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Reactivity of heat-treated coals in steam

Angel Linares-SolanoT, Om P, Mahajan and Philip L. Walker, Jr.

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

{Received 29 December 1977)

Reactivities of seventeen 40 x 100 mesh (U.S.} coals charred to 1000°C have been measured at 910°C
in 0.1 MPa of a Np—H50 mixture containing water vapour at a partial pressure of 2.27 kPa. Char
reactivity decreases, in general, with increasing rank of the parent coal. The chars show a 250-fold
difference in their reactivities. Results suggest that gasification of chars in air, CO» and steam involves
essentially the same mechanism and that relative gasification rates are controlled by the same inter-
mediate oxygen-transfer step. Removal of inorganic matter from raw coals prior to their charring or
from chars produced from raw coals decreases the reactivities of lower-rank chars, whereas reactivities
of higher-rank chars increase. Addition of Hp to steam has a marked retarding effect on char reactivity
in most cases. However, in a few cases Hy acts as an accelerator for gasification. The effect of particle

size, reaction temperature and water-vapour pressure on char reactivity is considered

Because of the current interest in coal-conversion processes
for producing liquid and gaseous fuels, the char—stcam
reacifon has assumed a unique importance. The major pro-
ducts of this reaction, namely CO and Ha, can be used not
only as a medium-heating-value gas but also as precursors
[or catalytic synthesis of a wide range of products, namely
Fischer—Tropsch synthesis {or oil, gasoline, LPG; methanol
and ammonia synthesis; oxo compounds; as well as for the
production of substiiuie natural gas by catalytic methana-
tion. In the future, economic considerations may necessi-
tate the use of coals of all ranks as feedstock for the pro-
duction of chars for subsequent gasification in steam. There-
{ore, it is desirable to study relative gasification rates in
steam of a number of chars prepared under fixed conditions
of charring {rom coals of different rank. This paper des-
cribes the resulis of such a study. The variables chosen for
investigation were rank of the parent coals, inorganic matter
conient, particle size, reaction temperature and pressure.
Effect of addition of Hj to steam on char reactively has
also been studied.

EXPERIMENTAL

Char preparatiosn

Severteen char samples praduced [rom coals varying in
rank [rom anthracite to lignite were used in the investiga-
tion. These chars were available from a previous study!,
The analyses of coals used for the preparation of chars are
given in Table 1. The chars were prepared from 40 x 100
mesh fractions of coals in N3 at 1000°C in the manner des-
cribed previously'. In order Lo study the effecl of inorganic
matter removal on char reactivity, selecled coals, prior to
charring, or chars produced from raw coals were acid-washed
with 10 volume per cent HCl. Chars produced from acid-
washed coals are referred to as AW in the iext whereas the
acid-washed chars are referred to as AW*. The inorganic
maiter conient of some of the acid-washed coals was fur-

FPreseat address: Department de Quimica Inorganica, Iacultad de
Ciencias, Universidad de Granada, Spain

0016--2361/79/050327-0632.00
@ 1879 IPC Business Press

ther reduced by treatment with a 111 HCI-HF mixture,
Chars prepared from such coals are referred to as deminer-
alized (Dem) samples in the text.

A relatively unreactive low-volatile bituminous char
{PSOC-127) and a highly reactive lignite char (PSQC-87)
were chosen for investigating the effect of particle size on
reactivity. Chars produced from raw coals of 40 % 100 and
200 x 325 U.S. mesh size were studied. Experimental de-
tails for the preparation of acid-washed and demineralized
chars, as well as chars with difTerent particle sizes, are des-
cribed elsewhere!,

Surface area

Nitrogen and COn surface arcas of most chars were avail-
abie from a previous study . In the case of chars for which
the arcas were not available, they were determined from Na
adsorption at —196°C using the BET equation and tom
CO1 adsorption at 25°C using the Potanyi—Dubinin equa-
tion. Experimental details are described elsewhere!'®. Walker
and co-workers® have concluded that the Ny surface arca
is a measure of transitional and macroporosily, whereas
adsorption of CO5 at 25°C measures assentially the total
surface area of microporous coals and chars.

