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©  Catalyst  for  coal  liquefaction  and  process  for  liquefying  coal  using  the  same. 
  A  catalyst  for  coal  liquefaction  consisting  essentially  of 
at  least  one  substance  which  is  able  to  be  molten  metal  at 
350  to  500°C  in  an  atmosphere  of  hydrogen  can  give 
remarkably  high  conversion  of  coal  when  used  as  catalyst  in 
a  coal  liquefaction  reaction. 



T h i s   i n v e n t i o n   r e l a t e s   to   a  c a t a l y s t   u s e d   i n  

a  p r o c e s s   f o r   l i q u e f y i n g   c o a l   by  r e a c t i n g   c o a l   w i t h  

h y d r o g e n   a n d   a  p r o c e s s   f o r   l i q u e f y i n g   c o a l   u s i n g   s a i d  

c a t a l y s t .  

Among  p r o c e s s e s   f o r   l i q u e f y i n g   c o a l ,   t h e r e   i s  

a  p r o c e s s   in   w h i c h   c o a l   i s   r e a c t e d   w i t h   h y d r o g e n   in   t h e  

p r e s e n c e   of  a  c a t a l y s t   a t   h i g h   t e m p e r a t u r e s   u n d e r   h i g h  

p r e s s u r e .   T y p i c a l   c a t a l y s t s   u s e d   in   t h i s   c o a l   l i q u e -  

f a c t i o n   p r o c e s s   a r e   t h o s e   c a r r y i n g   a c t i v e   c o m p o n e n t s   s u c h  

as  m o l y b d e n u m ,   c o b a l t ,   n i c k e l ,   e t c . ,   on  a  a l u m i n a   c a r r i e r .  

R e c e n t l y ,   t h e r e   was  f o u n d   a  c a t a l y s t   c a r r y i n g  

a  t r a n s i t i o n   m e t a l   or   a  t i n   c o m p o u n d   on  a  p o r o u s   c a r r i e r  

c o n t a i n i n g   m a g n e s i u m   s i l i c a t e   as  a  m a i n   c o m p o n e n t   i n  

p l a c e   of  t h e   c a t a l y s t s   m e n t i o n e d   a b o v e   ( e . g . ,   J a p a n e s e  

P a t e n t   A p p l n .   K o k a i   ( L a i d - O p e n )   No.  7 2 0 7 9 / 8 1 ) .   A c c o r d -  

i n g   to   s a i d   J a p a n e s e   P a t e n t   A p p l n   K o k a i ,   t h e   c o a l   l i q u e -  

f a c t i o n   r e a c t i o n   i s   c a r r i e d   o u t   by  s u b j e c t i n g   c o a l   in  a  

s o l v e n t   to   h y d r o g e n a t i o n   t r e a t m e n t   in   t h e   p r e s e n c e   of  a  

c a t a l y s t   u n d e r   a  p r e s s u r e   of  50  to   500  k g / c m 2   a t   a  

t e m p e r a t u r e   of  400  to   500°C .   When  m o l y b d e n u m   o x i d e   a n d  

c o b a l t   o x i d e   c a r r i e d   on  a  m a g n e s i u m   s i l i c a t e   c a r r i e r   i s  

u s e d   as  c a t a l y s t ,   t h e   c o n v e r s i o n   of  c o a l   r e a c h e s   7 8 . 3 %  

to   90 .6%.   Bu t   t h e   c o n v e r s i o n   of  c o a l   i s   s t i l l   i n s u f f i c i e n t  

and  t h e r e   a r e   some  p r o b l e m s   due  to   t h e   u s e   of  c a r r i e r  

f o r   c a t a l y s t .  



