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The characteristics of coals have been determined by a variety of factors, such asthe
character of the environment of deposition and temperature/time/pressure history. The
varying relative importance of these factors has produced an extraordinary level of di-
versity in the world's coal reserves. The coals of the geographical area of the U.S. ex-
hibit a wide variety of liquefaction characteristics. Data comprising conversion in
coal/tetralin interactions and 14 other properties for a set of 104 coals had to be par-
titioned by cluster analysis into 3 more homogeneous populations before valid regression
analyses could be performed, and the multiple regression analyses predicting conversion
called out a different selection of properties for each group. The coal properties most-
ly responsible for the partitioning into groups were contents of sulfur and of carbon,
and the groups consisted largely, but not entirely, of coals from different geological
provinces. The inorganic matter in coals is of various types and its nature is deter-
mined by the geology and geochemistry of the basin in which a coal is formed. It impor-
tantly influences such diverse phenomena as the catalytic effett of coal minerals andthe
extent of abrasion or erosion of valves and pipework in commercial reactors. Experience
in pilot plants has shown a widely varying incidence of problems due to deposition of
largely inorganic or largely organic solids in the reactor, both phenomena being depen-
dent on the degree of metamorphism of the coal, the geochemistry of the inorganic matter
and the petrography of the coal, the latter property being a function of the geochemis-
try of the original peat swamp.
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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 subtropical 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 indi-

cative of drier swamp conditions 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 fluvial 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

The main coal fields lie in the Highveld area of the Orange Free State, South-
eastern Transvaal and Natal. Other coal fields are located in the Northern
part of the country, the Waterberg field on the Botswana border and the Limpopo
and Pafuri fields on the borders of Rhodesia and Mocambique.

Table 1 shows the raw bituminous coal reserve figures at various ash contents (2).
The total figure of 81,274 million tonnes is for total mineable coal in situ down
to 300 meters. About half of the coal reserves contain’ between 30 to 357 mineral
matter, thus by world standards South African coal is of poor' quality.

TABLE 1: SUMMARY OF COAL RESERVES : MILLIONS OF TONNES

ASH % 5-10 10-15 15-20 20-25 25-30 30-35 TOTAL
PROVEN 18 794 | 3,720 6,197 7,912 | 13,582 | 32,223
INDICATED - 645 | 2,866 5,507 5,224 11,785 | 26,027
INFERRED 2 60 | 2,034 3,516 5,429 11,983 | 23,024
TOTAL 20 1,499 {8,620 | 15,220 | 18,565 | 37,350 | 81,274




LIQUEFACTION BEHAVIQUR OF A VARIETY OF SOUTH AFRICAN COALS

Experimental:

Two experimental procedures were used in this preliminary study of the lique-
faction behaviour of South African coals. These were:

(i) dry hydrogenation using the hot-rod reactor (3).

(ii) slurried hydrogenation using a rotating autoclave.

(i) Hot-Rod Method:

This system was very similar to the one used by Hiteshue at the U.S.B.M. except
that larger quantities of coal were used. In this method sand (0.42 - 0.15 mm)
was mixed with the coal in a 2:1 mass ratio. It was found that the addition

of sand to the coal helped to prevent agglomeration (4) thus enhancing the
diffusion of hydrogen through the coal and the removal of the liquefaction products
from the coal. In experiments using a catalyst an aqueous solution of stannous
chloride was added to the coal, evaporated to dryness, and then mixed with the
sand. The amount of catalyst added on a tin basis was 1% of the mass of the coal.
These mixtures were placed in a hot-rod reactor, pressurized with hydrogen to

25 MPa and heated to 500°C at a heating rate of 200°C per minute. Reaction

time at temperature was 15 minutes.

(ii) Rotating Autoclave Method:

The reactor was a | liter stainless steel rotating autoclave. In the experiments
using anthracene oil, the ratio of oil to coal was 2:1, and the final reaction
temperature was 430 C, The autoclave was pressurized with hydrogen to 10 MPa at
room temperature. Final pressure at reaction temperature was approximately 25 MPa.
The products after liquefaction were filtered while hot, and the residue was
soxhlet extracted with toluene for 24 hours.

The overall conversion of coal to liquid and gaseous products was obtained from
the formula:

. Organic material in the residue
Percentage conversion = 100 1 - + T T
Organic material in the coal
The o0il is the n-hexane soluble portion of the product, and the asphaltene is the
toluene soluble n-hexane insoluble portion.

Analyses of Coals Studied:

The coals used in these experiments were from Landau, Sigma, Spitzkop, Kriel,
Matla, New Wakefield and Waterberg collieries. Table 2 shows their proximate
and ultimate analyses.

The petrographic analyses of the coals are shown in Table 3. One-third of the
semi-fusinite, the largest component of the inertinite in Sigma coal, is considered
reactive and is included in the total reactive maceral content.




COAL MACERAL ANALYSES

% % % %

VISIBLE

VITRINITE EXINITE INERTINITE MINERALS
MATLA 75.9 6.2 15.6 1.0
WATERBERG 83.2 4.2 5.7 6.9
NEW WAKEFIELD 72,2 5.0 13.2 9.6
KRIEL 50.8 12,1 21.5 15.6
SPITZKOP 55.0 6.3 35.9 2.8
SIGMA 27.9 3.1 58.9 10.1
LANDAU 57.2 6.0 28.4 8.4

Results of the Preliminary Investigation:

The effect of the following parameters was studied in relation to liquid yields

and conversions during coal liquefaction:

1) volatile matter content

H/C atomic ratio

reactive maceral content
mineral matter constituents
process parameters

Emphasis in this paper is placed on the coal parameters | — 4, and only brief
mention is made concerning the process parameters.

TABLE 2: PROXIMATE AND ULTIMATE ANALYSES OF COALS USED IN THE LIQUEFACTION
EXPERIMENTS
COAL PROXIMATE ANALYSES ULTIMATE ANALYSES u/
(AIR DRIED BASIS) (D.A.F. BASIS) 7% C
% % Z % % % % % VOL. {RATIO
VOL. FIX. MAT.
H20 ASH MAT. CARB. c H N S 0 (DAF)
MATLA 6.0 10.9 35.3 47.8 78.84 5.48 2.03 0.53 13.12§ 42.5 | 0.83
WATERBERG 3.4 12,7 34.8 49.1 80.68 5.47 1.47 1.04 11.34] 41.5 | 0.81
NEW WAKEFIELD | 4.9 14.9 32.8 47.4 79.15 5.41 2.11 2,28 11.05] 40.9 0.82
KRIEL 3.8 20.2 30.3 45.7 79.13 5.28 2.04 2.88 10.67} 39.9 0.80
SPITZKOP 3.2 12,7 32.7 5l.4 81.68 5.33 2.07 1.31 9.617 38.9 0.78
SIGMA 6.6 29.6 21.9 41.9 76.71 4.42 1.55 1,08 16.24§ 34.3 | 0.69
LANDAU 2,5 14.3  23.3 59.9 84,10 4,41 1.91 0.64 8.94{ 28.0 | 0.63
TABLE 3: PETROGRAPHIC ANALYSES OF COALS USED IN THE LIQUEFACTION EXPERIMENTS
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Figures 1 and 2 show the percentage conversion (d.a.f. basis) of the coals
plotted against the H/C ratio, the volatile matter and the reactive maceral
content for the anthracene 0il runs.

Figures 3 and 4 show the percentage conversion and the oil yield plotted against
the H/C ratio, volatile matter and reactive macerals. These results were ob-
tained from dry hydrogenation runs using the hot-rod reactor.

Figures 5 and 6 show the total liquid product obtained (oil plus asphaltene)
plotted against the H/C ratio, volatile matter and reactive maceral content of
the coals.

The effect of the inorganic constituents in the coal was studied in two ways.
Firstly, a sample of coal from Kriel colliery was subjected to a float and sink
separation. The analyses of the float and sink fractions is shown in Table 4.

TABLE 4: ANALYSES OF FLOAT/SINK FRACTIONS

gelaFlve Vitrinite Exinite | Inertinite V}51b1e Ash
ensity Minerals

1.4 float 80.6 7.5 6.5 5.4 6.7
1.4 - 1.5 78.3 8.3 9.1 4.3 7.0
1.5 - 1.65 65.5 9.1 15.9 9.7 16.0
1.65 sink 66.6 33.4 45.3

Figure 7 shows the product distribution obtained from dry hydrogenation of these
float/sink fractions.

The second procedure studied the particular effects of the pyrite content of the
coals during hydrogenation. Unwashed coals were selected so that the only para-
meter to show significant variation was the total sulfur content. Of this total
sulfur, approximately !%Z was organic, and the rest was pyritic. Since total
mineral matter was also known to affect conversion, it was kept as constant as
possible.

Table 5 shows the analyses of the coals used to study the effect of pyrite.

TABLE 5: ANALYSES OF UNWASHED COALS USED TO DETERMINE THE EFFECT OF PYRITES

NUMBER V+E TOTAL ASH 7 MOISTURE 2 SULFUR Z ™
555 0 83.0 24 2.4 6.5 31.9
524 K 83.8 22 3.0 5.7 29.1
651 J 83.7 26 2,3 5.0 32.2
553 H 82.0 22 2.8 4,1 32.5
524 B 82.0 22 2.7 2.2 32.1
554 C 83.2 24 2.5 1.9 30.2
555 A 80.0 22 2.4 1.3 32.5
V+E = Vitrinite + Exinite VM = Volatile Matter




Reaction condltlona used in the hot-~rod reactor for the pyrite experiments were

25 MPa, 450°C and a 2:1 sandicoal ratio.

A process temperature study was conducted using Waterberg, New Wakefield, Sigma

and Landau coals, and at 650 C the conversions for these coals were 89, 87, 90

and 887 respectively. Within experimental error the conversions had all converged
to the same value regardless of the characteristics of the individual coals. The
product distribution of oil and gas, however, was different, the higher temperature
resulting in higher gas make and lower oil yield. If, however, the vapor residence
times are shortened it may be possible to quench the vapors before extensive
cracking to gas occurs.

Relationships Between Liquefaction Behaviour and the Coal Composition

Organic coal properties

The results of liquefaction using anthracene oil shown in figures | and 2 indicate
a good correlation between conversion and the H/C atomic ratio, volatile matter and
reactive maceral content of the coals. Comparison of these anthracene oil results
with results from dry hydrogenation in the absence of anthracene oil (figures 3

and 4) shows that the slopes of the linear correlations are very similar. In the
case of conversion against volatile matter, the slopes are identical. The signifi-
cance of this is not clear as a different mechanism is probably operative in the
two techniques. The anthracene o0il most certainly acts as a hydrogen donor solvent,
and the molecular hydrogen rehydrogenates the solvent. In the case of dry hydro-
genation radical stabilization occurs directly by reaction with molecular hydrogen.

No oil yield data are available from the anthracene oil experiments because of the
complications in separating product oil, which results from coal liquefaction, and
anthracene oil. 1In the case of dry hydrogenation this complication does not exist,
and very reliable oil and oil plus asphaltene yield data are available. Excellent
correlations are obtained by plotting oil plus asphaltene yield against H/C ratio
and volatile matter content of the coals with correlation coefficients of 0.96 and
0.95, respectively (Figure 5).

It must be stressed that there is an intercorrelation between the coal properties

themselves. The correlation between the volatile matter and the H/C ratio for \
the South African coals studied is extremely high, the correlation coefficient

being 0.99. Thus a good correlation of yield with one of these properties

obviously implies a similarly good correlation with the other. However, the \
correlations between the volatile matter and the reactive maceral content and

between the reactive maceral content and the H/C ratio were not statistically

significant for the coals studied.

The correlation against the concentration of reactive macerals present (Figure 6)
is not as good as for the H/C ratio and the volatile matter. A partial expla- {
nation of this may be that for South African coals, portions of the inertinite §
content seem to be definitely reactive to liquefaction. The semi-fusinite,

often very high in these coals, is particularly reactive to hydrogenation, and

also other maceral constituents of the inertinite group show some reactivity

in this regard. \\

The correlation of conversion against the coal parameters is consistently not as
good as with the oil and oil plus asphaltene data. This may be explained by the N
very high mineral matter contents of South African coals. At conversion conditions, .
the chemical composition of this mineral matter may undergo considerable change.
For example, decarboxylation of carbonates and dehydroxylation of clay minerals




could occur, resulting in a higher measured weight loss of the coal. When calcu-

lating conversions, the mineral matter is considered to be unchanged after the
hydrogenation reaction, but this is not necessarily the case.

Conversion data from South African coals were compared to data from a selection
of Australian coals, also of Gondwanaland origin. These coals were hydrogenated
in the presence of a tar derived solvent at 400 C, 11 - 20 MPa and in a ratio

5:1 0oil : coal (5). This selection of coals used by the A.C.I.R.L. included
three non-Australian coals, and these were omitted in the correlations reported
here., An excellent correlation was found between the conversion and the reactive
maceral content of the coals. In addition a correlation existed between the
conversion and the H/C atomic ratio.

Table 6 shows the linear regression analyses and the correlation coefficients
for the conversion data from South African and Australian coals.

TABLE 6 : REGRESSION EQUATIONS FOR SOUTH AFRICAN AND AUSTRALIAN COALS

COUNTRY REGRESSION EQUATION CORRELATION COEF, CONDITIONS

SOUTH AFRICA C=0.5 R +39.0 0.63 DRY (Sn)
C=1.4 (VM) +25.0 0.63 DRY (Sn)
c=o91.8 ¢} + 7.2 0.61 DRY (Sn)
C=0.47 R +48.0 0.92 ANTHRACENE OIL
C=1.4 (M) + 40.0 0.89 ANTHRACENE OIL
c.=106.68"c) + 1.0 0.96 ANTHRACENE OIL

AUSTRALIA C=0.65 R+ 26.0 0.92 TAR OIL
c=83.5 e} + 1.6 0.70 TAR OIL

C = CONVERSION, R = REACTIVE MACERALS, VM = (D.A.F.) VOLATILE MATTER
Inorganic Coal Properties:

There is positive evidence that mineral matter behaves beneficially during coal
conversion. It has been demonstrated that certain coal minerals, particularly
iron compounds, catalyze the hydrogenation of coal-derived solvents (6).

Mukherjee et al (7) hydrogenated float/sink fractions of an Indian coal and found
that the conversion increased continuously with the amount of mineral matter
present in the fraction. It is difficult to assess the effect of the mineral
matter in the coal on liquefaction. When using float/sink fractions of the same
coal, the petrographic constitution of the coal fractions usually changes signifi-
cantly with more inertinite being found in the higher density fractions. Also
the mineral matter distribution changes from fraction to fraction, and the
physical distribution of the mineral phases causes considerable variation in the
surface areas available for possible catalysis. In addition, the combination

of the effects of increased mineral matter and decreased reactive maceral content
in increasing density fractions decreases the tendency of the coal to agglomerate.
This allows more effective diffusion in the system (4).

To try to overcome these difficulties, a series of unwashed coals was chosen so
that the only parameter to change significantly was the total sulfur content.
Table 5 shows the analysis of the coals, and Figure 8 clearly shows the effect
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of pyrite content of the coal on conversions and liquid product yields during
liquefaction. Conversions increased from about 50 to 70%Z using the hot-rod
reactor with no added catalyst. Thus it would appear that pyrite can act
catalytically in the dry hydrogenation reaction as well as in slurried reactions.

The results from the float/sink fractions (Figure 7) are more difficult to
interpret because of the simultaneous variation of mineral matter and
petrography (see Table 4). It could be that the increase in oil yield obtained
with the higher mineral matter fractions is due to the increase in sulfur that
varies from 0.5% in the 1.4 float to 9% in the 1.65 sink fraction. The
significance as far as South African coals are concerned is that mineral matter
does not necessarily mean poor performance during coal liquefaction. Evidence
so far suggests that the mineral matter can be beneficial in increasing
conversion and liquid product yields. From a processing viewpoint, high mineral
matter can create other problems, and a trade off between possible catalytic
benefits and engineering process difficulties must be arrived at.

SUMMARY:

For the South African bituminous coals studied so far the following conclusions
can be made:

(i) Conversion data obtained from coal liquefaction under dry hydrogenation
conditionﬁ/and in the presence of anthracene oil show good correlations
with the ' C ratio, the volatile matter and the reactive maceral content
of the coals.

(ii) For dry hydrogenation, excellent correﬁ?tions are obtained between total
liquid product and oil yield with the ‘C ratio and the volatile matter
of the coals. The correlation of liquid product yield with reactive
maceral content is not as good, but liquid product increases with an
increase in reactive maceral content.

(iii) The pyrite in the coal, as estimated from the total sulfur, appears to
act catalytically in the dry hydrogenation reaction and enhances the
overall liquid yield.

(iv) It appears that as the severity of processing is increased, the importance

of the coal characteristics themselves become less significant when 3
considering overall conversion. !
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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, N.S.W., 2060

INTRODUCTION

In Australia, coal represents, in energy terms, over 97% of the country's
non-renewable fossil fuel based energy resources, yet indigenous o0il which barely
represents 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 lead 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 Australia (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 WaTes and Queensland possess large reserves of black coals
in the Sydney and Bowen Basins, respectively, 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 currently
inaccessible depths (2000-3000 m) in the Cooper Basin (3,4). [An estimated 3.6 x 106
million tonnes in the latterl.

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 (South
Australia). These Permian coals, together with counterparts in India, South
Africa, 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 in the Permian during the formation of
these Gondwana coals were different from those for the Carboniferous coals of \
North America and Europe. As a result of a cooler climate with alternating dry
and wet periods, and of the consequent difference in the original plant materials,
the conditions of accumulation, and the slower rate, and prolonged duration of
sinking, the Australian (and other Gondwana) Permian coals differ in many respects
from the Carboniferous coals of the northern hemisphere. Thus for the former coals,
seam thickness tends to be greater, vitrinite content lower, semi-fusinite content
higher, mineral matter content high and sulphur content generally low; the ash \
derived from the mineral matter is usually refractory with high fusion temperatures.
These coals occur in seams near the surface, and at depth.

The Australian Permian coals vary widely in rank (maturity) and type (vitrinite
content) from the Oaklands (N.S.W.) coal at 72% (dry ash-free basis) carbon, a hard
brown coal (6), at one extreme - though high volatile bituminous coals such as
Galilee (Queensland) coal at 77% carbon, 16% vitrinite; Blair Athol {Queensiand)
coal at 82% C, 28% vitrinite; Liddell (N.S.W.) coal at 82% C, and >70% vitrinite, -
to Tow volatile bituminous such as Peak Downs {Queensland) at 89% C, 71% vitrinite,
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and Bulli seam (N.S.W.) 89% C, 45% vitrinite.

In addition to the Permian coals there are occurrences of Mesozoic and Tertiary
coals in Australia. Mesozoic coals occur in small basins in South Australia,
Tasmania, New South Wales and Queensland and vary in rank from brown to bituminous.
Perhaps the most notable occurrences in the present context are the Walloon coals
in the Clarence-Morton basin in Queensland, e.g. Millmerran sub-bituminous coal
(78% carbon, vitrinite plus exinite ~90%).

The most significant Tertiary coals are represented by the vast brown coal
deposits in Victoria, particularly in the Latrobe Valley. These brown coals with
68-70% carbon, occur in very thick seams (up to 200 meters) under shallow cover
(<30 meters). These coals differ from the Tertiary brown coals of North
America in that they have a much lower ash yield and significant amounts of the
ash-forming inorganic constituents are present as cations on the carboxylic acid
groups which are a characteristic of Tow rank coals.

COAL CHARACTERISTICS AND THEIR EFFECTS IN LIQUEFACTION PROCESS

The wide variation in Australian coals in rank, type and inorganic impurities
and the significant differences between these coals and those from the USA and
elsewhere, emphasize the need for detailed understanding of how specific coal
characteristics influence 1iquefaction reactions and the properties of the liquid
product. The heterogeneity and variability of coals make them a complex feedstock
on the one hand and presents major challenges to efforts to identify and quantify
those parameters of most significance. However, until this is achieved the
application of a process developed and optimized on a coal, or similar coals, from
one region to coals in another region is fraught with danger. In recognition of
this, research is in progress in a number of laboratories in Australia to elucidate
the chemistry of Australian coals in relation to their 1iquefaction. This en-
compasses both black and brown coals and 1iquefaction via pyrolysis, non-catalytic
hydrogenation (solvent refining) and catalytic hydrogenation. The results obtained
in these studies are informative but some give rise to more questions than answers.
In the remainder of this paper selected highlights from these Australian studies
will be presented and discussed.

EFFECTS OF PETROGRAPHIC COMPOSITION AND RANK

It is possible to produce some 1liquid hydrocarbons from most coals during con-
version (pyrolysis and hydrogenation, catalytic and via solvent refining) the yield
and hydrogen consumption required to achieve this yield can vary widely from coal
to coal. The weight of data in the literature indicate that the 1iquid hydrocarbons
are derived from the so-called 'reactive' macerals, i.e. the vitrinites and exinites
present (7,8,19). Thus, for coals of the same rank the yield of liquids during
conversion would be expected to vary with the vitrinite plus exinite contents.

This leads to the general question of effect of rank on the response of a vitrinite
and on the yield of 1liquid products; and, in the context of Australian bituminous
coals, where semi-fusinite is usually abundant, of the role of this maceral in
conversion.

A number of research projects in Australia are being addressed 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 Australian bituminous coals under non-catelytic solvent refining con-
ditions (9,10). The Commonwealth Scientific and Industrial Research Organization
(CSIRD) is considering the question with regard to pyrolysis (11) and catalytic
hydrogenation (12) of bituminous and brown coals, with support from studies of the
behaviour of individual maceral types during conversion with the aid of petrographic
techniques (12).

Experimental data published recently by Cudmore (10) for eight Australian

bituminous coals, reproduced in Fig. 2, show a good direct linear correlation
between conversion (to gas + liquids), under non-catalytic hydrogenation conditions
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using tetralin as vehicle, and the vitrinite plus exinite contents over the range
40 to 80% for coals in the rank range where the mean maximum reflectance (R max.)
of the vitrinite 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 volatile bituminous coals. However, for coals where Ro max. is
greater than 1.47% the yield was markedly lower than might otherwise have been
expected from the vitrinite plus exinite contents (refer Fig. 2). The information
in Fig. 2 would further suggest that the rank effect in decreasing conversion yield
increases rapidly with increase in rank from Ro 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 in the conversion of the vitrinite (+ exinite) starts in the
rank range 83 to 88% carbon.

An implication of Cudmore's data (10) for the sub-bituminous and high volatile
bituminous coals is that the semi-fusinite appears to contribute 1ittle to the con-
version products, otherwise the apparent dependence of yield on the vitrinite
(+ exinite) content would not be so linear.

The whole question relating to the possible role of semi-fusinite is receiving
the attention of Shibaoka and his associates in the CSIRO (12). Although the
project is still at an early stage, direct observations on the changes occurring
in semifusinite-rich coal grains during conversion under a wide variety of con-
ditions suggest that the possible contributions of this maceral in conversion
cannot be ignored although further work is required to define the nature and
magnitude of such contributions.

Studies initiated by the author while still with CSIRO (13) seek to throw
light on the role of the various macerals by studying the conversion, under
catalytic hydrogenation conditions, in tetralin as vehicle, of maceral concentrates
from a high volatile bituminous coal. Some preliminary results, given in Fig. 3,
show conversions as almost complete for the hand picked vitrain (>90% vitrinite)
from a high volatile bituminous coal (Liddell seam N.S.W., 83.6% carbon and 43%
volatile matter both on a dry ash-free basis). However, it is evident that the
conversion of the 'whole' coal increases rapidly with increase in hydrogen
pressure (under otherwise similar conditions - batch autoclave, 4h. @ 400°C).
This could suggest either that conversion of the vitrinite is suppressed by other
components in the coal, particularly at the Tower pressures, or more 1ikely, that
other macerals are participating to an increasing extent as the hydrogen pressure
increases.

Consideration of the latter results in relation to those of Cudmore (10),
discussed above, emphasise the need for caution when generalising on the influence
of coal characteristics on conversion. Indeed, it would appear that the absolute
and relative contribution of the various petrographic components is dependent on
the process conditions which include, inter alia, the hydrogen potential.

The petrography of brown coals differs from that of black coals and is less
well developed. However, evidence is mounting that brown coals can vary signifi-
cantly, even within the same seam, and that these variations may effect their
conversion behaviour. The Victorian Brown Coal Development Commission has
initiated studies in this area (with advice from the German Democratic Republic).
No results are available as yet.

THE EFFECT OF ELEMENTAL COMPOSITION

It is well established that for any coal the so-called reactive macerals,
vitrinite and exinite, are richer in hydrogen than the inert macerals. Therefore,
since the conversion of coals to 1iquid fuels involves the production of lower
molecular weight products having atomic hydrogen to carbon ratios in the range
1.7 to 2 compared with <1 for most coals, it is of interest to consider the effect
of the hydrogen content, or alternatively the hydrogen/carbon ratio on the con-
version of coals to liquid and gaseous fuels under a wide range of conditions.
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Pyrolysis

In this context it is relevant to consider initially the effect of hydrogen
contents on tar yields during pyrolysis (carbonization). This is particularly so,
since, in all coal conversion processes 1ittle happens until the coal is at a
temperature above that where active thermal decomposition normally sets in. In
other words, all coal conversion processes may be regarded as pyrolysis under a
variety of conditions which determine the nature of the primary decomposition and
the reactions which follow.

Fig. 4 represents a plot of the atomic H/C ratio versus tar yields obtained
by the former CSIRO Division 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 variation in rank and in-
organic impurities, there is a significant linear correlation between the tar yield
and the atomic H/C ratio. A variety of factors may account for the scatter - the
empirical nature of the assay, wide variations in the ash yield and nature of the
ash (see below), weathering of the coal, the multitude of analyses involved and the
long time span over which the results were accumulated.

The steep dependence on hydrogen content of the tar yields obtained during
the Tow temperature {(500°C) fluidized bed carbonization of 14 Australian coals,
ranging in rank from 72% to ~89% (dry ash-free basis) carbon content, is clearly
demonstrated in Fig. 5 (15,16).

In current CSIRO investigations into the production of 1iquid fuels via the
flash pyrolysis of selected Australian coals (11) the importance of the hydrogen
content, or more precisely the atomic H/C ratio of the coal with regard to the
total yield of volatile matter and tar, has been demonstrated also. This is shown
in Fig. 6 (20) together with the reproduction of the correlation line for the Tow
temperature Gray-King Carbonization assay transferred from Fig. 4. Also included
are data obtained for one USA bituminous coal (Pittsburgh No. 8) and one lignite
(Montana). The former coal plots consistently with the Australian bituminous coals
for both the volatile matter and tar yield; but whereas the raw Montana lignite,
together with the raw Australian brown coal, are consistent with the bituminous
coals for total volatile matter yield, the tar yields from the lignite and brown
coal fall significantly below those to be expected from Fig. 4 for bituminous
coal with similar atomic H/C ratios with one exception - a low ash sample of Loy
Yang brown coal. The reason for the 'deviation' is considered in the next section
of the paper.

Hydrogenation

Cudmore (13) in his studies of the non-catalytic hydrogenation (solvent
refining) of six Australian coals has indicated that the conversion systematically
increases as the atomic H/C ratio of the coal increases over the range 0.60 to
0.85. This is shown in Fig. 7 (10) which also includes data for the catalytic
hydrogenation of six Canadian coals (17). These results, together, indicate the
importance of the hydrogen contents of coal in general for both non-catalytic and
catalytic hydrogenation.

" With regard to the implications of the elemental composition (ultimate
analysis) of Australian coals, brown coals (lignites) call for special attention
by virtue of their high oxygen contents (as high as 30%). During hydrogenation
of brown coals it is usually considered that significant amounts of hydrogen are
consumed in the elimination of oxygen as water and that this places these coals
at a disadvantage because the cost of hydrogen is a significant factor in the
economics of conversion. White has recently considered oxygen balances in the
catalytic hydrogenation of some Australian brown coals (18). This study indicates
that, whereas the overall conversion, under comparable conditions, is higher for
brown coals than for bituminous coals studied, the yield of hydrocarbon liquids is
higher for the latter; but, surprisingly, the hydrogen consumption in the primary
conversion is actually lower for the brown coals than for any of the bituminous

15




coals studied (H/C in range 0.57 to 0.72). Further, the results show that the
present hydrocarbon liquid yield (dry ash-free basis) per cent of hydrogen con-
sumed is actually as high, or higher, for a low as yield (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%) is eliminated as carbon monoxide and
carbon dioxide.

EFFECT OF INORGANIC CONSTITUENTS

Despite much speculation on the possible effects of the inorganic ash-forming
constituentsin a coal on its behaviour during conversion, there is still no clear
understanding on the subject. It is generally suspected that where pyrite is
present in a coal this is converted to pyrrhotite under the conditions of coal
hydrogenation and can act as a catalyst (19). The effectiveness will, of course,
be dependent on how the pyrite is disseminated through the coal including the
maceral association; this may be the cause where no significant effect has been
noted (8). In the majority of Australian coals the sulphur, and hence pyrite,
content is very low and hence the possibility of a catalytic effect from pyrite
is negligible. As mentioned earlier, Australian bituminous coals tend to be high
in mineral matter. This consists primarily of alumino-silicate minerals (20).

To prepare most coals for use as a feedstock in conversion these will need to be
processed in a coal preparation plant to reduce the ash yield. Otherwise reactor
throughput in terms of effective 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 in
the coal might well act in this way and be either to the advantage or disadvantage
of the conversion process.

A project initiated by the author when with CSIRO has,as one of the objectives,
the study of effect of the mineral matter in selected Australian coals during
catalytic hydrogenation (13). The initial approach has been to compare, under
otherwise identical conditions, the conversion behaviour of a coal sample before
and after demineralization. Some very preliminary results are shown in Fig. 8 fora
sample of Liddell seam coal (ash yield 7.35% air dried basis; volatile matter 43.2%
and total sulphur 0.48% dry ash-free basis) before and after demineralization to
reduce the ash yield to 0.5%. Fig. 8 shows the effect of temperature on the total
conversion and yield of bitumen, (i.e. residue from atmospheric and vacumn dis-
tillation to 210°C of the hydrogenation product) during batch catalytic (a com-
mercial Co-Mo on  alumina catalyst) hydrogenation using tetralin as solvent. The
main effect of the mineral matter appears to be to give an increased scatter in
the experimental data with regard to total conversion. This is also evident, but
to a lesser degree, in Fig. 3 where the effect of pressure on total conversion for
the same coal is indicated.

Since the scatter of experimental points for total conversion is both above
and below the curve for the demineralized sample, it is not possible to assign the
behaviour to either catalyst blinding or enhanced catalytic effects. With regard
to the yield of 'bitumen' (Fig. 8), the bias on the high side in yield could be
interpreted to suggest that some catalytic effect was exhibited by the mineral
matter. Obviously further studies of this type are required to determine the
nature of the effects, if any, of the alumino-silicates in 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 hydrogenation. In
the low ash yield Australian brown coals, a considerable proportion of the in-
organic ash-forming constituents are present as cations associated with the
carboxylic acid groups in the coal (21,22,23). Studies in CSIRO0 have shown that
the nature and amount of the cations can exert marked effects on the behaviour of
the coal during thermal decomposition (pyrolysis). In particular, Schafer (24)
has shown that the presence of cations facilitate the elimination of the oxygen
during pyrolysis in a manner that is still not understood. This could have
interesting and practical implications for hydrogenation which remain to be
investigated.
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In the USA, observations with North Dakota lignites have suggested that sodium
associated with the carboxyl groups have a beneficial catalytic effect with regard
to the quality of the 1iquid product (8). Further, the superiority of CO-steam
over hydrogen in the 'non-catalytic' hydrogenation of lignite has been attributed
again to the catalytic effects of alkali and alkaline earth metals present on the
coal (25) which are known to be effective catalysts in the carbon-steam and carbon
monoxide-steam reactions. It has been suggested that the hydrogen generated accord-
ingly in-situ is more effective since it probably passes transiently through the
reactive 'nascent' hydrogen-form and avoids the need to dissociate the strong bond
in molecular hydrogen.

The ability to exchange cations on the carboxylic acid groups in brown coal (26)
has led to interest into the effectiveness of transition metals exchanged onto the
carboxyl groups as catalysts. This aspect was first looked at by Severson and his
colleagues in North Dakota with negative results (27). However, the matter is now
being re-examined in Australia in the context of Victorian brown coals. Careful
studies in this area could well help contribute to the better understanding of the
role of the catalyst in coal hydrogenation, e.g. does it facilitate the direct
transfer of hydrogen from molecular hydrogen in’ the gas phase, or in solution, to
the fragments derived from the thermally decomposing coal? or does it simply
facilitate in the regeneration of the hydrogen donor capacity of the 'solvent'?

It is appropriate to conclude this section by reference to one aspect of the
CSIRO flash pyrolysis project involving, again, brown coals. Here, it has been
shown (28) that the presence of cations on the carboxyl groups strongly supresses
the tar yield obtained during rapid pyrolysis, although the total conversion to
volatile products appears to be unaffected. For example, a sample of raw Gelliondale
(Victoria) brown coal having a 7.2% (dry basis) ash yield, yielded 12% (dry ash-
free basis) of tar during flash pyrolysis but, when this coal was acid washed 0.7%
(dry basis) ash yield, the tar yield increased to 20% (dry ash-free basis).

Further reference to Fig. 6 shows that the latter tar yield now plots with the
bituminous coals with reference to the effect of the atomic H/C ratio. Similarly

a second brown coal sample (Loy Yang) which, as recovered from the seam, has a very
low ash yield )0.4% dry ash-free basis), and most of the carboxyl groups in the
acid form, plots with the bituminous coals in Fig. 3; however, when the sodium-salt
is produced from this coal before flash pyrolysis the tar yield is almost com-
pletely supressed.

It is interesting to speculate on the significance these observed effects of
the presence of cations on the carboxylic acid groups in brown coals. It would
appear that the cations either inhibit the tar forming reactions in some way or
else cause the tars, once formed, to break down to more volatile components with
no solid residue since the total volatile matter yield is independent of whether
the carboxyl groups are in the salt- or acid-form. The former possibility appears
to be more plausible which, in turn, implies 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. The clue to the detailed explanation
perhaps resides with the observations, already mentioned, of Schafer (24) on the
effects of cations associated with carboxyl groups on the oxygen elimination re-
actions during the thermal decomposition of brown coals.

Further detailed studies in this area are obviously needed to resolve the
chemistry involved. Such pyrolysis studies supplemented by hydrogenation
experiments with acid-form and salt-form brown coals offer promise of resolving
the precise role of pyrolysis in the hydrogenation of these coals and of how the
ash-forming cations participate in the hydrogenation reactions. For example, how
does the presence of the cations effect the hydrogen consumption? A question that
needs also to be considered in the context of the observations of White (18).

CONCLUDING REMARKS

The first part of this paper has shown that Australiarn black and brown coals
differ significantly in a number of respects from coals of similar ranks from North
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America and elsewhere in the northern hemisphere. The rest of the paper then pro-
ceeded to indicate the progress being made to determine how the characteristics of
Australian coals influence their conversion to volatile and 1iquid products during
pyrolysis and hydrogenation.

The results presented and discussed here for on-going investigations on
Australian black coals indicate strongly that, over a rank range up to about 83%
(dry ash-free) carbon, the vitrinite and exinite contents and overall, the atomic
hydrogen-to-carbon ratio are the important parameters with regard to total volatile
and liquid yields during pyrolysis and hydrogenation of such coals. In these
respects there appears to be no major differences relative to northern hemisphere
coals. The strong dependence of conversion on atomic H/C ratio suggest that the
subleties of variation in chemical composition or structure with change in rank
are of secondary importance. Also the near linear dependence of conversion yields
on the atomic H/C ratio further suggest that the effects of the mineral matter in
the Australian black coals may be secondary.

The results mentioned for Australian brown coals raise many interesting
questions concerning the effect of coal characteristics on conversion during
pyrolysis and hydrogenation. These relate to the similarity of the behaviour of
the acid-form brown coals with the black coals in terms of the effect of the atomic
H/C ratio on conversion during pyrolysis; the suppression of the tar yield when the
carboxyl groups are in the salt-form; and the elimination of oxygen during the
primary hydrogenation without the involvement of hydrogen. Again, within the
limitations of the investigations mentioned, there is no reason to believe that the
effects observed should be unique to Australian brown coals.

To conclude, it is emphasised that many of the results discussed relate to on-
going investigations and need confirmation on other coals. Also, many of the effects
mentioned relate to the overall conversion. In coming to grips with the effects of
coal characteristics, attention must be given to the quality as well as the quantity ,
of Tliquid products obtained during conversion; as well as to the rate at which the
conversion occurs under various conditions. These aspects, which have not been con-
sidered in this presentation, call for careful experimentation where the emphasis is
not on maximising conversion but on careful control of experimental conditions with
termination of experiments at only partial conversion.
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TABLE 1: AUSTRALIA'S FOSSIL FUEL ENERGY RESOURCES (1)

Resource Quantity Specific Ener
(Demonstrated) (1018 JouTes) (Percentage)

Black Coal*

In Situ 36.30 x 109 t 1040 69.8

Recoverable 20.26 x 109 t 580 58.9
Brown Coal

In Situ 40.93 x 10° t 400 26.8

Recoverable 39.00 x 109 t 380 38.6
Crude 0i1 and Condensate

In Situ 49.00 x 10% bbl 29.7 1.99

Recoverable 20.70 x 109 bb1l 12.4 1.26
Natural Gas + LPG

In Situ 545 x 109 m3 21.0 1.40

Recoverable 327 x 10° m3 12.6 1.28
Total

In Situ 1,685.7 100

Recoverable 1,145.0 100

*Demonstrated + Inferred in situ black coal resources are estimated to be
5600 x 1018J with 55% recoverable - inferred resources of crude oil and
natural gas are relatively minor representing only 1% and 8%, respectively,
of the demonstrated resources.