Reactivity measurements

Reactivities of chars were measured at 910°C in 0.1 MPa
of & Na—H70 mixture containing water vapour at a partial
pressure of 2,27 kPa. This water-vapour pressure was gene-
rated by bubbling prepurified N» through deaerated dis-
tilled water thermostated at 20°C. Reactivities were also
measured on selected samples in a 20% Ha—80% N5 mix-
ture which contained 2.27 kPa of water vapour.

A Fisher TGA unit, Model 442, was used lor reactivity
measurements. About 3 mg of char contained in & platinum
pan was heated in N3 (300 cm3/min) up to 1000°C at a
rate of 20°C/min. Heating at 1000°C was continued until
the char weiglt became constant. The sample was then
cooled Lo reaction temperature (910°C) and held at this
temperature for 20 min for temperature stabilization,
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Table 1 Anolyses of coals

PSQC Ash {wt %, daf)
Samgple {wt %, 0
No. ASTM rank State dry basis) o] H N 5@ by diff.)
N Lignite Maont, 7.7 70.7 4.9 0.80 0.30 223
87 Lignite N.D. B.2 .2 5.3 0.656 0.46 22.5
140 Lignite Tex. 3.4 71.7 5.2 1.3 0.72 211
138 Lignite Tex. 10.3 743 8.0 0.37 0.51 19.8
98 Shb-A Wvya, 8.4 4.3 5.8 1.2 1.1 17.7
101 Shh-C Wyo. 6.1 74.8 5.1 0,89 0.30 18.9
26 HVB HE, 10.8 77.3 5.6 1.1 23 13,6
22 HVC [, 10.1 78.8 5.8 1.6 1.8 12.1
24 HvB HI. 11.8 801 55 1.1 2.3 11.1
67 HVE Ut 4.8 80.4 6.1 1.3 0.38 11.9
171 HVA wW.Va. 1.6 82.3 57 1.4 1.8 89
4 HVA Ky, 2.1 83.8 5.8 16 0.66 8,2
137 MV Ala. 7.1 B86.9 4.8 1.5 0.81 5.9
114 LV Pa, 9.8 88.2 4.8 1.2 .62 5.2
127 LY Pa 5,7 83.6 5.0 1.0 0.52 39
81 Anthracite Pa. 78 91.9 2.6 0.78 0.54 4.2
177 Anthracite Pa. 4.3 93.5 2.7 0,24 0.64 29

8 Organic sulphur

Tabie 2 Reactivities of coat chars in steam

Parent coal PSOC No. Reactivity {mg h™1 mg™1)

9 29
87 2.8
140 1.5
138 1.2
a8 1.0
mm 2.5
26 0.25
22 0.45
24 0.52
67 0.22
171 0.15
4 0.30
137 o.10
114 0.07
127 0.011
81 0.13
177 0,11

Nitrogen was then replaced by the Ny-H20 mixture. The
weight ol the sample was recorded continuously as a func-
tion of time. It was ascertained in a few exploratory runs
that for starting sample weights up to 3 mg, mass-{ransport
resistance to diffusion of reactant gas molecules down
through the bed was negligible.

Burn-off versus iime curves for different chars usually
hae a slow induction period followed by a rate increase.
Following the suggestion of Jenkins er al.® the reactivity
parsmeler was calculated by the following equation:

i odw

T

where w,, is the starting weight of the char on a dry-ash-
free (daf) basis and dw/ds is the maximum rectilinear weight
loss rate (mg h~—1).

