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Differential scanning calorimetry studies
on coal. 2. Hydrogenation of coals
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{Received 5 February 1976)

Results of exothermic heats involved during hydrogenation of twenty U.S. raw coals of
varying rank at 5-6 MPa {gauge} and temperatures up to 570°C are reported. The heat
evolved during hydrogenation up to 570°C decreases with increase in coal rank. A part
of the total heat refeased during hydrogenation of coals appears to be due to the exo-
thermic reaction between Hq and surface carbon—oxygen complexes removed during the
reaction. The transition temperature, that is the temperature corresponding 1o the onset
of exotherms, is markedly dependent on coal rank. A sharp increase in the transition
temperature occurs for coals having a carbon content, on a dry-ash-free basis, in the
75—~80% range. Demineralization of coals lower in rank than HVA bituminous decreases
the heat of hydrogenation; in the case of higher-rank coals, exothermic heats increase
upon demineralization. The presence of pyrite has a beneficial catalytic effect on coal

hydrogenation.

There is considerable interest in the production of high-CV
gas by coal hydrogenation. Perusal of the literature shows
that most of the work on coal hydrogenation deals with
caal chars, probably because of a need lor pretreatment of
raw coals to avoid agglomeration in most hydrogasifiers’,
However, pretreatment also represents s substantial loss
of the very reactive volatile matter in coal®. Hydrogenation
data of Feldkirchner and Linden® on three coal samples of
tignite, bituminous coal and anthracite indicate that hydro-
nation rates in the initial high-rate period are proportional
o the standard volatile matter of coals. Other workers*®
ve also observed that the presence of volatile matier en-
..«nces hydrogasification rates, The Hydrane process®, re-
cently developed by the U.S. Bureau of Mines, involves
direct hydrogenation of raw coals.

The present study on coal hydrogenation uses a pressure-
differential-scanning-calorimeter (DSC) approach. This
approach, reported on earlier for quantitative evaluation
of thermal effects involved during pyrolysis of coals in
helium’, is intended to provide information on the reac-
tivity of representative U.8. raw coats. [t would be desir-
able to know if the amount of heat released during the
hydrogenation reaction can be used as a relative measure
of reactivity of coals during their hydrogasification or
liquefaction under hydrogen pressure, Furthermiore, infor-
mation on the heats generated during the reaction can be
uscful in designing reactors for coal conversion processes.

Twenty U.S. raw coals of different rank have been selec-
ted for the present study. Heats of reaction with hydrogen
at 5-6 MPa and temperatures up to 570°C have been mea-
sured. The effect of demineralization of coals upon heats
of reaction has also been studied.

EXPERIMENTAL

Onperating procedure
A DuPont pressure DSC cell was used in conjunction
with a cell base Module [ and a 990 Thermal Analyzer to

determine thermal effects involved during hydrogenation
of coals. The experimental procedure followed was essen-
tially the same as used in previous pyrolysis studies”. DSC
scans for various coals (40 x 70 U.S. standard mesh) were
obtained from 200 to 570°C at a constant heating rate

of 5-4°C/min. Lower starting temperatures could not be
used for the following reason. The cell temperature is
controlled by a Platinel {1 thermocouple which chemisorbs
hydrogen even at ambient temperature, This affects both
temperature calibration as well as the heating rates. For
instance, for a starling heating rate of 5°C/min, that is the
heating rate indicated on the control panel of the 990
Thermal Analyzer, a rectilinear heating rate of 5-4°C/min
was observed from 200 to 570°C. Since when correcting
the DSC output curves (or weight losses occurring during
coal hydrogenation it is imperative to use # constant heat-
ing rate over the entire temperature range’, quantitative
thermal effects could only be evaluated in the temperature
range 200-570°C.

