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Effect of inorganic matter removal from
coals and chars on their surface areas

Om P. Mahajan and Philip L. Walker Jr

Department of Materials Science and Engineering, The Pennsylvania State University, University Park,
PA 16802, USA

{Received 28 August 1978)

Removal of inorganic matter from coals by acid treatment brings about random and, in some cases,
significant changes in surface areas measured by adsorption of Ns and CO4. Changes in surface areas
of chars are generally more pronounced than those found in coals. However, the surface area changes
in chars are markedly dependent upon whether the acid treatment is given to the coal precursor prior

to charring or to the char produced from the raw coal. Changes in surface areas of raw coals and
chars produced therefrom have been attributed to: (i) ‘physical’ removal of inorganic matter from
the aperture-cavity system, (i) bonding of HC! to basic nitrogen present in pyridine-like structures,
and (iii} adsorption of acid. Results suggest that the removal of inorganic matter from coals prior to
charring affects the carbonization process and, hence, the surface area of the resultant char.

Coals are associated with two broad classes of inorganic
impurities — the discrete mineral matter which is usually
present as particles greater than | pm in‘size and minor and
trace elements which are more or less associated with the
organic phase or mineral phase of the coal, It is well known
that most inorganic impurities catalyse gasification rates

of carbons'?, In this laboratory, we have studicd exten-
sively the reactivities of a wide spectrum of chars in air®,
CO2%, Ha?, and steam®. It was found that in each gasifica-
tion atmosphere partial or complete removal of inorganic
impurities (by acid treatment) (rom raw couls prior to
charring or {from chars produced from raw coals usually
decreased resultant char reactivity. 1t was not clear that
this behaviour could be attributed solely to the remaoval of
catalytically active inorganic impurities because it was
found that, concomitant with changes in reactivities, chars
produced from acid washing had surface areas which were
markedly different {rom those for the chars produced from
processes involving no acid trealment. Since there is 2
growing interest in better understanding the various factors
which govern char reactivity, it is desirable to investigate
systematically {he effect of inorganic matter removal on
surface areas of coals and chars. The present paper des-
cribes results of such a study.

Results of the present study should also have rele-
vance io coal liquefaction studies. It is not well under-
stood what effect, if any, the inorganic matter present in
coals has on the kinetics of hydrogen transfer from the
vehicle (hydrogen-donor solvent) to coal or on the yield
and composition of the liquid products. The possibility of
a catalytic effect is usually ascertained from the difference
in results obtained on raw and acid-washed coals. However,
acid treatment affects the porosity in coals. Since the
initial step in the overall liquefaction process is the adsorp-
tion of vehicle by the coal particles, changes in porosity
may affect the overall rate of coal liquefaction.

0016-2361/78/050333~05%2.00
@ 1979 IPC Business Press

EXPERIMENTAL

Coals studdied

Coals (40 x 70 U.S. mesh} varying in rank from anthra-
cite to lignite were used in the present study. Important
properties of the coals are given in Tuble 1. Inorganic
matter contents of coals were estimated by the modified
version of the Parr formula proposed by Given eral”. In
some cases, inorganic matier contents of coals were also
determined by acid treatment {with HCl and HF) in the
manrer suggested by Bishop and Ward®. Inorganic matter
contents of coals determined by this procedure {given in
parenthesis in column 4, Table 1) agree well with those
estimated {rom the modifted Parr formula.

Partial removal of inorganic matter from coals was
accomplished by acid washing with 10 vol % HCl 2t 333 K
for 48 h. The treated coals were then washed thoroughly
with hot distilled water. The inorganic matier content of
some of the acid-washed coals was further reduced by
treatment with a 1:1 concentrated HCl--HF mixture at
333 K, followed by thorough washing with hot distilied
waler. These coals are referred to as demineratized {Dem)
coals in the text.