1t was caleulated that under the experimental conditions
used in the present study the amount of water vapour con-
tained in the No—F20 mixture was far in excess of that
needed for the maximum pasification rate of even the most
reactive char (PSOC-91).
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For the char produced from coal PSOC-140, ten reac-
tivity runs were made in the Ny—H»0 mixture. For the
ten determinations, a 95% confidence interval on the mean
value of R was 1.53 # 0.021 mg h~! mg~1,

RESULTS AND DISCUSSION

Correlation of char reactivily with coal tank

Reactivity results for various chars are given in Tuble 2.
It is seen that the reactivity parameter decreases, in general,
with increase in the rank of the parent coal. The LV bitu-
minous char, PSOC-127, is the least reactive; whereas the
Montana lignite char, PSOC.91, is the most reactive, its
reactivity being about 250 times thai of the PSOC-127 char.
The higher reactivities of chars derived from lower-rank
coals compared to those produced lrom higher-rank coals
is consistent with the three major faclors governing gasifi-
cation rates, That is, the lower-rank chars have a higher
concentration of active sites, a higher concentration of
feeder (transitional and macro) porosity and hence a greater
utilization of active sites focated in micropores, and a higher
degree of dispersion of inorganic catalytic impurities’®,

We have previousty studied the reactivities of a number
of chars in air (0.1 MPa) at 500°C*, CO, (0.1 MPa) at
900°C 2, and Ha (2.7 MPa) at 980°C ', Reactivities of
various chars in steam {Table 2) show more or less the same
kind of spread as well as dependence on rank of the precur-
sor coal as do the corresponding reactivities in air® and
C0O,?, In conlrast, reactivities in Hs show a random varia-
tion with rank; and the spread in reactivities of different
chars is much less than that in air, CO3 and steam'. These
results thus suggest that the gasification of chars in air, CQO»
and steam involves essentiafly the same miechanism, that is
an oxygen transfer step foflowed by a gasification step®.
These can be writien as follows:

Oxygen transfer
2+ 0p 2C(0)
Crt €Oy~ C(O) +CO

Cp+ Ha0 > C(O) + Hy
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Table 3 Effect of inorganic-matter remaoval on reactivities of chars in steam

Surface area (m2/g)

Parent coal Ash Reactivity
PSOC No. Nay Co, {wi %, dry basis) {mgh™ ' mg™h)
N 31 420 10.8 29
a1 AW* 17 470 7.2 1.8
91 AW 88 a12 1.3 0.43
87 23 260 131 2.8
87 AW 106 500 6.0 1.1
87 AW 1% 610 2.6 0.33
87 Dem i 600 0.0 0.38
138 120 560 16.0 1.2
138 AW 11 497 11.6 0.88
138 AW 4 680 9.6 0.34
138 Dem 47 115 0.9 0.19
101 62 400 8.2 25
101 AW* 17 359 5.4 1.6
101 AW 3 870 1.1 0.35
127 2 12 8.7 0.011
127 Dem 4 37 0.0 0.14
81 1 39 8.4 0.13
81 AW* <1 47 6.1 0.14
81 AW <1 40 5.8 0.14
81 Dem <1 56 0.9 019
Gusification viously attributed to the presence of additional macropores
and transitional pores (feeder pores) in these chars as a re-
C{O)~ Co sult of the removal of inorganic constituents. That is,

where Cris a carbon-{ree (active} site and C(Q) is a {leeting
oxygen complex®,

Effect of removal of inorganic inatter on char reaetivity

Most inorganic impurities catalyse gasification rates of
carbons®”, The specific catalytic activity of an impurity
is determined by its chemical form and degree of dispersion
Jparticle size) as well as the gaseous atmosphere used®”. We
nave previously reported that upon partial or complete re-
moval of inorganic impurities from coals by acid-washing
with HC! or demineralizing with an HCI-HF mixture, prior
to charring, gasification rates of lower-rank chars in air,
CO, and Hy generally decrease, whereas those of chars pro-
duced from higher-rank coals increase'”. Demineralization
produced a greater change in subsequent char reactivity
than did acid washing. An explanation for these resuits was
offered earlier'™*.