I t   i s   an  o b j e c t   of   t h i s   i n v e n t i o n   to   p r o v i d e  

a  c a t a l y s t   f o r   c o a l   l i q u e f a c t i o n   w i t h   a  h i g h e r   c o n v e r s i o n  

o f   c o a l   t h a n   t h e   c a s e   of   u s i n g   t h e   c a t a l y s t   c a r r y i n g   a n  

a c t i v e   c o m p o n e n t   on  a  c a r r i e r   c o n t a i n i n g   m a g n e s i u m   s i l i -  

c a t e   as  a  m a i n   c o m p o n e n t   as  m e n t i o n e d   a b o v e ,   and   a  p r o c e s s  

f o r   l i q u e f y i n g   c o a l   by  u s i n g   s a i d   c a t a l y s t .  

T h i s   i n v e n t i o n   p r o v i d e s   a  c a t a l y s t   f o r   c o a l  

l i q u e f a c t i o n   c o n s i s t i n g   e s s e n t i a l l y   of   a t   l e a s t   o n e  

s u b s t a n c e   w h i c h   i s   a b l e   t o   be  m o l t e n   m e t a l   a t   350  to   5 0 0 ° C  

in   an  a t m o s p h e r e   of  h y d r o g e n .  

T h i s   i n v e n t i o n   a l s o   p r o v i d e s   a  p r o c e s s   f o r   l i q u e -  

f y i n g   c o a l   w h i c h   c o m p r i s e s   r e a c t i n g   c o a l   in   a  s o l v e n t  

w i t h   h y d r o g e n   a t   a  r e a c t i o n   t e m p e r a t u r e   o f   350  to   5 0 0 ° C  

u n d e r   a  r e a c t i o n   p r e s s u r e   of  50  to   700  k g / c m 2   in   t h e  

p r e s e n c e   of   a  c a t a l y s t   c o n s i s t i n g   e s s e n t i a l l y   of   a t   l e a s t  

one   s u b s t a n c e   w h i c h   i s   a b l e   to   be  m o l t e n   m e t a l   a t   3 5 0  

t o   500°C   in  an  a t m o s p h e r e   of   h y d r o g e n .  

In  t h e   a t t a c h e d   d r a w i n g s ,   F i g .   1  i s   a  g r a p h  

s h o w i n g   a  r e l a t i o n s h i p   b e t w e e n   t h e   c o n v e r s i o n   of  c o a l  

a n d   t h e   r e a c t i o n   t e m p e r a t u r e ,   and  F i g .   2  i s   a  g r a p h   s h o w -  

i n g   a  r e l a t i o n s h i p   b e t w e e n  t h e   c o n v e r s i o n   of  c o a l   a n d  

t h e   r e a c t i o n   p r e s s u r e .  

The  c a t a l y s t   of   t h i s   i n v e n t i o n   i s   q u i t e   d i f f e r -  

e n t   f r o m   t h e   known  c a t a l y s t s   and  t h e   c o a l   l i q u e f a c t i o n  

p r o c e s s   u s i n g   t h e   s p e c i a l   c a t a l y s t   of  t h i s   i n v e n t i o n   i s  

f u n d a m e n t a l l y   d i f f e r e n t   f r o m   t h e   known  c o a l   l i q u e f a c t i o n  .  

p r o c e s s e s   as  w i l l   be  e x p l a i n e d   b e l o w .  

In  t h e   c a s e   of   u s i n g   t h e   c a t a l y s t   c a r r y i n g   a n  



a c t i v e   c o m p o n e n t   s u c h   as  n i c k e l ,   m o l y b d e n u m ,   c o b a l t ,  

e t c . ,   on  an  a l u m i n a   c a r r i e r   and   t h e   c a t a l y s t   c a r r y i n g  

a  t r a n s i t i o n   m e t a l   or  a  t i n   c o m p o u n d   on  a  p o r o u s   c a r r i e r  

c o n t a i n i n g   m a g n e s i u m   s i l i c a t e   as   ma in   c o m p o n e n t   as  m e n -  

t i o n e d   a b o v e ,   t h e   c a t a l y s t s   a r e   p r e s e n t   in   t h e   s t a t e   o f  

s o l i d   d u r i n g   t he   c o a l   l i q u e f a c t i o n   r e a c t i o n .   E v e n  

in  t h e   c a s e   of  c a r r y i n g   a  t i n   c o m p o u n d   on  t h e   p o r o u s  

m a g n e s i u m   s i l i c a t e   c a r r i e r ,   t h e   t i n   c o m p o u n d   i s   n o t  

m e l t e d   s u b s t a n t i a l l y   and   r e m a i n s   in  t h e   s t a t e   of  s o l i d .  

