
graphic a n a l y s i s to determine the composition of products. 
Results and Discussion 

Thermal Treatment of Various Aromatic Compounds. In order 
to study the r e a c t i o n of coal s t r u c t u r e , various aromatic 
compounds were chosen as the coal model and treated at 450°C. 
The conversion of the r e a c t i o n along with the detected products 
were shown i n Table I. 

Recently, the thermal decomposition of d i a r y l alkanes such 
as dibenzyl and 1,3-diphenyl propane has been studied by Sato and 
coworkers (T3), C o l l i n s and coworkers (14). These compounds were 
confirmed to be decomposed to alkylbenzenes gradually as a 
function of carbon chain length. 

Although diphenyl ether and dibenzofuran were very stable 
at 450°C, 2,2'-dinaphthyl ether was decomposed slowly and benzyl 
ethers completely. 

The apparent a c t i v a t i o n energy f o r the thermal decomposition 
of phenyl benzyl ether was c a l c u l a t e d to be 50 kcal/mole, since 
the f i r s t order rate constants were 1 . 3 9 x l 0 - 4 at 320°C, 5.19xl0" 4 

at 340°C and 9.52xl0~ 4 S"T at 350°C, r e s p e c t i v e l y . 
These r e s u l t s imply that highly aromatic ether linkages w i l l 

be considerably broken at coal l i q u e f a c t i o n temperatures r e s u l t 
ing i n a main source of phenolic groups of the dissolved c o a l . 

Phenolic compounds were confirmed to be very stable against 
thermal treatment. Diphenyl methanol and benzophenone were 
stable against decomposition but hydrogenated to form diphenyl-
methane q u a n t i t a t i v e l y . Phenyl benzyl ketone was found to be 
p a r t i a l l y hydrogenated or decarbonylated to form diphenyl 
alkanes. 

Naphthoquinone was completely eliminated and hydrogenated 
to naphthol and dihydroxynaphthalene as reported by Brower (15). 

Carboxylic a c i d and carboxylate were completely decarboxy-
l a t e d to the parent hydrocarbons. According to Brower, 
c a r b o x y l i c a c i d i s quite stable i n glass apparatus, but 
decomposed completely i n a s t a i n l e s s s t e e l autoclave. 

The Thermal Decomposition of Aromatic Ethers. According 
to the r e s u l t s of Table I , the bond s c i s s i o n of oxygen contain
ing polynucleus aromatic s t r u c t u r e of coal at l i q u e f a c t i o n 
temperature of 450°C seems to occur mainly at methylene or ether 
s t r u c t u r e s . Therefore, i t w i l l be very important to study the 
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294 COAL LIQUEFACTION F U N D A M E N T A L S 

characteristics of these structures i n the thermolysis. 
I t has been often proposed that the units of coal s t r u c t u r e 

are l i n k e d by ether linkages. Recently, Ruberto and his co
workers (7,8), Ignasiak and Gawlak (9) concluded that a s i g n i f i 
cant portion of the oxygen i n coal occurs i n ether functional 
groups. 

Thermal decomposition of seven d i a r y l ethers at various 
r e a c t i o n conditions and the composition of reaction products 
are shown i n Table I I . 

TABLE II THERMAL DECOMPOSITION OF DIARYL ETHERS IN TETRALIN 
n , . a w / 1 ô4.u«„ Temp. Time Conver- Products (mol e% Diaryl ether (°C) (min) sion(%) of reacted ether) 
Diphenyl ether 450 30 0 

450 120 2 
Dibenzofuran 450 30 3.3 
Phenyl 1-naphthyl ether 440 120 25 PhOH 66 
2,2'-Dinaphthyl ether 450 60 12.5 2-Naphthol 84 

450 120 23.3 2-Naphthol 63 
Phenyl 9-phenanthryl ether 440 120 45.5 PhOH 50, 

Phenanthrene 15 
450 120 64.8 PhOH 46, 

Phenanthrene 17 
Phenyl benzyl ether 320 30 31.4 PhCH 3 55, PhOH 50, 

Benzyl phenol 40 
400 30 100 PhCH3 61, PhOH 66, 

Benzyl phenol 27 
Dibenzyl ether 400 30 65 PhCH3 106, 

PhCHO 73, PhH 12 

The decompositions of phenyl benzyl ether and dibenzyl 
ether proceeded very r a p i d l y at 400°C, and these r e s u l t s corre
sponded well to the low bond d i s s o c i a t i o n energy of PhCH2-0. 

Phenyl benzyl ether was mostly converted to toluene and 
phenol, but p a r t l y isomerized to benzyl phenol. 

Although diphenyl ether and dibenzofuran were very stable 
f o r thermolysis at 450°C f o r 120 min, the rate of decomposition 
increased with increasing the number of benzene nucleus, that 
i s , 2,2'-dinaphthyl ether was converted to the value of 23.3% and 
phenyl phenanthryl ether 64.8% at the same re a c t i o n conditions. 

Thus, d i a r y l ethers with polynucleus aromatic rings were 
found to be decomposed considerably f a s t at coal l i q u e f a c t i o n 
conditions. 
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16. KAMiYA E T A L . Coal-Related Aromatic Ethers 295 

The high y i e l d of toluene over 100% was confirmed to be 
due to the hydrogénation of benzaldehyde by T e t r a l i n . As shown 
i n Figure 1, the y i e l d of toluene increases with increasing 
r e a c t i o n time, on the other hand, benzaldehyde decreases 
gradually a f t e r reaching a maximum value, g i v i n g toluene as the 
hydrogenated product and benzene and carbon monoxide as the 
decomposition products. 

Time (min) 

Figure 1. Thermal decomposition of dibenzyl ether (26 mmol) in Tetralin at 
400°C: (O), PhCH2OCH2Ph; (Φ) PhCH3; (M)> PhCHO; (Ah PhH; (V), CO. 
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296 COAL LIQUEFACTION FUNDAMENTALS 

Dibenzyl ether was e n t i r e l y converted to toluene and 
benzaldehyde. The formation of products can be explained by the 
f o l l o w i n g r e a c t i o n shceme. 

PhCH2OCH2Ph —-> PhCH20- + -CH2Ph PhCHO + PhCH 3 

PhCHO — > PhH + CO PhCHO + 2H 2 — > PhCH 3 + H 20 
These r e s u l t s strongly suggest that i n coal s t r u c t u r e the 

covalent bond of benzyl ethers composed of a l i p h a t i c carbon and 
oxygen w i l l be e n t i r e l y cleaved at temperatures lower than 400°C, 
and the covalent bond composed of aromatic carbon and oxygen w i l l 
be considerably decomposed at 450°C, since the u n i t structure of 
bituminous coal i s considered to be composed of polynucleus of 
several benzene r i n g s . 

The E f f e c t of Phenolic Compounds on the Decomposition of 
Diaryl Ethers. I t has been known that phenolic compounds (16, 
17) i n the presence of hydrogen-donating solvent have a re
markable e f f e c t on the d i s s o l u t i o n of c o a l . Therefore, i t i s 
important to c l a r i f y the fundamental s t r u c t u r e of coal being 
decomposed e f f e c t i v e l y by the a d d i t i o n of phenol. 

The thermal decomposition of dibenzyl was not a f f e c t e d by 
the a d d i t i o n of phenol or p - c r e s o l . In c o n t r a s t , the decompo
s i t i o n of 2,2'-dinaphthy1 ether increases remarkably i n the 
presence of phenolic compounds as shown i n Table I I I , and the 
e f f e c t seems to increase with increasing the e l e c t r o n donating 
property of substituent on the benzene nucleus. 

The e f f e c t of hydroquinone and p-methoxyphenol i s remarka
b l e , but t h i s seems beyond argument at present because consider
able parts of them can not be recovered a f t e r r e a c t i o n , suggest
ing that very complex side reactions are taking place. 

TABLE I I I EFFECT OF PHENOLS ON THE THERMAL DECOMPOSITION OF 
2,2'-DINAPHTHYL ETHER AT 450°C FOR 60 MIN 
(2,2'-Dinaphthyl ether 11 mmole, T e t r a l i n 225 mmole, 
A d d i t i v e 150 mmole) 

Conversion (%) 
Addi t i v e Dinaphthyl ether Phenol 

1-Methylnaphthalene 12.6 — 

Phenol 17.1 1.5 
p-Cresol 21.0 0 
2,4,6-Trimethylphenol 26.0 3.5 
1-Naphthol 33.7 22.1 
p-Phenylphenol 34.1 0 
p-Methoxyphenol 49.5 100 
Hydroquinone 63.4 57.7 
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Furthermore, we studied the e f f e c t of phenolic compounds 
on the thermolysis of phenyl benzyl ether at 320°C, because even 
r e a c t i v e phenols such as p-methoxy phenol are q u i t e stable at 
t h i s temperature. 

As shown i n Table IV, a l l phenols tested were confirmed to 
accelerate the conversion of phenyl benzyl ether. In t h i s 
thermolysis, benzyl phenyl ether was decomposed to toluene and 
phenol (ca. 60%) and also isomerized to benzyl phenol (ca. 40%). 

TABLE IV EFFECT OF PHENOLS ON THE THERMAL DECOMPOSITION OF 
PHENYL BENZYL ETHER AT 320°C FOR 30 MIN 
(Phenyl benzyl ether 27 mmole, T e t r a l i n 220 mmole, 
Ad d i t i v e 140 mmole) 

Conversion(%) 
A d d i t i v e Benzyl phenyl ether Phenols 

1-Methyl naphthalene 31.4 
p-Cresol 40.2 0 
p-Methoxyphenol 44.1 1.1 
1-Naphthol 43.0 0 

Accele r a t i n g E f f e c t due to Phenols on the Rupture of Ether 
Linkages. Phenols are weak acids and polar solvent, and so 
often observed to enhance the thermal decomposition of covalent 
bond, but we could not observe any a c c e l e r a t i n g e f f e c t due to 
phenol on the decomposition of d i b e n z y l . 

Therefore, phenols must be p a r t i c i p a t i n g d i r e c t l y i n the 
course of s c i s s i o n of ether linkage. 

Phenolic compounds may enhance the rate of decomposition 
of aromatic ether, because the phenoxy r a d i c a l may be s t a b i l i z e d 
by s o l v a t i o n (18) or hydrogen bonding (19) with phenolic com
pounds and may r e s u l t i n the subsequent hydrogen t r a n s f e r 
r e a c t i o n from hydrogen donating solvent or phenols (20). 

Previously we have shown that phenolic compounds have a 
remarkable p o s i t i v e e f f e c t (4) on the coal l i q u e f a c t i o n i n the 
presence of T e t r a l i n , depending strongly on the character of 
coal as well as on the concentration of phenols. The e f f e c t 
of phenols on the decomposition of d i a r y l ethers w i l l give a 
good explanation f o r the previous r e s u l t s , because a l i p h a t i c 
ether structures of some young coals w i l l be decomposed r a p i d l y 
at r e l a t i v e l y low temperatures and so the rate of coal d i s s o l u 
t i o n w i l l not be a f f e c t e d by the a d d i t i o n of phenols, on the 
other hand, the polycondensed aromatic ether structures w i l l be 
decomposed e f f e c t i v e l y by the a d d i t i o n of phenols i n the course 
of coal l i q u e f a c t i o n . 
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298 COAL LIQUEFACTION F U N D A M E N T A L S 

The E f f e c t of Mineral Matters on the Decomposition Ethers. 
Recently, the e f f e c t of mineral matters of coal on the coal 
l i q u e f a c t i o n has received much a t t e n t i o n . I t was shown that 
small amounts of FeS or p y r i t e are responsible f o r the hydro-
genative l i q u e f a c t i o n of c o a l . Therefore, i t i s i n t e r e s t i n g 
to e l u c i d a t e the e f f e c t of mineral matters of coal on the 
decomposition rate and products of aromatic ethers, and so three 
d i a r y l ethers were thermally treated i n the presence of coal ash 
obtained by low temperature combustion of I l l i n o i s No.6 coal at 
about 200°C with ozone containing oxygen. 

I t was found that the a d d i t i o n of coal ash remarkably 
accelerates the rate of decomposition of dibenzyl ether and also 
d r a s t i c a l l y changes the d i s t r i b u t i o n of r e a c t i o n products, that 
i s , benzyl t e t r a l i n becomes the main r e a c t i o n product instead 
of a mixture of toluene and benzaldehyde, as shown i n Table V. 

This r e s u l t i s quite s u r p r i z i n g , but can be ascribed to the 
a c i d i c components of coal ash, since B e l l and coworkers (21) 
reported that benzyl ether acts as an a l k y l a t i n g reagent i n the 
presence of Lewis a c i d such as ZnCl2- However, the a c i d i c e f f e c t 
due to coal ash may be suppressed considerably by organic base i n 
the coal l i q u e f a c t i o n . 

In the cases of phenyl benzyl ether and phenyl 9-phenanthryl 
ether, the e f f e c t of ash components was not so remarkable. 

Further studies on the e f f e c t of ash components are under 
i n v e s t i g a t i o n . 
TABLE V EFFECT OF COAL ASH ON THE THERMAL DECOMPOSITION OF 

DIARYL ETHERS (Ethers 4 mmole, T e t r a l i n 40 mmole) 
F t h o r c Added Temp. Time Conver- Products(mole% of 
L L n e r s Ash(g) (°C) (min) s i o n ( t ) reacted ether) 

Di benzyl ether — 400 30 65 PhCH3 110, PhCHO 77, 
PhH 13, 
B e n z y l t e t r a l i n 2.2 

0.015 400 30 100 PhCH3 6, PhH t r a c e , 
B e n z y l t e t r a l i n 152 

Phenyl benzyl — 400 30 100 PhCH3 61, PhOH 66, 
ether PhCH2Ph 6, 

Benzyl phenol 27, 
B e n z y l t e t r a l i n 2 

0.015 400 30 100 PhCH3 38, PhOH 58, 
PhCH2Ph 3, 
Benzyl phenol 39, 
B e n z y l t e t r a l i n 13 

Phenyl 9- — 450 120 65 PhOH 46, 
phenanthryl ether Phenanthrene 17 

0.10 450 120 70 PhOH 45, 
Phenanthrene 18 
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16. KAMiYA ET AL. Coal-Related Aromatic Ethers 299 

Conclusions 
Diaryl ether must be one of the important structures 

responsible for the liquefaction of coal among various oxygen-
containing organic structures of coal. 

The rate of decomposition of polynucleus aromatic ethers 
increases with increasing the number of nucleus of aryl structure 
and are enhanced by the addition of phenolic compounds. 

The rate of decomposition and the distribution of products 
of some diaryl ethers can be affected in the presence of coal ash. 
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17 
Possible Hydride Transfer in Coal Conversion 
Processes 

DAVID S. ROSS and JAMES E. BLESSING 
SRI International, 333 Ravenswood Avenue, Menlo Park, CA 94025 

The conversion of coal to l i q u i d fuels is usually carried out 
i n the presence of an Η-donor solvent (Η-don) such as T e t r a l i n . 
The chemical route commonly suggested for the process i s 

coal-coal — ^ 2 coal* (1) 

coal* H don^ c o a l H (2) 

in which there is initial thermal homolysis of sufficiently weak 
bonds in the coal structure to y i e l d  r a d i c a l s i t e s . These reactive 
sit e s are then "capped" by transfer of hydrogen atoms from the 
donor solvent. We will discuss here the chemistry of this process, 
including detailed consideration of the thermochemistry of Steps 1 
and 2 above. We will then present some of our recent data, which 
suggest that there may be an ionic component in the process. 

Background 

Step 1 above requires that there be bonds in the coal that are 
weak enough to break i n appropriate numbers at conversion tempera
tures and times. Table I displays some kinetic data for the cleav
age of benzylic bonds i n a series of increasingly aromatic com
pounds. In accord with expectation, an extension of the aromatic 
system increases the ease with which the benzylic bond is broken. 
The phenanthrene system appears to be no more easily cleaved than 
the naphthalene system; however, ethyl anthracene is clearly de
st a b i l i z e d s i g n i f i c a n t l y more than the other compounds in the table. 
The large decrease in bond-dissociation energy for the anthracene 
system i s reflected i n the increase by three to four orders of mag
nitude i n the rate of scis s i o n at conversion temperatures, as shown 
i n the table. 

Also pertinent to Step 1 i s the material i n Table II, which i n 
cludes bond dissociation energies and kin e t i c data at conversion 
temperatures for a series of C-C bonds. For the purposes of this 
discussion i t can be assumed that substitution of -0- for -CH2-

0-8412-0587-6/80/47-139-301$05.00/0 
© 1980 American Chemical Society 
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302 COAL LIQUEFACTION F U N D A M E N T A L S 

Table I 

THERMAL CLEAVAGE OF BENZYLIC BONDS IN AROMATIC SYSTEMS 

BDE a Relative Rate 
Structure (kcal/mol) 400°C (572°F) 500°C f932 0F) 

ÇH2" C H3 

0 72 (obs.) 1 1 

CH2-CH3 

68 (obs.) 20 12 

CH2-CH3 

68 (est.) 20 12 

CH2-CH3 

60 (est.) 9xl0 3 3xl0 3 

Bond dissociation energies. See S. Stein and D. Golden, J. Org. 
Chem., ̂ 2, 839 (1977). The two observed values correspond to 
estimated values, and are from the unpublished work of D. Golden 
and D. McMillen, SRI. 
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17. ROSS A N D BLESSING Possible Hydride Transfer 303 

Table II 

THERMOCHEMICAL AND KINETIC FACTORS FOR SOME BONDS IN COAL 

BDEa 
b 

*1 /2 
Structure (kcal/mol) 400°C (572°F) 500°C (932°F) 

> 120 00 00 

116 2.6X1015 yr 3.7xl0 1 0 yr 

<g)-CH 2CH 2*CH 2CH 2-<g> 82 2.7xl0 4 yr 10.2 yr 

81 1.3xl0 4 yr 5.3 yr 

< ^ C H 2 C H ^ - C H 2 ^ ) 69 629 days 19.7 hr 

57 2.0 hr 30 sec 

aBond dissociation energies. See S. W. Benson, Thermochemical 
Kinetics, John Wiley and Sons, New York (1968). 

C a l c u l a t e d from the expressions log k (sec *) = 14.4 - BDE/4.6T, 
\ = 0.7/k. 
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does not change the thermochemistry. Thus, for example, the Ph-OPh 
bond and the Ph-CH2Ph bond are similar i n strength. Again not sur
p r i s i n g l y , double benzylic resonance as present upon the scissio n 
of the central bond i n bibenzyl results i n a si g n i f i c a n t d e s t a b i l i -
zation, and that compound, along with benzyl phenyl ether, PhOCH2Ph, 
are the only compounds with bonds easily broken under conversion 
conditions. If the increase i n rate by a f u l l three to four orders 
of magnitude (shown i n Table I) for anthracene systems i s applied, 
we see that perhaps the 1,3-diarylpropane system may also be s u f f i 
c i e n t l y unstable for conversion at 400°-500°C. Thus i t would seem 
that for coal conversion v i a Steps 1 and 2, at least at 400°C, Step 
1 can be s u f f i c i e n t l y rapid for some structural features. We w i l l 
discuss below some conversion data at 335°C, however, which suggest 
that thermally-promoted bond-scission i s not f u l l y consistent with 
experimental observation. 

Next, a consideration of the kinetics for Step 2 raises some 
questions. The transfer of hydrogen i n similar reactions has been 
well studied, and Table III presents data for the r e l a t i v e rates of 
transfer of hydrogen from a number of hydrocarbons to the free 
r a d i c a l C 1 3 0 at 350°C. The donor hydrocarbons are l i s t e d i n order 
of increasing ease of Η-transfer to the free r a d i c a l . T e t r a l i n i s 
near the middle of the l i s t . The most reactive donor i n the table, 
1,4-dihydronaphthalene, i s about four times as active as T e t r a l i n . 

The table also shows the results of experiments with the donors 
and coal i n phenanthrene as solvent. Consistent with the transfer 
of hydrogen i n a r a d i c a l process, those donors less reactive toward 
C 1 3 0 than T e t r a l i n are also less e f f e c t i v e than T e t r a l i n i n con
version of coal to a phenanthrene-soluble product. However, i n 
contrast to the chemistry of Step 2 we see that those donors that 
are more reactive toward C 1 3 0 than T e t r a l i n are also less e f f e c 
ti v e i n their action with coal. Thus this simple conversion scheme 
i s suspect. 

Current Results 

Alcoholic KOH. We have reported on the use of isopropyl alco
hol as an Η-donor solvent i n coal conversion, and s p e c i f i c a l l y on 
the effects of the addition of strong bases such as KOH to the 
system ( l a ) . We found that i-PrOH brought about a conversion of 
I l l i n o i s No. 6 coal very similar to the conversion l e v e l obtained 
by T e t r a l i n under the same conditions. These results are l i s t e d i n 
Table IV i n text, along with the results of more recent experiments 
using methanol as the solvent and adding KOH to the system ( l b ) . 

Isopropanol i s of course a well known reducing agent under 
basic conditions, reducing carbonyl compounds v i a hydride transfer, 
and becoming oxidized to acetone i n the process (2.) . The table 
shows that the addition of KOH to the system s i g n i f i c a n t l y i n 
creases the effectiveness of the coal conversion reaction, and i t 
would seem that such a system would have an advantage over one 
based on T e t r a l i n , where s i g n i f i c a n t catalysis of hydrogen transfer 
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17. ROSS A N D BLESSING Possible Hydride Transfer 305 

Table I I I 

REACTIVITY OF VARIOUS Η-DONOR SOLVENTS WITH CC1 3 AND COAL 

Co s o l v e n t 

R e l a t i v e R e a c t i v i t y 
Toward C C l 3

a 

(350°C) 

R e l a t i v e 
% D i s s o l u t i o n 
(2 hr/350°C) 

None (Phenanthrene ) — [33]° 

Toluene 1.0 1 

2-Methylnaphthalene 2.1 0 

1 l - M e t h y l n a p h t h a l e n e 2.6 2 

D iphenylme thane 6.0 1 
Cumene 8.7 0 

F l u o r e n e (20) 0 

T e t r a l i n 41.0 27 

9-Methylanthracene 56.0 0 

1,2-Dihydronaphthalene (65) 6 

9,10-Dihydroanthracene (102) 24 

9,10-Dihydrophenanthrene (102) 22 

1,4-Dihydronaphthalene (160) 14 

^>ata from Hendry, D., M i l l , T., P i s z k i e w i c z , Howard, J . , and 
Eigenman, Η., J . Phys. Chem. Ref. Data, 3, 937 (1974). The 
v a l u e s i n p a r e n t h e s i s a r e e s t i m a t e d from o t h e r r a d i c a l d a t a 
a v a i l a b l e i n the paper. ^ A l l r e a c t i o n s c a r r i e d out i n phenan
t h r e n e as s o l v e n t w i t h 4.0 p a r t s s o l v e n t per p a r t c o a l , and 
10 wt % c o s o l v e n t . U n p u b l i s h e d d a t a of D. Hendry and G. Hum, 
SRI. c V a l u e f o r phenanthrene a l o n e . 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

01
7

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



306 COAL LIQUEFACTION F U N D A M E N T A L S 

has not been d i r e c t l y demonstrated. We found i n our experiments 
with jL-PrOH/KOH at 335°C that coal was converted to a product about 
60% soluble i n i-PrOH, that f r a c t i o n having a number-average molec
ular weight of about 460. 

In some model compound studies with the ji-PrOH/KOH system we 
found that anthracene was converted to 9,10-dihydroanthracene i n 
64% y i e l d . Benzyl phenyl ether was also studied and was converted 
to a polymeric material under the reaction conditions. There were 
no traces of phenol nor toluene, the expected reduction products. 

We found subsequently that MeOH/KOH media at 400°C were very 
ef f e c t i v e reducing systems, as Table IV shows ( l b ) . The methanol 
work yielded products with s i g n i f i c a n t reductions i n organic sulfur 
levels and moderate reductions i n nitrogen l e v e l s . We suggest the 
mechanism of reduction i s ionic i n nature, involving hydride trans
f e r . Thus 

H-C-OH + 0H~ — • H 20 + H-C-0 

H-Vo" + coal — • XC=0 + coalH~ 
/ / 

coalH" + H-̂ C-OH — • H-C-o" + coalH 2 / • 
where coalH and coalH 2 are an anionic intermediate and reduced 
coal, respectively. The net reaction i s 

H-̂ C-OH + coal — \ > 0 + coalH 2 

and i n fact, i n the jL-PrOH work, we isolated acetone i n quantities 
consistent with the quantities of hydrogen transferred to the coal. 

The f i n a l coal product i n the MeOH/KOH experiments was 20%-25% 
soluble i n the methanol. When the methanol was removed, the re
sultant product was a room temperature l i q u i d with the properties 
described i n Table V. Apparently the polymethylphenol fra c t i o n i s 
formed by the cleavage of phenolic ethers and subsequent methyla-
tion by the CO that i s present i n the reaction mixture as a result 
of methanol decomposition. The methylation reaction has been 
observed before for similar systems (3). 

The methanol-insoluble product was also upgraded r e l a t i v e to 
the starting coal. Its H/C ra t i o was 0.86, i t s sulfur and nitrogen 
levels were 0.8% and 1.2%, respectively, and i t has f u l l y pyridine 
soluble. 

Model compound studies were also carried out i n MeOH/KOH, and 
the results are shown i n Table VI. Phenanthrene and biphenyl were 
quantitatively recovered unchanged by the reactions, and bibenzyl 
was recovered i n 95% y i e l d , with small amounts of toluene observed. 
Anthracene and diphenyl ether, on the other hand, were converted 
respectively to 9,10-dihydroanthracene and a mixture of polymethyl-
phenols similar to that observed i n the work with coal. The cleav
age of diphenyl ether v i a hydrogenolysis should y i e l d both benzene 
and phenol as products; we saw no benzene i n our study, and our 
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Table IV 

ALCOHOLS AS Η-DONOR SOLVENTS IN COAL CONVERSION 

System T(°C)/min 
Pyr. Sol 

(%) H/C %S 
org %N 

Untreated coal — 13 0.73 2.1 1.7 

Te t r a l i n 335/90 48 0.81 1.8 1.6 

i-PrOH 335/90 50 0.81 1.8 1.6 

i-PrOH/KOH 335/90 96 0.88 1.6a 1.6 

MeOH/KOH 400/90 99 + 0.96 0.8 1.2 

Reduced to 0.5% when product treated further. 

