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Abstract

The present review article focuses on novel methods of converting inexpensive raw materials to active catalysts for low-
temperature coal gasification, which can produce clean fuels and vajuable feedstock with high thermal efficiency. Precipitation
methods using NH3, urea, and Ca(OH), make it possible to prepare active, Cl-free iron catalysts on brown coals from an
aqueous solution of FeCl; as the major component in acid wastes. The use of Ca(OH), provides the most active iron, which
achieves complete gasification within 60 min in a thermogravimetric run at 973 K. Ca(OH), and CaCO; are other promising
catalyst sources. Ca(OH), promotes the steam gasification of many coals with different ranks at 973 K when kneaded with
them in water. The calcium shows a larger catalytic effect for low-rank coals with higher contents of oxygen-functional groups
as ion-exchangeable sites. CaCOj3, as a raw material of Ca(OH),, reacts with COOH groups to form ion-exchanged Ca and
CO, when mixed with brown coals in water. Ion-exchange reactions proceed more readily with aragonite naturally present in
seashells than with calcite from limestone. The exchanged calcium shows higher catalytic activity than the precipitated iron
and provides at the largest 40—60-fold rate enhancement during steam gasification at 973 K. Catalysis of coal gasification by
the iron and calcium is discussed in terms of catalyst dispersion, reactive sites, and sulfur poisoning. © 1997 Elsevier Science
B.V.

1. Introduction potassium and other alkali metal compounds are the

most active catalysts for steam gasification of coal,

Catalytic gasification of coal has a great potential,
since this process can produce environmentally accep-
table fuels and chemical feedstock, such as H,, CO,
and CHy, at low temperatures and with high thermal
efficiency. A number of studies on catalytic gasifica-
tion have been carried out from a fundamental and
practical point of view, as shown in recent books and
review papers [1-5]. It is generally accepted that
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and K,CO; was used in the Exxon catalytic coal
gasification process to produce CH, directly from
coal and steam [6,7]. However, there are some draw-
backs with this catalyst; K;CO; loses the activity by
the reaction with inherent minerals such as quartz and
kaolin and by vaporization as metallic potassium, and
it is inactive at low temperatures of approx. 800 K
where CH, formation is thermodynamically favor-
able.

We have reported that nickel catalyst finely dis-
persed on brown coal shows extremely high activity
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for the steam gasification in such a low-temperature
region [8,9], promotes efficient conversion of coal to
very clean gas without tarry and sulfur materials [10],
and achieves the direct production of CH,-rich gas
under the conditions of pressurized, fluidized-bed
gasification [11]. Although 98% of the nickel used
can be recovered from the gasification residue by the
ammonia-leaching method using pressurized O, [10],
the use of expensive nickel on a commercial scale is
not easy, and the catalyst is readily deactivated by
sulfur poisoning at 800-900 K [8].

Since several thousand tons of coal per day are
gasified in a commercial process, abundance and
inexpensiveness are indispensable requirements for
catalyst raw materials. Therefore, our research interest
has recently been directed toward the use of iron and
calcium compounds as gasification catalysts. Iron is
promising as an alternative to nickel. Iron chloride and
sulfate are the most desirable catalyst sources, because
these compounds are readily available as the major
components in acid wastes from steel pickling and
titanium oxide production plants [12]. When iron
chloride and sulfate were added to coal by the con-
ventional impregnation method, however, Cl- or S-
containing gas inevitably evolves during gasification.
This not only causes serious corrosion on various parts
of materials but also increases the capacity needed for
gas cleaning. The Cl- or S-free iron should thus be
incorporated into coal particles.

With regard to the Ca-catalyzed gasification of
coal, many studies have been carried out so far.
Water-soluble compounds such as Ca(CH3;COO),,
Ca(NO3),, and CaCl, have been employed as catalyst
precursors in most cases, because the addition method
of impregnation and ion exchange can be used. How-
ever, CaCO;, Ca0, and Ca(OH),, which are naturally
abundant as limestone and its derivatives, are suitable
as raw materials. When these compounds are physi-
cally mixed with coal, their activities are quite low
[13]. A novel method to convert these compounds to
active catalysts should be developed.

From these standpoints, the present review article
focuses mainly on the utilization of inexpensive raw
materials, such as FeCl;, Ca(OH),, and CaCO;, as
catalysts for steam gasification of coal. It can be
expected that Fe and Ca cations interact with oxygen
functional groups, such as carboxyl and phenolic
groups, in coal structure, which essentially provides

atomic-level dispersion and, consequently, leads to
high activity for coal gasification. Therefore, low-rank
coals with large amounts of oxygen functional groups
are mainly used in the present study. Increasing energy
demand in developing countries in Asia and Eastern
Europe will force the use of low-rank coals, having
huge reserves, in the future.

2. Experimental
2.1. Coal samples

Many coals with different ranks were used in the
present study. Among them, Yallourn and Loy Yang
brown coals from Victoria, Australia, were mainly
used; they are denoted as YL and LY throughout this
paper, respectively. All the samples were air-dried,
ground, and sieved to coal particles with size fraction
75-150 or 150-250 pm. The proximate and ultimate
analyses of YL and LY coals were almost the same;
the ash contents were as low as < 1 wt% (dry), and the
carbon and sulfur contents were 67-68 and 0.3 wt%
(daf), respectively.

