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Abstract—Various techniques have been developed to increase the efficiency of coal gasification. The use of a catalyst
in the catalytic-steam gasification process lowers the activation energy required for the coal gasification reaction. Cata-
lytic-steam gasification uses steam rather than oxygen as the oxidant and can lead to an increased H,/CO ratio. The
purpose of this study was to evaluate the composition of syngas produced under various reaction conditions and the
effects of these conditions on the catalyst performance in the gasification reaction. Simultaneous evaluation of the
kinetic parameters was undertaken through a lab-scale experiment using Indonesian low rank coals and a bench-scale
catalytic-steam gasifier design. The composition of the syngas and the reaction characteristics obtained in the lab- and
bench-scale experiments employing the catalytic gasification reactor were compared. The optimal conditions for syn-
gas production were empirically derived using lab-scale catalytic-steam gasification. Scale-up of a bench-scale catalytic-
steam gasifier was based on the lab-scale results based on the similarities between the two systems. The results indi-
cated that when the catalytic-steam gasification reaction was optimized by applying the K,CO, catalyst to low rank
coal, a higher hydrogen yield could be produced compared to the conventional gasification process, even at low tem-

perature.

Keywords: Low Rank Coal, Fluidized-bed Reactor, Direct Catalytic-steam Gasification, K,CO;

INTRODUCTION

Currently, 80% of the energy consumed globally is derived from
fossil fuels. Fossil fuel combustion is the most significant contribu-
tor to global warming. The need for an urgent response to the issue
of climate change is emerging as a topical discussion in accor-
dance with the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC) [1]. Clean coal technology (CCT)
is an important factor in achieving the goals set for climate change,
and this factor requires an increase in the efficiency of coal-fired
power plants, as well as Carbon Capture & Storage (CCS) [2].

Coal gasification technology is used to convert the carbon and
hydrogen components of coal into syngas. The main components
of syngas are gaseous carbon monoxide and hydrogen. Coal gas-
ification is generally carried out at temperatures above 1,000 °C.
Low rank coal can be gasified at a lower temperature, but the cold
gas efficiency is not high in a fluidized bed. Although fluidized
bed gasifiers are commonly operated at around 850-950 °C, the
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issue of bed agglomeration is a major limitation. Coal gasification
at temperatures below 800 °C has been widely examined [3-13]. In
other words, the development of coal gasification is hampered by
several disadvantages, including high reaction temperatures, large
energy consumption, difficult purification of the products, and strin-
gent requirements for the process equipment. Coal gasification is
also recognized to cause serious environmental pollution. To resolve
some of these issues, a catalytic-steam coal gasification technique
was previously developed to improve the reaction rate and conver-
sion compared to those of conventional gasification techniques
(14].

In catalytic-steam gasification, the gasification reaction is cata-
lyzed even at relatively low temperatures and leads to changes in
the composition of the syngas. Using a catalyst can significantly
enhance the gasification rate at lower temperatures. Thus, catalytic-
steam gasification has the important advantage of enhancing syn-
gas production by decreasing the high pressure and temperature
required for the gasification reaction [5-10,15-19]. However, cata-
lytic-steam gasification has a problem such as economics and pol-
lution. Catalytic-steam gasification should be recovered of catalyst
which mainly influences the economic evaluation of this process.
Another problem is soil/water pollution, which is caused by water-
soluble alkali metal compounds existing in ash that do not un-
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Table 1. Results of proximate and ultimate analyses of Indonesian low rank coals

Coal Indonesian lignite MSJ Roto south
Item
Moisture 32.10 17.16 1.12
Proximate analysis wt% Volatile matter 34.25 38.02 48.75
(As received basis) Fixed carbon 30.36 41.44 47.95
Ash 3.30 3.37 2.19
C 52.21/51.69" 61.72/59.66 58.19/57.16"
Ultimate analvsis wio H 4.04/4.09" 4.96/4.60° 473/4.25°
VoIS WH o) 42.49/43.00" 31.50/34.12" 35.78/37.42"
(Dry ash free basis) . . .
N 0.38/0.36 0.87/0.80 0.44/0.37
S 0.88/0.86" 0.95/0.82" 0.86/0.80°
HHY, kcal/kg (Dry Basis) 6,078 6,971 6,154

"K,CO; impregnation coal data

dergo catalyst recovery treatment [20].

Exxon studied the recovery of catalyst as potassium. This is called
a digestion process, which uses water washing and lime treatment
[21]. Sheth et al. investigated the recovery of catalyst, which method
is extraction schemes such as water extraction, H,SO, extraction,
and acetic acid extraction [22]. Also, the China ENN Energy group
studied catalyst recovery technology. This process contains two
stages as water washing and digestion washing stage [23].

When low rank coals are utilized, a high carbon conversion is
expected even at low temperature because of the good reactivity of
these coals. Moreover, fixed-bed or fluidized bed reactors are gen-
erally used to process low rank coal [24]. Fluidized bed gasifiers
are utilized instead of an entrained gasifier because the former has
a relatively short residence time, which ensures the appropriate
residence time required for gasification. Furthermore, during the
gasification reaction, the endothermic reaction, the exothermic
methanation reaction, and the exothermic water gas shift that occur
during the direct catalytic-steam gasification process require less
energy than in the existing gasification process [25].

