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Abstract-Australian coal loaded with a mixed catalyst of K2SO4+Ni(NO3)2 has been gasified with steam in a 
fluidized bed reactor of 0.1 m inside diameter at atmospheric pressure. The effects of gas velocity (2-5 UgAJ,,I), reac- 
tion temperature (750-900 ~ air/coal ratio (1.6-3.2), and steam/coal ratio (0.63-1.26) on gas compositions, gas yield 
mid gas calorific value of the product gas mid carbon conversion have been determined The product gas quality mad 
carbon conversion can be greatly improved by applying the catalyst; they can also be enhanced by increasing gas 
velocity and temperatztre. Up to 31% of the catalytic increment in gas calorific value could be obtained at higher 
temperatures. In the experimental runs with vmiation of stemrJcoal ratio, the catalytic increments were 16-38% in 
gas caloz-ific value, 14-57% in carbon comrersion, 5-46% in gas yield, mid 7-44% in cold gas efficiency. With 
increasing fluidization gas velocity and reaction temperature, the unburned carbon fraction of cyclone fine for catalytic 
gasification decreased 4-18% and 13-16%, respectively, compared to that for non-catalytic gasification. 
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INTRODUCTION 

Conversion of coal to gaseous fuel has been considered as a ma- 
jor contribution to the energy pic~,tre in the fu~,tre. Currently, a great 
deal of effort is being expended to improve the performance of ex- 
i s~g coal coi~a~ez~ion processes [Y~n et al., 2001 ; Saffea- and Fen-ell, 
1988; Wat.lamon et al., 1983; Gutierrez and Watkinson, 1982] and 
to develop a new type of gasifier for processing larger volumes of 
coal [Riley and Indd, 1987; Kikuchi et al., 1985]. lViany s~,zdies have 
been con&zcted on catalytic coal gasification [Choi et al., 1993; Song 
aid Kim, 1993; Sue-A-Quan et al., 1991 ; DtN-en&-a et al., 1986; 
Tomita et al., 1985], because a reduction in gasification tempera- 
~,tre would result in several advantages, and the catalyzed process 
appears to be especia~y attractive in the dkect txoduction of meth- 
ane or hydrogen fi-om coal. In the Exxon catalytic coal gasification 
process [Nahas, 1983], coal ks impregnated with K2CO 3 catalyst 
and is gasified with steam around 973 K. However, the product gas 
contains a considerable amount of hydrogen and carbon monoxide 
as by-products, which are separated fi-om the meth~le and recy- 
cled into a gasifier. A previons kinetic s0_zdy of catalytic coal gas- 
ification with a thermobalance ~Lee and Kim, 1995] revealed that 
the catalytic activity of K2SO4+Ni(NO3)2 is the highest m-nong the 
mixed salts tested under steam aWnosphere. However, the thermo- 
gravimelric method gives little infonnation as to the product, like 
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tar oz- gas, aid the residue; and the obtained reaction rate ks larger 
than that in a fluidized bed reactor A literature s~m~ey revealed that 
research work on catalytic coal gasification in fluidized bed reac- 
tors is relatively sparse. 

The objective of the present study is to perform steam gasifica- 
tion of coal in a fluidized bed gasifier with K2SO4+Ni(NO3)2 that 
was developed in the previous study. The effects of fluidization gas 
velocity, reaction temperat~re, air/coal ratio, and steam/coal ratio 
on the product gas compositions, gas yield and gas calorific values, 
and carbon conversion have been determined. 

EXPERIMENTAL 

Fig. 1 shows a schematic diagram of a fluidized bed reactor 
(0.1 m - i.4x1.6 m height). This gasifier is made of stainless steel 
colurm~s and consists of the following parts: feeding part of air aid 
steam, gas plemrn, main cohmm, fi-eeboard, coal feeder, cyclone, 
product gas cleaning, gas sampling and analysis. 