TABLE 2: PATTERN OF AUSTRALIAN USE OF FOSSIL FUELS 1974-75 (2)

Total primar{ energy demand 2512 x 10!3J consisting of:
coal 1035 x 101%J; oil 1318 x 1015J; natural gas 159 x 10159

% Total Primary

% of Fuel Type Energy

Coal

Electricity generation 61 26 )

Iron and steel 25 10 ) 42

Other 14 6 )
0i1

Transport* 61 32 )

Fuel o1l 15 8 ) 52

Other 24 12)
Natural Gas

Electricity generation 20 1

Other 8o - 5) 6

*Includes fuel oil for bunkering
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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., Nada-ku,
Kobe 657, Japan.

INTRODUCTION

The reactivity of coal during hydroliquefaction should be related to the
characteristics of coal as are determined by ultimate, proximate and petrographic
analyses, etc.

The relationship between the characteristics of coal and its reactivity has
been studied by several researchers. As a result, several typical parameters are
purported to be in this relationship (1,2,3). Among these parameters, carbon
content, mean reflectance, volatile matter, H/C atomic ratio, reactive macerals,
etc. are reported to be related to coal reactivity. However, it is generally
known that these are usually applied only in limited conditions of hydroliquefac-
tion. Therefore, attempts to find better parameters still continue.

In this study the most closely related parameter to coal reactivity, as re-
presented by conversion, has been selected by liquefying several types of coals
covering a wide range from lignite to bituminous coals as well as samples from a
narrov range collected at different mining sites. Selected coals from the wide
range of rank are located in the coal band shown in Fig. 1. The resulting para-
meters are compared with other parameters reported by other papers (2,3).

EXPERIMENTS AND RESULTS

The liquefaction of coals was studied in a 500 ml magnetically stirred
stainless steel autoclave. Analytical data on coals used in this study are pre-
sented in Tables 1 and 2. Hydroliguefaction data on coals used in this study are
summarized in Tables 3 and k4.

The experimental methods and procedures were carried out by conventional
methods .

Conversion was calculated as follows.

Conversion %
_ Coal charged (d.a.f.) - Insoluble residue (d.a.f.)}
Coal charged (d.a.f.)

x 100

The relations between coal reactivity and several parameters representing
coal characteristics are shown in Figs. 2 to 7. In these figures the reactivity
of coal is measured by conversion. In the results, volatile carbon % is selected
as a more closely related parameter than the common parsmeters, such as C %, H %,
0 %, H/C atomic ratio, volatile matter, etc.

Volatile carbon % is defined by the equation as follows.

Volatile carbon %

=c% (d.a.f.) - Fixed carbon %

Volatile matter % + Fixed carbon % - 100

This parameter is derived from the following basis. It is generally consi-
dered that the first step of coal hydroliquefaction is the thermal decomposition
of C-C and C-0 bonds, etc. in coal structure. Thus, it is presumed that the vola-
tile matter in coal is closely related, as a parameter to coal reactivity (con~
version). But, the amounts of oxygen containing compounds, such as carbon di-
oxide, water, etc. in volatile matter vary greatly with the rank of coal. There-
fore, the carbon % in volatile matter (Volatile carbon %) will be considered as
the parameter representing reactivity.

28




DISCUSSION

It is well known that coal reactivity depends on the solvent, the conditions
of hydroliquefaction, and the composition of the coal. Thus, it is desirable
that the parameter representing coal reactivity shows essentially the same ten-
dency, despite the conditions of hydroliquefaction. Accordingly comparison of
parameters were carried out, using some previously reported results (2,3).

The following results were obtained as shown in the example below. The re-
lationship between conversion and C % in coal (d.a.f.) is shown in Fig. 2. 1In
this figure, the relatively close relationship between conversion and C % is ob-
served, but at the same time it is found also that there are exceptions in this
relationship. The behaviour of abnormal coals could possibly be explained by
inert content of the coal at the same carbon level.* That is, in Yamakawa's data,
the inert content of Miike and Yubari coals are lower, while Griffin coal is
higher. The same result can be observed in our results. The inert content of
Lithgow coal is high. Furthermore, in P. H. Given's data, the lignite sample,
PSOC 87 coal deviated considerably from the general tendency. This seems to
indicate that this coal was chemically treated (3). It is found also that the
consequences of this relationship depend on the conditions of liquefaction and
coal quality used (Fig. 2). Thus, C % in coal is not appreciably useful as a
parameter. Similar consequences are found in the relationship between conversion
and other parameters, such as H %, 0 % in coal.

The relationship between conversion and the H/C atomic ratio of coal is
shown in Fig. 3. In this figure, a good relationship is found to hold in some
restricted conditions of liquefaction, but the consequences of this relationship
are not general.

The relationship between conversion and volatile matter % (d.a.f.) in coal
is shown in Fig. L. The consequences of this relationship are found to differ
greatly from one another in the conditions of liquefaction and the coals used.

The relationship between conversion and volatile carbon % in coal is shown
in Fig. 5. According to this relationship as shown in Fig. 5, conversion of
almost ell coals in our research can be expressed exclusively under the same ex-
perimental conditions. It was further found that the effect of a catalyst was
larger in coals of lower volatile carbon %. In Yamakawa's data, a fairly good
relationship is found except for abnormal coals of high sulphur content(Kentucky
No. 11) and of high inert content (Griffin), though the behaviour of Taiheiyo
coal can not be explained. In addition, in Given's data, a similar good relation-
ship is found except for an abnormal coal (PSOC 99).

In spite of the differences of liquefaction conditions and coals used, the
consequences of this relationship are almost the same except for some abnormal
coals. Therefore, it is safe to say that coals of higher volatile carbon % are
more reactive than those of lower volatile carbon %. Thus, volatile carbon %
seems to be a better parameter to estimate coal reactivity.

The relationship between conversion and the mean maximum reflectance of coal
is shown in Fig.6. In Yamakawa's data, a fairly good relationship is found
except for abnormal coals of high inert content (Griffin, Grose valley) and low
inert content (Miike). And a similar good relationship is found also in Given's
data. However, the consequences of this relationship are the reverse in both
cases.

The relationship between conversion and petrographic components % in coal
is shown in Fig. 7. In this figure, a good relationship between conversion and
reactive macerals % in coals is observed. Furthermore, fairly good relationships
between conversion and inert ingredients % in coal are also observed. And the
consequences of this relationship are essentially the same in two different lig-
uefaction conditions. Thus, it is concluded that the reactive macerals % or
inert ingredients % in coal are better parameters to estimate coal reactivity.

In coals of the narrow range of rank (Morwell brown coel) volatile carbon %
and other parameters are in relation to the color tone of brown coal as shown in
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Table 2. Thus, the reactivity of Morwell brown coal is roughly represented by
the color tome of the coal (lithotype). That is, "Light" coal is more reactive
than "Dark" coal.

The experimental results described above seem to demonstrate that volatile
carbon % in coal (a new parameter) is very useful as a parameter to estimate
coal reactivity. However, further study is necessary to clarify the validity of
this parameter.

CONCLUSION

A good correlation between volatile carbon % in coal (a new parameter) and
coal reactivity was observed. That is, conversion increases with the increasing
volatile carbon %. Further,.the effect of a catalyst is larger in coals of
lower volatile carbon %. In addition, a similar good correlation between petro-
graphic components % in coal (reactive macerals %, inert ingredients % in coal)
and coal reactivity was confirmed. In coals of the narrow range (Morwell brown
coal), a lithotype, distinguishing the color tone of the coal, is valuable as a
parameter. 'Light" coal is more reactive than "Dark" coal.
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STUDIES ON NON~CATALYTIC LIQUEFACTION

OF WESTERN CANADIAN COALS

by

B. lgnasiak, D. Carson, A. J. Szladow* and N. Berkowitz
Alberta Research Council, Edmonton, Alberta, Canada

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 half-dozen most richly coal-endowed nations {1-3).
Recent appraisals ( Table 1 ) set ultimate in-place resources in >2 1/2ft
thick seams under less than 2500 ft of cover at some 518 billion tons;
and preliminary estimates from deeper testhole logs suggest that similar,
if 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 distribu-
tion 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 popu-
lation and the greater part of its industry, is devoid of coal; and the
Maritime Provinces (principally Nova Scotia) contain less than 2% 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 Saskatche- .
wan thus give way to subbituminous coals in the Alberta Plains, and the |
latter successively to hvb, mvb and lvb coals in the Mountain regions X
further west.

Table 1 summarizes latest available data respecting reserves of

these classes of coal. \
i

As matters stand, the low-rank coals of Western Canada (as well
as some hvb coal in the Maritimes) are now being increasingly used for q

"Presently at Pennsylvania State University.
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generation of electric energy, and metallurgical (mvb and lvb) coals are
being primarily produced for export (notably Japan, though other markets
are being developed in Korea, South America and Western Europe). But
the large reserves of near-surface subbituminous coals and lignites are
also being looked upon as future sources of synthetic fuel gases and
liquid hydrocarbons, and could therefore augment production of synthetic
crude oils from, e.g., Northern Alberta's oil sands (4).

A notable feature of the Western Canadian coals is their low
sulphur content (usually, <0.5%) which tends, however, to be partly off-
set by higher mineral matter contents than are associated with the
Eastern coals. As well, the bituminous coals in the mountain belts are
typically deficient in vitrinite, which often represents less than 50%
of the coal "substance' and only occasionally reaches 70-75%, but this
is compensated by the fact that micrinites and semifusinites tend to be
""reactive' constitutents when the coals are carbonized. Notwithstanding
their low fluidity (rarely >1000 dd/min), Western mvb coals therefore
make excellent metallurgical cokes when carbonized in suitably propor-
tioned blends.

But, perhaps reflecting their unique petrographic make-up as much
as a more basic chemistry which may set them apart from their Carbonif-
erous equivalents, the Western coals also tend to respond differently to,
e.g., oxidation and the action of solvents on them. Air-oxidation at
150°C, instead of developing acid oxygen functions, incorporates much of
the chemisorbed oxygen in carbonyl groups, and solubility in CHCl, (after
shock-heating to ~400°C) is substantially smaller than the FS| wolld lead
one to expect from correlations for Carboniferous coals (5).

These, and other, behaviour differences have prompted initiation
of several exploratory studies in order to elucidate the response of
selected Western coals to liquefaction procedures, and the parameters
that affect this response. This paper summarizes some of the more impor-
tant observations recorded in the course of that work.

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

To test initial solubilization, ~5 gm samples were reacted with
10-15 gm of tetralin at 390+2°C and autogenic pressures in helium-purged,
sealed heavy-duty Pyrex capsules which were inserted into a stainless
steel bomb charged with ~30 ml tetralin ir order to counterbalance the
pressures generated in the capsules. Reactions were carried to comple-
tion over 4 hrs, after which the capsules were cooled to room temperature
and opened in a manner that permitted quantitative analysis of all re-
action products (including gaseous products).

In one series of experiments, residual tetralin was removed by
heating the solvolyzed samples at 70-80°C in vacuo (~0.05 mm Hg) to con-
stant weight, and yields of non-volatile products and their solubilities
in pyridine and in benzene were determined.
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The solubilities 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 in Figure 1, and indicate that

(a) the pyridine-solubilities of reacted Carboniferous subbituminous
and bituminous coals are significantly higher than those of cor-
responding Cretaceous coals, and

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

What is, however, still unclear is whether these effects arise
solely from different chemical compositions (and molecular configura-
tions) or are also, at least in 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 in Solubilization of Low-Rank
Carboniferous Coals by H-Donors

There is some consensus that formation of asphaltenes in the
early stages of solubilization of low-rank bituminous coals results
from cleavage of open ether-bridges (6). But while the presence of
such configurations in high- and medium-rank bituminous coals is well
established (7), their existence in less mature coals remains to be un-
equivocally demonstrated. From reactions of low-rank bituminous coals
with sodium in liquid ammonia or potassium in tetrahydrofuran, it has,
in fact, been concluded that open ether-bonds are absent (8) or only
present in negligible concentrations (9).

The failure to detect open ether-linkages through treatment with
Na/liq. NH3 could, of course, be due to formation of non-cleavable phen-
oxides (103. We note, in this connection, that low-rank coals, which
contain much '"'unreactive'' oxygen, are also characterized by relatively
high concentrations of hydroxyl groups, and some 'unreactive'' oxygen
could therefore be quite reasonably associated with phenoxy phenol con-
figurations. However, whereas phenoxy phenols would be expected to
resist cleavage by hydrogen-donors, low-rank coals are, as a rule, most
easily solubilized by them; and in view of this seeming inconsistency,
we thought it pertinent to reexamine the behaviour of oxygen-linkages
during interaction with H-donors.

The reactions were carried out under the same conditions as solu-
bilization (see sec. 1), except that a constant 2:1 donor:substrate
(molar) ratio was used; and in some tests, 1,2,3,4-tetrahydroquinoline
was employed instead of tetralin., The results obtained with different
ethers are summarized in Table 2.

Detailed discussion of these findings will be presented elsewhere,
and here we only wish to point out that responses to a hydrogen donor

42




tend to be quite critically affected by very minor structural differences
(as well as by possible copolymerization of donor and substrate). Thus,
while diphenyl ether remains substantially unaffected by exposure to a
donor, its hydroxy-derivatives (phenoxy phenols) often display fairly
high reactivity. Taken in conjunction with the failure of low-rank coals
(7) and phenoxy phenols (10) to suffer reductive cleavage when treated
with sodium in liquid ammonia, this lends some support for the existence
of phenoxy phenol entities on these coals.

Other observations, however, indicate that this notion will require
more direct evidence before it can be accepted.

The inertness of phenols and phenoxy phenols toward Na/lig. NH3
can be attributed to the fact that phenols are powerful proton-donors
in this system; and resistance of the resultant anions toward reduction
is believed to result from stabilization by resonance (10). While alkyl~
ation of low-rank coals before treatment with Na/liq. NH3 therefore
offers means for establishing the presence of phenoxy phenol ethers in
them, an alternative is afforded by the observation that some phenols
can be reduced by concentrated solutions of lithium (11): if this latter
reaction also reduces phenoxy phenols in 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 so that subsequent treatment
increased its hydroxyl content; and in parallel tests, 100% unreacted
p-phenoxy phenol was always recovered from the lithium solutions.

The failure to cleave p-phenoxy phenol by reduction and subsequent
scission of the ether-bond prompted us to examine the possibility of
splitting the C-0 bond in the alkylated molecule (12). Attempts to alkyl-
ate p-phenoxy phenol with CoHgBr after treatment with lithium in liquid
ammonia proved uniformly abortive; but ethylation in Na/liq. NH3 yielded
nearly 50% of the ethylated product, and ethylation in K/liq. Na3 led to
quantitative conversion - with~40% of the reaction product recovered as
p-diethoxybenzene.. Protonation instead of ethylation furnished ~45% of
p-dihydroxybenzene. In the light of these results, we believe that the
ether-bond in phenoxy phenols can be cleaved without prior alkylation,
and consider it significant that treatment of low-rank coal (or of a
vitrinite fraction from such coal) with variously concentrated solutions
of potassium in l1iquid ammonia did not cause an increased -OH content
in the reacted material. Nor was the hydroxyl content affected by such
treatment after prior exhaustive methylation of the coal with dimethyl
sulphate and K,C0, in acetone (13).

It appears tous therefore that clieavage of ether-bonds contributes
little to solubilization (and consequent reductions of the molecular
weight) unless the coal contains an appreciable proportion of open oxygen
linkages in the form of dialkyl ethers. And since there are indications
that such structures are generally absent (14) one might tentatively con-
clude that molecular weight reductions during solubilization by H-donors
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accrue primarily from €C-C bond scission or from structural realignments
associated with elimination of oxygen. [t should be possible to tests
this by measuring molecular weight distributions in H-donor liquefied
and non-destructively solubilized coal products (see sec. 3).

3. Non-Destructive Solubilization of Low-Rank Bituminous Coal

Present methods for solubilizing coal (including reductive alkyla-
tion in tetrahydrofuran (15) or liquid ammonia (8)) entail cleavage of
oxygen ethers, scission of C-C bonds in certain polyary)-substituted
ethylenes and, in the case of reactions in tetrahydrofuran, extensive
elimination of hetero-atoms (16).

We therefore draw attention to a novel technique which allows
solubilization of coal without rupture of covalent bonds. This method
utilizes the fact that the acidity of low-rank coals, which is thought
to be largely due to their high -OH contents, can be enhanced by proper
choice of a medium,

We selected liquid ammonia because of its pronounced solubiliz-
ing characteristics and powerful ionizing properties. At -33°C and
atmospheric pressure, the pKz-value for auto-ionization of liquid am-
monia [2NH, = NHZ‘a + NH, @ ] is 34; and since the equivalent value for
water is only 14, many substances (with pKs-values between 14 and 34)
which are neutral in water should be capable of splitting off protons
in liquid ammonia. Acidic properties in liquid ammonia can be further
enhanced by increasing the concentration of NH © at the expense of
protonic NHy ¥; and this can be achieved by adaing potassium and/or
sodium amides which will then also form the respective coal ''salts''.

To test this approach, ~5 g samples of low-rank vitrinite, each
-300 mesh (Tyloer) were stirred for 6 hrs in liquid ammonia (150 m);
-33°C) containing ~5 gms of potassium amide and~5 g of sodium amide.
(The amides were formed in the medium, before introducing the coal, by
action of anhydrous ferric oxide (1 g) or ferric chloride (1.5 g) on
alkali metals.) Thereafter, 100 m) of anhydrous ethyl ether was added,
the suspended coal material ethylated with CpHgBr (32 ml), and the reac-
tion mixture stirred until all ammonia and etEer had evaporated. Follow-
ing acidification of the residue with 10% HC), the product was thoroughly
washed with distilled water, dried at 70-80°C in vacuo (0.05 mm Hg) and
analysed. Table 3 summarizes the results of three consecutive alkyla-
tions, with each datum being the average of four independent test runs. A
The initial ethylation introduced 7-8 ethy! groups/100 C atoms into the
coal, and the results of the second and third ethylations indicate that
essentially only -OH groups were ethylated at this stage. Overall, how- \
ever, over 50% of ethyl groups introduced into coal were not linked to '
hydroxyl functions. Since in higher-rank vitrinites no atoms other than
hydroxyl-oxygens are susceptible to ethylation by this procedure, it is \
tentatively concluded that acidic carbon atoms exist only in low-rank
coals.
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The most interesting outcome of this work is the observation that
low-rank vitrinites can be rendered substantially soluble in chloroform
and pyridine by alkylating coal salts formed in a non-reducing medium and
under conditions that effectively preclude cleavage of covalent bonds.

The solubility of coal treated as above can be further enhanced
by introducing longer alkyl chains. While, on reductive alkylation, this
could lead to dimerization and formation of other by-products, non-
reductive alkylation is not accompanied by such side-effects. Moreover,
because of a significant reduction in the number of acidic sites, acid-
base associations are also essentially excluded, and the alkylated
product should, therefore, be amenable to GPC fractionation. Such frac-
tionation, conducted on Bio Beads $-X| and S-X2, results in separation
by molecular weight and indicates that both benzene and chloroform
extracts contain substantial amounts of high (~6000) and fairly low
(560-640) molecular weight fractions (Figure 2). While the extract
yields from non-reductively ethylated vitrinite increase in the order
benzene extr. —» chloroform extr. —» pyrid. extr., the molecular weights,
determined by VPO in pyridine, decrease in this order.

Figure 3 shows GPC fractionation of the benzene extract of a
vitrinite which, before a single non-reductive ethylation, was treated
with tetrahydronaphthalene at 390°C. Although solvolysis reduced the
-0OH contents (from 4.9 to 1.7%), non-reductive alkylation increased the
benzene-solubility of the solvolyzed material from 53% to 80.2%. It
appears that this effect is due to ethylation of acidic carbon atoms.

The existence of a substantial number of acidic carbons in a
product obtained by thermal treatment of a vitrinite in a reducing
medium at 390°C, but absence of such carbons in higher-rank coals raises
an interesting question about the role of temperature in coalification.

Analysis of the results presented in Figures 2 and 4 appears to
indicate that solvolysis of the vitrinite is also accompanied by poly-
merization (see pyridine extract, Figure 4). If this can be confirmed,
it would be worth investigating whether it involves specific fractions
in the original vitrinite or has a random character. Solvolysis of
di fferent molecular weight fractions of a non-reductively alkylated
vitrinite (or coal) may furnish some insight.
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Table 1. Vltimate in-place coal resources in Canada (Energy, Mines &
Resources, Canada, Report EP 77-5, 1976 Assessment

Region In-place, billion
tons Principal coal type

Maritime Provinces
Nova Scotia

New Brunswick 1.7 hvb (Carb.)
Western Region
Saskatchewan 38.8 lignite (Tert.)
Alberta* - Plains 360.0 subbit. (U.Cret. & Tert.)
Foothills 10.0 lvb, mvb, hvb (Cret.)
Mountains 30.0 lvb, mvb, hvb (Cret.)

mvb, lvb (Cret.)
subbit. (Tert.)

British Columbia 77.8

Canada Total 518.3

*
After Energy Resources Conservation Board, Report 77-31, December 1976

Table 3. Non-reductive ethylation of Carboniferous vitrinite*
In liquid ammonia

Ethyl groups|Chloro-{Pyrioline | Ult. analysis No of hydro-
intr. per form Solubility (daf) xyl groups
100 mg Cat. |Solub- ¥C %H 2N per 100 mg
ility Cat.
| Ethylation 7-8 25 45-50 81.0 6.3 1.6 2.8
Il Ethylation 8-9 45~50 55-60 81.3 6.8 1.8 2.0
11} Ethylation 9-10 55~60 60-65 81.1 7.0 1.5 1.1

#Solubilities of untreated vitrinite: CHCI3 - 12; CSNH5 - 13%;

Elementa) analysis of untreated vitrinite (daf): 80.8%C; 5.2% H;
1.53N; 0.9% S; 5.0% 0OH
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Solubility, % daf

Figure 1.
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SHORT RESIDENCE TIME COAL LIQUEFACTION

J. R. Longanbach, J. W. Droege and S. P. Chauhan

Battelle's Columbus Laboratories
505 King Avenue
Columbus, Ohio 43201

INTRODUCTION

Based on prior work reported by the Mobil Research and Development Corpora-
tion, a two-step coal liquefaction process seems to have potential for savings on
hydrogen usage compared to conventional solvent-refined coal (SRC) technology. ) The
first step consists of a short contact time, relatively low temperature, low pressure
reaction of coal with a coal derived solvent in the absence of molecular hydrogen,
This is followed by a short contact time, high pressure and temperature reaction of
the products in the presence of molecular hydrogen. The purpose of the first step
is primarily to dissolve the coal. After removal of unreacted coal and mineral
matter, the second step is carried out to reduce the sulfur level of the product and
to regenerate the solvent. Decreased hydrogen consumption is expected to result
from the short contact times and the removal of mineral matter and sulfur before the
addition of molecular hydrogen.

EXPERIMENTAL

The apparatus constructed to carry out the experiments consisted of a 1-
liter, stirred autoclave (ACl) used to preheat the solvent-coal slurry connected
to a 2-liter, stirred autoclave (AC2) equipped with an internal heating coil to
bring the solvent-coal slurry rapidly to a constant reaction temperature. The
apparatus was later modified by the addition of a third autoclave (AC3) to act as
a quench vessel. This allowed direct determination of the material lost in each
transfer step and an unambiguous determination of the product yield. Two of the
experiments required a high-pressure hydrogen atmosphere. A thermostatted hydrogen
cylinder was added with a precise pressure gauge to determine the hydrogen gas
balance in these experiments. A drawing of the 3-autoclave apparatus is shown in
Figure 1. The slurry transfer lines were heat-traced 1/4-inch tubes equipped with
quick-opening valves which could be manually operated through a safety barrier.
AC2 was equipped with a thermocouple in the autoclave body as well as in the solu-
tion for precise temperature control. During venting, the gas passed through a
trap to condense liquids, a gas sample port, an HyS scrubber, and a wet test meter
to measure HyS free gas volume.

The experimental procedure consisted of preheating the coal-solvent slurry
to 250 C in ACl while AC2 was heated empty to slightly 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 re-
quired 3.4 * 0.6 min and the temperature remained constant within * 1.0 degrees
during the reaction period. Small variations in heatup time did not affect the re-
action since most of the heatup time was spent below 415 C where the reaction was
slow. After the reaction was complete the slurry was transferred back to ACl or
to AC3 where it was quenched to 250 C using an internal cooling coil. After the
gases were vented the slurry was transferred to a heated filter and filtered at \
250 C.

The product workup consisted of continuously extracting the filter cake
with tetrahydrofuran (THF) and combining the proper proportions of THF and filtrate
to make up a sample for distillation. The procedure was later modified to include
routine extraction of the THF extracted filter cake with pyridine and the inclu-
sion of the pyridine extract in the liquid products. The entire hot filtrate-THF
and pyridine extract was distilled to eliminate any questions regarding the use of

52



a representative sample for distillation. Distillation cuts were made to give the
following fractions, THF (b.p. <100 C), light oil (b.p. 100-232 C), solvent (b.p.
232-482 C), and SRC (distillation residue b.p. >482 C).

MATERIALS

The coal used for experiments 1-28 was supplied from the Wilsonville SRC
pilot plant, Sample No. 15793. It was a blend of West Kentucky 9 and 14 seam coal
from the Colonial Mine of the Pittsburgh and Midway Coal Company. The coal used in
experiments 29-37 was similar but contained 0.39 weight percent more organic sulfur
than the first coal. Analyses of both coals are shown in Table 1.

TABLE 1. ANALYSES OF STARTING COALS
(As-Received Basis)

Coal Type West Kentucky 9/14 West Kentucky 9/14

Colonial Hine(a) Pittsburgh &

Source Midway Coal Company

Proximare Analysis, wt %

Moisture 5.72 2.71
Ash 12,71 8.90
Volatile 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
Pyritic 1.96 1.30
Sulfate 0.64, 0.56 0.31
Sulfide 0.01 -
Organic (by difference) 1.16 1.55

(a) Source of coal used at Wilsonville, SRC Quarterly Report #1,
June 25, 1976, p 2.

The solvent used for experiments 1-28 was recycle solvent obtained from
the Wilsonville SRC pilot plant, Sample No. 20232. An analysis and distillation
data for the solvent are shown in Table 2. The solvent contained 5 percent of
material boiling below 232 C, the cutoff point between light oil and SRC in the
product distillation and 4-5 percent of material boiling 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, J. T. Baker Company Practical Grade (25 weight percent), was
prepared for use as the solvent in experiments 29-37. Analyses and distillation data
are also given in Table 2. Tetralin boils below 232 C and was collected in the
light o0il distillation fraction during product workup.
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TABLE 2. SOLVENT ANALYSES

3:1 Wilsonville Recycle

Wilsonville Recycle Solvent Solvent-Tetralin
Ultimate Analysis, wt %
as _received
Moisture (benzene azeotrope) Trace
Ash <0,01 0.10
Carbon 87.8 87.%
Hydrogen 7.8 8.3
Nitrogen 0.7 0.6
Sulfur 0.27 0.21
Oxygen (by difference) 3.42 2,89
B/C 1.07 1,13
Cumulative Cunulative
Corrected Volume Distilled Corrected Volume Distilled
Temp, C X of Sample Temp, C % of Sample

216 IBP 201 IBP

248 10 210 4

253 20 214 17

67 30 225 28

281 40 236 36

299 50 260 47

319 60 310 68

356 70 340 76

406 80 390 86

431 90 430 80

444 95.5 481 94.5

>444 4.5 wt % residue >481 4.1 wt % residue

RESULTS AND DISCUSSION

Four variables were studied in the first part of the experimental program
which examined the first 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). Recycle solvent from the Wilsonville SRC
pilot plant was used in all of these experiments, Later, molecular hydrogen and
recycle solvent containing 25 weight percent tetralin were used in four experiments,
all at 441 C for 2 minutes. These experiments were designed to simulate the second
step, where hydrogenated solvent and molecular hydrogen would be used to lower the
sulfur content of the product.

THF Conversion

Tetrahydrofuran (THF) conversion was calculated from the difference between
the initial and the final solubilities of the total coal-solvent slurry in THF. THF
conversions were calculated on an MAF coal basis and adjusted for the coal not reco-
vered from the autoclaves. The filter cake resulting from filtration of the product
at 250 C was continuously extracted with THF for up to three days. The THF soluble
conversion figures may be too high however, since hot recycle solvent is probably a
better solvent for coal liquids than THF and may have dissolved some material in the
hot filtration which would be insoluble in THF.

Figure 2 shows THF conversion plotted as a function of reaction time and
temperature at 3:1 solvent/coal ratio. The THF solubles appear to be formed as un-
stable intermediates in the total reaction sequence. The low molecular weight THF
solubles may be able to combine in the absence of hydrogen to form higher molecular
weight materials which are insoluble in THF. At 413 C, THF solubles increase
ly between 0 and 2 minutes and seem to be only slightly unstable. At 429 C, most
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of the THF solubles are produced during the heatup period. The formation of THF
solubles is over by the end of the heatup period and decomposition is slowly taking
place after "zero" reaction time at 441 C, and at 454 C the production of THF solu-
bles is over before the heatup period is completed and the thermal decomposition re-
action is more rapid than at 441 C.

Increasing the solvent to coal ratio might be expected to have the effect
of stabilizing the THF soluble materials by making available more hydrogen from the
solvent. However the changes in THF conversion as a function of solvent to coal
ratio at 1 minute residence time and 427-441 C are relatively small. THF soluble
conversion is increased by the presence of both molecular hydrogen in the gas phase
and tetralin added to the solvent. ,

Solubilities of the products in THF followed by pyridine were determined
for some of the experiments. The conversions to pyridine solubles averaged 1.6
weight percent more than the conversions to THF solubles.

SRC Yields

SRC yield is defined as the material which is soluble in the hot filtrate
plus the material in the filter cake which is soluble in THF with a boiling point
above 482 C. All of the SRC yields have been calculated on an MAF coal and MAF SRC
basis. The yields of SRC would normally be smaller than the THF soluble conversions
were it not for the presence of the solvent. Components of the solvent reported to
the SRC fraction either by reacting with the SRC or by polymerizing to higher mo-
lecular weight materials which appear in the SRC distillation fraction. In addition,
4=-5 weight percent of the starting solvent boiled above 482 C and was included in
the SRC during distillation.

Figure 3 is a plot of SRC yield versus time and temperature at 3:1 solvent
to coal ratio. SRC yields are shown to decrease at 413 C and 427 C and to increase
at 441 C and possibly 454 C as a function of increasing reaction time at temperature.
One explanation for these results lies in the thermal imstability of the solvent. The
product of the interaction of SRC with solvent may decompose at 413 and 427 C releas-
ing solvent molecular weight material while at 441-454 C the solvent may polymerize
to heavier molecular weight products which distill with the SRC fraction.

There was a decrease in SRC yield when tetralin was added to the solvent
but a slight increase when an overpressure of hydrogen was used. The decrease with
added tetralin was probably due to the fact that there was less high boiling solvent
present, part of which appeared as SRC when the distillation cut was made at 482 C.

Quality of SRC

The amount of ash and particularly sulfur in the SRC are as important as
the yield. 1If the SRC is to be used as a clean boiler fuel in place of o0il, the
ash content must be quite low and the sulfur content must be low enough to meet the
new source standards for SO, emissions during combustion. Average analyses for SRC
made from both coals are shown in Table 3. As expected, the average SRC produced
in the first 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) would yield 1.34
1b SOp/MM Btu during combustion and would not meet the present new source standards.

There appears to be an increase in the sulfur content of the SRC prepared
with 25 weight percent added tetralin in the solvent. Again, this may be due to the
absence of a sulfur dilution effect which takes place when low sulfur content sol-
vent appears in the SRC fraction. Adding an overpressure of molecular hydrogen did
not affect the sulfur level in the SRC when the second step was carried out at 441 C.
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The sulfur in the first 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 sulfur removed in the simulated first step was 37 percent
(MAF basis) at 454 C, 1 minute residence time, as shown in Figure 3. Sulfur was
removed in increasing amounts with increasing reaction time and at increasing rates
with increasing reaction temperature. Since there was no effect of increasing sol-
vent to conal ratio on sulfur removal, this suggests that hydrogen was not being
transferred from the Wilsonville recycle solvent to the coal molecule in order to
remove sulfur at the low temperature used in the first step. The sulfur removal
mechanism at this stage probably only involves thermal removal of nonthiophenic
sulfur. .

Other Reaction Products

In addition to SRC, gas, light oil, and a filter cake of unreacted coal and
inorganic materials are produced in the first step of the short residence time coal
liquefaction process. One of the objectives of short residence time coal liquefac-
tion is to minimize the loss of hydrogen to gases and light oil. Unreacted coal
also represents a loss of material, but it may be gasified to produce process hydro-
gen.

The average quantity and composition of gas from ACl is shown in Table 3.
The N,-free gas contained small quantities of CO,, HZS’ and other gases which resulted
from ﬁeating coal to 250 C. The average composigion and quantity of the N -free gas
produced during the reaction in AC2 is also shown in Table 3. Most of thi§ gas is
probably also the result of coal decomposition. Only 2 weight percent of the as-fed
coal goes to gas during the first step of the process.

TABLE 3. AVERAGE ANALYSIS OF SHORT RESIDENCE
TIME COAL LIQUEFACTION PRODUCTS

Analysis, weight percent Product Fraction Filter
of sample lat Coal 2nd Coal Light 01l Cake Solvent
Moisture - - - -
Ash 0.17 0.15 48.4
Carbon 84.3 84.9 83.9 42.7 87.75
Hydrogen 5.6 5.75 7.6 2.3 7.7
Nitrogen 1.75 1.7 0.7 1.0 0.73
Sulfur 1.02 1.37 0.19 6.16 0.20
Oxygen (by difference) 6.7 6.2 7.7 3.4 3.77
H/C ratio 797 .813 1,087 1.05
Gases
Volume Percent of Sample Preheater Reactor
H 7.8 1.2
cd 3.8 10.9
A, 0.55 1.3
che 3.5 10.4
gﬁs 29.0 31.3
3.8 23.3
co* . 2.25 4.8 \
Others, C3 s, by difference 18.83 7.0
|
The H, present in the gas in AC2 represents 22 percent of the sulfur in 1
the coal. The total amount of sulfur released into the gas phase during the first {

step of this coal liquefaction process 1s 25 percent of the total sulfur in the as- :
fed coal. This presumably arises from easily removed organic sulfur and some of the

gyritic sulfur which can be half converted thermally to HS under the reaction con-
itions.

56



Added tetralin, hydrogen overpressure and increased solvent to coal ratios
resulted in no measurable increase in gas yield. The results are complicated by and
corrected for hydrogen added in the experiments with high-pressure hydrogen.

The average filter cake analysis is alsc shown in Table 3. Individual
filter cake compositions vary widely. As conversion increases, sulfur and ash in-
crease while oxygen and hydrogen and possibly nitrogen concentrations in the filter
cakes decrease. The average filter cake yield is 30 weight percent of the as-fed
?oal. The sulfur present in the filter cake represents 49 percent of the sulfur
in Fhe coal feed. This sulfur is made up of the sulfur remaining after partial
pyrite decomposition and sulfate sulfur.

Solvent Composition and Recovery

The solvent is defined as the product fraction which is soluble in the hot
filtrate and/or during the THF extraction of the filter cake and which boils between
232 C and 482 C at atmospheric pressure. One of the requirements of a commercial
liquefaction process is that at least as much solvent be created as is used in the
process. In addition, the composition of the solvent must be kept constant if it is
to be used as a hydrogen donor and as a solvating agent for the dissolved coal.

The average solvent recovery for these experiments in the absence of hydro-
gen or tetralin was 89 percent, corrected for solvent lost in the residues which re-
main in the autoclaves and by normalizing mass balances from 95.4 to 100 percent.
0f the 11 percent of the solvent unaccounted for directly during the reaction, 5-6
percent is collected in each of the light 0il and SRC fractions as discussed earlier.
The recovery of solvent, uncorrected for starting solvent which distilled in the
light o011 and SRC fractions, is shown as a function of reaction time and temperature
in Figure 5. There is no correlation with temperature. However, solvent recovery
does increase with reaction time and with decreasing solvent to coal ratio.

Hydrogen Transfer

The data indicate that there was a net consumption of hydrogen in the
presence of high pressure hydrogen. A net production of hydrogen in the absence
of high pressure hydrogen is well established. During the liquefaction process, the
solvent is presumed to donate hydrogen to the dissolved coal molecules to stabilize
them and prevent polymerization reactions which lead to coke. In this study, hydro-
gen transfer was followed by monitoring the elemental analysis of the solvent to see
if a change in hydrogen percentage or H/C ratio occurred. Comparison of the average
solvent analyses before and after reaction is complicated by the loss of recovered
solvent to SRC and light oil fractions which occurs during distillation.