The same general effect of inorganic-matter removal on
subsequent char reactivity has also been observed for reac-
tion in steam (Table 3). However, in the present study we
have investigated, as we failed to do in the previous reac-
tivity studies in air, CO5 and Iy, the effect of inorganic-
matter removal not only from the coal precursor but also
from the raw char on subsequent char reactivity. Results
show (Table 3} that the magnitude of the effect of mineral-
matter removal on reactivities of lower-rank chars is markedly
dependent upon the manner in which the inorganic consti-
tuents are removed. In the case of chars produced from
lignite (PSOC-91, 87 and 138) and sub-bituminous (PSOC-
101) coals, reactivities of the AW samples are significantly
lower than those of the corresponding AW* samples, This
result paraliels the fact that ash yields of the chars produced
{rom these acid-washed coals were lower than those pro-
duced from the acid-washed chars.

As previously reported, a lowering of the inorganic im-
surity content in chars produced from the high-rank coals
cesulted in increases in reactivity®, The effect was pre-

accessibility to active carbon sites was enhanced.

It is interesting that acid washing of cither the precursor
coals or the chars produced from the raw coals leads to N
and COx surface areas for product chars which are markedly
different from the values for the chars produced from the
process which involves no acid treatmeni. These results
will be considered more fully in a future publication. It
can simply be said at this point that no relation is found
between Ny and COj surface areas of the chars prior o
their gasification and their maximum reactivities.

Iiffect of Ho addition ro steam on reactivity

A study of the effect of Hj on the reactivity of coal
chars to steam shows, on the one hand, the complexity
that mixed reactant atmospheres can introduce to the
understanding of gasification and, on the other hand, the
faseinating roles which physical phenomena like chemi-
sorption and eatalysis can play in heterogeneous gas—solid
reactions. To understand the effect of H, it is important
to distinguish between the ‘catalysed” and ‘uncatalysed’
reactions. In the former, dissociation of steam, in the oxy-
gen transfer step, occurs predominantly at impurity (cata-
lyst} sites, the oxygen species then attaching itselfl 1o an
active carbon site. In the latier, the dissocation of steam
oceurs predominantly at active carbon sitest, Whether the
uncatalysed or catalysed gasification reaction is dominant
depends upon a number of variables, including temperature
and the concentration and specific activity of inorganic
impurities present,

1t has been shown by a number of workers that hydro-
gen is a strong inhibitor of the ‘uncatalysed’ reaction®. It
is generally agreed that this inhibition is caused by the
strong dissociative chemisorption of hydrogen onto active
carbon sites, thus blocking them for the oxygen transfer
reaction with steam. The inhibition of the ‘uncatalysed’

T1n this latter case, some reaction can also proceed vis the catatysed
route since all carbons contain at least traces of fnorzanic impurities,
but the uacatatysed route is dominant
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Table 4 Effect of hydrogen addition to steam on char reactivity

Parent coal

Pyrite in coal

Reactivity {mgh™1 mg™1}

PSOC No. (wt %, dry basis) Steam Steam—Hs )
a1 0.19 29 0.63
91 AW* —_ 1.8 0.51
87 041 2.8 1.0
138 0.34 1.2 1.3
138 AwW* - 0.88 0.63
26 7.9 0.25 .24
22 1.7 0.45 0.40
24 3.6 0.562 (.59
127 0.54 0.011 0.20

carbon—steam reaction by hydrogen is also consistent with
the finding that the rate of carbon gasification in hydrogen
is about three orders of magnitude slower than the rate of
gasification in steam®,

By contrast, McKee® has mose recently shown that Hs
can be an accelerator {or the ‘catalysed’ carbon—steam
reaction when appreciabie amounts of iron are present. In
the absence of added Hs, the steam converts the iron to an
oxide; in this chemical state it is a poor catalyst. At a suffi-
ctently high Ha/Ha0 ratio, the iron is maintained in a re-
duced (high catalytic) state; and the rate of the ‘catalysed’
carbon—steam reaction is considerable. Whether H» acts
as an accelerator or inhibitor in the carbon—steam reaction
in the presence of polential catalytic impurities depends
upon the chemical state{s) in which the particular impurities
are active catadysts. For example, iron, cobalt, and nickel
are active catalysts for the carbon—sieam reaction when in
the reduced state™, On the other hand, impurities like
vanadium, molybdenum, potassivin, and sodium are active
catalysts in an oxidized state”,