With the objective of determining the optimal reaction condi-
tions and the parameters affecting the performance of the catalytic-
steam gasification process for syngas production, along with the
kinetic conditions, a lab-scale experiment was performed using
Indonesian low rank coal. The catalytic activity in catalytic gasifi-
cation is influenced by physical properties of the catalyst and the
coal itself, as well as the reaction of the composition present in the
ash. In the order of the periodic table, group 1 alkali metals pres-
ent the greatest activities, and the activity of the catalyst declines in
the order of group 2 alkaline earth metals and then transition
metal-based compounds [26]. Also, many researchers have con-
firmed that K,CO; has better catalytic activity than other catalysts
[14,26-29]. The characteristics of the syngas produced by bench-
scale catalytic-steam gasification were also determined. To investi-
gate the utilization of low rank coal, three Indonesian low rank
coals were subjected to catalytic-steam gasification and the reac-
tion kinetics and the composition of generated syngas was ana-
lyzed. The reactions employing the lab- and bench-scale fluidized
bed reactors were also compared. To determine the parameters for
the design of a bench-scale fluidized catalytic gasification reactor, a
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lab-scale reactor was used to determine the residence time and
kinetic data by taking into account the similarities of these reac-
tors, such as the volume and L;/D (Length/Diameter).

EXPERIMENT AND METHODS

1. Characteristics of Coal Sample

Indonesian low rank coal is a high grade low rank coal with high
moisture content but low ash content. Table 1 shows the charac-
terization data for Indonesian lignite, MS], and Roto South em-
ployed for the catalytic gasification reaction.

2. Selection of Catalyst

Catalysts are often used to produce specific syngas products by
increasing the selectivity of the reaction. The metal components in
coal, artificially added transition metal oxides, or alkali metal oxides
are typically used as catalysts. Studies of the effects of these metals
on the catalyzed and un-catalyzed reactions have been reported
[26,30,31]. The catalyst lowers the activation energy of the reac-
tion [32]. It is well known that the reactivity of coal and char is
increased by alkaline materials. Thus, K,CO; was selected as a cat-
alyst herein based on its high reactivity in coal gasification.

3. Impregnation of Catalyst (K,CO;)

The characteristics of the gasification reaction may differ based
on the method used for catalyst mixing. Therefore, the composi-
tion of the syngas produced using the impregnation method em-
ploying an alkali jon catalyst and coal was compared with that
produced using the physically mixed catalyst mixture of coal and
catalyst combined through physical stirring. Furthermore, the im-
pregnation process was conducted by adding the alkali-based cata-
lyst (K,CO;) to water to create an aqueous solution, and then plac-
ing the coal in this aqueous solution and stirring for 6 h at 80 °C.
Finally, the coal was dried for 24 h at 80 °C. K,CO; is known to
have an excellent impact on the rate of coal gasification. Table 2
lists the characteristics of the low rank coal and impregnated coal
for comparison.

Comparison of the raw coal and impregnated coal indicated
that the components (Mg, Al, Si, Ca, and Fe) were equally reduced,
whereas the K content increased. These results show that K,CO,
was impregnated into the coal at a loading of 10 wt%.
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Table 2. Comparison of results for low rank coal and K,CO, impregnated coal

Indonesian lignite MSJ Roto south
Raw (%) Imp.* (%) Raw (%) Imp.* (%) Raw (%) Imp.* (%)
Na - 0.04 1.21 0.44 - 0.16
Mg 1.10 0.20 0.87 0.23 1.82 0.32
Al 0.35 0.06 1.58 0.37 3.09 0.51
Si 0.84 0.13 1.32 0.32 5.16 0.93
P - - 0.04 0.01 0.03 -
S 3.01 0.61 45.08 8.20 4.60 2.99
Cl - 0.02 - - - 0.03
K 0.24 74.63 0.38 74.7 0.47 79.30
Ca 22.54 10.33 24.96 7.36 27.64 8.73
Ti - - - - 1.20 0.18
Mn 1.00 0.19 - - 0.65 0.07
Fe 70.46 13.72 23.23 7.99 55.05 6.51
Zn 041 - - - - -
Sr - - 0.16 0.10 0.24 0.05
Sn - - 1.09 0.24 - 0.17
Imp.": Impregnation
Coal + Cat.
Cyclone
Condenser
Pressure
transducer L
'“te'-i e
Gas outlet NDIR/ GC

Steam generator

Carrier gas

Fig. 1. Lab-scale direct catalytic-steam coal gasification system.

4. Experimental Apparatus and Procedure

The experimental process is summarized in Fig. 1. The lab-scale
fluidized bed reactor was batch type, and the bench-scale reactor
was continuous type; these consisted of components such as the
N, carrier gas, steam generator, pre-heater, fluidized bed reactor,
main heater, thimble filter, condenser and tar removal device, real-
time gas analyzer, data logger, gas chromatograph (GC), and per-
sonal computer (PC).