The analyses for hydrogen and carbon are the same within experimental er-
ror, however, if as shown in Tables 2 and 3, hydrogen has decreased 0.1 weight per-
cent and the H/C ratio has decreased 0.02 on the average, this means that approxi-
mately 1.3 percent of the hydrogen in the solvent transfers to coal during lique-
faction at 3:1 solvent to coal ratio. This indicates that up to 85 percent of the
coal can be converted to THF soluble materials by transferring hydrogen amounting to
less than 0.3 weight percent of the coal charge. The solvent's role in the first
step of the process is clearly based as much on dispersing and dissolving the coal
molecules resulting from thermal bond breaking as it is on stabilizieg the molecules
by hydrogen transfer.

Sulfur Balance

The fate of sulfur during the process is also important. The average sul-
fur balance is shown below.
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Percent of

Products Sulfur in Coal
Gas 24.9
Light 0il 0.4
SRC 21.2
Filter Cake 44 .4
Solvent

90.9

About one-quarter of the sulfur in the coal remained in the SRC, one-
guarter appeared as HyS in the gases and nearly one-half remained in the filter cake.
Hydrogen introduced in the second step would not see three-quarters of the sulfur
contained in the starting coal.

CONCLUSIONS

In step one, conversion of coal to a THF soluble product was rapid. The
THF solubles were unstable in the presence of a coal derived solvent, but in the
absence of hydrogen. 1In step two, the addition of molecular hydrogen to the system
or of tetralin to the solvent to increase hydrogen transfer to the coal increased
the THF soluble conversion but did not lower the sulfur content of the SRC. Higher
temperatures were required to remove more sulfur.

SRC yields were greater than 100 percent due to the presence of solvent in
the SRC. The average SRC prepared from West Kentucky 9/14 coal blends did not meet
new source standards for SO, emissions after the first step of the two-step process
although all of the inorganic sulfur and an average 12 percent of the organic
sulfur was removed.

Hydrogen was produced in the absence of an overpressure of molecular hydro-~
gen and consumed when hydrogen was present in the system. During step one of the
two-step process less than 0.3 weight percent hydrogen was transferred from the sol-
vent of the SRC in the absence of hydrogen. The solvent appears to physically sta-
bilize the coal. Solvent recovery from step one was approximately 100 percent when
corrected for the amounts of starting solvent which were collected in the light oil
and SRC fractions.
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Kinetics of Direct Liquefaction of Coal
in the Presence of Mo-Fe Catalyst

Minoru Morita, Shimio Sato and Takao Hashimoto

Department of Chemical Engineering
Yamagata University
Yonezawa 992, Japan

INRODUCTION

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

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

RESULTS and DISCUSSION

EI) Experimentals in catalyst and reaction rate
I1-1) Experimental procedure

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, on & moisture-free basis, are shown in Table 1., All of catalysts
were powdered before use. In all of the experiments powdered coal
(passed through 80-mesh sieve), 3.3 % of catalyst (calculated on the
coal charge), a steel ball (10 mm®) and vehicle were charged to the 0.3
or O.5-liter autoclave reactor in the required ratio. The reactor was
flushed and filled with cold hydrogen to an initial pressure of 100
kg/crf —gauge at room temperature, heated to reaction temperature at a
heat-up rate of about 4°C per minite, held at constant temperature for
the desired lenght of time, and cooled to room temperature at a heat-
down rate of about 3°C per minite. Then the autoclave residue was ex—
tracted with benzene a&nd n-hexane in Soxhlet apparatus, and the pro-
portion of "asphaltene" (defined as the benzene-soluble, n-hexane in-
soluble material), and "oil" (the benzene, n-hexane soluble material)
in the liquefied product was determined,

(I~-2) Results of experiments
(4) Effect of pasting oil on liquefaction
(1) Chargedratio of coal to pasting oil

Coal conversion per cent on a moisture- and ash~free was inde-
pendent of the charged ratio and had constant value about 80~90 %,
while liquefaction percentage was decreased with increasing the charged
ratio, This result was considered to be responsible for gasification
with thermal decomposition and resinifing of coals on inner wall of the
reactor; temperature at the wall would be higher due to worse stirring
as coal pastes were more viscous when coal concentration was higher,
‘Therefore,well mixing was necessary to obtain a good ligquefaction
percentage under higher coal concentration.
(2) Kind of pasting oil .

Using four pasting oils with boiling temperature of 330°C to 380
b, liguefaction was carried out under the same reaction condition.
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When hydrogenated pasting oil were used, reaction rate was greater
than that with non-hydrogenated pasting oils, This higher liquefaction
rate for the hydrogenated pasting oil was interpreted by the action

of greater proton-donner ability with them.

(B) Effect of catalyst on liquefaction

Figs. 1 to 5 were experimental results of Miike coal liquefaction
for MoO;, Fe(OH)3 =S, MoOyFe(OH)y =S, H,MoO,H.0 and Fe(OH); —H,Mo0,H,0-S
catalysts, Figs. 6 to 9 were those of Taiheiyo, Hikishima, Morwell
and Bikit Asam coals for MoQO; -Fe(OH); -S. In Figs.l10,1l and 12,fraction
of unreacted coal was plotted as a function of nominal reaction time
on semelogarithmic graph paper. Reaction rate was first order with coal
concentration in the same way as Takeya et al. (3) showed in Taiheiyo
coal liquefaction, since at lower temperature plots gave straight
lines. At higher temperatures semilogarithmic plots didn't give only
one decreasing straight line, This characteristic was explained from
greater gasification and resinification of coal under these temperatures,
Specific reaction rates calculated from slope of lines were shown in
Table 2. From these results activities of the catalysts were compared,
Conclusions were shown as follows;

(2) MoOj3 was more active under lower temperatures, while Fe(OH)z -S
was more active under higher temperatures. i

(b) MoO3; and Pe(OH)3 were complements each of the other, MoO3-Fe(OH);
-5 being more active than both under the lower and higher tempera-
tures,

(c¢) H;MoO4H,0 of the catalyst cotaining H,0, but having a tendency of
resiniféng and gasification.H:MoO4sH;0~Fe(OH); -5 was not so active as
expected,

(d) The action of the catalyst to Taiheiyo coal was the same that to
Miike coal,

Fig. 3 showed reaction course for Miike coal under several re-
action temperatures with nominal reaction time for MoO;~Fe(OH)3 ~S
which is the most active-among the catalysts. This result showed that
under temperature range 350°C to 410°C reaction rate increased with
increasing temperature and oil yield became greater with increasing
nominal reaction time, whereas at the highest temperature 450°C oil
yield decreased, and both organic benzene insoluble and asphaltene in-
creased with increasing nominal reaction time. Reaction courses of
Hikishima, Morwell and Bukit Asam coals for MoOs:-Fe(OH); =5 catalyst
were shown in Figs. 7 to 9, respectively, In Figs. 8 and 9, it was
shown that reaction rates and oil yield in the product Morwell and
Bukit Asam were larger thart%ther tested coal at lower temperatures.
Reaction courses for Taiheiyo and Hikishima coals, when the same cata-
lyst was used, were shown in Figs. 6 and 7. They showed that at the
highest temperature formed oil degraded to organic benzene insolubles
in a similar way to that for Miike coal at the highest temperature,
This characteristic was explained from forming of organic benzene in-
solubles by resinification of produced asphaltene and oil, Degree of
resinification were dependent on both reaction temperature and kinds
of catalyst, being considerable at the highest temperature, No resini-
fication was observed for Fe(OH); ~S.

(II) Mechanism and kinetics of coal liquefaction

Various mechanisms and kinetics of coal liguefaction have been
proposed and examined by many investigators (1 to 10).

We assumed the reaction mechanism shown in scheme 1 as a general
kinetic model of coal liguefaction. The mechanism in scheme 1 with all
reaction rates assumed to be pseudo first order with respect to react-
ing species and dissolved hydrogen to be in excess, seems to be some-
what similar to those reported in above many literatures. A few typi-
cal cases of.a general kinetic model are shown in Table 3, and only
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the general characteristics for their cases are illustrated on Table
3. When compared these typical figures, the curves are apparently
different in shape, but if proper rate constants were selected, the
curves would be similar in shape, making it difficult to determine the
correct mechanism., Thereforeé it is necessary to get initial rate data
5

at lower temperatures (i.e. 0~400°C) in distinguishing between
series reactions (case 1, 2, 3) and parallel reactions %case 4, 5,
since for series reaction the reaction time-concentration curve for
0il (C) has a zero slope and for parallel reaction the time-log{un-
reacted coal, %) curve does not give a straight line but two ones,
Afypical curve in Table 3 shows that when the apparent coal and
asphaltene concentration begin to increase gradually, a further series
reaction, oil—resin-—coke, should be assumed. The magnitude of the
rate constant of each step is different from kinds of catalyst, and

it 1s possible that the catalyst which is very effective for promoting
the reaction rate of any step in & kinetic model is to be found, re-
sulting in the change of mechanism,

In this study oil yield decreased with re&ction time, as oil was
polymerized at higher temperature for Miike, Taiheiyo and Hikishima
coals. Thus a kinetic model (case 2 or 3) in which involves two steps
of polymelization and coking, correlated data reasonably well for
above coals, whereas for Morwell and Bukit Asam coals, case 5 was more
favorable.

Though kinetic experiments are generally carried out with the
autoclave at high temperature and pressure, reaction temperature is
not sufficient isothermal but nonisothermal from start of experiment
to end., As long as nominal reaction time which consists of heat-up,
constant temperature and heat-down periods, is used, it will be diffi-
cult for true rate constants to be estimated under isothermal condi-
tion, Therefore, the rate constants, k-values were estimated by a non-
linear least square which involves minimazation of the sum of squares
of deviations (between measured and calculated values), The tempera-
ture dependence of the rate constants on Miike coal was determined for
temperature between 350°C and 450°C. The result was shown in Table 4.

CONCLUSIONS

Effects of various reaction conditions on reaction rate and mech-
anism of coal liquefaction were investigated, Conclusions were sum-
marized as follows;

(1) The order of the reaction, reaction rate, oil yield and compo-
sition were affected by kinds of pasting oil and ratio of coal to
pasting oil.

(2) Under same reaction conditions, reaction rate and mechanism of coal
liquefaction differs from kinds of coal and catalyst. The reaction rate
was in the order; Morwell > Bukit Asam >Miike > Taiheiyo= Hikishima coal,
Kinetic scheme of coal liquefaction was expressed as follows;

for Morwell and Bukit Asam coals,

k
Coal L—3Asphaltene —2= 0il Coal,1>Coal,2  k >kpdk
2~k . 1 ’ ! 57 "2 1
5=0i1,
and for Miike, Taiheiyo and Hikishima coals,
kl k, k3 k4 k2> kl> 1~:4>k3

Coal-— Asphaltene — 0il-—Resin-—Coke or, k1> k2 N k4 > k3
The magnitude of the rate constants is different from kinds of catalyst.
(3) Activities of catalysts were as follows; H,MoOzH20 > Fe(OH)3 -MoO3-

S > MoO3 > Fe(OH)z =S. The activity of Fe OH);~M003 -5 catalyst may be due
to the concerted action with MoO; and Fe OH); ~5, and degrees of resini-
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fication and’ coking were dependent on kinds of catalyst.

(4) In making a kinetic analysis of the experimental data with auto-
clave, a non-linear least square method was used to estimate the para-
meters in the Arrhenius equation under nonisothermal conditions. The
theoretical values of component, calculated by substituting the esti-
mated values into the rate equations, were in good agreement with
experimental values, '

LITERATURE CITED

1§ Weller et al,, Ind. Eng. Chem., 43, 1575 (1951)

2) Falkum E. and R. A. Glenn, Fuel,” 31, 133 (1952)

3) Takeya and Ishii et al., Kagakukogiku, 29, 988 (1965)

4§ Struck et al,, Ind. Eng. Chem, Proc, Des. Develop., 8, 546 (1969)

5) Liebenberg B, J. et al,, Fuel, 52, 130 (1973)

6) Plett et al,, paper presented University-ERDA Contractor Conference,
Salt Lake City, Utah, Oct 22-23, 1975

7) Guin et al,, Am. Chem, Soc. Div. Puel Chem., Prepr., 20(1), 66
(1975), 21(5), 170 (1976) -

8) Whitehurst et al., EPRI Anmual Report No, AF-252, Rp 410-1,
(Feb 1976)

9) Reuther et 2l., Ind. Eng. Chem. Process Des. Dév., 16, 249 (1977)

10) ?hah8)et al,, Ind. Eng. Chem, Process Des. Dev,, 17(3}, 281, 288

(197

65




Table 1 Analysis of sample coals

% H(dea.f.)

Coal
Mois ture F.C. V.M. o] H

Miike 0.9 45.9 | 39,8 | 82.9 | 6.2
Taiheiyo 4.9 27.7 | 47.0 | 79.8 | 5.7
Hikishima 1.2 50.7 26,0 86,2 6.2
Morwell 12,6 52.4 | 34,2 | 65.3 | 5.2
Bukit Asam| 9.5 44,8 | 45,0 68.6 5.2

Table 2 Rate constants on various catalysts (mi@ﬁ

Catalyst N\ R.T(°C)| 350 380 410 450
003 0.0145 | 0,0212 | 0.0253 -
Fe(OH)s =S 0.0039 | 0.0113 | 0.0207 | 0.,0338
MoO3 ~Fe(0H)3 ~S 0,0192 | 0.0253 | 0.0305 -
Hz MoO;Hz 0 0.0188 | 0.0322 - -
Fe(OH); ~S-H,MoO;H,0 | 0.0023 [ 0.0069 | 0.0230 -

(Coal:Miike)

Table 4 Rate constant calculated by non-linear least square
method under non-isothermal condition (coal:Miike)

Rate Reaction Temperature(®C)
Catalyst const,
(min™) 350 380 410 450
K1 0.01080 0.02000 0.03500 0.06880
MoO3 §2 0.05040 0.09170 0.1580 0.3060
3 — ———— ————— —

K& — —_— J— —

X 0.00785 0.01460 0.02570 0.05080

K2 . . . .
Fe(OH); -5 | f2 | 0-01880 10.03450 10.06130 | 0.3210
e | = _ — | o.02010

K1 0.01760 |0.02930 {0.04660 | 0.08150
K2 0.00636 |[0.01140 ]0.01930 | 0.03640

MoOsFe (Ol y, — ——  |0.00123 |0.00732
X4 —_ —_— 0.00213 | 0.01590
? 0.02040 |0.03420 |0.05480 | 0.09590
H, MoOcH 2 | 0.05020 }0.1100 0.2230 |0.5190
2MoO«H, 0 K3 - —  lc.00321 | 0.01710
K4 —_ —_— 0.00977 | 0.05730
K1 0.01680 |0:02020 |0.02380 | 0.02920
Fe(OH); —S— K2 0.08120 |0.21280 0.1930 0.3180
H;Mo0gH, 0 Xa —_ —_ — 0.000451

Ka — —_— R 0.00258
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Scheme 1 Kinetic Model of Direct Liquefaction of Coal

A general model;
kl k2 k3 k4
Al——B—‘Cl—-D——‘E A:Coal D:Resin
A { , B:Asphaltene E:Coke
£5 X 02 Cs:01il1
5
Table 3 Typical Cases of a General Kinetic Model
Case |Condition Model Coal Catalyst Worker
1 Al» A2'=,o Well
A=~B~C Pittzburg Seam)SnCl,-NH,C1l|S. Weller
kl>k2>>k3,k4 2 4 et al.
0 Ap>> A5=0 Taiheiyo Fe(OH) 3=53 | M. Morita
k> kysky | ATBTODE 50 HoMo0,~5 | °% #L-
3 Al>>A2'=.O Fe(0H) 3= M. Morita
A~B~C~D~E [Miike ; et al,
k1>k2>k4>k3 I\IOOB—S
A1>A2 Al-xBacl Yubari, Soya G. Takeya
4 k> kK, A,—C, |Sumiyoshi Red Mud et al,
5 A4, Al—-(B)—~C1 Morv'vell Fe(OH) 3= lgt Iggrf'lta
k5>k2>>k1 (A2 02) Bukit Asam Mo03-5
100 400°C 350°C 400°C 350°C
Asph,
s - - o
& |/ R = S
=50} Nl
a /0 AL
= VR T P N A pee-Coal
S AN . > ~~ Lo Asph.” "~ =1
(] <_ ‘ 01\ s “~QJ____,__
00 S0 100 150 0 15 30 45 O 30 60 90 0 30 60 90 120
NRT(min)
20 350°
75¢C
4 PPl ey
‘R: 4/0 0 400(: 0
w10
4 450 450,c
-]
o
|
—— 380 |
NRT(min)
Case 1 Case 20r3 Case 4 Case 5
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CARBON MONOXIDE-WATER vs. HYDROGEN FOR LIQUEFACTION:
THE REDUCTION OF DIPHENYLSULFIDE, THIOANISOLE AND DIBENZOTHIOPHENE

R. J. Baltisberger, V. I. Stenberg, J. Wang and N. F. Woolsey

Department of Chemistry
University of North Dakota
Grand Forks, ND 58202

INTRODUCTION

For lignite, several workers have demonstrated a mixture of carbon
monoxide and water to be superior to hydrogen for liquefaction when there
are no added catalysts(1, 2, 3, 4). The minerals present in lignite are
postulated to catalyze the reduction. The relative success of CO is
important because it suggests the economics of lignite Tiquefaction may
ultimately favor the use of synthesis gas over hydrogen. If so, the need
of the shift reaction section of a hydrogen plant can be eliminated. Carbon
dioxide has to be removed at one stage in either process which will probably
result in a wash-out of its removal expenses.

There are several important questions which arise from the carbon
monoxide results: (1) Which chemical bonds are more easily reduced by
CO-Hy0 than Hz under the same conditions? (2) Does the reduction proceed
becalise of "nascent" hydrogen from CO-H,0? and (3) What materials catalyze
the CO-Hy0 reaction?

Mode1 compounds are superior to lignite as a material to study to
answer the posed questions because the variables can be better controlled.

The applicability of the model compound work to Tignite liquefaction processes
depend upon the relation of the model compounds to the key features of lignite
structure and chemistry question examined. The selection of the materials for
examination as catalysts depends on the nature of the natural minerals present
in the various 1ignites, available low-cost materials as disposable catalysts

and materials to prove or disprove a hypothesis on catalyst activity.

Carbon monoxide and water has proven more effective than hydrogen to
convert benzophenone and benzhydrol into products(5). For anthracene, Hp and
CO-Ho0 are equa11y effective for conversion, and for qu1no11ne Hp is superior
to Cs -H,0(6). The product distributions are influenced by catalysts and the
presence of a hydrogen-donor solvent.

Thiophene and thiophene derivatives have been desulfurized by tetralin(7),
hydrogen over a Co0-Mo03-A1203 catalyst(8), an ammonium Y zeolite catalyst(9)
and a molybdenum sulfide cata?yst(lo Ro]1man has removed sulfur from model
compounds over sulfided CoMo cata]ysts(]])

EXPERIMENTAL

The reductions are done in a pa1r of 250-ml rocking Hastelloy C autoclaves.
The temperature is maintained at 425°C  for two hours. The heat up time is
slightly more than an hour, and the cool-down time is done overaight. Initially
the autoclaves are charged with 750 psi of reducing gases and 750 psi of argon
(1500 psi total). At 4250C, the reactions will achieve a total pressure of about
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3,000 psi. After cool-down, the gases are vented and the products removed by
decanting.

The water layer is separated from the organic layer by a separatory funnel
and filtered through a sintered glass funnel. A 3-ml aliquot of the resultant
solution is combined with an appropriate internal standard and analyzed by gas-
liquid chromotography. The results were obtained on a Varian Aerograph 90-P
instrument and are duplicated with the precision of 6%.

RESULTS AND DISCUSSION

In the absence of possible catalysts, the effectiveness of the reducing
gases is Hp = Hy - CO - Hy0 > CO - H,0 for causing conversion of diphenylsulfide
(Table 1, runs T-4) and thioanisole (Table 3, runs 2-4). Hydrogen, with or with-
out carbon monoxide, causes predominantly transformation into benzene, whereas
carbon monoxide-water gives a variety of products. The combination of hydrogen
with carbon monoxide and water provide results intermediate in percentage yields.

In the absence of reducing gases, neither dibenzothiophene nor diphenylsulfide
decompose at 4259C (Tables 1 and 2). However, thioanisole readily decomposes to
give diphenylsulfide, toluene and benzene (run 1 of Table 3). Since the latter
reaction solution is essentially nonpolar, homolysis of the sulfur-methyl bond
is most probably occurring, i.e., reaction 1. The dissociation energy of this
bond is 60 keal/molel2. Little thiophenol is formed possibly because of the low
S-H bond energy. Reactions 2¢ and 3 are likely reactions to account for the
benzene formed. Reaction 4 illustrates the reaction route to the predominant
product, diphenylsulfide. Reaction 5 outlines a possible reaction route to toluene.

For the three sulfur compounds of Tables 1-3, hydrogen is superior to carbon
monoxide-water for desulfurization. The CO-H,0 results can be accounted for by
the reduction caused by hydrogen from the shift reaction, reaction 6, rather than
an interpretation wherein CO directly reacts with the three model compounds.

Since benzoic acid is formed in the reactions of diphenylsulfide and thioani-
sole only when carbon monoxide is present, it must be the source of the carboxyl
group directly or indirectly. The sequence of reactions 7 and 8 are probable for
the formation of benzoic acid under these high pressure conditions.

1) PhSCHy+PhS + CHy

2) PhS +Ph +5913

3) Ph + PhSCH3* + PhH + PhSCH3

4) Ph + PhSCH3 -~ PhSPh + CH3

5) PhSCH3 + CH3 -+ PhCH3 + SCH3

6) CO + H0 2 COp + Hy

7)  Ph + COy > PhCO,

8) PhCOp + PhSCH3* -+ PhCOoH + PhSCH2
( * or metal -H)

In the diphenylsulfide reductions results described in Table 3, carbon
monoxide must be the source of the methyl group of toluene. In support of this,the phenyl
ring is unlikely to fragment to a methyl group under these conditions for thermo-
dynamic reasons, and no toluene is formed when hydrogen is used as the sole reducing
gas.
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The added materials, tetralin, NapCO3 and FeS, inhibit the diphenylsulfide
and thioanisole reduction conversions and have little net effect on the dibenzo-
thiophene reactions. Tetralin is not behaving as a good hydrogen donor, but
rather as an inert diluent of the reducing gases. Less than 5% of the tetralin
is converted into naphthalene.
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Tab

1
le 2: Reduction of Dibenzothiophene

Run Reducing gases Catalyst Solvent Diphenyl, % Conversion, %
1 H2, HZO None None 2.7 2.7
2 H2, HZO NazCO3 None 0.6 0.6
3 Co, HZO Na2 CO3 None 1.2 1.2
4 H2,CO, H20 Na2 CO3 None 0.8 0.8
5 H2’ Co, HZO Na2CO3 Tetralin 2.3 2.3
6 H2,CO,H20 FeS None 1.7 1.7

1.

0. 15 mole and the footnotes of Table 1 apply here also.
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HIGH-YIELD COAL CONVERSION IN A ZINC CHLORIDE/METHANOL MELT
UNDER MODERATE CONDITIONS

John H. Shinn and Theodore Vermeulen

Chemical Engineering Department and Lawrence Berkeley Laboratory
University of California, Berkeley, California 94720

INTRODUCTION

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, with the handicaps of partial
fragmentation to gas and partial polymerization of cleaved products.

Hydrogen—-donor action involving direct or indirect hydrogenation
by solid catalysts has provided minor reductions in the severity of
treatment, insufficient to alleviate the wastage of coal and of input
hydrogen. To lower the scission temperature adequately requires
mobile catalysts which can penetrate thoroughly into the coal. Melts
such as zinc chloride are therefore a promising area for study.

Major work on zinc chloride catalysts for hydrogenation and
hydrocracking of coal has been carried out by Zielke, Gorin, Struck 1
and coworkers at Consolidation Coal (now Conoco Coal Development Co.)™.
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 ligquid-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
ZnCl)-water melt at 250°C, Holten and coworkersZ: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. 1In this paper we characterize the effects of temperature,
time, hydrogen pressure, reaction stoichiometry, and addition of
various inorganic and organic additives. Because oxygen removal from
the coal occurs in parallel with solubilization, we conclude that
scission of ether-type C-O bonds is the definitive chemical reaction.

EXPERIMENTAL PROCEDURE

The experiments were performed in a 600-ml Hastelloy B stirred
Parr autoclave fitted with a 300 ml glass liner. 275 gm of 2nCl
(97+% pure from Matheson, Coleman, and Bell) were loaded into thé
liner with the desired 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 additional solvent (if any) were
added to the melt. The autoclave was closed, purged with hydrogen,
and pressurized so that it would reach the desired hydrogen pressure
at reaction temperature. The contents were heated at approximately
10°C/min with stirring until the desired temperature was reached.
After reaction for the desired period, the autoclave was immersed in
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a cold-water bath, depressurized, and opened, and the contents were
dumped into 2 1. of cold water. The coal was then washed in a
Buchner funnel with 6 1. of distilled water at 90°C, and dried to
constant weight in a vacuum oven at 110°C under 50 millibars of
nitrogen. Some runs were split after water quenching; in these, half
of the product was washed with dilute HCl before hot-water rinsing.

Approximately 2 gm of dried product (referred to as melt-
treated coal, MTC) were extracted to exhaustion sequentially with
benzene and pyridine in an atmospheric soxhlet apparatus. The
extracts and residue were dried and weighed to determine solubility
of the MTC.

In addition to knowing the total MTC solubility, it was
important to determine the amount of methanol or other solvent
retained by the MTC. This quantity, the incorporation ratio (R = gms
incorporated organic material/gms coal-derived organic material), was
determined by a carbon balance on the reaction. By assuming that any
solvent retained in the dried MTC is pyridine-soluble, and sub-
tracting it from the total dissolved material, the minimum
solubility of the coal-derived material may be calculated. This
quantity, the corrected solubility, is an indicator of the true
solubilizing effect of a particular run on the coal itself. Based on
replicate runs, the standard deviation of the corrected solubility
is 6.5% of the reported value.

Additional details on the experimental methods employed are
available elsewhereé.

RESULTS

Effect of Reaction Conditions on Solubility

Earlier results3 suggested investigation of the 2ZnCl,-methanol
system as a coal-liquefaction medium based on high product Solubility,
low incorporation, and relatively low cost of methanol.

Of primary concern were the effects of temperature, pressure,
time, and methanol amount on the solubilizing activity of the melt.
Figure 1 presents the effect of hydrogen pressure and temperature on
corrected solubility. At 60 min reaction time with 50 gm of methanol,
the solubility is roughly linear with hydrogen partial pressure.

Even at 225°C there is significant conversion, with 800 psig producing
40% MTC solubility compared to 12% for the raw coal. By 275°C,
conversion is rapid with nearly total solubility in one hour at
hydrogen pressures as low as 200 psig.

The effect of methanol amount at various hydrogen pressures is
shown in Figure 2. At all-hydrogen pressures, there is a maximum
solubilizing effect near 50 gm methanol (approximately .75/1 MeOH/ZnCl
molar). To within experimental error, solubility is linear with
hydrogen pressure.

2

As shown in Figure 3, solubilization proceeds linearly with
time at 250°C (800 psig, 50 gm MeOH) with total solubility achieved
near 75 minutes. At 275°C, reaction is considerably more rapid, with
total conversion possible in less than 30 minutes. Heating alone to
250°C ("zero-time" runs) produces negligible increased solubility,
whereas the additional 2-3 minutes between 250 and 275° for heating
to 275°C results in almost 40% solubility.

81




Effect of Reaction Conditions on Incorporation

In addition to solubilizing activity, it is desirable to limit
the amount of methanol retained by the MTC. Table 1 shows there is no
significant effect of temperature on methanol incorporation at 800
psig, but a rapid rise in incorporation above 250°C at 200 psig
hydrogen. There is less incorporation with 25 gm methanol than with
50 gm, and a leveling off of incorporation at higher hydrogen
pressures. Also, there is no trend in incorporation with time at
275°C, but a strong increase of incorporation with time at 250°C.

Table 1. Effect of Operating Variables on Incorporation of Methanol
and on Corrected H/C Ratios (273 g ZnCl, 50 g Wyodak coal)

Methanol Hydrogen Temp Time Corrected Retained MeOH Atomic

(gm) (psig) (°C) (min) Solubility (gm/gm coal H/C
(Pct. DAF) organics) Ratio
50 0 250 60 57.3% .31 .53
200 67.41 .16 .81
500 70.3% .19 .78
800 85.0% .18 .85
25 200 54.8 .16 .70
800 73.6 .05 .96
50 800 250 0 13.2 .05
30 53.7 .16
! 275 0 35.8 .16
30 100.0 .21
200 225 60 26.4 .12
800 40.0 .11
200 275 95.6 .32
800 99.1 .17

1 Average of replicate runs.

Hydrogen -to-Carbon Ratios

An indicator of the quality of the MTC is the hydrogen to carbon
ratio (raw coal H/C = .98). Figure 4 shows the effect of methanol
amount and hydrogen pressure on the H/C ratio of the coal derived
portion of the MTC. Higher hydrogen pressures result in higher H/C
ratios regardless of methanol amount. Higher methanol amounts produce
lower H/C ratios at all pressures up to 500 psig. At 800 psig, there
is a maximum near 25 gm methanol in the H/C ratio with a sharp drop
afterward.

Effect of Additives

Table 2 lists the results of runs in which inorganic additives
were used in the 2nCl,-MeOH melt. Addition of 5 mole % ZnO, a noted
poison for 2nCl,, had“little effect on solubility and produced a
surprising rise”in H/C ratio of the MTC. The addition of 1 gm Zn
powder had little effect in solubility but slightly improved the H/C
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ratio. 100 psig HC1l, while producing total solubility, had little
more effect than a dilute HC1 wash. The hydrated chlorides of tin and
cadmium resulted in reduced yields.

Solvent additives to the melt (Table 3) fall into two
categories: extractive and reactive. The extractive solvents (decane,
perchloroethane, o-dichlorobenzene, and pyrolidine)} had negligible
effect on solubility, possibly due to the preferential wetting of the
coal by the solvent and exclusion of the 2nCl., melt. Reactive
solvents (anthracene oil, indoline, cyclohexafol, and tetralin) all
incorporated strongly. Donor solvents, tetralin and indoline,
increase corrected solubility, whereas anthracene o0il and cyclohexanol
have negligible effect.

Table 2. Effect of Inorganic Additives to 2nCl_ -Methanol Melt.
273 gm ZnClz; 50 gm MeOH: 50 gm coal;"T = 250°C; t = 60 min

Additive PH2 ggiigiifgy (gm rgtained MeOH/ gig;ic
(gm) (psig) (Pct. daf) gm coal organic) H/C
HC1 (100 psig) 500 100.0 0.16 0.84
Zno (9.0)° 500 69.2 0.11 1.10
zn (1.0) 500 73.6 0.15 . 0.86
caci, (38.5) 200 44.3 0.16 0.76
sncl, (42.1)2 200 0.0 0.19 0.55
None3 500 70.3 0.18 0.79
None> 200 67.3 0.17 0.76

1 - 11.4 gm water present with CdCl2
2 - 36.0 gm water present with SnCl2
3 - Average of two replicate runs

Table 3. Effect of Solvent Additives to 2ZnCl,- Methanol Melt.

273 gm ZnC12; 50 gm MeOH; 50 gm coai; T = 250°C; t = 60 min
PH Corregtgd .R
Solvent 2 Solubility (gm retained MeOH/
(gm) (psiqg) (Pct. daf) gm _coal organic)
n-Decane (50) 250 41.4 0.19
C2C16 (50) 200 40.5 0.43
o—Clz-benzene (60) 200 33.5 0.16
Pyrrolidine (10.5) 500 65.6 0.13
Cyclohexanol (10} 200 68.7 0.39
Anthracene 0il (10} 250 73.7 0.77
Tetralin (10} 200 77.4 0.65
Indoline (10} 500 81.5 0.27
Methanol only 500 70.3 0.18
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Effect of Wash

Several runs were divided after water quenching of the MTC and
15 ml HCl was added to the cold water wash. Figqure 5 shows the
increase in benzene and total MTC solubility as a result of the HCl
wash. Acid washing produces total pyridine solubility from a 65%
soluble water washed MTC. The effect of acid washing on benzene
solubility is less marked with a maximum increase of 10-15% at 25%
water wash benzene solubility. The maximum benzene solubility with
either water or acid wash is 40%.

In some runs, a preliminary benzene wash was necessary to make
the MTC sufficiently hydrophilic to allow removal of the ZnCl,. The
solubilized material from the wash was added to the benzene gixhlet
vield for total benzene solubility. As seen in Figure 6, the
relationship between benzene solubility and pyridine solubility of the
MTC is a function of the type of wash used. Benzene washing produces
higher benzene solubility whereas HCl washing produces higher
pyridine than water wash.

Oxygen Recovery and Solubility

Earlier work with the ZnClZ—Hzo system3 had revealed a
correlation between the oxygen recovery and the solubility of the MTC.
There proved to be a similar relationship in the ZnCl_-methanol system,
as well as a separate relationship for acid-washed rufis (Figure 7).
Conditions of temperature, hydrogen pressure, reaction time and
stoichiometry did not affect the relationship for a particular solvent,
whereas additional solvent produced skew points supporting the
conclusion that the relationship is solvent dependent. Acid washing
produces increased solubility without affecting oxygen removal.

DISCUSSION

The following scheme may be used to explain the conversion of

coal to soluble form.
HIGHLY /
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The first step in conversion is activation. This activation
may be weak (by using low temperatures and less active catalysts)
cleaving only weaker heteroatom bonds or strong (by using higher
temperatures and active catalysts such as HCl) cleaving weaker as well
as stronger C-C bonds. (Weak bonds include ether and thioether as
well as aliphatic linkages with suitably substituted neighboring
aromatic centers3:6.) Keys to the mild activation are penetration of
the catalyst into the coal, sufficient catalyst activity toward weak
bond cleavage and resistance to poisoning. Massive amounts of molten
ZnCl,, provide the proper activation and the correct choice of solvent
allows for proper contacting.

Scanning electron micrographs of methanol-treatment MTC show
that methanol addition causes massive physical change in the coal
particles, presumably enhancing phase contact and removing product
during reaction so as to expose unreacted coal’.

The cleaved weaker bonds must now be properly "capped" to
prevent polymerization to char. Several mechanisms are available for
such capping. First, hydroaromatic structures in the coal may
exchange hydrogen with the reacted fragments, as noted by Whitehurst
et al.8. This type of donation may result in a net lowering of H/C
ratio of the product as hydrogen is lost forming water upon oxygen
removal. Two sources of external hydrogen are also available: from
donor solvents and gas-phase hydrogen. The contribution of gas-phase
hydrogen is normally small but there is promise for enhancement of
this effect through the use of additives with hydrogenation activity
still being investigated. Finally, capping may occur without hydrogen,
by means of alkylation. Methanol may be important in this step, as
its presence may prevent crosslinking subsequent to ZnCl2 attack.

Conversion of soluble coal to asphaltenes and oils will require
further activation of the coal with C-C bond cleavage and further
heteroatom removal. Higher temperatures and/or more active catalysts
will likely be required with sufficient hydrogen donors and
hydrogenation catalysts to reduce char formation. Preliminary
investigations on this further conversion are currently under way in
our labs. The soluble coal should facilitate contacting,allowing a
greater choice of catalysts for upgrading.

CONCLUSIONS

Some preliminary work was done with other solvents which were
miscible with the ZnCl,. We have discovered that replacing water with
methanol as a liquefyifig agent for the ZnCl, results in large
increases in pyridine solubility of the tredted coal. There are
several explanations for this effect: improved contacting between the
coal and the melt; higher activity of the 2nCl, in a methanol media;
methylation of cleaved bonds resulting in reduCed char formation;
extraction of the reaction products, leaving the coal more accessible.

Solubility is linear with hydrogen pressure and time, at
constant temperature and methanol charge. There is a strong effect of
temperature leading to complete solubility at 275°C in less than
30 minutes. Incorporation is best limited by lower methanol amounts
and higher hydrogen pressures.

Extractive solvents reduce solubility; donor solvents increase
solubility, but involve incorporation. A relation between benzene
and pyridine solubility is dependent on wash conditions. Finally,
oxygen recovery and corrected solubility are related, the relationship
varying with the solvent used.
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THE EFFECT OF COAL STRUCTURE ON THE
DISSOLUTION OF BROWN COAL IN TETRALIN
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Petone Victoria
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INTRODUCTION

In much of the literature on coal dissolution in hydrogen donor
systems the extent of the hydrogenation processes is assessed in
terms of either the yield of liquid product or the conversion of

coal to material soluble in a specified solvent, normally a solvent
ineffective for coal. However, such approaches can not describe
fundamental changes that occur within the coal material. To do this
requires an experimental approach that allows coal conversion to be
discussed in terms of the chemical changes that occur within the coal.
This, in turn, requires a direct method of determining the structural
features in coal.

In another paper presented at this Congress (1) we described the use
of the acid-catalysed reaction of coal with phenol to study the
structure of an Australian brown coal from Morwell, Victoria. The
coal was solubilized by reacting it with phenol and then separated
into four fractions, the first rich in aliphatics, the second rich in
simple aromatics, the third rich in di-aromatics and polar groups,
and the fourth rich in polyaromatics.

If these fractions are regarded as models of structural types within
the coal, then reacting each fraction separately allows the role
played by different chemical structures during the hydrogenation
process to be examined. The effect that chemical type has on the
coal hydrogenation reaction may then be studied directly and, in
addition, the hydrogenation process may be represented by a composite
process made up from the individual recactions of the different
fractions.