2.2. Catalyst material and addition

An aqueous solution of FeCl; was used mainly as a
catalyst precursor among different iron compounds
examined. The Fe ions in FeCl; solution were added to
LY coal by the precipitation method using some bases.
In order to examine the influence of precursor salts on
the activity of iron catalyst, YL coal was impregnated
with them by kneading it in their aqueous solutions
with a mortar grinder [14].

In the preparation of calcium catalysts, Ca(OH),
and CaCO; were used unless otherwise described.
Ca(OH), was loaded onto various coals with different
ranks by kneading them in the aqueous slurry, Ca
loading being 5 wt% as the metal. The Ca ions in
CaCO; with the two crystalline forms such as calcite
and aragonite were exchanged with carboxyl groups in
LY coal by simply mixing CaCO5; powder and coal
particles in deionized water at room temperature.

All the catalyst-loaded samples were dried at 380 K
in a stream of N,. Some of them were pelletized and
then cut down to particles with size fraction 1-2 mm
for convenience of gasification experiments.
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2.3.  Steam gasification

Isothermal gasification runs were carried out with a
thermobalance equipped with infrared lamps, which
made it possible to heat 20 mg of the sample at 300 K/
min up to a predetermined temperature in a flow of
steam (70-80 kPa) diluted with high-purity N,
(> 99.9995%). The details of the procedure have been
described elsewhere [14,15].

When the sample was heated rapidly as above, coal
devolatilization first took place and was completed
within a few minutes, and steam gasification of the
devolatilized char proceeded subsequently [16]. The
activity of every catalyst at the latter stage will be
discussed throughout the present paper. Two indexes
are used to describe the reactivity of char. One is char
conversion, which is expressed as wt% on a dry ash
free (daf), catalyst-free basis. Another is specific
reaction rate, which is defined as the gasification rate
per unit weight of remaining char.

2.4. Characterization

The amounts of Fe and Ca in the original and
catalyst-loaded coals were determined by atomic
absorption spectroscopy (AAS) after extraction of
metals from the sample with hot HCl. The X-ray
diffraction (XRD) measurements of catalyst-bearing
coals and chars were made with Mn-filtered FeK,, or
Ni-filtered CuK,, radiation for iron or calcium catalyst,
respectively. The average crystallite size of catalyst
species was determined by the Debye-Shérrer

Table 1

113

method. Fourier transform infrared (FTIR) spectra
of the original and catalyst-loaded coals were mea-
sured by the diffuse reflectance method to examine
interactions between coal and catalyst in the step of
catalyst preparation. Mossbauer and X-ray photoelec-
tron spectroscopy (XPS) measurements were per-
formed for Fe-loaded samples at room temperature.

3. Results and discussion

3.1.  Catalysis of steam gasification by iron
3.1.1.  Precursor salts

Table 1 shows crystalline forms and dispersion of
iron catalysts prepared onto YL coal from different
precursor salts [14]. When the iron-loaded coal was
devolatilized in an inert gas at 923 K, a-Fe with the
small crystalline size of about 30 nm existed for iron
ammonium oxalate and nitrate, and cementite (Fe;C)
also appeared. On the other hand, the reduction of iron
sulfate and chloride to a-Fe was incomplete and the
size of a-Fe was larger. Upon devolatilization in steam
at 923 K, magnetite (Fe;0,) was the dominant species
with all the catalysts. The crystalline sizes of magne-
tite were dependent strongly on the precursors and
much smaller for iron oxalate and nitrate. The mag-
netite from the sulfate and chloride was too large to be
determined by the Debye—Shorrer method. Thus, the
dispersion of iron catalysts in the devolatilization step
preceding the char gasification step depended on
precursor salts.

Characterization of iron catalysts derived from different precursor salts and their catalytic effects on char conversion during steam gasification

[14]

Precursor salts ® Devolatilization Devolatilization Char conversion after

in an inert gas® in steam ° 2 h in steam at
. - P . - 3 923 K (wt%, daf)

species size of a-Fe ©  species size of Fe;0,4 © (nm)

None — — - — 23

(NHy)3Fe(C,04)3s  a-Fe (s), FesC (m) 32 Fe304 (s) 29 76

Fe(NO3); a-Fe (s), FexC (m) 30 Fe;04 (m), FeO (w) 10 82

Fex(S804); FeO (s), FeS (m), a-Fe (w) 80 Fe;04 (s), FeS (w) > 100 25

FeCl, FeO (s), a-Fe (w) > 100 Fe;0;4 (s) > 100 24

* Added to Yallourn brown coal at a loading of 10 wt% Fe.

" At 923 K.

© Identified by XRD: w — weak; m — medium; and s — strong.
4 Determined by the Debye-Shorrer method.
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Table 2

Conditions of preparation of iron catalysts from FeCl; solution and contents of iron, chlorine, and calcium in iron-loaded coals® [15,16]

Additives Conditions of preparation Content in coal Catalyst code
temperature (K) soaking time (h) Fe (wt%) Cl (wt%) Ca (wt%)

None ¢ 370 8.0 0.95 0.66 — Fe(hyd)
NH,/NH,4Cl1 d rt.© 0.5 1.0 0.02 — Fe(amm)
NH3/NH,C1¢ rt.© 0.5 46 0.06 —_ Fe(amm)
(NH,),CO ¢ 370 4.0 34 0.04 — Fe(ure)
Ca(OH), ¢ Lt ® 0.5 1.0 — 0.16 Fe(cal)
Ca(OH), d rt.© 0.5 4.7 0.04 0.51 Fe(cal)

® Loy Yang coal.

