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Introduction 
Gasification of coals to produce high-Btu gases is receiving ex- 

tensive attentions. Catalysis at gasification stage is investigated 
by several workers(l), but the catalytic processes, especially the 
interaction between coal and catalyst, are not well understood. In 
the preceding report from this laboratory, it was shown that some of 
the transition metals catalyze the hydrogasification of active carbons 
and that methane was formed in two or three stages. When Ni was used, 
the first stage reaction occurred at a temperature region around 550°C 
and the second one above 80OOC. It would be interesting if the low 
temperature reaction can be incorporated in a coal conversion process. 
In this presentation, a study to clarify the nature of the reactions 
is described, putting emphasis on the behavior of Ni. 

Experiment a 1 s 
Two types of activated carbon were used; one in a granular form 

(AC-G) and the other a powder(AC-P). They were impregnated with a Ni 
salt, normally Ni(N0 ) if not stated otherwise, from aqueous solu- 
tion. Gasification %a2 conducted mainly in a thermobalance and the 
specimen, 0.1-0.5 g, was heated in an atmospheric flow of hydrogen at 
a constant heating rate(denoted as HR) up to 1000°C and the amount of 
methane formed was analyzed by a gas chromatograph. Gasification at 
elevated pressures were done in a fixed bed reactor. In this case, 
the temperature was raised to 900°C in 8 0  min and kept for 1 hr. 

The dispersion of Ni on carbon surface was examined using X-ray 
diffraction, scanning electron microscope and a magnetic measurement. 
In the last one, the magnetization of the specimen was measured in 
hydrogen atmosphere by Faraday method using a permanent magnet. The 
apparant magnetic susceptibility given below,&, is supposed to be 
proportional to the magnitude of magnetization at a constant field. 

Types of reactions concerned 
A typical methane formation profile is illustrated in Fig. 1. Of 

the two active regions, the lower one between 400 and 700’C is refer- 
red to as R-1 and the other, the higher one above 800°C, as R-2. In 
the results niven below, conversion to methane is denoted by X. 

Results 

Features of i - 1  reaction 
r l l  TemDerature deuendence. One of the marked character of R-1 is 

its’trankient naturk, i.e., the specimen lost its activity when heat- 
ed above 6 5 0 ° C  whether the heating accompanied gasification or not, 
but a re-impregnation of Ni to the deactivated specimen restored the 
reactivity(Tab1e 1). Even when the temperature was kept within the 
active region, the rate decreased rather rapidly, as shown by one of 
the broken lines, A, in Fig. 1, as if a limited portion of carbon 
could be gasified. 
[2] Pressure dependence. R-1 had a negative dependence on the hydro 

gen pressure above 1 atm(Fig. 2). 
[ 3 ]  Dependence on Ni content. Fig. 3 shows that X(R-1) is small up 

to 2 % of Ni for AC-P and beyond this limit, the conversion increases 
steeply with Ni content. For another carbon, similar patterns were 
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observed,  b u t  t h e  e x t e n t  of  N i  c o n t e n t  w i t h i n  which t h e  a c t i v i t y  was 
i n s i g n i f i c a n t  depended on s u r f a c e  s t a t e  of  carbon.  For example, a 
n i t r i c  a c i d  t r e a t m e n t  o f  AC-G(in 1 3 . 5  N a c i d  a t  20°C f o r  3 h r )  i n -  
c r e a s e d  t h e  amount o f  i n a c t i v e  N i  t o  4 % when t h i s  was 1 . 5  % f o r  un- 
t r e a t e d  specimen(AC-G). The c o n c e n t r a t i o n s  of  s u r f a c e  a c i d i c  s i t e s  
t i t r a t e d  w i t h  NaOH were 52 and 9 mmo1/100g f o r  t r e a t e d  and u n t r e a t e d  
carbon,  r e s p e c t i v e l y .  This  s u g g e s t  t h a t  t h e  i n a c t i v e  N i  atoms a r e  
t rapped  a t  a c t i v e  s i t e s .  