Inorganic matter content of acid-washed and some Dem
coals was determined by low-temperature ashing (LTA) in
an oxygen plasma®., The LTA technique suffers from the
drawback that some of the sulphur in pyrite and some
organic sulphur are oxidized to SO3 which forms H480,
in the presence of moisture'®, The acid can then react with
carbonate minerals or in the case of low-rank coals {sub-
bituminous and lignites) with exchangeable cations asso-
ciated with carboxylic acid groups. Treatment of coals
with acids will decompose the carbonates and replace the
metal cations by H ions, thus minimizing the fixation of
organic sulphur as sulphates. Inorganic matter contents of
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Table T Surface areas of coals

Nj surface area (m?/g} €Oy surface area {m3/g)

Inorganic
ASTM mattar (%, Acid- Acid-
Coal No. rank State dry basis) cé NE Raw washed Dem Raw washed Dem
(1] (2} (31 {4) {5) 6) (7] 8) 8 (10] {11} {12}
b2 Lignite Mont, 8.8 71.5 .81 23 — 7 315 239 273
(8.2) {1.3%
87 Lignite N.D, 9.3 721 0.66 8 20 26 211 220 184
{10.6) (0.76%: {0.14%:)
245 Lignite N.D. 15.4 73.6 0,13 18 — 14 169 - 239
100 Shh-C Wyo. 5.7 72.6 0.82 15 - 17 261 - 184
{5.4)
138 Lignite Tex, 11.7 75.56 Q.37 10 11 16 216 191 184
(11.2) 18.7%)
101 Sbh-C Wyeo. 6.9 755 0.90 - — - - - -
(7.2}
230 Sbix-8 Mon1. 10.5 6.4 1.1 37 — 14 297 — 256
232 HVC Ky, 13.56 77.6 1.4 14 - 17 229 — 239
127 LV Pa. 6.6 90.4 1.0 <1 —_ 19 248 - 239

(0.57%}

4 Expressed as wt %, dry-inorganic-matter-free basis

acid-washed and some Dem coals are given in parentheses
in cofumns 8, 9 and i1, Table 1.

Char preparation

Chars were prepared from selected raw, acid-washed,
and demineralized coals. One of the selected coals, PSOC-
127, was a caking coal. This coal was carbonized in a
horizontal-tube reactor while heid in a boat. The non-caking
coals were carbonized in a uidized-bed reactor. In cach
case, coal was heated in a N5 atmosphere at a rate of 10 K/
min up to 1273 K. Soak time at 1275 K was 2 h. Chars
prepared from PSOC-127 were reground and 40 x 100
mesh fractions used lor surface-area measurements.

In a few cases, chars produced {rom raw coals were acid-
washed with HCl. Chars produced from acid-washed coalg
are referred to as AW in the text, the acid-washed chars are
referred (o as AW* and chars produced from Dem coals are
referred to as Dem chars.

In the present study the acid treatment was carried out
in an air {ambient pressure) atmosphere. Therefore, it may
be argued that the cosls have undergone some oxidation
during acid treatment. However, this possibility is ruled
oul by the work of Bishop and Ward®. These workers
ireated a sample of low-rank vitrain with an oxygen-ree
mixture of HCl and HE at 328--333 K in an inert atmos-
phere, while a duplicate sample was treated without using
these precautions. The carbon and hydrogen contents of
the acid-washed vitrain in the two cases were found to be
essentially the same. Therefore, Bishop and Ward conclu-
ded that no significant coal oxidation had occurred during
acid treatment in an air atmosphere.

Surface area

Surface areas of coals and chars were determined from
Ny adsorption at 77 K using the BET equation and {rom
CO» adsorption at 298 K using the Polanyi—Bubinin equa-
tion'!. Prior to making an adsorption run, coals were oul-
gassed at 383 K and chars at 773 K for 16 h at a pressure
of 1.33 x 10~3 Pa®, For cach adsorption point on the Na
and CO4 isotherms, an arbitrary adsorption time of 30 min
was allowed.