The work now to be reported tested this hypothesis by reacting such
fractions individually with tetralin, without any additions of
catalyst or gaseous hydrogen. 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.

EXPERIMENTAL

Experimental procedure

Morwell brown coal was solubilized by reacting with phenol, in the
presence of para toluene sulfonic acid at 183°c and the reaction
product was then separated into four fractions. The structural
characteristics of the four fractions, as described in our other
paper (1), are summarized in Table 1. As these characteristics are
influenced to some extent by the presence of chemically combined
phenol, the content of this in each fraction, as estimated in the
present work and confirmed by reference to the literature (2,3) is
also noted in Table 1.

Approximately 3g samples of the coal fractions and of the whole coal
were then reacted separately with 25 - 30 ml of tetralin at 450°% in
a type 316 stainless steel, sealed reactor, 13 cm high by 2 cm
diameter. The reactor was heated by plunging it into a preheated
fluidized sand bath; after 4 hours it was removed and quenched
rapidly.

89



Table l: Structural Characteristics of Coal Fractions
Separated from Solubilized Brown Coal (1)

Mass %
Fraction Phenol Structural Characteristics
A 50 Mostly aliphatic material with some mono-
A liquid aromatic parts broken off the coal by
soluble in C-C cleavage. Apart from combined-phenol
pentane it has negligible polar material. It
contains some free paraffinic material,
but exists mostly as alkyl phenols and
alkyl-aryl ethers
B 50 A mixture of alkyl side chains and arom-
A liquid atic fragments, predominantly di-aromatic.
insoluble in It exists either as alkyl phenols or as
pentane but aromatic fragments attached to phenol by
goluble in methylene bridges. It also contains other
benzene oxygen functional groups
C
A pitch insol- 25 Consists almost entirely of aromatic
uble in benzene fragments attached to phenol by methylene
but soluble in bridges. These fragments are larger than
benzene/ethanol in fraction B as they contain polyaromatid
azeotrope groups. It has more oxygen functional
groups than B.
D 10 Predominantly diaromatic and polynuclear
A solid insol- perhaps combined through naphthenic
uble in ethanol/| bridges, with negligible aliphatic
benzene azeo- content
trope

The temperature of the reaction mix was measured by a stainless steel-

sheathed thermocouple inserted through the reactor cap. Heating up
and cooling down times were small compared with the total reaction
time. 1In all cases the free space in the reactor was flushed with
nitrogen before sealing, and the reaction proceeded under a small
initial nitrogen pressure.

After reaction, any solid residue was filtered off and the liquid
product was separated by distillation into a bottoms product and a
distillate that included unreacted tetralin and low-boiling products
from both the coal and the tetralin. As tetralin breaks down under
dissolution conditions to form mainly the tetralin isomer 1l-methyl
indan, naphthalene and alkyl benzenes (4) it was assumed that no
compound with a higher boiling point than naphthalene was formed
from the solvent, and the distillation to recover solvent was there-
fore continued until naphthalene stopped subliming. Some residual
naphthalene remained in the bottoms product; its mass, as determined
from nmr and elemental analysis, was subtracted from the mass of
bottoms product recovered and included in the amount of distillate
recovered. It was assumed that all naphthalene present came from
the tetralin, not the coal. However, as the amount of tetralin
reacted was 10 times the amount of coal this assumption appears
reasonable.

Material formed from the coal which appears in the distillate is
here called solvent-range material, following the terminology used
by Whitehurst et al (5). Its mass was estimated by mass balance
over the material recovered from the reaction as it could not be
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separated from the large excess of tetralin and ‘tetralin breakdown
products also contained in the distillate. This procedure includes
with the mass of solvent-range material any gases and water formed
in the reaction.

Analysis techniques

The contents of the major breakdown products of tetralin (naphthal-
ene and l-methyl indan) present in the distillate were determined by
gas-liquid chromatography using a Hewlett Packard Series 5750
Research Chromatograph with a 62m x 0.5mm diameter glass capillary
SCOT column coated with non-polar SE 30 liquid phase (see Ref (4) for
details).

Infrared spectra of the original coal, the original coal fractions,
and all bottoms product and residues derived from them were measured
on a Perkin Elmer 457 Grating Infrared Spectrophotometer. Liquid
samples were analysed as a thin film or smear. Solid samples were
prepared as a KBr disc containing approximately 0.3% by weight sample.
The disc was prepared by grinding the KBr mixture for 2 minutes in

a tungsten carbide TEMA grinding barrel, drying for 24 h in a vacuum
desiccator over phosphorus pentoxide, then pressing into a disc at
10 tons force, at room temperature, but under vacuum.

Proton nmr spectra of fractions A,B and C and all bottoms products
were recorded on a Varian HA 100nmr spectrometer using a solution

of the sample dissolved in pyridine-ds. Spectra were run at room
temperature with tetra methyl silane (TMS) as an internal standard,
with a sweep width of 0 to 1000 cps from TMS. Fraction D and the
whole coal were only partly soluble in pyridine and it was therefore
not possible to get representative spectra from them.

Carbon, hydron and oxygen contents of the original coal, original
fractions, bottoms and residues were determined microanalytically

by the CSIRO Microanalytical Service. Ash contents of samples were
determined in a standard ashing oven (6). Phenolic and carboxylic
oxygens were measured by the State Electricity Commission, using
techniques developed by them for brown coals (7).

RESULTS

Recovery of coal material from the reaction with tetralin
The yields of the different products from the reactions of the
various fractions with tetralin are summarized in Table 2.

Comp-- Fraction wWhole
onent - Coal
A B C o} Camnposite

% of g/100g] % of g/100g] % of g/100g| % of g/100g | g/100g g/100g

frac- dry frac- dry frac- dry frac- dry dry dry

tion coal tion coal tion coal tion coal ooal coal
hottoms 47 13 56 37 37 29 30 9 88 46
residue | 0 0 0 0 27 21 61 17 38 40
solvent 53 15 44 29 36 28 9 2 | 14
irange
total 00 28 100 66 100 78 100 28 200 100
fraction

Table 2: Yields of original coal fractions and their products of
reaction with tetralin, g/100g original dry coal.
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These yields are also given on the basis of 100 g of original dry
coal before fractionation. The bottom line of the table shows the
mass of each fraction obtained from 100 g of dry coal. The masses
include chemically combined phenol and residual solvent associated
with the fraction as a result of the coal preparation and fraction-
ation scheme. (For every 100g of original dry coal an additional
100g of extraneous material was present. Elemental balances and
other evidence showed that about 70g of this was phenol and the
remainder was excess solvent (benzene) never separated from the
original fractions). Note that with fractions A and B no solid
residue was obtained.

The amount of residue recovered from the other two fractions is
almost the same as that recovered from the whole-coal reaction,
suggesting that the combined phenol and residual solvent end up
completely in the bottoms product and solvent-range product.

Composition of the coal products

Table 3 shows elemental compositions of the original cocal fractions,
the solid residues and the bottoms products, together with the
portions of the total oxygen present as phenolic and carboxylic
groups. Because of dilution with combined phenol and benzene solvent
the composite analysis of the original fractions has higher carbon

and lower oxygen contents than the original whole coal (note also the
higher phenolic oxygen content).

As expected, both the bottoms products and the residues, where formed,
have substantially higher carbon and lower oxygen contents than the
original fractions, but whereas in the bottoms products the hydrogen
contents have increased in the residues they are reduced. The
bottoms products, including that from the whole coal, are remarkably
similar in composition to each other. Likewise the residues are
similar in composition to each other.

Figure 1 shows representative infrared spectra for the fractions
before reaction and for bottoms products and residues. Although
there were considerable differences in the spectra of the four
original fractions the spectra obtained for their bottoms products
were quite similar. The spectra show,that significant amounts of
aliphatic material (2850 and 2920 cm ) is present in the bottoms.

An aromatic content is indicated by the aromatic C-H stretching
vibration at 3030 cm™", but this is due in part, at least, to residual
naphthalene and to phencl combined with the original fraction.
Absorption at 3400 cm~l (due to hydrogen bonded OH), present in both
the coal fractions and the coal before reaction, has almost disap-
peared in the products from the coal fractions. The absorption does
still occur in the bottoms product from the whole coal, although it

is greatly reduced.

The spectra show that carbonyl groups (absorption at 1700 cm~l) and
the broad absorption in the region 1000 -~ 1200 cm~1l due to oxygen
functional groups, both normally present in coal, have been

destroyed, indicating, as would be expected, that functional groups
are destroyed during the reaction. The absence of a large hydrogen-
bonded OH peak at 3400 cm~! indicates that the remaining oxygen \
absorption at 1250 cm™t is not due to phenol. This absorption

may be due to ether absorption, but this assignment is by no means |
certain, as normally ether absorption in this region is broad whereas

the spectra show sharp absorption.

Aliphatic material still remains in the residue from the whole coal,

but is virtually eliminated eliminated in the residue from fraction

C. The absorption at 1170 cm™! in the spectra of both residues may |
be due to benzofuran type structures (8), but it is felt that the ]
strong absorption in the region 1000-1200 cm-l may have been enhanced i
by the presence of silica, a major component of the ash content in
this coal. L
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fraction

Whole
C camposite Coal

original

fraction

C 76 74 69 71 72 63
H 7 6 5 4 5 5
0 phenolic 7 11 8 5

0 carbolic 5 4 4 5

0 total 17 16 21 18 18 25
ash - —-. 2 3 2 4
unaccounted 1 4 3 4 3 3
residue

C 89 86 88 85
H 4 4 4 4
(0] 3 3 3 5
ash N.D. 7 N.D. 8
unaccounted N.D 0 N.D. -2
bottoms

C 86 83 86 83 85 85
H 7 7 7 7 7 8
0 7 10 7 10 8 7
Table 3: Composition of the fractions and their reaction products,

mass %.

N.D. means not determined (in the case of the

residue from fraction C insufficient sample was available

for an ash determination).

Note

that the method for

backing out naphthalene from the bottoms involves normal-
izing the composition to
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Table 4 shows the proton ratios obtained from the nmr spectra on the
original fractions A, B and C and all the bottoms products. The
proton ratios for the bottoms products have been adjusted to elimin-
ate absorptions due to residual naphthalene. Note that the original
fractions contained hydrogen present from combined phenol. Most of
this hydrogen appears as monoaromatic hydrogen, but when the phenol
-OH is still intact, one proton will appear as OH hydrogen.

ratio of protons fraction
present in var-
ious forms to A B C D comp-| Whole
total protons, % osite| Coal
orig bottams| orig bottoms |orig bottoms|bottams] btms | bottoms
frac- frac- frac-
tion tion tion
OH hydrogen 7 0 17 0 19 0 0 0 0
polyarcmatic 0 0 0 0 6 0 0 0 0
diaromatic 6 0 10 0 8 0 0 0 0
monocaromatic 63 46 58 54 44 42 43 48 33
olefinic 1 0 0 0 0 0 0 0 0
thylene bridge { 4 5 9 4 17 1 1 3 0
o¢ methine and ( 15 0 17 0 21 21 18 24
thylene (3
o methyl ( 8 1 8 4 11 11 9 8
g methylene 3 10 1 13 0 14 16 13 20
B methyl 13 12 4 5 1 10 7 8 12
¥ aliphatic 0 4 0 0 0 0 0 1 4
Har/Hal 2.8 0.9 4.5 1.2 2.7 0.7 0.8 0.9 | 0.5

Table 4: Distribution of protons by type and overall aromatic/aliphatic proton
ratios for the original fractions and bottoms products, as determined
by proton nmr.

The nmr analyses of the bottoms products given in Table 4 show the
material to have a large aliphatic content. The aromatic/aliphatic
ratios of the fractions are higher than for the whole coal because
of the presence of combined phenol and unseparated benzene solvent;
reaction with teralin reduces these ratios considerably, presumably
by transfer of much of this material to the solvent-range product,
but some of it must remain in the bottoms as the aromatic/aliphatic
ratio of the composite bottoms product from the fractions is higher
than that from the whole coal. It was not possible to calculate the
contribution that the diluents, excess solvent and combined phenol,
made to the aromatic H, but the large monoaromatic content of the
bottoms product must be due, in part, to these.

The remarkable feature in Table 4 is that after the spectra are
adjusted for naphthalene, none of the bottoms products show the
diaromatic or polyaromatic material which were present in the original
materials. In the case of fractions C and D one might expect this
material to end up in the solid residue, but in the reactions of
fraction A and especially with fraction B, where a large diaromatic
content existed before reaction, no residue was formed; thus suggest-
ing that aromatic rings must be broken during the reaction. In
addition, none of the OH hydrogen present in the original coal
fractions appears in the bottoms product.

The solvent-range product was not separately analysed as it was not
able to be separated from the recovered solvent in the distillate.
However, GLC examination of the distillate indicated that the
solvent-range product was derived mainly from aliphatic side chains
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in the coal (9). Note that virtually no solvent-range product was
derived from fraction D.

Naphthalene and l-methyl indan contents in the distillate were
measured by GLC in order to calculate the amount of hydrogen trans-
ferred to the coal material from the solvent. It is beyond the
scope of this papr to discuss in detail the results that were
obtained, but it is interesting to compare the naphthalene content
of the solvent recovered from the reactions between tetralin and the
coal fractions with the naphthalene content of the solvent when
tetralin is heated alone (Table 5). The large increase in naphtha-
lene content when tetralin is reacted in the presence of coal
material can only be explained by a reaction mechanism involving
free radicals.

Fraction A B (o D Whole Tetralin heated
Coal alone at 450°C 4h.*

wt$% naphtha- | 12.9| 16.9} 23.8{ 17.1} 11.1 4.3

lene in rec-

overed

solvent

* From reference (4)
Table 5: Naphthalene content of recovered solvent from reaction
for 4 h at 450°cC.

DISCUSSION

The effect of phenol

Three types of phenol compounds have been identified in the fractions
derived from the product of the phenolation reaction (1,2): alkyl
phenols and alkyl-aryl ethers, both formed by combining phenol with
alkyl side chains cleaved from the coal molecule, and compounds made
up of aromatic fragments attached to phenol by a methylene bridge,
formed by cleaving aromatic-aliphatic linkages in the coal and
exchanging the aromatic structures with phencl. For the hydrogenation
of coal fractions separated from the phenoclated product to simulate
the hydrogenation of the whole coal the removal of coal fragments
from the coal molecule during the phenolation reaction must involve
similar C-C cleavage processes as would occur by the thermal break-
down of coal during a hydrogenation reaction. For example, one
would expect alkyl side chains to be cleaved off under hydrogenation
conditions, in much the same way as has been seen to occur in the
phenolation reaction. Moreover other workers have shown that the
molecular weights of coal fragments- from the phenolation reaction
are in the region 300 - 1000 (3) which is the same molecular weight
range as for products from a coal dissolution reaction (4). Thus,
both processes, one involving C-C cleavage by phenolation, the other
by thermal breakdown. produce ccal fragments of the same size. The
hydrogenation of the coal fragments can therefore be considered to
simulate the reaction of the whole coal, providing appropriate
allowance is made for the movement of the phenol groups themselves.

The nature of the products

The composition of the bottoms products from the various reactions
were all similar, regardless of the original material. 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 analysis
show the material to be largely aliphatic, with hydrogen bonding in
the product almost destroyed. Similarly, the residue in a carbon-
rich material with very little oxygen were all similar. Its
elemental composition ranged from 86.1% to 89.3% carbon, 3.8% to
4.2% hydrogen, and 2.6% to 2.9% oxygen. The material is mainly
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aromatic with perhaps some benzofuran type structures, suggesting
that condensation reactions may be involved in its formation.

Most importantly, a solid residue was shown to form only from
fractions C and D. As fraction C was completely soluble in tetra-
1in and the reactor feed before reaction was therefore liquid, the
s0lid material present after reaction was, in the case of fraction
C at least, not present in the original coal and must therefore be
a product of the reaction.

nlthough we have followed the usual nomenclature in calling this
solid a "residue", such nomenclature is misleading in terms of
reaction mechanism. Presumably some of the "residue" formed in the
reaction of the whole coal is genuine unreacted residue and some is
a reaction product, and one of the aims of liqugfaction research
must be to learn how to minimize the formation of such solid products
(10).

The mechanism of coal dissolution

The classic view of the mechanism for the reaction between coal and

a hydrogen-donor solvent involves the thermal breakdown of the single
carbon-carbon bonds within the coal to produce reactive fragments in
the form of free radicals which are then stabilized by hydrogen
transferred from the solvent or elsewhere in the coal. If insuffic-
ient hydrogen is available the aromatic fragments can polymerize
yielding chars or coke. Another view of coal dissolution, but much
less widely held, is that oil is produced from coal via an asphaltene
intermediate (11).

h most striking result from the work described above is that the
composition of the bottoms product from the dissolution reaction did
not depend on the chemical structure of the original coal material;
only their relative gquantities differed. This supports the view of

a free-radical mechanism rather than an asphaltene-intermediate
mechanism. The greatly increased formation of naphthalene during

the reaction further supports this view.

Perhaps the greatest difference between the present work and more
conventional work on higher-rank coals is the important role of the

functional-group oxygen. The importance of oxygen groups is stressed,
as the predominant process during the dissolution reaction was the
destruction of functional groups within the coal. The role of

oxygen in the reaction was not clearly defined by the present work,
but quinone groups, for example, are thought to play a role in the
liquefaction of high-oxygen-content coals (12), and their effective-
ness in the free radical abstraction of hydrogen from hydrogen-donor
compounds is well known (13).
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Figure 1: Infrared spectra for typical fractions and their products
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Coal Liquefaction under Atmospheric Pressure
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INTRODUCTION

Liquefaction of coals has been investigated extensively in the
recent time to synthesize liquid fuels of petroleum substituent(l).
The processes for liquefaction proposed are classified into three
major groups. They are direct hydrogenation of coal under high
hydrogen pressure, the solvent refining of coal under medium
hydrogen pressure, and the hydrogenation of liquid produced by dry
distillation of coal. BAmong them, the solvent refining may be the
most skillful method for the largest yield of coal liquefaction
under the moderate conditions(2).

The present authors studied the solvolytic liquefaction process
(3,4) from chemical viewpoints as for the solvents and the coals in
a previous paper(5). 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. The coal which is non-fusible at liquefaction tempera-
ture is scarcely liquefied with the non-reactive aromatic compound.
This fact indicates the importance of solvolytic reactivity in the
coal liquefaction. This conclusion corresponds to the fact that
tetraline or hydrogenated anthracene oil assured the high liquefac-
tion yield (6).

In the present study, the liquefaction activities of pyrene
derivatives and decacyclene with coals of several ranks are studied
to ascertain the previous ideas of liquefaction mechanism. The
coals used in the present study are non-fusible or fusible at
relatively high temperature and then gave small liquefaction yield
with pyrene of non-solvolytic solvent at 370°C.

EXPERIMENTAL
Coals: The coals used in the present study are listed in Table 1,
where some of their properties are also summarized. They were
gratefully supplied from Shin Nippon Steel Co., Nippon Kokan Co.,
and National Industrial Research Laboratory of Kyushu.
Liquefaction Solvents: The solvents used in the present study are
listed in Tables 2 and 3. Alkylated and hydrogenated pyrenes were
synthesized by Friedel-Crafts and Birch reaction, respectively.
Details have been described in else places(7).
Procedure and Analysis: Apparatus used in this experiment consisted
of a reactor of pyrex glass(diameter 30 mm, length 250 mm, volume
175 ml) with a stirring bar and a cold-trap. After 1n3 g of coal N
and described amount of the solvent were added in the reactor, of
which weight was previously measured, the reactor was heated in a
vertical electric furnace under N; gas flow. The temperature was
increased at the rate of 4°C/min, and was kept at the prescribed
temperature for 1 hr. The weight calculated by substracting the
weight of the reactor cooled from the total weight defined 'residual
yield'. The weight of o0il and sublimed matter captured in the trap
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defined 'oil yield'. The difference between the weight of charged
substances and the residue plus oil yields defined 'gas yield',
which contained the loss during the experiment. The gas and oil
yields were usually less than 20 % under the present conditions.

The residual product in the reaction was ground and stirred in
100 ml of quinoline for 1 hr at room temperature, and filtered after
centrifugation. This extraction procedure was repeated until the
filtrate became colorless (usually 244 times). The quinoline
insoluble (QI), thus obtained, was washed with benzene and acetone
and then dried for weighing. The collected filtrate was evaporated
to dryness in vacuo and washed with acetone for weighing. The
degree of the solvolytic liquefaction was described with two ways
of expression, liquefaction yield (LY) and liquefying efficiency
(LE), which are defined by equations (1) and (2), respectively. QI
and the coal fed in these equations were moisture and ash free (maf)
weights,

o1¥-01°

Liquefaction Yield (%) = (1 - coal fed

)} x 100 (1)

P_,.S
(1 - QI -o1
QI

where QIP, QIS, and QIc are weights of guinoline insoluble in the
residual product, in the original solvent, and in the heat-treated
coal at the liquefaction temperature without any solvent, respec-
tively. LE describes the increased yield of liquefaction by using
the solvent, indicating its efficiency for the liquefaction.

Liquefying Efficiency (%) = ) x 100 (2)

RESULTS

Liquefaction of fusible coal at high temperature

The liquefaction of Itmann coal, of which softening point and
maximum fluidity temperature are 417° and 465°C, respectively, was
carried out at several temperatures using decacyclene as a
liquefaction solvent. The results are shown in Fig. 1. where the
QI yield was adopted as a measure of liquefaction extent. Because
the solubility of decacyclene in guinoline was rather small, the QI
contained a considerable amount of decacyclene. Liquefaction of
this coal proceeded scarcely below 420°C of the softening tempera-
ture. Above this temperature, the QI yield decreased sharply with
the increasing liquefaction temperature until the resolidification
temperature of the coal. The maximum LY observed at this tempera-
ture was estimated 67 %, decacyclene being assumed uncharged under
the conditions. Above the resolidification temperature, the QI
vield increased sharply. The carbonization may start. Decacylcene
was known unreacted at 470°C in its single heat-treatment(8).
Liquefaction of coals in alkylated and hydrogenated pyrenes

Table 2 showzliquefaction activity of alkylated and hydrogenat-
ed pyrenes, respectively. Although hexylpyrene was Jjust same to
pyrene, propylation and ethylation certainly improved the liguefac-
tion activity of pyrene with these coals of three different ranks.
It is of value to note that ethylpyrene showed LY of 80 % with West-
Kentucky coal.

Hydrogenation improved quite significantly the liquefaction
activity of pyrene with these coals. The LY values with Taiheiyo
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and West-Xentucky coals reached to 80 %.

The effect of hydrogenation extent on the liquefaction activity
was summarized in Table 3. As the number of hydrogen atoms intro-
duced per one pyrene molecule varried from 2.2 to 4.7 by using a
varriable amount of lithium in Birch reduction. The liquefaction
activity of hydrogenated pyrene was affected slightly, reaching the
maximum at around three of hydrogen atoms. It is obviously observed
that LY was always larger with Taiheiyo than Itmann.

Structural change of solvent and coals after the liquefaction
reaction

To analyse the structural change of solvents and coals after
the liquefaction reaction, the solvent and coal should be separated.
Because the separation was rather difficult, it was assumed that the
benzene soluble and insoluble fractions after the liquefaction were
derived from the solvent and coal, respectively. This assumption
was verified by the following fact. The amount of BS recovered in
the liquefaction of Taiheiyo coal with pyrene was 73.3 % as shown
in Table 4. This value correspond to 97.7 % of the starting amount
of pyrene and the BS fraction at the same time showed the same NMR
pattern to that of pyrene. The recovery percentages of coal and
solvent (BI/coal fed, BS/solvent fed, respectively) calculated based
on the above assumption are summerized in Table 4. They were more
than 85 % except for the significantly low value for the coal
recovery when hydropyrene was used as the solvent. In the latter
case, some extent of the coal may be converted into the benzene
soluble. Nevertheless, analyses of BS and BI fractions may inform
the structural change of coal and solvent after the liquefaction.

Figures 2 and 3 show the NMR spectra of benzene solubles after
the liquefaction reaction using hydropyrene and ethylpyrene,
respectively, together with those of the solvents before liquefac-
tion for comparison. The BS derived from hydropyrene after the
liquefaction lost the resonance peaks at 2.5, 3.2 and 4.0 ppm,
extensively, although peaks at 2.0 and 2.8 ppm remained uncharged
as shown in Figure 2. In contrast, there was essentially no change
in the NMR spectra of ethylpyrene and its BS derivative as shown in
Figure 3, indicating that the BS derivative contained unchanged
ethylpyrene. However, the relatively low BS recovery of this case
suggests that the conversion of this compound into BI may increase
the BI yield in comparison with other cases as shown in Table 4.

Table 5 shows the ultimate analysis of benzene insoluble
fractions after the liquefaction. H/C ratios of these fractions
were similar when no solvent or pyrene was used, however when
ethylpyrene and hydropyrene were used, the values were significantly
low and high, respectively. The hydrogenation of coal by the
hydrogen transfer from the hydrogen donating solvent is strongly
suggested in the latter case. The low H/C value in the case of
ethylpyrene may be explained in terms of certain extent of carbon-
ization, as suggested by the low recovery of the solvent.

Discussion
In a previous paper (5), the authors described the ligquefaction
mechanism according to the properties of the coal and the solvent.
The coal was classified into two categories,
(1) fusible at the liquefaction temperature,
(2) non-fusible at the liquefaction temperature.
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The fusible coals can give a high liquefaction yield if the high
fluidity during the liquefaction is maintained by the liquefaction
solvent to prevent the carbonization. The properties of the solvent
required for the high yield with this kind of coal are miscibility,
viscosity, radical quenching reactivity and thermal stability not to
be carbonized at the liquefaction temperature as reported in liter-
atures (9) . !

In contrast, the non-fusible coal requires the solvation or
solvolytic reaction to give the high liquefaction yield. The
solvation of non-polar organic compounds including the pitch is
expected low, so that the solvolytic reaction is necessary between
the coal and the solvent.

The present results are well understood by the above mechanism.
Itmann which is fusible at relatively high temperature was not
liquefied below 420°C with a non-solvolytic solvent such as pyrene,
however it was significantly liquefied at 480°C in decacyclene of a
stable aromatic compound. Decacyclene is reported to be fused but
stable for 1 hr heat-treatment at 500°C(8).

With solvolytic solvents, the fluidity of the coal may not be
a principal factor any more. Taiheiyo, West-xentucky and Itmann
coals of three different ranks were sufficiently liquefied with
hydropyrene under atmospheric pressure at 370°C regardless of their
fusibility. Lower rank coals show higher reactivity in such
liquefaction.

The analyses of hydropyrene and the coal before and after the
liquefaction clearly indicate the hydrogen transfer from the solvent
to the coal substance. Transalkylation might be expected another
kind of the solvolytic reaction. However, the present results
suggest low probability with alkylated pyrenes as suggested by the
NMR analysis. Instead, the increased polarity by alkyl group and
the reactivity of the carbonization precursor from alkylpyrene,
especially ethylpyrene, may be responsible for a considerable
liquefaction yield. The recovery of the solvent becomes difficult
by its latter conversion as observed in the present study
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Table 1 Coals and their properties
Properties coal Itmann West Taiheiyo
Kent.14
Proximate ash 7.3 12.8 10.1
analysis volatile matter 19.9 53.0 45.9
(wts) fixed carbon 72.8 34.2 37.9
C 90.1 79.0 77.8
ultimate H 4.6 5.1 6.0
analysis N 1.3 1.7 1.1
(wtd) s 0.5 4.6 0.2
O(diff) 3.5 9.6 14.9
soften. temp. (°C) 417 387
plasticity max.fluid. temp.(°C) 465 425 non-
analysis max.fluid. (ddpm) 64 45 fusible
final temp. (°C) 487 445
Table 2 Coal liquefaction by pyrene derivatives

(reaction temp.=370°C, solvent/coal=3/1)

solvent n* coal rgildueéz),dlgzilatgéz) L.Yf* L.Ef*
West Kent. 85.1 9.2 0.8 4.9 17 0
none —_ Itmann 97.5 0.0 0.8 1.7 3 0
Taiheiyo 85.4 0.0 2.2 12.4 16 0
West Kent¥*¥ 19.9 69.9 6.0 4.2 24 8
pyrene 0 Itmann 20.4 75.2 3.1 1.3 23 18
Taiheiyo 19.3 75.0 2.5 3.2 25 11
hydro- West Kent. 7.6 73.4 9.6 9.4 80 76
pPyrene — Itmann 9.1 79.6 5.8 5.5 69 68
(No.1) Taiheiyo 6.3 85.0 4.5 4.2 83 80
hexyl- West Kent. 19.3 51.3 12.8 16.5 26 11
pyTene 0.83 TItmann 20.9 63.1 8.5 7.5 17 15
Taiheiyo 19.7 56.2 11.8 12.8 25 9
West Kent. 14.4 66.3 3.5 16.1 49 38
p;;ggie 0.85 Itmann 14.9 66.3 7.2 11.6 43 42
Taiheiyo 15.7 65.7 6.7 11.9 42 30
ethyl- West Kent. 7.6 79.3 12.4 0.7 80 76
éyrene 0.33 TItmann 11.4 77.8 5.5 5.7 59 58
Taiheiyo 13.4 76.8 2.9 6.9 52 42

* number of alkyl groups introduced/one pyrene molecule

** L.Y.=Liquefaction Yield(%); L.E.=Liquefying Efficiency(%)

*%** reaction t

emp.=390°C
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Table 3
Effect of hydrogenation extent on the liguefaction activity
( ceaction temp.370ec, solvent/coal=3/1)

Itmann Taiheiyo

solvent n* L.Y.L.E.L.Y.L.E.
(3) (%) (%) (%)

No.1l 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 83 179

=Liquefaction Yield

=Liquefaying Efficiency

= number of hydrogen atoms
introduced one pyrene molecule

L.Y.
L.E.
* n

Table 4 Benzene extraction of solvolysis pitches

(coal=Taiheiyo, reaction temp.  370°C, solvent/coal=3/1)

residue distilate recovery
solvent BI BS 0il gas coal solvent
(8) (%) (3) (%) (8) (%)
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)
ethyl- 5,3 9 64.0 7.9 4.2 96.0 85.3
pyrene
_pyrene 22.4 73.3 0.9 3.4 89.6 97.7
* recovery coal(%)=635%£?;3—
solvent=BS in residug
solvent fed.
Table 5 Ultimate analysis of benzene

insoluble part of solvolysis pitch

(Coal=Taiheiyo, reaction temp. 370°C, solvent/coal=3/1)

; solvent C(s) H(s) Ng) others(y)H/C

none 75.05 5.29 1.40 18.26 0.840
! pyrene  76.25 5.43 1.53 16.75 0.849

ethyl- g5 54 4.93 1.80 11.03 0.714
y pyrene
| hydro-
? o Che 7247 5.48 1.38  20.67 0.901
|
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Fig. 2 NMR spectra of hydropyvrene (a) and its BS

derivative after the liquefaction (b).
ligquefaction conditions: see Table 4
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(a)

) ‘__A‘J
1 H 1 1 1 1 "

10 8 6 4 2 0
8 ( ppm )

Fig. 3 NMR spectra of ethylpyrene (a) and its BS
derivative after the liquefaction (b).
liquefaction conditions: see Table 4
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CHANGES IN THE CHEMICAL COMPOSITION OF THE OIL FORMED WITH

VARIATIONS IN HYDROGENATION CONDITIONS

John R. Kershaw and Gordon Barrass

Fuel Research Institute of South Africa, P.0. Box 217, Pretoria,
South Africa

INTRODUCTION

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

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

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

EXPERIMENTAL
Materials

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

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

Hydrogenatiaon

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

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

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

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

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

Fractionation of the oils

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



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

Analysis

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

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

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

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

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

RESULTS ANOC DISCUSSION

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

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

The effect of catalyst concentration

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

The effect of temperature

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

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

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

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

chromatographic separation showed thet as the hydrogenation temperature increases

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

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

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

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

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

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

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

centage of polar compounds in the oil also decrease with increasing tempera-
ture.
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THERMAL TREATMENT OF COAL-~RELATED AROMATIC ETHERS IN TETRALIN SOLUTION

Y. Kamiya, T. Yao and §. Oikawa

Faculty of Engineering, University of Tokyo
Hongo, Tokyo 113, Japan

INTRODUCTION

The important elementary reactions of coal liquefaction are the
decomposition of coal structure, 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 independent 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 detail,
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-0 bond of polynucleus aromatic ethers
is cleaved considerably at coal liquefaction temperature.

EXPERIMENTAL

Tetralin and l-methylnaphthalene were reagent grade and were used
after washing with sulfuric acid, alkali, and water and the subsequent
distillation 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, Cuj0
and Y-collidine (12).

Samples were added to 300 ml or 90 ml magnetic stirring (500 rpm)
autoclaves. After pressurizing with hydrogen, the autoclave was heated
to the reaction temperature within 45 min. and maintained at the temper-
ature for the desired reaction time.

At the completion of a run, the autoclave was cooled by electric |
fan to room temperature and the autoclave gases were vented through ‘
gas meter and analyzed by gas chromatography. Liquid portions of the
samples were subjected to gas chromatographic analysis to determine the .
composition of products. !

1
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RESULTS AND DISCUSSION

Thermal treatment of various aromatic compounds

In order to study the reaction of coal structure, various aromatic
compounds were chosen as the coal model and treated at 450°C. The
conversion of the reaction along with the detected products were shown
in Table 1.

Recently, the thermal decomposition of diaryl alkanes such as
dibenzyl and 1, 3-diphenylpropane has been studied by Sato and coworkers
(13), Collins and coworkers (1l4). These compounds were confirmed to be
decomposed to alkylbenzenes gradualy as a function of carbon chain length.

Although diphenyl ether and dibenzofuran were very stable at 450°C,
,2'~dinaphthyl ether was decomposed slowly and benzyl ethers completely.
The apparent activation energy for the thermal decomposition of
phenyl benzyl ether was calculated to be about 50 kcal/mole from the

data obtained at 320-350°C.

These results imply that highly aromatic ether linkages will be
considerably broken at coal liquefaction temperatures resulting in a
main source of phenolic groups of the dissolved coal.

Phenolic compounds were confirmed to be very stable against thermal
treatment. Diphenyl methanol and benzophenone were stable against
decomposition but hydrogenated to form diphenylmethane quantitatively.
Phenyl benzyl ketone was found to be partially hydrogenated or de-
carbonylated to form diphenyl alkanes.

Naphthoquinone was completely eliminated and hydrogenated to naphthol
and dihydroxynaphthalene as reported by Brower (15).

Carboxylic acid and carboxylate were completely decarboxylated to
the parent hydrocarbons. According to Brower, carboxylic acid is quite
stable in glass apparatus, but decomposed completely in a stainless
steel autoclave.

The thermal decomposition of aromatic ethers

According to the results of Table 1, the bond scission of oxygen
containing polynucleus aromatic structure of coal at liquefaction tem-
perature of 450°C seems to occur mainly at methylene or ether structures.
Therefore, it will be very important to study the characteristics of
these structures in the thermolysis.

It has been often proposed that the units of coal structure are
linked by ether linkages. Recently, Ruberto and his coworkers (7,8),
Ignasiak and Gawlak (9) concluded that a significant portion of the
oxygen in coal occurs in ether functional groups.

Thermal decomposition of seven diaryl ethers at various reaction
conditions and the composition of reaction products are shown in Table 2.

The decompositions of phenyl benzyl ether and dibenzyl ether
proceeded very rapidly at 400°C, and these results corresponded well to
the low bond dissociation energy of PhCH,-O.

Phenyl benzyl ether was mostly converted to toluene and phenol,
but partly isomerized to benzyl phenol.

Dibenzyl ether was entirely converted to toluene and benzaldehyde.
The formation of products can be explained by the following reaction
scheme. PhCH50CHyPh —— PhCH,0- + -CHpPh ——> PhCHO + PhCHj3
PhCHO ——— PhH + CO PhCHO + 2Hy —— PhCH3
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The high yield of toluene over 100% was confirmed to be due to the
hydrogenation of benzaldehyde by tetralin. As shown in Figure 1, the
yield of toluene increases with increasing reaction time, on the other
hand, benzaldehyde decreases gradually after reaching a maximum value,
giving toluene as the hydrogenated product and benzene and carbon monoxide
as the decomposition products.

Although diphenyl ether and dibenzofuran were very stable for
thermolysis at 450°C for 120 min., the rate of decomposition increased
with increasing the number of benzene nucleus, that is, phenyl naphthyl
ether was converted to the value of 25% and phenyl phenanthryl ether
46% at the same reaction conditions.

These results strongly suggest that in coal structure the covalent
bond of benzyl ethers composed of aliphatic carbon and oxygen will be
entirely ruptured at temperatures lower than 400°C, and the covalent
bond composed of aromatic carbon and oxygen will be considerably
decomposed at 450°C, since the unit structure of bituminous coal is
considered to be composed of polynucleus of several benzene rings.

The effect of phenolic compounds on the decomposition of diaryl ethers

It has been known that phenolic compounds (16,17) in the presence
of hydrogen-donating solvent have a remarkable effect on the dissolution
of coal. Therefore, it is important to clarify the fundamental structure
of coal being decomposed effectively by the addition of phenol.

The thermal decomposition of dibenzyl was not affected by the
addition of phenol or p-cresol. In contrast, the decomposition of
2,2'-dinaphthyl ether increases remarkably in the presence of phenolic
compounds as shown in Table 3, and the effect seems to increase with
increasing the electron donating property of substituent on the benzene
nucleus.