a s  N i  s o u r c e .  Ni3C03(0H) 
were a c t i v e  f o r  R - 1 ,  wher2as N i C l  
c o n d i t i o n s .  
v a r i e d  w i t h  t h e  c o n d i t i o n  t o  reduce t h e  s a f t .  
by a prolonged r e d u c t i o n  a t  lower temperatures(Tab1e 3 ) .  These re -  
s u l t s  can  be unders tood  by a v a r i a t i o n  i n  t h e  d i s p e r s i o n  o f  N i .  
Fea tures  o f  R - 2  r e a c t i o n  
[l] Dependence on tempera ture  and p r e s s u r e .  R - 2  i s  an o r d i n a l  r e a c -  

t i o n  i n  t h a t  i t  p r o c e e d s  a t  n e a r l y  c o n s t a n t  r a t e  a t  a c o n s t a n t  temper- 
a t u r e  though t h e  r a t e  i n c r e a s e d  somewhat a t  t h e  i n i t i a l  p e r i o d  and 
decreased  g r a d u a l l y  w i t h  t h e  carbon b u r n - o f f  and t h a t  t h e  r a t e  v a r i e d  
r e v e r s i b l y  wi th  t e m p e r a t u r e .  R - 2  had a p o s i t i v e  o r d e r  w i t h  r e s p e c t  
t o  hydrogen p r e s s u r e ( F i g .  2 ) .  

[ 2 ]  Dependence on N i  c o n t e n t .  I n  c o n t r a s t  t o  R - 1 ,  X(R-2) i n c r e a s e d  
w i t h  N i  c o n t e n t  a t  f i r s t  b u t  l e v e l e d - o f f  soon,  a s  shown i n  F i g .  3 .  

[ 3 ]  E f f e c t  of  N i  s a l t  and t h e  s u r f a c e  s t a t e  of carbon.  R - 2  had no 
p r e f e r e n c e  t o  t h e  s p e c i e s  of  N i  s a l t  t o  be impregnated(Tab1e 2 ) .  
A l s o ,  t h e  s u r f a c e  t r e a t m e n t  o f  carbon had n e g l i g i b l e  e f f e c t  on X(R-2). 
Dispers ion  of N i  on carbon s u r f a c e  

[ l ]  X-ray d i f f r a c t i o n .  The b r e a d t h  o f  (111) d i f f r a c t i o n  o f  N i  showed 
a t r e n d  t h a t  t h e  s m a l l e r  t h e  average  c r y s t a l l i t e  s i z e ,  t h e  l a r g e r  
t h e  X(R-l) ,  and t h a t  growth o f  N i  c r y s t a l l i t e s  occur red  a f t e r  R - 2  
took  place(Tab1e 2 ) ,  b u t  t h i s  method i s  i n s e n s i t i v e  t o  t h e  s m a l l e r  
p a r t  o f  c r y s t a l l i t e  and i s  i n a p p r o p r i a t e  t o  f o l l o w  t h e  changes dur ing  

[ 2 ]  Microscopic  o b s e r v a t i o n .  From o b s e r v a t i o n s  by a SEM, s l i g h t  
change i n  t h e  d i s t r i b u t i o n  o f  N i  was noted  a f t e r  t h e  complet ion of 
R - 1 .  Upon h e a t i n g  t o  R - 2  r e g i o n ,  v i g i b l e  N i  p a r t i c l e s  appeared on 
t h e  whole s u r f a c e ( F i g .  4 ) .  

[3]  Magnetic measurement. F i g .  5 demonst ra tes  t y p i c a l  changes i n  
at t h e  i n i t i a l  and t h e  f i n a l  s t a g e  of  R - 1 .  The t u r n s  a t  70-2OO0C 