In  s u c h   a  c a s e ,   s i n c e   t h e   t i n   c o m p o u n d   i s   c a r r i e d   o n  

m i c r o p o r e s   of  t h e   c a r r i e r ,   i t   i s   d i f f i c u l t   to   r e d u c e   t h e  

t i n   c o m p o u n d   w i t h   h y d r o g e n ,   and   t h u s   i t   i s   d i f f i c u l t   t o  

m e l t   t h e   t i n   c o m p o u n d .  

In  c o n t r a s t ,   when  t h e   c a t a l y s t   of  t h i s   i n v e n t i o n  

is   u s e d ,   t h e   c a t a l y s t   i s   s u b j e c t e d   to   r e d u c t i o n   and  b e -  

comes   m o l t e n   m e t a l   d u r i n g   t h e   c o a l   l i q u e f a c t i o n   r e a c t i o n .  

The  c o a l   l i q u e f a c t i o n   r e a c t i o n   i s   p r o c e e d e d   in   t h e   p r e -  

s e n c e   of   t h e   m o l t e n   m e t a l   t h u s   p r o d u c e d   as  c a t a l y s t .  

In  t he   c a s e   of   u s i n g   t h e   p r i o r   a r t   c a t a l y s t s  

m e n t i o n e d   a b o v e ,   t h a t   i s ,   t h e   c a t a l y s t s   b e i n g   n o t   m e l t e d  

d u r i n g   t h e   c o a l   l i q u e f a c t i o n   r e a c t i o n ,   i t   i s   known  t h a t  

t h e   c o a l   l i q u e f a c t i o n   r e a c t i o n   p r o c e e d s   as  f o l l o w s :  

1 s t   s t e p :   Coa l   i s   d e c o m p o s e d   t h e r m a l l y   to   p r o d u c e  

r a d i c a l s .  

2nd  s t e p :   The  r a d i c a l s   a r e   s t a b i l i z e d   by  t h e   h y d r o g e n  

in  t h e   s o l v e n t .  

3rd  s t e p :   Low  m o l e c u l a r   c o m p o u n d s   a r e   p r o d u c e d   b y  

h y d r o g e n a t i o n   and  h y d r o g e n o l y s i s .  



The  c a t a l y s t s   show  a c t i v i t y   o n l y   in   t h e   t h i r d  

s t e p .  

In  c o n t r a s t ,   w h e n   t h e   c a t a l y s t   of  t h i s   i n v e n t i o n  

i s   u s e d ,   p y r o l y s i s   of  c o a l   in   t h e   f i r s t   s t e p   can   a l s o   b e  

a c t i v a t e d   by  t h e   c a t a l y s t   of  t h i s   i n v e n t i o n .   T h i s   s e e m s  

t o   be  t h a t   t h e   c a t a l y s t   c o n t a c t s   w i t h   t h e   s u r f a c e s   o f  

c o a l   p a r t i c l e s   in   m o l t e n   s t a t e   to   show  a c t i v i t y   on  t h e  

d e c o m p o s i t i o n   of   c o a l .   As  a  r e s u l t ,   t h e   c o n v e r s i o n   o f  

c o a l   c a n   be  r a i s e d .  

As  m e n t i o n e d   a b o v e ,   when  t h e   c a t a l y s t   of   t h i s  

i n v e n t i o n   i s   u s e d ,   t h e   c o a l   l i q u e f a c t i o n   s t e p s   a r e   d i f -  

f e r e n t   f r o m   t h o s e   when  t h e   p r i o r   a r t   c a t a l y s t s   a r e   u s e d .  