® Dry basis.

¢ Hydrolysis of FeCl;.
4 Precipitation method.
® Room temrerature.

Char conversion after steam gasification for 2 h at
923 K is also summarized in Table 1[14]. The cata-
lysts from iron ammonium oxalate and nitrate pro-
moted the gasification considerably. Char conversion
increased from 23 wt% for the original coal to ca.
80 wt%. On the other hand, char conversions in the
presence of iron sulfate and chloride were almost the
same as that without iron, indicating that these com-
pounds were almost inactive under the present con-
ditions. When the iron-loaded coal was gasified with
pure H,, these four salts showed the same activity
sequence as in steam [14].

The XRD and gasification results in Table 1 point
out that the dispersion of iron catalyst upon devola-
tilization can determine the activity during subsequent
char gasification, and the more highly dispersed iron is
more active. Table 1 also reveals that iron chloride and
sulfate, which are the major components in acid
wastes, are not effective when simply impregnated
with brown coal. It has been reported that these
compounds can show catalytic activities under certain
circumstances [17,18]. In these cases, however, Cl- or
S-containing gas which evolved during gasification
causes some serious problems, as already mentioned.
A novel method for converting FeCl; to an active, Cl-
free catalyst is described in the following section.

3.1.2. Utilization of FeCls
3.1.2.1. Catalyst preparation and analysis. Table 2

summarizes the conditions of catalyst preparation
from an aqueous solution of FeCl; and the analyses

of iron catalysts prepared [15,16]. The catalysts were
precipitated onto LY coal by four different methods:
by hydrolysis at 370 K and by use of NH; (buffer
solution), urea ((NH,),CO) and Ca(OH), powder.
These are denoted as Fe(hyd), Fe(amm), Fe(ure)
and Fe(cal), respectively. The details of the
procedure have been described elsewhere [15,16].

As is seen in Table 2, with the Fethyd) catalyst,
only 1 wt% of Fe was loaded onto coal even when the
concentration of FeCl; solution was increased, and
some Cl was retained. On the other hand, most of the
Fe cations in FeCl; solution could always be preci-
pitated onto coal with Fe(amm), Fe(ure), and Fe(cal)
catalysts, and the CI contents in these samples were
almost the same as that in the original coal, which
means no Cl contamination. Slight amounts of Ca
cations were retained in the Fe(cal) sample. The Ca
retention originates from ion-exchange reactions
between Ca ions in Ca(OH), and carboxyl groups
in LY coal {19,20].

3.1.2.2. Catalytic effect. Figs. 1 and 2 show the
profiles for steam gasification of LY coal without
and with iron catalysts at different temperatures
[15,16]. The Fe(hyd) and Fe(amm) promoted the
gasification even at small loadings of 1wt% Fe,
and char conversions with these catalysts at 973 K
were larger than that without iron at 1023 K. The
catalytic effect of the Fe(hyd) was comparable to
that of the Fe(amm) at a higher loading of 4.6 wt%
Fe. As is seen in Fig. 2, Fe(ure) was more active
than Fe(hyd) and Fe(amm), and it exhibited almost
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Fig. 1. Steam gasification profiles at 973 and 1023 K for Loy Yang
coal without, and with iron catalysts [15,16].
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Fig. 2. Steam gasification profiles for Loy Yang coal with
precipitated iron [16].

the same activity at 923 K as that of the Fe(amm) at
973 K. Thus, the reactivity of LY coal with the Fe(ure)
at 923 K was larger than that for the original coal at
1023 K.

Fig. 2 also points out that Fe(cal) has the highest
catalytic activity among the four types of iron exam-
ined; char conversion at 973 K reaches 95 wt% after
1.5h at 1.0 wt% Fe and 100 wt% after 1 h at 4.6 wt%
Fe. When the temperature was raised to 1023 K, only
40 wt% of char was gasified after 1.5 h in the absence
of the catalyst, whereas the Fe(cal) achieved complete
gasification within 45 and 25 min at loadings of 1.0
and 4.6 wt%, respectively. These observations lead to

5.0

—— 3.4 % Fe(ure)
— -—4.6 % Fe(amm)

——— 0.95 % Fe(hyd)
------ 7.5 % Fe(imp)

Specific reaction rate, 1/h
N
[$)]
1

Char conversion, wt%(daf)

Fig. 3. Specific rate against char conversion for Loy Yang coal
with several iron catalysts [15,16].

the following activity sequence:
Fe(hyd) =~ Fe(amm) < Fe(ure) < Fe(cal)

The specific reaction rate against char conversion is
provided in Figs. 3 and 4. The rate at 973 K was
lowest for the Fe(imp), prepared by the conventional
impregnation method, despite the highest loading of
7.5 wt%, and it decreased rapidly with increasing char
conversion. Such a rate drop has been reported by
many workers [18,21,22] and is considered as the
main drawback in the catalysis of coal gasification
by iron. The rates with Fe(hyd) and Fe(amm) catalysts
showed only a gradual decrease at 973 K after char
conversion of =50 wt%. When the Fe(ure) catalyst

10.0
4.7 % Fe(cal)
< ~—-—1.0 % Fe(cal)
T 75FTTTTTT -
g
il
8
% 5.0F
8
o
&
8 25+
Q.
7]
0

Char conversion, wt%(daf)

Fig. 4. Specific rate against char conversion at 973 and 1023 K for
Loy Yang coal with iron and calcium [16].
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was used, on the contrary, the rates increased as the
gasification proceeded, and there was an exponential
increase in the rate at 1023 K in the conversion range
beyond 60 wt%.