The steam from the steam generator was injected into the reac-
tion region, and the N, flow rate was set to 1.5 times U, N, was
used as the carrier gas because of bubbling and the limitation of

carbon. However, the catalytic gasification involved using steam as
the oxidant. Catalytic-steam gasification was conducted by simul-
taneously heating the electric furnace to raise the temperature to
the desired reaction temperature and injecting the coal sample into
the reactor when the desired reaction temperature was reached. A
mixing chamber was installed on the pre-heater for mixing the
steam and N,.

The experimental parameters were as follows: the coal particle
size was 0.85-1.18 mm; the temperature was varied as 600 °C, 700 °C,
and 800 °C, and the catalyst (K,CO;) loading was set at 5 wt% and
10 wt% for the physical mixing injection method and 10 wt% for
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the impregnation injection method. Catalytic-steam gasification
has the characteristics as catalyst impregnation is more effective
than physical mixing with the carbon [33]. Thus, this study carried
out catalyst impregnation/physical mixing to evaluate the effect of
the catalyst input method. The H,O/C mole ratio was set to unity
and the gas velocity was fixed at U,,x1.5. The reaction tempera-
ture is one of the most important operating variables affecting the
performance of the gasifier, since the main reaction in the gasifica-
tion process is endothermic. Hence, the reaction temperature was
considered as an experimental parameter in this study. Consider-
ing the deactivation of coal itself at 500 °C and the melting point
of K,CO; of 891 °C, the experimental temperature was set to below
800 °C to prevent decomposition and deactivation of the catalyst.
Optimal gasification was achieved at a catalyst (K,CO;) loading of
10 wt%. At higher catalyst loading, a loss of reactivity was observed
due to saturation of the system with the catalyst. Moreover, it has
been reported that an excess of the mixed catalyst results in accu-
mulation in the pores of coal, reducing the surface area of the
porous carbon and limiting the coal gasification. Therefore, the
amount of catalyst employed in the reaction was limited to 10 wt%
[6,34-37].
5. Method for Scale Up of Lab-scale Fluidized Bed to Bench-
scale

The parameters determined from catalytic-steam gasification
using the lab-scale fluidized bed reactor were utilized as the design
parameters for the bench-scale fluidized bed gasifier. Table 3 lists
the design process steps for the bench-scale fluidized bed. In the
design of the bench-scale catalytic-steam gasification system, 1 kW
catalytic-steam gasification capacity (20 kg/day) was first selected.
Second, the reaction time for the lab-scale fluidized bed was con-
firmed by introduction of different amounts of coal, as shown in
Fig. 2. Fig. 2 shows that identical trends were obtained for the
reaction rate when 10 g of coal was used, and the U,,, was double
that amount. The resulting capacity of the lab-scale reactor was
4.3 kg/day with a 5 g reaction scale. MSJ coal was selected for the
kinetic analysis because certain reactions of this coal are less
dependent on temperature. Kang et al. reported about the depen-
dence on temperature using Indonesian lignite, MSJ, Roto South
coal [38]. The report mentioned that these samples showed higher
pre-exponential factors, which implied that the influence of tem-
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Fig. 2. Reaction time for lab-scale fluidized bed.

The capacity of the lab-scale fluidized bed catalytic-steam gasifica-
tion reactor was approximately 4.3 kg/day. Therefore, a 4.6-fold
scale-up was necessary in order to increase the scale to 20 kg/day.
The L,/D of the bed material (sand) of the lab-scale reactor was 3,
which is approximately 60g. Thus, approximately 280 g of bed
material was needed to increase the capacity by 4.6-fold. The bulk
density of the sand that was used was 1.3887 g/cm’. Thus, the
bench-scale fluidized bed required 400 g of bed material. Fourth,
the diameter of the bench-scale fluidized bed was determined.
The diameter of the reactor was determined using the sand bulk
density and volume or weight, as listed in Table 4. The minimum
fluidization velocity was 19.798 cm/s, and the required flow rate of
nitrogen was 37.59 LPM. The diameter of the reactor was deter-
mined to be 2.5 inch for 1.5, 2, 2.5, and 3-fold multiples of the
minimum fluidization velocity.

- Calculation of minimum fluidization velocity (Ergun Eq.):

1

&p(p.— p)g P
U,= =11 33.7°+0.0408 PO=PIBL 33, )
d,p, s

- Calculation of terminal velocity of coal particle (Re€2-500):

perature on the pyrolysis of volatile matter was very low. Among RE 0714
these samples, MSJ showed the highest pre-exponential factors. U,=1. 53{g /; 4(p; 6—/0 )} )
Third, the volume of the bench-scale fluidized bed was calculated. e M
Table 3. Design process for bench-scale fluidized bed
Procedure Decision item Note
1 Capacity 1kW (20 kg/day)
2 Reaction time Residence time & kinetic data using lab-scale results
3 Volume Bed material L,/D
4 Diameter of reactor Volume and U,
5 Distributor Calculated by fluidization engineering [54]
6 Height of reactor Reaction zone/Freeboard (similar to lab-scale reactor)
7 Cyclone Efficiency 80%
8 Check Cold-bed test
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Table 4. Volume and weight of bed material according to diameter

of reactor
H (cm, L,/D=3) Volume (cm?) Weight (g)
7.62 38.59 5.55
11.43 130.24 180.74
ID 15.24 308.73 428.42
19.05 602.99 836.77
22.86 1041.97 1445.94