w 8 s  a s c r i b e d  t o  t h e  a d s o r p t i o n  o f  hydrogen a t  lower tempera tures .  
The f i g u r e  i n d i c a t e s  t h a t  N i  i n  u n r e a c t e d  specimen i s  i n  a superpara-  
magnetic s t a t e ( 3 ) , w h i c h  was c o n v e r t e d  i n t o  a fe r romagnet ic  s t a t e  by 
h e a t i n g .  The X a t  100°C fromdescending curve  o r  i t s  e x t r a p o l a t i o n  
was used a s  a mgasure o f  t h e  d i s p e r s i o n  of  N i  and i s  g iven  a s  2 i n  
Table  4 ,  t o g e t h e r  w i t h  t h e  a c t i v i t y  i n  R - 1 .  The convers ion  i n t o  a 
fe r romagnet ic  s t a t e  o c c u r r e d  even w i t h o u t  g a s i f i c a t i o n  r e a c t i o n .  I f  
a p l o t  i s  made from Table  4 ,  i t  can  be shown t h a t  t h e  remaining a c -  
t i v i t y  o f  specimens p r e h e a t e d  t o  v a r i o u s  degree  i s  n e a r l y  p r o p o r t i o n -  
a l  t o  t h e  change i n  Xp by f u r t h e r  h e a t i n g .  In  a n o t h e r  experiment ,  a 
specimen was h e a t e d  r e p e a t e d l y  t o  t h e  prede termined  tempera ture  which 
was r a i s e d  i n  s u c c e s s i o n  and t h e  weight  a n d %  were measured a t  room 
tempera ture(Fig .  6 ) .  Both o f  t h e s e  changed c h c u r r e n t l y  a t  t h e  same 
tempera ture  r e g i o n s .  The X d e c r e a s e d  d u r i n g  o r  a f t e r  R - 2 ,  which 
seems t o  s u g g e s t  a change i?i t h e  bonding s t a t e  o f  N i ,  p robably  due t o  
t h e  d i s s o l u t i o n  o f  carbon o r  some component of  a s h  c o n c e n t r a t e d  on 
carbon s u r f a c e .  

[ 4 ]  E f f e c t  of  N i  s a l t s .  Table  2 shows a comparison of N i  s a l t s  used 
from aqueous ammonia s o l u t i o n  and Ni(N0 ) 2  

The a c t i v i t y  i n c r e a s e d  

was a lmost  i n a c t i v e  under  norma? 
I n t e r e s t i n g l y ,  X(R-1f o f  N i C l  - impregnated specimen 

R - 1 .  
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Discuss  i o n s  
From t h e  r e s u l t s  g iven  above,  i t  can be concluded t h a t  t h e  deac-  

t i v a t i o n  by h e a t i n g  above t h e  R - 1  r e g i o n  i s  due t o  a change i n  t h e  
d i s p e r s i o n  of  N i ,  i . e . ,  an a g g r e g a t i o n  t o  a l a r g e r  p a r t i c l e s .  F ig .  6 
and Table  4 seem t o  s u g g e s t  t h a t  t h e  c a t a l y t i c  a c t i o n  i s  r e l a t e d  t o  
t h e  m i g r a t i o n  o f  N i  atoms and s m a l l e r  p a r t i c l e s  on carbon s u r f a c e .  
The m i g r a t i o n  i t s e l f  i s ,  perhaps ,  a thermal  motion,  n o t  a s s o c i a t e d  
w i t h  t h e  g a s i f i c a t i o n  r e a c t i o n .  The dependence o f  R - 1  a c t i v i t y  on 
N i  c o n t e n t  i n d i c a t e s  t h a t  t h o s e  atoms s t r o n g l y  h e l d  a t  a c t i v e  s i t e s  
a r e  immobile and a r e  i n a c t i v e  f o r  R - 1 .  N i  p a r t i c l e s  c o n t i n u e  t o  
grow d u r i n g  R - 2 ,  b u t  t h i s  seems t o  be caused by t h e  d isappearance  o f  
t h e  s u b s t r a t e .  

Two types  of  p o s s i b l e  mechanism of  c a t a l y t i c  g a s i f i c a t i o n  a r e  
f r e q u e n t l y  d i s c u s s e d :  (A) hydrogen d i s s o c i a t e s  on t h e  c a t a l y s t  s u r f a c e  
and s p i l l s  over  t o  carbon s u r f a c e ,  and ( B )  c a t a l y s t  m o d i f i e s  t h e  C - C  
bonds t o  enhance t h e  r e a c t i v i t y .  The p r e s e n t  r e s u l t s  a r e  i n s u f f i -  
c i e n t  t o  draw a conclus ion  about  t h e  mechanism, b u t  i t  seems impro- 
bable  t h a t  (A) type a c t i o n  i s  working i n  R - 1 ,  as t h i s  has  n e g a t i v e  
dependence on hydrogen p r e s s u r e .  For R - 2 ,  on t h e  o t h e r  hand,  
(A) type  a c t i o n  can account  t h e  p r e s s u r e  dependence as w e l l  a s  t h e  
i n s e n s i t i v e n e s s  t o  N i  c o n t e n t  and t o  t h e  s t a t e  o f  d i s p e r s i o n ,  a l though 
o t h e r  p o s s i b l e  e x p l a n a t i o n s  may e x i s t .  The d e c r e a s e  i n  a t  R - 2  
r e g i o n  need f u r t h e r  s t u d y  and i t  i s  n o t  c l e a r  a t  p r e s e n t  Whether t h i s  
change has  any c o r r e l a t i o n  w i t h  t h e  g a s i f i c a t  on r e a c t i o n .  
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Table  1 A c t i v i t i e s  i n  R-1* 