With this introduction, results on the effect of Hj addi-
tion to the reactivity of coal chars to steam can now be
considered, Results on selected chars reacted in a 20%

Hy 809 N» mixture containing 2.27 kPa of water vapour
are presented in Tuble 4. Effects of Hy addition are pre-
sented more graphically for selected chars in Figure . As
perhaps expected from the previous discussion, the effect
of hydrogen is mixed. [t is an inhibitor to gasification for
the low-rank chars, has little effect for chars produced {rom
coals of intermediate rank, and is a marked accelerator to
gasification in the case of the char produced from the low-
volatile bituminous coal.

Hydrogen inhibition of gasification for the low-rank coal
chars would have been predicted. That is, their high gasifi-
cation rates are attributed primarily to the high concen-
tration of well dispersed calcivm (an active catalyst) asso-
ciated with the carboxy! groups in the original coals. Hippo,
who studied catalysis of gasification of char derived from
PSOC-140 in steam, showed that the catalytic activity of
fon-exchanged calcium was fully maintained during gasifica-
tion to high burn-offs®. That is, sicam does not deactivate
calcium as a catalyst as it does iron, for example. Thus the
main role of hydrogen during steam gasification of the low-
rank coal chars is expected to be that of blocking a frac-
tion of the active carbon sites.

Acceleration by hydrogen of gasification of the high-ranl
coal char in steam would have also been predicled. First,
low-volatile bituminous coals have a negligible concentra-
tion of carboxyl groups and, hence, well dispersed calcium.
Secondly, recent studies from this laboratory have shown
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that none of the major minerals found in coal are signifi-
cant catalysts for the oxygen-transfer reaction — in the
absence of Hy ". On the other hand, in the presence of
sufficient Ha, pyrite is reduced to metaltic fron and can
thus become a precursor ol an active catalyst. Figure /
shows tlie strong accelerating effect of Hy addition on the
rale of pasification of PSOC-127 char in sieam. Catalysis is
attributed to iron derived from pyrite in this coal; that is,
the Ha/H20 ratio used in the present study was sufficient
to maintain iron in its metallic state at 910°C ', In this
case, reduced iron is also seen to have a significant catalytic
activity for char gasification in Hy to produce methane.
The fuct that the gasification of PSOC-127 char in both
the steam—F» and Hy aimospheres essentially stops at very
low burn-offs {that is about 3.8 to 4.3%) is another interest-
ing Teature of the system. i suggests that the iron catalyst
has become deactivated and that the ‘uncatalysed’ reaction
of PSOC-127 char proceeds at a very low rate in these atmos-
pheres at 910°C. As previously suggested by King and
Tones while studying catalysis of the coal char—CQ7 reac-
tion by iron, deactivation of the iron is attributed to its
reaction {combination) with silica, titania, and alumina pre-
sent in the char'®, PSOC-127 has a bigh concentration of
kaolinite in its mineral matter. ©’Gorman and Walker have
shown (by DTA studies) that kaolinite converts to meta-
kaolin below 600°C and metakaolin converis to either a
spinel-like form of aluming, known as y-alumina, or mullite
between 950~ 1000°C ¥, Thus the incorporation of iron
into y-alumina and/or muilite (present as a result of the
initial charring of the coal at 1000°C) at reaction tempera-
ture is suggesied as being responsible for catalyst deactivation.
1t was surprising to the authors that Ha addition had
little effect on the rate§ of reaction of the high-volatile-
bituminous coal chars in steam, since all the coals contained
significant amounts of pyrite, as seen in Table 4. These
results point up the complexities which make it difficult
to unify our understanding of the gasification of coal chars,

Other effects on reactivity

Selected experiments were also run to look at the effect
of particle size, temperature, and water-vapour pressure on
reactivity., These resulls arc considered briefly, not because
they give a complete story but because they serve to point
out effects about which anyone concerned with the gasifi-
cation of coal chars should be aware.