- Calculation of initial porosity in fluidized bed Archimedes
constant:

3
aro 8 pg(irpg) 3)
Y7
Re = 142 )
Y7
go=Ar *”'(18Re,+0.36Re, )" ®)
- Calculation of porosity in fluidized bed:
ug,

“TT05ug +(1-5)U,, ©)

- Calculation of expansion ratio in fluidized bed:

L, 1-¢

T 7

Fifth, the diameter of the distributor was set at 0.5 @ by consid-
ering the flow process and size of the coal particles; the number of
holes was set at 48. Fluidization Engineering [39] was used as a ref-
erence in making this decision. Sixth, the height of the reactor was
determined. The internal diameter of the reaction zone was 6.35
cmy; the height of the reaction zone was 100 cm; the diameter of
the free board was 12.7 cm; and the height of the free board was
87.5 cmy; the similarities to the lab-scale reactor were considered
when sizing the bench-scale fluidized bed catalytic gasification reac-
tor. Seventh, a high efficiency standard-type cyclone was selected.
The cyclone was selected by reference to Strauss (1975). Finally,
fluidization in a cold-bed reactor was evaluated after performing a
hot-test using the bench-scale fluidized bed.

RESULTS AND DISCUSSION

The catalytic-steam coal gasification experiment used lab- and
bench-scale bubble fluidized bed reactors. The effect of varying the
temperature on the gasification reaction characteristics was evalu-
ated (600 °C, 700 °C, and 800 °C); the catalyst loading used herein
was, respectively, 0 wt%, 5wt%, and 10 wt% for physical mixing,
and 10 wt% for impregnation, and the H,0O/C mole ratio was set
to unity while using Indonesian lignite, MSJ, and Roto South coal
samples in the lab-scale bubble fluidized bed reactor. The bench-
scale bubble fluidized bed reaction was performed using the opti-
mum conditions determined from the lab-scale results.

1. Effect of Operating Temperature in the Lab-scale Bubble
Fluidized Bed

Steam gasification requires temperatures above 800 °C to pro-

ceed if no catalyst is added and is a highly endothermic reaction

[3]. The use of a catalyst can significantly enhance the steam gas-
ification reaction, and commercially acceptable gas production rates
may be achieved at temperatures much lower than 800 °C [5,13].
Thus, catalytic-steam coal gasification was evaluated herein at tem-
perature below 800 °C. In general, a low temperature leads to an
increase in CH, production and decrease of CO and H,. Although
it is ideal to lower the gasification temperature in order to obtain
highly concentrated CH,, lower temperatures decrease the reactiv-
ity of coal towards gasification. Therefore, experiments were con-
ducted under different temperature conditions in order to promote
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Fig. 3. Comparing of carbon conversion at different temperatures
(H,O/C mole ratio: 1, non-catalyst).
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the gasification reaction [40]. The H,O/C mole ratio was set to
unity and the experiments were conducted at the respective tem-
peratures (600 °C, 700 °C, and 800 °C) without the injection of a
catalyst. The results of these experiments are shown in Fig, 3.

The results obtained at the respective temperatures indicated that
none of the three coal samples produced H, at 600 °C. In addition,
the generation of H,, CO,, CO, and CH, increased as the tempera-
ture increased, and the product yield (ml/s), indicated as the total
volume/total reaction time, also increased over time. The syngas
composition was greatly influenced by the temperature. In partic-
ular, the H, content was the most sensitive to temperature. Com-
parison of the syngas compositions achieved at the different tem-
peratures confirmed that the mole ratios of H,/CO, H,/CO,, CO/
CO,, and H,/CH, increased as the temperature increased. This is
because the production of H, increased as the temperature in-
creased. The content of H, and CO increased with increasing tem-
perature due to the steam-coal endothermic gasification reaction
[41]. As mentioned in the literature [42], the production of hydro-
gen and carbon monoxide decreases at lower temperatures, and
this tendency was confirmed in this study. The optimum reaction
temperature was determined to be 800 °C based on consideration
of the carbon conversion, cold gas efficiency, and syngas composi-
tion.

2. Fffect of Catalyst (K,COs) in the Lab-scale Bubble Fluidized
Bed

To identify the effect of the catalyst injection method on the
syngas composition, catalytic coal gasification was carried out at a
fixed temperature of 800 °C, which was previously determined to
be the optimum temperature for syngas production based on the
results mentioned above. The data obtained using different cata-
lyst injection protocols are summarized in Fig. 4. The amount of
catalyst used in the experiment was varied, while the temperature
was set to 800 °C and the H,O/C mole ratio was fixed at unity.