Table V 
PROPERTIES OF THE METHANOL-SOLUBLE COAL PRODUCT 

~40% polymethylphenols and anisoles 

~40% mixture of butyrolactone and 
d i s t i l l e d m heavier materials yielding 
<0.1 torr CH3CH2CH2C=0+ and 

H0CH2CH2CH2C=0+ major 
fragments by mass spectroscopy 

^20% unidentified 

H/C 1.37 

%S 
org 

0.5 
• 

%N 0.4 

H -/H a 

a l ar 5.1 ̂  

By nmr 
Table VI 

MODEL COMPOUNDS IN MeOH/KOH AT 400°C/30 MINUTES 

m no reaction 

no reaction 

77% 9,10-dihydroanthracene 
3% methylanthracene 

33% polymethylphenols 

^5% toluene 
^95 +% recovered starting material 
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308 COAL LIQUEFACTION F U N D A M E N T A L S 

observation of the polymethylphenols and anisoles thus indicates 
that nucleophilic ether cleavage i s taking place. In other words, 
i t appears that phenoxide i s displaced by methoxide, thus, 

I 
methylated products 

so that a favorable feature of the MeOH/KOH system, i n addition to 
i t s reducing power, i s i t s f a c i l i t y i n cleaving otherwise inert 
ethers. 

CO Chemistry. The alcohol/base chemistry observed here led 
l o g i c a l l y to a system including C0/H20/K0H, and accordingly, a 
series of experiments was performed at 400°C. The COSTEAM Process 
i s similar i n nature, but without the purposeful addition of base. 
Also, the process i s applied primarily to l i g n i t e , though the CO-
STEAM chemistry has been applied, less successfully, to bituminous 
coal also. The results we obtained with the basic system, along 
with the pertinent citations to e a r l i e r work by others, were 
recently presented (4) 

To summarize our e f f o r t , we found that C0/H20/K0H systems con
verted I l l i n o i s No. 6 coal to a material which was f u l l y pyridine 
soluble, 51% benzene soluble, and 18% hexane soluble. As with the 
basic alcoholic systems, there were s i g n i f i c a n t reductions i n or
ganic sulfur l e v e l s , and moderate reductions i n nitrogen l e v e l s . 
The chemistry here i s similar to that for the basic alcoholic 
systems, but with formate (HC02 ) as the hydride-donor, and thus 
the reducing agent. In control runs with H20/K0H or C0/H20, l i t t l e 
or no conversion was observed. 

Model Component Studies. Model compound work with this system 
showed that anthracene was reduced to i t s 9,10-dihydro derivative 
(35% y i e l d ) . Bibenzyl, on the other hand, was recovered unchanged, 
with only a trace of toluene observed. 

The model compound work for the three basic systems i s summa
rized i n Figure 1. A finding of no s i g n i f i c a n t reduction i n a 
system i s designated by an x'ed arrow. Our c r i t e r i o n of successful 
reduction requires that s i g n i f i c a n t quantities of the starting 
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ROSS A N D BLESSING Possible Hydride Transfer 309 

IPA/KOH (335°C) 

coal — — 

anthracene 

PhCH20Ph 

CO/HaO/KOH (400°C) 

coal 

anthracene — 

PhCH2CH2Ph — 

MeOH/KOH (400°C) 

coal 

anthracene 

Ph 20 

Phenanthrene 

PhCH2CH2Ph 

Figure 1. Summary of results for coal 
and selected model compounds in some 
strongly basic conversion systems. Ar
rows indicate that significant conversion 
to reduced products was observed. The 
X'ed arrows indicate that no reduction 

was observed. 
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material be converted to reduced products. With benzyl phenyl 
ether, for example, while l i t t l e starting ether was recovered, most 
of i t being converted to an intractable polymer, no phenol nor 
toluene was found. Thus we conclude the system was not effective 
i n reduction of the C-0 bond. Similar statements apply regarding 
the C-C bond i n bibenzyl for the MeOH/KOH and C0/H20/K0H systems. 

Discussion 

A s i g n i f i c a n t conclusion from these data i s that coal i s con
verted under conditions where the common model compounds benzyl 
phenyl ether and bibenzyl are not reduced. In explanation, i t 
might be suggested that there are two conversion mechanisms. One 
would be the commonly considered scheme (Steps 1 and 2), taking 
place i n T e t r a l i n - l i k e media, involving free r a d i c a l chemistry, and 
reducing both coal and such model compounds as bibenzyl and phenyl 
ether through a thermally-promoted i n i t i a l bond-scission. A second 
mechanism would be operative i n strongly basic media, involve hy
dride transfer, and would perhaps include the conversion of coal 
v i a chemistry related i n some way to the reduction of anthracene 
by these systems. 

However, as pointed out above, the commonly proposed free 
r a d i c a l mechanism i s not entir e l y consistent with the observed 
behavior of Η-donor solvents and coal. Further, a thermally pro
moted C-C or C-0 bond-scission i s inconsistent with our observa
tions i n the i.-PrOH work at 335°C. As also mentioned, a major 
fr a c t i o n of the coal was converted i n this system to a product with 
a number-average molecular weight of less than 500. If we consider 
that the rate constant for the unimolecular s c i s s i o n of the central 
bond i n bibenzyl i s expressed (5) as 

log k (sec" 1) = 14.4-57/2.303RT 

then, while the h a l f - l i f e for the reaction at 400°C i s about 2 
hours, and thus perhaps appropriate for considerations of conver
sion at those conditions, at 335°C the h a l f - l i f e i s about 160 hours, 
and c l e a r l y the reaction cannot play a s i g n i f i c a n t role i n the con
version of coal at that temperature. 

Additionally, i t has been noted that T e t r a l i n operates v i a 
hydride transfer, at least i n i t s reduction of quinones. Thus i t 
has been shown that T e t r a l i n readily donates hydrogen to electron-
poor systems, such as quinones at 50°-160°C. The reaction i s 
accelerated by electron-withdrawing substituents on the H-acceptor 
and polar solvents, and i s unaffected by free r a d i c a l i n i t i a t o r s 
(6). These observations are consistent with hydride transfer, as 
is the more recent finding of a tritium isotope effect for the re
action (7). 

We propose, therefore, that the operative mechanisms of coal 
conversion i n both T e t r a l i n - l i k e media and our strongly basic 
systems may be the same, involving hydride donation by the H-donor 
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solvent, followed by proton transfer. Consistent with this surmise 
are the results from two experiments carried out under the same 
conditions, u t i l i z i n g T e t r a l i n on the one hand, and C0/H20/K0H on 
the other. The results, presented i n Table VII, show that the 

Table VII 

COMPARISON OF CO/H20/KOH-TREATED AND TETRALIN-TREATED 
COAL PR0DUCTSa 

Reaction 
Conditions 

Benzene 
S o l u b i l i t y 

% 
Molar H/C %N Reaction 

Conditions 

Benzene 
S o l u b i l i t y 

% BS C BI d BS C BI d Η Ί/Η 6 

a l ar 

C0/H20/K0Hf 48 1.01 0.65 1.1 1.8 ^ 3.0 

T e t r a l i n 8 37 1.01 0.72 0.6 1.9 'v, 2.7 

a 

Reactions run at 400°C for 20 min in a s t i r r e d , 300 ml Hastelloy 
"C" reactor. 10.0 g of dried, -60 mesh I l l i n o i s No. 6 coal (PSOC-
26) used i n each case. S o l u b i l i t y of entire product i n 50 ml of 
benzene. cBenzene soluble portion of the product. dBenzene i n 
soluble portion of the product. eRatio of 1H-NMR areas: = 
0<δ<5; H a r o m = 5<<S<10. Contributions from benzene and Te t r a l i n 
were substrated before calculation. ^36 g of H20, 10 g of KOH, 
and 700 psig of CO used i n a 300 cc reactor. ^60 g of Te t r a l i n . 

products from the two reactions have similar diagnostic character
i s t i c s , including benzene s o l u b i l i t i e s , H/C r a t i o s , and ratios of 
H a i / H a r . Additionally, HPLC p r o f i l e s for the two products are very 
similar. 

Since the suggested conversion process does not include a ther
mally promoted bond-scission step, the question arises of how the 
addition of hydrogen results i n the bond breaking necessary for 
si g n i f i c a n t reduction i n molecular weight. We have already noted 
that the nucleophilic action of the basic methanol system was 
su f f i c i e n t to cleave diphenyl ether, and a similar route i s a v a i l 
able i n the basic i-PrOH and C0/H20 systems. On the other hand, 
we showed i n control experiments that strongly basic conditions 
alone were not s u f f i c i e n t for s i g n i f i c a n t conversion of coal. 

On the basis of the data at hand, we are currently considering 
two possible modes of molecular weight reduction. The f i r s t i n 
volves the generation of thermally weak bonds by the i n i t i a l addi
tion of hydrogen. We suggest that the addition of hydrogen to the 
structures below may be a key to the cleavage of c r i t i c a l bonds i n 
coal. 
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312 COAL LIQUEFACTION F U N D A M E N T A L S 

2 H j § — )®£ + — 
Ocoal H Ocoal 

2 H 

It can be shown thermochemically that the addition of hydrogen 
across structures l i k e those above i s favored under conversion 
conditions ( l a ) . In turn, i t can be suggested that the dihydro-
ether intermediate i s rapidly thermalized i n the succeeding step, 
yielding both an oxygen-containing fragment and a rearomatized 
fragment that i s rapidly reduced to a hydroaromatic product. The 
thermolysis of the intermediate i s expected to be rapid at con
version temperatures, i n accord with Brower's observation that, i n 
Tet r a l i n , anthraquinone i s converted a l l the way to anthracene (8). 
Moreover, i t i s recognized that 9-hydroxy-9,10-dihydroanthracenes 
readily eliminate water at ambient conditions, yielding the aroma
tized product (9). 

The second potential conversion mode takes into consideration 
the recent observation that hydrogen acceptors such as benzophenone 
oxidatively couple phenols under conversion conditions (10). It 
can thus be suggested that the major role of a reducing component 
i n a coal conversion system i s the reduction of quinones and per
haps other oxidants present i n the coal, rather than direct re
duction of the coal. In the absence of an Η-donor, then, oxidative 
crosslinking takes place within the coal upon heating, y i e l d i n g a 
product even less soluble i n solvents such as pyridine than was 
the starting coal. On the other hand, i n the presence of a re
ducing agent, either conventional Η-donors such as T e t r a l i n or our 
hydride-donating systems, the quinones and other oxidants should 
be reduced to unreactive material, and the coal might then proceed 
to liquefy by means of a thermal process involving no addition of 
hydrogen. We cannot at this time propose a route for purely ther
mal liquefaction (reverse Diels Alder reactions might be suggested 
for purposes of example), and the concept currently remains a work
ing hypothesis. 

Note. In a recent paper, M i l l e r and Stein have provided values for 
both C-C and C-0 bonds for a variety of coal model compounds, i n 
cluding bibenzyl and benzyl phenyl ether (11). Their rate constant 
for bibenzyl provides h a l f - l i f e values at 335°C and 400°C even 
larger than those discussed here, and i t would seem on the basis 
of their data that at those low temperatures C-C scission i n b i 
benzyl i t s e l f i s too slow for thermal sciss i o n to be s i g n i f i c a n t . 
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17. ROSS AND BLESSING Possible Hydride Transfer 313 

On the other hand, they find that the ether and substituted bi-
benzyls are thermalized faster than bibenzyl itself, and thus ther
mal scission of such bonds could play a role in a free radical 
route. 
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Hydrogenation Mechanism of Coals by Structural 
Analysis of Reaction Products 

Y. MAEKAWA, Y. NAKATA, S. UEDA, T. YOSHIDA, and Y. YOSHIDA 

Government Industrial Development Laboratory, Hokkaido, 
41-2 Higashi-Tsukisamu Toyohiraku, Sapporo, 061-01, Japan 

It is generally conceded that in the hydrogenation reaction 
of coal, the following diversive chemical reactions compete in 
parallel (among and against each other) as the reaction proceeds: 
namely, thermal decomposition, stabilization of active fragments 
by hydrogen, cleavage of linkages between structural units, 
dealkylation, dehetro atom, hydrogenation of aromatic rings, ring 
opening, etc. It is also accepted that the various features of 
these reactions are strongly influenced and vary with the type 
of raw coal, their individual chemical structures, properties of 
the catalyst employed, type of reducing agents, conditions of 
reaction; temperature and pressure and the degree of reaction 
progress. 

The resulting reaction products are a complex mixture of 
compounds and because of the fact that the structural analysis 
thereof is extremely complicated, i t follows that elucidation and 
clarification of the reaction mechanisms involved are extremely 
difficult and the results are far from satisfactory. 

Thus we have conducted work on the structural parameters of 
coal hydrogenation products using the method of Brown-Ladner (1) , 
and from the results obtained we have developed correlations of 
the reaction. Based on the above, the outline of the reaction 
mechanisms have been previously discussed and our results have 
been reported (2,3). 

In the present paper samples using several kinds of coal 
and various reducing agents such as H 2 , H2 + CH4, D2/ P2 + tetra
l in , CO + H2O, we have carried out hydrogénation reactions. We 
have studied the distribution and structural parameters of the 
reaction products and we have further discussed the reaction 
mechanisms involved. 

Experimental 

The analysis of the sample coals used in the experiments 
are shown in Table 1. 

Hydrogenation and reduction were conducted using a batch type 

0-8412-0587-6/80/47-139-315$05.00/0 
© 1980 American Chemical Society 
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316 COAL LIQUEFACTION FUNDAMENTALS 

Table 1 An a l y t i c a l data on the coals studied 

Sample Proximate analysis % Ultimate analysis % 
M. Ash V.M. F.C. C H Ν S 0 

Soya Koishi 15.5 15.7 33.6 35.3 73.0 6.6 1.5 O.O4 20.0 
Bay swat er V i * 1 3.4 1.6 32.9 62.1 83.0 5.3 2.0 0.5 9.2 
Bay s water In*2 4.5 16.2 20.8 58.5 85.0 4.1 1.9 0.3 8.7 
Yubari 1.1 6.8 43.6 48.5 85.2 6.2 1.6 0.1 6.9 
Shin Yubari 1.2 7.4 34.7 56.7 87.4 6.5 1.8 O.O4 4.7 

*1 Australian, V i t r i n i t e 99% concentrate 
*2 Australian I n e r t i n i t e 95% concentrate 

autoclave with an inner volume of 500 ml. The reaction gas after 
completion of the reaction was analysed by gas chromatography. 
Further, the produced water Was quantitated. The remaining 
products i n i t s entirety were quantitated and fractionated by 
extraction using n-hexane, benzene, and pyridine. The fractiona
t i o n methods are shown i n F i g . 1. Regarding these, when fractiona
t i o n i s accomplished by benzene extraction, the conversion was 
calculated from organic benzene insolubles (O.B.I.) and when 
fractionation i s c a r r i e d out by pyridine the same was calculated 
from organic pyridine insolubles (O.P.I.) 

With regards to hydrogénation, reducing agents such as H2, 
H2 + CH4, D2r D2 + t e t r a l i n , 00 + H2O were selected and reduction 
was conducted by varying the reaction time. Each i s o l a t e d 
f r a c t i o n was subjected to ultimate analysis, H-NMR, C-13 NMR, 
molecular weight measurement and the structural parameters were 
calculated. The results of the study of these structural para
meters i n the course of the reactions were evaluated and the 
reaction mechanisms thereof are discussed below. 

Results and discussion 

Product d i s t r i b u t i o n For many years high pressure hydrogénation 
reaction has been dealt with as a consecutive reaction with 
asphaltene as the intermediate C4,5,6). Further i t has been 
pointed out that Py-1, O2 likewise shows the behavior of i n t e r 
mediates. (See Figure 1) (3). 

In F i g . 2 the following i s depicted; the hydrogénation pro
ducts of Yubari coal at a reaction temperature of 400°C were 
fractionated by the procedure shown i n F i g . 1, and the changes 
of these f r a c t i o n y i e l d s by reaction time are shown. Inasmuch as 
the presence of Py-2 i s scarce i n coal, the observed results 
were obtained i n the decreasing period, thus i t may readi l y be 
surmised that Py-2 must be produced i n the i n i t i a l stages of 
the reaction. Here we consider o i l - 1 as the f i n a l product, and 
i t may be noted that a l l fractions other than o i l - 1 , show an i n i t i a l 
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Hydrogénation products 
I , 

Oil-1 (0i) 

Oil-2 (0 2) 

Asphaltene(A) 

Liquid 
Solid 

n-Hexane 
décantation 

Residue 

n-Hexane Soxhlet 
extraction 

Residue 

Benzene Soxhlet 
extraction 

Residue 
(Organic benzene 
insolubles-O.B.I.) 

Pyridine extraction 
(glass filter G 4 ) 

Pyridine extract-1 
(Py-0 

Residue Pyridine extract-1 
(Py-0 

Pyridine Soxhlet 
extraction 

Pyridine extract-2 
(Py-2) 

Organic pyridine 
insolubles 
(O.P.I.) 

Figure 1. Flow diagram for solvent fractionation of coal hydrogénation product 
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increase and a subsequent decrease in the course of the reaction 
and i t i s clear that they show the behavior of intermediate 
products in a consecutive reaction. 

The distribution of products from the hydrogénation of 
vitrinite and inertinite separated from Australian Bayswater coal 
i s shown in Fig. 3 and Fig. 4 respectively. Fig. 5 shows the 
distribution of products from the reduction of Soya-Koishi coal 
by CO + H20. The product distribution shows a similar tendency to 
that of Yubari coal shown in Fig. 2. Thus, i t indicates that the 
Py-2, Py-1, A, 02 can be considered as intermediate products in a 
consecutive coal hydrogénation reaction scheme. 

Vfe used 3 solvents to separate the hydrogénation and reduc
tion products into fractions. If we can use a wider range of 
solvents with different solubility properties, the hydrogénation 
reaction scheme can be expressed as a consecutive reaction which 
has more steps. 

Based on our pervious work Ç7, 8) regarding the distribution of 
molecular weight of these fractions, i t i s known that these have 
a wide distribution of molecular weight. It i s also known that 
raw coal i t s e l f has a structural distribution(9,10). Therefore, 
i t may be considered that in the high pressure hydrogénation of 
coal, the reactivity of the remaining unreacted coal gradually 
changes while consecutive degradation of coal i s also underway. 

The consideration mentioned above may be expressed in a 
schematic diagram as follows. 

Coal' — Α1_> Fr A. — ^ 1 —• Fr B, _ CI —> Fr C,-...->Fr N, i 1

 k ^^^^r-^v^z\- -J 1 

Coal 0 - A2-.Fr A~ — B2 -, Fr B, - C 2 F r C0-·..·-*Fr N 0 I 2 ±*2 ι 2 χ 2 2 

Coal — kAn -Fr^A *Bn — r F r ^ B kCn —•Fr'C »Fr Ν 
η ^ ι η ^ η η η 

^ B n + 2 - J 

F r N n + n 

In other words, coali (raw coal) i s reacted and leads to 
a change to a one step lower molecular fraction Fr and at the 
same time as a side reaction Fr B^ Fr is directly produced. 
Coal2r (the remaining coal from which the above constituents have 
been removed from coal]), would naturally have a different compo
sition and reactivity from that of coal^ A similar reaction may 
be expected when Fr A]_ undergoes a change to Fr B^. The method 
of dealing with the above indicates the molecular lowering direc
tion of the reaction of hydrogénation and reduction, and i t may be 
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Figure 3. Distribution of products from Bayswater vitrinite hydrogénation at 400° C 
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Ql 1 1 1 

0 50 100 

Nominal reaction ti me (min.) 

Figure 5. Distribution of products from Soya-Koishi coal liquefaction with CO + 
H20 at 400°C 
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surmized that the chemical reaction of each step would be highly 
complex. 

Based on the above considerations, the mode of kinetic study 
carried over a wide range, i s solely a means to express how the 
fraction, isolated by a certain method, changes quantitatibely 
in the reaction course. In other words these experimental results 
are expressed as an equation for convenience sake. And i t may be 
considered as a practical means in applicable form. 

Now, since each respective fraction shows a structural change 
along with the reaction course, i t may be considered at the same 
time that i t contains products from a higher molecular 
fraction. In other words, for instance l'r A2 i s produced from 
coal 2 which changes by hydrogenolysis and at the same time, the 
residue resultinq from the reaction from Fr A i to Fr Bi also 
appears i n t h i s f r a c t i o n . 

This should be taken into consideration when the reaction 
mechanism i s to be discussed. In Fig . 2, i t may be appropriate to 
consider that the structural changes of Py-1 and i n the course 
of the reaction are due to the reaction i t se l f . 

Reaction mechanism of coal hydrogénation by H 2 

Hydrogenolysis was conducted using Yubari coal at a reaction 
temperature of 400°C. The changes of ultimate composition and 
structural parameters of the fractions of the hydrogénation pro
ducts in the reaction course are shewn in F ig . 6,7. The oxygen 
clearly decreases as the consecutive reaction proceeds while the 
hydrogen increases. Whereas the nitrogen level in the o i l 2, 
asphaltenes, Py-1 and Py-2 fraction i s greater than that i n the 
o r i g i n a l coal, i t appears that the nitrogen containing structure 
i s refractory against hydrogénation. The structural parameters 
calculated by the Brown-Ladner1 s H-NMR method are shown in F ig . 7. 
Hydrogénation reaction proceeds from Py-1 to O2, therefore, fa i s 
found to decrease as the reaction progresses vrtiile both Hau/Ca and 
σ increase. This means that saturation of the aromatic ring was 
occuring. 

The molecular weights of the Py-1, A, and 02 fractions were 
2000, 800 and 350 respectively whereas the weights of the struc
tural unit, as calculated from the structural parameters were 
about 300, 300 and 280 respectively. This indicates that cleavage 
of the linkages between structural units has occurred. The de
crease in Hau/Ca of Py-1 in the latter part of the reaction, even 
when considered together with the behavior of other parameters, 
cannot be considered to be the result of growth of the condensed 
aromatic ring of Py-1. It i s assumed that because of the Brown-
Ladner assumption i s lacking the diphenyl type linkage/ Py-1 has 
i t . Generally, the Hau/Ca calculated Brown-Ladner1 s method i s 
lower than that from C-13 NMR in the case of diphenyl type linkage 
containing substances (11). Therefore, i t i s doubtful that the 
Hau/Ca from H-NMR directly reflects the degree of aromatic ring 
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Figure 6. Ultimate composition of Yubari coal hydrogenolysis product 
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Figure 7. Structural parameters of Yubari coal hydrogenolysis products 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

01
8

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



18. M A E K A W A ET A L . Hydrogénation Mechanism of Coals 323 

condensation but the tendency can be accepted. 
Although i t can be stated that (by the decrease of the mole

cular weight), the Py-1 is transferred to asphaltene, when the 
structural parameters of Py-1 and asphaltene are compared, i t may 
be conceded that at this molecular weight lowering step, deoxygen 
reaction, depolymerization ring saturation (side chain substi
tution - a l 1 ) and likewise an increase in side chain substitution 
over 02 etc are taking place. Similar results may be observed in 
the hydrogénation of Bayswater v i tr in i te concentrate, and iner-
t ini te concentrate. 

Reaction mechanism of coal hydrogénation by H2 + CH4 

It was noted that CH4was produced as the largest gas product 
in the hydrogénation of coal and i s found coexisting with reducing 
hydrogen. Thus the influence therof on the reaction mechanism 
was investigated (12). Methane was added at a pressure of 25 or 50 
kg/cm2 to the i n i t i a l hydrogen pressure of 75 kg/cm2 and the hy
drogénat ion reaction rate constant was measured. The results are 
as shown in Table 2. 

Table 2 Reaction rate constant for Shin-Yubari coal hydro-
genolysis under different reducing gas compositions 

Reaction Reducing gas Reaction rate constant min."l 
Temp. composition Κχ + K3 Κχ K3 

(kg/cm2) 

H2 75 0.0115 0.0037 0.0078 
4nn°r Η2 7 5 + Œ 4 25 0.0133 0.0050 0.0083 

U U U Η 2 75 + CH 4 50 0.0111 0.0033 0.0078 
Η 2 75 + Ar 25 0.0109 0.0024 0.0085 

Η2 50 + CH4 50 0.0178 
450°C Η2 75 + CH4 25 0.0230 

Η 2 100 0.0258 

It may be seen that the reaction rate constant mainly depends 
on the hydrogen partial pressure. However, as compared with the 
hydrogen only where methane i s added at a pressure of 25 kg/cm2 is a 
sl ightly higher value seen. But, in the case of 450°C likewise 
i t may be considered that i t solely depends on hydrogen part ial 
pressure. The results of an investigation on the change of struc
tural parameters of the reaction products by reaction time are 
shown in F ig . 8. Thus, i t may be considered that the increase i n 
hydrogen pressure mainly enhances the saturation of aromatic rings 
(as a result an increase in α-hydrogen i s seen). 
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Reduction mechanism of coal by D2 and D2 -f Ttetralin 
In order to c l a r i f y the attack s i t e of the hydrogen used f o r 

reduction, D2 was used as the reducing agent and deutrization of 
coal was conducted and an investigation of the D d i s t r i b u t i o n of 
reaction products was carried out{13). For the measuring d i s t r i 
bution of D, D-NMR was used, and determination of D divided i n 3 
categories; namely, aromatic D(Da), D bonded carbon α from aromatic 
r i n g (Oct), and D bonded carbon further 3 from aromatic carbon. 
The results are as shown i n Table 3 . 

Da, Da, Do used together with Η gave an approximately similar 
hydrogen type d i s t r i b u t i o n to that when H2 only was used. How
ever, when compared with the d i s t r i b u t i o n of hydrogen remaining 
i n the reaction products, i t was shown that a marked m a l d i s t r i 
bution of deuterium at the α position existed. I t was also noted 
that when T-etralin i s used as the vehicle, t h i s tendency became 
more pronounced. 