Specimen X(R-1) 
Unr e a c  t e d 30.2 % 
Reacted once 0 . 7  
Re-impregnated 2 7 . 7  
Prehea ted  i n  He** 3 . 1  
* AC-P, 5 % N i .  HR=5'C/min. 
**  a t  6OO0C f o r  2 h r .  

Table  2 Comparison of N i  s a l t s *  
C r y s t a l l i t e  s i z e  a f t e r  

S a l t  N i  c o n t e n t  X ( R - 1 )  X(R-2) r e d u c t i o n  R - 1  R-Z 
N i  (NO3) 4 . 3  % 5 . 8  % 7 . 0  % 35 A 4 0  260 

N i C 1 2  4 . 1  0 . 8  6 . 4  2 0 0  2 0 0  230 

Ni3C03(0H)4** 4 . 1  6 . 3  4.8 2 6 0  300 320 
N i B r 2  4 .3  0 .9  5 .4 2 0 0  - 490 

(CH3C00)2Ni** 3.9 1 . 2  6.8  165 - 190 

* A C - G ,  HR=2.3OC/min. 
* *  Impregnated from aqueous ammonia s o l u t i o n .  
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Table 3 Effect of reduction temperature 

Conditions X(R-1) Crystallite size 
24OoC, 5 hr 1.2 % - A  
257'C, 14.7 hr 2.7 125 
263'C, 8 hr 1.1 1 3 5  
284'C, 3 hr 0.8 140 
const. rise** 0.9 200  
* AC-G impregnated with NiCIZ (4.1 * %  Ni). 
* *  HR=2.3OC/min. 

Table 4 2 and R-1 reactivity* 
Ni content Treatment** x o  X(R-1) 

1 %  3OO0C, 2 hr 3.2 esu/g Ni 1.2 % 
1 450°C, 2 hr 3.7 0 . 5  

5 300"C, 2 hr 2.3 30.2 
5 450°C, 0 hr 3.9 2 5 . 2  
5 45OoC, 2 hr 4.2 24.0 
5 600"C, 2 hr 8.0 0.7 
5 6OO0C, 2 hr in He 8.9 3.1 

1 6OO0C, 2 hr 5 . 5  0.1 

* AC-P, HR=5'C/min. 
** In hydrogen except for the last line. 

Fig. 1 Methane formation profile (AC-G) 
Solid line: HR=2.3'C/min, 
Broken lines: Temperature was kept constant 
from the points marked by asterisks. A at 
56OOC and B at 1000°C. 
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Fig. 2 Pressure dependence (AC-G, 7%Ni) 
R - 1 :  conversion in %. 
R-2:  m a x ' m  rate at 900°C in 

10-3 g;g.min. 

I I I I I 0 200 400 
Temperature ("C) 

Fig. 5 Apparant magnetic susceptibility 

Specimens were heated in hydrogen for 
2 h, A: at 3OO0C, B: at 6OO'C before 

of AC-P with 5 % Ni 

Fig. 3 Conversion vs .  Ni content 
Specimen: AC-P, HR=S"C/min. 

00 
Temperature ("C) 

Fig. 6 Changes in weight and 
magnetization 

Specimen: NiCIZ-impregnated 
(5 % Ni) 

measurement. 
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(b) Heated t o  6 7 0 ' C .  
X = 5 . 1  % 

X = 1 1 . 4  % X=18.9 % 

F i g .  4 Photographs o f  an A C - G  specimen wi th  7 % Ni(as  an average 
f o r  a b a t c h  o f  t h e  specimen),  h e a t e d  r e p e a t e d l y  i n  hydrogen 

HR=5 "C/min . 
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