Distilled water was fed into the stea'n generator (1 kW) tt~ough 
a ~ pump. Steam generated was mixed with compressed 
air and ir~oduced into the gas plentrn. The inside of gas plen~rn was 
filled with inert mateiiaI to improve the mixing of air aid steam, 
and an electric heater (2 kW) installed on the plenum wan pre- 
heated the feed gas mix~-e. A bubble cap gas dis~-ibutor having 
seven caps was situated between the main coh~nn and gas plen~rn 
for the feed gas to be evenly distributed through the bed Main reac- 
tor column was 0.1 m - i.d.x0.85 m high and was expanded into a 
Ialrger column (0.2 m - i.d.• m high) to reduce the entrainment 
of bed particles. An electric heater of 6 kW was installed at the reac- 
tor wall to heat the bed to the ignition temperature of coal (around 
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Fig. 1. Schematic diagram of a fluidized bed gasifier 
1. Water reservoir 10. Freeboard 
2. Masterflex pump 11. Screw feeder 
3. Stem:: generator 12. Coal hopper 
4. Air flow meter 13. Cyclone 
5. Gas plenum 14. Condenser 
6. Gas dish-ibutor 15. Collector 
7. Main bed 16. Dust collector 
8. Bed dram 17. Gas sm~aphng bottle 
9. Overflow 18. I.D fan 

Table 1. Analyses of Australian sub-bituminous coal 
wt% wt% 

Ultimate analysis (daf base) 

C 72.6 

H 5.4 

N 2.6 
S 0.4 

O 19.0 

Proximate analysis (dry base) 

Volatile 29.1 

Fixed carbon 56.0 
Ash 14.9 

Heating value (kcaI/kg) 6141 

Ash m:alysis 

SiO2 60.2 

A1203 26.8 

Fe203 7.1 
CaO 0.4 

Mg�9 O.2 

TiO2 1.4 

K20 1.7 

MnO 0.1 

At the beginning of the experimental rL::, the elec~c heater was 
turned on to heat the bed of sand parhcles (dp:O.27 mm) with fee& 
ing only air. When the bed temperature reached 450-500 ~ the salt 
impregnated coal was fed into the reactor and then the bed tem- 
perature rose rapidly due to coal combustio:: When the tempera, 
ture reached to a desired level, steam was ir~oduced into the air 
slream. It usually takes about 40 min for the reactor to reach its steady 
state. Atthe steady condition, gas samples were taken and the amount 
of collected particles m the cyclone was measured. The reactor op- 
erating vm-iables could be chmged by adjusting air/coal and stemr2 
coal feed ratios. 

RESULTS AND DISCUSSION 

500 ~ The reactor was insulated by ~Kao-wool'. One sight glass 
was mounted at 0.5 m above the gas dis~butor and an ash dram 
port at the bottom, and an overflow drain ix)r[ at 0.45 m above the 
disNbuto: To measure pressure drop along the bed height eight 
pressure taps were moor:ted flush on the reactor wail at 0.1 m height 
intervals above the disthbuto:: Also, six K-type the1:::ocouples were 
mounted along the bed height The co~I was fed into the top of the 
reactor through a screw feeder, where the feed rate of coal was con- 
trolled by a variable DC motor The product gas was cooled dora:  
passing through cyclone, condenser and a dust collector. A small 
amount of product gas was sampled at the outlet of dust collector 
and its composition was dete~:ained by gas cl~-omatograph (HP 58fX) 
II) with a thermal conductivity detector with ~ sieve 5A' 
and ~Porapak Q'  colunms. 

