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INTRODUCTION 

I t  was shown in our previous work tha t  carbonaceous residues from petroleum 
were gasified with extremely high e f f ic iency  in the f lu id ized  bed of alumina-sup- 
ported a lka l i  ca ta lys t s . '  In the present work, we applied the same fluidized bed 
system to  the gasification of solid carbon. Many works have been reported on the 
ca t a ly t i c  ac t iv i ty  of a lka l i  fo r  the gas i f ica t ion  of so l id  carbon such as  coal,  
char and graphite.2-8 Recent studies have showed t h a t  a1 kali-catalyzed gas i f ica-  
t ion of graphite and char proceeds via oxygen t r ans fe r  mechanism where the redox 
of a1 kal i s a l t  i s  e s sen t i a l .  3 9 - 1 1  

In the gasification of petroleum residues,  the  intermediate was carbon depos- 
i t ed  on the ca ta lys t .  I n  the case of so l id  carbon, however, ca t a ly t i ca l ly  ac t ive  
species must travel from ca ta lys t  to  the surface of so l id  carbon, and may hopefully 
return to  ca ta lys t  a f t e r  gas i f ica t ion .  
investigate how ef fec t ive ly  the alumina-supported potassium carbonate ca t a lys t  
functions in the gas i f ica t ion  of solid carbon. 

EXPERIMENTAL 

Apparatus and Procedure 

fixed-bed reactor a t  850°C and atmospheric pressure. 
made of a 40mm diameter and 400mm height s t a in l e s s  s tee l  tube. 
in a ra te  of 4.5 moles/hr a t  the bottom pa r t  of the reac tor .  
tor were described in the previous paper. Fixed-bed gas i f ica t ion  was studied 
using f ive  d i f fe ren t  packing modes of ca t a lys t  and carbon, as shown in Fig. 1 .  
Type A a n d  B beds consisted of carbon-catalyst-carbon and catalyst-carbon layers 
with thin separating layers of alumina, respectively.  
K2C03 and a small amount of carbon was packed i n  the upper layer with the major 
par t  of carbon in the lower. 
and carbon impregnated by K2C03, respectively.  
moles K2C03. 

To investigate the behavior of K2C03 supported on alumina, thermogravimetric 
analyses were performed by use of Shimadzu thermal analyser DT-30. 
were carried out under atmospheric pressure. 
lO"C/min in a stream of H 2 ,  CO o r  He. 

Materials 

I t  i s  the purpose of the present work t o  

Steam gasification of ac t ive  carbon was car r ied  out in a fluidized-bed and a 
The fluidized-bed reactor was 

Steam was supplied 
Details of the reac- 

In Type C bed ,  a mixture of 

Type D and E beds contained a carbon-catalyst mixture 
Each packed-bed contained 4 . 4 8 ~ 1 0 - ~  

The feed r a t e  of steam or C02 was 0.33 moles/hr. 

Measurements 
The sample was heated a t  a ra te  of 

An active carbon was used in the present work as a feedstock. I t  was prepared 
from coconut shell and was supplied by Tsurumi Coal CO. L t d .  The ultimate analysis 
showed 95% C ,  1 .7% 0, 0.3% H, 0.1% N, 5.1% S and 2.8% ash. 
K2C03 ca ta lys t  containing 1 . 2 8 ~ 1 0 - ~  moles K2C03/g-catalyst, was used in t h i s  work. 
The ca ta lys t  was prepared as follows: 
K2C03, and dried a t  100'C. Alumina was obtained by calcining y-alumina a t  1200°C 
for 2 hr. 

An alumina-supported 

alumina was impregnated by a solution of 

The ca ta lys t  was dried a t  350°C f o r  2 hr followed by screening and a 
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p o r t i o n  of t h e  p a r t i c l e s  i n  t h e  range o f  3 2 - 6 5  mesh were used i n  the  c a t a l y t i c  
s tud ies .  