Use of the catalyst resulted in increased syngas production for
all the samples; the impregnation method had a greater influence
on H, production than physical mixing. Increasing the K,CO; load-
ing led to an increase of the reaction rate. However, the results
suggested a saturation point (indicated by a loss of reactivity due
to increased catalyst injection), as an excess of the catalyst mixture
accumulated in the pores of the coal particles, thereby reducing
the contact surface of the porous carbon, which limited the coal
gasification [37]. Furthermore, different results were obtained when
the same catalyst was used for the different coals due to the char-
acteristic differences between the coals. When impregnated coal
was used in the cases of Indonesian lignite and MS], the H, pro-
duced exceeded 800 ml, whereas just over 700 ml of H, was pro-
duced with Roto South. The main effect of K,CO; under at-
mospheric pressure was considered to be enhanced production of
H,. Hauserman (1994) and Timple et al. (1997) reported that the
use of K,CO; as a catalyst in steam gasification produced more
hydrogen [43,44]. The catalytic-steam gasification production of
H, increased when K,CO; was used in the steam-coal reaction
and was much higher than that achieved with non-catalytic gasifi-
cation [41]. Many researchers have reported catalytic-steam gasifi-
cation mechanisms for K,CO; [19,45,46]. Despite such great efforts,
a realistic gasification mechanism is not well-known. Some research-
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Fig. 4. Comparison of carbon conversion at 800 °C and H,0/C mole
ratio of unity with different catalyst loading.

ers suggested the following reaction mechanisms [19,45,47-50]:

K,CO,+2C<>2K+3CO
2K+2,C<>2C,K
2C,K+2H,0¢>2NC+2KOH+H,
2KOH+CO<K,CO,+H,

Fig. 5 shows the compositions of the syngas products obtained
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Fig. 5. Comparison effects of reaction temperature on gas product
yield (g gas/g feed) for different catalysts in catalytic-steam
gasification (a: catalyst 0 wt% at 600 °C, b: catalyst 5 wt% at
600 °C, c: catalyst 10 wt% at 600 °C, d: catalyst 10 wt% impreg-
nation at 600 °C, e: catalyst 0 wt% at 700 °C, f: catalyst 5 wt%
at 700 °C, g: catalyst 10 wt% at 700 °C, h: catalyst 10 wt% im-
pregnation at 700 °C, i: catalyst 0wt% at 800°C, j: catalyst
5wt% at 800°C, k: catalyst 10 wt% at 800 °C, I: catalyst 10
wt% impregnation at 800 °C.

at different temperatures. Wang et al. (2009) reported that no H,
production was observed at 600 °C in non-catalytic gasification,
whereas catalytic gasification produced H, at 600 °C [51]. The same
was found in this study. In addition, the H, production in this
study was similar to that reported by Wang et al. (2009) for tem-

peratures above 700 °C. The present results showed ‘H, produc-
tion per input coal (g gas/g feed)’ values of 1.73 for Indonesian
lignite, 1.76 for MSJ, and 1.92 for Roto South at 700 °C. Wang et
al. (2009) reported ‘H, production per input coal (g gas/g fed)’ val-
ues of 1.8 at 700 °C and 2.1 at 750 °C for Chinese Huaibei bitumi-
nous coal, with 750 °C being the optimal temperature for hydrogen
production.

In catalytic-steam gasification, the production of H, and CO in-
creased to a greater extent than production of CO, and CH, with
increasing temperature. This means that in commercial gasifica-
tion, production of H, and CO is also expected to increase with
increasing temperature. In commercial catalytic-steam gasification,
the main sources of H, and CO production with increasing tem-
perature can be summarized as follows [52]:

C+H,0—CO+H, (water gas reaction)
Coal+Heat—CO+H, (coal pyrolysis reaction)

At higher temperatures, more CO is produced. This implies that
at higher temperatures, CO production is driven by the Boudouard
reaction [53]. This result corroborates the finding by Kumar et al.
(2009) that at a higher temperature, the Boudouard reaction be-
comes predominant. Catalytic-steam gasification is driven predomi-
nantly by the water gas reaction, and at higher temperatures it is
driven by the Boudouard reaction [54]. The extent of the increase
of H, and CO production achieved using K,CO; as a catalyst was
larger at relatively high temperatures, similar to the results of other
studies [55,56]. CH, production was minimally affected by the
reaction temperature, and the amount of CH, produced from cat-
alytic gasification/pyrolysis was found to be lower than that from
non-catalytic gasification/pyrolysis. This may be due to the decom-
position of CH, by the catalyst [56]. Tomita et al. (1985) reported
that the H, content in the product gas was enhanced by the
decomposition of CH,, light hydrocarbon, and tar [17]. Dhiren-
dra et al. (1986) evaluated the effect of K,CO; on the gasification
of high ash Indian coal at reaction temperatures of 500 °C-800 °C
in a fluidized bed gasifier [57]. Furthermore, as previously men-
tioned, the production of syngas increased as a result of the effect
of the catalyst, whereas the production of H, was enhanced with
the use of the impregnation method instead of the physical mix-
ing method. Evaluation of the carbon conversion, cold gas effi-
ciency, and H, production indicated that impregnation with 10
wt% K,CO; produced the optimal results.