When  t h e   c o a l   l i q u e f a c t i o n   i s   c o n d u c t e d   by  . 

u s i n g   t h e   c a t a l y s t   of   t h i s   i n v e n t i o n ,   t h e   c a t a l y s t   i s  

p r e s e n t   in   t h e   f o rm  of   m e t a l   d u r i n g   t h e   l i q u e f a c t i o n  

r a c t i o n .   T h i s   i s   c o n f i r m e d   by  X - r a y   d i f f r a c t i o n .   F u r t h e r  

t h e   p r e s e n c e   of   t h e   c a t a l y s t   in  m o l t e n   s t a t e   i s   c o n f i r m e d  

by  d i f f e r e n c i a l   t h e r m a l   a n a l y s i s .  

(1)  C o n s t r u c t i o n   of  C t a l y s t  

As  t h e   s u b s t a n c e   w h i c h   i s   a b l e   to   be  m o l t e n  

m e t a l   a t   350  to   500°C  in   an  a t m o s p h e r e   of   h y d r o g e n ,   t h e r e  

c a n   be  u s e d ,   f o r   e x a m p l e ,   t i n ,   z i n c ,   b i s m u t h ,   l e a d ,  

g a l l i u m ,   c a d m i u m ,   i n d i u m ,   s e l e n i u m ,   t e l l u r i u m ,   m e r c u r y  

a n d   v a r i o u s   c o m p o u n d s   c o n t a i n i n g   t h e s e   m e t a l s ,   a l o n e   o r  

as  a  m i x t u r e   t h e r e o f .  

In  t h i s   i n v e n t i o n ,   any  s u b s t a n c e s   can  be  u s e d  

as  c a t a l y s t ,   so  l o n g   as  s a i d   s u b s t a n c e s   can   be  m o l t e n  

m e t a l   a t   350  to   500°C  in   an  a t m o s p h e r e   of  h y d r o g e n .  



F o r   e x a m p l e ,   t h e r e   c a n   be  u s e d   m e t a l s   as   t h e y   a r e ,   m e t a l  

o x i d e s ,   m e t a l   c h l o r i d e s ,   e t c .   Among  t h e m ,   t h e   s u b -  

s t a n c e s   in   t h e   f o rm  of   m e t a l   o x i d e s   a r e   m o r e   p r e f e r a b l e .  

The  m e t a l   o x i d e s   a r e   s t a b l e   c h e m i c a l l y   and  e a s y   to   h a n d l e .  

Among  t h e   s u b s t a n c e s   u s e d   as  c a t a l y s t   in   t h i s  

i n v e n t i o n ,   t h o s e   c h a n g i n g   to   m o l t e n   m e t a l   d u r i n g   t h e   c o a l  

l i q u e f a c t i o n   r e a c t i o n   and   r e a c t i n g   w i t h   c o a l   in   s u c h   a  

s t a t e   t o   p r o d u c e   o r g a n i c   c o m p o u n d s   a r e   p r e f e r a b l e .  

E x a m p l e s   of  such   s u b s t a n c e s   a r e   t i n ,   l e a d ,   z i n c ,   c a d m i u m ,  

m e r c u r y   and  c o m p o u n d s   c o n t a i n i n g   t h e s e   m e t a l s   s u c h   a s  

o x i d e s ,   c h l o r i d e s ,   e t c .   Among  t h e m ,   t h e   u s e   of  t i n ,   z i n c ,  

l e a d   and   t h e i r   o x i d e s   i s   p r e f e r a b l e   f rom  t h e   v i e w p o i n t  

of   e a s i n e s s   on  h a n d l i n g .  