Table 3 Η and D distribution of hydrogénation and deutration 
product of Shin-Yubari coal at 400°C under 50 kg/cm2 
of i n i t i a l pressure 

Product Gas Rt(min.) 
Ha 

H and D distribution % 
Ha Ho Da D a Do 

D2 

60 
120 

17.5 
18.7 

19.5 
21.2 

63.0 
60.1 

19.4 
19.9 

49.5 
50.9 

31.1 
29.2 

O i l H 
H2 

60 
120 

21.3 
19.8 

29.6 
31.2 

49.1 
48.9 

H2* 

60 
60 

28.8 
30.5 

29.8 
35.3 

41.4 
34.2 

20.1 54.5 25.4 

D2 

60 
120 

30.3 
26.5 

29.9 
29.9 

39.8 
43.5 

12.9 
12.5 

61.7 
55.1 

25.4 
32.4 

Asphaltene H2 
H2 

60 
120 

27.4 
30.7 

36.4 
34.5 

36.2 
34.8 

H2* 

60 
60 

26.1 
29.5 

29.8 
34.2 

44.2 
36.3 

- 68.3 31.7 

* with Tetralin 

In addition to the minute amounts of hydrogen in the produced 
gas, corresponding to the maximum 34% of hydrogen in coal i s 
present as H-D, and i t i s known that regarding D in the reaction 
products, not only D from the reaction but also D arising from the 
H-D exchange reaction are present. While there i s a strong se
lect ivi ty of H-D exchange reaction ( 14), the ratio of Da / Do i s 
comparatively high in the products of the i n i t i a l stage and fur
ther even with the increase in reaction time, since the Da/Da/Do 
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0.8 

40 60 80 100 

conversion % 

Figure 8. Distribution of structural parameters of asphaltene from Shin-Yubari 
coal hydrogénation at 450°C: (Ο), H„:100kg/cm2; (®), H„:75 + CH4:25; (·), 

H,:50 + CH^SO 

0% 
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Figure 9. Structural parameters of asphaltene jrom Soya-Koishi coal by CO + 
H20 and H2 reduction at 400°C 
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ratios do not approach the Ha/H/Ho ratios, i t may be considered 
that a larger portion of D reacts to carbon from the aromatic 
rings. 

Reduction by 00 + H2O 

In Fig. 9 is shown a comparison of changes of the structural 
parameters of the reaction products in the reaction course where 
reduction of Soya coal samples is conducted using H2 and 00 + H2O 
(15). The greatest difference between the two (while i t is the 
same fraction under almost the same conversion) in a 00 + H2O 
system, there is a scarcity of oxygen containing structure. 
Further when H2 is used, in asphaltene the aal1 portion (hydrogen 
bonded α carbon from aromatic carbon) is smaller than that pro
duced in the 00 + H2O system. St i l l further under the present 
conditions, the main reaction involved in molecular lowering is 
depolymerization, so the nacent hydrogen coming from 00 + H2O 
has a selectivity to attack the ether linkage? in addition i t 
may be considered that H2 relative to this, has a definite 
activity for the cleavage of the CH2 bridge. 

Conclusion 

The structural parameter changes of products of coal reduc
tion under various reducing reaction conditions were followed up, 
and a discussion of the reaction mechanisms involved was made and 
the following conclusion were obtained. 

1) It may be considered that in the hydrogénation reaction of 
coal, the coal is subjected to consecutive changes in com
ponents and reactivity which results in a consecutive mole
cular lowering. 

2) Regarding the chemical reaction observed under comparatively 
mild hydrogénation, cleavage of linkage between structural 
units, saturation of aromatic rings, ring opening, dealky-
lation, deoxygen, desulfurization were seen. 

3) When high pressure hydrogen was used as the reducing agent, 
i t could be considered that as a result the addition of 
hydrogen to α-carbon from the aromatic ring was highest. 
This was further promoted by increasing the reaction pressure 

4) It may be considered that the nacent hydrogen more selec
tively contributed to the cleavage of the ether bridge and 
that H 2 was more selective than CO + H2O regarding the 
cleavage of the CH2 bridge. 
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Pericyclic Pathways in the Mechanism of Coal 
Liquefaction 

P. S. V I R K , D. H. BASS, C. P. EPPIG, and D. J. E K P E N Y O N G 

Department of Chemical Engineering, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

The object of this paper is to draw attention to the pos
sible importance of concerted molecular reactions, of the type 
termed pericyclic by Woodward and Hoffman (1), in the mechanism 
of coal liquefaction. 

In outline of what follows we will begin by brief reference 
to previous work on coal liquefaction. The present approach will 
then be motivated from considerations of coal structure and hydro
gen-donor activity. A theoretical section follows in the form of 
a pericyclic hypothesis for the coal liquefaction mechanism, with 
focus on the hydrogen transfer step. Experiments suggested by 
the theory are then discussed, with presentation of preliminary 
results for hydrogen transfer among model substrates as well as 
for the liquefaction of an Illinois No. 6 coal to hexane-, ben
zene-, and pyridine-solubles by selected hydrogen donors. 

Previous literature on coal liquefaction is voluminous (2). 
Molecular hydrogen at elevated pressures is effective (3) but 
more recent work has employed hydrogen donor 'solvents', such as 
Tetralin (4), which are capable of liquefying coal at relatively 
milder conditions. Donor effectiveness is strongly dependent 
upon chemical structure. Thus, among hydrocarbons, several hydro-
aromatic compounds related to Tetralin are known to be 
effective (5·, J5, 7_9 8) , while the corresponding fully aromatic 
®§) or fully hydrogenated £ 0 compounds are relatively in
effective Ç7, 9). Further, among alcohols, isopropanol H0-( and 
o-cyclohexyl phenol HO-fi) are effective donors (7) whereas t-
butanol HO-^ is not rÇ (10) . These observations have been 
theoretically attributed (e.g. 2̂ , 9) to a free-radical mechanism 
according to which, during liquefaction, certain weak bonds break 
within the coal substrate, forming radical fragments which ab
stract hydrogen atoms from the donor, thereby becoming stable 
compounds of lower molecular weight than the original coal. 
According to this free-radical mechanism, therefore, donor 

0-8412-0587-6/80/47-139-329$05.00/0 
© 1980 American Chemical Society 
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330 COAL LIQUEFACTION FUNDAMENTALS 

effectiveness i s related to the a v a i l a b i l i t y of abstractable hy
drogen atoms, and this notion seems to have won general accep
tance i n the l i t e r a t u r e because i t rationalizes the effectiveness 
of T e t r a l i n , which possesses benzylic hydrogen atoms, r e l a t i v e to 
naphthalene and Decalin, which do not. However, the foregoing 
mechanism i s less than satisfactory because indane @ φ » which 
has just as many benzylic hydrogens as T e t r a l i n , i s r e l a t i v e l y 
i n e f f e c t i v e (7) as a donor. Also, the a c t i v i t y of the alcohol 
donors, l i k e isopropanol, would have to involve abstraction of 
hydrogen atoms bonded either to oxygen or to an sp^-hybridized 
carbon; this seems unlikely because both of these bonds are r e l a 
t i v e l y strong compared to any that the hydrogen might form with a 
coal fragment r a d i c a l . 

The present approach to the coal l i q u e f a c t i o n mechanism 
evolved from contemporary knowledge of coal structure (e.g. 11, 
12, 13), which emphasizes the existence of hetero-atom-containing 
structures comprising 2- to 4-ring fused aromatic nuclei joined 
by short methylene bridges. From this i t i s apparent that sigma 
bonds between sp^-hybridized atoms i n coal are seldom more than one 
bond removed from either a pi-electron system or a hetero-atom 
containing substituent. Such a molecular topology i s favorable 
for p e r i c y c l i c reactions, which are most prone to occur on skele
tons with proximal Π- and σ-bonds activated by substituents. We 
therefore hypothesize that the o v e r a l l interaction between the 
coal substrate and hydrogen donor, which eventually leads to 
liquefaction, involves a sequence of concerted, p e r i c y c l i c steps, 
which w i l l be indicated i n the next section. The novelty of this 
approach i s twofold; f i r s t , the mechanistic concept i s e s s e n t i a l l y 
di f f e r e n t from any that has hitherto been proposed i n coal-re
lated l i t e r a t u r e and second, i t lends i t s e l f to quantitative 
tests and predictions since the p e r i c y c l i c reactions envisioned 
must obey the Woodward-Hoffman rules (1) for the conservation of 
o r b i t a l symmetry. It should also be pointed out that i f the pre
sent approach proves v a l i d , then i t w i l l have the engineering 
significance that the large volume of recently developed p e r i 
c y c l i c reaction theory (14, 15, 16) could be applied to the prac
t i c a l problem of defining and improving actual coal liquefaction 
processes. 

Theory 

In delineating a coal liquefaction mechanism we distinguish 
three basic steps, namely rearrangements, hydrogen-transfer, and 
fragmentation, a l l of which are hypothesized to occur v i a ther
mally-allowed p e r i c y c l i c reactions. Some ty p i c a l reactions ap
propriate for each step are indicated below using Woodward-
Hoffman (1) terminology: 
Rearrangements: Sigmatropic s h i f t s , e l e c t r o c y c l i c reactions 
Hydrogen-Transfer : Group-transfers 
Fragmentation: Group-transfers, retro-ene, cyclo-reversions. 
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An i l l u s t r a t i o n of how the ov e r a l l p e r i c y c l i c mechanism 
might apply to the decomposition of 1,2 diphenylethane, a model 
substrate, i n the presence of A^dihydronaphthalene, a model hy
drogen-donor, has recently been given (17). In the present work, 
attention i s focussed on the hydrogen-transfer step. 

Hypothesis. 

The transfer of hydrogen from donors to the coal substrate 
during liquefaction occurs by concerted p e r i c y c l i c reactions of 
the type termed 'group transfers' by Woodward and Hoffman (1). 

Consequences. 
(A) Allowedness 

The Woodward-Hoffman rules (1) state that: "A ground state 
p e r i c y c l i c change i s symmetry allowed when the t o t a l number of 
(4q + 2) suprafacial and (4r) antarafacial components i s odd". 

To i l l u s t r a t e how this applies i n the present circumstances 
we consider a passible group transfer reaction between A 2^dihydro-
naphthalene, (gQ) , a hydrogen donor, and p h e n a n t h r e n e , j 6 n f r > a 

substrate (hydrogen acceptor) which models a polynuclear aromatic 
moiety commonly found i n coal. In the ov e r a l l group transfer re
action: f ^ ^ l ._ 

hydrogen i s transferred from A 2 - d i a l i n to the phenanthrene, pro
ducing 9,10-dihydrophenanthrene and naphthalene; this reaction i s 
s l i g h t l y exothermic, with ΔΗ£ ^ -8 kcal as written. The electro
nic components involved are 2e(TI) on the substrate and 6ε(σΤΤσ) on 
the donor and from the Woodward-Hoffman rules i t can be seen that 
the reaction w i l l be thermally forbidden i n either the supra-
supra stereochemistry (which i s s t e r i c a l l y most favorable) or the 
antara-antara stereochemistry ( s t e r i c a l l y the most unfavorable) 
but w i l l be thermally allowed i n either the antara-supra or 
supra-antara modes, both of the l a t t e r being possible, but s t e r i 
c a l l y d i f f i c u l t , stereochemistries. A reaction p r o f i l e for (Rl) 
i s sketched i n Figure 1, showing energy versus reaction coordin
ate as well as t r a n s i t i o n state stereochemistry for both the for
bidden supra-supra and the allowed antara-supra modes. We note 
next that changing the donor from A 2 - d i a l i n to A 1 - d i a l i n 
(Ç^j) , changes the donor e l e c t r o n i c a l l y from a 6e(aIIa) component 

to a 4e(ao) component, of contrary o r b i t a l symmetry. Thus for the 
ove r a l l reaction: 

substrate donor hydro- dehydro-
genated genated 
substrate donor 

;+oo 
2e(n) 6e(aIIa) 
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(R2) Group Transfer: (gĵ f + jg£) - (gQf + 

2β(Π) 4β(σσ) 

the supra-supra (and antara-antara) modes w i l l be thermally 
allowed while the antara-supra (and supra-antara) modes are for
bidden. The p r a c t i c a l upshot of this i s that the chemically very 
similar d i a l i n isomers should exhibit s t r i k i n g l y d i f f e r e n t reac
t i v i t i e s i n concerted group transfers with a given substrate, on 
account of their opposite o r b i t a l symmetries. Note that no rea
sonable free-radical mechanism could predict profound differences 
i n the donor c a p a b i l i t i e s of these d i a l i n isomers. O r b i t a l sym
metry arguments can also be extended to differences i n the sub
strates. Thus anthracene Ι ^ @ φ i s a 4ë(IUI) component, of 
symmetry opposite to that of phenanthrene fctâp which i s a 
2e(TI) component; therefore, with a given donor, such as A 2 - d i a l i n 

j group transfers that are symmetry-forbidden with phenan
threne w i l l be symmetry-allowed with anthracene i n the same 
sterochemistry. Accordingly, the reaction: 

i s a 4e(nn) + 6e(aIIa) group transfer, which i s thermally-allowed 
in the supra-supra stereochemistry whereas the analogous reaction 
(Rl) with phenanthrene was forbidden. 

Generalization of the preceding suggests that there exist two 
basic classes of donors (and acceptors), of opposite o r b i t a l sym
metries, which w i l l respectively engage i n group transfer reac
tions either as (4n+2) electron components or as (4n) electron 
components. Donors with (4n+2)e w i l l , i n general, transfer hy
drogen to (4m)e acceptors, the most favorable supra-supra stero
chemistry being presumed i n each case. Among the (4n+2)e class 
of hydrogen donors, the f i r s t (n=o) member i s molecular hydrogen 
and the second (n=l) member i s the but-2-ene moiety, while among 
the (4n)e class of donors, the f i r s t (n=l) member i s the ethane 
moiety, the second (n=2) the hexa-2,4-diene moiety. Among hydro
gen acceptors, the (4m+2)e class has the ethylene and hexa-1,3,5-
triene moieties as i t s f i r s t two members, while the (4m)e class 
of acceptors possesses the buta-1,3-diene and octa-1,3,5,7-tetra-
ene moieties as i t s f i r s t two members. Each of the foregoing 
series can be continued straightforwardly for n>2. 

Interestingly, the nature of allowed donor-acceptor interac
tions suggests that donor class w i l l be conserved i n any hydrogen 
transfer sequence. Thus a (4n+2)e donor, say, w i l l transfer hy
drogen to a (4m)e acceptor, and the l a t t e r , upon accepting the 
hydrogen, w i l l evidently become a (4m+2)e donor, of the same class 

H H 
(R3) Group Transfer 

4e(nn) 6ε(σΠσ) 
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as the o r i g i n a l donor. 
The donor and acceptor classes i l l u s t r a t e d with hydrocarbons 

can be d i r e c t l y extended to include hetero-atoms. For example, 
the alcohol moiety ^ Q _ / H would be a 4e donor, of the same o r b i 
t a l symmetry as the ethane moiety ^ N Similarly the carbonyl 
moiety 0= would be a 2e acceptor, analogous to an ethylene moiety 
= i n terms of o r b i t a l symmetry. Thus hydrogen transfer reactions 
of molecules with hetero-atoms should have the same allowedness 
as reactions of their iso-electronic hydrocarbon analogues. 

(B) Reactivity 

The actual rates of thermally-allowed p e r i c y c l i c reactions 
vary vastly, and f r o n t i e r - o r b i t a l theory (14, 15, 16) has proven 
to be the primary basis for quantitative understanding and cor
r e l a t i o n of the factors responsible. I t i s therefore of interest 
to find the dominant f r o n t i e r o r b i t a l interactions for the group 
transfer reactions hypothesized to occur. 

The HOMO (highest occupied molecular orbital) and LUMO (low
est unoccupied MO) levels for hydrogen donors used i n coal lique
faction are not yet well known, but the p r i n c i p l e s involved can 
be i l l u s t r a t e d with the group transfer reaction between molecular 
hydrogen, a (4n+2)e donor with n=0, and naphthalene, a (4m)e 
acceptor with m=l: „ 

(R4) Group Transfer: 

An approximate f r o n t i e r o r b i t a l (F0) interaction diagram for this 
system i s presented i n Figure 2. This shows that the dominant F0 
interaction, i . e . , that with the lowest energy gap, i s between 
H0M0(H2)-LUM0 ( @ ί φ ) ; d e t a i l s of the interaction are given to
wards the bottom of the figure showing the respective phases and 
coeffi c i e n t s involved. 

The preceding indications regarding the dominant F0 i n t e r 
action i n hydrogen-transfer reactions suggests that they would be 
f a c i l i t a t e d by a reduction i n the HOMO (hydrogen donor)-LUMO (hy
drogen acceptor) energy separation. Thus donor effectiveness 
should be enhanced by increasing the donor HOMO energy, e.g., by 
electron-releasing or conjugative substitution, whereas acceptor 
effectiveness should be enhanced by lowering the acceptor LUMO 
l e v e l , e.g. by electron-withdrawing or conjugative substitution, 
or by complexation with Lewis acids. As a p r a c t i c a l example 
relevant to our experiments, we should expect A 2 - d i a l i n (gYj) to be 
a more eff e c t i v e (4n+2)e type of hydrogen donor than 
T e t r a l i n ( g A because v i n y l i c substitution i n the former should 
raise t h e ^ r l e v e l of the hydrogen-containing HOMO. For the same 
reason, Δ 1-dialin(^(^ should also be a more effec t i v e (4n)e 
type of donor than T e t r a l i n " N°te that the Δ 1 - and 
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Figure 2. Frontier orbital energy levels for the reaction of hydrogen and naphtha
lene 
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A 2 - d i a l i n s have the opposite o r b i t a l symmetries ; their r e a c t i v i 
t i e s cannot therefore be meaningfully compared, inasmuch as their 
reactions with a common acceptor cannot both be allowed with the 
same stereochemistry. 

Experiments 

(A) Model Compounds 

From the theoretical discussion i t follows that the present 
hypothesis for the hydrogen transfer mechanism can be tested by a 
study of reactions between hydrogen donors and acceptors of oppo
s i t e o r b i t a l symmetries. Our experimental grid i s shown i n 
Table 1.1. The coal substrate was modelled by anthracene, a (4m) 
e acceptor, and by phenanthrene, a (4m+2)e acceptor; both of 
these aromatic C14 moieties exist i n coal and are found i n coal-
derived l i q u i d s . The hydrogen donor solvent was modelled by a 
number of c y c l i c CIO compounds derived from naphthalene by hydro
génation. Among these, the Δ 2 - and A ^ d i a l i n isomers were of p r i n 
c i p a l interest, being respectively hydrogen-donors of the (4n+2)e 
and (4n)e classes; the T e t r a l i n and Decalin served as control 
solvents, the former being very commonly used i n coal liquefac
tion experiments. For the 2 x 2 matrix of possible hydrogen-
transfer reactions between the model C14 substrates and CIO d i a -
l i n solvents, the Woodward-Hoffman rules predict that reaction i n 
the favorable supra-supra stereochemistry should be thermally-
allowed for ( A ^ d i a l i n + phenanthrene) and ( A 2 - d i a l i n + anthra
cene) and thermally-forbidden for ( A ^ d i a l i n + anthracene) and 
( A 2 - d i a l i n + phenanthrene). These predictions are shown i n Table 
1.1 with / denoting the allowed and χ the forbidden reactions. 

The experiments were conducted batchwise i n small s t a i n l e s s -
steel pipe-bombs immersed i n a molten-salt bath that was main
tained at a desired, constant temperature. Pipe-bomb heat-up and 
quench times, on the order of 1 min each, were neglig i b l e com
pared with reaction times, which were on the order of 1 hr. The 
reagents used were obtained commercially; a l l were of purity 
> 98% except for the A 2 - d i a l i n which had a composition of ( @ ô ) , 
® O @ 0 > © Q ^ = 7 » 9, 20, 64) mol%. The proportions of Sub
strate to solvent were maintained constant, with the C14 sub
strates as l i m i t i n g reactants i n a l l cases. The extent of reac
tion was measured by proton-NMR spectroscopy on samples of the 
whole reaction batch, as well as of each of the CIO and C14 frac
tions separated by vacuum d i s t i l l a t i o n and l i q u i d chromatography. 

Experimental results are shown i n Table 1.2, which quotes 
the observed percentage conversion of each of the model C14 sub
strates to their di-hydro derivatives by each of the model CIO 
solvents. Consider f i r s t the column for the anthracene substrate, 
showing i t s conversion to 9,10 dihydroanthracene after 2 hr at 
300 C i n various solvents. The conversion by @Q) (58%), i s an 
order of magnitude greater than that by (5%) , i n s t r i k i n g 
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Table 1.1 Model Compound Experimental Grid 

Coal Model C14 Anthracene 

Solvent CIO 

Decalin 

T e t r a l i n ©o 
A ^ D i a l i n @3 

A 2 - D i a l i n ÉO 

Phenanthrene 

Supra-Supra Allowedness 

χ 

/ 

Table 1.2 Model Compound Experimental Results 

Reaction 
Conditions 

Coal Model C14 

Temp = 300 C 
Time = 2 Hr 

Anthracene 

Temp = 400 C 
Time = 2 Hr 

Phenanthrene 

(QlPJ 
Solvent C10 % conversion to 9,10-dihydro--derivative 

Decalin 00 0 0 

Tet r a l i n @0 3 2 

Δ ^ D i a l i n m 5 16 

A 2 - D i a l i n "SO 58 10 

Note: See text for reagent p u r i t i e s . 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

01
9

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



338 COAL LIQUEFACTION FUNDAMENTALS 

accord with the theoretical predictions according to which the 
reaction with was allowed while that with was forbidden. 
Note too that conversions with the control solvents (3%) 
and (no reaction) were less than those with the test s o l 
vents, v e r i f y i n g that the l a t t e r were indeed the more active. 
Reactions with phenanthrene substrate required rather more severe 
conditions, namely 2 hr at 400 C, than anthracene. While the 
lower r e a c t i v i t y of phenanthrene r e l a t i v e to anthracene i s gener
a l l y well known, i n the present context i t can d i r e c t l y be a t t r i 
buted to the phenanthrene possessing the higher energy LUMO. The 
conversions observed, @3 (16%) > (§Xj) (10%), are i n accord with 
theoretical predictions, and appreciably exceed the conversions 
obtained with the control solvents (§0 (2 )̂ a n d 00 ( n o reac
tion) . It i s interesting that the observed s e l e c t i v i t y of hydro
gen-transfer from the Δ 1- and A 2 - d i a l i n s to phenanthrene, res
pectively (0.6/1), i s not as great as that to anthracene, res
pectively (12/1). Possible reasons for this are f i r s t that where
as anthracene i s e s s e n t i a l l y always constrained to interact with 
supra-stereochemistry at i t s 9, 10 positions, the phenanthrene 
structure admits a possible antara-interaction across i t s 9, 10 
positions and this l a t t e r might have permitted a thermally-allowed 
(antara-supra) hydrogen-transfer from A 2 - d i a l i n . Second, the 
A 2 - d i a l i n used contained some Δ^dialin impurity, which could not 
contribute to anthracene conversion (forbidden) whereas i t might 
have contributed to the phenanthrene conversion (allowed); t h i r d , 
the d i a l i n s have a tendency to disproportionate, to naphthalene 
and T e t r a l i n , at elevated temperatures and this might have i n 
fluenced the results for phenanthrene, which were at the higher 
temperature. 

In summary, the Δ 1- and A 2 - d i a l i n isomers have been shown to 
be appreciably more active than e t r a l i n (and decalin) i n trans
fe r r i n g hydrogen to anthracene and phenanthrene. The observed 
s e l e c t i v i t y of this hydrogen transfer i s i n accord with the 
Woodward-Hoffman rules for group transfer reactions, anthracene 
conversions being i n the r a t i o (@Q) / @0 ) = 12/1 1 while 
phenanthrene conversions are i n the r a t i o (@3/@(5 ) = 0.6/1 
< 1. The quantitative differences i n the s e l e c t i v i t i e s observed 
with anthracene and phenanthrene are being further explored. 

(B) Coal Conversion 

The d i a l i n donor solvents were also used d i r e c t l y i n coal 
liquefaction studies. Inasmuch as d e t a i l s of coal structure are 
unknown, the present theory can only be tested i n a qualitative 
way, as follows. F i r s t , i f the liquefaction of coal occurs under 
ki n e t i c control with hydrogen-transfer from the donor solvent i n 
volved i n the rate-determining step, then we should expect the 
d i a l i n donors to be more effec t i v e than the control solvent T.et-
r a l i n (and also Decalin). This i s suggested by the theory because 
the d i a l i n s possess higher energy HOMOs than T e t r a l i n and 
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according to the f r o n t i e r - o r b i t a l analysis given previously, the 
hydrogen-transfer reactions of the d i a l i n s should therefore be 
k i n e t i c a l l y favored r e l a t i v e to those of T e t r a l i n . Second, ac
cording to the present theory, donor symmetry i s preserved during 
hydrogen transfer, i . e . , a donor of a given class i s capable only 
of interaction with acceptors of the complementary class. Now 
since the coal substrate l i k e l y contains hydrogen acceptors of 
both (4m)e and (4m+2)e classes, a mixture of solvents containing 
donors of both (4n+2)e and (4n)e classes should be more eff e c t i v e 
i n hydrogen transfer than a single solvent of either class which 
could interact with only one of the two possible classes i n coal. 
Thus, i n p r i n c i p l e , for each coal there should exist an Optimal' 
solvent which contains hydrogen donors of opposite symmetries i n 
proportions that are matched to the proportions of the complemen
tary hydrogen acceptors i n the coal. For these reasons a mixture 
of Δ 1 - and A 2 - d i a l i n s might be a better donor solvent than either 
the Δ 1- or the A 2 - d i a l i n alone, and there may exist an optimal 
mixture composition that i s cha r a c t e r i s t i c of a given coal. 

Liquefaction experiments were performed on a sample (18) of 
I l l i n o i s No. 6 coal, from Sesser, I l l i n o i s . Proximate and ele
mental analyses of this high v o l a t i l e A bituminous coal are given 
i n Table 2. The coal, of p a r t i c l e size 600-1200 microns (32x16 
mesh), was dried at 110 C i n a nitrogen blanketed oven prior to 
liquefaction. A solvent to coal weight r a t i o of 2.0 was used i n 
a l l experiments, which were conducted i n tubing bomb reactors 
that were immersed i n a constant-temperature bath for the de
sired time while being rocked to agitate the reactor contents. At 
the end of each experiment, the reactors were quenched and their 
contents analyzed to ascertain the amounts of each of hexane-, 
benzene-, and pyridine-solubles (plus gas) produced from the o r i 
ginal coal. The procedure used for a l l analyses i s described 
for the pyridine-solubles (plus gas). F i r s t the reactor contents 
were extracted with pyridine and the residue dried on a pre-
weighed ashless f i l t e r paper to provide the gravimetric conver
sion to pyridine-solubles, defined as 100(1-(daf residue/daf 
coal)). Second, the residue was ashed i n a furnace for 3 hours 
at 800 C, y i e l d i n g the ash-balance conversion to pyridine solu
bles, defined as 100(1-(a/A))/(1-(a/100)) where A and a were 
respectively the weight percentages of ash i n the residue and i n 
the o r i g i n a l coal. The conversions obtained from each of the 
two methods normally agreed to within ±2 weight percent and were 
averaged to provide f i n a l values. 