3. Reaction Kinetics of Catalytic-steam Gasification in the
Lab-scale Fluidized Bed

The derived results were applied to implementation of the gas-
ification kinetic parameters. The gasification reaction is typically
influenced by factors such as the inherent reaction of carbon within
coal or char, the catalysis of inorganic materials, and the pore
structure [58,59]. Therefore, the same sample can have different
gasification rates due to the differences in reactivity, and various
kinetic models have been proposed to account for these differ-
ences. In the coal reaction, homogeneous and heterogeneous reac-
tions produce syngas as a major product of coal char, as shown in
reactions (8)-(13) [60-63].

Oxidation: C+0,—>CO,/C+1/20,—~CO (8)
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Boudouard: C+CO,—2CO ©)
Water gas: C+H,0—CO+H,/C+2H,0—CO,+2H, (10)
Methanation: C+2H,—CH, (11)
Water-gas shift: CO+H,0—CO,+H, (12)
Steam reforming: CH,+H,0—CO+3H, (13)

Gas-solid reaction models have been applied to quantitatively
assess the gasification reaction kinetics and analyze the reactivity.
A heterogeneous gas-solid reaction model was developed using the
volumetric reaction model (VRM) [64] and shrinking core model

(SCM) [65,66]. In this paper, the carbon conversion is expressed
by Eq. (14).

Quantity of carbon of syngas
Input quantity of carbon

Carbon conversion= (14)

The input quantity of carbon is expressed using the amount of
carbon determined by ultimate analysis and the input coal mass.
The quantity of carbon in the syngas is expressed as the sum of
the amount of carbon in carbon monoxide, carbon dioxide, and
methane.

The VRM simplifies the coal-gas reaction, which is a heteroge-
neous reaction, into a homogeneous reaction, and assumes that
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Fig. 6. Arrhenius plot (In K vs. 1/T) for different catalyst loading using VRM and SCM.
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Table 5. Values of E and A depanding on experimental parameters at H,O/C mole ration of 1
Cat. Indonesian lignite MSJ Roto south
(Wt%) E (KJ/mol) A (1/min) E (KJ/mol) A (1/min) E (KJ/mol) A (1/min)
VRM (Volumetric reaction model)
16.50 0.45 30.01 1.78 12.17 0.27
5 3.56 0.09 30.29 224 12.35 0.31
10 11.56 0.27 29.56 2.03 14.65 041
Imp. 19.04 0.80 20.83 0.85 11.48 0.25
SCM (Shrinking core model)
15.14 0.37 28.92 1.53 11.15 0.23
5 3.08 0.08 29.25 1.93 11.38 0.27
10 10.09 0.22 28.07 1.65 13.55 0.34
Imp. 16.67 0.56 18.65 0.63 9.65 0.19

the gas reacts uniformly wherever a reaction is possible both inside
and outside the coal. The size of the coal is the same, and the den-
sity is reduced as the reaction progresses. This reaction is expressed
by Eq. (15).

dx
a:k(l—X), -In(1-X) (15)

The SCM assumes that reaction of the gas starts at the surface
of the char during the initial reactions; as the gas gradually enters
the char, reaction is initiated at the unreacted core surface. There-
fore, the size of the particle available for reaction is reduced, and
the reaction is expressed by Eq. (16).

‘(%:k(l—)()”, 3=[1-(1-X)"’]=kt (16)

Here, k in the above SCM and VRM equations indicates the
rate constant, and relies on the Arrhenius equation, as expressed
in Eq. (17)

k:Aexp(— %) 17)

A indicates the pre-exponential factor, E is the activation en-
ergy; R is the gas constant, and T is the absolute temperature. Fig,
6 shows Arrhenius plots for different experimental conditions
using the VRM and SCM.

As shown in Fig. 6, the use of coal (not char) for non-catalytic
gasification can generate reliable kinetic data, although the data
fluctuated significantly with variation of the catalyst loading and
input temperature during the catalytic gasification. This result can
be explained in terms of the properties of K,CO; in the catalytic
gasification, as described below.

The catalytic effect decreases with increasing temperature, and
catalysts are more effective in the gasification process if steam is
present in the gasification gases. There is usually an optimum cat-
alyst content beyond which either negligible or negative effects are
observed. The relative effects of catalysts can differ under different
reaction conditions. The gasification reactivity can be significantly
affected by the method/condition of catalyst impregnation. Cata-
lyst impregnation is more effective than physical mixing with car-

bon [33,45,67-70]. Furthermore, the catalytic-steam gasification
reaction is slow below 750 °C. This implies that the catalyst activ-
ity is significantly influenced by the reaction temperature in cata-
lytic gasification [51,71,72]. Furthermore, Freriks et al. (1981) re-
ported that potassium formation from the catalyst is thermody-
namically unfavorable below 827 °C, which implies that no cata-
lytic effect can occur below 827 °C [73].