Surflace areas of coals and chars in most cases have been
expressed on a dry-inorganic-matier-free basis. 1t has been
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assumed that inorganic matter present in coals has & neg-
ligible surface area. In the case of the chars, the ash yields
have been assumed 1o approximate the inorganic matter
contents. For the Dem coals for which the inorganic maiter
contents are not listed in Table /, susface arcas have been
expressed on a dry-inorganic-maiter-containing basis. Be-
cause of the very small amounts of inorganic matter ex-
pected 1o be contained in these coals, it is reasonable to
asswme that their surface areas will increase minimally if
expressed on a dry-inorganic-matter-free basis. In any case,
such increases are likely to be well within tlie experimental
error involved in measuring surface areas of coals and chars.

RESULTS

Surface areas of coals

The effect of inorganic matter removal on the N> and
CO4 arcas of coals is dlustrated by the data given in Table 1,
These results show that acid treatment of coals does not
always bring about significant changes in their No and CO»
areas. Further, there is no obvious correlation between the
effect of acid treatment and coal rank. Considering the N»
areas, it is seen that for the PSOC-100 and 232 coals, N3
areas remain essentially unchanged upon demineralization,
that of PSOC-91 decreases by a factor of three, whereas
the surfuce area of PSOC-127 increases by an order of mag-
nitude. The remainder of the coals exhibit an intermediate
behaviour. In contrast, the relative changes in CO» areas
ofl coals brought about by inorganic matier removal are
less pronounced, The maximum incresse in CO3 area (41%)
upon demiperalization occurs for PSOC-245 coal, whereas
the maximum decrease {307) is observed for PSOC-100
coal. Removal of inorganic matter from a given coal does
not necessarily change both the Ny and CO1 arcas. In those
cases where the two arcas do change, the relative magnitude
of the change is not similar,

The effect of demineralizing the acid-washed coals on
the N2 and CQ» areas is different in the two coals studied
(PSOC-87 and 138). The N» area of both the coals increases;
the CO4 area of one coal (PSOC-87) decreases while that of
the other (PSOC-138) remains essentially unchanged.
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Tabie 2 Surface areas of chars

Char Surface area (m2/g)
PSOC ASTM rank ash —_—
Sample No. of parent eoat {wt % N2 CO4
91 lL.ignite 10.9 35 471
91 AW* 7.2 18 506
91 AW 1.3 89 924
B7 Lignite 13.1 107 290
87 Aw* 6.0 113 532
87 AW 2.6 11 628
87 DEM 0.0 1 600
138 Lignite 16.0 143 667
138 AW* 1.6 12 562
138 AW 9.6 4 752
138 BEM 0.9 47 116
101 Shh-C 82 68 501
101 AW 5.4 18 379
1071 AW 1.1 3 677
127 Ly 6.7 2 13
127 DEM 0.0 4 K}
81 Anthracite 6.4 1 42
81 AwW* 6.1 <1 50
81 AW 5.8 <1 42
81 DEM 0.9 <1 57

Surface area of chars

Surface areas of various char samples are given in Table 2.
Conversion of raw coals to chars appreciably increases the
Nj area in every case, However, increases in CO4 areas are
observed for the lower-rank samples only; and in these cases
fractional increases are less pronounced than found for the
Ny areas. The COj area of a higher-rank LV biluminous

conl (PSOC-127) is sharply reduced upon charring at 1273 K,

The conversion of acid-washed coals to AW chars decreases
the Ny area but increases the CQ» area. On the other hand,
the conversion of demineralized coals to chars brings about
random changes in Ny and CO4 areas.

The CO1 areas of the AW chars produced from lignites
and sub-bituminous coal are higher (as much as 104%) than
those of the raw chars. Although differences in the N
arcas of the raw and AW chars are more pronounced than
are differences in the CO» areas, these differences do not
follow the same trend in all cases. For example, the N
area of the raw char produced from PSOC-91 is 40% of the
area of the AW char; whereas the areas of the remainder of
the lower-rank raw chars are higher {as much as 36 times)
than those of the corresponding AW chars.