The comparison of Figs. 3 and 4 indicates that the
Fe(cal) provides the highest rate, regardless of tem-
perature, and has almost the same rate profile as that
with the Fe(ure). In other words, the rate for the
Fe(cal) increased with increasing conversion irrespec-
tive of iron loading and reaction temperature. The rate
at a higher loading or a higher temperature showed an
exponential increase at the latter stage of gasification,
as observed with the Fe(ure) catalyst.

As already mentioned, a small amount of the Ca
(0.5 wt%) from Ca(OH), as a precipitating agent was
retained in the Fe(cal) sample (Table 2). Thus, almost
the same amount of Ca was added to LY coal by
ion exchange using a saturated solution of Ca(OH),.
As is seen in Fig. 4, the exchanged Ca also promoted
the gasification, but the catalytic effect was lower
than that of the Fe(cal), and the rate with the Ca
decreased rapidly beyond char conversion of
40 wt%, in contrast with a rate increase with the
Fe(cal). Therefore, these observations show a minor
contribution of residual Ca to the rate enhancement by
the Fe(cal) catalyst.

Table 3 summarizes gasification rates and kinetic
parameters [16]. Initial rates (R) at 1023 K with
Fe(amm), Fe(ure), and Fe(cal) catalysts were 5, 6
and 18 times that for the original coal, respectively,
and the rate enhancement indexes defined as
(Rre — Roone)/Ruone, for these catalysts, were 4, 8
and 17, respectively. The degree of rate enhancement
by the Fe(ure) and Fe(cal) increased with increasing
char conversion in particular at the higher level,

Table 3

because the rates with these catalysts increased as
the reaction proceeded (Figs. 3 and 4). As is seen in
Table 3, the presence of Fe(amm), Fe(ure), and
Fe(cal) catalysts lowered the apparent activation
energy, determined from the Arrhenius plots using
the initial rate, independently of catalyst type, and the
degree of the lowering was larger for the latter two
types of iron which showed larger catalytic activities
[16].

One of several advantages of catalytic gasification
is a lowering in reaction temperature. The degree
of the lowering by iron addition can be evaluated
from the difference in the temperature required
for obtaining the same reaction rate with and
without the catalyst, and it is summarized as AT in
Table 3. The value of AT increased in the order of
Fe(amm) < Fe(ure) < Fe(cal) [16], which agrees with
the above-mentioned activity sequence. The use of the
mosteffective Fe(cal) lowered the temperature by 140 K.

3.1.2.3. Catalyst state. When XRD measurements of
Fe(amm), Fe(ure), and Fe(cal) catalysts precipitated
onto LY coal were carried out, no XRD lines
attributable to iron species were detectable [16],
which strongly suggests that these catalysts are too
fine to be determined by XRD.

Fe(amm), Fe(ure), and Fe(cal) were thus character-
ized by XPS and Mdssbaver measurements. The
results are summarized in Table 4. The binding ener-
gies of Fe 2p(3/2) observed were almost the same with
all the catalysts and in good agreement with those for
both a bulk compound of a-FeQOH and fine particles
of FeOOH. On the other hand, the Mossbauer spectra
of the Fe(amm) and Fe(cal) catalysts, showing a
doublet in both cases, were quite different from those

Gasification rates, kinetic parameters, and lowering in gasification temperature by iron addition

Catalyst Fe (wt%) R? (1/h) (Rge — Ruone)/Rnone Kinetic parameters b AT (K)
E, (kJ/mol) A (1/h)

None — 0.36 — 190 32 x 10° —

Fe(amm) 46 1.8 4.0 160 1.6 x 10® 80

Fe(ure) 3.4 23 8.4 110 6.6 x 10° 110

Fe(cal) 47 6.4 17 140 1.2 x 108 140

2 Initial rate at 1023 K in the conversion range of < 20%.
® E, — apparent activation energy; A — frequency factor.
“Lowering in gasification temperature.
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Binding energies of Fe 2p(3/2) XPS spectra and Mossbauer parameters for iron catalysts precipitated on Loy Yang coal from FeCl; solution

Catalyst and references Fe (wt%) Fe 2p(3/2) * (eV) Mossbauer parameters b

IS (mm/s) QS (mnv/s) H (kOe)
Fe(amm) 4.6 711.0 0.39 0.97 0
Fe(ure) 3.4 711.2 — — —
Fe(cal) 4.7 711.3 0.39 0.79 0
a-FeOOH ¢ — 711.0 0.57 0.40 360
Fine FeOOH — 71124 041° 0.89-0.91° 0¢

# Corrected at C 1s peak of 284.6eV.

IS - isomer shift relative to o-Fe at room temperature; QS — quadrupole splitting; and H — hyperfine field.