It was ascertained, in 2 few preliminary experiments,
that for the amounts used in the DSC runs there were no
significant temperature gradients within the coal samples
over the temperature range studied. This was determined
by spreading a mixture of small amounts (about 2 mg each)
of indium, tin and zinc in the form of a thin layer on the
sample pan and determining their melting points during a
given scan. Melting points were determined under identical
experimental conditions for approximately the same
amounts of the three metals spread on top of 20 mg of a
coal previously heat treated in Na at 1000°C. The melting
point for each metal in the two sets of experiments agreed
with each other within £2°C.

Heats of reaction using the DSC technique were caleu-
lated from the following equation:

_ABEY

11

where AH = heat of reaction (mJfmg); 4 = area of the exo-
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therm or endotherm (mm?);m = sample mass (mg); B =
time-base setting (s/fmm); £ = cell calibration coefficient
at a given temperature (dimensionless); and { = y-axis sen-

sitivity [(m3/s)fmm]. The calibration coefficient at different

temperatures was determined in the manner described pre-
viously”. E increased monotonically from 2-10 at 200°C
to 336 at 570°C.

In order to evaluate quantitatively the thermal effects
involved during hydrogenation of coals, it is essential to
correct the DSC output curves for weight losses occurring
at different temperatures”. Weight losses under conditions
simulating those in the DSC runs were determined by using
a DuPont TGA unit in conjunction with a 990 Thermal
Analyzer. Details of the experimental procedure have
been described elsewhere”. A platinum bucket was used
to contain the coal samples. It was ascertained in a few
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Figure 1 Relation between weight loss in DSC and TGA runs for

raw and demineralized coals. Solid points denote demineralized
samples

preliminary experiments that the use of a quartz bucket for
a given coal gave essentially the same weight loss at diffe-
rent temperatures as the use of a platinum bucket, This
imdicates that the platinum bucket did not catalyse the coal
hydrogenation reaction. The effect of starting-sample
weight on weight losses at different temperatures revealed
that for the starting-sample weights used in the present
study there was little or no resistance to hydrogen diffusior
down through the bed. The excellent sgreement observed
(Figure 1) for the cumulative weight loss up to 570°C ob-
tained from the TGA and DSC runs in the case of twenty
raw and eight demineralized coals lends support to the
accuracy of the TGA resulls.

In our previous DSC studies on coal pyrolysis in the
temperature range 100—580°C, base lines were determined
individually on the residual coal chars following comple-
tion of the scan at S80°C”. A subsequent scan on the resi-
dual char between 100 and 580°C did not exhibit any
additional thermal effects and was used as the base line.
However, following hydrogenation at $70°C, the residual
char was still reactive so that during a subsequent scan
additional exothermic effects were observed. In the pre-
sent study we have used the base line obtzined for a gra-
phitized carbon black Sterling MT, which is an ulttraclean
carbon devoid of essentially all volatile and mineral matter,
as the reference base line for all theé coal samples. We be-
lieve that this choice of reference base line does not intro-
duce any significant error in the values of AH. Thisisso
because in our pyrolysis studies we observed that base lines
obtained for Sterling MT and various coal samples were es-
sentially the same above 200°C.

The DSC output curves for the various samples were
corrected for weight changes occurring at different tem-
peratures in the manner described earlier”.

Coals studied

Table 1 presents ultimate and proximate analyses of the
coals studied. The sulphur contents of coals represent on’
the organic sulphur, that is sulphur bound in the coal mat-
rix, and does not include pyritic and sulphatic sulphur.
Volume percentages of vitrinites in the coals, as estimated

Table 1 Analysis of coals
Praximate anatyses (wt %} Ultimate analyses {wt 5%, daf}

PSOC Vitrinite
Sample Ash FixedC VM 0 content
No. ASTM rank State {dry) {daf) {daf} C H N 3 (by diff.) {vol %, mmf}