Results considered so far were generated from studies
on chars produced from coals of 40 x 100 mesh size. 1f

i) r v T ¥ s T ¥ T T T T ¥
ok PSOC B7 -steam
PSOC 138-steam-H, PSOC B7-steam-H,
7O+ \ .
- b )
= 6o - S50C 13B~steam
e

= s po
# sor , 45 8
E] O eo o oPSOCRTsteams e | o
e W0 LA 4L =
S oo z
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0 - - - [

205 ,’f, Fle ‘ 12 3
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e
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Figure 1 Effect of M, addition to steam on burn-off versus time
plats for selected coal chars
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Figure 2 Arrhenius plots for gasification of PSOC-91 char in steam
and a steam—H, mixture

diffusional resistance of reactant intd the particles or pro-
ducts out of the particles is similar to the resistance of the
slowest chemical step in gasification, reactivities will increase
with decreasing size of char particles being gasified. For
chars produced from 40 x 100 and 200 x 325 mesh sizes
of PSOC-87, reactivities in steam were unaffected by par-
ticte size, that is 2.8 mg h—! mg~!. For chars produced
from these sizes of PSOC-127, the reactivity was increased
from 0.011 to 0.043 mg h—! mg~1. Generally, the higher
the gasification rate the more apt is the system to be affect-
¢d by diffusional resistance. However, these results show
that this is not necessarily true when considering reactivi-
lies of chars produced from coals of widely different rank,
That is, even though the reactivity of PSOC-87 char is orders
of magnitude greater than that of PSOC-127 char at 910°C,
its reactivity is not diffusion-limited since it has a large
supply of macropores and Lransitional pores {{eeder pores)
through which diffusion to the reacting micropores is rela-
tively rapid®, Low-volatile bituminous coals and their
chars, however, do not have this large concentration of
feeder pores”,

Figure 2 summarizes results on the reactivity of PSOC-91
lignite char in stcam and a steam—Hy mixture over a range
of temperatures, H is concluded that for this char, reac-
tivity in steam is not diffusion-limited up to a reaction tem-
perature of about 890°C or a reaction rate of about 2.5 mg
bl mg~L. The apparent activation energy in the low-
temperature regime (176 kI/mol) is substantiatly less than
the values reported for the ‘uncatalysed’ carbon—steam
reaction®, because the reaction is strongly catalysed by
calcium contained in the char™, The addition of Ha 1o
steam not only markedly lowered the char gasification
rate but also markedly raised the activation energy lor

gasification. This is as expected on the basis of the over-
all rate expression for carbon gasification in the presence
of stearms and hydrogen®, that is

kP
Rate = 170 (1
| "1"/{31)]]2“?/\:3/)].[:0 )

where &y, k2, and &3 are rate constants, The rate constant
kat has a negalive activation energy, and thus the retarding
effect of hydrogen decreases with increasing temperature',
Figure 3 summarizes results on the reactivity of PSOC-9]
char in varying partial pressures of steam both in the ab-
sence and presence of added Ha. Clearly the reaction order

1The rate constant &5 is really an equilibrines constant for the
tissociative chemisorpton of lydrogen on active carbon sites?4
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Figure 3 Effect of pressure of water vapour on reactivity of
PSQOC-91 char in steam and steam—#»y mixtures
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in steam (1} is a function of whether H has been added.
An increase in order with addition of H3 is expected on the
basis of equation {1). That is, in the limit at high Hy pres-
sures, the denominator can be approximated by kaPyy, and
the order of the reaction in pressure of steam will be one.
At the other limi1, in a high steam pressure the rate can be
approximated by &1; thus the reaction order in steam will
be zero. The orders found reflect intermediate situations
between the two limits,
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