¢ Commercial bulk compound (99.999% pure).
4 FeOOH particles with the size of 3 nm supported on carbon.
€ Fine particles of FeOOH dispersed on brown coal [25].

of bulk compounds of hydrated Fe,O5 and a.-FeOOH
[23,24]. As shown in Table 4, the values of Mossbauer
parameters such as IS and QS with the Fe(amm) and
Fe(cal) were nearly equal to those reported for fine
particles of FeOOH dispersed on an Australian brown
coal [25]. This agreement shows that these catalysts
are present in the forms of finely dispersed FeOOH. It
has been reported that fine particles of FeOOH are also
formed by hydrolysis of FeCl; solution at elevated
temperatures [26] and by homogeneous precipitation
from aqueous solutions of iron chloride and sulfate
using urea [27].

Unfortunately, the present precipitation method
using Ca(OH), and urea could not be successfully
applied to sub-bituminous and bituminous coals with
low oxygen contents [28]. This observation suggests
that Fe ions interact strongly with free carboxyl
groups, which are not associated with metal cations,
during precipitation on brown coal. The FTIR spectra
of the Fe(amm) catalyst showed the occurrence of ion-
exchange reactions between some of the Fe ions and
protons in carboxyl groups [15].

When LY coal samples with the Fe(amm), Fe(ure),
and Fe(cal) catalysts at loadings of 3.4-4.7 wt% Fe
were devolatilized in steam at 973 K, the XRD signals
of magnetite (Fe;O,4) alone appeared irrespective of
catalyst type [16], as predicted from the phase diagram
for Fe-H,O-H, system [29]. The XRD intensities
were low in all cases despite the relatively large
contents of 7-9 wt% Fe in devolatilized chars. This
indicates the low crystallinity of magnetite, that is, the
high dispersion of every catalyst in the devolatilization
step.

100 A
E A«'&.s % Fe(amm)
- 751 B
A ’
(@) /
§ /
w 7 3.4%Fe(ure) ~
o L
p 50
N
[72]
o
®
§ 2
<

Char conversion, wit%(daf)

Fig. 5. Change in the average size of Fe304 with char conversion
during gasification at 973 K (Reprinted with permission from [16]:
Copyright (1993) American Chemical Society).

The chemical form of magnetite was retained
throughout the subsequent char gasification and
this was the only species detected by XRD. The
change in the average crystalline size of magnetite
with char conversion at 973 K is illustrated in Fig. 5
[16], where conversion of zero means devolatilization.
The sizes for the three catalysts upon devolatilization
were as small as 15-23 nm. As the reaction proceeded,
the size increased in all cases because magnetite
particles agglomerated due to the loss of char by
gasification. However, the agglomeration rate
depended strongly on the catalyst type and increased
in the sequence of Fe(cal) < Fe(ure) < Fe(amm).
In other words, the degree of catalyst dispersion
in the char gasification process was high in the
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following order:
Fe(amm) <« Fe(ure) < Fe(cal)

The rapid agglomeration of the Fe(amm) catalyst
resulted in the decreased specific rate with char con-
version (Fig. 3). On the other hand, the Fe(ure) and
Fe(cal) catalysts were kept in the highly dispersed
forms up to the latter stage of gasification, which can
lead to the enrichment of catalyst species in the
remaining char. As a result, the specific rates with
these catalysts increased as the reaction proceeded
(Figs. 3 and 4). The order of catalyst dispersion
among the three types of iron also corresponded well
to the above-mentioned activity sequence.

These findings show that the dispersion of magne-
tite particles during gasification is convenient for
elucidating the catalytic behavior of precipitated iron.
However, it does not necessarily mean that magnetite
is the actual catalytically active species, since mag-
netite is the bulk form identified by XRD. The redu-
cing gas such H, and CO evolved during steam
gasification [15], and iron particles reacted readily
with carbon in the char matrix to form iron carbides
(Table 1). Thus, the surface of magnetite would actu-
ally be in a higher reduced state. It is likely that the
iron-catalyzed gasification proceeds through the oxy-
gen-transfer mechanism involving the redox-cycle of
iron oxides {4,12,30,31].

3.2. Catalysis of steam gasification by calcium

3.2.1.  Precursor salts

The influence of the kind of calcium compounds on
the reactivity of YL coal in steam at 923 K is illu-
strated in Fig. 6 [32], where these are added at a
loading of 5 wt% Ca by kneading with coal particles
in deionized water. Ca(CH3COQO),, Ca(NOj3),,
Ca(OH),, and CaCO; showed almost the same cata-
lytic effect, and achieved complete gasification within
60-70 min. The catalyst effectiveness of these com-
pounds was much higher than that of Fe(NO3); and
(NH,4);Fe(C,0,)3 (Table 1). CaCl, and CaS also pro-
moted the gasification remarkably, though their activ-
ities were slightly lower. Their use is not feasible due
to evolution of Cl- or S-containing pollutants. CaSO,4
was much less effective.