The effect of hydroquinone and p-methoxyphenol is remarkable,
but this seems beyond arqument at present because considerable parts
of them can not be recovered after reaction, suggesting that very
complex side reactions are taking place.

Furthermore, we studied the effect of phenolic compounds on the
thermolysis of phenyl benzyl ether at 320°C, because even reactive
phenols such as p-methoxy phenol are quite stable at this temperature.

As shown in Table 4, all phenols tested were confirmed to accelerate
the conversion of phenyl benzyl ether. In this thermolysis, benzyl
phenyl ether was decomposed to toluene and phenol (ca. 60%) and also
isomerized to benzyl phenol (ca. 40%).

Accelerating effect 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 accelerating effect due to phenol on the decomposition
of dibenzyl.
Therefore, phenols must be participating directly in the course of
scission of ether linkage.
Phenolic compounds may enhance the rate of decomposition of aromatic
ether by solvating transition state of the scission of ether linkage and
by hydrogen transfer to the formed alkoxy radicals.
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Previously we have shown that phenolic compounds have a remarkable
positive effect (4) on the coal liquefaction in the presence of tetralin,
depending strongly on the character of coal as well as on the concen-
trations of phenols. The effect of phenols on the decomposition of
diaryl ethers will give a good explanation for the previous results,
because aliphatic ether structures of some young coals will be decom-
posed rapidly at relatively low temperatures and so the rate of coal
dissolution will not be affected by the addition of phenols, on the
other hand, the polycondensed aromatic ether structures will be
decomposed effectively by the addition of phenols in the course of coal
liquefaction.

The effect of mineral matters on the decomposition ethers

Recently, the effect of mineral matters of coal on the coal
ligquefaction has attracted much attention. It was shown that small
amounts of FeS or pyrite are responsible for the hydrogenative lique-
faction of coal. Therefore, it is interesting to elucidate the effect
of mineral matters of coal on the decomposition rate and products of’
aromatic ethers, and so three diaryl ethers were thermally treated in
the presence of coal ash obtained by low temperature combustion of
Illinois No.6 coal.

It was found that the addition of coal ash remarkably accelerates
the rate of decomposition of dibenzyl ether and also drastically changes
the distribution of reaction products, that is, benzyl tetralin becomes
the main reaction product instead of a mixture of toluene and benzal-
dehyde, as shown in Table 5.

This result is quite surprizing, but can be ascribed to the acidic
components of coal ash, since Bell and coworkers (18) reported that
benzyl ether acts as an alkylating reagent in the presence of Lewis
acid such as ZnCl,.

In the cases of phenyl benzyl ether and phenyl 9-phenanthryl ether,
the effect of ash components was not so remarkable.

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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TABLE 2 THERMAL DECOMPOSITION OF DIARYL ETHERS IN TETRALIN

Tomp Time) Compersion Products tolet of
Diphenyl ether 450 30 0
450 120 2 _
Dibenzofuran 450 30 3.3
Phenyl l-naphthyl ether 450 120 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 450 120 45.5 PhOH 50,
Phenanthrene 15
Phenyl benzyl ether 320 30 31.4 PhCH3 55, PhOH 50,
Benzylphenol 40
400 30 100 PhCH3 61, PhOH 66,
Benzylphenol 27
Dibenzyl ether 400 30 65

20

Products (mmole)

10

Fig. 1 THERMAL DECOMPOSITION OF DIBENZYL
ETHER IN TETRALIN (300 mmole)
AT 400°C

PhCH3 106, PhCHO 73,
PhH 12

PhCH20CH,Ph
PhCH,
PhCHO

PhH

co

—0
\ L I
0 40 81 120 {min)




——— —— =

TABLE 3 EFFECT OF PHENOLS ON THE THERMAL DECOMPOSITION 2,2'-DINAPHTHYL
ETHER AT 450°C FOR 60 MIN
(2,2'-Dinaphthyl ether 11 mmole, Tetralin 225 mmole,
Additive 150 mmole)

Conversion (%)

Additive Dinaphthyl ether Phenol
1-Methylnaphthalene 12.6 —_
Phenol 17.1 1.5
p-Cresol 21.0 0
2,4,6~Tremethylphenol 26.0 3.5
1-Naphthol 33.7 22.1
p-Phenylphenol 34.1 0
p-Methoxyphenol 49.5 100
Hydroquinone 63.5 57.7

TABLE 4 EFFECT OF PHENOLS ON THE THERMAL DECOMPOSITION OF PHENYL
BENZYL FTHER AT 320°C FOR 30 MIN
(Phenyl benzyl ether 27 mmole, Tetralin 220 mmole,
Additive 140 mmole)

Additive Beznyl phenyl ether Phenols
1-Methylnaphthalene 31.4 —
p-Cresol 40.2 0
p-Methoxyphenol 44.1 1.1
1-Naphthol 43.0 0
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TABLE 5 EFFECT OF

COAL ASH ON THE THERMAL DECOMPOSITION OF DIARYL ETHERS

(Ethers 4 mmole, Tetralin 40 mmole)
Eth Added Temp Time Coversion Products
ers Ash (g) (°C) {min) (%) (mole% of reacted ether)
Dibenzyl ether _ 400 30 65 PhCH3 110, PhCHO 77, PhH 13
Benzyltetralin 2.2
0.015 400 30 100 PhCHy 6, PhH trace,
Benzyltetralin 152
Phenyl benzyl —_— 400 30 100 PhCH3 61, PhOH 66, PhCHoPh 6,
ether Benzylphenol 27,
Benzyltetralin 2
0.015 400 30 100 PhCH4 38, PhOH 58, PhCH.Ph 3,
Benzylphenol 39,
Benzyltetralin 13
Phenyl 9- e 450 120 46 PhOH S0,
phenanthryl ether Phenanthrene 17
0.05 450 120 55 PhOH 45,
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POSSIBLE HYDRIDE TRANSFER IN COAL CONVERSION PROCESSES

David S. Ross and James E. Blessing
SRI International
Menlo Park, CA 94025
INTRODUCTION
The conversion of coal to liquid fuels is usually carried out in the presence of‘

an H-donor solvent (H-don) such as tetralin. The chemical route commonly suggested
for the process is

coal-coal &——— 2 coals (1)
coals —E:QQE*>coalH (2)

in which there is initial thermal homolysis of sufficiently weak bonds in the coal
structure yielding radical sites. These reactive sites are then ''capped" by trans-
fer of hydrogen atoms from the donor solvent. We will discuss here the chemistry

of this process, including detailed comsideration 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 compoment in the process.

BACKGROUND

Step 1 above requires that there be bonds in coal which are weak enough to break
in appropriate numbers at conversion temperatures and times. Table 1 displays some
kinetic data for the cleavage of benzylic bonds in a series of increasingly aromatic
compounds. In accord with expectation, an extension of the aromatic system increases
the resonance stability of the thermally-formed free radical and therefore 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 destabilized significantly more than the other compounds in the table., The
large decrease in bond-dissociation energy for the anthracene system is reflected in
the three to four orders of magnitude increase in rate of scission at conversion
temperatures as shown in the table.

Also pertinent to discussion of Step 1 is the material in Table 2, which includes
bond dissociation energies and kinetic data at conversion temperatures for a series of
C-C bonds. For the purposes of this discussion it can be assumed that substitution of
-0- for -CH:- does not change the thermochemistry. Thus, for example, the Ph~OPh bond
and the Ph-CH,Ph bond are similar in strength. Again not surprisingly, double benzylic
resonance as present upon the scission of the central bond in bibenzyl results in a
significant destabilization, and that compound, as well as benzyl phenyl ether, PhOCH,Ph,
are the only compounds with bonds easily broken under conversion conditions. If the
full three to four orders of magnitude increase in rate shown in Table 1 for anthracene
systems is applied, we see that perhaps the 1,3-diarylpropane system may also be suffi-
ciently unstable for conversion at 400°-500°C. Thus it would seem that for coal con-



version via Steps 1 and 2, at least at 400°C, the first step can be sufficiently rapid
for some structural features. We will discuss below some conversion data at 335°C,
however, which suggest that thermally-promoted bond-scission is not fully consistent
with experimental observation.

Next, a consideration of the kinetics for Step 2 raises some questions. The
transfer of hydrogen in similar reactions has been well studied, and Table 3 presents
data for the relative rates of transfer of hydrogen from a number of hydrocarbons to
the free radical C1lsCe at 350°C. The donor hydrocarbons are listed in order of in-
creasing ease of H-transfer to the free radical. Tetralin is near the middle of the
list. The most reactive donor in the table, 1,4-dihydronaphthalene, is about four
times as active as tetralin.

The table also shows the results of experiments with the donors and coal in phen-
anthrene as solvent. Consistent with the transfer of hydrogen in a radical process,
those donors less reactive toward CliCe than tetralin are also less effective than
tetralin in conversion of coal to a phenanthrene-soluble product. However, in
contrast to the chemistry of Step 2 in the above scheme, we see that those donors
which are more reactive toward Cl;Ce than tetralin are also less effective in their
action with coal. Thus this simple conversion scheme is suspect.

CURRENT RESULTS WITH HYDRIDE-DONORS

We have reported on the use of isopropyl alcohol as an H-donor solvent in coal
conversion, and specifically on the effects of the addition of strong bases such as
KOH to the system (1). We found that i-PrOH brought about a conversion of Illinois
No. 6 coal very similar to the conversion level obtained by tetralin under the same
conditions. These results are listed in Table 4, along with the results of more
recent experiments using methanol as the solvent and adding KOH to the system.

Isopropanol is of course a well known reducing agent under basic conditiomns, re-
ducing carbonyl compounds via hydride transfer, and becoming oxidized to acetone in
the process (2). The table shows that the addition of KOH to the system significantly
increases the effectiveness of the coal conversion reaction, and it would seem that
such a system would have an advantage over one based on tetralin, where significant
catalysis of hydrogen transfer has not been directly demonstrated. We found in our
experiments with i-PrOH/KOH at 335°C that coal was converted to a product about 60%
soluble in i-PrOH, that fraction having a number-average molecular weight of about 460.

In some model compound studies with the i-PrOH/KOH system we found that anthra-
cene was converted to 9,10-dihydroanthracene in 64% yield. 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 effective reducing
systems, as the results in the table demonstrate. The methanol work yilelded products
with significant reductions in organic sulfur levels, and moderate reductions in
nitrogen lévels. We suggest the mechanism of reduction is ionic in nature, involving
hydride transfer. Thus

H-C-OH + OH — H;0 + H-C-0"

~ —_— \ -

H-—/C-—O + coal —>,C=O + coall
coalH + H-C~OH = H-C-0" + coalls
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where coalH™ and coalH, are an anionic intermediate and reduced coal respectively.
The net reaction is

H-C-OH + coal ——» C=0 + coalH,

and in fact in the i-PrOH work we isolated acetone in quantities consistent with the
quantities of hydrogen transferred to the coal.

The final coal product in the MeOH/KOH experiments was 20%-25% soluble in the
methanol. When the methanol was removed, the resultant product was a room temperature
liquid with the properties described in Table 5. The polymethylphenol fraction is
apparently formed by the cleavage of phenolic ethers and subsequent methylation by
the CO present in 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 relative to the starting coal.
Its H/C ratio was 0.86, its sulfur and nitrogen levels were 0.8% and 1.27% respectively,
and it was fully pyridine-soluble.

Model compound studies were carried out in MeOH/KOH also, and the results are
shown in Table 6. Phenanthrene and biphenyl were quantitatively recovered unchanged
by the reactions, and bibenzyl was recovered in 95% yield, 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 polymethylphenols similar to
that observed in the work with coal. The cleavage of diphenyl ether via hydrogenolysis
should yield both benzene and phenol as products; we saw no benzene in our study, and
our observation of the polymethylphenols and anisoles thus indicates that nucleophilic
ether cleavage is taking place. 1In other words, it appears that phenoxide 1s displaced

by methoxide.

CH,

O
©-0 o — &
O

|
O + O

\

methylated products

so that a favorable feature of the MeOH/KOH system in addition to its reducing power
is its facility at cleaving otherwise 1nert ethers.

The alcohol/base chemistry observed here led logically to a system including
CO/H,0/KOH, and accordingly, a series of experiments was performed at 400°C. The
COSTEAM Process is of course similar in nature, but without the purposeful addition
of base. Also, it is applied primarily to lignite, though the COSTEAM chemistry has
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been applied less successfully to bituminous coal also. The results we obtained
with the basic system, along with the pertinent citations to earlier work by others,
were recently presented (4).

To sunmarize our effort, we found that CO/H,0/KOH systems converted Illinois
No. 6 coal to a material which was fully pyridine soluble, 51% benzene soluble, and
18%7 hexane soluble. As with the basic alcoholic systems, there were significant re-
ductions in organic sulfur levels, and moderate reductions in nitrogen levels. The
chemistry here is similar to that for the basic alcoholic systems, but with formate
(HCO, ) as the hydride-donor, and thus the reducing agent. In control runs with
H20/KOH or CO/H,0 little or no conversion was observed.

Model compound work with this system showed that anthracene was reduced to its
9,10-dihydro derivative (35% yield). Bibenzyl, on the other hand, was recovered un-
changed with only a trace of toluene observed.

The model compound work for the three basic systems is summarized in Figure 1,
in which a finding of no significant reduction in the respective system is designated
by an x'ed arrow. Our criterion of successful reduction requires that significant
quantities of the starting material be converted to reduced products. In the case of
benzyl phenyl ether, for example, while little starting ether was recovered, most of
it being converted to an intractable polymer, no phenol nor toluene was found. Thus
we conclude the system was not effective in reduction of the C-O bond. Similar state-
ments apply regarding the C-C bond in bibenzyl for the MeOH/KOH and CO/H.0/KOH systems.

A significant conclusion to be drawn from these data is that coal is converted
under conditions where the common model compounds benzyl phenyl ether and bibenzyl are
not reduced. In explanation, it might be suggested that there are two conversion
mechanisms. One would be the commonly considered scheme (eqs 1 and 2), taking place
in tetralin-like media, involving free radical chemistry, and reducing both coal and
such model compounds as bibenzyl and benzyl phenyl ether through a thermally-promoted
initial bond-scission. A second mechanism would be operative in strongly basic media,
involve hydride transfer, and would perhaps include the conversion of coal via chemistry
related in some way to the reduction of anthracene by these systems.

However, as pointed out above, the commonly proposed free radical mechanism is
not entirely consistent with the observed behavior of H-donor solvents and coal.
Further, a thermally promoted C-C or C-0O bond-scission is inconsistent with our
observations in the i-PrOH work at 335°C. As also mentioned, a major fraction of
the coal was converted in 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
scission of the central bond in bibenzyl is expressed (5) as

log k (sec”') = 14.4-57/2.303RT

then while the half-life for the reaction at 400°C is about 2 hours, and thus perhaps
appropriate for considerations of conversion at those conditions, at 335°C the half-
life is about 160 hours, and clearly the reaction cannot play a significant role in
the conversion of coal at that temperature.

Additionally, it has been noted that tetralin operates via hydride transfer, at
least in its reduction of quinones. Thus it has been shown that tetralin readily
donates hydrogen to electron-poor systems such as quinones at 50°-160°C. The reaction
is accelerated by electron-withdrawing substituents on the H-acceptor and polar sol-
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vents, and is unaffected by free radical initiators (6). These observations are
consistent with hydride transfer, as is the more recent finding of a tritium isotope
effect for the reaction (7).

We propose therefore that the operative mechanisms of coal conversion in both
tetralin-like media and our strongly basic systems may be the same, involving hydride
donation by the H-donor solvent, followed by proton transfer. Consistent with this
surmise are the results for two experiments carried out under the same conditions,
utilizing tetralin on the one hand, and CO/H.0/KOH on the other. The results are
presented in Table 7, and show that the products from the two reactions have similar
diagnostic characteristics, including benzene solubilities, H/C ratios, and ratios
of Hal/Har' Further comparisons are in progress.

Since the proposed conversion process does not include a thermally promoted
bond-scission step, the question arises of how the addition of hydrogen results in
the bond breaking necessary for significant reduction in molecular weight. We have
already noted that the nucleophilic action of the basic methanol system was suffi-
cient to cleave diphenyl ether, and a similar route is available in the basic i-PrOH
and CO/H.0 systems. On the other hand, we showed in control experiments that strongly
basic conditions alone were not sufficient for significant conversion of coal.

Based on the data at hand, we are currently considering two possible modes of
molecular weight reduction. The first involves the generation of thermally weak bonds
by the initial addition of hydrogen. We suggest that the addition of hydrogen to the
structures below may be a key to the cleavage of critical bonds in coal.

Z@Kﬂ»ﬁ—»z@( + HOcoal
H

Ocoal

Ocoal

2 H

H

It can be shown thermochemically that the addition of hydrogen across structures like
those above is favored under conversion conditions (1). In turn it can be suggested
that the dihydroether intermediate is rapidly thermalized in the succeeding step,
yielding both an oxygen-containing fragment and a rearomatized fragment that is
rapidly reduced to a hydroaromatic product. The thermolysis of the intermediate is
expected to be rapid at conversion temperatures, in accord with Brower's observation
that, in tetralin, anthraquinone is converted all the way to anthracene (8). More-
over, it is recognized that 9-hydroxy-9,10-dihydroanthracenes readily eliminate
water at ambient conditions, yielding the aromatized product (9).

The second potential conversion mode takes into consideration the recent observa-
tion that hydrogen acceptors such as benzophenone oxidatively couple phenols under
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conversion conditions (10). It can thus be suggested that the major role of a re-
ducing component in a coal conversion system 1s the reduction of quinones and perhaps
other oxidants present in the coal rather than direct reduction of the coal. In the
absence of an H-donor, then, oxidative crosslinking takes place within the coal upon
heating, yielding a product even less soluble in solvents such as pyridine than was
the starting coal. On the other hand, in the presence of a reducing agent, either con-
ventional H-donors such as tetralin or our hydride-donating systems, the quinones and
other oxidants should be reduced to unreactive material, and the coal then proceeds
to liquefy by means of a thermal process involving no addition of hydrogen. We cannot
at this time propose a route for purely thermal liquefaction (reverse Diels Alder re-
actions might be suggested for purposes of example) and the concept currently remains
a working hypothesis.
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Tabl

e 3

REACTIVITY OF VARIOUS H-DONOR SOLVENTS WITH CCls AND COAL

Relative Reactivity Relative
Toward CCl,3 I Dissolutio
Cosolvent (350°C) {2 hr/350°C)
None (Phenanthrene) - [33]°
Toluene 1.0 1
2-Methylnaphthalene 2.1
1-Methylnaphthalene 2.6 2
Diphenylmethane 6.0 1
Cunmene 8.7 o
Fluorene (20) ]
Tetralin 41.0 27
9-Methylant hracene 56.0
1, 2-Dihydronaphthalene (65)
9,10-Dihydroanthracene (102) 24
9,10-Dihydrophenanthrene (102) 22
1,4-Dihydronaphthalene (160) 14

aData from Hendry, D., Mill, T., Piszkiewicz, Howard, J., and Eigenman, H.,

J. Phys. Chem. Ref. Data, 3, 937 (1974).
estimated from other radical data available in the paper.

The values in parenthesis are

bAll reactions

carried out in phenanthrene as solvent with 4.0 parts solvent per part-

coal, and 10 wt % cosolvent.

SRI. ©Value for phenanthrene alone.

Table

4

Unpublished datq of D. Hendry and G. Hum,

ALCOHOLS AS H-DONOR SOLVENTS IN COAL CONVERSION

Pyr. Sol 75
System T(°C)/min [¢3) H/C org | IN
Untreated coal - 13 0.73 2.1 1.7
Tetralin 335/90 48 0.81 | 1.8 |1.6
1-ProH 335/90 50 0.81 | 1.8
1-PrOH/KOH 335/90 96 0.88 | 1.6%
MeOH/KOH 400/90 9" 0.96 | 0.8 |1.2

a
Reduced to 0.5% when product treated further.

Table 5

PROPERTIES OF THE METHANOL-SOLUBLE COAL PRODUCT

u/c 1.37
ZSorg 0.5
N 0.4

a
Hallnat 5.1
aBy nmx

distilled

~40% polymethylphenols and

~402

< 0.1 torr

~20%

anisoles

mixture of butyrolactone
and heavier materials
yielding CHsCH,CH,C=0% and
HOCH;CH,CH4C=0% major
fragments by mass spectros-—

copy

unidentified




Table 6

MODEL COMPOUNDS IN MeOH/KOH AT 400°C/30 MINUTES

«———s mno reaction

——y uo Teaction

77% 9,10-dihydroanthracene
37 methylanthracene

@-o-@ «=—————p 33X polymethylphencls
—CH:—CH:-@ —— s 5% toluene
495*% recovered atarting material

Table 7

COMPARISON OF CO/H,0/KOH-TREATED AND TETRALIN-TREATED
COAL PRODUCTS?

Benzene v
Reaction Solubilicy Molar u/cd AN re B
Condicions zZ BS" BI Bs® BL al ar
O/H20/X0KE 48 1.01 |0.65} 1.1 ]| 1.8 n 3.0
Tetralin® 37 1.01 |0.72 | 0.6 | 1.9 ~ 2.7

3Reactions run at 400°C for 20 min in a stirred, 300 ml Hastelloy "C" re-
actor. 10.0 g of dried, ~60 mesh Illincis No. 6 coal (PSOC-26) usad in

each case. bSolubility of entire product in 50 ml of benzene. “Benzene
soluble portion of the product. Benzene insoluble portion of the product.
€patio of ‘H-NMR areas: W__. = 0<§<5; H T 5¢8<10. Contributions from
benzene and terralin were®sibstracted biE§Te calculation. £36 g of Ha0,

10 g of KOR, and 700 psig of CO used in a 300 cc reactor. 860 g of tetralin,

IPA/KOH (33 ) MeOH/KOH (400°C)
coal ——— coal ———
anthracene m~———p anthracene ——p
PhCH30Ph %» Pha0 ——
Co/H.0/KOH (400°C) Phenanthrene ——p><
P (
PhCH,CHaPh %»

coal ——

anthracene ——-
PhCHaCHaPh —er

FIGURE 1. SUMMARY OF RESULTS FOR COAL AND SELECTED MODEL COMPOUNDS
IN SOME STRONGLY BASIC CONVERSION SYSTEMS. Arrows indicate that
significant conversion to reduced products was observed. The x'ed
arrows indicate that no reduction was observed.
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Hydrogenation Mechanism of Coals and Coal Constituents 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-Tsukisamy Toyohiraku,
Sapporo, 061-01, Japan

Introduction

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 prodeeds : namely, thermal decomposition, stabilization of
active fragments by hydrogen, cleavage of linkage between structural units,
dealkylation, dehetro atom, hydrogenation of aromatic ring, ring opening etc. It
is also accepted that the various features of these reactions are strongly influ-
enced and change the type of raw coal, their individual chemical structures,
properties of the catalyst employed, type of reducing agents, difference in 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, it follows that eluci-
dation and clarification of the reaction mechanism involved are extremely difficult
and the results are far from satisfactory.

Thus we have conducted work on the s*suctura] parameters of coal hydrogenation
products using the method of Brown-Ladner'’/, and from the results obtained we have
conducted a follow up on the changes of structural parameters of product accompany-
ing the reaction course; based on the above the outline of the regsgjon mechanisms
have been previously discussed and our results have been reported

In the present paper we have selected several kinds of coal samples and using
these samples and various reducing agents such as Hp, Hz + CHg, Dy, Dy + tetralin,
CO + H20, we have carried out hydrogenation reactions. We have made a follow-up
of the structural parameters of the reaction products and we have further discussed
the reaction mechanisms involved.

Experimental

The results of the analysis of the sample coal used in the experiment are
shown in Table 1. Hydrogenation was couducted using a batch type autoclave with
an inner volume of 500 m1. The reaction gas after completion of the reaction was
analysed by gas chromatograply. Further, the produced water was quantitated. The
whole of the remaining products was quantitated and fractionated by extraction
using n-hexan, benzene and pyridine. The fractionation methods are as shown in
Table 2, regarding these when fractionation is completed by benzene extraction
the conversion was calculated from organic benzene insolubles (0.8.1.) and when
fractionation is carried out by pyridine the same was calculated from organic
pyridine insolubles (0.P.1.) .

With regards to hydrogenation reducing agents such as Hp, Hp + CHg, Dy, Dp +
tetra]}n, CO + Hp0 were selected and reduction was conducted by varying thé reac-
tion time. Each fractionated fraction was subjected to ultimate analysis, H-NMR,
C-13 NMR, molecular weight measurement and the structural parameters were calcu-
lated. The results of follow up of these structural parameters in the course of
Ehe reacgions were considered together and the reaction mechanisms thereof were

iscussed,
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Results and Discussion

Product distribution

Hitherto from a considerable time back high pressure hydrogenation reaction
has been deal} YEFh as a consecutive reaction pass through asphaltene as the
intermediate?)5)6). Further 35 has been pointed out that Py-1, 02 likewise shows
the behavior of intermediates<’.

In Fig. 1 the following is depicted; the hydrogenation products of Yubari
coal at reaction temperature of 400°C were fractionated by the procedure shown in
Table 2, and the chagnes of these fraction yield by reaction time are shown.
Inasmuch as the presence of Py-2 is scarce in coal, the observed results were ob-
tained in the decreasing period, thus it may readily surmized that an increasing
period is present in the initial stage of the reaction. Here we consider oil-1
as the final product, and it may be noted that all fraction other than 0il-1, show
an initial increase and a subsequent decrease in the course of the reaction and
it is clear that they show the behavior of intermediate products in a consecutive
reaction. A more or less similar reaction was observed in other reducing agents.

Based on previous work7)8) regarding the distribution of molecular weight of
these fractions, it is known that these have a wide distribution of molecular
weight. It is also known that raw coal itself has a structural distributiong)]o).
Therefore it may be considered that in the high pressure hydrogenation of coal,
the reactivity of remained unreacted coal is gradually changed and also consecutive
degradation of coal is being conducted. This consideration may be expressed in
a schematic diagram as follows.

v 1 v
Coal;—KAT__,Fr Aj— X8I Fr By —KC1—Fr Gy oo —Fr N
1 _-L-_-_-_-::::_ "_L_—_—_:: :::'_J’_]___... [P, 1
k k k
Ccia12——A2—->FrlA2— BZ—yFrl BZ— C2—Fr Cpriiin— Fr N2
¢ k G k k
Coa1n An——Fr An Bn——Fr Bn Ch—Fr cn_y.,.“...“._,Fr Nn
Tl | Kk 4 k i
oFr A"”T%m-]‘_’ﬂ‘ Bnﬂm_)Fr cn+'|—> ........... _,fr Nn+'|
'.'Fr B . .
n+2 b
T FrON L

In other words, coal] is raw coal, is reacted and lead to a change to a one
step lower molecular fraction Fr Ay, and at the same time as a side reaction Fr By
Fr Ny is directly produced. Coa]z, the remaining coal from which the above
constituents have been Tost from coa1], would naturally have a different composition
and reactivity of that of coaly. A similar reaction may be expected when Fr A
undergo a change to Fr By. The method of dealing with the above indicates the
molecular lowering direction of the reaction of hydrogenolysis, and it may be
surmized that the chemical reaction of each step would be highly complex.
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Based on the above consideration, the mode of kinetic study carried over a
wide range, is solely a means to express how the fraction, fractionated by a
certain method, changes quantitatively in the reaction course. In other words
these experimetnal results are expressed in equation for convenience dake. And
it may be considered that it may considered as a practical means in applicable
form.

Now, each respective fraction shows a structural change along with the reac-
tion course, it may be xonsidered at the same time that it contain transfer material
from a higher molecular fraction. In other words, for instance Fr As is produced
from coal 2 which changes by hydrogenolysis and at the same time, the residue
resulting from the reaction from Fr Ajto Fr By is transferred and exist in a
mixed state.

This should be taken in to consideration when the reaction mechanism is to be
discussed. In Fig. 1, it may be appropriate to consider that the structural
changes of Py-1, Py-2 in the course of the reaction are due to the reaction itself.

Hydrogenolysis by Has

Hydrogenolysis was conducted using Yubari coal at a reaction temperature of
400°C. The changes of ultimate composition and structural parameters of the Py-1
fraction of the hydrogenolysis products in the reaction course are shown in Fig. 2.
Whereas oxygen and sulfur decreases with the prodeeding of the reaction, the
nitrogen containing structure is refractory against hydrogenolysis, and a tendency
for the nitrogen to be concentrate with the reaction time was recognized. Inspite
of the Py-1 in the reaction course yield decrease brought about by hydrogenolysis,
however the structural parameters are almost the same which suggests that Yubari
coal has a uniform unit structure. The decrease in Hau/Ca in the latter part of
the reaction, even when considered together with the behavior of other parameters,
it cannot be considered that this is the result of growth of the condensed
aramatic ring of Py-1. From the results of an investigation of the structural
analysis method using C-13 NMR, in spite of the fact that Hau/Ca should increase
when saturation of the aromatic sings arises, because of the Brown-Ladner as-
sumption which has it that diphenyl type 11nk??$ is lacking, in contrast cases
where Hau/Ca decreases in size may be present''’. Therefore, it is donbtful the
Hau/Ca directly reflects the degree of aromatic ring condensation. From the above
in the latter part of the reaction of Py-1, if we could consider that saturation
of the aromatic ring has arisen, it may be conceded that an increase in ocal (alkyl
group substitution) is present. Although it can be stated that by the decrease
of the molecular weight, the Py-1 is transfer to asphalten, when the structural
parameters of Py-1 and asphalten are compared, it may be conceded that at this
molecular weight lowering step deoxygen reaction, depolymerization, ring saturation
(side chain substitution -cal') and likewise an increase in side chain substitution
over Ly etc are taking place. Similar results may be observed in the hydrogenolysis
of Bayswater vitrinite concentrate, and inertinite concentrate.

Hydrogenation by Hp + CHg

[t was noted that CH4 is produced as largest gas product in the hydrogenolysis
od coal and is found coexisting with resucing hydrogen, the influence thereof on
the reaction m%chanism was investigated. When methane was added at a pressure of
25 or 50 kg/cm? to the initial hydrogen pressure of 75 kg/cm? and the hydrogenolysis
reaction rate constant was measure. The results are as shown in Table 3.

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 is
added at a pressure of 25 kg/cm2, a slightly higher value is seen. But, in the
case of 450°C likewise it may be considered that it solely depends on hydrogen
partial pressure. The results of an investigation on the chang of structural
parameters of the reaction products by reaction time are shown in Fig. 3. This,
it may be considered that the increase in hydrogen pressure mainly enhances the
saturation of aromatic rings (as a result an increase in a-hydrogen is seen).

924—92 + tetralin reduction of coal

In order to clarify the attack site of the hydrogen used for reduction, D2 was
used as the reducing agent and deutrization of coal was conducted and an investi-
gation of the D distribution of reaction products was carried out. For the measur-
ing distribution of D, D-NMR was used, and determination of D divided in 3
categories namely aromatic D(Da), D bonded carbon o from aromatic ring (Do),

D bonded carbon further 8 from aromatic carbon was conducted. The results are as
shown in Table 4. Da, Da, Do was concerted into H an approximately similar
hydrogen type distribution, as seen when H? was used, was obtained. However, when
compared with the distribution of hydrogen remaining in the reaction products, it
was shown that a marked maldistribution of diutruim at the o position was seen.

It was also noted that when tetraline is used as the vehicle, this tendency because
more pronounced.

In addition to the minute amounts of hydrogen in the produced gas, correspond-
ing to the maxiym 34% of hydrogen in coal is present as H-D, and it is known that
regarding D in the reaction products, not only D from the reaction but also D
arising from the H-D exchange reacti?n are present. While there is a strong se-
lectivity of H-D exchange reaction12), the ratio of Da, Do is comparatively high
in the products of the initial stage and further even with the increase in reac tion
time, since the Da, Do, Do ratio does not approach the Ha, Hx, Ho ratio, it may be
considered that a larger portion of D reacts to o carbon from the aromatic rings.

Reduction by CO + H,0

In Fig. 4 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 Hp and CO + Hp0. The greatest difference between the two, while it
is the same fraction under almost the same conversion, in a CO + H20 system, there
is a scarcity of oxygen containing structure. Further when Hy is used, in asphaltene
the cal® portion (hydrogen bonded o carbon from aromatic carbon) is smaller as com-
pared with the CO + H20 system. Still further under the present condition the main
reaction involved in molecular lowering is depolymerization, so the nacent hydrogen
coming form CO + H20 has a selectivity to attack the ether linkage, in addition it
may be considered that Hp compared with this, has a definite activity for the
cleavage of the CHy bridge.

Conclusion
The structural parameter changes of products of coal reduction reaction under
various reducing reaction conditions were followed up, and a discussion the reaction
mechanisms involved was made and the following conclusion were obtained.
1) It may be considered that in the hydrogenolysis reaction of coal, the coal is
subjected to consecutive changes in components and reactivity which results in
a consecutive molecular lowering.

2) Regarding the chemical reaction observed under comparatively mild hydrogenolysis,
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cleavage of linkage between structural units, satruation of aromatic rings,
ring opening, dealkylation, deoxygen, desulfurization were seen.

3) When high pressure hydrogen was used as the reducing agent, it could be
considered that as a result the addition of hydrogen to a-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 selectively contributed
to the cleavage of ether bridge and that Hy was more selective than CO + Hp0
regarding the cleavage of the CHz bridge.

And also recognized that follow up the changes of structural parameters in
the course of reaction is effective to elucidate the reaction mechanism of coal
hydrogenolysis.

References

1)  J.K. Brown, W.R. Ladner, Fuel, 39, 87 (1960)

2) Y. Maekawa, K. Shimokawa, T. Ish11, G. Takeya, Nenryo Kyokai-shi (J. Fuel
Soc. Japan) 46, 928 (1967)

3) Y. Maekawa, S. Ueda, S. Yokoyama, Y. Hasegawa, Y. Nakata Y. Yoshida, ibid,
53, 987 (1974)

4) S. Weller, M.G. Pelipetz, S. Fr1edman, Ind. Eng. Chem » 43, 1572, 1575 (1951)

5) E. Falkum, R. A. Glenn. Fuel, 31, 133 (1952)
6) { 15211, Y. Maekawa, G. Takeya Kagaku Kogaku (Chem. Eng. Japan) 29, 988
1965

7) H. Itoh, Y. Yoshino, G. Takeya, Y. Maekawa, Nenryo Kyokai-shi (J. Fuel Soc.
Japan) §1, 1215 (1972)

8) R. Yoshida, Y. Maekawa, G. Takeya, ibid, 53, 1011 (1974)

9) R. Yoshida, Y. Maekawa, G. Takeya, ibid, 5T, 1225 (1972)

10) R. Yoshida, Y. Maekawa, T. Ishii. G. Takeya, Fuel, 55, 341 (1976)

11) T. Yoshida, et al, under contributing

12) S. Yokoyama, M. Makabe, M. Itoh, G. Takeya, Nenryo Kyokai-shi (J. Fuel Soc.
Japan) 48, 884 (1969)

138 |
[



Table 1  Analytical data on the coals studied

Sample

Soya Koishi
Bayswater Vi,
Bayswater In

Yubari
Shin Yubari

Proximate analysis %

M.  Ash

p—

— - W
N—=0 o
p—
~Nooy— o,
SOOI

F.C. C H N

33.6 35.3 73.0 6.6 1.5 0.04
32.9 62.1 83.0 5.3 2.0 0.5
20.8 58.5 85.0 4.1 1.9 0.3
43.6 48.5 85.2 6.2 1.6 0.1
34.7 56.7 87.4 6.5 1.8 0.04

*1  Austrarian, Vitrinite 99% concentrate
" Inertinite 95% concentrate

*2

Table 2  Fractionation of coal hydrogenation product

Solvent

N-hexane

Benzene

Pyridine

Fractionation
procedure

w

Room temperature
decantation

Soxhlet extraction

Soxhlet extraction

Room temperature
decantation

Soxhlet extraction

Soxhlet extraction
residue

Fraction

0i1-1 : n-hexane soluble oil

0i1-2 : n-hexane extract

Asphaltene : benzene soluble,
n-hexane insolubles

(Organic benzene insolubles)
Pyridine soluble, benzene
insolubles

Pyridine extract

Organic pyridine
insolubles
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Table 3  Reaction rate constant for Shin-Yubari coal hydrogenolysis under
different reducing gas composition

Reaction
Temp.

400°C

450°C

Reduci
compos
(kg/cm
, 75
» 75
Hy 75
, 75

ng gas
ition
2)

+ CHy 25
+ CH, 50
+ Ar 25

+ CH, 50
+ CHy 25

Reacbion rate constant min.']
k1 + k3

o O O o

[=]

.0115
.0133
.01
.0109

.0178
.0230
.0258

Ky

0.0037
0.0050
0.0033
0.0024

ks

0.0078
0.0083
0.0078
0.0085

Table 4 H and D distribution of hydrogenation and deutration product of
Shin-Yubari coal at 400°C under 50 kg/cmZ of initial pressure

Product Gas

oo
NN nN

011

I T

2*
2%

T O

Asphaltene

D
2%
HZ*

*  with tetr

aline

Rt(min.)

60
120

60
120

60
60
60
120

60
120

60
60

Ha

17
18.

21,
19.

28.
30.

w0 [eo NS ~ o

30.
26.

27.
30.

~N b oW

26.1
29.5
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Ha

19.5
21.2

29.
31.

N Oy

29.8
35.3

29.
29.

36.
34.

(Sl O w

29.
34.2

o]

Ho

63.0
60.1

49.
48.