85 Anthracite Pa, 83 92-3 77 913 39 0-60 083 34 975
130 MV W.Va. 64 70 230 908 43 11 051 35 727
127 LV Pa, 57 794 206 896 50 10 052 39 777
135 MV Ala. 50 752 249 884 40 025 0-59 58 831
137 MV Ala. 71 736 264 869 48 15 0-81 58 738

4 HVA Ky. 21 617 383 838 58 16 0-66 82 551

g5 HVA Wash, 211 579 421 816 61 11 095 10°3 793
290 HVB HIR 139 528 472 797 5:4 14 23 113 825
197 HWC Ohio 12-4 58-0 42-0 788 53 17 63 135 797

22 HVC 1, 101 572 428 788 58 18 18 121 884
151 HWC MM, 51 543 45-7 778 5-8 12 042 147 786

26 HVC Hi. 108 546 485 773 56 11 23 136 827
180 Sbb—B tH B85 585 416 756 53 ™ 241 159 841

97 Sbhh—A Wya, 98 456 54-4 750 55 058 093 180 80-3
138 Lignite Tex. 10:3 529 471 743 50 037 051 198 751
100 Sbbh—-C Wyo. 5-0 39-3 BO-7 72-1 53 0-81 034 215 647

93 Lignite Mont. 107 484 516 719 46 78 24 225 499
141 Lignite Tex. 9-0 509 492 717 52 1-4 074 210 740

87 Lignite N.D. 82 458 54-2 712 53 056 046 225 B42

B9 Lignite N.D. 11-8 427 573 633 4-7 048 98 306 587
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Table 2 Exothermic heats and transition temperatures? for
various coals

PSOC —AH (J/g, daf) Transition temp. (°C}
Sample
Nao. Raw Demineralized Raw Demineralized
85 28-8 - 536 -
130 2006 — 450 -
127 1522 1777 478 457
135 129-2 174-3 487 462
137 155-9 - 468 -
4 2398 - 446 -
a5 185+1 2671 468 455
290 2851 - 12 -
197 3331 - 318 -
22 350-3 2491 324 431
151 3578 - 421 -
26 2767 2174 340 445
180 4661 2153 285 457
87 3854 - 343 -
138 5041 3729 230 363
106G 526-4 - 232 -
a3 5108 - 266 -
141 5033 - 246 -
87 6337 5146 232 272
89 6399 - 256 o

3 Temparatures corresponding 1o the onset of the exotherms

by reflectance measurements, are also listed in Table 1.
With the exception of coals PSQC4, 100, 93 and 89, the
remainder of the coals have vitrinite contents in excess of
70%,

Eight coals were demineralized using a hydrochloric
acid/hydrofluoric acid mixiure following which the samples
were washed free of chloride ions and {inally dried.

RESULTS AND DISCUSSION

Heats of hydrogenation of coals can be expressed either
per unit weight of starting coal or per unit weight of coal
left unreacted at a given temperature. In the discussion of
results which follows, we have considered, for reasons dis-
cussed elsewhere”, values of AH expressed per gram weight
of starting coal. Throughout the discussion, the carbon
content of coal has been considered on a dry-ash-free (daf)
basis.

Effect of coal rank

Exothermic heats of hydrogenation for various coals
are given in Table 2 and are seen to vary from about 29 J/g
for anthracite to about 640 }/g for lignites. When exother-
mic heats for various coals are plotted as a function of car-
bon content (Figrre 2}, it is seen that the heats decrease,
in general, with increase in coal rank.

Ii is of interest to compare the thermal effects involved
during pyrolysis in helium and hydrogenation of coals of
different rank. During pyrolysis, endothermic heats were
observed for practically all coals; sub-bituminous and lig-
nitic coals exhibited some exothermic effects as well”.
During hydrogenation, most of the coals gave exothermic
cffects only. Small endothermic heats (<8 J/g) were ob-
served for lignites at temperatures less than 230°C. In addi-
tion, two other coals, PSOC-26 and 290, also showed endo-
thermic effects. The former gave an endothermic effect
(314 Jjg) in the temperature range 200—300°C, while the
latter exhibited a slight endothermic effect (8 I/g) in the
range 300--400°C.