The Ny and/or CO5 areas of the lower rank Dem chars
show major differences from those of the corresponding
AW chars. The Nj arex of PSOC-87 AW char is an order
of mapnitude higher than that of the Dem char, but the
CO; areas in the two cases are essentially the same. On the
other hand, in the case of PSOC-138 Dem char the N2 area
is appreciably higher and the CO» area is appreciably lower
than that of the AW sample,

Acid treatment of the raw chars brings about random
variations in the N and COj areas. With the exception of
PSOC.87 AW* char, the Na areas of the remainder of the
lower-rank AW®* chars are significantly lower {han those
of the raw chars. On the other hand, the CO» areas of the
PSQC-91 and 87 AW™* chars are higher, while those of the
PSOC-138 and 101 AW* chars are lower than those of the

raw clhars. [t is noteworthy that with the exception of
PSOC-91 char, the N1 areas of the remainder of the lignite
and sub-bituminous AW chars are lower than those of the
corresponding AW* chars. However, the CO3 areas of the
AW chars are consistently higher. These results thus show
that changes in char surface areas are markedly dependent
upon the manner in which the inorganic matier is removed,
that is whether the acid treatment is given to the coal pre-
cursor prior 1o charring or to the char produced from the
raw coal,

Considering the results for higher-rank chars, it is seen
that the removal of inorganic matter has a minimad effect
on the Nz and CO5 areas of the anthracite char (PSOC.81),
while the Ny and CC+» areas of the LV bituminous char
(PSOC-127) increase by factors of 2 and 3, respeciively.

DISCUSSION

Coals and chars are highly microporous materials, Their
porosity is of the aperture-cavity fype and a large propor-
tion of the total surface area and pore velume is accessible
through apertures 0.49—0.52 nm in size’®. Slight changes
in aperture openings can have a profound effect on the
surface area and porosity of such materials'®'3, Since the
minimum dimension of a Ny molecule {4.365 nm} is larger
than that of 4 CO3 molecule {0.33 nm), N1 areas are more
sensitive to slight changes in aperture sizes. With this briel
introduction, the possible reasons for the observed surface
area changes upon acid treatment can be considered.

Removal of inorganic matter

Changes in surface areas of coals and chars upon acid
treatment can be due to the ‘physical’ removal of inorganic
matter. In this context, two extreme cases can be con-
sidered. Consider one extreme case. The presence of in-
organic matter in the aperiures of coals and chars can de-
crease the aperture size to an extent that the area and
volume contained in the aperture-cavity system are in-
accessible to Na and CO; molecules, Removal of inorganic
matter from the apertures, in such cases, can incresse the
available surface area.

Consider now the other extreme case. When raw coals
and chars produced from them are treated with HCl, a part
of the inorganic matter present (such as quartz and pyrite)
is not extracted by the acid. The amount of the unextract-
able material is expected to be greater in chars than in the
coal precursors. This is because most of the inorganic im-
purities initially present in the coal precussors undergo
changes in their chemical form upon heat treatment to the
maximum temperature {1273 K) used in this siudy for the
preparation of chars'*', As u result of heat treatment,
some of the inorganic matter which is initially soluble in
HC is converted to an insoluble form either because of a
change in its chemical form or because of combination with
some other constituent(s} of the inorganic matter. This is
reflecied in the higher ash yields of the AW* char samples
compared to the AW chars (Table 2). If the insoluble in-
organic impurities in coals and chars are present in the
cavities as an admixture with the soluble impurities, it is
possible that when soluble impurities are leached out upon
acid treatment, the insoluble inorganic matter might be
displaced from the cavities (in which most of the area and
porasity are contained) and become trapped within the
apertures. The apertures can thus become effectively
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blocked or reduced in size and result in a decrease in
accessible surface area.