RESULTS AND D I S C U S S I O N  

F l u i d i z e d  Bed G a s i f i c a t i o n  

The c a t a l y t i c  a c t i v i t y  o f  K 2 C 0 3  suppor ted on alumina was compared w i t h  t h a t  of 
K 2 C 0 3  supported on carbon i t s e l f .  A s  g iven i n  F i g .  2, t he  v a r i a t i o n  o f  g a s i f i c a -  
t i o n  r a t e  w i t h  r e a c t i o n  t ime  f o r  b o t h  cases over lapped i n  the whole range o f  carbon 
conversion. When carbon was comp le te l y  g a s i f i e d ,  another  dose o f  carbon was 
charged t o  t h e  r e s i d u a l  f l u i d i z e d  bed. I n  b o t h  cases, t he  carbon was g a s i f i e d  i n  
the same r a t e  w i t h  t h e  f i r s t  run,  and i t  was reproduced on repeated seve ra l  doses 
o f  a d d i t i o n a l  carbon charge. These r e s u l t s  seem t o  show t h a t  c a t a l y t i c a l l y  a c t i v e  
species r a p i d l y  t r a n s f e r  f rom c a t a l y s t  t o  t h e  su r face  o f  carbon and r e t u r n  t o  
alumina surface a f t e r  g a s i f i c a t i o n .  
below t h e  m e l t i n g  p o i n t  o f  KZCO3 (89 loC) ,  decomposit ion o r  reduc t i on  o f  K2C03 
should be i n v o l v e d  i n  the  t r a n s f e r  o f  t he  a c t i v e  species.  
was found t o  be a f u n c t i o n  o f  t h e  amount o f  carbon i n  the  f l u i d i z e d  bed, be ing 
independent of t he  c a t a l y s t  amount i n  the  range t e s t e d  ( b u l k  K / C  2 0.015). 
the amount o f  a c t i v e  species r e q u i r e d  i s  n o t  very  l a r g e .  

Thermogravimetric (TG) Study 

t i g a t e d ,  the r e s u l t s  be ing shown i n  F i g .  3. I n  f l o w i n g  He o r  CO, K 2 C 0 3  decomposed 
above 6 5 0 ° C  t o  C o n  and K 2 0  which was r e t a i n e d  by alumina. I n  a s t ream o f  HP, the 
weight  r e d u c t i o n  exceeded t h a t  o f  deca rboxy la t i on ,  showing a f u r t h e r  reduc t i on  o f  
K 2 0  t o  K.  
t o  potassium meta l  i n  f l o w i n g  He. 

Packed-bed G a s i f i c a t i o n  

A s  t he  r e a c t i o n  temperature ( 8 5 0 ° C )  was f a r  

The g a s i f i c a t i o n  r a t e  

Thus, 

Reactions o f  K 2 C 0 3  on a lumina i n  a s t ream o f  reduc ing  o r  i n e r t  gas were inves- 

Carbon p h y s i c a l l y  mixed w i t h  t h e  c a t a l y s t  was a l s o  found t o  reduce KzCO3 

TG experiments showed t h a t  K 2 C 0 3  i n  the  c a t a l y s t  was reduced by f l o w i n g  H 2  b u t  
n o t  by CO. 
C-C02 r e a c t i o n s  were performed u s i n g  packed-beds of Type A and Type B. The r e s u l t s  
a re  shown i n  F ig .  4. 
bed (Type A )  was g a s i f i e d  w i t h  a g r e a t e r  r a t e  than the  c a t a l y s t / c a r b o n  double- layer  
bed (Type B). The r a t e  o f  C-C02 r e a c t i o n  was n o t  i n f l u e n c e d  by t h e  mode o f  bed- 
packing. 
of Type A bed t o  y i e l d  H2 i s  e f f e c t i v e  t o  form K i n  the  middle l a y e r  and t o  make 
the  g a s i f i c a t i o n  i n  the  l ower  l a y e r  c a t a l y t i c .  