Table 5 shows the activation energies and pre-exponential fac-
tors obtained at different temperatures for fluidized bed catalytic
gasification. The experimental data and the values applied in the
model showed that when the H,0O/C mole ratio was unity; the acti-
vation energy of the impregnated coal was lower than that of the
raw coal.

The activation energy of catalytic gasification was higher than
that of non-catalytic gasification. Due to catalyst saturation, which
induces a reactivity loss, accumulation of excess mixed catalyst in
the pores of the coal reduces the surface area of coal, limiting the
gasification reaction and resulting in a high activation energy [37].
Kuhn and Plogmann (1983) reported that excess K,CO; caused a
loss in the catalytic activity [12]. However, a lower catalyst loading
can lead to reduced reaction due to the mineral matter in the coal,
along with deactivation of the catalyst [55]. Wang et al. (2009)
reported that a catalyst content of less than 7.5% was almost inef-
fective for catalytic gasification [51]. When using a single catalyst,
the reaction rate may decline due to the rapid deactivation of the
catalyst through poisoning and sintering, contact loss between the
reactant and catalyst, catalyst volatilization, and catalyst encapsula-
tion by carbon deposition.

From kinetic analysis of the catalytic-steam gasification, the
lower activation energy obtained with the use of char showed that
when the catalyst is added, only the reaction with carbon needs to
be considered under the reaction conditions. On the other hand,
the experiments with coal showed an increased activation energy
[33]. Wang et al. (2009) reported that regardless of the catalyst load-
ing and steam input, the catalytic-steam gasification reaction oc-
curs at 750 °C, which means that kinetic analysis of the reaction
with coal is more difficult than that with char [51]. In addition,
efforts to record accurate kinetic data were hampered by the ther-
mal decomposition reaction, followed by the gasification reaction
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with coal. The experimental data and model data expressing the
reaction kinetics of catalytic-steam gasification in one step were
accurate only in the initial reaction and then showed large differ-
ences. It is believed that the use of a batch-type reactor instead of a
continuous type reactor affected completion of the reaction,
improvement in the reactivity due to increased temperature, and
limitation of the mass transfer [74]. In other studies, when the
same catalyst was used, the activation energy differed depending
on the coal [39,66,75]. This means that the results obtained herein
differ from those documented in the literature. Therefore, it was
found that the H,O/C mole ratio and catalyst feed method exerted
significant effects on the reactivity with respect to the catalytic-
steam gasification with steam. In summary, the input K,CO; cata-
lyst content and method and the use of steam in the coal catalytic-
steam gasification process could increase the gasification efficiency
[14].
4. Reaction of Bench-scale Catalytic Gasification Using Indo-
nesian MS]J

For bench-scale catalytic-steam gasification, the Indonesian MS]
raw coal was impregnated with 10 wt% catalyst (K,CO;), the tem-
perature was set at 800 °C, the H,O/C mole ratio was unity, the
gas velocity was fixed at 1.5 times the U, the coal feeding rate
was 17 g/min, and the side feeding method was employed under
continuous operation for over 2 h after reaching steady state. Fig. 7
shows the data for the bench-scale fluidized bed catalytic-steam
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gasification reaction.

Empirical analysis of the bench-scale fluidized bed catalytic-
steam gasification reaction indicated that the reaction could reach
steady state within 30 min, and the hydrogen production volume
was the highest. The catalytic-steam gasification experiments using
the bench-scale fluidized bed reactor were conducted in the steady
state. The results of continuous operation for 2h after reaching
steady state indicated that the total syngas production was as fol-
lows:

H,: 9311, CO,: 401 L, CO: 190 L, CH,: 49 L for raw coal; H,:
24341, CO,: 1,148 L, CO: 336 L, and CH,: 208 L for impregnated
coal. Bench-scale catalytic-steam gasification at steady state pro-
duced a H,/CO mole ratio of above 5 for syngas. This is higher
than the H,/CO mole ratio of non-catalytic gasification, which is
approximately 4. These results show that the reactivity of impreg-
nated coal was better than that of raw coal. From Fig. 7, the total
content of H,, CO,, CO, and CH, in the production gases was also
obtained for the non-catalytic and catalytic gasification. In the cat-
alytic-steam gasification, the production of H, and CO, increased
greatly compared to that in the non-catalytic gasification.

Fig. 8 shows the amount of synthesis gas produced at a given
time. The accumulated amount of generated gas increased pro-
portionally, while the amount of generated synthesis gas did not
vary. Therefore, it is concluded that the experiment was conducted
at the steady state using the bench-scale fluidized bed as shown in
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Fig. 7. Results of bench-scale catalytic-steam gasification using MSJ coal ((a) raw coal, (b) impregnated coal).
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Fig. 8. Results of syngas production at estimated time using bench-scale catalytic-steam gasification with MSJ ((a) raw coal, (b) impregnated

coal).