Results showing the effectiveness of the Δ 1 - and A 2 - d i a l i n s 
i n coal liquefaction r e l a t i v e to control solvents, naphthalene, 
Decalin, and T e t r a l i n , are presented i n Tables 3.1 and 3.2. In 
both these tables, each row provides the conversion of the coal 
sample to each of hexane-, benzene-, and pyridine-solubles (plus 
gases) by the indicated solvent. Table 3.1 contains data de
rived at a temperature of 400 C and a reaction time of 0.5 hr. 
Among the control solvents, i t can be seen that the naphthalene 
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Table 2. Coal Sample Characterization 

Origin: I l l i n o i s No. 6 from Sesser, I l l i n o i s 
Rank: Bituminous, High V o l a t i l e A 

Proximate Analysis: VM FC Ash Total 
(wt% dry basis) 37.3 56.7 6.0 100.0 

Elemental Analysis: H C Ν 0 S 
(wt% daf) 5.4 82.0 1.6 10.2 0.8 

Table 3. Coal Liquefaction Results 

1. Temperature = 400 C : Reaction Time = 0.5 hr 

Solvent Coal Conversions to 
Hexane- Benzene- Pyridine-

Solubles (plus gas), wt% 

Naphthalene f ^ Ï Q ) 8.0 - 29.7 

Decalin 00 1 0 · 8 22. 5±2.6 32.5 

Tet r a l i n 20.9 43.9±1.4 70.2 

A ^ D i a l i n 24.0 39.6±1.9 71.3 

A 2 - D i a l i n 28.6 44.9±1.5 81.4 

2. Temperature = 300 C : Reaction Time = 0.5 hr 

Decalin CO ο 0 
T e t r a l i n @0 0 2.4±0.6 3.7 

A 2 - D i a l i n @0 0 9.0±1.5 19.3 
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and decalin give similar results and are both much less effective 
than t e t r a l i n , the yields of each of hexane-, benzene-, and p y r i 
dine-solubles obtained with the former being roughly half of those 
obtained with the l a t t e r . The greater effectiveness of T e t r a l i n 
as a donor-solvent r e l a t i v e to naphthalene and decalin i s i n 
agreement with previous studies (2, 7_, 9). Further, the absolute 
conversion to benzene-solubles (plus gases) obtained with t e t r a 
l i n i n the present work, namely 44 weight percent, compares fav
orably with the values of 36 and 47 weight percent reported by 
Neavel (9) for comparable HVA and HVB bituminous coals at similar 
reaction conditions. The accord between the control solvent 
liquefaction data shown i n Table 3.1 and the l i t e r a t u r e permits 
us to place some confidence i n the present experimental proce
dures. Turning now to the d i a l i n donors, for which coal liquefac
tion data have not hitherto been reported, i t can be seen from 
Table 3.1 that, r e l a t i v e to T e t r a l i n , the Δ 1-dialin yielded ap
preciably more hexane-solubles, somewhat less benzene-solubles, 
and approximately the same pyridine-solubles. Also r e l a t i v e to 
t e t r a l i n , the A 2 - d i a l i n yielded appreciably more hexane-solu
bles, approximately the same benzene-solubles, and appreciably 
more pyridine-solubles. It i s apparent that the d i a l i n s , espec-
c i a l l y the A 2 - d i a l i n , were more eff e c t i v e donor solvents than 
t e t r a l i n i n liquefaction of the present coal sample. While no 
precise chemical interpretation can be attached to the quantities 
used to measure liquefaction, the pyridine-solubles roughly re
present the extent to which the coal substrate i s converted, 
whereas the hexane-solubles are a measure of the f i n a l , o i l , pro
duct (the benzene-solubles represent an intermediate). Accord
ingly, from Table 3.1, the A 2 - d i a l i n increased the coal conver
sion by 16 percent and product o i l formation by 37 percent r e l a 
t i v e to T e t r a l i n . A few liquefaction experiments were also con
ducted at a temperature of 300 C and a reaction time of 0.5 hr, 
with results reported i n Table 3.2. Of the control solvents. 
Decalin yielded neither hexane- nor benzene-solubles, while Tet
r a l i n yielded no hexane-solbules but did y i e l d the indicated 
small amounts of benzene- and pyridine-solubles. The A 2 - d i a l i n 
yielded no hexane-solubles but provided appreciable amounts of 
benzene- and pyridine-solubles. The conversions seen i n Table 
3.2 are a l l much lower than the corresponding conversions i n 
Table 3.1, undoubtedly a consequence of the lower reaction tem
perature, 300 C versus 400 C, reaction times being equal. Fin
a l l y , Table 3.2 shows that the A 2 - d i a l i n solvent produced 3 times 
the benzene-solubles and 5 times the pyridine-solubles produced 
by T e t r a l i n , a s t r i k i n g re-inforcement of the indication from 
Table 3.1 that the d i a l i n s were the more effec t i v e donors. 

A second series of liquefaction experiments were conducted 
to test the theoretical suggestion that a mixture of Δ 1- plus 
A 2 - d i a l i n isomers might be a more effec t i v e solvent than either 
one of the d i a l i n s alone. Preliminary results at 400 C and 0.5 
hr reaction time, are shown i n Table 4 which quotes the r a t i o of 
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Table 4. Coal Liquefaction by Mixed D i a l i n Solvent 

Temperature = 400 C : Reaction Time = 0.5 hr 

Solvent: 1:1 mixture of Δ 1 - and A 2 - d i a l i n s 

Hexane- Benzene-
Solubles 

Pyridine-

Conversion Ratio r 1.08 1.01 1.11 

Note: r = p m/0.5(pi+P2) where p m, P2 are respectively the wt% 
conversions obtained with mixed solvent,Δ - d i a l i n and 
A 2 - d i a l i n . 

the conversion of each of hexane-, benzene-, and pyridine-sol
ubles obtained with a solvent mixture containing equal amounts of 
Δ 1- and A 2 - d i a l i n s r e l a t i v e to the average of the corresponding 
conversions obtained with each of the Δ^dialin and A 2 - d i a l i n 
solvents separately. (Generally, i f p ^ was the conversion to 
say, pyridine-solubles obtained with a solvent mixture containing 
a f r a c t i o n χ of solvent 1, while p-̂  and p2 were the conversions 
respectively obtained with the pure solvents 1 and 2 separately, 
then the departure of the r a t i o r x = p m x/(xp^ + (l-x)p2) from 
unity w i l l evidently measure the additional effectiveness of the 
solvent mixture r e l a t i v e to the separate pure solvents.) In 
Table 4 i t can be seen that the coal conversion to hexane-, ben
zene-, and pyridine-solubles with the d i a l i n mixture was respec
t i v e l y 8, 1, and 11 percent greater than the average for the se
parate solvents. Further work i s being undertaken using purer 
A 2 - d i a l i n solvent to seek the generality of this result and to 
discern an optimum solvent mixture. 

Conclusions 

At t y p i c a l coal liquefaction conditions, namely temperatures 
from 300 to 400 C and reaction times on the order of 1 hr, hydro
gen transfer from model C10 donors, the Δ 1- and A 2 - d i a l i n s , to 
model C14 acceptors, anthracene and phenanthrene, occurs i n the 
sense allowed by the Woodward-Hoffman rules for supra-supra 
group transfer reactions. Thus, i n the conversion of the C14 sub
strates to their 9, 10 dihydro derivatives the d i a l i n s exhibited 
a s t r i k i n g reversal of donor a c t i v i t y , the Δ^dialin causing 
about twice as much conversion of phenanthrene but only one-tenth 
as much conversion of anthracene as did A 2 - d i a l i n . 

The d i a l i n s were also found to be more ef f e c t i v e donor s o l 
vents than T e t r a l i n i n the liquefaction of an I l l i n o i s No. 6 HVA 
bituminous coal. For example, at 400 C and 0.5 hr reaction time, 
A 2 - d i a l i n yielded 16% more pyridine-solubles and 37% more hex-
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ane-solubles than Tetralin; at 300 C and 0.5 hr reaction time, 
the A2-dialin yielded 5 times the pyridine-solubles and 3 times 
the benzene-solubles yielded by Tetralin. 

Finally, a mixture containing equal parts of Δ 1 - and Δ 2 -
dialin was found to be a more effective donor solvent than either 
of the Δ 1 - or A2-dialins separately. At 400 C and 0.5 hr reac
tion time, the mixture of donors yielded 11% more pyridine-sol
ubles and 8% more hexane-solubles than the average for the sepa
rate donors. 

The preceding experiments offer preliminary support to our 
notion that pericyclic pathways might be intimately involved in 
the mechanism of coal liquefaction. More specifically, the re
sults indicate that pericyclic group transfer reactions consti
tute a plausible pathway for the transfer of hydrogen from donor 
solvents to coal during liquefaction. 

Abstract 

We hypothesize that the mechanism of coal liquefaction might 
involve three general steps, namely rearrangement, hydrogen 
transfer, and fragmentation, each proceeding via concerted peri
cyclic reactions. This mechanism is subject to decisive tests 
because each step must conform to the Woodward-Hoffman rules. 
Thus, in the hydrogen transfer reaction, there are predicted to 
be two distinct classes of hydrogen donors (and acceptors), of 
opposite orbital symmetries, and reaction should be facile be
tween complementary donor-acceptor classes, either a 4n donor 
+ 4n+2 acceptor or v.v. Within a given donor (or acceptor) 
class, relative reactivity is governed by frontier orbital inter
actions between the HOMO of the donor and the LUMO of the accep
tor. These predictions were tested by experiments. We used 
Δ1- and Δ2-dialins as hydrogenation solvents and anthracene and 
phenanthrene as model coal moieties and acquired kinetic data 
for their respective thermal reactions at temperatures of 200-
400 C. By the Woodward-Hoffman rules, the thermal reaction 
between anthracene and Δ1-dialin is forbidden whereas that with 
Δ2-dialin is allowed. The experimental data, e.g. at 300 C and 
2 hr holding time, showed anthracene conversions of 6% with Δ1-
dialin and 58% with Δ2-dialin (Tetralin yielded negligible an
thracene conversion under these conditions). Experiments were 
also conducted with selected donor solvents in batch liquefac
tion of coal. The dialin donors, which possess HOMOs of higher 
energy than Tetralin, were rather more effective; e.g. after 30 
min at 400 C, an Illinois No. 6 coal yielded (hexane-solubles, 
pyridine-solubles) wt% of (21,70) with Tetralin and (29,81) with 
Δ2-dialin. The agreement between orbital symmetry predictions 
and the experimental data offers preliminary support of our hypo
thesis. 
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An Isotopic Study of the Role of a Donor Solvent 
in Coal Liquefaction 
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Thousand Oaks, CA 91360 

LASZLO A. HEREDY and RAYMUND P. SKOWRONSKI 
Rockwell International, Energy Systems Group, 8900 De Soto Avenue, 
Canoga Park, CA 91304 

Abstract 
Fully-deuterated Tetra l in was used to study the mechanisms 

of coal liquefaction. Experiments were conducted with Tetralin
-d12, deuterium gas and bituminous coal at 400°C and at 15.2-20.7 
MPa. The recovered solvent and solvent-fractionated coal products 
were analyzed for total deuterium content and for deuterium con
tent in each structural position. 

A similar atom per cent of deuterium was found in most of 
the coal products, while in each soluble product preferential 
incorporation of deuterium was observed in the α - a l k y l position. 
The amounts of exchange and donation of hydrogen to the coal pro
ducts were determined. Approximately 35% of the hydrogen trans
fer resulted from donation to the coal. In the recovered Tetralin, 
66% of the incorporated protium (hydrogen from the coal) was 
found in the Hα position. Indications are that not only hydrogen 
donation but hydrogen exchange via the α - T e t r a l i n y l radical can 
have a significant role in quenching the reactive species which 
form from the thermal cleavage of coal. 

Mechanisms of the formation of the decalins in the recovered 
solvent were based on their isotopic contents. The cis-Decalin
-d18 had a greater protium content than the recovered Tetral in-d12. 
This suggested that hydrogen transfer from the coal to the tetra
l in is involved in the formation of cis-Decalin. 

In another experiment, naphthalene-d8 was used to investigate 
the chemistry of hydrogen transfer between coal and nondonor sol
vent at 380°C. An analysis of the recovered naphthalene-d8 showed 
that approximately 4% of the hydrogen in the coal and in the naph-
thalene-d 8 exchanged. Most of the protium incorporated in the 
naphthalene-d8 was found in the α-position. The coal products 
contained approximately 2 wt % chemically-bound napththalene-d8. 

In an earlier presentation, we reported on a deuterium tracer 
method for investigating the mechanisms of coal liquefaction (1). 

0-8412-0587-6/80/47-139-347$06.00/0 
© 1980 American Chemical Society 
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The research involved the use of deuterium gas as a t r a c e r to 
f o l l o w the incorporation of hydrogen i n t o c o a l . Neither donor 
solvent nor c a t a l y s t was used i n those experiments. The l i q u e f a c 
t i o n product was solvent f r a c t i o n a t e d , and the f r a c t i o n s were ex
amined f o r deuterium incorporation i n each s t r u c t u r a l p o s i t i o n . 
Two s i g n i f i c a n t r e s u l t s of that i n v e s t i g a t i o n were that deuterium 
incorporation was found to vary with product f r a c t i o n and that pre
f e r e n t i a l incorporation of deuterium was found i n benzylic s t r u c 
t u r a l p o s i t i o n s . The purpose of t h i s research is to extend the 
use of the deuterium t r a c e r method to donor solvent r e a c t i o n s . 

A number of basic studies i n the area of donor solvent l i q u e 
f a c t i o n have been reported (2-9). Franz (10) reported on the 
i n t e r a c t i o n of a subbituminous coal with deuterium-labelled t e t r a -
lin, Cronauer, et al. (11) examined the i n t e r a c t i o n of deuterium 
- l a b e l l e d T e t r a l i n with coal model compounds and Benjamin, et al. 
(12) examined the p y r o l y s i s of Tetralin-1-13C and the formation of 
tetralin from naphthalene with and without vitrinite and hydrogen. 
Other r e l a t e d studies have been conducted on the thermal stability 
of Tetralin, 1,2-dihydronaphthalene, c i s - D e c a l i n and 2-methylin-
dene (13,14). 

In t h i s i n v e s t i g a t i o n , a l a b e l l e d donor solvent was used to 
determine which s t r u c t u r a l p o s i t i o n s i n the coal products incorpo
rate deuterium and to i n v e s t i g a t e the exchange of protium in the 
coal with deuterium i n the donor solvent. It is important to 
understand t h i s fundamental chemistry because a number of pilot
plants use donor solvents (15-17). The y i e l d s of l i q u e f i e d coal 
products may be improved through a d e t a i l e d understanding of the 
hydrogenation mechanisms. 

The main part of t h i s research deals with the re a c t i o n of 
deuterium gas and Tetralin-d12 with a bituminous c o a l . In a sep
arate experiment, naphthalene-d 8 was used f o r i n v e s t i g a t i n g the 
chemistry of hydrogen t r a n s f e r between coal and a nondonor solvent. 
In each experiment, the coal products and spent solvent were ana
lyzed f o r  t o a l deuterium content and f o r deuterium incorporation 
i n each s t r u c t u r a l p o s i t i o n . 
Experimental 

Ma t e r i a l s and Apparatus. High v o l a t i l e A bituminous coal 
(80.1% C, 5.1% H, 1.6% N, 3.6% S, 9.6% 0, by weight, daf b a s i s , 
7.7% ash), -200 mesh, from the Loveridge Mine, Pittsburgh Seam, 
was d r i e d i n vacuo at 115°C f o r 4 hours before use i n each e x p e r i 
ment. Technical grade deuterium (>98 atom % deuterium, <1 ppm 
t o t a l hydrocarbons) and high-purity nitrogen were u t i l i z e d . Naph-
thalene-ds was purchased from the A l d r i c h Chemical Co., and t e t -
r a l i n - d i 2 was prepared i n our l a b o r a t o r i e s (18). The i s o t o p i c 
p u r i t i e s of t e t r a 1 i n - d 1 2 and naphthalene-d 8 were determined by 
nuclear magnetic resonance (NMR) using p-dioxane as an i n t e r n a l 
reference compound. Batch experiments were performed using a Τ
Ι i t e r s t i r r e d autoclave (Autoclave Engineers) or a 0 . 2 5 - l i t e r 
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rocking autoclave ( P a r r ) . 
Experimental Procedure. In a t y p i c a l l i q u e f a c t i o n experiment, 

the autoclave was charged at room temperature with T e t r a l i n - d 1 2 , coal and deuterium gas. In E10, a rocking autoclave was used. In 
E l 9 , a s t i r r e d autoclave was used with a sp e c i a l s t i r r e r which con
formed to the shape of the autoclave l i n e r . 

S t i r r i n g was i n i t i a t e d , and the autoclave was heated to 400°C 
which required 90 minutes f o r E10 and 100 minutes f o r El9. The 
temperature was maintained at 400°C f o r 1 hour, then lowered to 
room temperature. The cooling duration to 300°C was 5 minutes f o r 
E10 and 40 minutes f o r El9. S t i r r i n g was terminated at room tem
perature. Gaseous products were removed f o r a n a l y s i s by gas chro
matography coupled with mass spectrometry (GC-MS). The reaction 
products were d i s t i l l e d at reduced pressure to remove the spent 
donor solvent mixture, and the remaining coal products were s o l 
vent f r a c t i o n a t e d . 

The naphthalene e x t r a c t i o n experiment was c a r r i e d out under 
s i m i l a r conditions except that nitrogen was used as cover gas i n 
stead of deuterium. The spent naphthalene-d 8 was separated from 
the residue by d i s t i l l a t i o n at reduced pressure. The residue was 
solvent f r a c t i o n a t e d with tetrahydrofuran ( J . T. Baker Chemical 
Co.). 

Product Analyses. The spent solvent mixture was d i s t i l l e d 
from the coal products, separated by GC and analyzed by NMR. 
Samples were also analyzed by GC-MS, Shrader A n a l y t i c a l Labs., 
Inc., using a Pye-Unicam Model 105 Chromatograph equipped with a 
flame i o n i z a t i o n detector. Α 7'χ 1/4" 0D glass column with 2% 0V-
17 was used, and the column was temperature-programmed from 100-
150°C at 4°C/min. The GC was in t e r f a c e d to an ΑΕΙ Model MS-30 
Mass Spectrometer operating at maximum s e n s i t i v i t y . The s o l i d and 
l i q u i d coal products were s o l v e n t - f r a c t i o n a t e d i n t o o i l (hexane 
s o l u b l e , HS), asphaltene (benzene s o l u b l e , BS), benzene-methanol 
soluble (BMS) and i n s o l u b l e residue (benzene-methanol i n s o l u b l e , 
BMI) f r a c t i o n s . Solvent f r a c t i o n a t i o n was performed using three 
ACS reagent grade solvents: hexane isomer mixture, benzene and 
methanol. Samples of the f r a c t i o n s were combusted, and the r e s u l t 
ing water was analyzed by MS (Shrader A n a l y t i c a l Labs., Inc.) to 
determine the deuterium and protium atom % compositions. 

Proton NMR and deuteron NMR spectra of soluble f r a c t i o n s and 
spent solvent mixtures were obtained by using a JE0L FX60Q FT NMR 
Spectrometer. A f l i p angle of 45° was used which corresponds to 
14 MS f o r XH and 75 MS f o r 2H. The pulse r e p e t i t i o n times were 
6.0 and 9.0 s, r e s p e c t i v e l y . Chloroform-d was used as the XH NMR 
solvent, and chloroform was used as the 2H NMR solvent. 
Results and Discussion 

Product Y i e l d s and Compositions. The r e s u l t s of two donor 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

02
0

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



350 COAL LIQUEFACTION FUNDAMENTALS 

solvent hydrogénation experiments and a coal e x t r a c t i o n experiment 
are presented i n t h i s paper. The experimental conditions and pro
duct y i e l d s of the three experiments are summarized i n Table I . 
The r e s u l t s of the two donor solvent experiments (E10 and El9) are 
discussed below. The coal e x t r a c t i o n experiment (E20) i s discuss
ed i n a subsequent s e c t i o n . 

The donor solvent experiments were conducted at 400°C with a 
1:1 coal-to-solvent weight r a t i o ; however, d i f f e r e n t types and 
si z e s of autoclaves and operating pressures were used. Examina
t i o n of the weight % y i e l d s of E10 and El9 showed that the same 
weight % of o i l was formed i n each experiment, although E10 had a 
much higher percentage of t o t a l soluble product y i e l d (HS + BS + 
BMS). Under the conditions used i n E l 9 , a siz e a b l e f r a c t i o n of 
the t e t r a l i n was being hydrogenated and cracked rather than trans
f e r r i n g hydrogen to s t a b i l i z e low molecular weight products formed 
from r a d i c a l s generated from the c o a l . With l e s s hydrogénation of 
the r a d i c a l species, the r a d i c a l s may have polymerized which would 
decrease the y i e l d of the soluble products. 

The atom % 2H values of the s o l v e n t - f r a c t i o n a t e d products are 
also shown i n Table I . In previous hydrogénation experiments con
ducted without the use of a donor solvent (1,18), deuterium i n c o r 
poration increased from the most soluble o i l f r a c t i o n to the i n 
soluble residue. In E10 and E19, contact of the coal with Tetra
l i n r e s u l t e d i n a uniform incorporation of deuterium i n almost a l l 
of the four product f r a c t i o n s . In E l 9 , the BMI f r a c t i o n ' s high 
value of 61 atom % 2H may be due to d i r e c t gas-phase exchange and 
deuteration. 

Hydrogen Exchange and Addition Mechanisms. A number of d i f 
f erent types of reactions can take place during donor solvent hy
drogénation. T e t r a l i n can donate deuterium atoms to the coal and 
can exchange i t s deuterium with protium i n the c o a l . T e t r a l i n can 
be hydrogenated to form d e c a l i n s , rearranged to form methylindan 
or hydrocracked to form η-butyl benzene. Figure 1 i s a summary of 
the re a c t i o n pathways of T e t r a l i n which have been i d e n t i f i e d i n 
our research. 

In the i n t e r a c t i o n of the donor solvent and hydrogen with the 
c o a l , four main reactions can take place. (1) T e t r a l i n can trans
f e r four atoms of hydrogen to the coal to form naphthalene; t h i s 
i s the donation or ad d i t i o n mechanism. (2) The coal can be hy
drogenated d i r e c t l y by gas-phase deuterium. (3) The gas-phase 
deuterium can i n d i r e c t l y hydrogenate coal v i a t e t r a l i n - d 1 2 . (4) T e t r a l i n - d 1 2 can p a r t i c i p a t e i n i s o t o p i c exchange of i t s deuterium 
with protium i n the c o a l . T e t r a l i n p a r t i c i p a t e s i n pathways 1, 3 
and 4. The use of deuterium l a b e l l i n g of the donor solvent and gas 
allows i n v e s t i g a t i o n of reactions 1 and 4. A future experiment i s 
planned with deuterium and t e t r a l i n - h 1 2 to i n v e s t i g a t e pathway 3. 

The l i q u e f a c t i o n process i s i n i t i a t e d by the thermal genera
t i o n of coal-derived free r a d i c a l s which i n turn react with s o l 
vent to form solvent r a d i c a l s by hydrogen a b s t r a c t i o n . These s o l -
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20. RATTO ET AL. Donor Solvent 351 

TABLE I 

SUMMARY OF EXPERIMENTAL CONDITIONS AND PRODUCT YIELDS 

Experimental Conditions 

Parameter E10 E19 E20 

Cover Gas \ \ N 2 

Solvent T e t r a l i n - d ^ Tetral i n - d ^ naphthalene-d8 

Coal Weight (g) 25 25 25 

Solvent Weight (g) 25 25 25 

Reactor Volume ( l i ter ) 0.25 1.0 1.0 

St irr ing Rate or 
Rocking Rate 100 osc/min 100 rpm 100 rpm 

Reaction Time (h) 1.0 1.0 1.0 

Cold Pressure 2Ho or 
N 2 (MPa) 8.3 6.9 6.9 

Operating Pressure (MPa) 20.7 15.2 15.2 

Temperature (°C) 400 400 380 

Solvent-Fractionation Products 

Weight % Atom Fraction of 2H (F y ) 

Products E10 E19 E20 E10 E19 F.20 

Oil (HS) 16 17 6* 0.38 0.52 0.23* 

Asphaltene (BS) 32 10 94** 0.45 0.43 0.06** 

Benzene-methanol 
Soluble (BMS) 8 2 0.35 0.38 

Benzene-methanol 
Insoluble (BMI) 44 71 0.37 0.61 

* THF soluble. 
** THF insoluble. 
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20. RATTO ET AL. Donor Solvent 353 

vent r a d i c a l s can accept or donate hydrogen atoms; th e r e f o r e , each 
r e v e r s i b l e step shown i n Figure 1 can be divided i n t o a number of 
stepwise additions or removals of hydrogen atoms. The i n i t i a l 
stage of dehydrogenation of T e t r a l i n to naphthalene i s expanded 
i n Figure 2 to include pathways of hydrogen atom donation and ex
change. T e t r a l i n can lose a hydrogen atom to form an a - r a d i c a l , 
a β-radical or e i t h e r of two aromatic r a d i c a l s . The pathways of 
donation of hydrogen by T e t r a l i n require the a b s t r a c t i o n of a- and 
0-hydrogen atoms by coal-derived r a d i c a l s ; reactions 1, 2A and 2B 
i n Figure 2 show the main pathways of the donation r e a c t i o n . 
Another hydrogen atom l o s t from the a- or β-Tetralinyl r a d i c a l s 
forms e i t h e r 1,2-dihydronaphthalene by r e a c t i o n 1 or 1,2- and 1,4-
dihydronaphthalene by reactions 2A and 2B. Loss of two more a l k y l 
hydrogens forms naphthalene. The dihydronaphthalenes, which have 
been detected i n low concentrations ( 6 ) , were not observed under 
our experimental condi t i o n s . 

Exchange takes place when a deuterium atom i s abstracted from 
one of the d i f f e r e n t p o s i t i o n s of T e t r a l i n - d i 2 to form a solvent 
r a d i c a l , and t h i s r a d i c a l abstracts a protium atom from coal to 
regenerate T e t r a l i n . This r e s u l t s i n a protium enrichment of the 
t e t r a l i n - d i 2 . Enrichment of protium i n the aromatic p o s i t i o n can 
occur by re a c t i o n 3 i n Figure 2 and also by another mechanism. 
T e t r a l i n , which has protium incorporated by exchange through par
t i c i p a t i o n of the a- and β-alkyl r a d i c a l s , can lose deuterium to 
form naphthalene. E i t h e r r i n g of the naphthalene has equal pro
b a b i l i t y f o r deuterium uptake to regenerate T e t r a l i n . In t h i s 
manner, a protium atom which was incorporated by exchange o r i g i 
n a l l y i n t o an a l i p h a t i c p o s i t i o n could end up i n an aromatic p o s i 
t i o n . However, t h i s mechanism has been shown not to occur at 
400°C (12). Only 10% of the incorporated protium was found i n the 
aromatic p o s i t i o n s ; t h e r e f o r e , these reactions are most l i k e l y 
minor exchange pathways under the conditions used i n t h i s research. 