Fu r the r  evidence f o r  t h e  t r a n s p o r t  o f  K vapor was ob ta ined  by t h e  run  us ing a 
Type C packed-bed where K2COs was mixed w i t h  a smal l  amount o f  carbon i n  the  upper 
l a y e r .  The s o l i d  c o n t a c t  r e d u c t i o n  o f  K 2 C 0 3  by carbon was ve ry  r a p i d  and K was 
mounted on carbon i n  the  l ower  l a y e r  i n  a stream o f  n i t r o g e n .  A s  shown i n  F ig .  5 ,  
t r ans fe red  K gave a r a t e  o f  g a s i f i c a t i o n  g r e a t e r  than n o n - c a t a l y t i c  one. A s  gas i -  
f i c a t i o n  proceeded and K / C  r a t i o  increased t o  some e x t e n t ,  t h e  r a t e  o f  g a s i f i c a t i o n  
decreased w i t h  decreas ing amount o f  carbon. When t h e  c a t a l y s t  i n s t e a d  o f  KzCOS was 
packed w i t h  carbon i n  t h e  upper l a y e r ,  no apprec iab le  enhancement o f  g a s i f i c a t i o n  
r a t e  was observed probably  due t o  t h e  adhesion o f  K on alumina which d i d  n o t  enable 
the  d i s t a n t  t r a n s p o r t  o f  K i n  gas phase. 

F igure 6 shows t h e  r a t e  o f  g a s i f i c a t i o n  i n  a u n i f o r m  m i x t u r e  o f  carbon and 
c a t a l y s t ,  compared w i t h  t h a t  o f  carbon impregnated by K 2 C 0 3 .  
amount of carbon i n  t h e  bed and decreas ing K / C  r a t i o ,  the r a t e  o f  g a s i f i c a t i o n  
incredsed and s a t u r a t e d  a t  

To examine t h e  e f f e c t  o f  c a t a l y s t  r e d u c t i o n  on g a s i f i c a t i o n ,  C - H 2 0  and 

For C - H 2 0  r e a c t i o n ,  t h e  ca rbon /ca ta l ys t / ca rbon  t r i p l e - l a y e r  

It i s  thus deduced t h a t  n o n - c a t a l y t i c  C - H 2 0  r e a c t i o n  i n  t h e  upper l a y e r  

Wi th i n c r e a s i n g  

b u l k  K / C  r a t i o  around 0 . 0 3 - 0 . 3 5 .  Reduction o f  K2C03 
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and t r a n s f e r  of K would c r e a t e  a c t i v e  cen te rs  on carbon su r face .  The r a t e  o f  g a s i -  
f i c a t i o n  should be p r o p o r t i o n a l  t o  t h e  number o f  a c t i v e  cen te rs .  A t  K / C  r a t i o s  
above sa tu ra t i on ,  the number o f  a c t i v e  cen te rs  seemed t o  be determined by the 
amount of carbon, and t h e  g a s i f i c a t i o n  r a t e s  i n  bo th  cases co inc ided .  A t  K /C 
r a t i o s  below sa tu ra t i on ,  however, K2C03 on alumina seems t o  c r e a t e  l a r g e r  numbers 
of a c t i v e  centers  than K2C03 on carbon. 

Overa l l  K i n e t i c s  

Recent s tud ies  o f  Mims e t  a1.’y6 have i n d i c a t e d  t h a t  t he  r a t e  o f  K2C03- 
ca ta l yzed  g a s i f i c a t i o n  o f  amorphous carbon i s  p r o p o r t i o n a l  t o  t h e  (H20) / (H2) ra t i o ,  
i n  agreement w i t h  t h e i r  g a s i f i c a t i o n  mechanism. The r e s u l t s  ob ta ined  i n  the 
present  work were a l s o  found t o  obey t h e  f o l l o w i n g  r a t e  exp ress ion  meaning product  
i n h i b i t i o n :  

r a t e  = k.Cx.(HpO/Hz) 1 )  

where Cx meant the  number of a c t i v e  centers .  F igures 7 and 8 show rate.(Hz/H20) 
vs t h e  amount o f  t o t a l  carbon ( C t )  f o r  packed-bed and f l u i d i z e d - b e d  experiments, 
r e s p e c t i v e l y .  Here, (H2/H20) was ob ta ined  by averaging r a t i o s  a t  r e a c t o r - i n l e t  
and o u t l e t .  Assuming t h a t  Ct=Cx i n  t h e  r e g i o n  o f  l a r g e  K/C r a t i o ,  t h e  r a t e  co- 
e f f i c i e n t s  f o r  packed-bed and f l u i d i z e d - b e d  g a s i f i c a t i o n  were determined t o  be 0.54 
and 0.48 ( h r - I ) ,  r e s p e c t i v e l y .  Roughly c o i n c i d e n t  r a t e  c o e f f i c i e n t s  seem t o  mean a 
common g a s i f i c a t i o n  mechanism o p e r a t i n g  i n  the  packed-bed and f l u i d i z e d - b e d  g a s i -  
f i c a t i o n  . 
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HzO 