Retention of acids

Changes in surface area can also be due, at least in part,
to retention of acids in the microporous structure of coals
and chars. In this context, it has been observed that in the
case of coals associated with small amounts of inorganic
matter, acid treatment results in an increase in weight'®'7,
This increase has been attributed to the retention of acids.
Uptake of acids on coals and chars can be due to the follow-
ing causes. In the present study, the coals contain up to a
maximwm of 1.4 wt % nitrogen (Table 1. It is generally
agreed that nitrogen in coals occurs almost completely in
heterocyclic ring structures'®, Although quantitative infor-
mation on the functionality of nitrogen in coals is lacking
in the literature, it is now believed that a part of the nitro-
gen is present as basic nitrogen (as in pyridine structures)
and a part is present in acidic nitrogen {(as in pyrrole struc-
tures)'?. The acidic nitrogen is not expected to partake in
reaction with HCl whereas the basic nitrogen can bind HCl
in the form of hydrochloride structures. Upon washing
with water ([ollowing acid treatment), the hydrochlorides
are expected to undergo hydrolysis but some HCl may be
retained on the more basic nitrogen groups.

Since during coal pyrolysis nitrogen comes off in the
gas phase as ammonia and HCN, and in the tar as deriva-
tives of pyridine, aniline, quinoline, ete,””, the nitrogen
contents of chars (produced at 1273 K) and, hence, the
amounts of HC! bound te nitrogen, are expected to be
less than the amounts present in the coal precursors. It is
not expected that the entire nitrogen content of coals will
be eliminated upon heat treatment up to 1273 K. In this
context, Issacs carbonized anthracene, phenanthrene and
several nitrogen heterocyclic derivatives of these compounds
with the same ring structure but containing one or two
nitrogen atoms in place of carbon®!, He found that in all
cases the 873 K chars had essentially the same nitrogen
contents as those of the original compounds and that all of
the nitrogen was not eliminated up to 1573 K.

Even in the absence of basic nitrogen groups, coats and
chars can adsorb mineral acids. This, in turn, can affect
aperture size and surface area. From fundamental studies
on relatively pure carbons, it is known that carbons can
adsorb both acids and atkalis®®, Carbons associated with
acidic surface oxygen groups, such as carboxylic and pheno-
lic, preferentially adsorb alkalis. Further, carbons showing
higher adsorption capacities for alkalis are poor adsorbents
for acids and vice versa. Adsorption of mineral acids on
carbons does not involve dispersive forces because the
anion of an adsorbed acid can be exchanged for a different
anion from an added neutral salt?,

The concentration of acidic surface oxygen complexes
{carboxyl and/or phenol) on coal surfaces decreases with
increase in coal rank'®. In lipht of the above discussion,
it is to be expected that the adsorption of acids on coals
devoid of inorganic matter should increase with increase
in coal rank. Since heat treatment of microcrystalline
carbons in an inert atmosphere up to 1273 K results in the
elimination of essentiatly all the oxygen complexes®, the
chars in the present study are expected to be better adsor-
bents for the acids than the precursor coals. Coals and
chars are always associated with inorganic matter, part of
which is seluble in FICI, The presence of soluble chlorides
of multivalent cations can increase the ionic strength of the
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acid and, hence, the extent of acid uptake™.

It is concluded that observed changes in surface arcas of
raw coals and AW* chars upon acid treatment are due pri-
marily to two effects — removal of inorganic matter and
retention of acids. Because of the complexity of these
effects, it is not surprising that changes in surface areas do
not follow a regular pattern.

Effect of actd treatment of coal on subsequent carboniza-
tion mechanism

The structure of a char produced by the heat (reatment
of a coal is defermined by a number of complex reactions
such as rupture of bonds, ring closure, condensation, un-
saturation, and aromatization. The addition of selected
catlalysts to the coal can accelerate one or more of these
reactions during subsequent pyrolysis and thus affect the
yields (and possibly composition as well) of gas, lar and
coke®. To what extent, if any, the inorganic constituents
contained in different coals have catalytic effects is open
to speculation. Some clays at elevated temperatures cata-
lyse organic reactions, particularly those that proceed by a
carbonium ion mechanism, such as the cracking of hydro-
carbons. In this context, the addition of certain active
clays to coals has been shown to bring about a significant
decrease in the yield of tar and a corresponding increase in
char yield®. It was concluded that the active clays can
change the carbonization process by modifying the cleav-
age, polymerization and atkylation reactions. The catalytic
sites in clays are the acidic OH groups. They are capable of
exchanging protons for metal cations with a drop in cataly-
tic activity. Conversely, replacement of metal cations in
clays (contained in coals) by protons upon acid washing
with HCl is expected to increase their catalytic activity.