When YL coal with the most effective acetate,
nitrate, and hydroxide was devolatilized in an inert

100

Char conversion, wt%

0 60 120
Reaction time, min

Fig. 6. Steam gasification of Yallourn coal with different calcium
compounds at 923 K (Reprinted from Ref. [32] with kind
permission from Elsevier Science, Amsterdam, The Netherlands).

Table 5
In situ XRD results for Ca-loaded coals during devolatilization in
an inert atmosphere

Sample Precursors * Ca species upon devolatilization®
923 K 1023 K

Raw coal Ca(CH;C00); nd.° Ca0O (18)

923 K-char® Ca(CH;C00); CaO (>100) —

Raw coal Ca(NO;), nd.® Ca0 (12)

Raw coal Ca(OH), nd. ¢ Ca0 (11)

Raw coal CaSO, CaSO, —

* Loading of 5 wt% Ca.

® Average crystallite size of CaO denoted in parentheses.
° Not detectable by XRD.

9 Char devolatilized at 923 K before catalyst addition.

atmosphere, as shown in Table 5, the in situ XRD
measurements revealed that no Ca species could be
detected at 923 K, but very small and broad XRD
peaks of CaO appeared at 1023 K, the average size of
CaO being as small as 10-20 nm [20]. On the other
hand, the impregnation of Ca(CH3;COO), on the
devolatilized char instead of the raw coal resulted
in the formation of larger particles of CaO even at
923 K (Table 5), and the catalytic activity was quite
low [20]. The poor dispersion is caused by the drastic
decrease in the content of COOH groups as ion-
exchangeable sites by devolatilization, from 1.9 to
< 0.01 meg/g. In other words, the presence of COOH
groups in coal is one of the key factors for controlling
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Fig. 7. Steam gasification profiles at 973 K for low-rank coals
without and with Ca(OH); [33]. Key as in Table 6.

catalyst dispersion and, consequently, catalytic
activity.

It is evident in Fig. 6 that inexpensive Ca(OH), and
CaCO; are promising as catalyst raw materials. The
details in the catalysis of coal gasification by these
compounds are discussed below.

3.2.2. Utilization of Ca(OH),

3.2.2.1. Catalytic effect. Typical profiles for steam
gasification at 973 K of different coals without and
with Ca(OH), are illustrated in Figs. 7 and 8 [33],
where each coal is designated by a code name
provided in Table 6. Figs. 7 and 8 respectively
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Fig. 8. Steam gasification profiles at 973 K for high-rank coals
without and with Ca(OH), [33]. Key as in Table 6.

show the results for low- and high-rank coals, and
their elemental analyses are simply summarized in
Table 6.

As is seen in Fig. 7, the reactivities of low-rank
coals without catalyst were relatively large and
strongly de’pendent on the coal type. Larger reactiv-
ities were observed for SB and SH coals with higher
contents of Ca naturally present in coal (Table 6). As
is well known, Ca in low-rank coals exists mostly as
the ion-exchangeable forms and promotes steam gasi-
fication [34,35]. The addition of Ca(OH), led to
complete gasification within 20~50 min in every case,
but the catalytic effect differed widely among these
coals.

When high-rank coals were gasified, as shown in
Fig. 8, the reactivities in the absence of Ca(OH), were
much lower that those of low-rank coals and almost
independent of the coal type. Relatively large amounts
of inherent Ca were contained in IL and MK coals
(Table 6), but Ca was present mostly as gypsum
(CaSO42H,0) and, thus, almost inactive (Fig. 6).
The use of Ca(OH), promoted the gasification of all
the coals examined, but the catalytic effect depended
on the coal type, as observed in Fig. 7.

A rate enhancement index defined as (R¢, — Ryone)/
Rpone 1s convenient for comparing the rate enhance-
ment by calcium addition quantitatively among low-
rank coals [32]. Fig. 9 shows the relationship between
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Fig. 9. Relationship between rate enhancement index and the
content of inherent Ca in char or the average size of CaO [33].
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the index at 973 K and the content of inherent Ca in
char after devolatilization [33]. The index decreased
rapidly with increasing the content, which indicates
that the externally added Ca can work more effectively
in the gasification of low-rank coals with smaller
contents of inherently present Ca.

Table 6 summarizes the apparent activation ener-
gies calculated for seven coals by the Arrhenius plots
using initial reaction rates {33]. The addition of
Ca(OH), either showed no effect on the activation
energy or lowered it slightly in most cases, as has been
observed in several studies on the Ca-catalyzed gasi-
fication [32,36,37]. This observation suggests that the
catalysis of coal gasification by calcium is due to the
increased number of reactive sites, irrespective of
precursor salts. It has been shown by temperature-
programmed desorption and transient kinetics mea-
surements [38-40] that the highly dispersed Ca can
interact strongly with carbon and promote the disso-
ciation of O-containing gas and subsequent oxygen
spillover, which results in the increased amount of
surface oxygen complexes as reactive sites.

3.2.2.2. Catalyst state. The Ca-bearing chars after
devolatilization of several coals with Ca(OH), at
973 K were characterized by XRD. The results are
shown in Table 6 [33]. No diffraction lines due to Ca
species were detectable with YL and SH chars. As the
rank of parent coals increased, CaO appeared and the
XRD intensities increased. The average crystalline
size of CaO also showed the same trend. These
results point out that the addition of Ca(OH), to
low-rank coals with large amounts of ion-
exchangeable sites leads to the increased dispersion
of CaO particles, which corresponds to the higher
dispersion of CaO derived from Ca(CH3COQ), loaded
on the raw YL coal than on the devolatilized char
(Table 5). As shown in Fig. 9, the enhancement index
was larger for the coals with the smaller size of CaO. It
is likely that the more finely dispersed calcium is
responsible for larger catalyst effectiveness observed
with low-rank coals.