It has been suggested® that overall hydrogasification
oceurs in three independent consecutive stages: devolatili-
zation, rapid rate methane formation, and low rate gasifica-
tion. Since hydrogenation of coals is essentially exothermic
in nature, it is difficult to conceive that devolatilization
occurs as a separate and independent step. Because elimin-
ation of surface-oxygen groups oceurs at lower tempera-
tures in a hydrogen atmosphere than in vacuum or an inert
atmosphere®?, it is more likely that devolatilization and
exothermic hydrogenation reactions occur simultaneously,
as suggested by Feldkirchner and Linden?, and that the
exothermic heats more than offset the endothermic heats
involved during release of volatile matter.

Cumulative weight Josses at 570°C for various coals are
plotted as a function of carbon content in Figure 3. s
seen that weight loss decreases, in general, with increase in
coal rank. However, in the case of PSOC-26, weight loss
is far greater than that expected from its rank.

When cumulative weight losses at 570°C for various
coals are plotted against integral exothermic heats (Figure 4)
it is seen that, except in the case of PSOC-26 and PSQC.95,
data points for the remainder of the coals fit on two
straight lines of different slopes. The two straight lines
intersect each other at a weight loss of about 47%. Exami-
nation of Figure 3 shows that weight losses up to 47% are
characteristic of coals with carbon contents greater than
about 82%. For such coals, a weight loss of 1% is seen to
correspond to a heat evolution of about 6 I/g of starting
coal. This value increases to about 14 J/g for coals with
carbon contents Jess than 82%. 1t is noteworthy that
when oxygen contents of various coals are plotted against
their carbon contents {(Figure 5}, two distinct straight lines
are obtained which intersect each other at a carbon content
of about 81%. The similarity in the shapes of the plots in
Figures 4 and 5 suggests that at least a part of the total heat
released during the hydrogenation of coals is due to the
exothermic reaction between hydrogen and carbon—-oxygen
complexes evolved during the hydrogenation reaction giving
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Figure 2 Exathermic heat of hydrogensation as a function of
carbon cantent of raw coals

FUEL, 1977, Vol 66, January 35



Differential scanning calorimetry studies on coal {2): O. P. Mahajan, A. Tomita, J. R. Nelson and P. L. Walker Jr

i I | I i T

5
TJ“ \
Y| o -
w
=
=
(=1}
s 30k _
; -]
-]
oo
200 —
18 o
0 i i i i { i
65 7C 7% 80 8% 80
C (%, dafl

Figure 3 Weight loss during hydrogenation in relation to carbon
content of raw coals

waler and/or methane. The formation of methane by the
methanation reaction (that is, CO -+ 3Hy = CHy + Ho0) has
previously been reported in the Hydrane process®. In order
that the heat refeased during the reaction between Hp and
carbon--oxygen complexes be measured by the DSC tech-
nique, it is essential that this reaction occurs within the
sample pan. This is so because the DSC technique nieasures
only the differential heat flow between the sample and
reference pans. Any thermal changes occurring outside the
sampie pan cannot be measured by this technique.

Effect of pyrite removal

The higher weight loss in the case of PSQC-26 (Figure 3)
may be due to the presence of a beneficial catalytic im-
purity. Of all the samples investigated, PSOC-26 has the
highest pyritic sulphur content {(4-9% on a dry basis) which
may be responsible for its enhanced reactivity. However,
when one considers results for PSOC-290 (pyritic sulphur
content 3-2%), it is seen that the observed weight loss in
this case corresponds to that expected on the basis of its
rank (Figure 3). DSC and TGA runs on the two coals were
also made after partial removal of pyrite by a flotation
technique using Certigrav, a halogenated hydrocarbon of
density 285 gfem3. This treatment decreased the pyritic
sulphur contents of PSOC-26 and 290 to 3-6 and 1-9%,
respectively. 1t is unlikely that this treatment significantly
alters the concentration of the remaining major mineral
impurities. TGA curves showed that up to 400°C the two
coals, after partial removal of pyrite, gave significantly
more weight loss than the raw coals. This behaviour can-
not be attributed to increase in porosity upon partial re-
moval of pyrite because following demineralization by acid
treatment PSOC-26 pave significantly less weight loss over
the entire temperature range than the raw coal. It is more