The lH NMR spectrum of the spent solvent from E10 i s shown i n 
Figure 3. T e t r a l i n and naphthalene absorption peaks are evident 
i n t h i s spectrum, and the peaks at p o s i t i o n s 1, 2 and 3 are due to 
decalins and i n part to methylindan and η-butyl benzene. Methylin-
dan and η-butyl benzene were detected and analyzed by GC-MS. In 
Figure 3, the large d i f f e r e n c e i n amplitude between the Har» Ha 
and absorptions of T e t r a l i n show that protium was incorporated 
to a greater degree i n t o the ^ p o s i t i o n than i n t o the other p o s i 
t i o n s . The spectrum a l s o shows that the \\* absorption of the 
naphthalene i n the spent solvent i s much more intense than the 
absorption. 

To determine the p r i n c i p a l pathway of exchange, i s o t o p i c ex
change by f u n c t i o n a l p o s i t i o n was examined. The lower halves of 
Tables II and I I I show the amounts of incorporation of protium i n t o 
the spent T e t r a l i n . In E10, 66% was i n the Ffe, p o s i t i o n , 23% i n 
the p o s i t i o n , and 11% i n the H a r p o s i t i o n . A s i m i l a r d i s t r i b u 
t i o n was found i n E l 9 . This p r e f e r e n t i a l i ncorporation i n the ht* 
p o s i t i o n of T e t r a l i n s t r o n g l y suggests that the predominant path-
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TABLE II 

MOLAR COMPOSITION AND ISOTOPIC DISTRIBUTION OF DONOR SOLVENT FROM E10 

Molar Composition 

Starting Solvent 

Tetral in 94 mole % 

Spent Solvent 

Tetral in 64 mole % 

Naphthalene 6 mole % Naphthalene 

trans-Decalin 

cis-Decalin 

Methylindan 

Butyl benzene 

28 mole % 

1 mole % 

1 mole % 

3 mole % 

3 mole % 

Isotopic Distribution 

Starting Solvent 

Tetral i n - d ^ 

2.8 atom % lH 

Ha 39% 

H s 14% 

H a r 47% 

Naphtha!ene-d8 ί Η α 56% 

<1.0 atom % lH (Hg 44% 

Spent Solvent 

H-_ 66% lH 
Tetral i n - d ^ 

21.3 atom % lH 

Naphthalene-dg 

18.2 atom % lH 

trans-Decal in-d-i 

23% lH 

' H a r 11% lH 

Γ 
I Η, 

14.6 atom W 1 8 

78% lH 

22% lH 

cis-Decal in-çhg 
34.0 atom % lt\ 

Methylindan-d 1 2 

41.4 atom % XA 

Butylbenzene-d 1 4 

24.7 atom % XH 
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TABLE III 

MOLAR COMPOSITION AND ISOTOPIC DISTRIBUTION OF DONOR SOLVENT FROM E19 

Starting Solvent 

Tetral in 92 mole % 

Naphthalene 

trans-Decalin 

cis-Decalin 

5 mole % 

2 mole % 

1 mole % 

Molar Composition 

Spent Solvent 

Tetral in 58 mole % 

^ Naphthalene 

trans-Decalin 

cis-Decalin 

Methylindan 

Butyl benzene 

22 mole % 

4 mole % 

7 mole % 

5 mole % 

4 mole % 

Isotopic Distribution 

Starting Solvent 

Tetralin-d^2 

<1.0 atom % lH 

Spent Solvent 

[ Η Λ 25% lH 

38% lH 

37% lH 

Naphthalene-dg 

<1.0 atom % lH 

Decalins-dig 
<1.0 atom % lY 

Γ 50% *H 

50% λΗ 

Tetralin-dj2 

12.3 atom % lH 

Naphthalene-dg 

10.7 atom % lH 

trans-Decaljn-dig 
7.2 atom % lH 

ç i s -Deca l in-dig 
Ί Ο atom % Aft 

Methylindan-diο 
13.2 atom % lt\ 

Butylbenzene-d 1 4 

9.9 atom % lH 

H a 64% 

He 24% 

H a r 12% 

65% 

35% 
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way of hydrogen exchange i s through the α - r a d i c a l . This requires 
less energy than formation of the β-radical because of resonance 
s t a b i l i z a t i o n of the α - r a d i c a l . I t should be noted that the a-
r a d i c a l can interconvert to the β-radical by a 1,2-hydrogen atom 
s h i f t . This r eaction would scramble the hydrogen isotopes between 
the two p o s i t i o n s . Since the i s o t o p i c compositions of the a- and 
β-positions were s i g n i f i c a n t l y d i f f e r e n t , i t can be concluded that 
the 1,2-hydrogen atom s h i f t has only a minor r o l e . 

The amounts of exchange and ad d i t i o n were c a l c u l a t e d from a 
hydrogen isotope mass balance of the coal products, donor solvent 
and gas phase hydrogen. The s t a r t i n g and product weights of the 
coal and hydrogen compositions of the coal and coal products are 
shown i n Table IV. From the values i n Table IV, the net amount of 
hydrogen added to the c o a l , H, i s 

where n H equals the amount of hydrogen i n the coal products and 
n ? u 1 S the amount of hydrogen i n the s t a r t i n g c o a l . The amount 
of"exchange, E, i s given by 

Ε = η 2 - Η , (2) 
π 

where n 2 equals the amount of deuterium incorporated i n the coal 
products Hthrough a d d i t i o n and exchange. The values of Η and Ε f o r 
E10 and El9 are shown i n Table IV. The f r a c t i o n of deuterium which 
was incorporated by ad d i t i o n i s H/(H + E). These values, which 
are given i n Table IV, i n d i c a t e that on the average 35% of the hy
drogen t r a n s f e r r e s u l t e d i n add i t i o n to the c o a l . 

To summarize the exchange and donation mechanisms of T e t r a l i n , 
pathway 1 i n Figure 2 i s the predominant pathway of exchange and 
donation as determined by p r e f e r e n t i a l incorporation of protium 
i n t o the «-position of T e t r a l i n . T e t r a l i n - d ^ loses a deuterium 
atom from the α - p o s i t i o n , and a protium atom i s incorporated i n t o 
the α - p o s i t i o n . This e q u i l i b r i u m i s the exchange pathway. Con
tinued loss of deuterium from the α - T e t r a l i n y l r a d i c a l eventually 
leads to naphthalene, and t h i s r e a c t i on i s the donation pathway. 
The l a r g e extent of protium incorporation i n t o the α - a l k y l p o s i 
t i o n of T e t r a l i n s trongly suggests that hydrogen exchange v i a the 
α - T e t r a l i n y l r a d i c a l can have a s i g n i f i c a n t r o l e i n quenching the 
re a c t i v e r a d i c a l species which form by thermal cleavage of the 
co a l . 

Formation of Minor Products From Solvent. An explanation of 
the r o l e of a donor solvent would not be complete without examin
ing four other products which were i s o l a t e d f o l l o w i n g i n t e r a c t i o n 
of the donor solvent with c o a l . As shown i n Figure 1, c i s - and 
trans-Decalins can be formed by the hydrogénation of T e t r a l i n , 
methylindan can be formed by rearrangement and n-butyibenzene can 
be formed by hydrogenolysis. Reaction mechanisms leading to the 
formation of these products have been in v e s t i g a t e d (J2, 1̂ 3, 14, 
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20). The use of a deuterium t r a c e r i n t h i s research makes i t pos
s i b l e to obtain new information regarding the reactions involved 
i n the formation of these compounds. Since reactions of t h i s type 
r e s u l t i n a loss of hydrogen donor c a p a b i l i t y of the so l v e n t , r e 
search i n t h i s area i s important to improve the e f f i c i e n c y of coal 
hydroliquefaction and the r e c y c l e a b i l i t y of the solvent. 

In the spent solvents from E10, Table I I , naphthalene and t e t 
r a l i n were the major products, and the four others were minor pro
ducts which t o t a l e d 8 mole %. In E19, Table I I I shows that 20 mole 
% of the four minor products were formed, i n d i c a t i n g that an appre
c i a b l e f r a c t i o n of t e t r a l i n was converted to species l e s s e f f e c 
t i v e i n the donor process. Protium from the c o a l , deuterium from 
the gas phase or deuterium from the T e t r a l i n i s needed to form 
these products. An examination of the i s o t o p i c composition of 
each of the four products as shown i n the bottom halves of Tables 
II and I I I allows observations to be made about t h e i r formation. 

C i s - and Trans-Decalins. Investigations (23-27) i n the 
area of hydrogénation of naphthalene and T e t r a l i n have shown that 
i n most cases c i s - D e c a l i n forms p r e f e r e n t i a l l y when a heterogen
eous c a t a l y s t i s used to catalyze the rea c t i o n at low temperature, 
while trans-Decalin forms on some c a t a l y s t s i n greater than 50% 
y i e l d at high temperatures. Cis a d d i t i o n to a double bond i s the 
r e s u l t of the rea c t i o n of adsorbed hydrogen atoms with chemisorbed 
unsaturated hydrocarbons. The reason f o r the greater y i e l d of 
trans-Decalin at higher temperature i s that the p a r t i a l l y hydro-
genated intermediates can turn over on the c a t a l y s t surface result
ing i n trans a d d i t i o n to the r i n g j u n c t i o n . There are also other 
possible mechanisms such as double-bond migration before cis^ addi
t i o n of hydrogen and 1,4-hydrogen a d d i t i o n to 3,4,5,6,7,8-hexahy-
dronaphthalene followed by c i s - a d d i t i o n of hydrogen which can give 
r i s e to trans-Decalin. The r a t i o of c i s - to trans-Decalin i n E10 
was 1.0, while that of E19 was 1.8. The greater r a t i o of the ens 
isomer produced i n El9 suggests that the di f f e r e n c e s i n operating 
conditions may have influenced the r e l a t i v e formation of the i s o 
mers. The better s t i r r i n g mechanism used i n El9 may have caused 
T e t r a l i n to have had greater contact with the coal or mineral 
matter which can act as a c a t a l y s t to favor formation of the c i s 
isomer. The hypothesis of greater contact with a c a t a l y s t i n El9 
then i n E10 i s also supported by the f a c t that four times as much 
Decalin was produced i n El9 than i n E10. 

The i s o t o p i c composition of the Decalins i n the spent solvents 
i s i n d i c a t i v e of the mechanisms of t h e i r formation. A t o t a l of 6 
hydrogen atoms are added to the T e t r a l i n to form Decalin. In E10, 
duringjthe course of the experiment, the average protium concentra
t i o n i n the T e t r a l i n increased from 2.3 to 21.3 atom % 1H. The 
protium content of 34 atom % lW i n the c i s - D e c a l i n was greater 
than the protium content i n the T e t r a l i n . Likewise i n E l 9 , the 
protium content i n the T e t r a l i n increased from 1.0 to 12.3 atom% 
*H, while the c i ± contained 18.8 atom % XH. This increase of pro-
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20. R A T T O E T A L . Donor Solvent 361 

tium i n the c i s - d e c a l i n s s t r o n g l y suggests that the coal t r a n s f e r s 
i t s hydrogen to T e t r a l i n to form protium enriched c i s - i e c a l i n . i n 
cont r a s t , the trans-Decalin had approximately the same protium con
tent (E10: 14.6 atom % lW) as the average protium content of the 
T e t r a l i n . Therefore, e i t h e r trans-Decalin was formed on the sur
face of the coal with deuterium from the solvent or gas, or i t was 
formed by isomerization from c i s - D e c a l i n with accompanying i s o t o 
p i c exchange with a deuterium source. Because the protium content 
of the c i s - D e c a l i n s i s much greater than the trans-Decalins, c i s -
trans isomerization i s not very important. 

Methylindan and Butyl benzene. Methylindan may be formed 
by s t r u c t u r a l rearrangement of T e t r a l i n with no net change i n i t s 
hydrogen content. However, i n E10, the protium content of the 
methylindan, 41.4 atom % l H 9 was much greater than that of the t e t 
r a l i n , while i n El9 the protium content of the methylindan, 13.2 
atom % lW9 was only s l i g h t l y greater than that of the T e t r a l i n . 

Butyl benzene i s formed by the hydrogenolysis of T e t r a l i n . 
The i s o t o p i c compositions of the spent butylbenzene (E10: 24.7 
atom % lH E19: 9.9 atom % lH) were only s l i g h t l y d i f f e r e n t than 
the i s o t o p i c composition of the spent T e t r a l i n s . The d e t a i l e d 
mechanisms of the formation of these products are not evident 
from our current a n a l y s i s of the data. 

Coal Products: Isotopic D i s t r i b u t i o n by S t r u c t u r a l P o s i t i o n . 
Other workers have al s o i n v e s t i g a t e d deuterium uptake i n coal pro
ducts by s t r u c t u r a l p o s i t i o n . Schweighardt, e t a l . (26) examined 
a centrifuged l i q u i d product from a Synthoil run which was heated 
to 450°C with deuterium gas, Kershaw and Barrass (27J examined the 
products from the reaction of coal with deuterium gas using S n C l 2 as c a t a l y s t , and Franz {]0) examined the products from the reaction 
of a subbituminous coal with T e t r a l i n - 1 , l - d 2 at 427°C and 500°C. 

XH NMR and 2H NMR spectra of f r a c t i o n a t e d coal products from 
E10 and E19 were recorded and analyzed to determine *Η and 2H com
p o s i t i o n f o r each s t r u c t u r a l p o s i t i o n . In our study, x H X f y and 
2Nx,y are defined as the f r a c t i o n of the XH and 2H determined from 
the i n t e g r a l s of the NMR spectra of a given soluble f r a c t i o n where 
y equals HS, BS or BMS and χ = 7 - a l k y l , 0 - a l k y l , α-alkyl or aroma
t i c s t r u c t u r a l p o s i t i o n s . The spe c t r a l range of the NMR i n t e g r a 
t i o n s are given i n Table V. 

I f the atom f r a c t i o n of deuterium i n each separated coal pro
duct, given i n Table I , i s defined as Fy, the atom f r a c t i o n of 
protium i n the same coal product i s therefore 1-Fy. The t o t a l 
amount of protium and deuterium i n a given product f r a c t i o n y i s 
normalized to un i t y according to Equation 3, 

Σ [ \ y F y + \y{1V] = (3) 
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TABLE V 

H AND 2H NMR ANALYSES OF PRODUCT 

E10 NMR Analysis 

Fraction of Protium Fraction of Deuterium 
Structural Position Γ Η (1-F )) ( H x,y F y) 

HS BS BMS HS BS BMS 

7-Alkyl 
0.0-1.0 ppm 0.07 0.06 0.04 0.03 0.04 0.02 

6-Alky1 
1.0-1.9 ppm 0.25 0.13 0.13 0.C8 0.06 0.06 

a-Alkyl* 
1.9-4.5 ppm 0.16 0.14 0.17 0.16 0.19 0.14 

Aromatic** 
4.5-10.0 ppm 0.14 0.22 Q.31 0.11 0.16 0.13 

Total 0.62 0.65 0.65 p y 
0.38 0.45 0.35 

E19 NMR Analysis 

Structural Position 
Fraci ;ion of Protium 

H x > y ( l - F y ) ) 
Fraction 

(2i 
of Deuterium 

H x,y F y) 

HS &S BMS HS BS BMS 

γ-Alkyl 
0.0-1.0 ppm 0.04 0.12 0.07 0.04 0.04 0.02 

0-Alkyl 
1.0-1.9 ppm 0.15 0.16 0.09 0.09 0.09 0.07 

α -A iky l * 
1.9-4.5 ppm 0.08 0.09 0.19 0.19 0.21 0.17 

Aromatic** 
4.5-10.0 ppm 0.21 0.20 0.27 0.20 0.09 0.12 

Total d - F y ) 0.48 0.57 0.62 p y 
0.52 0.43 0.38 

τ Estimated error ±0.02. 
The a 2 -a lky l value is included in the α-a lky l value. 

**The phenolic value is included in the aromatic value.. 
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and the values of 2 H X y F y and 1 H X y ( l - F y ) are shown i n Table V. 
These values are r e s p e c t i v e l y equal to The atom f r a c t i o n of deuter
ium and protium i n each s t r u c t u r a l p o s i t i o n . Therefore, the amount 
of hydrogen i n any s t r u c t u r a l p o s i t i o n i s the sum of 2 H X j y F y and 
l H x , y ( l - F v ) - For example, i n the τ-alkyl s t r u c t u r a l p o s i t i o n of 
the HS f r a c t i o n of E10, there i s 0.07 (7%) protium and 0.03 (3%) 
deuterium f o r a t o t a l of 10% hydrogen i n the τ-alkyl p o s i t i o n . The 
data i n Table V show that a l l f u n c t i o n a l regions of the soluble 
product have some degree of deuterium uptake and that the deuterium 
i s concentrated i n t h e a - a l k y l s t r u c t u r a l p o s i t i o n . 

The degree of p r e f e r e n t i a l incorporation of deuterium i n each 
s t r u c t u r a l p o s i t i o n of each product f r a c t i o n can be ca l c u l a t e d as 
the f r a c t i o n of deuterium i n that s t r u c t u r a l p o s i t i o n divided by 
the f r a c t i o n of deuterium i n that p a r t i c u l a r soluble coal product. 
This f r a c t i o n of deuterium i n p o s i t i o n χ of the soluble coal pro
duct y can be expressed as 

Ρ = 2 h x , y F y (4) 

The c r i t e r i o n f o r p r e f e r e n t i a l i n c o r p o r a t i o n * i s when P X j y i s 
greater than F y, or 

P X j y / F y > 1.0 (5) 

Table VI l i s t s t h e c a l c u l a t e d P x,y/F y values f o r the three soluble 
coal products from E10 and E19.' Tire values range from 0.58 to 1.63. 
The α-alkyl regions i n E10 and El9 have Px,y>Fy which i n d i c a t e 
that i n l i q u e f a c t i o n experiments conducted'with a donor so l v e n t , 
p r e f e r e n t i a l incorporation occurs i n the α-alkyl p o s i t i o n . 

E x t r a c t i o n With a Nondonor Solvent. I t was found by several 
researchers t h a t , under c e r t a i n c o n d i t i o n s , bituminous coals can 
be s o l u b i l i z e d by treatment with a nondonor solvent without using 
hydrogen gas. Over 90% e x t r a c t y i e l d s were reported by Storch, et 
a l . {29) 9 when bituminous coals were extracted with phenanthrene 
at i t s atmospheric b o i l i n g point (340°C). Heredy and Fugassi (30) 
used t r i t i u m - and carbon-14-labelled phenanthrene to i n v e s t i g a t e 
the mechanism of phenanthrene e x t r a c t i o n . They found that e x t r a c 
t i o n at 340°C involves a s i g n i f i c a n t amount (10-15%) of exchange 
of hydrogen between the coal and the phenanthrene. The authors 

In previous presentations {]_9 26_9 28), the values of 2 H x , y / l H
X j y were c a l c u l a t e d to show p r e f e r e n t i a l incorporation of deuterium 

i n t o s t r u c t u r a l p o s i t i o n s . The r a t i o 2 H X ν / χ Η χ y can be expressed i n terms of P X s y and Fy by the equation ^ Η χ ^ / ' π χ ^ = ρ χ , y ( 1 - F y ) / 
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suggested that the mechanism of hydrogen exchange involved i n t e r 
a c tion of the phenanthrene with free r a d i c a l s formed by the thermal 
decomposition of c o a l . However, r a d i o a c t i v e l a b e l l i n g was used, 
and t h i s technique d i d not make i t possible to determine the spe
c i f i c s t r u c t u r a l p o s i t i o n s i n which the exchanged hydrogen atoms 
were incorporated. More r e c e n t l y , the e x t r a c t i o n of bituminous 
coal with naphthalene was in v e s t i g a t e d by Neavel {6) and by White-
hurst, et a l . (8). At 400°C with contact times of a few minutes, 
25-50% e x t r a c t y i e l d s could be obtained. With longer contact 
times, the e x t r a c t y i e l d s decreased considerably. I t was proposed 
(8) that the naphthalene aided the high e x t r a c t y i e l d by r e v e r s i b l y 
accepting hydrogen from and donating hydrogen to the coal during 
e x t r a c t i o n . 

The purpose of t h i s experiment was to i n v e s t i g a t e the extent 
and the s t r u c t u r a l s p e c i f i c i t y of hydrogen exchange during the 
e x t r a c t i o n of bituminous coal with naphthalene. Table I includes 
the data of an e x t r a c t i o n experiment (E20) conducted with naphtha-
lene-d 8 using nitrogen as the cover gas. In the experiment, the 
reactants were heated at 380°C f o r 1 hour at 2200 p s i ; the same 
apparatus was applied as i n El9. A f t e r the run, the spent solvent 
was separated from the coal by d i s t i l l a t i o n , and the coal and s o l 
vent were examined f o r deuterium and protium i n c o r p o r a t i o n . 

Table VII summarizes the i s o t o p i c composition of the s t a r t i n g 
and spent naphthalene-d 8 and c o a l . The s t a r t i n g naphthalene con
tained 98.5 atom % 2H (1.5 atom % lW). During the course of the 
r e a c t i o n , the lW content of the naphthalene-d 8 increased by 3.9 
atom %. Most of the protium was incorporated i n t o the fy* p o s i t i o n , 
and the r a t i o of Wa to was 3.5. The coal residue had 7 atom % 
2H content a f t e r e x t r a c t i o n . 

The coal residue was separated i n t o a THF-soluble f r a c t i o n 
and a THF-insoluble residue. The wt % y i e l d s and atom % 2H com
po s i t i o n s are given i n Table I. The coal residue was 6 wt % s o l u 
ble i n tetrahydrofuran. The soluble f r a c t i o n had 23 atom % 2H con
tent. Evaluation of the 2H NMR data showed that 85 wt % of t h i s 
f r a c t i o n was derived from the coal and that i t s deuterium content 
was 10%. The chemically-bonded naphthalene-d 8 content of the THF-
soluble f r a c t i o n , estimated from the 2H NMR data, was about 15 wt 
% or approximately 1 wt % of the c o a l . The i n s o l u b l e residue had 
6 atom % 2H content. This i n d i c a t e s that the residue contained 
approximately 1 wt % chemically-bonded naphthalene which was e s t i 
mated from the d i f f e r e n c e i n the atom % 2H content of the insoluble 
residue and recovered naphthalene-d 8. This gives a t o t a l chemical
ly-bonded naphthalene-d 8 content of approximately 2 wt %. S i m i l a r 
r e s u l t s were obtained i n e x t r a c t i o n experiments made with phenan
threne (30), where i t was found that 3-7 wt % of the phenanthrene 
was chemically l i n k e d to the coal product. 

In order to ex p l a i n the large s p e c i f i c incorporation of pro
tium i n t o the Wq p o s i t i o n of the spent naphthalene-d 8, the possible reaction mechanisms of exchange need to be examined. Naphthalene 
may accept a lH atom from coal to i n i t i a t e the re a c t i o n as shown 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

02
0

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



TA
BL

E V
II

 
IS

OT
OP

IC
 C

OM
PO
SI
TI
ON
 O

F 
HY
DR
OG
EN

 T
RA
NS
FE
R 

SO
LV
EN
T 

St
ar

ti
ng 

Na
ph

th
a!

en
e-

dg
 

1.5
 a

to
m 
% 

*H
 

H a 
59

% 
Hp
 
41

% 

Co
al 

-1
00

 a
to

m 
% 

XH 

Sp
en

t 
Na

ph
th

al
en

e-
d 

5.
4 

at
om
 %

 
1H 

H„
 7

8%
 

Hp
 
22

% 

Co
al 

93
 a

to
m 
% 

lH 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

02
0

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



20. R A T T O E T A L . Donor Solvent 367 

i n mechanisms 2A and 2B. E i t h e r the α or β p o s i t i o n s may react as 
shown. Coal i s not shown i n t h i s scheme, but i t acts to donate 
protium atoms or accept deuterium atoms. 

The f o l l o w i n g reasoning was used to eliminate the less pro
bable mechanisms shown i n Figure 4. A lH atom i s added to naph
thalene to form an α - r a d i c a l i n reaction 1A and a β - r a d i c a l i n 
reaction IB. Both are resonance-stabilized r a d i c a l s . They can 
lose e i t h e r a 2H atom or a ]H atom to regenerate naphthalene. We 
have shown a 2H atom l o s t to form a protium-enriched product i n 
reactions 1A and IB. The f a c t that we observe a f o u r f o l d increase 
of protium i n the α - p o s i t i o n of spent naphthalene suggests that 
r e a c t i o n IB i s f a s t e r than r e a c t i o n 1A and, t h e r e f o r e , i s the pre
dominant mechanism. 

In mechanisms 2A and 2B, a 2H atom i s abstracted from e i t h e r 
the α or the β p o s i t i o n s of the naphthalene to form a o - r a d i c a l . 
The intermediates shown i n reactions 1A and 2A are r a d i c a l s i n 
which the unpaired e l e c t r o n i s i n the α - p o s i t i o n . S i m i l a r l y , i n 
IB and 2B, the unpaired e l e c t r o n i s i n the β-position. The terms 
a- and β-radicals ( i . e . , reactions 1A and IB) and σ-radicals ( i . e . , 
reactions 2A and 2B) are used, r e s p e c t i v e l y , to d i s t i n g u i s h r a d i 
c a l s i n which the unpaired e l e c t r o n i s or i s not conjugated with 
the aromatic π-electron system. Formation of σ-radical intermed
i a t e s would require higher energy than the formation of the r a d i 
c a l s i n reactions 1A and IB. Using the same l o g i c as we have f o r 
reactions 1A and IB, the α-incorporation of lH i n t o the spent naph
thalene suggests that reaction 2A i s more l i k e l y than reaction 2B. 

We are l e f t with mechanisms IB and 2A, and a choice between 
them cannot be made without i d e n t i f i c a t i o n of the predominant 
r a d i c a l intermediate formed i n t h i s r e a c t i o n . The high energy 
required f o r the formation of σ-radicals suggests that reaction IB 
i s more l i k e l y to take place. 
Conclusions 

Hydrogen ad d i t i o n and exchange reactions between a bituminous 
coal and a donor solvent or a nondonor solvent were in v e s t i g a t e d 
using f u l l y - d e u t r a t e d T e t r a l i n and naphthalene. In the experiments 
conducted with c o a l , T e t r a l i n - d 1 2 and deuterium at 400°C, the r a t i o of hydrogen exchange to ad d i t i o n was on the average 2.0. 