KzC03 t . .  0.008moles 

carbon 
0.269moles 

carbon ....... .. carbon 
0.277mo1es ."__"" 0.2771~101 es 

F i g u r e  1. Packed bed r e a c t o r s  o f  d i f f e r e n t  types A-E. The amount 
o f  c a t a l y s t  i n  packed beds A, B and D were 3.59 which conta ined 
4 . 4 8 ~ 1 0 - ~  moles K 2 C 0 3 .  The same amount o f  K 2 C 0 3  were packed i n  beds 
C and E .  -, A1203 i s o l a t e r ;  EZd, carbon; m, c a t a l y s t ;  E3 ,  K 2 C 0 3 .  

1 
3 

I 

0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2 

F igu re  2. Rate o f  f l u i d i z e d - b e d  g a s i f i c a t i o n  i n  Runs; A ( 0 )  w i t h  K 2 C 0 3  
(0.123moles) on alumina (839)  t carbon (3.96moles) f o l l o w e d  by Run B (a) 
with f r e s h l y  charged carbon (3.96moles) a f t e r  a complete consumption o f  
carbon i n  t h e  preceding run;  and C ( 0 )  w i t h  KzCO3 on carbon (3.96moles) 
+ a lumina (839) f o l l o w e d  by  D ( 0 )  as Run B a f t e r  Run A. 

Time ( h r )  
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t 

\ KZC03+C= I \ K20+2CO 

I I I I I 

500 600 700 800 900 
Temperature ("C ) 

F igu re  3. Thermogravimetric analyses on decomposit ion and 
reduc t i on  o f  K2C03 suppor ted on alumina: A, i n  He; B, i n  H P ;  
C, i n  CO; 0, mixed w i t h  a c t i v e  carbon (K/C=0.17) i n  He. 
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Time ( h r )  

packed-beds Type A ( c a t a l y s t - c a r b o n - c a t a l y s t )  and Type B ( c a t a l y s t -  
carbon) w i t h  r e a c t i o n  t ime:  0 a n d @  , C-HZO and C-COz r e a c t i o n s  i n  
Type A, r e s p e c t i v e l y ;  0 and 0 ,  those i n  Type B. 
of carbon and c a t a l y s t  were 0.277 moles and 3.59, r e s p e c t i v e l y .  

F igu re  4. V a r i a t i o n  i n  r a t e s  o f  C-HzO and C-C02 r e a c t i o n s  i n  

I n i t i a l  amounts 
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0 0 .5  1 1.5 2 2.5 

Time ( h r )  

F igu re  5. Enhancement o f  g a s i f i c a t i o n  r a t e  i n  packed-bed Type C 
(0)  where K 2 C O 3  was reduced by a smal l  amount o f  carbon i n  the 
upper l a y e r ,  i n  comparison w i t h  Type B (a). 

0 0.05 0.10 0.15 0.20 0.25 
Amount o f  Carbon (mole) 

F igu re  6.  Rates o f  packed-bed g a s i f i c a t i o n  o f  carbon mixed 
Wi th  c a t a l y s t  (Type 0, 0 ) and K2C03 (Type E, 17 ) as a 
f u n c t i o n  o f  the amount o f  carbon i n  the  beds. 
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F igu re  7. P l o t s  between rate. (H2) / (HzO) and C t  f o r  data f rom 
packed-bed experiments: 0 ,  Type C; A, Type 0; 0, Type E. 

I I I 

1 2 3 

F igure 8. P l o t s  between rate.(H,)/(HzO) and C t  f o r  data on f l u i d i z e d - b e d  
Amount o f  Carbon (mole) 

g a s i f i c a t i o n :  c a t a l y s t  we igh t  0 , 1509; A ,  1009; 0 ,  259. 
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