36 FUEL, 1977, Vol 56, January

likely that the observed behaviour is due to the desorption
of Certigrav which might have been trapped within the
capiilary pores.

The observed weight Josses at 570°C were coreected for
the amounts of Certigrav desorbed on heat treatment. This
wis done in the following muanner. For both PSOC-26 and
290 the difference in weight loss oceurring during TGA runs
on the two coals before and after partial removal of pyrite
attained a constant value below temperatures at which the
exothermic hydrogenation reaction commenced in the DSC
runs. This constant weight difference was considered to
be the total amount of Certigrav desorbed and was subtrac-
ted from the observed weight loss.

Considering the resulis in Table 3, it is seen that partial
removal of pyrite decreases the exothermic heat and weight
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Figure 4 Exothermic heat in relation to weight toss during hydro-
genation of raw coals
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Table 3 Effect of pyrite removal from coals by gravity separation
on exothermic heat and weight less during subsequent
hydrogenation

PSQC Sample Pyritic 8 Wrtloss at 570°C  —aH
No. %, dry basis} (S, daf) {J/g, daf)
26 49 736 2767
26(c < 2-85 gfem?} 36 567 2583
290 32 532 2851
290{d < 2:86 glem3} 19 47-0 1701

toss upon subsequent hydrogenation of both coals. The
decrease in weight loss is more pronounced for PSOC-26,
while the decrease in —AH is more pronounced for PSOC-
290. These results suggest that pyrite or ils reduction pro-
duct(s) catalyses coal hydrogenation. It has been suggested'®
that during liquefaction of coal, pyrite is converted essen-
tially completely to hexagonal pyrrhotite, Feq S where

x =0-0-15. Defect structures may arise because of non-
stoichiometric compesition, 1t is well known that such
structures can have exceptional catalytic activity. Iron also
catalyses the hydrogasification of carbon’l. However, the
reduction of pyrite to iron in hydrogen occurs only above
900°C'™. Therefore, the catalytic activity observed due to
the presence of pyrite may be atiributed to the formation
of pyrrhotite. The authors realize that more coal samptles
rich in pyrite should be examined to establish uncguivo-
cally its beneficial catalytic effect on coal hydrogenation.
The results of such an investigation will be reported in a
subsequent publication.

Transition remperature

Transition temperatures, that is the temperatures corres-
ponding to the onset of the exotherms, are plotted as a
“unction of carbon conient of the coals in Figure 6. The
sansition temperature is strongly rank dependent, varying
from about 230-250°C in the case of lignites to about
535°C for anthracite. The plot in Figure 6 consists of four
distinct parts. Coals containing 63—75% carbon have essen-
tially the same transition temperature. A sharp increase in
transition temperature {(about 200°C) occurs in the 75--80%
carbon range. Thereafter, up to 90% carbon, the transition
lemperature increases only slightly. A further sharp in-
crease in the transition temperature occurs beyond 90%
carbon. It is noteworthy that variation of the transition
temperature with carbon content follows essentially the
same trend as variation of average layer diameter and num-
ber of atoms per layer with carbon content’®, This simi-
larity suggests that the transition temperature is essentially
a function of average layer diameter, that is the density of
carbon sites (and oxygen complexes) ai the edges of planar
regions or crystallifes,

Given et al.' have studied the liquefaction behaviour of
vitrinite-rich coals as a function of rank. They observed
that higher-rank coals with carbon contents greater than
80% are poor precursors for lquefaction. From Figure 6
it is not difficult to understand the reason. Transition tem-
peratures for such coals are appreciably higher than those
conventionally employed in coal liquefaction. Furthermore,
since transition temperatures for lignitic and sub-bituminous

rals are relatively very low, they could be liquefied at low-
er iemperatures.