Deuterium-labelled T e t r a l i n and deuterium were used to deter
mine incorporation of hydrogen by s t r u c t u r a l p o s i t i o n i n the Tet
r a l i n and coal products. Approximately two-thirds of the protium 
incorporated i n t o the T e t r a l i n - d i 2 was found i n the α - a l k y l p o s i 
t i o n , i n d i c a t i n g that hydrogen exchange between the coal and t e t 
r a l i n involves the α - T e t r a l i n y l r a d i c a l . In the case of the coal 
products, the terms 2H^ syFy and 1 H X i y ( l - F y ) were used to c a l c u l a t e the deuterium and protium contents of eacn s t r u c t u r a l p o s i t i o n . 
P r e f e r e n t i a l incorporation was found i n the α - a l i p h a t i c p o s i t i o n 
of the soluble coal products, i n d i c a t i n g that these p o s i t i o n s par
t i c i p a t e d p r e f e r e n t i a l l y i n hydrogen exchange and a d d i t i o n . The 
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extent of this preferential incorporation, however, was less than 
in the case of the α-Tetralinyl position. 

An investigation of the isotopic composition of the Decalins, 
which were formed as minor products in the donor solvent experi
ments, showed that cis-Decalin was formed preferentially. Its for
mation and its increased protium incorporation may have resulted 
from increased contact with the coal surface. Trans-Decalin con
tained less protium than the Tetralin, which suggests that most 
of the trans-Decalin was formed with deuterium from the Tetralin-
d 1 2 and deuterium gas. 

When a bituminous coal was extracted with naphthalene-d8 at 
380°C under N 2 , 4% of its protium content was exchanged with deu
terium in the naphtha!ene-d8. Most of the protium was incorporat
ed into the position of naphthalene-d8, and the ratio of to, 
Ηβ was 3.5. 
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21 
Isomerization and Adduction of Hydroaromatic 
Systems at Conditions of Coal Liquefaction 
D O N A L D C. C R O N A U E R , D O U G L A S M. J E W E L L , 
R A J I V J. M O D I , and K . S. S E S H A D R I 

Gulf Research and Development Company, P.O. Drawer 2038, Pittsburgh, P A 15230 

Y A T I S H T. S H A H 
University of Pittsburgh, Department of Chemical and Petroleum Engineering, 
Pittsburgh, P A 15213 

Fundamental studies of coal liquefaction have shown that 
the structure of solvent molecules can determine the nature of 
liquid yields that result at any particular set of reaction 
conditions. One approach to understanding coal liquefaction 
chemistry is to use well-defined solvents or to study reactions 
of solvents with pure compounds which may represent bond-types 
that are likely present in coal [1,2]. It is postulated that 
one of the major routes in coal liquefaction is initiation by 
thermal activation to form free radicals which abstract 
hydrogen from any readily available source. The solvent may, 
therefore, function as a direct source of hydrogen (donor), 
indirect source of hydrogen (hydrogen-transfer agent), or may 
directly react with the coal (adduction). The actual role of 
solvent thus becomes a significant parameter. 

Our earlier studies [2,3] have measured the reactivity of 
both hydrocarbon and nonhydrocarbon acceptors with good donor 
solvents (Tetralin, hydrophenanthrenes), and poor donors 
(mesitylene). Although the primary role of solvents was 
observed to be the stabilization of acceptor radicals, 
appreciable levels of solvent isomerization, polymerization, 
and adduction also occurred. Herein, these aspects of solvent 
chemistry have been pursued with the use of 13C labeling 
techniques to understand the specific reactions. 

EXPERIMENTAL 

The experimental procedure to carry out the solvent
-acceptor reactions have previously been described [2,3]. In 
summary, the desired amount of solvent was charged to a stirred 
autoclave and heated to a temperature about 5°C above reaction 
temperature. The acceptor with additional solvent was injected 
into the reactor which rapidly came to the desired 
temperature. The reactor contents were periodically sampled 
during the run. 

0-8412-0587-6/80/47-139-37l$05.50/0 
© 1980 American Chemical Society 
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S p e c i f i c a l l y labeled 1 JC-octahydrophenanthrene and i JC-
t e t r a l i n were synthesized by Dr. E. J . Eisenbraun. Products 
from the reactions were analyzed using a combination of the 
following: (1) GLC using a 100 f t . SCOT c a p i l l a r y column, (2) 
preparative l i q u i d chromatography using basic alumina [4] , (3) 
preparative HPLC using a column packed with Lichrosorb ( s i l i c a ) 
and the solvent n-hexane, (4) C-NMR using a Varian CFT-20 
instrument, and (5) GLC-mass spectra using a duPont 491 
instrument. 

REACTIVITY OF HYDROAROMATICS 

Background 

Hydroaromatic compounds are among the most common 
structures in natural products making up the basic framework of 
steroids, alkaloids, and mineral o i l s (petroleum). 
Hydroaromatic structures are subject to thermal 
dehydrogenation, unless substituted by gem-dialkyl groups, at 
bridgehead positions as exhibited by steranes and alkaloids. 
Dehydrogenation is usually achieved in the presence of 
catalysts which promote dealkylation, which is a t y p i c a l 
precursor to dehydrogenation. Hydroaromatic structures in 
heterocyclic compounds are frequently more reactive than 
homocyclics, with respect to dehydrogenation, e.g., 
tetrahydroquinoline>tetralin and indoline>indan. 

Due to the r e l a t i v e ease and r e v e r s i b i l i t y of 
hydrogenation-dehydrogenation of hydroaromatics, they have been 
used extensively either as a source or agent for placing 
hydrogen in hydrogen-deficient species, such as coal. It has 
frequently been assumed that hydroaromatics in the solvents 
used for this purpose contain six-membered rings. L i t t l e 
e f f o r t has been directed to determining the isomeric forms. It 
is known that methyl indans are essentially stable to hydrogen-
transfer as compared to Te t r a l i n . Due to d i f f i c u l t i e s in 
adequately measuring the concentrations of isomeric structures, 
the above assumption may not be t y p i c a l l y v a l i d . 

Due to i t s simple structure and a v a i l a b i l i t y , T e t r a l i n i s 
t y p i c a l l y used as a model donor solvent for coal 
liquefaction. For similar reasons, much of the present work 
was done with T e t r a l i n , as well as octahydrophenanthrene whose 
structure is believed more a l l i e d to true coal-derived recycle 
solvents Γ5 . Curran et a l . [7] observed that Tjetralin 
decomposed to "C^ benzenes and indan" and that the 
decomposition seemed to be promoted by coal extracts. They 
also speculated on several structures for the benzenes 
without firm structural evidence. Recent studies by Whitehurst 
et a l . [S] have indicated that Tetralin rearranged to 1-methyl 
indan and that this rearrangement was solely temperature 
dependent. These rearrangements were considered reasonably 
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c o n s t a n t at any t e m p e r a t u r e , proceeded th rough f ree r a d i c a l 
p r o c e s s e s , and were minor s i d e r e a c t i o n s . The p re sen t s t u d y 
i n d i c a t e s t ha t i s o m e r i z a t i o n o f s ix-membered h y d r o a r o m a t i c s i s 
not l i m i t e d to t e t r a l i n , i s q u i t e complex and may be a more 
s e r i o u s p rob lem than p r e v i o u s l y c o n s i d e r e d . 

R e a c t i o n s o f T e t r a l i n and D i h y d r o n a p h t h a l e n e 

T e t r a l i n has been shown to undergo t he rma l d e h y d r o g e n a t i o n 
t o naph tha lene and rearrangement to m e t h y l i ndan i n e i t h e r the 
absence o r presence o f f ree r a d i c a l a c c e p t o r s t i , 2 ] . The 
presence o f f ree r a d i c a l a c c e p t o r s u s u a l l y a c c e l e r a t e s the 
rearrangement r e a c t i o n . Even w i t h a l k y l a t e d T e t r a l i n s , 
rearrangement s t i l l o c c u r s w i t h the f o r m a t i o n o f d i - and t r i -
a l k y l i n d a n s . 

The b a s i c r e a c t i o n s o f T e t r a l i n and d e r i v a t i v e s have been 
extended to the use o f 1 - 1 3 C l a b e l s and 1 , 2 - d i h y d r o n a p h t h a l e n e , 
w i t h and w i t h o u t a source o f f ree r a d i c a l s . The s t u d i e s w i t h 
T e t r a l i n were m o n i t o r e d e q u a l l y w e l l w i t h 1 3 C - N M R and GLC 
t e c h n i q u e s . The r a t e c o n s t a n t fo r the c o n v e r s i o n o f T e t r a l i n 
to me thy l i n d a n i n the presence o f d i b e n z y l a t 450°C was 6 .4 χ 
10 m i n " wh ich i s c o n s i s t e n t w i t h tha t p r e v i o u s l y r e p o r t e d 
[ 2 ] . 

The most s i g n i f i c a n t o b s e r v a t i o n by NMR i s the 
r e d i s t r i b u t i o n o f the 1 3 C l a b e l i n the me thy l i n d a n i s o m e r . 
The l a b e l i s found e q u a l l y i n bo th m e t h y l and 3-methylene 
groups as denoted b e l o w : 

Δ ppm P o s i t i o n 

0 0 - C p + OCT" 22 as 
I 34 .8 2 - C H 2 

C H 3 3 1 . 4 3 - C H 3 

C o n c e n t r a t i o n o f 2 -me thy l i n d a n and 2 - 1 3 C - l - m e t h y l i n d a n were 
v e r y l o w . 

D i h y d r o n a p h t h a l e n e (DHN) i s f r e q u e n t l y assumed to be an 
i n t e r m e d i a t e i n hydrogen t r a n s f e r r e a c t i o n s . W h i l e t h i s 
appears r e a s o n a b l e , e f f o r t s t o d e t e c t and /o r measure t h i s 
i n t e r m e d i a t e have never been v e r y s u c c e s s f u l . Assuming t h a t 
DHN i s p r e s e n t , we have b r i e f l y e x p l o r e d i t s r o l e i n hydrogen 
t r a n s f e r and m e t h y l i n d a n f o r m a t i o n . 

S e v e r a l e x p l o r a t o r y exper imen t s were made w i t h u n l a b e l e d 
1 , 2 - d i h y d r o n a p h t h a l e n e , e i t h e r neat o r w i t h 10% d i b e n z y l , a t 
4 5 0 e C . The runs were made u s i n g an a g i t a t e d 10 cc r e a c t o r 
which was immersed i n a p rehea ted sand ba th to a c h i e v e r a p i d 
h e a t i n g and c o o l i n g . I t i s f i r s t noted t ha t the p r o d u c t s from 
exper imen t s at e i t h e r 15 o r 180 minutes c o n t a i n e d no u n r e a c t e d 
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DHN. A p p a r e n t l y DHN bo th t h e r m a l l y dehyrogenates to naph tha 
l ene and d i s p r o p o r t i o n a t e s t o te&alin and n a p h t h a l e n e . I n a l l 
o f the r u n s , t he r e was a s i z a b l e amount o f hydrogen r e l e a s e d 
when the r e a c t o r s were opened. When DHN was hea ted a t 4 5 0 ° C 
f o r e i t h e r 15 o r 180 m i n u t e s , the r a t i o o f naph tha lene to 

e t r a l i n was 1 .8 . I n c r e a s e d me thy l i ndan f o r m a t i o n o c c u r r e d 
w i t h t i m e . W i t h the i n t r o d u c t i o n o f d i b e n z y l , the a n t i c i p a t e d 
[2] i n c r e a s e d i s o m e r i z a t i o n o f T e t r a l i n t o me thy l i n d a n 
o c c u r r e d . These r e s u l t s suggest t ha t the rearrangement o f 
h y d r o a r o m a t i c s does no t proceed th rough the d i h y d r o -
i n t e r m e d i a t e s t a g e , but r a t h e r forms d i r e c t l y from the s i x -
raembered r i n g . The d i h y d r o - i n t e r m e d i a t e o n l y forms d u r i n g 
hydrogen t r a n s f e r . 

R e a c t i o n s o f Hydrogenated Phenanthrene 

The h y d r o g é n a t i o n o f phenanthrene proceeds s t e p w i s e 
l e a d i n g p r e d o m i n a n t l y t o the s y m - o c t a h y d r o - s t a g e r a t h e r t h a n 
the a s y m m e t r i c a l form [5] . E i t h e r form can f u n c t i o n as an 
e x c e l l e n t donor s o l v e n t . 

Sym-octahydrophenanthrene (HgPh) would be expec t ed to 
f o l l o w the same r e a r r a n g e m e n t - d e h y d r o g e n a t i o n r e a c t i o n s as 
T e t r a l i n , excep t w i t h more isomer and produc t p o s s i b i l i t i e s . 
The r e a c t i o n s shown i n F i g u r e 1 i l l u s t r a t e the many s t r u c t u r e s 
expec t ed from sym-HgPh i n the presence o f f ree r a d i c a l 
a c c e p t o r s . U n l i k e T e t r a l i n , hydrophenanthrenes have m u l t i p l e 
s t r u c t u r e s wh ich e a c h , i n t u r n , form v a r i o u s i s o m e r s . The 
amounts o f these i somers a re dependent upon the type o f 
h y d r o g e n - t r a n s f e r r e a c t i o n s and the environment o f the s y s t e m . 

A compar i son w i t h T e t r a l i n i s q u i t e u s e f u l , s i n c e i t i n d i 
c a t e s the e f f e c t tha t a d d i t i o n o f h y d r o a r o m a t i c r i n g s have on 
the b a s i c p r o b l e m . A l t h o u g h a l l the s t r u c t u r e s shown i n F i g u r e 
1 are t h e o r e t i c a l l y p o s s i b l e , i t i s not ye t p o s s i b l e t o 
s e p a r a t e each from a t o t a l p roduct m i x t u r e by c u r r e n t c a p i l l a r y 
GLC t e c h n i q u e s . Our t e c h n i q u e s were ab l e to r e s o l v e c e r t a i n 
groups o f compounds which p e r m i t t e d p r e l i m i n a r y k i n e t i c 
c a l c u l a t i o n s . These i n c l u d e d mono- i so HgPh, d i - i s o - H g P h , i s o -
H^Ph, and phenan th rene . 

Emphasis i n t h i s s t udy was p l a c e d upon two r e a c t i o n s 
c a r r i e d out a t 4 5 0 e C w i t h sample t imes between 0 and 180 m i n . 
The r e f e r e n c e run i s tha t o f HgPh, n e a t , and the second r u n i s 
the h y d r o g e n - t r a n s f e r r e a c t i o n o f HgPh w i t h d i b e n z y l , i n wh ich 
the b e n z y l r a d i c a l i s formed at c o n d i t i o n s t y p i c a l o f c o a l 
l i q u e f a c t i o n . 

I n the presence o f d i b e n z y l , oc tahydrophenan th rene 
undergoes bo th d e h y d r o g e n a t i o n and i s o m e r i z a t i o n . I n t h i s 
s t u d y , we use the k i n e t i c model ( r e f e r t o F i g u r e 1 f o r 
s t r u c t u r e s ) : 
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2 Octahydro 
phenanthrene 

I (A) 

Tetrahydro 
phenanthrene 

ν (B) 

Phenanthrene 
(C) 

K-7 

We assume a l l reactions to be f i r s t order and irr e v e r s i b l e 
within the range of the experimental conditions. The governing 
d i f f e r e n t i a l mass balance equations and their solutions have 
been reported [9] . The values of the constants through 
at 450 eC are shown in Table I. A comparison of the 
experimental data with the theoretical predictions is shown i n 
Figures 2 through 4; the above assumption of a f i r s t order 
reaction appears reasonable. 

(Reactor Conditions of 450 eC, 1500 psig total pressure, and a 
feed concentration of 30 wt% HgPh, 10 wt% dibenzyl, 60 \ 
mesitylene) 

As shown in Table I, the abstraction of hydrogen is a much 
more selective reaction compared to isomerization or d i -
isomerization. Furthermore, isomerization of tetrahydrophen-
anthrene is a very slow process. As noted in the model, rate 
constant Ko is used to denote the direct isomerization of H«Ph 

Table I 

KINECTIC CONSTANTS FOR VARIOUS REACTION STEPS 

CONSTANT (MIN ) 
0.0059 
0.003 
0.0017 
0.0029 
0.0001 
0.002 
0.0035 
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TIME (MINS) 

Industrial and Engineering Chemistry Fundamentals 

Figure 2. Concentration of components in the hydrogen abstraction series of reac
tions in the presence of an acceptor (9): ( ), model predicted curve; (Φ), octa-

hydrophenanthrene; (O), tetrahydrophenanthrene; ([J), phenanthrene. 
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8K 

T IME (MINS) 

Industrial and Engineering Chemistry Fundamentals 

Figure 3. Isomerization of solvent to monomethyl isomers (9): ( ), model pre
dicted curve. 
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Industrial and Engineering Chemistry Fundamentals 

Figure 4. lsomerization of solvent to dimethyl isomer: ( ), model predicted 
curve (9): (Ah monomethyl (H8Ph); (Ηλ monomethyl (HkPh). 
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380 COAL LIQUEFACTION FUNDAMENTALS 

to d i - i s o o c t a h y d r o p h e n a n t h r e n e . No d i r e c t e v i d e n c e e x i s t s to 
prove t h a t b o t h h y d r o a r o m a t i c r i n g s can s i m u l t a n e o u s l y 
r e a r r a n g e to the d i - i s o m e t h y l i s o m e r . However , the k i n e t i c 
d a t a , namely the p l o t o f c o n c e n t r a t i o n v e r s u s t i m e , can b e s t be 
f i t w i t h the a s sumpt ion t h a t t h i s f i r s t o r d e r r e a c t i o n o c c u r s . 

S t u d i e s d i s c u s s e d be low w i t h v a r i o u s h y d r o a r o m a t i c systems 
i n d i c a t e tha t these rear rangements proceed th rough f ree r a d i c a l 
p roces se s as sugges ted e a r l i e r f o r T e t r a l i n s [.1-3] and do no t 
r e q u i r e the i n i t i a l g e n e r a t i o n o f a con juga ted o l e f i n g r o u p . 
T h i s approach c o u l d gene ra te three-membered r i n g i n t e r m e d i a t e s 
s i m i l a r t o those i d e n t i f i e d by Goodman and Eastman [10] and 
more r e c e n t l y by S i n d l e r - K u l y k and Laa rhoven [ Π ] . 

I t i s a l s o no ted t ha t the o v e r a l l r a t e o f i s o m e r i z a t i o n o f 
HgPh i s about t h r e e t imes t h a t o f the i s o m e r i z a t i o n o f T e t r a l i n 
[ 2 ] . Fo r r e f e r e n c e , the a c t i v a t i o n energy o f the T e t r a l i n 
i s o m e r i z a t i o n r e a c t i o n was i n the range o f 26 t o 32 K c a i / g - m o l e 
depending upon the p resence o f a f r e e - r a d i c a l p r e c u r s o r . 
S t u d i e s have a l s o shown t h a t a l k y l T e t r a l i n s and r e c y c l e 
s o l v e n t s c o n t a i n i n g a l k y l groups a l s o r e a r r a n g e i n d i c a t i n g tha t 
i s o m e r i z a t i o n i s not i n h i b i t e d by s u b s t i t u t i o n on the 
h y d r o a r o m a t i c r i n g [12] However, some s t e r i c l i m i t a t i o n s may 
e x i s t w i t h a dependence upon the type and s i z e o f the a t t a c h e d 
g r o u p s . 

STRUCTURAL FEATURES OF HYDROPHENANTHRENES 

The presence o f hydrophenanthrene i somers was i n d i c a t e d by 
the o b s e r v a t i o n o f numerous GLC peaks w i t h i d e n t i c a l p a r e n t 
i ons but d i f f e r e n t fragment i ons i n t h e i r mass s p e c t r a . 
Compounds w i t h m e t h y l s u b s t i t u e n t s a lways have more i n t e n s e M + -
15 i ons than those w i t h u n s u b s t i t u t e d s ix-membered r i n g s . 
C o n s i d e r i n g the c o m p l e x i t y o f the t o t a l r e a c t i o n m i x t u r e s , 
l i q u i d chromatography (HPLC) was used to c o n c e n t r a t e more 
d i s c r e t e s o l v e n t f r a c t i o n s f o r C-NMR s t u d y . 

The s p e c t r a o f the s a t u r a t e r e g i o n o f pure sym-HgPh, and 
two monoaromatic c o n c e n t r a t e s have been obse rved and the 
ass ignment o f s i g n a l s i n sym-HgPh have been r e p o r t e d [ 1 3 ] . The 
appearance o f new s i g n a l s a t 19 t o 21 .3 ppm were i n d i c a t i v e o f 
m e t h y l groups i n a v a r i e t y o f p o s i t i o n s on s a t u r a t e d r i n g s . 
S i g n a l s between 30 and 35 ppm were i n d i c a t i v e o f f ive-membered 
r i n g s b e i n g formed at the expense o f the e i g h t h y d r o a r o m a t i c 
carbons i n the s ix-membered r i n g s . 

The absence o f a sharp l i n e at a p p r o x i m a t e l y 14 ppm 
i n d i c a t e d t ha t r i n g open ing to a η - b u t y l s u b s t i t u e n t d i d no t 
o c c u r . P r e c i s e mass measurements f u r t h e r showed tha t each 
c o n c e n t r a t e has the same m o l e c u l a r weight (186) wh ich c o n f i r m e d 
t h a t r i n g open ing d i d not occu r as i m p l i e d by the work o f 
Cur r an et a l . [7] i n wh ich exper iment i o n was done w i t h 
T e t r a l i n . 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ch

02
1

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



21. CRONAUER ET AL. Hydroaromatic Systems 381 

When an acceptor was present (ex., dibenzyl), the solvent 
products were more complex. The reactions were, therefore, 
repeated using C labeled octahydrophenanthrene (10% C at 
position 1). The presence of a label not only confirmed the 
qualitative nature of reactions shown in Figure 1, but provided 
useful clues as to the real complexity of the structures and 
pathways for their formation. 

A sample of hydrophenanthrenes from a dibenzyl hydrogen-
transfer reaction was separated by l i q u i d chromatography into 
seven fractions. Each fraction (>20 mg) was then analyzed 
by 13C-NMR, mass spectrometry (70 eV), and u l t r a v i o l e t 
spectroscopy and "best f i t " structures were then deduced. 
Minor components were not studied. Pure octahydro- and 
tetrahydrophenanthrene were used as a "reference base" to 
compare isomers. 

A detailed discussion of these fractions together with the 
probable structures in each has been presented e a r l i e r [9] . 
The most important observations were (1) every possible 
position isomer of rearranged octahydro- and 
tetrahydrophenanthrene were present but not equally 
distributed; and (2) the benzylic carbons of hydroaromatic 
rings have migrated to a methyl group (confirmed by C l a b e l ) . 

A small amount of hexahydrophenanthrene was present in the 
mixture indicating that the step-wise transfer of hydrogen 
(loss of two hydrogens) does occur. Three condensed rings 
apparently provide more s t a b i l i t y for this intermediate than 
does the naphthalene system. The studies with octahydrophen
anthrene confirmed that isomerization is not unique to 
T e t r a l i n . The problem becomes more acute with increasing 
number of hydroaromatic rings. These structure studies also 
suggested that tetrahydrophenanthrene may be a key intermediate 
and should therefore be studied d i r e c t l y in order to understand 
the effect that condensed aromatics have on the fate of a 
single hydroaromatic ring. 

Studies with Tetrahydroanthracene and Tetrahydrophanthrene 

Since the T e t r a l i n studies showed that isomerization 
yielded predominantly the 1-methyl indan isomer and that the 
contraction involves the migration of the benzylic carbon to a 
methyl group, we decided to explore the effect that additional 
ring condensation has on this chemistry. 

1,2,3,4,-Tetrahydroanthracene is the linear benzologue of 
Tetralin. This compound behaves identical to T e t r a l i n in the 
presence of dibenzyl with respect to ring contraction, giving a 
single methyl signal at 19.6 ppm (Figure 5). Contrary to 
Tetralin, which does not yie l d a measurable level of 1,2-
dihydro-intermediate, one observes the formation of 9,10-
dihydroanthrene (36.1 s i g n a l ) . The only other product i s 
anthracene. The yield of 1-methylcyclopentanoanthracene is 
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384 COAL LIQUEFACTION FUNDAMENTALS 

s l i g h t l y l e s s than tha t i n the c o r r e s p o n d i n g J e t r a l i n s y s t e m . 
Anth racene and 9 , 1 0 - d i h y d r o a n t h r a c e n e a re s l i g h t l y g r e a t e r t han 
s t o i c h i o m e t r i c a l l y p r e d i c t e d by hydrogen t r a n s f e r . T h i s may 
be due to a g r e a t e r ease o f t he rma l d e h y d r o g e n a t i o n o f 
t h r e e - r i n g h y d r o a r o m a t i c s . 

1 , 2 , 3 , 4 - T e t r a h y d r o p h e n a n t h r e n e i s the a n g u l a r benzo logue 
o f T e t r a l i n . Both n a t u r a l and 10% 1- C - e n r i c h e d H^Ph were 
s t u d i e d i n a manner s i m i l a r to T e t r a l i n . However, one obse rves 
a much more complex m i x t u r e o f p roduc t s w i t h H^Ph, as seen i n 
the C-NMR spec t rum ( F i g u r e 6 ) . Three d i s t i n c t l i n e s between 
20-22 ppm are obse rved due to the me thy l groups on the t h r e e 
p o s s i b l e i somers from r i n g c o n t r a c t i o n . I t i s a l s o noted tha t 
i n the a n g u l a r sys t em, these s i g n a l s a re at lower f i e l d than i n 
the l i n e a r systems ( a p p r o x i m a t e l y 19.6 ppm). The ass ignments 
o f these s i g n a l s a re as f o l l o w s : 

20 .6 ppm 21 .4 ppm 21.7 ppm 

A s m a l l amount o f 9 , 1 0 - d i h y d r o p h e n a n t h r e n e i s obse rved 
( s i g n a l at 29 .0 ppm) presumably as a r e s u l t o f r a p i d 
i s o m e r i z a t i o n o f any 1 ,2 -d ihydrophenan th rene formed from the 
a b s t r a c t i o n o f hydrogen from H^Ph by hydrogen t r a n s f e r . As i s 
the case w i t h d i h y d r o a n t h r a c e n e , the 9 , 1 0 - d e r i v a t i ve i s the 
most s t a b l e i s o m e r . 