The Aus~alian sub-bi~,ninous coal used m this study was 0.25- 
1 n : : :  in diameter and its l:-operties are shown in Table 1. In order 
to evaluate the catalytic activity of the salt m i x , r e  in the present 
fluidized bed reactor, a relatively large amount of coal was impreg- 
nated with an aqueous solution of I(2SO4+Ni@/O3) 2 in a large stin-ed 
vessel. The content of vessel was mixed and heated by the hot plate 
without boiling for 15 hr. The resulting coal was dried in the oven 
for 24 hi: As the optimum loacling of catalyst is known to be 10- 
20wt% [Nahas, 1983], the amount of salts impregnated on coal 
was kept at 10wt% and the mole r ~ o  of two salts was kept at unity, 
an equimola:: 

A n t~ber  of chemical reactions occur in a coal gasifier, of which 
the main reaction is steam gasification of  char as follows: 

C+H20=CO+H~ (I) 

In addition, partial conthustion of chat- and hydrogasification of chat; 
and the water-gas shift reaction usually occur. One typical result 
for the effect of fluidizafion gas velocity on product gas composi- 
tion at a te~aperature of 850 ~ ks shown in Fig. 2. The change of 
product gas composition for catalytic gasification is similar to that 
for non-catalytic gasificatio:: Con:pm-ed to the gas concenaation 
for non-catalytic gasification, H2, CO, and C Q  m the product gas 
for catalytic gasification incTease 12-22%, 31-56%, and 0.5-1%, 
respectively. On the other hand, the content of CH4 decreases a little 
with increasing flttidization gas velocity. When the gas velocity is 
increased, the solids mixing within the reactor is enhanced and the 
contact fi-equency between coal and reactants becomes highe: These 
phenome:la at high gas velocity may provide the overall reaction 
:ate of coal gasification in a fluldized bed high. It can be seen in 
the plot that the activity of K2SO4+Ni(NO3)2 slightly changes ruth 
gas velocity. 

The effect of fluldization gas velocity on cmbon conve:~ion and 
product gas yield (N2-fiee) is shown m Fig. 3. Carbon conversion 
was calculated flora the contents of CO, CH4, and CO2 in the prod - 
uct gas, gas yield and coal feed rate. When the gas velocity is in- 
creased, carbon conversion and gas yield Imemiy increase. These 
results can be atUibuted to the enhancement of overall reaction :-ate 
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Fig. 2. Effect of fluidization gas velocity on l)roduct gas composi- 
tions at 850 ~ air/coal of 1.6, and steam/coal of  0.63. 

of char gasification by more exterzsive solid mixing m a fluidized 
bed react~ In addition, the catalyst promotes the rate of stea'n-char 
reaction (1) and thus it also gives a higher carbon conversion and 
more gas yield. The enhancement of carbon conversion by the mixed 
catalyst became high (up to 32%) at higher gas velocities, aad that of 
gas yield was 24-33% witt~n the gas velocities employed at 850 ~ 

The effect of gas velocity on gas calorific value and cold gas ef- 
ficiency at 850 ~ air/coal of1.6, and steam/ccal of 0.63 is shown 
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Fig. 4. Effect of fluidization gas velocity on gas calorific value anti 
cold gas efficiency at 850 ~ air/coal of 1.6, and steam/coal 
of  0.63. 

mFig. 4. The prcx~ct of the gas calorific value and gas yield divided 
by the heating value of coal fed represents the cold gas efficiency. 
It can be seen that the mixed catalyst increases gas calorific value 
and cold gas efficiency by 7-21% and 5-24%, resl:ectivelt; at gas 
velocity of 2 5 U,~I~ 

The effect of reaction temperature on product gas compositions 
at gas velocity of 3 U,,,~ air/coal ratio of 1.6, and steam/ccel of 0.63 is 
represented in Fig. 5. The use of catalyst in ccal gasification e~]hances 

0.4 

._o 
t9 0.3 >* 

8 
t -  

O 0.2 
0~ 
o 

0,1 

"~ 0,6 

g 
"~ 0.4 
'N, 

i f )  