Tar produced during coal pyrolysis contains, among
other constituents, aromatics, saturated hydrocarbons and
olefins®®, These molecules, along with those of the hydro-
carbon gases evolved, are potentiatly capable of cracking
at carbon surfaces depositing carbon®*?® as they diffuse out
of the microporous structure of coals. Even small amounts
of inorganic impurities can have a marked catalytic effect
on the cracking of hydrecarbons®”, Kamishita er al. have
recently shown that the partial removal of inorganic matter
from a 1273 K lignite char by acid treatment decreases
hoth the rate of and the extent of carbon deposition from
the cracking of methane'. Upon heat treatment to 1273 K,
the ‘active’ clays, if present in the lignite precursor, are
expected to lose their catalytic activity for cracking because
of the breakdown of their siructure. Thus, the results of
Kamishita ef al.’® show that inorganic impurities other than
active clays present in coals also possess catalytic activity
for the cracking of hydrocarbons. Because of the aperture—
cavity type porosity in coals and chars, even small amounts
of carbon deposition can markedly affect the aperture size
and, hence, surface area and porosity. For instance, addi-
tion of only 2.6%, by weight, of deposited carbon to a
1273 K lignite char reduced the Nj area from 241 to
33 mig 5

Lower-rank coals contain significant amounts of car-
boxylic acid groups*®. It has recently been observed that the
replacement of H' ions of carboxyl groups of brown coals
by metal cations affects the mechanism of release of oxygen
complexes (CO2, CO and H20)*%. For instance, the amount
of CO5 evolved {rom the acid form of brown coals (that is,
the acid-washed coals) upon heat treatment up to 1173 K
corresponds to the carboxyl content of coals. In contrast,
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the cation-exchanged samples cvolve significantly larger
amounts of CO4. The change in the mechanism of release
of oxygen complexes resulting from the acid treatment of
lower-rank coals can possibly afTect the resultant char
structure and, hence, their surface area.

Ft is difficult to ascertain the manner in which HCI re-
*vined in the coal as a result of acid treatment will affect

bsequent carbonization and, hience, the char structure
produced. This will largely depend upon the manner in
which it is desorbed upon heai treatment, that is whether
it comes off as HCl or Cly, and the temperature range over
which it is desorbed. HCI is a potymerization catalyst and
thus can affect the conversion of coal to char, If, on the
ofher hand, HC is desorbed as Cla, then depending upon
the temperature ai which it is evolved it may react with
the coal and some may be chemisorbed on the surface. It
is known that microerystalline carbons can chemisorb
chiorine over a fairly large temperature range™, Macrae
and Oxtoby have shown that the uptake of small amounts
of chlorine by a strongly caking coal completely destroyed
its caking properties®™, They found that the char produced
from the cldorinated coal had a more disordered structure
and greater available surface area than that prepared from
the untreated coal. Pinchin has reported that carbonization
of chlorinated coals does noi produce chlorinated tars but
only HCJ along with reduced amounts of volatile matter®.
[t was suggested that this reagent promotes condensation
and molecular growth through elimination of HCY rather
than degradation reactions. Chlorine can also react with
some constituents of the inorganic matter to give volatile
chlorides. In this context, Imperial®® has shown that treat-
meni of an anthracite with Cly at lemperatures 2873 K
results in the removal of significant amounts of inorganic
matter as volatile chlorides.

t is possible that some constituents of the inorganic
atter present in caking coals may reduce or destroy the
softening and swelling of these coals upon heat treatment.
Impurities may then change, partly or wholly, caking coals

from thermoplastic to thermosetting precursors lor the
production of chars. The chars thus produced will have a
higher surface area.

In conclusion, acid treatment of coals and chars does
remove inorganic constituents; but it also, in many cases,
alters the micropore structure of the material, Thus, when
such treatment alters coal or char reactivity, interpretation
of the results is not always straightlorward,
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