An unexpected o b s e r v a t i o n was the s c r a m b l i n g o f l a b e l e d 
ca rbon i n the H^Ph s o l v e n t d u r i n g hydrogen t r a n s f e r 
e x p e r i m e n t s . As de te rmined by NMR, about 25% o f the C l a b e l 
at the C - l p o s i t i o n o f H^Ph was found i n the C-4 p o s i t i o n o f 
phenanthrene i n the p roduc t o f a t h r e e - h o u r run w i t h d i b e n z y l 
at 4 5 0 ° C . The f o l l o w i n g nomenc la tu re and s h i f t s i n 
phenanthrene were used i n the d e t e r m i n a t i o n . 

3 

^ \ , 2 ΰ Γ from TMS 

C - l and 8 - 128.56 ppm 

C - 2 , 3 , 6 , 7 - 126.6 

C-4 and 5 - 122.6 

As shown l a t e r , the same s i g n a l enhancement o f C-4 i s seen when 
l a b e l e d sym- o r asym-HgPh are u s e d . T h i s type o f enr ichment at 
C-4 i m p l i e s t ha t c o n c u r r e n t c l e a v a g e o f the C ^ - C ^ Q a and C ^ - C ^ a 

bonds o c c u r , t o g e t h e r w i t h r i n g i n v e r s i o n . 
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21. CRONAUER ET AL. Hydroaromatic Systems 

asym-Octahydrophenanthrene Experiments 

385 

Catalytic hydrogénation of phenanthrene to the octahydro-
stage produces both sym- and asym-isomers, although the former 
predominate. Additionally, interconversion of the two forms 
tends to occur at coal liquefaction conditions. Since the 
asym- form has not been studied previously, we b r i e f l y explored 
both natural and 1-^C-enriched asym-HgPh with respect to i t s 
r e a c t i v i t y with dibenzyl at 450°C. 

The spectrum of product of the run with 1-C -asym HgPh i s 
shown in Figure 7. The GLC results indicate that asym-HgPh 
decomposes to numerous products that are not normally observed 
with sym-HgPh. Based on GLC and NMR spectra, the following 
observations were made: 

1. The condensed cycloparaffin rings crack 
yielding η-butyl groups, containing, in 
part, the C label in a terminal CH^ 
position (signal at 14.0). 

2. Ring contraction has occurred to yield at 
least two methylcylopentane derivatives 
(signals at 20.6 and 21.7 ppm). 

3. Tetrahydro- and dihydrophenanthrenes have 
been formed (signals at 25.7 and 
29.0 ppm) . 

4. Phenanthrene has been formed (signals at 
128.5 and 122.6 ppm). 

5. About 25% of the 1- 1 3C label has migrated 
to position C-4 based upon the NMR spectra 
of phenanthrene formed. 

Discussion of Isomerization Results 

The studies of rearrangement of hydroaromatics suggest 
that isomerization is dependent upon the breaking of benzylic 
carbon bonds. It is promoted by the presence of free 
radicals. A l l of the hydroaromatic molecules yie l d ring 
contraction products at coal liquefaction conditions. Angular 
hydroaromat ics are much more l i k e l y to rearrange to a variety 
of position isomers than linear hydroaromatics although the 
rate of isomerization of each separate specie may be different 
than that of T e t r a l i n s . 

The above results show that the dihydro-aromatics do not 
di r e c t l y contribute to rearrangements. Secondly the dihydro-
aromatics rapidly aromatize by hydrogen transfer or 
dispropositionation. This implies that the rearrangement 
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21. CRONAUER ET AL. Hydroaromatic Systems 387 
proceeds by a free radical process. It is also noted that when 
free radicals from the acceptor are present, the rate of 
rearrangement is greatly increased. 

SOLVENT ADDUCTION 

The primary reaction between good donor solvents, such as 
Tetralin and octahydrophenanthrene, and acceptors can give 
rather " i d e a l " products. For example, at moderate dibenzyl 
acceptor concentrations (10-20%) dibenzyl is converted only to 
toluene in these solvents. However, when poor solvents are 
introduced, secondary reactions become quite important and 
"non-ideal" products are recovered. The type of secondary 
products are influenced by the solvent used, the temperature of 
reaction, and the structure of acceptor molecules. The secon
dary reactions may well compete with primary reactions to such 
an extent that kinetics become d i f f i c u l t to model. 

As shown e a r l i e r [2] mesitylene forms adducts with benzyl 
radicals concurrent with hydrogen transfer from T e t r a l i n at 
450°C. Although not shown in the previous paper, mesityl 
radicals also formed adducts with Tetralin in mixed systems. 

When reactions with oxygen-containing acceptors were 
performed [3] in the 300-400°C region, the formation of adducts 
occurred with both T e t r a l i n and mesitylene. This reaction was 
observed when benzyl radicals were generated from dibenzyl 
ether, dibenzyl sulfide, benzyl alcohol, and benzaldehyde. 

The most surprising observation from low temperature 
reactions was the formation of adducts between good donor 
solvents (Tetralin, octahydrophenanthrene, tetrahydroquinoline) 
and acceptor rad i c a l s . The resulting adducts were not of a 
single predominant structure. In particular, several isomers 
of toluene-Tetralin were formed as well as d i - T e t r a l i n . 
Several of these reactions were done with D^-Tetralin which 
permitted the firm i d e n t i f i c a t i o n of the T e t r a l i n moiety in the 
adducts. GLC-MS studies indicated that the T e t r a l i n may be 
bonded to phenyl, benzyl, benzyloxy- or phenoxy-groups, 
depending on the acceptor used. 

Bonding is assumed to be predominately on the 
hydroaromatic ring since this should be the most reactive s i t e 
of t e t r a l i n donors. This is supported by a large fragment ion 
at M -benzyl. However, based on mesitylene experiments, some 
bonding on the aromatic ring also occurs. 

It appears that the formation of benzyl T e t r a l i n only 
occurs during the hydrogen transfer reactions at low 
temperatures (<400°C). If the adduct forms, a certain degree 
of "depolymerization" could be achieved by isolating the adduct 
fraction and reacting i t with fresh Tetralin at 450°C. Such a 
sample of adduct from a low temperature (400 °C) run with 
Tetralin and benzyl alcohol was isolated and a second run was 
made at 450°C with additional Tetralin. Less than 50% of the 
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388 COAL LIQUEFACTION F U N D A M E N T A L S 

adduct " d e p o l y m e r i z e d T h e r e m a i n i n g adducts had the same 
m o l e c u l a r weigh t but much l a r e e r M + - 1 5 i o n s i n d i c a t i n g the 
presence o f a me thy l g r o u p . C-NMR showed tha t s i g n i f i c a n t 
rearrangement had o c c u r r e d . 

F i g u r e s 8 and 9 show the p a r t i a l C-NMR s p e c t r a o f bo th 
o r i g i n a l and 450°C t h e r m a l l y t r e a t e d a d d u c t s . Each f r a c t i o n i s 
a m i x t u r e o f i s o m e r s . The l i n e s at 3 4 . 2 , 3 8 . 7 , 3 9 . 1 , and 41 .1 
are i n d i c a t i v e o f f ive-membered r i n g s , w h i l e the s t r o n g l i n e a t 
21 .2 i s i n d i c a t i v e o f a me thy l group on a s a t u r a t e d r i n g . The 
f o l l o w i n g s t r u c t u r e s would be t y p i c a l o f these s i g n a l s : 

41 PPM 

C H 3 

(c) 

The s t r o n g l i n e at 30 .0 ppm i n both s p e c t r a i n d i c a t e tha t 
the s ix-membered r i n g i s i n t a c t and t h a t , when c e r t a i n 
p o s i t i o n s are s u b s t i t u t e d by b e n z y l g r o u p s , they r e s i s t 
c l e a v a g e . The f a c t t ha t l i n e s a t 38 , 39 , and 41 ppm d i s a p p e a r 
upon h e a t i n g at 450°C suggest tha t those p a r t i c u l a r s t r u c t u r e s 
are c l e a v e d ( u n l i k e l y i f they a re i n a f ive-membered r i n g ) o r 
r e a r r a n g e d to a more s t a b l e fo rm. F i n a l l y , the o b s e r v a t i o n 
tha t b e n z y l naph tha lenes a re a l s o present as r e a c t i o n p r o d u c t s 
c o n f i r m tha t isomer (a) i s p resen t and tha t i t can s t i l l 
f u n c t i o n as a donor a f t e r a d d u c t i o n . 

The a d d u c t i o n r e a c t i o n s d i s c u s s e d a re not l i m i t e d to 
b e n z y l - t y p e r a d i c a l s nor t o T ë t r a l i n s o l v e n t s . They have 
been obse rved w i t h l ong c h a i n t h i o e t h e r a c c e p t o r s and donor 
s o l v e n t s i n c l u d i n g d i m e t h y l t e t r a l i n , oc t ahyd rophenan th rene , and 
t e t r a h y d r o q u i n o l i n e . Donors u s i n g an H or C l a b e l have been 
used to p r o v i d e f u r t h e r c o n f i r m a t i o n t ha t the s o l v e n t was 
i n c o r p o r a t e d i n a d d u c t s . 

CONCLUSIONS 

I m p l i c a t i o n s to C o a l L i q u e f a c t i o n 

Numerous i m p l i c a t i o n s on the fundamental c h e m i s t r y o f c o a l 
l i q u e f a c t i o n can be drawn from the observed r e a c t i o n o f s o l v e n t 
i s o m e r i z a t i o n and a d d u c t i o n . The l i t e r a t u r e i n d i c a t e s t ha t 
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recycle solvents from most coal liquefaction processes consist 
of 2 to 3 aromatic rings with various degrees of saturation. 
In this system, high levels of effective hydrogen donors can 
rearrange to isomers having poor donor quality, as expected 
from thermodynamic consideration. The following specific 
points are noted: 

1. The rate of rearrangement of 
hydroaromatics appears to be first-order 
with respect to concentration. 

2. The rate of isomerization increases with 
increasing number of hydroaromatic 
rings. (Previous work [9] has indicated 
that the rate of rearrangement of 
hydroaromatics is greatly increased when 
free radicals are present). 

3. A wide range of isomers will be formed 
from the rearrangement of hydroaromatic 
compounds. 

4. Most hydroaromatic solvents have the 
capability of becoming irreversibly 
adducted by acceptor free radicals which 
could arise from the coal. (On-going work 
indicates that the presence of oxygen and 
sulfur functions on the free radicals will 
enhance adduction.) 
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distribution of products from 319/ 
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Benzylic bonds in aromatic systems, 
thermal cleavage of 302/ 

Benzylic bonds, cleavage of 301 
Bituminous coal(s) 

nondestructive liquefaction of 
low-rank 104-109 

reactions of low-rank 99 
resources, raw 37/ 

Bottoms products of coal, NMR 
analyses of 252 

British coals 
analysis of 117/ 
classification of 114/ 
in solvent extraction, reactivity 

of 111-129 
Brown coal(s) 56 

Australian 53-73 
hydrogénation of 64 
structural characteristics of coal 

fractions separated from solu-
bilized 247/ 

in Tetralin, effect of coal structure 
on the dissolution of 245-258 

Bukit Asam coal, liquefaction 
courses of 219/ 

Butylbenzene 361 
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C—C cleavage by phenolation 256 
CC13 and coal, reactivity of various 

hydrogen donor solvents with .... 305/ 
C/H atomic ratio with reactor tem

perature, variation of aroma
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Calcium carbonate, reactor deposits 
and the formation of 27 

Calcium distribution in coals 28/ 
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resources 100/ 
Canadian coals 

characteristics of Western 98 
dependence of hydrogénation prod
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monoxide-water-potassium hydrox

ide systems, model component 
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monoxide-water-potassium hydrox
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percent in coal, conversion and 86/ 
relationship between conversion 
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Carboniferous coals 99 
Catagenesis vs. metamorphism 7-8 

Catalyst 
binding 67 
concentration 
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of 275-280 

on the chemical structure 
of 273-288 
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with 279/ 

and reactor temperature, varia
tion in viscosity with 278/ 

variation of polar compounds, 
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variation in sulfur content with .. 278/ 
-coal contacting 234 
on coal liquefaction, effect of 214-222 
reaction rate constants on various .. 222/ 

Catalytic effects and coal 67-69 
CCDC (see Conoco Coal Develop

ment Company) 
Chloride, stannous 273 
Cluster analysis of coal characteristics 16 
Coal(s) 

activation 237 
analysis(es) 199/ 

of sample 213/ 
analytical data on 316/ 
in anthracene oil, extraction of .116-123 
ash on the thermal decomposition 

of diaryl ethers, effect of 298/ 
Australian 

atomic H/C ratio versus tar 
yields for 61 
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dependence of tar yields for 62/, 63/ 
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effect(s) 
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Coal(s) (continued) 
fractions (continued) 

calculation of hydrogen trans
ferred to 255/ 

distribution of protons for the 
original 253/ 

and their products, IR spectra for 251/ 
and their products from reaction 

with Tetralin, yields of 249/ 
separated from solubilized brown 
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istics of 247/ 
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on liquefaction behavior, effect of 3-34 
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and a hydrogen-donor solvent, 
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between 257 
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hydrogénation 
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nism of 321 
methane production during 323 
product, solvent fractionation of 317/ 
parameters affecting 273 
reaction mechanism of 321-323 

Illinois #6 
continuous bench-scale experi
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solvent composition of 
conversion of 159/ 
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location, geology and general 
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reaction courses for 215 
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of Taiheiyo 218/ 

effect(s) 
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conditions of 371-392 
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process, low severity 195/ 
mechanism 330-336 
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results 340/ 
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ture on 263/ 
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content for resins and polar 
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log of percentages of organic 
benzene insolubles vs. NRT 
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time products of 142 
liquefaction of 24 

material from the reaction with 
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melt-treated (MTC) 228 
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mechanism of 315-327 

structural characteristics of 247/ 
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unit, distribution of lique
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type and solvent extraction yield, 
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Coal(s) (continued) 
used to determine the effect of 

pyrites, analyses of unwashed .. 49/ 
used in the study of the wide 

range, analytical data on 80/ 
West Kentucky 

9/14 blends, analyses of 167/ 
in solvents, conversion of 160/ 
sulfur in 9/14 171 

in the wide range, reaction condi
tions and results of hydro-
liquefaction on 81/ 

Yubari, hydrogénation at 400°C, 
distribution of products from .. 319/ 
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product, ultimate composition of 322/ 
products, structural parameters of 322/ 
using 321 

Coalification, effects of deposition and 11 
effect of solvent composition 

of 157-159 
effect of temperature on 154-157 
factors affecting 162 

short-contact-time liquefaction 
advantages for 134-140 
products, processing 193-212 
through thermal reactions 133-164 

short-residence time for high-
vitrinite, conversions over 15/ 

short-residence-time liquefaction 165-177 
apparatus 170/ 
process, reaction products of 174/ 
products, analysis of 172/ 

solubilization of 
under mild conditions 234-238 
by using the acid-catalyzed reac

tion of coal with phenol 245 
reactions leading to 236/ 

solvent 
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conversion of Belle Ayr sub-
bituminous 157/ 
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from liquefaction, recovery per

centages of 265 
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geological origin 35 
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selection of 37 
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process, semi-fusinite and 46 
propensity 25 

Commonwealth Scientific and Indus
trial Research Organization 
(CSIRO) 57 

flash pyrolysis 69-70 

Conoco Coal Development Company 
(CCDC) 193 

integration of the SRC operations 
at Kerr-McGee with those at.. 196 

Continuous bench-scale experimenta
tion using Illinois #6 coal ...202-206 

Continuous short-residence-time 
experimentation 206-208 

Conversion data for coals, gulf 17 
Cretaceous coals 99 
CSD (see Kerr-McGee corporation's 

critical solvent deashing and 
fractionation process) 

CSIRO (see Commonwealth Scien
tific Industrial Research Organi
zation) 

D 
D 2 (see Deuterium) 
Deashing 196 
Decalins 

cis- 360-361 
in the spent solvents, isotopic 

composition of 360 
trans- 360-361 

Degradation, raw coal and 318 
Degradofusinite(s) 9 

distribution of 9 
Deposition and coalification, effects of 11 
Deuterium (D2) 323 

to the deuterium composition in 
the soluble product, ratio of 
fraction of 364/ 

gas with bituminous coal, reaction 
of 348 

preferential incorporation of 363 
Deutration product of Shin-Yubari 

coal, hydrogen and deuterium 
distribution of hydrogénation and 324/ 

Dialin 
donor solvents, coal conversion 

and 338-342 
isomers 333 
solvent, coal liquefaction by mixed 342/ 

A^Dialin 336 
A2-Dialin 336 
Diaromatic species 254 
Diaryl alkanes, thermal decomposi

tion of 292 
Diaryl ethers on the thermal decom

position of 
effect of coal ash 298/ 
effect of phenolic compounds ... 296-297 
in Tetralin 294/ 

Dibenzyl ether, thermal decompo
sition of 295/ 

Dihydronaphthalene (DHN) 373 
reactions of Tetralin and 373-374 
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INDEX 401 

Dimethyl isomer, isomerization of 
solvent to 379/ 

2,2'-Dinaphthyl ether, effect of phe
nols on the thermal decomposi
tion of 296/ 

Direct 
hydrogénation with gaseous hydro

gen, short-residence-time 
liquefaction- 209/ 

liquefaction of coal, kinetic model .. 223 
liquefaction of coal in the presence 

of Mo-Fe catalyst, kinetics 
of 213-226 

Distillability and the liquefaction 
behavior of coals 19 

DHN (see Dihydronaphthalene) 
Donor 

-acceptor interactions 333-334 
and acceptors, classes of 333-334 
solvent(s) 

and acceptors, primary reaction 
between 387 

in coal liquefaction, isotopic 
study of the role of 347-370 

formation of minor products 
from 358-360 

hydrogénation product yields 
compositions 349-350 

hydrogénation, reactions during .. 350 
proton NMR spectrum of 

product 355/ 
Dry hydrogénation using a hot rod 

reactor 37-38 

Ε 

Ether(s) 
cleavage, nucleophilic 308 
effect of mineral matters on the 

thermal decomposition of 298 
linkages, accelerating effect due to 

phenols on the rupture of 297/ 
linkages in liquefaction of low-rank 

carboniferous coals by hydro
gen-donors 99-104 

thermal decomposition of 
aromatic 292-296 

with ΤΗΝ and tetrahydroquino-
line at 385°C, reactions 
of 102/, 103/ 

Ethylpyrene, NMR spectra of 267/ 
Exinite, vitrinite and 61-66 
Exinites and coal rank, solubilities of 127 

Filter cake, influence of digestion 
time on solvent extraction yield of 122/ 

Flash pyrolysis, CSIRO 69-70 

Float-sink fractions ash yield of 48/ 
Float-sink fractions, pétrographie 

analyses of 48/ 
Fossil fuel energy resources, 

Australia's 54/ 
Fossil fuels (1974-75), pattern of 

Australian use of 54/ 
Frontier orbital energy levels for the 

reaction of hydrogen and naph
thalene 335/ 

Fusible coals 268 
Fusinite macérais 8-9 

G 

GEC (see Gradient elution chroma
tography) 

Geochemistry, coal 3-34 
Gondwanaland 5 
Gradient elution chromatography 

(GEC) 180 
analysis for short-contact-time 

SRC samples 180/ 
Gray-King carbonization assays 61 
Group transfer reactions 331-336 
Group transfer, schematic reaction 

profile for 332/ 
Gulf conversion data for coals 17 

H 
H/C (see Hydrogen-to-carbon) 
HC1 washing in improving pyridine 

solubility, effect of 238 
H4Ph (see 1,2,3,4-Tetrahydro-

phenanthrene) 
H8Ph (see sym-Octahydrophenan-

threne) 
sym-H8Ph, GLC results for 385 
Harshaw 618X, properties of hydro-

treating catalyst 185/ 
Heavy solvents 200 
Heteroatom removal 137/ 
Hexane-solubles 341 
Hexylpyrene 270 
High-yield coal conversion in a zinc 

chloride-methanol melt 227-242 
Hikishima coal, liquefaction 

courses of 218/ 
Hot rod mode 

percentage conversion against 
H/C atomic ratio in 43/ 

percentage conversion against 
volatile matter yield in 42/ 

(vitrinite + exinite) 47/ 
Hot rod reactor 42/ 

dry hydrogénation using 37-38 
Hydride transfer in coal conversion 

processes, possible 301-313 
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402 COAL LIQUEFACTION FUNDAMENTALS 

Hydroaromatic(s) 
-aromatic equilibrium, hydrogen 

pressure vs. reaction tem
perature for 240/ 

discussion of isomerization 
results for 385-387 

reactivity of 372-380 
systems at conditions of coal lique

faction isomerization and ad
duction of 371-392 

Hydroextraction yields 204/ 
recycle 205/ 

Hydrogen 
abstraction series, concentration 

of components in 377/ 
acceptors and coal conversion 312 
addition and exchange in solvent 

experiments 359/ 
-atom exchange between coal and 

naphthalene, stepwise 368/ 
atom transfer from Tetralin, 

stepwise 352/ 
-to-carbon (H/C) 229 

of coal, conversion and 87/ 
ratio(s) 229 

atomic 
in hot rod mode, percentage 

conversion against 43/ 
in rotating autoclave mode, 

percentage conversion 
against 45/ 

for the South African coals 41 
and volatile matter yield, 

toluene solubles against 45/ 
for Australian and Canadian 

coals, dependence of 
hydrogénation products 
on atomic 66/ 

of coal products vs. time 139/ 
effect of 

hydrogen pressure and 
methanol charge on 
atomic 232/ 

operating variables on meth
anol incorporation of .. 23 3/ 

run time on atomic 232/ 
coal 

and deuterium distribution of 
hydrogénation and deutra-
tion product of Shin-Yubari 324/ 

donor solvents with CC13 and .... 305/ 
-donor solvent, mechanism for 

the reaction between 257 
requirement for conversion of .... 141/ 

consumption in hydroprocessing of 
SCT-SRC, specific 186f 

consumption to oxygen removal, 
sensitivity of 138/ 

content, response of coal conversion 
to aliphatic 152f 

Hydrogen (continued) 
distribution with reactor tempera

ture, variation of 281/ 
-donor(s) in coal liquefaction, 

orbital levels of 334 
content in liquefaction, solvent .. 200 
on conversions, effect of concen

tration of 157 
ether linkages in liquefaction of 

low-rank carboniferous 
coals by 99-104 

liquefaction by interaction with .98-99 
mode without gaseous hydrogen, 

short-residence-time 
liquefaction- 207/ 

mode, operating the short-resi
dence-time unit in 206 

solvent(s) 133, 329 
in coal conversion, alcohol as 307/ 

isopropyl 304 
Tetralin as 301, 310 

exchange 
and addition mechanisms 350-358 
and donation mechanisms of 

Tetralin 358 
during the extraction of coal with 

naphthalene, structural 
specificity of 365 

principal pathway of 353 
high-pressure 175 
relationship between SRC yield and 

reactive aliphatic 153/ 
and solvent 135/ 
by Tetralin, pathways of donation 

of 353 
transfer 

during the liquefaction process .. 175 
mechanism, hypothesis for 331 
solvent, isotopic composition of .. 366/ 

Hydrogénation 274 
of coal(s) 

Australian 64-66 
brown 64 
parameters affecting 273 

and deutration product of Shin-
Yubari coal, hydrogen and 
deuterium of 324/ 

distribution of 
at 450°C, products from Bays-

water inertinite 320/ 
at 400°C, products from Bays-

water vitrinite 319/ 
at 400°C, products from Yubari 319/ 
at 450°C, structural parameters 

of asphaltene from Shin-
Yubari coal 325/ 

extent on the liquefaction activity, 
effect of 264/ 

with gaseous hydrogen, short-resi
dence-time liquefaction-direct 209/ 
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INDEX 403 

Hydrogénation (continued) 
using a hot rod reactor, dry 37-38 
mechanism of coals by structural 

analysis of reaction 
products 315-327 

methane production during coal .... 325 
noncatalytic 58/ 
of phenanthrene 374 

to the octahydrostage, catalytic 385 
product(s) 

on atomic hydrogen-to-carbon 
ratio for Australian and 
Canadian coals 66/ 

distribution from vitrinite and 
inertinite 316-321 

solvent fractionation of coal 317/ 
yields and compositions, donor 

solvent 349-350 
reactions during donor solvent 350 
reaction mechanism of coal 321-323 

by H 2 + CH 4 321 
using a rotating autoclave, slurried 37-38 
of vitrinite and inertinite, distribu

tion of products from 318 
Hydrogenolysis under different reduc

ing gas compositions, reaction 
rate constant for Shin-Yubari 
coal 323 

Hydrogenolysis, Yubari coal 
product, ultimate composition of .. 322/ 
products, structural parameters of 322/ 
using 321 

Hydroliquefaction 
on coals in the wide range, reaction 

conditions and results of 81/ 
on Morwell brown coal in the 

narrow range, reaction condi
tions and results of 81/ 

relationship between coal charac
teristics and its reactivity on ....75-96 

Hydrophenanthrenes, structural 
features of 380-387 

Hydroprocessing 
of 33% blend of short-contact-time 

SRC 185/ 
analyses of product fractions 

from 188/ 
regular and SCT Monterey SRC 

blends 187/ 
of SCT-SRC 184-188 

Hydropyrene, NMR spectra of 266/ 
Hydropyrolysis oil(s) 

asphaltenes in coal-derived 277 
effect of 

catalyst concentration on 275-280 
the chemical structure of 273-288 
residence time on 286 

the composition of 287/ 
temperature on 280-286 

the chemical structure of ...273-288 

Hydropyrolysis oil(s) (continued) 
fractionation of 274 
partial spectra of 279/ 
polar compounds in 286 
viscosity 277 

temperature and 284 
Hydrotreating catalyst Harshaw 618X, 

properties of 185/ 

I 
Illinois #6 coal 

continuous bench-scale experimen
tation using 202-206 

at short-contact-time, effect of solvent 
composition of conversion of .. 159/ 

short-contact-time SRC from 184 
Incorporation ratio, effect of hydrogen 

pressure and methanol charge on 231/ 
Indiana V coal 

light-phase SRC addition- 202/ 
microautoclave data of 198 
microautoclave tests and 161/, 201/ 

Inertinite 
distribution of products from the 

hydrogénation of vitrinite and 318 
hydrogénation at 450°C, distribution 

of products from Bayswater .... 320/ 
hydrogénation, product distribution 

from vitrinite and 316-321 
macérais, liquefiability of the low-

reflecting 21 
-rich samples, liquefaction of 22/ 

Inorganic ash-forming constituents on 
conversion, effects of 67-70 

Inorganic constituents in the coal, 
effects of 46-49 

Isomerization and adduction of hydro
aromatic systems at conditions of 
coal liquefaction 371-392 