0,2 

0,0 

T = 850 ~ 

..-.0 

0 : n o  c a t a l y s t  

�9 : K2SO 4 +Ni(NO3) 2 

I r I i I f I I 

2 3 4 5 6 

Ug/Umf 

Fig. 3. Effect of fluidization gas velocity on carbon conversion and 
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the reaction rate and as a result, the conespondmg reaction temper- 
ature of this endothermic reaction can be reduced Both H2 and CO, 
the main prcxi~ct gases, increase not only with temperaatre but also 
with employing the mixed catalyst. Also, the increments of H2 and 
CO by the catalyst are larger at relatively high temperature range 
as like the result in the l~evious kinetic study with then~aobalance 
[Lee and Kim, 1995]. The content of C Q  linearly decreases with 
temperature. Such a change in the prcduct gas composition can be 
a~-ibuted to the fact that the rate of steam-cha gasification reac- 
tion (1) and the activity of the mixed catalyst increase with temper- 
atLtre, whereas the water-gas shift reaction, an exothermic reaction, is 
suppressed with an increase of temper~e. On the other hancl, CH4 
is nearly constant with temperaatre and CI-5 for catalytic gasifica- 
tion is found to be Iower than that for non-catalytic gasification. This 
may be due to the decomposition of C14_4 by the catalyst_ It has been 
reported that hydrogen content in the prcxilct gas has been enhanced 
by decon~position of CH4, light hy&-ocabon mad tar [Ton~ita et aI., 
1985]. Dhirendra et aI. [1986] investigated the effect of various sin- 
gle catalysts and combination ofKzCO3 andNi(NO3)2 on gasifica- 
tion of high ash Indian coai with reaction temperaatre of 500-800 ~ 
in a fluidized bed gasifier. They showed that the product gases like 
H2, CO, CO2, and CH4 fi-om the gasification with 10% K2CO3+1% 
Ni(NQ) 2 were higher than those with the other catalyst_ 

The effect of reaction tempematre on carbon conversion and gas 
yield (N2-fiee) is shown in Fig. 6. When reaction temperature is in- 
creased, carbon conversion and gas yield linearly increase. The en- 
hancement of carbon convei~ion by use of the mixed catalyst is re- 
latively small (5-8%) and that of gas yield ks found to be 8-34% at 
the temt:eratt~s employed in this study. Watldnson et aI. [1987] have 
repolted 10-20% e~11"~lcement of carbon coi~a~eision in their spouted 
bed coal gasifier at 1,000 ~ with adclition of K2CO3 catalyst. The 
carbon conversion in the present catalytic gasification system is found 

to be quite low compared to that obtained in the thennobalance [Lee 
and Kim, 1995]. This may be par@ due to the entrainment of fme 
c(x~I/char particles in the fluidized bed Another possible reason is 
the difference in stea~a/coal ratio in feed between the two systems: 
The st~n/coai ratio used in the present fluidized bed gasifier was 
0.63, whereas an excess steam has been used in the thennobalance. 
Also, the gaseous diffusion process that affects the overall reaction 
rate must be quite different between the two systems. 

The effect of air to coal ratio in the feed on the product gas con~- 
positions at 850 ~ is shown in Fig. 7. The increase in the content 
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of H2 by the catalyst is 42-91% and that of CO is 26-63%. The con- 
tent of C Q  increases with ah/coal ratio due to the combustion of 
cha. The content of CI-T_4 for catalytic gasification slightly decreases 
with air/coal ratio. When oxygen content is rich, K2SO4+Ni(NO3)2 
can be deactivated to the oxide fon~a, which provides little catalytic 
activity for C-H20 reaction. 

The effect of steana/coaI ratio on the product gas con~positions 
at 850 ~ ks shown in Fig. 8. The chages  of H~ and CO in the plot 
are not pronounced and the changes of C Q  and CH4 are hardly ob- 
served with the vmiation of steam conte~at in feed The effect of steam 
concentration on the reaction rate for catalytic coal gasification seems 
to be smaller than that for non-catalytic gasification. 