When  t h e   s u b s t a n c e   w h i c h   b e c o m e s   m o l t e n   m e t a l  

d u r i n g   t h e   m e t a l   l i q u e f a c t i o n   r e a c t i o n   and  r e a c t s   w i t h  

c o a l   to   p r o d u c e   o r g a n i c   c o m p o u n d s   i s   u s e d   as  c a t a l y s t  

a c c o r d i n g   to   t h i s   i n v e n t i o n ,   t h e   c o a l   l i q u e f a c t i o n   r e -  

a c t i o n   p r o c e e d s   as  f o l l o w s :  

1 s t   s t e p :   Coa l   i s   d e c o m p o s e d   t h e r m a l l y   in   t h e   p r e s e n c e  

of  m o l t e n   m e t a l   c a t a l y s t   to   p r o d u c e   r a d i c a l s .  

2nd  s t e p :   The  r a d i c a l s   r e a c t   w i t h   m o l t e n   m e t a l   t o  

p r o d u c e   o r g a n i c   c o m p o u n d s .  

3rd   s t e p :   The  o r g a n i c   c o m p o u n d s   a r e   s u b j e c t e d   to   h y d r o -  

g e n o l y s i s   to   p r o d u c e   o i l s   or   a s p h a l t e n e   a n d  

a  m e t a l .   The  m e t a l   p r o d u c e d   by  h y d r o g e n -  

o l y s i s   f u n c t i o n s   as  c a t a l y s t   a g a i n .  

T h e s e   r e a c t i o n   s t e p s   a r e   q u i t e   d i f f e r e n t   f r o m  

t h o s e   of  u s i n g   t h e   p r i o r   a r t   c a t a l y s t s .  



When  t h e   c a t a l y s t   of   t h i s   i n v e n t i o n   i s   u s e d ,  

t h e   c o n v e r s i o n   of  c o a l   can   be  r a i s e d   s u r p r i s i n g l y   h i g h l y .  

F o r   e x a m p l e ,   when   s t a n n i c   o x i d e   i s   u s e d   as  c a t a l y s t ,  

t h e   c o a l   c o n v e r s i o n   of  as  h i g h   as  a l m o s t   100%  can   b e  

o b t a i n e d .  

The  s h a p e   of   c a t a l y s t   of   t h i s   i n v e n t i o n   i s   n o t  

l i m i t a t i v e ,   so  l o n g   as  t h e   s u b s t a n c e   as  c a t a l y s t   i s   i n  

t h e   f o r m   of   f i n e   p a r t i c l e s .  

The  s m a l l e r   t h e   p a r t i c l e   s i z e   o f   t h e   c a t a l y s t  

b e c o m e s ,   t h e   b e t t e r .   When  t h e   c a t a l y s t   p a r t i c l e   s i z e  

b e c o m e s   s m a l l e r   a n d   s m a l l e r ,   m i x i n g   w i t h   c o a l   b e c o m e s  

b e t t e r   and  c o n t a c t   o f   t h e   m o l t e n   m e t a l   c a t a l y s t   w i t h  

c o a l   c a n   be  b e t t e r e d .   In  d e t a i l ,   t h e   p a r t i c l e   s i z e  

of   c a t a l y s t   i s   p r e f e r a b l y   1  mm  o r   l e s s ,   m o r e   p r e f e r a b l y  

0 .1   mm  or   l e s s .   F o r   e x a m p l e ,   when   m e t a l l i c   t i n   i s   u s e d  

as  c a t a l y s t   and   t h e   r e a c t i o n   i s   c a r r i e d   o u t   a t   4 5 0 ° C  

u n d e r   a  p r e s s u r e   o f   150  k g / c m  ,   a l m o s t   100%  of  t h e   c o a l  

o o n v e r s i o n   i s   o b t a i n e d   in  t h e   c a s e   o f   t h e   p a r t i c l e   s i z e  

of  0 . 1   mm,  and   a b o u t   95%  of  t h e   c o a l   c o n v e r s i o n   i s   o b -  

t a i n e d   in   t h e   c a s e   of  t h e   p a r t i c l e   s i z e   of  2  mm. 