41.
34.

nN &~ o -

39.
43.

U1 0

36.
34.

44.
36.

w N [e BN

Da

19.4
19.9

20.1

Da

49.5
50.9

54.5

68.3

25.4

32.4

31.7
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coal hydrogenation at 450°C
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FREE RADICAL CHEMISTRY OF COAL LIQUEFACTION. L. W. Vernon. Exxon Research and
Engineering Company, P. 0. Box 4255, Baytown, Texas, 77520.

In the direct hydrogenation of coal both donor hydrogen and molecular hydrogen play
important roles. This report describes some studies which were made on & number of model
structures thought to be present in coal, in order to obtain a better understanding of
the function of these two hydrogen forms in the chemistry of coal liquefaction. When di-
benzyl is pyrolyzed at 450°C, the products produced depend upon the hydrogen environment.
In the absence of an external source of hydrogen the major products are toluene and stil-
bene. In the presence of a donor solvent such as tetralin the only major product is
toluene. However, when the pyrolysis is carried out in the presence of molecular hydro-
gen, the major products are toluene, benzene and ethylbenzene. The product distribution
is a function of hydrogen pressure. A simple reaction mechanism is proposed which is
consistent with all these results. In this reaction scheme the initial reaction is the
thermal cracking of the g bond to form benzyl radicals. The benzyl radical can be sta-
bilized by abstraction of hydrogen from the donor solvent or from dibenzyl. With molec-
ular hydrogen the stabilization reaction produces a hydrogen atom. The hydrogen atom can
then promote the cracking of the o band in dibenzyl to form benzene and ethylbenzene.
Experiments with diphenyl give further evidence for the presence of hydrogen atoms in
these systems.
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PERICYCLIC PATHWAYS IN THE MECHANISM OF COAL LIQUEFACTION
P.S. Virk, D.H. Bass, C.P. Eppig, and D.J. Ekpenyong

Department of Chemical Engineering
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

1. INTRODUCTION

The object of this paper is to draw attention to the possible 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 considera-
tions of coal structure and hydrogen-donor activity. A theoretical section
follows in the form of a pericyclic hypothesis for the coal liquefaction mechan-
ism, 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-, benzene-, and pyridine-solubles by selected hydrogen donors.

Previous literature on coal liquefaction is voluminous (2). Molecular hy-
drogen at elevated pressures is effective (3) but more recent work has employed
hydrogen donor ‘solvents', such as tetralin (4), which are capable of 1iquefying
coal at relatively milder conditions. Donor effectiveness is strongly dependent
upon chemical structure. Thus, among hydrocarbons, several hydroaromatic com-
pounds related to tetralin IO are known to be effective (5,6,7,8), while the
corresponding fully aromatic or fully hydrogenated (C compounds are re-
latively ineffective (7,9). Further, among alcohols, isopropanol HO< and o-cyclo-
hexyl phenol HO- are effective donors (7) whereas t-butanol HO-¢ is not (10).
These €;§> observations have been theoretically attributed (e.g. 2,9) to
a free-radical WMechanism according to which, during liquefaction, certain weak
bonds break within the coal substrate, forming radical fragments which abstract
hydrogen atoms from the donor, thereby becoming stable compounds of lower molecu-
lar weight than the original coal. According to this free-radical mechanism,
therefore, donor effectiveness is related to the availability of abstractable hy-
drogen atoms, and this notion seems to have won general acceptance in the litera-
ture because it rationalizes the effectiveness of tetralin, which possesses benzy-
1ic hydrogen atoms, relative to naphthalene and decalin, which do not. However,
the foregoing mechanism is less than satisfactory because indane (::) , which has
Jjust as many benzylic hydrogens as tetralin, is relatively ineffective (7) as a
donor. Also, the activity of the alcohol donors, 1ike isopropanol, would_have to
involve abstraction of hydrogen atoms bonded either to oxygen or to an sp3-hybrid-
ized carbon; this seems unlikely because both of these bonds are relatively strong
compared to any that the hydrogen might form with a coal fragment radical.

The present approach to the coal liquefaction mechanism evolved from contem-
porary knowledge of coal structure (e.g. 11,12,13), which emphasizes the existence
of hetgro-atom—containing hydroaromatic structures comprising 2- to 4-ring fused
aromatic nuclei joined by short methylene bridges. From this it is apparent that
sigma bonds between sp3-hybridized atoms in coal are seldom more than one bond re-
moved from either a pi-electron system or a hetero-atom containing substituent.
Such a molecular topology is favorable for pericyclic reactions, which are most
prone to occur on skeletons with proximal n- and o-bonds activated by substituents.
We therefore hypothesize that the overall interaction between the coal substrate
and hydrogen donor, which eventually leads to Tiquefaction, involves a sequence
of concerted, pericyclic steps. (Appropriate steps will be detailed in the next
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section.) The novelty of this approach is twofold; first, the mechanistic con-
cept is essentially different from any that has hitherto been proposed in coal-
related Titerature and second, it lends itself to quantitative tests and predic-
tions since the pericyclic reactions envisioned must obey the Woodward-Hoffman
rules (1) for the conservation of orbital symmetry. It should also be pointed out
that if the present approach proves valid, then it will have the engineering signi-
ficance that the large volume of recently developed pericyclic reaction theory (14,
15,16) could be applied to the practical problem of defining and improving actual
coal liquefaction processes.

2. THEORY

In delineating a coal Tiquefaction mechanism we distinguish three basic steps,
namely rearrangements, hydrogen-transfer, and fragmentation, all of which are hypo-
thesized to occur via thermally-allowed pericyclic reactions. Some typical reac-
tions appropriate for each step are indicated below using Woodward-Hoffman (1)
terminology:

Rearrangements: Sigmatropic shifts, electrocyclic reactions
Hydrogen-Transfer: Group-transfers
Fragmentation: Group-transfers, retro-ene, cyclo-reversions,

An illustration of how the overall pericyclic mechanism might apply to the
decomposition of 1,2 diphenylethane, a model substrate, in the presence of A‘dihy—
dronaphthalene, a model hydrogen-donor, has recently been given (17). In the pre-
sent work, attention is focussed on the hydrogen-transfer step.

Hypothesis.
The transfer of hydrogen from donors to the coal substrate during liquefaction

occurs by concerted pericyclic reactions of the type termed 'group transfers' by
Woodward and Hoffman (1).

Consequences.
(A) ATTowedness. . ,

The Woodward-Hoffman rules (1) state that: A ground state pericyclic change
js symmetry allowed when the total number of (4q + 2) suprafacial and (4r) antara-
facial components is odd".

To illustrate how this applies in 5he present circumstances we consider a pos-
sible group transfer reactiol 5 etween A¢ dihydronaphthalene, @2:3 » @ hydrogen
donor, and phenanthrene, @iﬂg;P , a substrate (hydrogen acceptor) which models a
polynuclear aromatic moiety commonly found in coal. In the overall group transfer
reaction: ~ " N

- e
ANYAY ~r S RN
O+ wy = ]
(R1) Group Transfer: kQ/\/J @ > (I| \|-|+ &}S’

H H
substrate donor hydrogenated dehydrogenated
2e(m) 6e(ollo) substrate donor

hydrogen is transferred from 22-dialin to the phenanthrene, producing 9,10 dihydro-
phenanthrene and naphthalene; this reaction is slightly exothermic, with AHR ~ -8
kcal as written. The electronic components involved are 2e(m) on the substrate

and 6e(oTc) on the donor and from the Woodward-Hoffman rules it can be seen that
the reaction will be thermally forbidden in either the supra-supra stereochemistry
(which is sterically most favorable) or the antara-antara stereochemistry (steri-
cally the most unfavorable) but will be thermally allowed in either the antara-
supra or supra-antara modes, both of the latter being possible, but sterically
difficuit, stereochemistries. A reaction profile for (R1) is sketched in Figure 1,
showing energy versus reaction coordinate as well as transition state stereochemis-
try for both the forbidden supra-supra and the allowed antara-supra modes. We note
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next that changing the donor from a2-dialin @0 to al-dialin G0 , changes the
donor electronically from a 6e(¢fic) component to a 4e{os) component, of contrary
orbital symmetry. Thus for the overall reaction:

Y
Ty C .
/,\\,EO/ + ) =Y + O =
(R2) Group Transfer: (L @\j\H > % CLQ/
H

2e(n) 4e(oo)

the supra-supra (and antara-antara) modes will be thermally allowed while the an-
tara-supra (and supra-antara) modes are forbidden. The practical upshot of this
is that the chemically very similar dialin isomers should exhibit strikingly dif-
ferent reactivities in concerted group transfers with a given substrate, on ac-
count of their opposite orbital symmetries. Note that no reasonable free-radical
mechanism could predict profound differences in the donor capabilities of these
dialin isomers. Orbital symmetry arguments can also be extended to differences in
the substrates. Thus anthracens is a 4e(nn) component, of symmetry oppo-
site to that.of phenanthrene (&Y which is a 2e(n) component; therefore, with a
given donor, such as al-dialin Q! , group transfers that are symmetry-for-
bidden with phenanthrene will be symmetry-allowed with anthracene in the same
sterochemistry. Accordingly, the reaction:

H H
S e NN S
(R3) Group Transfer: @Q@ + LC/\/P - E)@ + @
4e (1) GeA(oll';{c) H

is a de(nn) + 6e(oNlo) group transfer, which is thermally-allowed in the supra-
supra stereochemistry whereas the analogous reaction (R1) with phenanthrene was
forbidden.

Generalization of the preceding suggests that there exist two basic classes
of donors (and acceptors), of opposite orbital symmetries, which will respectively
engage in group transfer reactions either as (4n+2) electron components or as {(4n)
electron components. Donors with (4n+2)e will, in general, transfer hydrogen to
(4m+2)e acceptors, the most favorable supra-supra stereochemistry being presumed
in each case. Among the (4n+2)e class of hydrogen donors, the first (n=0) member
is molecular hydrogen and the second (n=1) member is the but-2-ene moiety, while
among the (4n)e class of donors, the first (n=1) member is the ethane moiety, the
second (n=2) the hexa-2,4-diene moiety. Among hydrogen acceptors, the (4m+2)e
class has the ethylene and hexa-1,3,5-triene moieties as its first two members,
while the (4m)e class of acceptors possesses the buta-1,3-diene and octa-1,3,5,7-
tetraene moieties as its first two members. Each of the foregoing series can be
continued straightforwardly for n>2.

Interestingly, the nature of allowed donor-acceptor interactions suggests that
donor class will be conserved in any hydrogen transfer sequence. Thus a (4n+2)e
donor, say, will transfer hydrogen to a (4m)e acceptor, and the latter, upon ac-
cepting the hydrogen, will evidently become a (4m+2)e donor, of the same class as
the original donor.

The donor and acceptor classes illustrated with hydrocarbons can be d&rectly
extended to include hetero-atoms. For example, the alcohol moiety H\0__/
would be a 4ﬁ donor, of the same orbital symmetry as the ethane ~
moiety H\_M. Similarly the carbonyl moiety 0= would be a 2e acceptor, ana-
logous to an ethylene moiety = in terms of orbital symmetry. Thus hydrogen trans-
fer 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 pericyclic reactions vary vastly, and
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frontier-orbital theory (14,15,16) has proven to be the primary basis for quantita
tive understanding and correlation of the factors responsible. It is therefore of
interest to find the dominant frontier orbital interactions for the group transfer
reactions hypothesized to occur.

The HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied MO)
levels for hydrogen donors used in coal liquefaction are not yet well known, but
the principles involved can be illustrated with the group transfer reaction between
molecular hydrogen, a (4n+2)e donor with n = 0, and naphthalene, a (4m)e acceptor
withm= 1: H

(R4) Group Transfer: +H, »
H

se(mn)  28(c)

An approximate frontier orbital (FO) interaction diagram for this system is pre-
sented in Figure 2. This shows that the dominant FO interaction, i.e., that with
the lowest energy gap, is between HOMO(H»)-LUMO ( €3 ); details of the interaction
are given towards the bottom of the figure showing the respective phases and coef-
ficients involved.

The preceding indications regarding the dominant FO interaction in hydrogen-
transfer reactions suggests that they would be facilitated by a reduction in the
HOMO (hydrogen donor)-LUMO (hydrogen 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 LUMD level, e.g. by electron-withdraw-
ing or conjugative substitution, or by complexation with Lewis acids. , As a practi-
cal example relevant to our experiments, we should expect A2-dia1in(:<) to be a
more effective (4n+2)e type of hydrogen donor than tetralin because
vinylic substitution in the former should raise the level of the hydrogen-
containing HOMO. For the same reason, A'-djalin should also be a more ef-
fective (4n)e type of donor than tetralin Note that the al- and
a2-dialins have the opposite orbital symmetries; their reactivities cannot there-
fore be meaningfully compared, inasmuch as their reactions with a common acceptor
cannot both be allowed.

3. EXPERIMENTS

(A) Model Compounds

From the theoretical discussion it follows that the present hypothesis for
the hydrogen transfer mechanism can be tested by a study of reactions between hy-
drogen donors and acceptors of opposite orbital symmetries. Our experimental grid
is shown in 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 in coal and are found in coal-derived 1iquids. The hydrogen donor
solvent was modelled by a number of c¥c1ic C10 compounds derived from naphthalene
by hydrogenation. Among these, the a'- and aZ-dialin isomers were of principal
interest, being respectively hydrogen-donors of the (4n+2)e and (4n)e classes; the
tetralin and decalin served as control solvents, the former being very commonly
used in coal liquefaction experiments. For the 2 x 2 matrix of possible hydrogen-
transfer reactions between the model C14 substrates and C10 dialin solvents, the
Woodward-Hoffman rules predict that reaction_in the favorable supra-supra stereo-
chemistry should be thermally-allowed for (al-dialin + phenanthrene) and {1¢-dialin
+ anthracene) and thermally-forbidden for (al-dialin + anthracene) and (42-dialin +
phenanthrene). These predictions are shown in Table 1.1 with ¥ denoting the al-
lowed and x the forbidden reactions.

The experiments were conducted batchwise in small stainless-steel pipe-bombs
immersed in a molten-salt bath that was maintained at a desired, constant tempera-
ture. Pipe-bomb heat-up and quench times, on the order of 1 min each, were
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negligible compared with reaction times, which were on the order of 1 hr. The re-
agents used were obtained commercially; all were of purity > 98% except for the 22~
dialin which had a composition of (@Y} .OX) oY @ ) = (7, 9, 20, 64)
mol%. The proportions of substrate to solvent were maintained constant, with the
C14 substrates as 1imiting reactants in all cases. The extent of reaction was mea-
sured by proton-NMR spectroscopy on samples of the whole reaction batch, as well as
of each of the C10 and C14 fractions separated by vacuum distillation and liquid
chromatography.

Experimental results are shown in Table 1.2, which quotes the observed percent-
age conversion of each of the model C14 substrates to their di-hydroderivatives by
each of the model C10 solvents. Consider first the column for the anthracene sub-
strate, showing its conversion to 9,10 dihydroanthracene after 2 hr at 300 C in
various solvents. The conversion by (]:B (58%), is an order of magnitude greater
than that by ﬁi{j (5%), in striking_accord with the theoretical predictions ac-
cording to which the reaction with %y\g was allowed while that with ©17) was for-
bidden. Note too that conversions with the control solvents (O (3%) and
(no reaction) were less than those with the test solvents, verifying that the lat-
ter were indeed the more active. Reactions with phenanthrene substrate required
rather more severe conditions, namely 2 hr at 400 C, than anthracene. While the
Tower reactivity of phenanthrene relative to anthracene is generally well known, in
the present context it can directly be attributed to the phenanthrene possessing
the higher energy LUMO.. The conversions observed, (E[j (16%) > @i{) (10%), are
in accord with theoretical predictions, and appreciably exceed the conversions ob-
tained with the control solvents ©X) (2%) and ()X]) (no reaction). It is jnter-
esting that the observed selectivity of hydrogen-transfer fromthe al!- and a¢-
dialins to phenanthrene, respectively (0.6/1), is not as great as that to anthra-
cene, respectively (12/1). Possible reasons for this are first that whereas an-
thracene is essentially always constrained to interact with supra-stereochemistry
at its 9,10 positions, the phenanthrene structure admits a possible antara-inter-
action across its 9,10 positions and this latter might have permitted a_thermally-
allowed (antara-supra} hydrogen-transfer from a2-dialin. Second, the a2-dialin
used contained some a'-dialin impurity, which could not contribute to anthracene
conversion (forbidden) whereas it might have contributed to the phenanthrene con-
version (allowed); third, the dialins have a tendency to disproportionate, to
naphthalene and tetralin, at elevated temperatures and this might have influenced
the results for phenanfhrene, which were at the higher temperature.

In summary, the a'- and a2-dialin isomers have been shown to be appreciably
more active than tetralin (and decalin) in transferring hydrogen to anthracene and
phenanthrene. The observed selectivity of this hydrogen transfer is in accord with
the Woodward-Hoffman rules for group transfer reactions, anthracene conversions be-
ing in the ratio (XD / @) = 12/1 »> 1 while phenanthrene conversions are in
the ratio ( / ) = 0.6/1 < 1. The quantitative differences in the select-
ivities observed with anthracene and phenanthrene are being further explored.

(B) Coal Conversion

The dialin donor solvents were also used directly in coal liquefaction stud-
ies. Inasmuch as details of coal structure are unknown, the present theory can
only be tested in a qualitative way, as follows. First, if the 1iquefaction of
coal occurs under kinetic control with hydrogen-transfer from the donor solvent
involved in the rate-determining step, then we should expect the dialin donors to
be more effective than the control solvent tetralin (and also decalin). This is
suggested by the theory because the dialins possess higher energy HOMOs than tetra-
1in and according to the frontier-orbital analysis given previously, the hydrogen-
transfer reactions of the dialins should therefore be kinetically favored relative
to those of tetralin. Second, according to the present theory, donor symmetry is
pre§erved during hydrogen transfer, i.e., a donor of a given class is capable only
of interaction with acceptors of the complementary class. Now since the coal sub-
strate Tikely contains hydrogen acceptors of both (4m)e and (4m+2)e classes, a
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mixture of solvents containing donors of both (4n+2)e and (4n)e classes should be
more effective in hydrogen transfer than a single solvent of either class which
could interact with only one of the two possible classes in coal. Thus, in prin-
ciple, for each coal there should exist an 'optimal' solvent which contains hydro-
gen donors of opposite symmetries in proportions that are matched to the propor-
tions of the complementary hydrogen_acceptors in the coal. For these reasons our
theory suggests that a_mixture of aA'- and a2-dialins should be a better donor sol-
vent than either the al- or the a2-dialin alone, with the further indication that
theye may exist an optimal mixture composition that is characteristic of a given
coal.

Liquefaction experiments were performed on a sample (18) of I11inois No. 6
coal, from Sesser, I11inois. Proximate and elemental analyses of this high vola-
tile A bituminous coal are given in Table 2. The coal, of particle size 600-1200
microns (32x16 mesh), was dried at 110 C in a nitrogen blanketed oven prior to
liquefaction. A solvent to coal weight ratio of 2.0 was used in all experiments,
which were conducted in tubing bomb reactors that were immersed in a constant-
temperature bath for the desired time while being rocked to agitate the reactor
contents. At the end of each experiment, the reactors were quenched and their con-
tents analyzed to ascertain the amounts of each of hexane-, benzene-, and pyridine-
solubles (plus gas) produced from the original coal. The procedure used for all
analyses is described for the pyridine-solubles (plus gas). First the reactor con-
tents were extracted with pyridine and the residue dried on a pre-weighed ashless
filter paper to provide the gravimetric conversion to pyridine-solubles, defined
as 100(1-(daf residue/daf coal)). Second, the residue was ashed in a furnace for
3 hours at 800 C, yielding the ash-balance conversion to pyridine solubles, de-
fined as 100(1-(a/A))/(1-(a/100)) where A and a were respectively the weight per-
centages of ash in the residue and in the original coal. The conversions obtained
from each of the two methods normally agreed to within + 2 weight percent and were
averaged to provide final values.

Results showing 'the effectiveness of the al- and a2-dialins in coal liquefac-
tion relative to control solvents, naphthalene, decalin, and tetralin, are pre-
sented in Tables 3.1 and 3.2. 1In both these tables, each row provides the con-
version of the coal sample to each of hexane-, benzene-, and pyridine-solubles
(plus gases) by the indicated solvent. Table 3.1 contains data derived at a tem-
perature of 400 C and a reaction time of 0.5 hr, Among the control solvents, it
can be seen that the naphthalene and decalin give similar results and are both
much Tess effective than tetralin, the yields of each of hexane-, benzene-, and
pyridine-solubles obtained with the former being roughly half of those obtained
with the latter. The greater effectiveness of tetralin as a donor-solvent rela-
tive to naphthalene and decalin is in agreement with previous studies (2,7,9).
Further, the absolute conversion to benzene-solubles {plus gases) obtained with
tetralin in the present work, namely 44 weight percent, compares favorably with
the values of 36 and 47 weight percent reported by Neavel (9) for comparable HVA
and HYB bituminous coals at similar reaction conditions. The accord between the
control solvent liquefaction data shown in Table 3.1 and the literature permits us
to place some confidence in the present experimental procedures. Turning now to
the dialin donors, for which coal liquefaction data have not hitherto begen re-
ported, it can be seen from Table 3.1 that, relative to tetralin, the a'-dialin
yielded appreciably more hexane-solubles, somewhat less benzene-solubles, and ap-
proximately the same pyridine-solubles. Also relative to tetralin, the a2-dialin
yielded appreciably more hexane-solubles, approximately the same benzene-solubles,
and appreciably more pyridine-solubles. It is apparent that the dialins, especi-
ally the aZ-dialin, were more effective donor solvents than tetralin in liquefac-
tion of the present coal sample. While no precise chemical interpretation can be
attached to the quantities used to measure liquefaction, the pyridine-solubles
roughly represent the extent to which the coal substrate is converted, whereas the
hexane-solubles are a measure of the final, oil, product (the benzene-solubles re-
present an intermediate). Accordingly, from Table 3.1, the a2-dialin increased
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the coal conversion by 16 percent and product oil formation by 37 percent relative
to tetralin. A few liquefaction experiments were also conducted at a temperature
of 300 C and a reaction time of 0.5 hr, with results reported in Table 3.2. Of the
control solvents, decalin yielded neither hexane- nor benzene-solubles, while tet-
ralin yielded no hexane-solubles but did yield the indicated small amounts of ben-
zene- and pyridine-solubles. The A2-dialin yielded no hexane-solubles but pro-
vided appreciable amounts of benzene- and pyridine-solubles. The conversions seen
in Table 3.2 are all much lower than the corresponding conversions in Table 3.1,
undoubtedly a consequence of the lower reaction temperature, 300 C versus 400 C,
reaction times being equal. Finally, Table 3.2 shows that the s2-dialin solvent
produced 3 times the benzene-solubles and 5 times the pyridine-solubles produced
by tetralin, a striking re-inforcement of the indication from Table 3.1 that the
dialins were the more effective donors.

A second series of liquefaction experiments were conducted to test the theo-
retical suggestion that a mixture of Al- plus a2-dialin isomers might be a more
effective solvent than either one of the dialins alone. Preliminary results at
400 C and 0.5 hr reaction time, are shown in Table 4 which quotes the ratio of the
conversion to each of hexane-, benzene-, and pyridine-solubles obtained with a sol-
vent mixture containing equal amounts of al- and a2-dialins relative to the average
of the corresponding conversions obtained with each of the al-dialin and a2-dialin
solvents separately. (Generally, if pp, was the conversion to say, pyridine-sol-
ubles obtained with a solvent mixture containing a fraction x of solvent 1, while
p1 and py were the conversions respectively obtained with the pure solvents 1 and
2 separately, then the departure of the ratio ry = ppy/(xp1 + (1-x)p2) from unity
will evidently measure the effectiveness of the solvent mixture relative to the
separate pure solvents.) In Table 4 it can be seen that the coal conversion to
hexane-, benzene-, and pyridine-solubles with the dialin mixture was respectively
28, 1, and 18 percent greater than the average for the separate solvents. These
results are evidently in accord with the theoretical prediction, but further work
is being undertaken to seek the generality of this result and to discern an opti-
mum solvent mixture.

4. CONCLUSIONS

At typical coal liquefaction conditions, namely temperatures from 300 to 400 C
and r?action 51mes on the order of 1 hr, hydrogen transfer from model C10 donors,
the A'- and A¢-dialins, to model C14 acceptors, anthracene and phenanthrene, oc-
curs in the sense allowed by the Woodward-Hoffman rules for supra-supra group
transfer reactions. Thus, in the conversion of the C14 substrates to their 9,10
dihydro derivatives the dialins exhibited a striking reversal of donor activity,
the al-dialin causing about twice as much conversion of phenanthrene but only one-
tenth as much conversion of anthracene as did al-dialin. '

The dialins were also found to be more effective donor solvents than tetralin
in the liquefaction of an I11inois No. 6 HVA bituminous coal. For example, at
400 C and 0.5 hr reaction time, a2-dialin yielded 16% more pyridine-solubles and
37% more hexane-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 al- and a2-dialin was found to
be a more effective donor solvent than either of the al-or a2-dialins separately.
At 400 C and 0.5 hr reaction time, the mixture of donors yielded 18% more pyridine-
solubles and 28% more hexane-solubles than the average for the separate donors.

_The preceding experiments offer preliminary support to our notion that peri-
cyclic pathways might be intimately involved in the mechanism of coal 1iquefac-
tion. More specifically, the results indicate that pericyclic group transfer re-
actions constitute a plausible pathway for the transfer of hydrogen from donor sol-
vents to coal during liquefaction.
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TABLE 1.1 Model Compound Experimental Grid

P
)
Coal Model C14 ’\C)@/ D06

Solvent C10 Supra-Supra Allowedness

oFe

Cy
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>

TABLE 1.2 Model Compound Experimental Results

Reaction Temp = 300 C Temp = 400 C
Conditions Time = 2 Hr Time = 2 Hr
Coal Model C14 e ﬁfﬁ A

Solvent C10 % conversion to 9,10-dihydro-derivative

O 0 0

90 3 2

©e! 5 16

on 58 10
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TABLE 2. Coal Sample Characterization

Origin: I1linois No. 6 from Sesser, I11inois

Rank: Bituminous, High Volatile A

Proximate Analysis: VM FC Ash  Total

(wt% dry basis 37.3 56.7 6.0 100.0

Elemental Analysis: H C N 0 S Total
(wt% daf) 5.4 8.0 1.6 10.2 0.8 100.0

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 QO 8.0 - 29.7
Decalin CO 1.8 22.5:2.6  32.5
Tetralin D 20.9  43.9:1.4  70.2

sl-pialin - O 27.0  39.6:1.9  71.3

82-Dialin 28.6  44.9:1.5  81.4

2. Temperature = 300 C : Reaction Time = 0.5 hr

Decalin O o n -

Tetralin = QO o 2.4:0.6 3.7
s2-pialin &3 0 9.0£1.5 19.3

TABLE 4. Coal Liquefaction by Mixed Dialin Solvent

Temperature = 400 C : Reaction Time = 0.5 hr

1

Solvent: 1:1 mixture of A'- and A2-dia11ns

Hexane-  Benzene- Pyridine-
Solubles

Conversion
Ratio r 1.28 1.01 1.18

Note: r = pm/0.5(p1+p2) where py, p7, pp are resqective]y the gt%
conversions obtained with mixed solvent, a'-dialin and a¢-
dialin.
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AN ISOTOPIC STUDY OF THE ROLE OF A
DONOR SOLVENT IN COAL LIQUEFACTION

Joseph J. Ratto

Rockwell International, Corporate Science Center
1049 Camino Dos Rios, Thousand Oaks, California 91360

Laszlo A. Heredy, Raymund P. Skowronski

Rockwell International, Energy Systems Group
8900 De Soto Avenue, Canoga Park, California 91304

INTRODUCTION

For a number of years, laboratory and pilot-scale studies have been conducted in
the area of coal liquefaction with hydrogen donor solvents{1-3). The kinetics of these
processes and the composition of the coal products have been studied; however, the
mechanism of hydrogen transfer from donor solvent to coal is still not well understood.

Recently we reported on a deuterium tracer method for the investigation of coal
hydrogenation(5). The work involved the use of deuterium gas as a tracer to follow the
incorporation of hydrogen into coal during liquefaction. No donor solvent or catalyst
was added to the coal in those experiments. Using an isotopic tracer, it was possible
to follow the reaction mechanism more closely and to determine the fate of the react-
ants, without altering the course of the reaction. Two significant results were
obtained in that investigation. Deuterium incorporation in solvent-fractionated coal
products was found to vary with product fraction and structural type. Deuterium uptake
increased from the most soluble oil fraction to the insoluble residue. In each of the
three soluble fractions as determined by NMR spectrometry, selective incorporation of
deuterium was found in the a-alkyl functional region.

The present work examines theé donor solvent process during coal liquefaction. A
deuterium labeled donor- solvent (tetralin-djp) was prepared to study the chemistry of
the solvent during liquefaction. In a separate experiment, naphthalene-dg was used to
investigate the chemistry of hydrogen transfer between coal and a solvent. In each
experiment, the coal products and spent solvent were analyzed for total deuterium con-
tent and for deuterium content by structural position.

EXPERIMENTAL

Materials and Apparatus

High volatile A bituminous coal (81.8% C, 5.1% H, dmmf basis), -200 mesh, from the
Loveridge Mine, Pittsburgh Seam, was dried at 1150C for 4 hours before use in each
experiment. Technical grade deuterium (>98 atom % deuterium and total hydrocarbons
<1 ppm) and high-purity nitrogen were utilized. Naphthalene-dg was purchased from the
Aldrich Chemical Co., and tetralin-dy» was prepared in this la oratorﬁ(6 . The iso-
topic purity of tetralin-dyo and nap%tha]ene-dg were determined by NMR spectrometry.
Batch experiments were per%ormed in a 1-liter stirred autoclave (Autoclave Engineers)
and a 0.25-1iter.rocking autoclave (Parr).

Experimental Procedure

In a typical liquefaction experiment, the autoclave was charged at room temgera-
ture with tetral'n-d1g, coal and deuterium gas. The autoclave was heated to 4000C, the
reaction was conductéd for 1 hour, then the autoclave was cooled to room temperature.
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Gaseous products were removed for analysis by GC-MS. The reaction products were dis-
tilled at reduced pressure to remove spent donor solvent mixture, and the remaining coal
products were solvent-fractionated. The naphthalene extraction experiment was carried
out under similar conditions except that nitrogen cover gas was used instead of
deuterium.

Product Analyses

The spent solvent mixture was distilled from the coal products, separated by gas
chromatography (GC) and analyzed by NMR spectrometry. The solid and liquid coal pro-
ducts were solvent-fractionated into oil (hexane soluble, HS), asphaltene (benzene
soluble, BS), benzene-methanol soluble (BMS) and insoluble residue (benzene-methanol
insoluble, BMI) fractions. The liquefaction products were solvent-fractionated using
three ACS reagent grade solvents: hexane isomer mixture, benzene and methanol. Sam-
ples of fractions were combusted, and the resulting water was analyzed by mass
spectrometry (Shrader Analytical Labs) to determine the deuterium and protium atom %
distribution. Elemental analysis of product fractions was conducted by Galbraith
Laboratories.

Proton and deuteron NMR spectra of soluble fractions and spent solvent mixtures
were obtained using a JEOL FX60Q FT NMR Spectrometer. A flip angle of 450 was used
which corresponds to 14 us for proton and 75 us for deuteron NMR spectra. The pulse
repetition times were 6.0 and 9.0 s, respectively. Chloroform-d was used as the pro-
ton NMR solvent, and chloroform was used as the deuteron NMR solvent.

RESULTS AND DISCUSSION

The results of two donor solvent hydrogenation experiments and a coal extraction
experiment are presented in this paper. The experimental conditions and product yields
of the two donor solvent liquefaction experiments (E10 and E19) are summarized in
Table 1. These two experiments were conducted under similar conditions except for
differences in the type of autoclave and applied pressure. The experiments were
degigned to investigate hydrogen transfer from a donor solvent to coal. The atom
% “H values are also shown in Table 1. w§i1e in previous hydrogenation experiments
made without the use of a donor solvent(5), it was found that deuterium incorporation
increased from the most soluble 0il fraction to the insoluble residue, no similar trend
was observed in these experiments.

The solvent-fractionated coal products from E10 and E19 were analyzed by proton
and deuteron NMR spectrometry. Table 2 1ists the integration percentages of the three
soluble fractions by functional region. The selective incorporation of deuterium by
functional region is demonstrated by taking the ratio of deuterium incorporation over
protium incgrporation. For example, the E10 HS 2H percentage of 7% ]isted in Table 2
is the 2H,/H ratio, and the E10 HS 1H percentage of 11% is the 1H,/lH ratio. The
value_7% represents the number of deuteriuT atoms in that functional region normalized
to a °H value of 100%. The (ZHX/ZH)/(le/ H) ratios are shown in Table 3. A ratio of
unity means that the normalized”fraction”of protium and deuterium contained in that
functional region are equal. Since the ratio is much greater than unity in all of the
a-alkyl regions, indications are that in Tiquefaction experiments conducted with a
donor solvent, as well as in liquefaction experiments g?nducted without a donor solvent
or catalyst as was shown in our previous presentation(3), significant specific incor- \
poration occurs in the a-alkyl position.

One can utilize the isotopic composition and deuterium incorporation by structural
position of the spent donor solvent to develop a mechanistic pathway of hydrogen trans-
fer. Attention was focused on two major processes which can occur simultaneously in_ !
donor solvent Tiquefaction. Tetralin-djp can donate four of its transferable deuterium 1
atoms to coal with the formation of na %%ha]ene-dg; tetralin-djp can participate in :
isotopic exchange of its deuterium witﬂ protium in the coal. }t is worthwhile to
examine the reaction pathways of the donor solvent to assess the importance of each
process.
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Figure 1 is a summary of the most probable chemical reactions of the donor sol-
vent, tetralin, under liquefaction conditions. Tetralin can be hydrogenated to form
decalins, dehydrogenated to form naphthalene, or rearranged to form methylindan. Al1 of
the compounds shown in Figure 1 except methylindan were detected in the spent solvent
from £10. Figure 2 is the proton NMR spectrum of the spent solvent. Tetralin, naph-
thalene, and decalin absorption peaks are evident.

In a hydrogen donor reaction, the Tiquefaction process is generally assumed to
occur with the formation of solvent radical intermediates which can accept or donate
hydrogen atoms; therefore, in Figure 1 each reversible reaction can be divided into a
number of stepwise additions or removals of hydrogen radicals. The initial stage of
the dehydrogenation of tetralin to naphthalene is expanded in Figure 3 to include each
hydrogen atom transfer pathway. The dihydronaphthalenes are shown as possible inter-
mediates in the formation of naphthalene. The pathway of donation of hydrogen by
tetralin requires the abstraction of @~ and B-hydrogens by coal or gas phase products,
and Reactions 1 and 2 in Figure 2 show the main pathways of hydrogen abstraction. The
quantities of hydrogen in the spent solvent can be subtracted from the hydrogen in the
starting solvent to determine the net donation.

Table 4 summarizes the composition of the donor solvent before and after comple-
tion of E10 and E19. These data have been examined to formulate a mechanism of
isotopic exchange. The distilled spent solvent was separated by GC, and the isotopic
composition and incorporation by structural position was determined by NMR spectrometry
with an internal quantitative 'standard. In E10, the extent of hydrogen donation to the
coal can be calculated from the formation of naphthalene corrected by the amount of
hydrogen used in the formation of decalins (Table 4). It is also shown in Table 4 that
in addition to the donor mechanism, considerable isotopic exchange occurred between the
tetralin-di2 and coal; 17.2 atom % of the deuterium in the solvent was exchanged.
Tetralin contains four hydrogen atoms in each of three chemically different positions:
aromatic (Hyp), alpha (Hy) and beta (HB) hydrogens. Of the 17.2 atom % replaced by
protium, 66% of the protium resided in the Hg, 23% in Hgand 11% in Hy,. position. E19
shows a similar effect. Specific protium incorporation occurs in the Hy position of
tetralin-d12, and this indicates the predominant pathway of hydrogen exchange is
Reaction 1. The fact that the @-radical has greater resonance stabilization than the
B-radical also supports the choice of Reaction 1 as the predominant pathway. It should
be noted that the 8-radical can interconvert to the a-radical by a 1,2-hydrcgen shift.

An evaluation of the data on the formation of naphthalene-dg from tetralin-d;
(donation) and protium incorporation into tetralin-d; (exchange§ showed that in
experiment E10 donation took place to approximately tﬁe same extent as did exchange.
According to the indicated mechanism (Figure 3) not only hydrogen donation but also
hydrogen exchange via the a-radical of the tetralin can have a significant role in
stabilizing the primary free radical structures which form by thermal decomposition of
the coal.

Table 1 includes the data of an extraction experiment (E21) conducted with naph-
thalene-dg and nitrogen as cover gas. This experiment investigated the transfer of
hydrogen taking place during a solvent extraction experiment in the absence of a donor
solvent. In 8he experiment, coal and naphthalene-dg with a cover gas of nitrogen were
heated at 380°C for 1 hour. The solvent and coal pgoducts were analyzed for deuterium

loss and incorporation, respectively. The isotopic composition of the starting and
spent naphtha]ene-’d8 is shown in Table 5. The s%arting naphthalene Tost 4 atom % 2H,
and the combined coal products gained 11 atom % ¢H. It is interesting to note that
the Hg position of naphthalene exchanged more of its deuterium with the coal than the
Hz position. This experiment will be discussed in terms of the chemistry of hydrogen
transfer. between solvent and coal.