The unburned carbon fraction in the cyclone frees (UCW) and 
overall efficiency calculated fi-om cyclone capture are summarized 
for the coal gasification with and without the catalyst in Table 2. 
The overall efficiency is calculated from the ratio of carbon in par- 
ticles captured at cyclone to carbon in ccaI feed. It can be seen ffcrn 
Table 2 that UCF decreases mad overall efficiency slightly increases 
by employing the mixed catalyst or by increasing temperature. The 
effects of air/coal and ste~n/coal on UCF and overall efficiency 
are also included in Table 2. When air/coal ratio in feed ks incTeased 
at constant steam/coal ratio, UCF decreases by 15%, and the over- 
all efficiency increases by 15% for catalytic gasification due to the 
increase of reactivity for coal-oxygen reaction. The trends of UCW 
and overall efficiency with the variation of steam/coal ratio are al- 
most same as above. However; the effect of air is more pronounced 
than that of steam in the feed because the rate of char combustion 
is much faster than the rate of c h a  -H~O reaction. 

C O N C L U S I O N S  

The catalyst K2SO4+Ni(NO3)2 was found to enhalce the rate of 

Table 2. Unburned carbon fi-action and overall efficiency at vari- 
ous operat ing  condit ions 

Temp. Ug/ Air/ Steam/ UCF ~L~** HJCO 

(~ U~,r Coal Coal none cat* none cat* none cat* 

750 3 1.6 0.63 0.80 0.70 82.2 86.8 1.07 2.28 
800 3 1.6 0.63 0.81 0.63 83.3 88.5 1.39 2.47 

850 3 1.6 0.63 0.76 0.62 85.0 91.1 1.65 1.86 

900 3 1.6 0.63 0.78 0.65 89.0 86.6 1.40 1.89 

850 2 1.6 0.63 0.80 0.68 89.8 94.1 1.56 1.41 

850 3 1.6 0.63 0.76 0.62 85.0 91.1 1.65 1.86 
850 4 1.6 0.63 0.77 0.66 81.6 87.1 2.00 1.37 

850 5 1.6 0.63 0.68 0.63 84.1 83.8 1.91 1.49 

850 3 1.6 0.63 0.76 0.62 85.0 91.1 1.65 1.86 

850 3 1.9 0.63 0.80 0.66 85.9 88.3 2.04 1.85 

850 3 2.4 0.63 0.77 0.66 85.2 88.1 1.54 1.56 
850 3 3.2 0.63 0.74 0.66 83.1 85.9 1.15 1.35 

850 3 1.6 0.84 0.80 0.66 83.2 87.7 1.86 1.93 

850 3 1.6 1.05 0.69 0.66 86.3 88.6 1.96 1.56 

850 3 1.6 1.26 0.79 0.65 85.0 90.4 2.41 1.95 

* : values for the catalytic gasification. 
** : overall efficiency &carbon. 

coal gasification and product gas quality in the present fluidized 
bed system. The enhancement of  carbon conversion by K2SQ+ 
Ni(NO3)2 was especially larger (up to 32%) at higher gas velocities, 
and that of product gas yield was 24-33% within the gas velocities 
employed at 850 ~ The mmn product gases, H2 and CO, ina-eased 
not only with temperature but also with employmg the mixed cata- 
lyst. ALso, the incre~aent by the catalyst was lager at relatively higher 
temperature. The catalytic incTement of up to 31% could be obtmned 
in gas calorific value at higher temperature range. In the experimen- 
taI rum with variation of steardcoal ratio, the catalytic incTements 
were 16-38% in gas calorific value, 14-57% in carbon convez~ioi1, 
5-46% in gas yield, and 7-44% in cold gas efficiency. With increas- 
ing gas velocity and reaction tempera~-e, the unburned carbon fiac- 
tion decreased 4-18% and 13-16%, respectively, and the overall ef- 
ficiency increased 5-6%. 
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