F u r t h e r ,   t h e   c a t a l y s t   of   t h i s   i n v e n t i o n   d o e s  

n o t   u s e   a  c a r r i e r .   When  a  c a r r i e r   i s   u s e d ,   m o s t   p o r t i o n s  

of  a  c a t a l y s t   do  n o t   c h a n g e   to   m o l t e n   m e t a l   a t   t h e   t i m e  

of  c o a l   l i q u e f a c t i o n   r e a c t i o n   and  r e m a i n s   in  t h e   f o r m  

of  s o l i d ,   w h i c h   r e s u l t s   in  l o w e r i n g   t h e   c o n v e r s i o n   of  c o a l .  

(2)  Amoun t   of   C t a l y s t   to   be  u s e d  

The  c o n v e r s i o n   of  c o a l   a l s o   c h a n g e s   d e p e n d i n g  

on  t h e   u s i n g   a m o u n t   of   c a t a l y s t .   The  c a t a l y s t   of  t h i s  



i n v e n t i o n   in  an  a m o u n t   of  0 .01%  by  w e i g h t   b a s e d   on  t h e  

w e i g h t   of  c o a l   s h o w s   a  s u f f i c i e n t   e f f e c t .   The  c o n v e r s i o n  

of  c o a l   i n c r e a s e s   w i t h   an  i n c r e a s e   of  t h e   a m o u n t   o f  

c a t a l y s t   u s e d   u n t i l   1%  by  w e i g h t   of  t h e   c a t a l y s t   b a s e d  

on  t h e   w e i g h t   of   c o a l   and  m a i n t a i n s   i t s   h i g h   v a l u e   e v e n  

i f   t h e   c a t a l y s t   a m o u n t   i s   more   t h a n   1%  by  w e i g h t .   I n  

o t h e r   w o r d s ,   t h e   e f f e c t   of   c a t a l y s t   f o r   c o a l   c o n v e r s i o n  

i s   t h e   b e s t   when  t h e   u s i n g   a m o u n t   of  c a t a l y s t   b e c o m e s  

1%  by  w e i g h t   b a s e d   on  t h e   w e i g h t   of  c o a l .   T h e r e f o r e ,   t h e  

c a t a l y s t   i s   u s e d   p a r t i c u l a r l y   p r e f e r a b l y   in  an  a m o u n t  

of  1%  by  w e i g h t   or   m o r e   b a s e d   on  t h e   w e i g h t   of  c o a l .  

When  t h e   c a t a l y s t   i s   u s e d   in   an  a m o u n t   of  0.2%  by  w e i g h t  

or  more   b a s e d   on  t h e   w e i g h t   of  c o a l ,   r e m a r k a b l y   h i g h  

c o n v e r s i o n   of  c o a l   c a n   be  o b t a i n e d .  

On  t he   o t h e r   h a n d ,   t h e   use   of  t o o   much  a m o u n t  

of  c a t a l y s t   i s   u s e l e s s   and  n o t   p r e f e r a b l e   f rom  an  e c o n o m -  

i c a l   p o i n t   of  v i e w .   I t   i s   s u f f i c i e n t   to   u s e   10%  b y  

w e i g h t   or  l e s s ,   p a r t i c u l a r l y   5%  by  w e i g h t   or   l e s s   of  t h e  

c a t a l y s t   of  t h i s   i n v e n t i o n   b a s e d   on  t h e   w e i g h t   of  c o a l .  

(3)  P r e p a r a t i o n   of   C a t a l y s t .  

The  c a t a l y s t   of  t h i s   i n v e n t i o n   can   be  p r e p a r e d  

by  v a r i o u s   p r o c e s s e s .  