In summary, coal hydrogenation and extraction experiments conducted with deuterated
tetralin and naphthalene have been discussed. With the use of the deuterium tracer

157



method, deuterium incorporation was found in specific structural positions of the so1-
vent and soluble coal products. The method has provided insight into the mechanism of
hydrogen transfer.
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TABLE 1

SUMMARY OF EXPERIMENTAL CONDITIONS AND PRODUCT YIELDS

EXPERIMENTAL CONDITIONS

Parameter E10 E19 E21
Cover Gas 02 02 N2
Solvent

tetr'a'lin-d.l2

tetr‘ahn~d.|2

naphthalene-d8

Coal Weight (g) 25 25 25
Solvent Weight (g) 25 25 25
Reactor Volume (1liter) 0.25 1.0 1.0
Stirring Rate or
Rocking Rate 100 osc/min 100 rpm 100 rpm
Reaction Time (h) 1.0 1.0 1.0
Cold Pressure 2H2 or
N2 (psi) 1200 1000 1000
Operating Pressure (psi) 3000 2200 2200
Temperature (°C) 400 400 400

SOLVENT-FRACTIONATION PRODUCTS

Weight % Atom % ZH

Products E10 E19 E10 E19 E21
0i1 (HS) 16 17 38 52 n
Asphaltene (BS) 32 10 45 43
Benzene-methanol
Soluble (BMS) 8 2 35 38
Benzene-methanol
Insoluble (BMI) 44 n 37 61

*
An average value of the combined coal products.



1

2

TABLE

2

H AND "H NMR ANALYSES OF PRODUCT FRACTIONS

E-10
Functional 1 2
Region % H %2°H
HS 8BS BMS | HS 8BS BMS
1-ATky] moo12 6 7 8 7
B-ATkyl 40 23 20 20 14 16
a-Alkyl 26 25 26 44 42 a1
Aromatic’ 23 40 48 29 36 36
E-19
Functional 1 2
Region %'H %°H
HS BS BMS HS BS* BMS
+-ATkyl 9 17 8 5 - 4
B-Alkyl 31 33 15 17 - 15
a-Alky] 20 16 33 40 - 50
Aromatict 0 3 44 38 - 31

*
Sample size was too small for analysis.

+ . . . .
Aromatic region contains phenolic absorbances.
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TABLE 3

COMPARISON OF DEUTERIUM AND PROTIUM DISTRIBUTION
IN E10 AND E19 LIQUEFACTION PRODUCTS

(ZHX/ZH)/(IHX/IH) Ratiol

Functional E10 E19
Region HS BS BMS HS BsIf BMS

7- Alkyl 0.6 0.7 1.2 0.6 - 0.5

B- Alkyl 0.5 0.6 0.8 0.5 - 1.0

a- Alkyl* 1.7 1.7 1.6 2.0 - 1.5

Aromatic** 1.3 0.9 0.5 1.0 - 0.7
*Includes az-a1ky1 region TEstimated error: 0.1

**Includes phenolic region t1Sample size was too small for analysis

TABLE 5

ISOTOPIC COMPOSITION OF HYDROGEN TRANSFER SOLVENT

STARTING SOLVENT SPENT SOLVENT
Naphtha1ene-d8 Naphtha1ene-d8
98.5 atom % D 94.6 atom % D
Hg 59% . Hy 78%

HB 41% BB 22%
737-F.76
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TABLE 4

ISOTOPIC COMPOSITION OF DONOR SOLVENTS FROM E10 AND E19

E10 COMPOSITION
STARTING SOLVENT SPENT_SOLVENT

Tetralin 70 mole %
» Naphthalene 28 mole %
Trans-decalin 1 mole %
Cis-decalin 1 mole %

Tetralin 94 mole %
Naphthalene 6 mole %

E10 ISOTOPIC DISTRIBUTION

STARTING SOLVENT SPENT _SOLVENT
Tetralin-d, > Tetralin-d, K 66% 'H
97.2 atom % D 80.0 atom % D H, 23% Wy

' 1
H,. 1% 'H

E19 COMPOSITION

STARTING SOLVENT SPENT SOLVENT
Tetralin 58 mole %
Tetralin 99 mole % - Naphthalene 22 mole %
Trans-decalin 4 mole %
Cis~decalin 16 mole %

E19 ISOTOPIC DISTRIBUTION

STARTING SOLVENT SPENT SOLVENT
Tetralin-d, _ Tetralindy, K 64% H
99.0 atom % D 91.6 atom ¥ D H, 243 "

1
M, 122 '
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INTRODUCTION

Fundamental studies on the chemistry 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 under-
standing this chemistry is to 1iquefy coal using well-defined solvents or to study
reactions of solvents with pure compounds which may represent bond types that are
likely present in coal (1). It is postulated that coal liquefaction is initiated
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.

Earlier studies have measured the reactivity of both hydrocarbon (1) and
non-hydrocarbon (2) acceptors with good donor solvents (tetralin, hydrophen-
anthrenes), and poor donors (mesitylene). Although the primary role of solvents
was observed to be the stabilization of acceptor radicals, appreciable levels of
solvent rearrangement (isomerization), polymerization, and adduction also
occurre?3 Herein, these aspects of solvent chemistry have been pursued with the
use of *°C labeling techniques to understand the specific reactions.

EXPER IMENTAL

The experimental procedure to carry out the solvent-acceptor reactions
has been described earlier (1,2).

Specifically labeled 13C-octahydrophenanthrene was synthesized by
Dr. £. J. Eisenbraun, details of which will be described elsewhere.

REACTIVITY OF HYDROAROMATICS

Background

Due to the relative ease and reversibility of hydrogenation-dehydrogen-
ation of hydroaromatics, they have been used extensively either as a soyrce or
agent for placing hydrogen in hydrogen-deficient species, such as coal. 31 The \
assumption has frequently been made that hydroaromatics in the solvents used for
this purpose contained the (ideal) six-membered ring while little effort has been ‘
directed to determining the isomeric forms. It is known that methyl indanes are
essentially stable to hydrogen-transfer as compared to tetralin. Due to difficul-
ties in adequately measuring the concentrations of isomeric structures, the above
assumption may not be typically valid.
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Tetralin has been shown to undergo thermal dehydrogenation to naphtha-
lene and rearrangement to methylindane in either the absence or presence of free
radicals (1). This implies that it may not be valid to assume that hydrogen
transfer will be quantitative even in the presence of a large excess of donor sol-
vent. Sym-octahydrophenanthrene (HgPh) would be expected to follow the same
rearrangement-dehydrogenation reactions as tetralin, except with more isomer and
product possibilities (see Figure 1). The kinetics of these reactions will be
briefly discussed.

STRUCTURAL FEATURES OF HYDROPHENANTHRENES

The initial indication that hydrophenanthrenes isomerize was the
observation of numerous GLC peaks with identical parent ions but different
fragment ions in their mass spectra. Compounds with methyl substituents
always have more intense M*-15 jons than those with unsubstituted six-membered
rings. Considering the complexity of the total reaction mixtures, liquid
chrngtography (HPLC) was used to concentrate more discrete solvent fractions
for ““C-NMR study.

Figures 2 and 3 show the partial 13c_nmr spectra of two monoaromatic
isomeric octahydrophenanthrenes. The assignments for sym-HgPh have been dis-
cussed earlier {4). The appearance of new signals at 29 to 21.3 ppm is
indicative of methyl groups in a variety of positions on saturated rings and
are not present in sym-HBPh. The new signals between 30 and 35 ppm are indic-
ative of five-membered rings being formed at the expense of the eight hydro-
aromatic carbons in the six-membered rings. The absence of a sharp line at
approximately 14 ppm indicates that ring opening to a n-butyl substituent did
not occur.

When an acceptor is present, the solvent Tsoducts are more com-
plex. _Reactions were, therefore, performed with 1--“C-octahydrophenanthrene
(10% 13C). The presence of a label provided useful clues as to the real com-
plexity of the structures and pathways for their formation. The products were
separated by several liquid chromatographic steps infg seven major fractions,
arbitrarily designated A through G, and ana]yfgd by *°C-NMR, mass spectrom-
etry, ultraviolet spectroscopy. The partial C-NMR stick spectra are shown
in Figure 4 where the label appears as an intense broken line. Table 1 i1lus-
trates some of the mass spectral data of these fractions. The "best fit"
structures deduced from these data will be discussed.

Solvent Adduction

The primary reaction between good donor solvents, such as tetralin
and octahydrophenanthrene, and acceptors can give rather ideal products (ex.
dibenzyl——> toluene in 400-450°C range). However, when poor solvents are
introduced secondary reactions become quite important (ex. mesitylene— >
polymers).

When reactions with oxygen-containing acceptors are performed in the
300-400°C region, the formation of solvent adducts occurs equally well with
tetralin and mesitylene. Figure 5 shows a typical GLC curve for products from
the reaction of benzyl alcohol and tetralin. These reactions were also done
with D,-tetralin which permitted the firm identification of the solvent in the
adduct. It is noted that several isomers of toluene-tetralin, as well as di-
tetralin, were formed. Representative concentrates of total adducts were
prepared by HPLC and GPC techniques which permitted their direct study by NMR,
MS, and selective reactions.
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These analysis indicated that at low temperatures free radical 1ife-
times can be reasonably long, thereby permitting competition between H* and C*
for stabilization. The following equations illustrate one representation of
this competition:

oglosRJogIoe
G ed] - e

The benzyl free radicals can abstract hydrogen atoms leaving a carbon free
radical which has the ability to combine with another benzyl radical. As the
reaction proceeds, concentrations of both free radicals increase, creating a
greater probability of adduction. Numerous analytical data show increasing
concentration of adducts with reaction time and with increasing concentration
of acceptor.

It appears that the formation of benzyl tetralin only occurs during
the hydrogen transfer reactions at low temperatures (<400°C). If the adduct
occurs as shown above, a certain degree of “"depolymerization" could be
achieved by isolating the adduct fraction and reacting it with fresh tetralin
at 450°C. From the previous studies with dibenzyl, diphenylbutane, and
phenylhexane, one would predict that cleavage would occur at 450°C as follows:

Con N PRRC

450°
H

+
H, . H CHy
H
O - © 02
repeat

When this was done, less than 50% of the adduct “depolymerized."
The remainder did not react. The remaining adducts had the same molecular
Ysight but much larger M'-15 jons indicating the presence of a methyl group.
C-NMR showed that significant rearrangement had occurred.

The following structures were deduced from the NMR spectra:

"

41 ppm
/ ~ 30.3 ppm /CH
2
- ©
<39 ppm a
CH 34 ppm
CH3
P4 (h)
21 ppm
<@ 39 pbm
(a) C”z‘@ ()
CH3
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The strong line at 30.0 ppm in both spectra indicates that the six-
membered ring is intact and that, when certain positions are substituted by
benzyl groups, they resist cleavage. The fact that lines at 38, 39, and
41 ppm disappear upon heating at 450°C suggests that those particular struc-
tures are cleaved (unlikely if they are in a five-membered ring) or rearranged
to a more stable form. Finally, the observation that benzyl naphthalenes are
also present as reaction products confirms that isomer (a) is present and that
it can still function as a donor after adduction.

14

The adduction reactions discussed are not limited to benzyl-type
radicals nor to tetralin solvents. They have been observed with long chain
thioether acceptors and donor solvents including dimethyltet{g1in, octahydro-
phenanthrene, and tetrahydroquinoline. Donors using a D or *°C label have
been used to provide further confirmation that the solvent was incorporated in
adducts.

CONCLUSIONS

Implications to Coal Liquefaction

Numerous implications on the fundamental chemistry of coal liquefac-
tion can be drawn from the observed reaction of solvent isomerization and
adduction. The literature indicates that recycle solvents from most coal
Tiquefaction processes consist of 2 to 3 aromatic rings with various degrees
of saturation, not unlike the model solvents studied. 1In this system, high
levels of effective hydrogen donors can rearrange to isomers having poor donor
quality. The following specific points are noted:

1. The isomerization of hydroaromatic donor solvents is a general
phenomenon.

2. The rate of rearrangement appears to be first order with respect
to donor solvent concentration. (The activation energy of the
tetralin reaction is in the range of 26-32 Kcal/g-mole, depending
upon whether a free radical precursor is present or not.)

3. The rate of isomerization increases with increasing number of
hydroaromatic rings.

4. The rate of rearrangement is increased by order of magnitude when
free radicals are present.

5. All solvents have the capability of becoming irreversibly
adducted by acceptor free radicals which could arise from the
coal.

6. The presence of oxygen and sulfur functions on the free radicals
will enhance adduction. Adduction is also enhanced by long
reaction times and low temperatures (<400°).

7. At high temperatures (>400°C), adducts are most likely to involve
only poor donor solvents; high temperatures will not necessarily
cleave adducts formed at low temperatures.

8. Solvent isomerization creates a basic problem in following the
progress of liquefaction, namely, measuring the amount of
transferred hydrogen. While it is possible to measure the level
of “transferable hydrogen" (hydroaromatic six-membered ring
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1b.

hydrogen) in the feed, recycle, or product 1iquids by 13c_nMR
(5), the present study suggests that it is not possible to
isolate the portion contributing to hydrogen transfer alone.
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TAR YIELD IN THE OXY FLASH PYROLYSIS PROCESS, K. Durai-swamy, S.C. Che,
N.W. Green, E.W. Knell and R.L. Zahradnik. Occidental Research Corporation,
2100 S.E. Main, Irvine, California 92714.

In the Oxy Flash Pyrolysis process, (formerly known as Garrett Flash Pyrolysis
Process) coal is heated by direct mixing with circulating hot char and the tar yield
is found to be greatly reduced by the presence of char. The tar yield can be in-
creased:-by using reactive carrier gases such as steam and CO,. The tar yield from
a subbituminous coal in the ORC flash pyrolysis process was girst determined using
an electrically-heated bench scale reactor (BSR) where nitrogen was used as the coal
transport gas. Later, the tar yield was found to decrease when char was used for
heating in a 3 TPD process development unit (PDU). It was hypothesized that the
tar vapor adsorbed on the char surface, condensed and cracked to form coke and gas.
Further it was proposed to use reactive transport gases such as.COp, Hy0, CO and Hp
to inhibit the char surface by adsorption and reduce the tar disappearance. It was
experimentally found that the tar yield increased when reactive transport gases were
used along with the char heating mode. High tar yields of over 35 MAF wt. % from
Hamilton bituminous coal were obtained in the PDU. PDU and BSR results will be
repor ted.
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INVESTIGATION OF ALBERTA OIL SAND ASPHALTENES
USING THERMAL DEGRADATION REACTIONS

T. Ignasiak, T.C.S. Ruo and O,P, Strausz

Hydrocarbon Research Centre
Department of Chemistry
University of Alberta
Edmonton, Alberta, Canada T6G 2G2

INTRODUCTION

Thermal breakdown reactions directed toward cracking complex molecules into
low molecular weight products constitute an important part of oil sand technologies
(1). It is generally accepted that the high asphaltene content of Alberta bitumen
is primarily responsible for a large proportion of the coke produced by dehydrogen-
ation and repolymerization reactions that prevail at high temperatures. Moreover,
asphaltene obtained from the Alberta oil sands contains appreciable amounts of heter-—
atoms, mainly sulfur, oxygen and nitrogen, that tend to be associated with coke pre-
cursors and as such greatly reduce the marketable value of coke as an energy source.
However, our previous results (2-6) suggest that the oxygen-based hydrogen bonding
and sulfide linkages play important roles in the molecular size of the sulfur-rich
Alberta oil sand asphaltene. These observations are significant because the energy
requirement for the cleavage of sulfide bonds is generally lower than that reguired
for coke formation. We have therefore undertaken a study of the thermal behaviour of
asphaltene under moderate conditions aimed at high product recoveries and low coke
yields.

EXPERIMENTAL

The origin of the samples and the preparation of asphaltenes have been described
(2,3).

Thermal degradation

The pyrolysis of asphaltene (1.5 g) was carried out in a vacuum (0.l torr)
sealed tube (vol, 40 ml) inserted in a furnace maintained at a preset temperature.
After the heating period the tube was cooled to -15°C, opened, and the product
Soxhlet extracted with n-pentane to yield the pentane-soluble {maltene) fraction.
Subsequent extraction with benzene yielded the benzene soluble (retrieved asphaltene)
fraction.

Reduction

A one gram sample of asphaltene dissolved in 15 ml dry THF was introduced to
100 ml liquid ammonia, followed by 45 ml of 98% ethanol and then lithium metal (6 g)
cut into small pieces was gradually added over a period of about 1 hour. The mixture
was stirred for another 2 hours and finally quenched with 15 ml ethanol. Ammonia was
allowed to evaporate overnight. The reduced product was recovered by the usual proce-
dure involving acidification with aqueous HCl, filtration, removal of inorganic salts
by water extraction, and was then dried im vacug at 60°C for 24 hours.

Chromatography separation of pentane soluble fractions

A compound class separation was performed on a glass column, 100 cm x 1 cm (i.d.)
packed with silica gel Woelm (activated overnight at 140°C). The sample to solvent
ratio was 1:65 (for elution solvents, see Table 5). To assure purity of the fractionms,
they were monitored by HPLC on a pu-Porasil column using a UV detector.

A clear-cut separation of saturates from olefins was achieved by semiprepara-
tive HPLC on a silver aluminum silicate column (column, 6 cm x 0.9 cm (i.d.); solvent,
heptane; flow rate, 9 ml/min; pressures, ~8-900 psi).
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The molecular weights were determined by vapor pressure osmometry at a nominal
concentration of 20 mg/ml in benzene. ’

RESULTS AND DISCUSSION

1. Thermal degradation of asphaltene

Athabasca asphaltene was heated either at constant temperature for various
periods of time or at different temperatures for constant time periods (Table 1).

The yield of the pentane-~soluble (maltene) fraction does not seem to increase
significantly either during prolonged heating or with increasing temperature but high
temperature leads to coke formation. Volatiles and coke are produced at the expense
of residual asphaltene.

The elemental analyses of maltene, residual asphaltene and insoluble residue,
if any, are given in Table 2. The chemical composition of the maltene fraction does
not show much variation with either time of heating or temperature; it is more satu-
rated than the residual asphaltene and distinctly lower in nitrogen content than both
the original and residual asphaltenes. In the residual asphaltene, the lower H/C
ratios indicate that aromatization increases with either reaction time or increased
temperature. The insoluble residue produced at 390°C is the most unsaturated portion
of pyrolyzed asphaltene and contains the highest concentration of heteroatoms. Under
the conditions used, the overall desulfurization does not exceed 22% in terms of the
sulfur present in the parent asphaltene.

In earlier studies (3,6) it was found that the amount of sulfur in bridges
susceptible to cleavage in potassium-THF solution varies for Athabasca, Cold Lake,
Peace River and Lloydminster asphaltenes. To estimate to what extent these structu-
ral variations in the Alberta oil sand asphaltenes are reflected in their thermal
behaviour, these asphaltenes were heated under conditions where thermolysis of the
Athabasca asphaltene gives optimal conversion and no coke,

At 300°C, after 72 hours, (Table 3), all these sulfux-rich asphaltenes retain
full solubility in benzene. Some variations are, however, indicated by the yield of
pentane solubles which is the highest for Athabasca and significantly lower for the
remaining asphaltenes. This roughly corresponds to the decrease in the molecular
weight of the heated asphaltenes. Desulfurization accounts for up to 15% of the
original sulfur content and deoxygenation varies from 20 to 40%.

2, Thermal degradation of reduced asphaltene

According to the previous results, (2,7) depolymerization of asphaltene de-
pends to a large extent on the cleavage of C-S bonds and thermolysis at 300°C will
involve only the most unstable ones. Any structural changes in the asphaltene mole-
cule which would lower the energy of activation for cleavage of the C-S bonds present
may enhance the degradation under the same conditions. It was therefore of interest
to investigate the thermal behaviour of asphaltene that had been chemically modified
by reduction with alkali metals. The reductive systems applied were potassium in
tetrahydrofuran with naphthalene as a charge transfer catalyst (2) and lithium in
liquid ammonia in the presence of ethanol. In both cases simple protonation results
in partial insolubilization which accounts for up to 60% of reduced asphaltene.

a) Potassium—-THF-naphthalene reduced Alberta sulfur-rich asphaltenes

wWhen heated at 300°C for 72 hours these reduced and protonated asphaltenes
(Table 4) exhibit thermal properties which are distinctly different from those of
naturally occurring asphaltenes, cf. Table 3, Thus thermally treated reduced asphal-
tenes became almost fully soluble in benzene; the yield of pentane solubles was
doubled (except for the case of the Athabasca sample) and the loss of sulfur upon
conversion was also twice that observed for unreduced asphaltenes, cf. Table 3. The
overall desulfurization upon reduction and thermolysis, about 50%, is comparable for
all four asphaltenes.
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b) Lithium-liquid ammonia reduced Athabasca asphaltene

The treatment with lithium in liquid ammonia in the presence of ethanol en-
hances the thermal reactivity of Athabasca asphaltene to an even larger extent than
that with potassium in THF. The rate of conversion into pentane solubles and desul-
furization have been found to be directly related to the amount of hydrogen intro-
duced to asphaltene on reduction. This again seems to depend on the lithium and
ethanol concentrations. The enhanced degree of hydrogenation of asphaltene in the
presence of ethanol is apparently due to the fact that ethanol as a proton source is
more acidic than ammonia and facilitates the reduction of aromatic systems such as
benzene derivatives having high negative reduction potentials.

The results (Table 4) show that at 300°C lithium reduced Athabasca asphaltene
yielded close to 50% of pentane solubles, and the sulfur content was depleted by
about 50%. It is interesting to note that the proportion of hydrogen to carbon in
the reduced and heated asphaltene is more favorable than in the original asphaltene.
The conversion rate is distinctly higher than in the case of potassium~-THF pretreat-
ment and comparable with that obtained in the case of the tetralin reaction at 390°C
(7).

It is apparent that the high thermal reactivity of reduced asphaltenes as com-
pared to the original asphaltene and reflected by appreciable conversion and desul-
furization, is related to the cleavage of carbon-sulfur bonds and to partial satura-
tion of double bonds. This leads to the formation of thermally unstable thiols which
are easily removed at temperatures as low as 300°C.

3. Characterization of the pentane-soluble fraction obtained from thermal
degradation of Athabasca asphaltene

The appreciable yields and relatively low molecular weights of the pentane
soluble fractions obtained from thermal treatments of asphaltene make them amenable
to chromatographic separation. The pentane-soluble products of Athabasca asphaltene,
pyrolyzed neat at 300° and 390°C, and in the presence of tetralin at 390°C, and of
lithium reduced and pyrolyzed asphaltene at 300°C, have been separated into compound
classes on silica gel., The results (Table 5) indicate that the yields of saturates
and aromatics increase with increasing temperature of thermolysis at the expense of
the polar I and polar II fractions. Significantly, pretreatment with lithium in
liquid ammonia in the presence of ethanol promotes the formation of saturates and
aromatics I, the yields of which, at 300°C, approximate those obtained at 390°C.

CONCLUS IONS

It is clear from the data presented here that the early stage of low tempera-
ture degradation is a gradual depolymerization, where the crosslinking bonds in the
asphaltene molecule are preferentially broken with the formation of lower molecular
weight, pentane-soluble polar materials. Polar fractions can readily undergo therm~
olysis to generate hydrocarbons (e.g., saturates and aromatics).

The alkali metal pretreatment activates certain C-S bonds, most likely by gen-—
eration of thiols which can be easily removed, thus affording an appreciable overall
desulfurization on subsequent pyrolysis. The reduction using lithium/liquid ammonia
in the presence of ethanol represents a situation in which the hydrogen added to as-
phaltene molecule reacts with the free radicals produced during thermolysis, thus
stabilizing the fragments and resulting in a remarkable conversion into pentane-
soluble materials.
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Table 1, Thermolysis of Athabasca Asphaltene

Yield, % Wt Asphaltene

Temp., Time, Volatiles Soluble fraction Residue Desulfurization
°C hrs Pentane Benzene %
300 4 Q 20 80 [¢] 9
300 30 1 22 77 o] 9
300 72 5 28 67 0 14
300 114 5 26 69 0 14
348 4 4 24 72 0 14
390 4 10 32 38 20 22

Table 2. Elemental analyses of maltene and residual asphaltene
obtained from thermolysis of Athabasca asphaltene

%
Temp. , Time, MW H/C N [¢] S
°c hrs
Maltene fraction
300 4 690 1.36 0.60 2.02 7.00
300 30 680 1.38 0.51 1.59 6.75
300 72 530 1.38 0.55 1.23 6.39
300 114 570 1.40 0.65 1.30 6.40
348 4 620 1.40 0.51 1.60 6.58
390 4 430 1.42 0.50 1.16 6.10
Residual asphaltene
300 4 6100 1.18 1.29 1.90 7.00
300 30 5500 1.16 1.33 1.84 7.20
300 72 6600 1.07 1.37 1.80 7.21
300 114 4500 1.04 1.34 1.90 7.15
348 4 5300 1.11 1.34 2.00 7.05
390 4 2400 1.06 1.40 1.80 6.88
Residue
390 4 - 0.89 1.63 2.16 7.16




Table 3. Thermolysis of Alberta asphaltenes at 300°C/72 hrs.
\
Asphaltene Product
Source MW Conversion Loss, Wt % MW
Wt & Sulfur Oxygen
Athabasca 6000 28 14 40 1300
Cold Lake 8100 7 5 30 5500
Peace River 9500 14 .14 40 2500
Lloydminster 9300 14 15 20 3500

Table 4 - See following page.

Table 5. Chromatographic separation of the pentane soluble products

from thermally treated Athabasca asphaltene

Yield, wt % (pentane solubles = 100%)

Eluate Fraction 390°C 390°C
neat tetralin neat Lithium
reduced
n—-C5 Saturates 12.1 15,1 3.2 11.3
Olefins 2.7 1.9 0.8 1.3
Aromatic I
n C5/15% Bz (mono-, di-) 13,7 13.2 5.8 10.9
Aromatic II
n-C5/15% Bz (> di-to poly-) 30.6 27.5 17.8 19.9
100% Bz Polar I 22,5 26,3 47.3 30.9
THF Polar II 15.5 18.4 29,9 24.6
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RELATION BETWEEN COAL STRUCTURE AND THERMAL DECOMPOSITION PRODUCTS
P. R. Solomon

United Technologies Research Center
East Hart ford, CT 06108

INTRODUCTION

In a recent study, the thermal decomposition of 13 coals was examined in
over 600 vacuum devoaltilization experiments (1). The results for all 13 coals
were successfully simulated in a model which assumes the evolution of tar '"monomers"
from the coal "polymer" and the parallel evolution of smaller molecular species
produced by further cracking of the molecular structure (2,3). The evolution of
each species is characterized by rate constants which do not vary with coal rank.
The differences between coals are due to differences in the mix of sources in the
coal for the evolved species. The sources were tentatively related to the functional
group concentrations in the coal.

This paper reports a study to verify the relationship between functional
group distribution and thermal decomposition behavior. A Fourier Transform
Infrared Spectrometer (FTIR) has been employed to obtain quantitative infrared
spectra of the coals, chars and tars produced in the devolatilization experiments.
The spectra have been deconvoluted using a computerized spectral synthesis routine
to obtain functional group distributions, which are compared to the model parameters.

MODEL

The thermal decomposition model is illustrated in Fig. 1. The initial
coal composition (Fig. la) is described by the fraction Yg of each func-
tional group present (Zi Yg = 1) and the fraction of coal X° which is
potentially tar forming. During decomposition each component may evolve as an
independent species into the gas or may evolve with the tar. The evolution of
a component into the tar is described by the diminishing of the X dimension
and into the gas by the diminishing of the Y; dimensions according to

X =x° exp(-kyt) and Y; = Yg exp(-k;t)

where k; and ky are rate constants given in Table I.

According to this model the tar contains a mix of functional groups similar to
that in the parent coal. This concept is based on the strong similarity between
vacuum devolatilized tar and the parent coal observed in chemical composition
(1,2,3), infrared spectra (1,3,4,5), and nmr spectra (1,3)., The similarity of the
infrared spectra is illustrated in Fig. 2 for four coals. The resemblance of the
tar and parent coal suggests that the tar consists of "monomers" released from the
coal "polymer". The major difference observed in the ir spectra between tar and
parent coal is the higher quantity of aliphatic* CHy, and CH3. This is presumably

No attempt has been made in this paper to distinguish between aliphatic and
alicyclic CH.
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because the monomers abstract hydrogen to stabilize the free radical sites produced
when the monomer was freed. Similar arguments were given for pyrolysis of model
compounds by Wolfs, van Krevelen and Waterman (6).

TABLE I KINETIC CONSTANTS FOR LIGNITE AND BITUMINOUS COALS (2)

Functional Group Kinetic Rates

carboxyl k) = 6 exp (- 4000/T) sec”!
hydroxyl ky = 15 exp (- 4950/T)

ether kg = 890 exp (-12000/T)
aliphatic k, = 4200 exp (- 9000/T)
aromatic H kg = 3600 exp (-12700/T)
aromatic C kg = 0

tar ky = 750 exp (-~ 8000/T)

Figure 1b illustrates the initial stage of thermal decomposition during which
the volatile components Hy0 and CO, evolve from the hydroxyl and carboxyl groups
respectively along with aliphatics and tar. At a later stage (Fig. lc) CO and H, are
evolved from the ether and aromatic H.

To simulate the abstraction of H by the tar, the aliphatic fraction in the tar
is assumed to be retained together with some additional aliphatic material which
may be added directly or may contribute its hydrogen. When hydrogen from the
aliphatic material is contributed, its associated carbons remain with the aromatic
carbon fraction which eventually forms the char (Fig. 1d).

INFRARED SPECTRA

Infrared Spectra of coals, tars and chars were obtained on a Nicolet FTIR.
KBr pellets of coals and chars were prepared by mixing 1 mg of dry, finely ground
(20 min in a "Wig-L-Bug") sample with 300 mg of KBr. Thirteen mm diameter pellets
were pressed in an evacuated die under 20,000 lbs pressure for one minute and dried
at 110°C overnight to remove water. Since the heating process destroyed similarly
prepared tar pellets, the water correction was obtained by subtracting the spectrum
of a blank disk prepared under the same conditions. The Hy0 corrected spectra
matched those from samples prepared by allowing the tar produced in thermal decom-
position to fall directly onto a water free blank KBr disk.

The FTIR obtains spectra in digital form and corrections for particle scatter-—
ing, mineral content and water may be easily made. A typical correction sequence
is illustrated in Fig. 3. The lower curve is the uncorrected spectrum of a dried
coal. It has a slope due to particle scattering and peaks from the mineral compo-
nents near 1000 and 450 cm™l. 1In the middle figure a straight line scattering
spectrum has been subtracted. 1In the top the spectrum for a mixture of kaolin and
illite has been subtracted (7) and the spectrum scaled to give the absorbance for 1
mg of coal dmmf.

Much previous work has been done to identify the functional groups responsible
for the observed peaks. Extensive references may be found in Lowry (8) and van
Krevelen (9). To get a quantitative measure of the functional group concentrations,
a curve analysis program (CAP) available in the Nicolet library was used to synthe-
size the ir spectra. The synthesis is accomplished by adding 26 absorption peaks
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with Gaussian shapes and variable position, width, and height as shown in Fig. 4.
The peaks are separated according to the indentified functional group. It has been
determined that all the coals, chars, and tars which were studied could be synthe-

sized by varying only the magnitudes of a set of Gaussians whose widths and positions
were held constant. These samples could therefore be analyzed in terms of a fixed
mix of functional groups.

Peak 0 at 1600 cm ! has been included with the hydroxyl group. The identity
of this peak has caused much speculation in the literature (8,9). Fujii et al.
(10), showed that the intensity of the 1600 em”! peak varied linearly with oxygen
content in the coal. The present study narrows the correlation still further.
Figure 5 shows a linear relation between the intensity of the O peak at 1600 cm
and the hydroxyl content measured by peaks L, M, N and Q. The correlation includes
chars which have a high oxygen content in ether groups but very low hydroxyl so
that the correlation with total oxygen would no longer hold. It has, therefore,
been concluded that the sharp line at 1600 em ! is caused mainly by hydroxyl
oxygen probably in the form of phenols.

1

The calibration of the aliphatic peaks near 2900 em! (lines A-E) and the
aromatic peaks near 800 em ! (lines I-K) is shown in Fig. 6. The objective is to
determine the values of the constants a and b, which relate peak areas to the
corresponding hydrogen concentration, i.e.,

H H

ali = 2 AzBCDE and aro = P Argxg

where A pepp is the area under the aliphatic peaks A-E, Apyg is the area under

the aromatic peaks I-K, and Haypi and H, . the aliphatic (or alicyclic) and aromatic
hydrogen concentrations, respectively. The equation for total hydrogen concentra-
tion Hy o . = H +H, o+ thdtoxyl may be combined with the above equations

to yield

ali

A A
“ABCDE =1-b IJK

H H

a —_— R
total _thdroxyl

total “Bhydroxyl

where thdroxyl is the hydrogen content in hydroxyl groups obtained from

thdroxyl =c ALMNQ

where c has been determined using the relation between hydroxyl content and specific
extinction coefficient at 3450 cm ! derived by Osawa and Shih (11).

The hydrogen distribution computed using the determined values of a = .075 and
b = .071 are shown in Table II. In the present investigation it was felt that the
determination of peak areas rather than peak intensities would the wore accurate
method for determining quantitative functional group concentrations. For comparison
to other infrared investigations more useful relations are

Ha1i = 11.5 x D5 A/M % and Hyo=19.2x D, A/MZ

aro

where A is the area of the pellet in cm2, m the sample weight in mg, D is the
optical density of the peak at 2920~ ! and D,,

I, J, and K peaks near 800 cm~!l,

ali

o is the average optical density of the
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TABLE IT HYDROGEN DISTRIBUTION IN COALS (dmmf)

From IR
COAL PLOTTING C H 0 Hyo - thdr Haro/Hali
SYMBOL

PSOC 268 M 86.2 5.24 6.13 2.2 2.8 .28 .79
PSOC 124 B 84.8 7.17 6.35 1.6 6.0 42 .27
PSOC 170 G 81.8 5.37 9.12 1.8 3.2 .31 .56
PSOC 103 A 82.9 5.11 10.04 2.0 2.4 .36 .83
Bu Mi 40660 Z 79.9 5.32 11.74 2.0 3.1 42 .65
PSOC 330 v 80.4 5.09 12,21 1.9 2.8 42 .68
PSOC 212 J 76.2 4.81 16 .81 1.5 2.5 .58 .60
PSOC 308 T 74.0 5.11 18.14 1.7 3.0 .58 .57
Montana 4 65.2 3.60 29.44 1.1 1.7 .71 .65
Lignite »

The aromatic hydrogen values are in agreement with those determined by van
Krevelen (8) and by Mazumdar, et al. (11), from pyrolysis measurements but are
larger (by about a factor of 2) than those determined by Brown (12) using ir
techniques. Brown measured the ratio of extinction coefficients at 3030 cm~
(line H) and 2920 cm™! (line D) and used an assumed value of 2 (this value has
been open to question) for the ratio of absorption strength for aliphatic and
aromatic C-H bonds. The ratio of extinction coefficients determined in the present
study are in reasonable agreement with those determined by Brown thus the absorption
strength ratio must be approximately 4 to produce the measured values of H /4

1

aro/Tali-

THERMAL DECOMPOSITION

The progress of thermal decomposition is illustrated by the series of spectra
for chars in Fig. 7. The chars were produced by devolatilizing coal PSOC 212 for
80 sec at the indicated temperature. The results are similar to those observed by
Brown (13) and Oelert (14). The rapid disappearance of the aliphatic and hydroxyl
peaks is apparent. The temperature and time dependence of the decrease in theseé
groups is in agreement with the kinetic constants of Table I obtained from analysis
of the gas components and elemental composition of the char and tar in thermal
decomposition. The aromatic peaks remain to high temperature and the ether peaks
are observed to increase in intensity possibly from the creation of new ether
linkages by

C-OH + C-OH - C-0-C + H20.

For high temperature chars whose carbon content exceeds 92 percent a broad absorp-
tion begins to dominate the spectrum. This is similar to the effect observed in
high rank coals (above 92%Z C) which has been attributed to electronic absorption
(8,9).

Figure 8 shows the quantitative determination of the hydrogen functional group
distribution for the chars in Fig. 7. Figure 9 shows the measured hydrogen content
and model prediction. The agreement is good. Comparison of Figs. 8 and 9 clearly
shows how the low temperature loss of aliphatic material and tar and the retention



of aromatic hydrogen produced the observed shape for the curve of total hydrogen
content vs. temperature. The distribution of other products of thermal decomposi-
tion for the same coal is shown in Figs. 10 and 11.

The thermal decomposition model was developed using model parameters derived
from the decomposition experiments (1,2,3). The observed relationship between the
products and the functional group compositions determined from ir measurements
indicates that several of these model parameters may be obtained directly from the
ir spectra. A comparison of parameters determined from the thermal decomposition
experiments with those determined from the ir measurements is made in Fig. 12.
Additional parameters may also be determined in the same way.

CONCLUSIONS

The results of the present investigation have yielded the following conclusions:

1. FTIR provides a convenient tool for obtaining quantitative infrared spectra of
coals, chars and tars on a dry mineral matter free basis.