Fig. 7. Moreover, 200 L of H, was produced in the non-catalytic
gasification, while the catalytic-steam gasification yielded 500 L of
H,. The carbon conversion of raw coal was approximately 30%,
and the cold gas efficiency was approximately 31%. Compared to
the decreased production of CO, CO,, and H, in the non-catalytic
gasification, the decrease in the production of CO, and H, was
more remarkable for the catalytic-steam gasification, with substan-
tially less formation of CO.

The catalytic-steam gasification of char can be expressed by the
water gas and water gas shift reactions [51]. Based on the reaction
mechanisms, catalytic-steam gasification not only leads to lower
CO production but also to higher H, production. The rate of syn-
gas formation increased in the catalytic-steam gasification. In addi-
tion, the results showed that catalytic-steam gasification did not
greatly influence the CO/CO, ratio, in agreement with the results
reported by Sharma et al. (2008) and Wang et al. (2009) [51,76]. In
the case of impregnated coal, the carbon conversion and cold gas
efficiency were approximately 63% based on the H,, CO,, CO, and
CH, production data. Comparison of the results presented by Lee
et al. (2001) with the current results showed that steady state was
achieved faster in this study, with a higher carbon conversion and
cold gas efficiency [56]. Lee et al. (2001) reported that the reactor
required 40 min to attain steady state and the carbon version was
57% and the cold gas efficiency was 44% under the best condi-
tions. In addition, Lee et al. (1998) reported that the carbon con-
version for Australian sub-bituminous coal was the highest (45%)
and the cold gas efficiency was the highest (35%) at 900 °C with
the use of the impregnation technique employing 10 wt% of a
mixed catalyst (Ni(CO;),+K,SO,) [41].

A minimum heating value of more than 1,000 kcal/Nm’ is pos-
sible in the operation of a gas engine [77]. The heating value with
the supply of N, of the bench-scale catalytic gasification syngas
operation is approximately 1,070 kcal/Nm® and without the sup-
ply of N, is approximately 2,560 kcal/Nm’. Therefore, it is expected
to facilitate the operation of a gas engine that functions primarily
by producing syngas through the catalytic gasification of low rank
coal. Catalytic-steam gasification with steam is a strongly endother-

mic process because of the water gas and water gas shift reaction
[51]. In a commercial plant, the heating value and cold gas effi-
ciency will be much lower than those of this study because the
reaction will depend on the heating value of coal itself rather than
external heating. In catalytic gasification, since gasification can oc-
cur at low temperatures of 700-750 °C, it is possible to supply the
heat from an external heat source. However, in a commercial plant,
air is generally used as an oxidant, which is energy consuming [13].

CONCLUSIONS

Low rank coals were subjected to lab-scale gasification and the
efficiency of the gasification reaction was evaluated. The kinetic
conditions and properties of the generated synthesis gas were de-
monstrated to be related to the reaction conditions. The residence
time and kinetic data obtained using a lab-scale reactor was fur-
ther applied to the design of a reactor for bench-scale fluidized bed
catalytic gasification. The bench-scale reactor was successfully de-
signed by considering the similarity of reactor volume and L,/D to
those of the lab-scale congener.

1) During catalytic-steam gasification, the activation energy var-
ies based on the catalyst loading and temperature; the activation
energy can appear high because of loss during the reaction, derived
from saturation with the catalyst, where an excess of the mixed
catalyst accumulates in the pores of the coal to decrease the sur-
face area, thereby limiting the gasification reaction.

2) Based on analysis of the composition of syngas obtained by
catalytic-steam gasification, the water gas reaction and water gas
shift reaction were found to be the main reactions. Thus, syngas
formation was significantly affected by the temperature and cata-
lyst injection method.

3) Using the developed bench-scale fluidized bed catalytic-
steam gasification system, high calorific syngas (1,070 kcal/Nm?)
was obtained; compared to that from a previous study, the time
required to reach steady state was reduced by about 10 min, and
the carbon conversion was improved by 20%.

4) The direct method of catalytic-steam gasification using low
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rank coal produced the most H, at atmospheric pressure. It was
also found that the catalytic gasification of low rank coal under
experimental conditions of 800 °C, H,O/C mole ratio of 1 and 10
wt% impregnated catalyst can be applied to coal to liquid (CTL).
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NOMENCLATURE

U, :minimum fluidization velocity [cm/sec]

L, :length [cm]

D  :diameter [cm)]

LPM :liters per minute

M :viscosity [Pa-S]

dp  :particle diameter of coal and sand particle [cm]
P, tdensity of the gas [g/cm’]

o :density of coal and sand [g/cm’]

g :acceleration due to gravity [980 cm/s’]

Re  :Reynolds number

U, :terminal velocity [cm/sec]

Ar  :Archimedes number

& &,p & :void fraction in the emulsion phase of a bubbling bed
: height of a bubbling fluidized bed [cm]

: bed height at minimum fluidizing conditions [cm]
: activation energy [kJ/mol]

: pre-exponential factor [1/min]

: gas constant [J/molK]

: absolute temperature [K]

: carbon conversion

: time [min]

: rate constant associated with temperature
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