Isomerization of tetrahydrophenan-
threne 376-380 

Isopropyl alcohol as an Η-donor sol
vent in coal conversion 304 

Isotopic 
composition of the Decalins in the 

in the spent solvents 360 
composition of hydrogen transfer 

solvent 366/ 
distribution by structural position, 

coal products 361-363 
study of the role of a donor solvent 

in coal liquefaction 347-370 
Itmann coal, liquefaction of 261 

J 
Japan, coalfields in 76/ 
Japanese coal(s) 

location, geology and general char-
teristics of 75-78 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ix

00
1

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



404 COAL LIQUEFACTION FUNDAMENTALS 

Japanese coal(s) (continued) 
reaction courses for 215 
reserves 77/ 

Κ 

Kerr-McGee Corporation's critical 
solvent deashing and fractiona
tion process (CSD) 193 

performance as related to product 
quality 208-212 

pilot plant, three stage 197/ 
recovery 211 

effect of pressure at which SRC 
was produced on 210/ 

of a short-contact feed 211/ 
Kinectic constants for reaction steps of 

phenanthrene 376/ 

L 
Liddell coal, effect of hydrogen pres

sure on conversion of 60/ 
Liddell coal, effect of temperature on 

conversion of 68/ 
Light-phase SRC 

addition-Indiana V coal 202/ 
recycle process, coal hydroextrac

tion with 194/ 
recycle process, low-severity coal 

liquefaction with 195/ 
Liquefaction 

activity, effect of hydrogénation 
extent on 264/ 

aliphatic hydrogen and coal rank 
and reactivity in 154 

behavior 
of coals 78-92 

distillability and 19 
U.S., on coal characteristics, 

experimental studies of 
the dependence of 12-28 

and coal composition 41 
effects of coal geochemistry on .. 3-34 
as a function of rank 144/ 
of a selection of South African 

coals 37 
coal 

advantages for short-contact-
time 134-140 

in alkylated and hydrogenated 
pyrenes 264 

apparatus, short-residence-time .. 170/ 
under atmospheric pressure ....259-272 
with CO + H 20 at 400°C, distri

bution of products from 
Soya-Koishi 320/ 

courses 
of Bukit Asam 219/ 

Liquefaction (continued) 
coal (continued) 

courses (continued) 
of Hikishima 218/ 
of Morwell 218/ 
of Taiheiyo 218/ 

effect(s) 
of catalyst on 214-222 

of mineral matter in 48 
of pasting oil on 214 
of reaction conditions on the 

reaction rate and the 
mechanism of 224-226 

isomerization and adduction of 
of hydroaromatic systems at 
conditions of 371-392 

isotopic study of the role of a 
donor solvent in 347-370 

ofltmann 261 
kinetic model of direct 223 
with light-phase SRC recycle 

process, low-severity 195/ 
mechanism 330-336 

and kinetics of 222-224 
by mixed dialin solvent 342/ 
orbital levels for hydrogen 

donors in 334 
pericyclic pathways in the mech

anism of 329-345 
plasticity in 142 
in the presence of Mo-Fe cata

lyst, kinetics of direct 213-226 
process 
reaction products of the short-

residence-time 174/ 
a two-step 165 
yields, comparison of 189 

products, analysis of short- resi
dence-time 172/ 

products, processing short-con
tact-time 193-212 

by pyrene derivatives 262/ 
from the reaction of solvent 

isomerization and adduc
tion, implications to 388-391 

results 340/ 
short-residence-time 165-177 

thermal reactions 133-164 
Tetralin for 372 
at USBM 12 
yield, effect of reaction tempera

ture on 263/ 
yields vs. maximum fluidities in 

the fused state of 263/ 
conditions, coal characteristics and 85/ 
conversion for coals tested in Gulf con

tinuous-flow unit, distribution 18/ 
course for Miike coal, comparison 

of experimental 221/ 
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INDEX 405 

Liquefaction (continued) 
courses of Miike coal under various 

reaction temperatures 216/-217/ 
data, statistical analyses of 16—19 
-direct hydrogénation with gaseous 

hydrogen, short-residence-time 209/ 
experiments, analyses of coals 

used in 39/ 
of fusible coal at high tem

perature 261-264 
-hydrogen donor mode without 

gaseous hydrogen, short-resi
dence-time 207/ 

of inertine-rich samples 22/ 
by interaction with hydrogen-

donors 98-99 
of low-rank coals 24 

bituminous, nondestructive ...104-109 
carboniferous, by hydrogen 

donors, ether linkages in .99-104 
microscopic examination of residues 

from 19-20 
process(es) 

coal characteristics and their 
effects in 56-57 

comparison of short-contact-time 
SRC process with other .188-190 

estimated yield and composition 
of liquid products from .. 190/ 

hydrogen transfer during 175 
product, fractionation scheme of .... 265 
ranking coals based on reactivity 

during 113 
reaction pathways of Tetralin 

during 352/ 
reaction, structural change of sol

vents and coals after 264-268 
reactive role of liptinite macérais in 23 
reactor 

deposits, accumulation of 24-28 
solids, carbonaceous components 

of , 26/ 
solids determined by X-ray dif

fraction, mineralogical 
compositions of 26/ 

recovery percentages of coal and 
solvent from 265 

schemes, estimated yields from 190/ 
solvent(s) 260 

hydrogen donor content in 200 
South African coals and their 

behavior during 35-51 
of Western Canadian coals, studies 

on noncatalytic 97-110 
yield, calculation of 261 

Liquefying efficiency calculation of .... 261 
Liquid solvent extraction I l l 
Liptinite macérais in liquefaction, 

reactive role of 23 

Long-contact-time thermal processes, 
disadvantages of 137 

Low-rank coals, liquefaction of 24 

M 
MeOH/KOH as reducing systems 306 

coal products in 306 
Mo-Fe catalyst, kinetics of direct 

liquefaction of coal in the 
presence of 213-226 

Maceral(s) 
behavior of 20-23 
composition, influence of 126/ 

on solvent extraction yields ...124-127 
fusinite 8-9 
in liquefaction, reactive role of 

liptinite 23 
liquefiability of the low-reflecting 

inertinite 21 
and their origins 8-10 
reactive 61-66 
role of 59 

Macrinite and micrinite in industrial 
processes, behavior of 21 

MAF (see Moisture- and ash-free) 
Maxibomb digester 115/ 
Mean maximum reflectance 59 
Melt-treated coal (MTC) 228 
Mesitylene 387 
Metamorphism vs. catagenesis 7-8 
Methane production during coal 

hydrogénation 323 
Methanol 

incorporation, effect of reaction 
conditions on 229 

incorporation H/C ratios, effect of 
operating variables on 233/ 

-potassium hydroxide system, 
model compounds in 307/ 

-soluble coal product, properties of 307/ 
Methyl indan 361 

isomer, redistribution of the 1 3 C 
label in 373 

Micrinite in industrial processes, be
havior of macrinite and 21 

Microautoclave 
data of Indiana V coal 198 
solvent activity test 196, 198-202 
tests and Indiana V coal 161/, 201/ 

Miike coal 
comparison of experimental lique

faction course for 221/ 
log of percentages of organic ben

zene insolubles vs. NRT 
for 220/, 221/ 

under various reaction tempera
tures, liquefaction courses 
of 216/-217/ 
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406 COAL LIQUEFACTION F U N D A M E N T A L S 

Mineable coal 37 
Mineral matter in coal liquefaction, 

effect of 48 
Mineral matters on the thermal de

composition of ethers, effect of .. 298 
Moisture- and ash-free (MAF) 214 

conversion vs. percent 143/ 
Molecular weight reduction, modes 

of 311-313 
Monomethyl isomer, isomerization of 

solvent to 378/ 
Monterey SRC, elemental composi

tion of 182/ 
Monterey SRC, molecular weight of 

GEC cuts from 183/ 
Morwell brown coal(s) 

liquefaction courses of 218/ 
in the narrow range, reaction con

ditions and results of hydro-
liquefaction on 81/ 

used in the study of the narrow 
range analytical data on 80/ 

MTC (melt-treated coal) 228 

Ν 
Naphthalene, stepwise hydrogen-atom 

exchange between coal and 368/ 
Naphthalene, structural specificity of 

hydrogen exchange during the 
extraction of coal with 365 

National Coal Board I l l 
solvent extraction process 112/ 

Noncatalytic hydrogénation 58/ 
Noncatalytic liquefaction of Western 

Canadian coals, studies on 97-110 
Nondonor solvent, coal extraction 

with 363-367 
Nonfusible coals 268 
Nonreductive 

alkylation 104 
ethylation of a carboniferous vitri-

nite in liquid ammonia 106/ 
ethylation, solubilities and molec

ular weights of a vitrinite after 105/ 
Nucleophilic ether cleavage 308 

Ο 
Octahydrophenanthrene, C-13 NMR 

spectrum of reaction products in 386/ 
Octahydrophenanthrene, reactions of 375/ 
asym-Octahydrophenanthrene 

experiments 385 
sym-Octahydrophenanthrene (H8Ph) .. 374 
Oil yield and reaction time 224 
Organic coal properties 41-46 
Oxygen 

converted vs. rank 145/ 

Oxygen (continued) 
functionality in coals, distribution of 146/ 
recovery and solubility in the zinc 

chloride-methanol melt 234 
removal, sensitivity of hydrogen 

consumption to 138/ 

Ρ 

Paleobotany of coal origins 3-7 
Pasting oil 

charged ratio of coal to 214 
on coal liquefaction, effect of 214 
kinds of 214 

Pericyclic pathways in the mechanism 
of coal liquefaction 329-345 

Pericyclic reactions, reactivity rates of 
thermally-allowed 334 

Permian coals, Australian 56 
Pétrographie 

analyses of float-sink fractions 48/ 
components percent in coal, con

version and 91/ 
composition and coal rank, 

effects of 57-61 
composition of coals 40/ 

Phenanthrene 
extraction of coals in 116-123 
extraction, mechanism of 363 
hydrogénation of 374 

to the octahydrostage, catalytic .. 385 
kinectic constants for reaction steps 

of 376/ 
reactions of hydrogenated 374-380 
solvent extraction of coals in 126/ 

Phenol(s) 
compounds from the product of the 

phenolation reaction 254 
effect of 254-256 
on the rupture of ether linkages, 

accelerating effect due to 297 
on the thermal decomposition of 

2,2'-dinaphthyl ether, effect of 296/ 
on the thermal decomposition of 

phenyl benzyl ether, effect of .. 297/ 
Phenolation, C—C cleavage by 256 
Phenolation reaction, phenol com

pounds from the product of 254 
Phenolic compounds on the thermal 

decomposition of diaryl ethers, 
effect of 296-297 

Phenoxy phenols in coal, reduction of 101 
p-Phenoxy phenol 101 
Phenyl benzyl ether, effect of phenols 

on the thermal decomposition of 297/ 
Plant evolution during coal-forming 

eras 5/-7/ 
Plasticity in coal liquefaction 142 
Polar compounds in hydropyrolysis 

oils 286 

 P
ub

lic
at

io
n 

D
at

e:
 O

ct
ob

er
 1

4,
 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
13

9.
ix

00
1

In Coal Liquefaction Fundamentals; Whitehurst, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



INDEX 407 
Polar compounds and sulfur content 

with reactor temperature, varia
tion of 285/ 

Polyaromatic species 254 
Post-asphaltenes 211 
Potassium hydroxide on the coal con

version process, alcoholic 304-308 
Proton identification 269/ 
Proton NMR shifts of the hydroxyl 

radical signal 280/ 
Pyrene derivatives, coal liquefaction 

by 262/ 
Pyrenes, liquefaction of coals in alkyl

ated and hydrogenated 264 
Pyridine 

solubility, effect of HC1 washing in 
improving 238 

solubility, relations between ben
zene solubility and 235/ 

-solubles 341 
Pyrite(s) 19 

analyses of unwashed coals used to 
determine the effect of 49/ 

Pyrolysis 61-64 
Pyrolytic processing 238 

R 

Rank, percentage conversion vs 45/ 
Ranking coals based on reactivity 

during liquefaction 113 
Raw coal and degradation 318 
Reactivity rates of thermally allowed 

pericyclic reactions 334 
Reactor 

deposits, accumulation of lique
faction 24-28 

deposits and the formation of cal
cium carbonate 27 

solids, types of 25 
Reducing systems, coal products in the 

methanol-potassium hydroxide .. 306 
Reducing systems, methanol-potas

sium hydroxide as 306 
Reduction, modes of molecular weight 

reduction 311-313 
Reflectance, mean maximum 59 

conversion and 90/ 
relationship between coal 93-94 

Residence time 
on the chemical structure of hydro-

pyrolysis oils, effect of 273-288 
on the composition of the hydro-

pyrolysis oil produced, effect of 287/ 
on hydropyrolysis oils, effect of .... 286 

Resinite concentrate, conversion of 
Utah 23/ 

Rotating autoclave 
mode, percentage conversion 

against H/C atomic ratio in .... 45/ 

Rotating autoclave (continued) 
mode, percentage conversion 

against volatile matter yield in 43/ 
vitrinite + exinite 47/ 

S 

SECV (State Electricity Commission 
of Victoria) 94 

Semifusinite 20 
behavior of 44 
and the coking process 46 
role of 59 

Shin-Yubari coal 
hydrogen and deuterium distribu

tion of hydrogénation and 
deutration product of 324/ 

hydrogénation at 450°C, distribu
tion of structural parameters 
of asphaltene from 325/ 

hydrogenolysis under different 
reducing gas compositions, 
reaction rate constant for 323/ 

Short-contact-time (SCT) 
coal conversions, effect of 154-157 

coal composition on 140-154 
process parameters on 154-157 
solvent composition of 157-159 

coal liquefaction, advantages for 134-140 
coal liquefaction products, 

processing 193-212 
conversion of Belle Ayr subbitu-

minous coal, solvent effects on 157/ 
feed, CSD recovery of 211/ 
feeds, product recovery of 210/ 
Monterey SRC blends, hydroproc-

essing regular and 187/ 
operations, comparison of regular 

and 180/ 
optimized thermal processes, advan

tages for 140 
products of low-rank coals, insolu

bility of 142 
SRC 

analyses of product fractions 
from hydroprocessing of 
33% blend of 188/ 

elemental composition of 182/ 
hydroprocessing of 184-188 
33% blend of 185/ 
from Illinois #6 coal 184 
molecular weight of GEC cuts 

from 183/ 
process with other liquefaction 

processes, comparison of 188-190 
production of 179-180 
properties of 180-183 
regular, analyses of 181/ 
specific hydrogen consumption 

in hydroprocessing of 186/ 
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408 COAL LIQUEFACTION FUNDAMENTALS 

Short-contact-time (SCT) (continued) 
SRC (continued) 

thermal processing of 184 
upgrading of 179-191 

thermal reactions, coal liquefaction 
through 133-164 

Short-residence-time 
coal liquefaction 165-177 

apparatus 170/ 
process, reaction products of 174/ 
products, analysis of 172/ 

experimentation, continuous 206-208 
for high-vitrinite coals, conversions 

over 15/ 
liquefaction-direct hydrogénation 

with gaseous hydrogen 209/ 
liquefaction-hydrogen donor mode 

without gaseous hydrogen 207/ 
unit in the hydrogen donor mode, 

operating 206 
Slurried hydrogénation using a rotat

ing autoclave 37-38 
Solubility(ies) 

effect 
of acid wash on 235/ 
of hydrogen pressure and tem

perature on 230/ 
of methanol charge and hydrogen 

pressure on 230/ 
reaction conditions on 228-229 

recovery of oxygen plus sulfur in 
product, relative to total 236/ 

in the zinc chloride-methanol melt, 
oxygen recovery and 234 

Solubilization of coal by using the 
acid-catalyzed reaction of coal 
with phenol 245 

Solubilization under mild conditions, 
coal 234-238 

Solvent(s) 
activity test, microautoclave 196, 

198-202 
adduction 387-388 
and coals after the liquefaction 

reaction, structural change 
of 264-268 

-to-coal ratio, THF conversion as a 
function of 168 

composition 
of conversion of Illinois #6 coal 

at short-contact-time, 
effect of 159/ 

and recovery 174-175 
of short-contact-time coal con

versions, effect of 157-159 
conversion of West Kentucky coal in 160/ 
effects on short-contact-time con

version of Belle Ayr subbitu-
minous coal 157/ 

Solvent(s) (continued) 
experiments, hydrogen addition and 

exchange in 359/ 
extraction 

of coals at 400°C 120/ 
of coals in phenanthrene 126/ 
liquid Il l 
process, National Coal Board .... 112/ 
reactivity of British coals in ...111-129 
yield(s) 

of filter cake, influence of 
digestion time on 122/ 

influence 
of digestion conditions on .. 123 
of digestion time and tem

perature on 121/ 
of macérai composition 

on 124-127 
vs. rank 150/ 
relationship between coal type 

and 125/ 
fractionation of coal hydrogénation 

product 317/ 
heavy 200 
hydrogen and 135/ 
hydrogen donor 133, 329 

content in liquefaction 200 
isomerization and adduction, 

implications to coal 
liquefaction from the reaction 
of 338-391 

liquefaction 260 
recovery percentages of coal 

and 265 
power 118/ 
radical concentration and 133 
recovery vs. time and temperature .. 176/ 
-refined coal (SRC) 165 

addition, enhancement of coal 
conversion with light 200 

analyses of short-contact-time 
and regular 181/ 

composition at short time 146/ 
light-phase 

addition-Indiana V coal 202/ 
recycle process, coal hydro-

extraction with 194/ 
recycle process, low-severity 

coal liquefaction with 195/ 
Monterey 

blends, hydroprocessing 
regular and SCT 187/ 

elemental composition of 182/ 
molecular weight of GEC 

cuts from 183/ 
operations at Kerr-McGee with 

those at CCDC, integration 
of 196 

quality of 171-174 
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INDEX 409 

Solvent(s) (continued) 
-refined coal (SRC) (continued) 

short-contact-time 
analyses of product fractions 

from hydroprocessing of 
33% blend of 188/ 

elemental composition of 182/ 
hydroprocessing of 33% blend 

of 185* 
from Illinois #6 coal 184 
molecular weight of GEC cuts 

from 183/ 
process with other liquefaction 

processes, comparison 
of 188-190 

production of 179-180 
properties of 180-183 
samples, GEC analysis for 180 
upgrading of 179-191 

at short times, coal characteristics 
significant to convertibility 
to 154 

vs. time and temperature, 
sulfur in 173/ 

was produced on CSD recovery, 
effect of pressure at which .. 210* 

yield(s) 171 
and reactive aliphatic hydro

gen, relationship between 153/ 
vs. time and temperature 173/ 
from West Kentucky 9/14 

coal blends 177 
refining of coal 259 
selection of 123-124 
Tetralin as a hydrogen donor 301 

Solvolysis pitch, analysis of benzene-
insoluble part of 2691 

Solvolysis pitches, benzene extraction 
of 269* 

South Africa, coalfields of 36/ 
South Africa, goegraphical location 

and coal reserves of 35-37 
South African coals 

geological origin of 35 
H/C atomic ratio for 41 
liquefaction behavior of a selection 

of 37 
and their behavior during 

liquefaction 35-51 
Soya 

coal CO + H 20 reduction of 326 
-Koishi coal by CO + H 20 and H 2 

reduction at 400°C, structural 
parameters of asphaltene from 325/ 

-Koishi coal liquefaction with CO 
+ H 20 at 400°C, distribution 
of products from 320/ 

SRC (see Solvent-refined coal) 
Stannous chloride 273 

State Electricity Commission of 
Victoria (SECV) 94 

Subbituminous coal, solvent effects on 
short-contact-time conversion of 
Belle Ayr 157* 

Sulfur 
content on liquid yields and 

overall conversion 50/ 
content with reactor temperature, 

variation of polar compounds 
and 285/ 

in SRC vs. time and temperature .... 173/ 
in West Kentucky 9/14 coal 171 

Supra-antara mode 333 
Supra-supra modes 333 

Taiheiyo coal, liquefaction courses of 218/ 
Tar yield for Australian coals, 

dependence of 62/, 63/ 
Tar yield and volatile carbon content, 

low-temperature 95/ 
Temperature 

aromaticity and 284 
on the chemical structure of hydro-

pyrolysis oils, effect of 273-288 
on hydropyrolysis oils, effect of .280-286 
and product sulfur content 171 
on short-contact-time coal conver

sions, effect of 154-157 
and viscosity of the hydropyrolysis 

oil 284 
Tetrahydroanthracene plus dibenzyl, 

C-13 NMR spectrum of reaction 
products 382/ 

Tetrahydroanthracene and tetrahydro-
phanthrene, studies with 381-384 

1,2,3,4-Tetrahydroanthracene and 
Tetralin 381-384 

Tetrahydrofuran conversion 168 
as a function of solvent-to-coal 

ratio 168 
Tetrahydrofuran soluble(s) 168 

conversion vs. time and temperature 170/ 
Tetrahydrophanthrene, studies with 

tetrahydroanthracene and 381-384 
Tetrahydrophenanthrene plus di

benzyl, C-13 NMR spectrum of 
reaction products 383/ 

Tetrahydrophenanthrene, isomeriza-
tion of 376-380 

1,2,3,4-Tetrahydrophenanthrene 
(H4Ph) 384 

Tetrahydroquinoline at 385°C, 
reactions of ethers with ΤΗΝ 
and 102*-103* 
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410 COAL LIQUEFACTION FUNDAMENTALS 

Tetralin 329 
adducts formed at low tempera

tures, partial 13C-NMR spec
trum of 389/ 

adducts, partial 13C-NMR spectrum 
of thermally stable 390/ 

for coal liquefaction 372 
and dihydronaphthalene, reactions 

of 373-374 
effect of coal structure on the disso

lution of brown coal in 245-258 
formation of benzyl 387 
as a hydrogen donor solvent 301, 310 
hydrogen exchange and donation 

mechanisms of 358 
during liquefaction, reaction path

ways of 352/ 
-methylnaphthalene mixtures 201/ 
pathways of donation of hydrogen 

by 353 
recovery of coal material from the 

reaction with 248-249 
solution, thermal treatment of coal-

related aromatic ethers in .291-299 
stepwise hydrogen atom transfer 

from 354/ 
1,2,3,4-tetrahydroanthracene and 381-384 

thermal decomposition of diaryl 
ethers in 294/ 

thermal treatment of coal-related 
aromatic compounds in 293/ 

-treated coal products, comparison 
of carbon monoxide-water-
potassium hydroxide treated 
and 311/ 

yields of coal fractions and their 
products from reaction with ... 249/ 

Tetralin-di2 353 
with bituminous coal, reaction of .... 348 

Thermal 
cleavage of benzylic bonds in 

aromatic systems 302/ 
decomposition 

of aromatic ethers 292-296 
of diaryl alkanes 292 
of diaryl ethers 

effect of coal ash on 298/ 
effect of phenolic compounds 

on 296-297 
in Tetralin 294/ 

of 2,2'-dinaphthyl ether, effect of 
phenols on 296/ 

of ethers, effect of mineral 
matters on 298 

of phenyl benzyl, effect of 
phenols on 297/ 

processing of SCT-SRC 184 
treatment of aromatic compounds .. 292 

of coal-related, in Tetralin 293/ 

Thermal (continued) 
treatment of coal-related aromatic 

ethers in Tetralin solution .291-299 
THF (see Tetrahydrofuran) 
ΤΗΝ 

prior to nonreductive ethylation, 
solubilities and molecular 
weights of a vitrinite subjected 
to solvolysis in 105/ 

solubilities and molecular weights of 
a vitrinite subjected to solvo
lysis in 105/ 

at 390°C for 4 hr, solubilities of a 
vitrinite after treatment with .. 100/ 

and tetrahydroquinoline at 385°, 
reactions of ethers with .. .102/-103/ 

Toluene solubles 44 
against H/C atomic ratio and vola

tile matter yield 45/ 

U 
United Kingdom, properties of coals 

from 111-113 
United States Bureau of Mines 

(USBM) 12-14 
coal liquefaction at 12 

Unwashed coals used to determine the 
effect of pyrites, analyses of 49/ 

U.S. coals 3-34 
USBM (see United States Bureau of 

Mines) 
Utah resinite concentrate, conversion 

of 23/ 

V 
Viscosity, hydropyrolysis oil 277 

temperature and 284 
Vitrinite(s) 

alkylation of low-rank 105 
and coal rank, solubility of 124-127 
coals, conversions over short resi

dence time for high- 15/ 
coals and residues, comparison of .. 148/ 
and exinite 61-66 

hot rod mode 47/ 
rotating autoclave 47/ 

GPC fractionation of the benzene 
extract of 105 

hydrogénation at 400°C, distribu
tion of products from Bays-
water 319/ 

and inertinite, distribution of prod
ucts from the hydrogénation of 318 

and inertinite hydrogénation, prod
uct distribution from 316-321 

in liquid ammonia, nonreductive 
ethylation of a carboniferous .. 106/ 
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INDEX 411 
Vitrinite(s) (continued) 

mean maximum reflectance of 38 
after nonreductive ethylation, solu

bilities and molecular weights 
of 105/ 

subjected to solvolysis in ΤΗΝ prior 
to nonreductive ethylation, 
solubilities and molecular 
weights of 105/ 

subjected to solvolysis in ΤΗΝ, 
solubilities and molecular 
weights of 105/ 

after treatment with ΤΗΝ at 390°C 
for 4 hr, solubilities of 100/ 

Vitroplast 20 
Volatile 

carbon 
in coal, conversion and 89/ 
content, low-temperature tar 

yield and 95/ 
percent in coal, relationship be

tween coal conversion and .92-94 
percentage, calculation of 82 

matter in coal 88/ 
matter yield 

in hot rod mode, percentage 
conversion against 42/ 

in rotating autoclave mode, per
centage conversion 
against 43/ 

toluene solubles against H/C 
atomic ratio and 45/ 

W 
West Kentucky 9/14 coal 

blends, analyses of 167/ 
blends, SRC yields from 177 
sulfur in 171 

Western Canadian coals, character
istics of 98 

Western Canadian coals, studies on 
noncatalytic liquefaction of 97-110 

Wilsonville program 197/ 
Woodward-Hoffman rules 331 
Wyodak coal with time, conversion of 158/ 

Y 
Yubari coal hydrogénation at 400°C, 

distribution of products from .... 319/ 
Yubari coal hydrogenolysis 

product, ultimate composition of .... 322/. 
products, structural parameters of .. 322/ 

Ζ 
Zinc chloride-methanol-catalyzed coal 

conversion with current process
ing techniques, comparison of 238-241 

Zinc chloride-methanol melt 
effect of 

additives in 229-234 
inorganic 233/ 

solvent additives in 237 
washing on 234/ 

high-yield coal conversion in ...227-242 
oxygen recovery and solubility in .. 234 
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