2. The spectra of all the coals, chars and tars studied could be deconvoluted by
varying the magnitudes of a set of 26 Gaussians whose width and position were
held constant. This provides a good way for determining magnitudes of indivi-
dual peaks.

3. Correlation of the magnitudes of the 1600 cm = peak with the hydroxyl content
of a variety of coals, tars and chars indicates that hydroxyl, probably in the
form of phenols, contributes strongly to this peak.

4. A regression analysis applied to a series of coals, chars and tars with widely
differing ratios of aliphatic to aromatic hydrogen has been used to calibrate
the aliphatic and aromatic C-H absorption intensities.

5. The values of aromatic hydrogen for coals derived from the infrared analysis
are in reasonable agreement with those of van Krevelen (8) and Mazumdar (11)
but are roughly a factor of 2 larger than those derived by Brown (12).

6. Infrared spectra of a series of coals and tars demonstrate the very close
similarity of tars to their parent coals providing further evidence that the
tar consists of hydrogen stabilized "monomers" derived from decomposition of
the coal "polymer".

7. The variation of functional group concentrations in the products of thermal

1

decomposition is in good agreement with the predictions of a detailed thermal
decomposition model (1,2,3).

8. Most of the coal parameters used in the thermal decomposition model may be
obtained directly from an infrared, ultimate and proximate analysis of the coal
allowing prediction of thermal decomposition behavior from a general set of
kinetic constants applicable to lignite and bituminous coals.
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Characterization of Hydrolytically Solubilized Coal

Randall E. Winans, Ryoichi Hayatsu, Robert L. McBeth,
Robert G. Scott, Leon P. Moore, and Martin H. Studier

Chemistry Division
Argonne National Laboratory, Argonne, Illinois 60439

INTRODUCTION

In a search for relatively mild methods for solubilizing coal,
we have found that treating a bituminous coal with potassium
hydroxide in ethylene glycol at 250°C is quite effective. The use
of alkali in protic solvents is not new. Recently, Ouchi and co-
workers (1) have reported in detail the reaction of coal with
ethanolic KOH from 260° to 450°C. Also, Ross and Blessing have
looked at both iPrOH/iPrOK (2) and MeOH/KOH systems at 400°C (3).

In an early study Pew and Withrow found that the yield of 2-ethoxy-
ethanol extract at 135°C for a bituminous coal increased from 9.4%
to 31.3% with the addition of KOH (4). In general at lower tempera-
tures (< 250°C) it has been found that only low rank coals are
appreciably solubilized (1). We feel that the glycol is playing

a special role in producing a soluble product and have characterized
this product in order to understand the chemistry involved. Our
conclusions are similar to those given by Ouchi (1).

We decided to use glycol as a solvent for several reasons.
First, the results of Pew and Withrow (4) indicate that glycol and
KOH have special properties and therefore more drastic conditions
could give improved extract yields. It is easier to obtain higher
reaction temperatures with glycols without using an autoclave.
Finally, cleavage of C-C bonds has occurred as side reactions in
Wolf-Kishner reductions (5). Also, alkaline hydrolysis at high
temperatures (> 200°C) will cleave ethers (6,7) and carbonyls (7).
The original objective of these experiments was to cleave these
linkages and to determine their importance in the structure of coal.
However, as observed by Ouchi (1) and Ross (2,3) apparently reduc-
tion is involved also as seen in the increased H/C ratio and decrease
in aromatic carbons. We shall show that this is a true reduction of
aromatic rings in the coal, not just an attachment of the solvent.

In the analysis of the glycol solubilized coal we have applied
all the techniques used in our studies on coals, SRC and SRL products
(8). The effect of the reaction on the aromatic units was shown by
comparing selective oxidation products from the coal and its hydro-
lytic product. These results were compared with the aromaticity of
the product determined by C-13 nmr. The molecular size distribution
was determined using gel permeation chromatography (GPC). Also, we
compared the products from glycols to those from water and alcohol
alkaline hydrolysis.

EXPERIMENTAL
In a typical reaction 15 g of Illinois #2 high volatile bituminous

coal [7;.9% C, 5.2% H, 1.4% N, 3.4% total S (1.2% organic S), 16.1%
O (by difference) on a maf basis} which was extracted by refluxing
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with benzene/MeOH (3/1) was mixed with 20 g potassium hydroxide and
200 g of solvent and heated at 250°C in a rocking autoclave for 2-3
hours. With triethylene glycol the reaction was also run at atmos-
pheric pressure under a nitrogen sweep. The autoclave was cooled
and the gases produced were collected for mass spectrometric analy-
sis. The homogeneous, alkaline, reaction mixture was poured into
water, acidified with conc. HC1, filtered and dried in vacuo at
100°C. The product was successively extracted with hexane, benzene-
methanol (1:1) and pyridine under reflux with the results shown in
Table 1.

The hexane insoluble product from Reaction No. 1 and the
original coal were derivatized with dg-dimethylsulfate and oxidized
with aq. NaCr207 at 250°C for 38-48 hours (8). The resulting
aromatic acids were derivatized with diazomethane and analyzed by gas
chromatography mass spectrometry. The identifications of the esters
were confirmed from retention times and mass spectra of authentic
compounds, from published data and from high resolution mass spec-
trometric analysis of the mixture.

The molecular size distribution was determined using gel per-
meatign chromatography with a series of four u-styragel columns
(500 A, 3 x 100 A). Tetrahydrofuran was used as the elution solvent
with a UV detector set at 254 nm (see Fig. 1, Reaction 1 product).
Calibration curves (Figure 2) were obtained under the same conditions
for linear polymers and a series of aromatic hydrocarbons.

The C-13 nmr spectra were obtained on a Bruker WP-60 at 15.08
MHz, with 3 sec delays, no decoupling and typically 50,000 scans.
The samples of chloroform soluble product were made up to 50% (w/v)
in deuterochloroform.

RESULTS AND DISCUSSION

In the initial experiments with triethylene glycol (TEG) it was
noticed that the H/C of the product (1.08) was significantly higher
than that of the coal (0.84). This would indicate that either reduc-
tion or solvent attachment or both were occurring. Also, the yield
of solid product was greater than the amount of the original coal.
The hexane extract, which was significant in this case (11.9%), was
shown by solid probe MS and GCMS to be mostly glycol degradation
products. When ethylene glycol was used there was no increase in
weight and the amount of hexane extractable material was reduced.
Both Ouchi (1) and Ross (2,3) observed an H/C increase with the
alcohols.

With the increase in H/C ratio one would expect a decrease in
the fraction of aromatic carbons (fa). From the C-13 nmr spectra
(Fig. 3) the fa for product #1 was determined to be 0.50. This same
coal has been shown by fluorination to have an fa of approximately
0.69 (9). The attachment of ethylene glycol groups (ROCH2CH2-0-COAL)
has been determined to be 5.1% of carbons from the integration of
the peaks from 55-65 ppm. We have found these peaks to be absent
in other coal products such as SRC. Also, the importance of the
carbonyl carbon peak at 215 ppm will be discussed later. However,
these data do not exclude the reaction of ethylene (CH2=CH;)} with
the coal as mentioned by Quchi (1).

The best evidence for the occurrence of polycyclic aromatic ring
reduction is the comparison of the aq. NajCr07 oxidation products
of the hydrolytic product with those of the original coal (Table 2).




The gas chromatogram for the volatile methyl esters from the original
coal oxidation is shown in Figure 4 with identification in Table 3.
As we have shown before a significant amount of polycyclic aromatics
such as phenanthrene and naphthalene carboxylic acids and hetero-
aromatics including dibenzofuran and xanthone carboxylic acids were
isolated (8). Figure 5 is the gas chromatogram for the oxidation
products from the hydrolytic product with peak identification in
Table 3. The major products are benzene, methoxybenzene, and methyl-
benzenecarboxylic acids. The acids from the coal and hydrolytic
product are compared in Table 2. It is obvious that the polycyclic
aromatics and heteroaromatics have been reduced and degraded. As
expected the furan ring in dibenzofuran was destroyed. Since aqueous
alkali treatment has been used as a method for removal of sulfur from
coal (10), it is not surprising that in Reaction #1 the total sulfur
was reduced from 3.5% (1.2% organic) to 0.72%. Most of the loss was
due to the removal of inorganic sulfur, but a significant amount of
organic sulfur including dibenzothiophene was removed. The yield of
phenanthrene and anthracene (isolated as anthraquinones) carboxylic
acids has been reduced to a nondetectable level. We and Ross (3)
have observed independently that anthracenes are reduced with alcoholic
alkali. The greater amount of hydroxybenzene compounds in the product
indicate that as expected aryl and arylalkyl ethers have been cleaved.
The exception to this is the aryl methyl ethers which from the
labeling experiments with dg-dimethylsulfate appear to be stable.

Other characteristics of the hydrolytic product can be seen in
the gel permeation chromatogram shown in Figure 1. For comparison it
has been superimposed on a chromatogram for a SRC (11) using the same
amount of sample. The hydrolytic product has a higher molecular
weight distribution than the SRC. Using the aromatic hydrocarbon
curve from Figure 1, the M.W. runs from approximately 350 to 1500.
Because of the lower temperature of the reaction (250° compared to
450°C), this coal has not been so extensively fragmented. The lower
UV absorption of the hydrolytic product (HSC) again indicates a lower
aromaticity compared with the SRC which has an fa = 0.85 from C-13
nmr data. Figure 2 demonstrates a problem encountered in using GPC
for coal product analysis, that is which standards should be used.

We chose the aromatic hydrocarbons because they were more representa-
tive of the hydrolytic product than linear polymers.

From examination of Table 1 it is evident that glycol is superior
to other protic solvents for hydrolysis. There are at least two
possible reasons for this. First, the glycol is better at solvating
the positive ion. Secondly, the glycol may be more effective for
reducing the aromatics in coal. Even in a nonpolar solvent such as
toluene (Reaction #3) TEG brought the KOH into solution and gave a
substantial yield of soluble product. The effects of base strengths
were examined by changing the alkali metal using Li*, Na‘*, K*, Rb*
and Cs*. However, no trends were found in the extraction yields and
the GPC indicated a possible increase in M.W. with increase in size
of the ion.

The alkaline oxidation of alcohols and glycols is thought to
involve hydride transfer with the intermediate formation of the
corresponding aldehyde (7,12) (Eq. 1).
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Therefore, a possible pathway for reduction is by a hydride
transfer to an activated aromatic ring (Eq. 2). Hydrogenation with
Hz can be ruled out for two reasons. First, there are no active
catalysts available. Secondly, the triethylene glycol reactions
were conducted in an open system so that the Hy could escape and yet
the decrease in aromatic carbon was observed. Also alkaline oxidation
of reduced phenols and alcohols could account for the carbonyls seen
in the C-13 nmr spectra.

CONCLUSIONS

From the characterization of the hydrolytically solubilized coal
with glycols the following observations can be made: 1. The polycyclic
aromatic rings are being reduced. A possible mechanism is hydride
transfer from the solvent. Also oxygen heteroaromatics are destroyed.
2. Arylalkyl ethers are being cleaved by this process. 3. The ability
of the glycols to chelate the positive alkali metal ion could contrib-
ute to the enhanced yields of soluble coal compared to other protic
solvents.

This study demonstrates the utility of using a multi-pronged
analytical and chemical approach to the study of non-volatile coal
products.
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Table 1
Yields and Solubilities of the Hydrolytic Coal Products in Weight Percent®

Reaction # Solvent Yield Hexane Benzene/ Pyridine Insoluble
MECH(1/1)
1 Triethylene glycol (TEG) 123 11.9 46.8 37.3 4.1
2 Ethylene glycol 90 1.3 48.9 42.2 7.4
3 Toluene-TEG? 124 0.6 46.6° 35.1 17.7
4 Water 86 --- 18.5 12.0 69.7
5 Methanol 90 0.8 37.3° 7.8 54.0

3A11 reactions at 250°C;
in the reaction solvent.

Relative Mole Abundances from the GC Data of the Volatile Aromatic Carboxylic Acids

Table 2

1:1 mole ratio of TEG and KOH; CIncludes solids soluble

from the Oxidation of the Coal and its Hydrolytic Product

Carboxylic acids of:

Illionois #2 Bituminous

Hydrolytic Product from

Coal Reaction #1 (Table 1)
Benzene 100 100
Hydroxybenzene 1.4 10
Methylbenzene 2.3 7
Naphthalene 7.2 1
Phenanthrene 1.1 ---
Dibenzofuran 1.5 0.4
Xanthone 1.3 ---
Dibenzothiophene 0.5 ---
Other Hetercaromatics 2.8 <1

--- not detected.
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Table 3
Methyl Esters of the Oxidation Products from Coal (Figure 4) and the
Hydrolytic Product (Figure 5)

Peak No.
Compound
Coal Product
1 Methyl succinate
2 Methyl methylsuccinate
3 Methyl benzoate
4 Methyl methylfurancarboxylate
5 Methyl methylbenzoate
9 Methyl methoxybenzoate (+dz-methoxy)
11 Methyl methoxymethylbenzoate
12 1 Methyl furandicarboxylate
13 2 Methyl 1,2-benzenedicarboxylate
14 3 Methyl 1,4-benzenedicarboxylate
15 4 Methyl 1,3-benzenedicarboxylate
5,7,8 Methyl methoxy- (methoxy-d3)-benzoate(T)
16 6,9,10 Methyl methylbenzenedicarboxylate
17 Methyl naphthalenecarboxylate
11 Methyl pyridinedicarboxylate
19 13 Methyl methoxybenzenedicarboxylate (+d3-methoxy)
12,14 Methyl (methoxy-d3)-benzenedicarboxylate
20 Methyl dimethylfurandicarboxylate
21 Methyl biphenylcarboxylate
22 16 Methyl 1,2,4-benzenetricarboxylate
23 17 Methyl 1,2,3-benzenetricarboxylate
18 Methyl unidentified m/e 261,230
24 19 Methyl 1,3,5-benzenetricarboxylate
25 20-23 Methyl methylbenzenetricarboxylate
26 Methyl dibenzofurancarboxylate
27 24,25 Methyl naphthalenedicarboxylate
28 Methyl pyridinetricarboxylate
29 26 Methyl methoxybenzenetricarboxylate (+dz-methoxy)
27-29 Methyl (methoxy-d3)-benzenetricarboxylate
30 Methyl fluorenonecarboxylate
31 30 Methyl 1,2,4,5-benzenetetracarboxylate
32 31 Methyl 1,2,3,4-benzenetetracarboxylate
33 32 Methyl 1,2,3,5-benzenetetracarboxylate
34 33,34 Methyl methylbenzenetetracarboxylate
35 Methyl phenanthrenecarboxylate
36 Methyl dibenzothiophenecarboxylate
37 Methyl xanthonecarboxylate
38 Methyl anthraquinonecarboxylate
39 35,36 Methyl naphthalenetricarboxylate
40 Methyl methylxanthonecarboxylate
41 37 Methyl dibenzofurandicarboxylate
42 38 Methyl benzenepentacarboxylate
43 Methyl benzoquinolinecarboxylate
44 Methyl phenanthrenedicarboxylate
45 Methyl carbazolecarboxylate
46 Methyl xanthonecarboxylate

T indicates that identification is tentative.
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OXIDATION OF COALS WITH NITRATE IN CONCENTRATED CAUSTIC SODA
SOLUTIONS AT ELEVATED TEMPERATURES.

H. Kawamura, A. Okuwaki, O. Horie, A. Amano and T. Okabe

Department of Applied Chemistry, Faculty of Engineering, Tohoku
University, Sendai 980, Japan.

Introduction

Molten alkali nitrate, a strong oxidizing agent having low melting
point, is interesting to use as an oxidizing agent and solvent in the
oxidation reactions of both inorganic and organic compounds. Previously,
we have applied caustic soda-sodium nitrate melt to the production of
chromate or oxyacids of manganese. In the present paper, we have ex-
amined it for the oxidation of coals, thereby studing the effects of
rank, reaction temperature, concentrations of caustic soda and sodium
nitrate, and pre-oxidation on the yields of oxidation products. Benzene-
carboxylic acids in the products are currently noted as important raw
chemicals.

Experiment

Three kinds of foreign coals, Latrobe coal(Australia):; Amax coal(
U.S.A.), and Goonyella coal(Australia) were used. Their properties
are shown in Table 1. Coal(100-150mesh) 5g, caustic soda 150g, sodium
nitrate 0-38g, and water 40g were placed in an autoclave(SUS 304)
equipped with a mechanical stirrer, were maintained at 150-300°C for 3
hrs. Alkaline solutions of reaction products were analysed for residue,
humic acids(watersoluble acids of high molecular weight), and aromatic
acids obtained by two stages methyl ethyl ketone extraction from acidi-
fied solutions of oxidation products. Nitrate and nitrite in the alka-
line solutions were also determined. Aromatic acids were first ester-
ificated by diazomethane. Benzenepolycarboxylic acids were then de-
termined as esters by temperature programmed gas chromatography using a
SE-30 column.

Table 1. Analyses of sample coals

Sample Ultimate analyses(% d.a.f.) Ash

C H N 0 (%d)

Latrobe coal(Victoria) 64.10 4.85 0.09 30.96 1.06
Amax coal(Utah) 76.53 5.22 1.77 16.48 8.87

Goonyella coal(Q'land) 85.49 5.05 2.07 7.39 7.04

Results and Discussion

Listed in Table 2 are the results obtained for Latrobe coal.
Latrobe coal was found to be easily soluble in the concentrated alk-
aline solutions leaving a small amount of residue. Aromatic acids as
well as humic acids was formed in good yield even in the absence of
sodium nitrate. Upon further oxidation at raising temperature and in-
creasing amount of nitrate, however, humic acids gave rise to aromatic
acids. The maximum yield of aromativ acids was thus reached at 200°C
and 7g of sodium nitrate. The ratio of aromatic acids/humic acids
reached maximum at 250°C and 18-38g of sodium nitrate, but the yield of
aromatic acids became much higher at the amount of sodium nitrate less
than 18-38g. On the other hand, nitrate was reduced by the carbonaceous
materials to nitrite and further to nitrogen and ammonia depending on
the reaction conditions. Inthe absence of water, the coal was converted
to carbon dioxide and water with the concurrent reduction of nitrate to
nitrogen as shown in Table 3. The maximum yield of aromatic acids was
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Table 2. Oxidation of Latrobe coal

Temp. Coal NaNO3 Yields to coal(wt%) Mol ratios to
Humic Aromatic initial NOz(%)

(°C) (g) (¢) Residue acids  acids NO3 NO3
L-1 1502 10.43 17.36 8 30 30 46.6 46.1
L-2 12.58 44.74 8 43 25 79.7 18.4
L-3 12.58 94.37 2 43 28 74.8 16.4
L-4 200 5.035 0 9 40 30 - -
L-5 5.019 6.97 4 30 63 0 48.8
L-6 5.084 17.79 3 20 60 17.6 74.3
L-7 5.034 37.80 3 17 35 46.3 49.2
L-8 b 5.029 17.97 2 11 53 0 85.8
L-9 c 5.008 17.94 5 10 36 0 89.1
L-10 250 5.024 0 4 29 38 - -
L-11 5.020 6.95 3 17 55 0 19.5
L-12 5.024 17.92 2 6 50 3.8 86.3
L-13 5.029 37.82 2 2 19 10.1 82.0

a ;’NaOH 400g, b; 6hr, c; 9hr

Table 3. Effect of caustic soda concentration on oxi
Latrobe coal
(Temp. 250°C. NaOH 5.5g, NaNOz 6.3g, time 3hr in a 15

Coal Water Yields to coal(wt%) Mol r

Humic Aromatic init

(g} (g) Residue acids acids NO3

L-14 2.013 0 1 0 1 0.6
L-15 2.032 1.4 1 15 40 13.7
L-16 2.012 2.6 2 16 49 21.4
L-17 2,015 3.4 3 15 52 29.6
L-18 2.032 6.4 5 15 40 42 .4

reached at caustic soda concentration of about 60-70% unde
ratios of aromatic acids / humic acids were about 3. It wa

dation of

ml autoclave)

atios to

ial NO3(%)
NO2

5.6

52.7
50.4
46.8
29.5

r which the
s confirmed

that even under the high ratio of coal to the solvent shown in Table 3,

Latrobe coal underwent the oxidation by nitrate.

Amax coal was only poorly soluble in concentrated cau
solutions and the yields of humic acids and aromatic acids
low in the absence of sodium nitrate. The amounts of the

stic soda
were very
intermediates

increased with increasing amount of sodium nitrate as shown in Table 4.

Table 4. Oxidation of Amax coal

Temp. Coal NaNO 3 Yields to coal(wt%)
Humic Aromatic
(°c) (g) (g) Residue acids acids

A-1 150 5.082 21.95 83 1 0
A-2 200 4.935 0 78 2 4
A-3 5.167 7.07 41 14 12
A-4 5.294 14.20 22 15 9
A-5 5.192 21.18 14 42 23
A-6 5.295 38.05 16 25 13
A-7 a 4,983 22.18 70 4 4
A-8 b 5.084 21.49 14 23 14
A-9 [ 5.014 21.60 16 45 21
A-10 250 5.091 0 78 4 6

A-11 5.123 7.11 13 33 25
A-12 5.138 21.72 5 36 29
A-13 5.100 37.83 10 20 27

a; lhr, b; 6hr, c; 9hr
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Mol ratios to
initial NOz(%)

NO3 NO,
94.1 5.9
18.1 70.4
39.3 50.5
41.4 54.2
72.5 27.5
92.2 5.9
49.8 43.9
38.6 56.3
0 55.5
0.8 95.3
19.3 71.5




The formation of the intermediates reached at its maximum with 21g
sodium nitrate. The maximum yield of aromatic acids was reached at
250°C, but lower than that obserbed for Latrobe coal. The ratios of
aromatic acids/humic acids were consistently lower than those for
Latrobe coal.

Goonyella coal, sparingly soluble under the hydrothermal con-
ditions, was treated in caustic soda-sodium nitrate melts at 300°€.. More
than 50% of Goonyella coal was recovered as residue giving rise to only
as low as 2-6% of intermediary formation of humic acids and aromatic
acids, since the latter were readily oxidized. Consequently, it seems
difficult to obtain aromatic acids in good yield directly from a higher
rank coal such as Goonyella coal by the oxidation with nitrate in
caustic melts.

When Goonyella coal and Amax coal preoxidized in air were reacted
with nitrate in concentrated caustic soda solutions at 250°C for 3hrs,
the yields of the oxidation products were improved remarkably as
shown in Table 5.

Table 5. Oxidation of the coals pre-oxidized in air
Goonyella coal: Air oxidation; 300°C, Shr

Coal Wt. loss Temp. NaNO3z Yields to coal(wt%) Mol ratios to
on oxidn. Humic Aromatic initial NO3(%)
(g) (wt%) (°c) (g) Residue acids acids NO3 NG»
G-1 5.320 5.4 250 0 21 36 10 - -
G-2 5.321 4.8 6.59 18 30 28 0 68.5
G-3 5.319 2.8 17.94 6 27 42 0 90.0
G-4 5.318 4.9 37.72 6 8 24 22.5 65.9
G-5 5.492 5.4 300 17.90 4 19 25 0 62.8
Amax coal: Air oxidation; 300°C, Shr
A-14 5.529 17.5 250 17.91 6 12 42 0 90.1
Amax coal: Air oxidation; 250°C, Shr
A-15 5.507 4.9 250 17.93 4 20 53 0 82.9

Air-preoxidized Goonyella coal dissolved appreaciably in the alkaline
solutions and formed the intermediates. Humic acids decreased with in-
creasing amount of sodium nitrate. Aromatic acids, however, reached
maximum at 18g of sodium nitrate. When air-preoxidized Amax coal was
used, the yields of aromatic acids were considerably improved. The
drastic increase in the oxygen content from 7.4 to 28.3% and the ap-
pearence of carbonyl absorption in IR range upon the preoxidation of
Goonyella coal suggest the significant structural and constitutional
changes in a manner suitable for the oxidation.

From the results described it was made clear that the oxidation
became more difficult for coals of higher rank. In general, it is well
known in the oxidation of coal that the following stages proceed suc-
cessively and the constitution of coal is closely related to its reactl-
vity. II m
coal---water insoluble acids---water soluble acids-=- CO,, HZO

Latrobe coal is very active as it contains a large amount of oxygen
in the form of active functional groups such as phenolic hydroxide and
carboxylic acid. The rate of dissolution in concentrated caustic soda
solutions was very fast. The reactions I and II thus take place smo-
othly, and humic acids and aromatic acids could be obtained in good
yield. When Amax coal, being higher rank than Latrobe coal, was used,
the rate of dissolution was slow, but the rates of oxidations of humic
acids and aromatic acids were relatively fast resulting in a lower
yield of the intermediate oxygen compounds. The trend was found re-
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markable in the case of Goonyella coal which was placed at the high-
est rank among the samples tested.

The composition of benzenepolycarboxylic acids in aromatic acids
was shown in Table 6.

Table 6. Determination of benzenecarboxylic acids in
aromatic acids

Specimen Ratios of benzenecarboxylic acids in aromatic acids Yield to

Di- Tri- Tetra- Sum coal
13-

L2- L4- 1,2,3-1,2,4- 1,3,5- 1,2,34-1,2)3,51,24,5-(wt%) (wt%)

L-6 0.8 0.3 0.7 2.2 0.5 1.1 1.5 2.1 9.2 5.5
L-8 0.7 0.4 0.5 1.7 0.5 0.8 1.1 1.7 7.4 3.9
L-12 1.2 1.0 0.8 3.6 1.2 1.2 1.3 2.6 12.9 6.5
L-13 2.6 0.8 0.6 3.9 2.3 1.3 2.1 4.8 18.4 3.5
A-5 1.7 1.2 1.0 3.8 0.8 1.1 1.3 2.0 12.9 3.0
A-12 0.8 1.3 1.4 5.0 1.2 1.5 1.4 2.5 15.1 4.4
A-15 1.6 1.7 1.6 5.6 1.3 1.7 1.5 2.5 17.5 9.3
G-8 1.9 2.0 1.8 6.9 1.4 1.9 2.0 2.8 20.7 8.7
G-10 1.5 0.6 0.8 3.4 0.8 0.9 1.0 1.2 10.2 2.6

Neither benzoic acid was detected by gas chromatographic analysis,
nor was detected water-soluble acids such as citric acid in the raf-
finates on the methyl ethyl ketone extraction by permangamate ti-
tration. The sum of the contents of the benzenecarboxylic acids
reached a maximum of 20.7% in the air-preoxidized Goonyella coal.
However, the best yield of benzenecarboxylic acids was obtained in
the case of similarly treated Amax coal. When Latrobe coal was used,
both the content of benzenecarboxylic acids in aromatic acids and
the yield of benzenecarboxylic acids to the raw coal were not high.
Furthermore, the content of benzenetetracarboxylic acids was the
highest in the benzenecarboxylic acids for Latrobe coal, that of tri-
carboxylic acids, however, was the highest for air-preoxidized Amax
coal and Goonyella coal.

Concentrations of caustic soda used in the present study might
be too high to obtain benzenecarboxylic acids in good yield. But
the following results are concluded. In the oxidation of coals
with the present method, a low rank coal such as Latrobe coal dis-
solves easily and forms humic acids and aromatic acids in good
yield. 1In order to obtain benzenecarboxylic acids, however, it is
profitable to use an air-preoxidized high ranked coal such as Amax
coal and Goonyella coal.
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Selective Bond Cleavage of Coal by Controlled Low-Temperature Air Oxidation

by J. Solash, R.N. Hazlett, J.C. Burnett, P.A. Climenson and J.R. Levine

Naval Research Laboratory, Combustion and Fuels Branch-Code 6180, Washington,DC 20375

Recent efforts to find low temperature routes to liquefy coal have led to a
renewal of interest in oxidative methods. Air oxidation of coal has been used to
effect desulfurization(l). Application of low temperature air oxidation to SRC
(Solvent Refined Coal) (2) and same ocoals(3) have shown that coal is easily oxidiz~
ed in solvent with radical initiators at 50° and without initiators at 100-200°C.
Subsequent thermolysis of the oxidized SRC for instance, leads to significant
production of low molecular weight compounds (2). The attraction of the air oxida-
tion routes to coal liquids are two fold: inexpensive reagent(air) and low—temper-
ature and pressure conditions. However, the oxidation must be controlled or severe
loss of C and H can occur. It is worthwhile to note that the well known basic water
oxidations of coal(4,5) produced high yields of benzene carboxylic acids but also
gave CO, amounting to approximately 50% of the available carbon.

Under mild conditions, oxidation of coal in pyridine should proceed principal-
ly at begzylic positions. Many organic sulfur forms should also oxidize readily
near 100°C(1,6,7). Upon thermolysis, as noted above, SRC which was oxidized in
quinoline has been shown to produce as much as 32% by wt. of campounds with mole-
cular weights less than 210. Thus a two step scheme which involves first low-
temperature air oxidation followed by a higher temperature pyrolysis step could
lead to significant yields of low molecular weight compounds. We would now like to
present our results which extend the two step oxidation-thermolysis scheme to SRC
and several raw coals using pyridine as solvent. It should be noted that all of our
work thus far has been performed using small batch scale reactors and greater con-
trol over reactive intermediates might be achieved using fow reactors(9).

Experimental

The coals used in this work were obtained courtesy of the Pennsylvania State
University, College of Earth and Mineral Sciences. Ultimate analyses (performed
by Pennsylvania State University) are shown in Table I. Also shown are the total
quantity of pyridine solubles of each coal used determined by soxhlet extraction.
SRC was obtained fram a Western Kentucky coal (Lot No. AL-3-35-77) and was supplied
ocourtesy of Catalytic, Inc.

Camplete details of the apparatus, experimental details and analytical methods
have been reported elsewhere(2). Briefly, air is passed through a solution (SRC)
or suspension (coal) of substrate in pyridine which is maintained at approx. 100°C.
At the end of the oxidation period, the solution and the remaining residue are
thermolyzed in the absence of air. The coals were oxidized and thermolyzed as 10%
(wt/wt) slurries. Low molecular weight products (below 210) are quantitatively
analyzed by gas chramatography using an internal standard.

Results
All coals and SRC oxidized smoothly at 100°C in pyridine. By monitoring the
vent gases from our oxidation reactor for Oy, COp, CO and H0 (2) we can determine

how much oxygen reacted with the coal. The oxygen gas balance data for six coals
and SRC oxidized in pyridine are presented in Table IT. The vent gas from our
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oxidation reactor passes through a condenser which is maintained at 0% prior to
gas analysis. Consequently very little water vapor escapes the condenser to be
analyzed. While the water vapor content of the vent gases can be measured in all
cases the total oxygen ocontent represented by this water vapor is negligible and

is therefore not reported in Table II. Water analysis of the pyridine solvent both
before and after oxidation must be performed to close the oxygen balance. It seems
unlikely however that all of the remaining oxygen can be acocounted for by water.

It should be noted that these oxidations are quite mild. The evolved carbon
(as carbon oxides) fram the Sub-Bituminous B coal for instance, represents 0.001%
of the available carbon on a mmmf basis (Table I). The extent of oxidation,
assuming negligible water production, is only 0.6% by weight for the Hi Volatile
C bituminous coal. The extent of oxidation of the raw coals in this work is less
than that observed for SRC in quinoline (2) or in pyridine at 100° (Table IT).
Thus, these are indeed mild, controlled oxidation conditions and should be compared
again with the much more severe base catalyzed oxidations performed by others(4,5).

While sulfur moieties should oxidize readily under these conditions we do not
expect SOy to be evolved at these temperatures (1,6,7). In prior work(2) in
quinoline solution, SRC showed no evidence of sulfur dioxide evolution while oxidiz-
ing at temperatures as high as 180°C (10). While the substrate in the above case
was low in sulfur and therefore evolved SO, might have gone undetected, it appears
most unlikely that 180° is sufficient to casue appreciable S0, extrusion fram
sulfones (7).

The oxidized solutions and recovered residue were then placed in small stain-
less steel tubes which were fitted with Swagelok valves. The tubes were subjected
to several freeze(-78°)-pump-thaw cycles then pressurized to 500 psig (room tempera-
ture) with hydrogen. The slurries were then heated to 415° for 3 hours. After
cooling, the recovered solutions were quantitatively analyzed by gas chramatography.
The results are reported in Table III. The conversion represents the yield, on a
weight basis, of campounds whose molecular weight is less than approximately 210.

In runs performed with raw coals, but not with SRC, same formation of pyridine
(solvent) dimers was cbserved. The coals which gave the higher yields of low mole-
cular weight campounds also appear to produce more pyridine dimer. Oxidized SRC
was heated at two different temperatures. As observed previously using quinoline
as solvent (2), only when the thermolysis temperature is above 400° are appreciable
yields of low molecular weight campounds cbserved (Table III).

Discussion

All coals and SRC used in this work oxidized smoothly at 100° in pyridine. The
coals of higher rank absorbed more oxygen than those of lower rank (Table II). The
SRC absorbed more oxygen than any coal and appeared to be as reactive in pyridine at
100° as in quinoline at temperatures up to 150°(2). This difference in reactivity
toward liquid phase air oxidation between SRC and the coals listed in Table I is
probably not connected with oxygen transport within coal pores(9). Rather the
difference in reactivity appears to be structure related. SRC has a lower oxygen
content than any of our coals{ll) and probably a lower phenolic oxygen content (12).
Similarly, higher rank coals which absorb more oxygen than lower rank coals (Table
I1I) appear also to have a lower content of phenolic oxygen. Hindered phenols are
well known liquid phase oxidation inhibitors (13) so that this explanation is con-
sistent with the abserved oxidation behavior of the coals and SRC.

The oxidized solutions and recovered residue (coals only) were then thermolyzed

in stainless steel tubes for 3 hours. Initial experiments with SRC at 350° showed
that only small amounts of low molecular weight campounds were produced. At 415°
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a dramatic increase in the cbserved production of low molecular weight products was
observed. In an earlier paper we suggested that at temperatures over 400° thermal
decarboxylation of acids, which were produced during oxidation, followed by rapid
quenching of the radicals could account for the observed results (2). The same
pattern of reactivity is exhibited by SRC in the present work. Recently, Canpbell
(14) has shown that QO is evolved from the organic portion of sub-bituminous coal
only at temperature above 400°. Presumably, thermal decarboxylation also explains
this data.

Thermolysis of same of the oxidized coals produced some interesting results.
The two higher rank coals (Table III) produced more low molecular weight campounds
than the lower rank coal studied. The yields of low molecular weight material were
always higher if the substrate were subjected to the mild oxidation prior to ther-
molysis. However, thermolysis of the raw coals at 415 induced dimerization and
sare trimerization (15) of the solvent, pyridine. The quantity of bipyridine formed
roughly follows the pattern of oxidative reactivity of the coals- more oxygen absorb-
ed, more bipyridine formed. Interestingly, no bipyridine was cbserved from the ther-
molysis of any SRC at 415 but biquinolines formed at 450° with SRC in quinoline.

The degree of solvent involvement reported in Table IIT is significant. Bi-
pyridines distill in the same region as major products and if not removed would
lead to high N content of the product. One way in which the bipyridines could be
formed is by H atom abstraction fram a solvent molecule in a coal pore by a 'hot'
radical. Self-reaction with another solvent molecule in close proximity rather than
quenching with hydrogen might be the preferred reaction pathway. We attempted to
suppress bipyridine formation by addition of same, tetrahydropyridine to the thermol-
ysis slurries. The cbserved formation of bipyridines was reduced by a factor of
about 2 when tetrahydropyridine was present in 10 wt % in the oxidized or unoxi-
dized (raw coal + pyridine) slurries of the Hi Vol A and Hi Vol C coals. The cb-
served yields of low molecular weight material were also reduced. However, the
substrates used in the latter experiments had inadvertantly been allowed to remain
at room temperature for approximately two months. We had dbserved that these solutions
and residues are easily degraded even at freezer temperatures in short periods of
time.

The data presented in Table III demonstrate that coal can be fragmented to yield
significant quantities of low molecular weight material. Since the reported yields
fram the oxidized and thermolyzed runs are all higher than the pyridine soxhlet ex-
tracts, on a weight basis, we can say that the two step process employed here definite-
ly attacks some of the polymeric coal structure. Work is now in progress to replic-
ate these results but on a much larger scale so that the yield of distillate {(not
gc yield) material can be reported. Similarly the residue after thermolysis will be
examined for sulfur content. Finally it should be noted that the soxhlet extract-
able material from the Hi Vol A coal contains about 1% by weight of low molecular
weight (less than 210) compounds.
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Table II

Partial Oxygen Balances for Oxidation of SRC and Various Coals in Pyridine at 10_0°C4

Evolved Gases, mmles3
Substrate OpAbsorbed, mmoles COy co

SRC 5.1 0.5(.4)2 -nm-1

Hi Vol A Bituminous 2.8 0.5(.4) 0.04(.01)2
Hi Vol B Bituminous 4.0 0.6(.4) 0.06(.02)
Hi Vol C Bituminous 4.1 0.6(.4) 0.05(.01)
Sub Bituminous B 3.1 0.9(.6) 0.05(.01)
Sub Bituminous C 2.5 0.9(.7) 0.05(.01)
Lignite 2.3 0.8(.6) 0.04(.01)

L Not measured. 2’/ Numbers in parenthesis in this colum refer to the calculated
amount of O in mmoles, accounted for in this gas. ' A negligible amount of water
was evolved in the oxidation gases. Karl-Fischer water analysis of the suspensions
before and after oxidation remain to be performed. 4, oxidation conditions 2 100°C,
250 ml/min air flow, 3 hours, pyridine solvent.
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