Effect of mineral matter removal

The effect of demineralization on transition temperatures
and exothermic heats for eight coals is itlustrated by data
in Tuble 2. Considering the transition lemperatures, it is
seen that in the case of coals with carbon contents less than
80%, demineralization increases the transition temperature.
This behaviour indicates that inorganic impurities asso-
ciated with these coals catalyse their hydrogenation. It is
noteworthy that in such coals the removal of inorganic im-
purities can increase the transition temperature by as much
as [70°C. In the case of coals with carbon contents greater
than 80%, transition temperatures decrease slightly upon
demineralization. In such cases, it is suggested that the pre-
sence of mineral matter blocks some of the pores with the
result that the entire mineral matter does not partake in
catalysis and/or total area within the pores is not accessibie
for the reaction, as will be discussed shortly.

The results presented above clucidate the importance of
mineral matter (some inorganic impurities) in catalysing
the hydrogenation reaclion, particularly for coals of rank
lower than HV A bituminous. In the future, economic con-
siderations could necessitate the development of improved
catalysts which could decrease the required reaction tem-
perature in various coal conversion processes. On the
basis ol results presented in this paper, the authors feel
that DSC affords a simple experimental technique for eval
uation of such catalysis.

When exothermic heats of hydrogenation for various
coal samples before and after demineralization are con-
sidered (Tuble 2}, it is seen that in the case of PSQC-127,
135 and 95 demineralization increases the heat of the re-
action, This effect is most pronounced in the case of
PSOCS5 where —AH increases from 1551 1o 2671 J/g.
Incidentally, this coal is associated with a maximum amount
of mineral matter (cf. Tuble 1), The removal of mineral
matier in the case of coals lower in rank than HVA bitu-
minous decreases heats of the hydrogenation reaction.

It appears rather baffling that in the case of higher-rank
coals mineral matter removal decreases the transition tem-

500 - ]

400

Transition tempergiure | °Cl

300

I 1e® %, 1 ; i
§5 70 75 80 85 30
¢ {*h,dat)

Figure 6 Transition temperatures for onset of exothermic heat
in relation to carbon content of raw coals
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perature and increases the magnitude of exothermic heats.
In order to have higher gasification rates, it is desirable to
have a large specific ares of coal located in small pores but
it is also important to have these micropores adequately
connected to Jarge voids so that reactant molecules can
diffuse rapidly to the large internal area and reactive sites.
In this context, it is known that if a coal char lacks macro
or transitional porosity, that is large voids or ‘feeder’
pores, gasification rates in air and CO4 are low'®'®, Gan

et al,'” have shown that {or coals with carbon contents
greater than 80% or less than 70%, even though total sur-
face area as measured by CO» adsorption is appreciable
{150—400 m2/g), nitrogen surface area, which is a measure
of transitional and macroporosity, is usually less than I m2/g.
Nitrogen surface area is appreciable only {or coals in the
75--80% carbon range. In the present study, any change
in porosity and surface area will be the resultunt of changes
brought about by simple heat treatment us well as by
hydrogasification. It has been reported?’ that upon heat
treatment up to 600°C, nitrogen surface area of coals with
carbon contents less than 70% increases appreciably from
an original value of 1 m?/g or Iess to as high as 100 m%/g.
However, in the case of coals with carbon contents greater
than 80% there is little or no increase in nitrogen surface
area. The lower transition temperatures and higher exo-
thermic heats for higher-rank demineralized coals suggest
that in such coals mineral matter removal opens up the
previously blocked feeder pores thus increasing the ease of
accessibility of hydrogen into the pore structure. Appa-
rently the development of additional porosity more than
offsets any decrease in reactivity which might result from
the removal of catalyticslly active mineral matter.