When Ca(OH), was loaded on high sulfur coals
such as SB, KC, IL, PB, and MK coals, CaS appeared
and the diffraction intensities increased with increas-
ing coal rank (Table 6). The formation of CaS means
that the added calcium can capture the sulfur evolved

upon devolatilization. As is seen in Table 6, however,
the atomic ratio of the sulfur captured to the calcium
added was always < 0.25, which indicates that > 75%
of the calcium added is free from sulfur poisoning.
Thus, there is less severe catalyst deactivation by
sulfur. This can be supported by thermodynamic
considerations that the present gasification conditions,
such as a high partial pressure of steam and a low
temperature of 973 K, are unfavorable to the reaction
of Ca0 and H,S [41]. On the other hand, the formation
of CaS even under the differential reaction conditions
suggests that, if a sufficient amount of Ca(OH), is
added to high sulfur coals, the calcium can work as not
only a gasification catalyst but also an in situ desul-
furization agent during coal gasification [42].

3.2.3.  Utilization of CaCOj3

3.2.3.1. lon exchange reactions between CaCO; and
COOH groups. Ca(OH), is manufactured by
calcination of limestone (CaCQO;) and subsequent
hydration of CaO formed. Utilization of CaCOj; in
place of Ca(OH), as a catalyst raw material can,
therefore, lead to a simplified catalytic gasification
process. As mentioned above, CaCQ; showed almost
the same rate enhancement as Ca(OH), when kneaded
with YL coal in water (Fig. 6). It is well understood
that the Ca" ions in a saturated solution of Ca(OH),
can readily undergo ion-exchange reactions with
COOH groups in coal due to its strong basicity, and
that the exchanged Ca shows high activity for steam
gasification. However, it appears mysterious why
CaCO; can work as effectively as the exchanged Ca
derived from Ca(OH),. The present section thus
makes clear the interactions between CaCO; and
low-rank coals in water.

The conditions of ion exchange, using CaCO; with
the two crystalline forms of calcite and aragonite, are
simply summarized in Table 7. A predetermined
amount of CaCO; powder was added to a mixture
of LY coal and deionized, CO,-free water, and the
resulting mixture was stirred for 60 min under a flow
of high-purity N, at room temperature. The details of
the procedure have been described elsewhere [43].
Upon use of calcite from limestone, the pH of the
mixture increased gradually with increasing stirring
time and became ca. 6 after 60 min. When aragonite
naturally present in seashells and coral reef was added,
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Table 7

Conditions of ion exchange using CaCOs, change in pH during ion exchange, and amounts of CO, evolved and Ca loaded

Conditions of ion exchange *

Change in pH with time 4

CO; evolved and Ca loaded (mmol/g-coal)

type of CaCO; Ca added (nmol/g-coal) initial 2-min-soak final CO, Ca CO,/Ca
Calcite 13 39 45 6.2 041 0.56 073
Aragonite 1.3 4.0 6.5 6.9 0.63 0.84 0.75

210 g of Loy Yang coal and 150 cm® of deionized, CO,-free water.

b Change in pH during 60 min-stirring after CaCO; addition to a mixture of coal and water at room temperature.

on the other hand, the pH increased steeply from the
initial 4 to 6.5 after 2 min soaking, showed a gradual
increase and, finally, reached the value of ca. 7.

As is seen in Table 7, the analysis of the gas,
evolved during stirring, revealed the formation of a
large amount of CO, irrespective of the crystalline
form of CaCOs;, though the amount was larger with
aragonite than with calcite. The amount of the Ca
actually loaded onto LY coal, determined by AAS,
was also higher with aragonite (Table 7). However,
the ratio of the CO, evolved to the Ca loaded was
almost the same between the two, that is, 0.73 and 0.75
for calcite and aragonite, respectively. These observa-
tions point out that CO, originates from ion-exchange
reactions between CaCOj3 and LY coal.

Fig. 10 shows the FTIR spectra of the raw and Ca-
loaded coals [43]. A strong, carboxylic C=O stretch-
ing band was observed at 1700 cm ™! for the raw coal
without Ca. When LY coal was ion-exchanged with
the Ca ions in calcite in the above-mentioned manner,
the intensity of the IR peak at 1700 cm™! decreased
dramatically, and instead the intensity of the absorp-
tion band at ~1600 cm™! increased, the latter being
attributable to carboxylate anions as well as C=0
bonds inherently present in coal. Aragonite provided
essentially the same spectrum as calcite. When calcite
was kneaded with LY coal in deionized water, 3.9 wt%
Ca was actually loaded on coal and the FTIR spectrum
showed almost the same feature as in the exchanged
samples (Fig. 10).

The results shown in Table 7 and Fig. 10 indicate
that ion-exchange reactions between the Ca ions in
CaCO; and the protons in COOH groups take place
according to the following equation [43]:

CaCO; + 2(—COOH) = —(C00),Ca + CO; + H,0

This equation shows that the molar amounts of the
CO, evolved and the Ca exchanged should be equal,

-COOHY

CaCO;-exchanged

Absorbance

CaCO,-kneaded

Raw coal
1 1

4000 2800 1600 400

Wave number, cm'

Fig. 10. FTIR spectra of Loy Yang coal with and without CaCOs
(Reprinted with permission from [43]: Copyright (1996) American
Chemical Society).

but the former was equivalent to ~75% of the latter
(Table 7), regardless of the type of CaCO;. Higher
amounts of the Ca observed, than that estimated from
the CO, evolved, can be ascribed to incomplete
removal of unreacted CaCO; from the Ca-exchanged
coal in the separation process. Thus, the above equa-
tion probably proceeds stoichiometrically. Its detailed
reaction scheme has been proposed elsewhere [43].

3.2.3.2. Catalyst state and activity. The XRD
measurements showed the absence of any signals
due to Ca species before and after devolatilization
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Table 8

Effects of type of CaCO; and addition method on rate enhancement in steam gasification of Loy Yang brown coal at 973 K [43]
Addition of CaCO;; R (RCa - Rnone)/Rmme
precursor method Ca (wWt%)

None — — 0.13 —

Calcite physical mixing 39 0.30 1.3

Calcite kneading 39 7.6 58

Calcite ion exchange 22 54 40

Aragonite ion exchange 33 8.0 61

? Initial rate.

of Ca-exchanged coals at 973 K. The X-ray absorption
fine structures spectroscopy has revealed that the Ca
ions exchanged with COOH groups are essentially
atomically dispersed {44]. Upon devolatilization, the
exchanged Ca is transformed into the well-dispersed
species with fine crystallites of < 5 nm size [45], and
these are thus not detectable by XRD. The highly
dispersed species derived from calcite and aragonite
can lead to the exceptionally high activity at a low
temperature of 973 K, as will be mentioned in the
following.

Table 8 summarizes gasification rates for Ca-
loaded coals at 973 K [43]. The reactivity of LY coal
with the physically-mixed carbonate was quite low.
On the other hand, the kneaded carbonate exhibited
high catalytic activity, as expected from Fig. 6. The
carbonate also promoted the gasification of other
brown coals and showed the larger effectiveness for
the coals with higher contents of free COOH groups
available as ion-exchangeable sites [43]. The
exchanged Ca from calcite and aragonite worked as
effectively as the kneaded calcite (Table 8). The initial
rates for calcite and aragonite reached ca. 40 and 60
times that without the calcium, respectively. The
larger reaction rate with aragonite, as opposed to
calcite, may be ascribed to a higher Ca loading, since
the gasification rate of carbon in the presence of ion-
exchanged Ca increases linearly up to catalyst loading
equivalent to the amount of COOH groups [46].

When the rate enhancement index denoted as
(Reatatyst = Rnone)/Ruone Was compared with the
precipitated iron (Table 3) and the exchanged calcium
(Table 8), the latter showed a higher enhancement
index; the value for the Ca from aragonite was 3.5
times that for the Fe(cal) catalyst precipitated by using
Ca(OH),. It can thus be concluded that CaCOQ5 is most

promising as a catalyst raw material for steam
gasification of low-rank coals. The fluidized bed
gasification of YL coal with pressurized steam has
shown that ion-exchanged Ca catalyst is suitable for
producing H,-rich gas without tarry materials [47]. On
the other hand, the precipitated iron from FeCl; can
catalyze efficiently the pressurized hydrogasification
to produce CH4 from brown coal at a temperature as
low as 800 K [23].

4, Conclusions

Steam gasification of coals with inexpensive iron
or calcium compounds as catalyst raw materials
has been carried out with a thermobalance under
atmospheric pressure. The conclusions are summar-
ized as follows:

1. FeCls, as the major component in acid wastes, is
almost inactive when impregnated with brown
coal. On the other hand, precipitation methods
using several bases can convert FeCl; to Cl-free,
active iron catalysts. The use of Ca(OH), provides
the most active iron, which leads to ca. twentyfold
rate enhancement at 1023 K.

2. The precipitated catalysts exist as fine particles of
FeOOH, which are transformed into the highly
dispersed Fe;O4 upon devolatilization in steam.
The crystalline form is retained during char gasi-
fication, and Fe;0, particles derived from the most
active iron agglomerate at the lowest rate.

3. Ca(OH), promotes the gasification at 973 K of all
the coals examined when kneaded in water, but the
catalytic effect depends strongly on coal type. The
calcium can work more effectively for low-rank
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coals with higher contents of oxygen-functional
groups as ion-exchangeable sites.

4. The Ca ions in CaCO; readily undergo ion-
exchange reactions with COOH groups in low-rank
coals in water to form exchanged Ca and CO,. The
extent of the exchange is larger with aragonite
naturally present in seashells than with calcite from
limestone.

5. The exchanged catalyst shows an exceptionally
high activity for the gasification at 973 K of brown
coal, poor in inherent minerals, and achieves 40—
60-fold rate enhancement, which is larger than that
observed for the precipitated iron. Thus, CaCOj is
the most promising catalyst material for steam
gasification of low-rank coals.
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