The fact that the removal of mineral matier has z diffe-
rent effect on the heat of hydrogenation of lower- and
higher-rank coals may be due, apart from differences in
their porosities referred to above, to another reason. The
lower-rank coals are associated with surface carboxylic acid
groups. Their concentration is a maximumn in lignites and
decreases with increasing carbon content till at about 83%
carbon such groups essentially disappear’®. Furthermore,
in coals with carbon contents in the 65-80% range the
hydroxyl oxygen content is essentially constant and is sig-
nificantly higher than that in the higher-rank coals. That
is, hydroxyl content decreases sharply in the 81-89% car-
bon range'®. The hydroxyi groups are predominantly
phenclic or at least acidic in nature. 1t is possible that
hydrogen ions of the acidic functional groups in coals may
have been exchanged, at least in part. for other cations
such as Nat, K*, Catt, etc. as a result of extended contact
of embedded coals with water containing different cations,
Johnson'? has recently shown that the repiacement of H*
ions of surface carboxyl groups in lignites by Ca™ and Na*
tons appreciably increases hydrogasification rates. 1t is
suggested that following decomposition of carboxylic and
hydroxyl oxygen groups during hydrogenation of coals,
the cations are converted to metals or oxides which are dis-
persed on the coal surface in the form of very fine particles.

In this coniext, it is known®® that when supported metal
catalysts are prepared by exchanging H* ions in the surface
acidic groups of the support with metal cations, the particle
size of supported metals is very small. It is well known®
that the extent to which an impurity in carbonaceous solids
is an active catalyst during gasification depends not only
upon its amount and chemical form {that is, a metal, an
oxide, ete.) bul on its extent of dispersion (its particle size).
The greater the degree of dispersion for a given amount of
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the catalyst, the greater is its specific catalytic activity.
From the foregoing discussion, it is suggested that because
of a higher concentration of surface carboxyl and hydroxyl
groups and, hence, of exchangeable cations in lower-rank
coals, the decrease in the extent of hydrogasification and
heat of hydrogenation upon removal of exchangeable cations
by acid treatment will be more pronounced in such coals.
Since higher-rank couls with carbon contents greater than
about 80% are essentially devoid of scidic functionat groups
and, hence, of exchangeable cations, the decrease in heat of
hydrogenation upon acid treatment will be minimal. Any
decrease in heat of hydrogenation which might result from
removal of exchangeable cations from higher-rank coals is
more than offset by an increase in porosity as suppested
earlier.

At this stage, it is instructive to emphasize that in addi-
tion to catalytic activity associated with exchangeable
cations in the manner mentioned above, other inorganic
impurities present in coals may also catalyse coal hydro-
genation. In coals, there are two broad classes of inorganic
impurities — the discrete mineral matter and the minor and
trace elements. The mineral matter is usually present in
particles greater than about 1 pm in size. The major mine-
rals are usually kaolinite, illite, pyrite, calcite and quartz.
A number of other minerals in smaller amounts can be
present. Minor and trace elements are more or Jess asso-
ciated with the organic phase or mineral phase of the coal.
The elerments are dispersed on a much finer scale in the
coal; and, hence, even though they are present in smaller
amounts than the major minerals they may be important
catalysts because of their small particle size.

It is noteworthy that the exothermic heat of hydrogena-
tion for demineralized PSOC-87 is the highest {or any of
the demineralized samples and is of about the same magni-
tude as that for the raw coals, PSOC-138 through PSOC-
141 in Table 2. We have no explanation for this behavious
although it is possible that the higher exothermic heat may
be due to the presence of residual amounts of eatalytically
active impurities stilf left after demineralization.
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