As  p r o c e s s e s   f o r   p r e p a r i n g   t i n   o x i d e s ,   i . e . ,  

s t a n n i c   o x i d e   and  s t a n n o u s   o x i d e ,   t h e r e   can   be  a p p l i e d ,  

f o r   e x a m p l e ,   a  p r o c e s s   w h e r e i n   m e t a l l i c   t i n   i s   r e a c t e d  

w i t h   an  a c i d   to   s y n t h e s i z e   s t a n n i c   a c i d ,   f o l l o w e d   b y  

c a l c i n a t i o n   and  p u l v e r i z a t i o n ;   a  p r o c e s s   w h e r e i n   a  s a l t  

of  t i n   i s   h y d r o l y z e d ,   f o l l o w e d   by  c a l c i n a t i o n   a n d  



p u l v e r i z a t i o n ;   a  p r o c e s s   w h e r e i n   m e t a l l i c   t i n   i s   c a l c i n e d  

in   a i r   and   p u l v e r i z e d ;   a  p r o c e s s   w h e r e i n   a  s a l t   of  t i n  

o r   an  o r g a n o t i n   c o m p o u n d   i s   s u b j e c t e d   t o   p y r o l y s i s   a n d  

p u l v e r i z e d ;   and   t h e   l i k e .  

As  p r o c e s s e s   f o r   p r e p a r i n g   z i n c   o x i d e ,   t h e r e  

can   be  a p p l i e d ,   f o r   e x a m p l e ,   a  p r o c e s s   w h e r e i n   an  a l k a l i  

i s   a d d e d   t o   a  w a t e r - s l u b l e   z i n c   s a l t   to   p r e c i p i t a t e   a  

h y d r o x i d e ,   f o l l o w e d   by  c a l c i n a t i o n   and   p u l v e r i z a t i o n ;  

a  p r o c e s s   w h e r e i n   m e t a l l i c   z i n c   i s   c a l c i n e d   in  a i r   f o r  

o x i d a t i o n ,   f o l l o w e d   by  p u l v e r i z a t i o n ;   a  p r o c e s s   w h e r e i n  

an  o r g a n o z i n c   c o m p o u n d   i s   s u b j e c t e d   t o   p y r o l y s i s ,   f o l l o w e d  

by  p u l v e r i z a t i o n ;   and  t h e   l i k e .  

Among  t h e   p r o c e s s e s   f o r   p r e p a r i n g   t i n   o x i d e s ,  

t h e   p r o c e s s   w h e r e i n   m e t a l l i c   t i n   i s   r e a c t e d   w i t h   an  a c i d  

t o   s y n t h e s i z e   s t a n n i c   a c i d ,   f o l l o w e d   by  c a l c i n a t i o n   a n d  

p u l v e r i z a t i o n   i s   m o s t   p r e f e r a b l e .   Among  t h e   p r o c e s s e s  

f o r   p r e p a r i n g   z i n c   o x i d e ,   t h e   p r o c e s s   w h e r e i n   an  a l k a l i  

i s   a d d e d   t o   a  w a t e r - s o l u b l e   z i n c   s a l t   t o   p r e c i p i t a t e  

a  h y d r o x i d e ,   f o l l o w e d   by  c a l c i n a t i o n  a n d   p u l v e r i z a t i o n   i :  

m o s t   p r e f e r a b l e .   When  t h e   t i n   o x i d e s   or   z i n c   o x i d e  

p r e p a r e d   by  t h e   m o s t   p r e f e r a b l e   p r o c e s s e s   as  m e n t i o n e d  

a b o v e   i s   u s e d   as  c a t a l y s t   f o r   c o a l   l i q u e f a c t i o n ,   t h e  

h i g h e s t   c o n v e r s i o n   of  c o a l   c a n   be  o b t a i n e d   c o m p a r e d   w i t h  

t h e   c a s e s   of   u s i n g   t i n   o x i d e s   or  z i n c   o x i d e   p r e p a r e d  

by  o t h e r   p r o c e s s e s .  

(4)  C o a l   L i q u e f a c t i o n   P r o c e s s  

In  o r d e r   to   c o n d u c t   t h e   c o a l   l i q u e f a c t i o n   r e -  

a c t i o n ,   i t   i s   n e c e s s a r y   t o   a d m i x   c o a l ,   a  s o l v e n t   and  t h e  



c a t a l y s t   of   t h i s   i n v e n t i o n   and  to   r e a c t   t h e   c o a l   w i t h  

h y d r o g e n   a t   a  p r e s c r i b e d   t e m p e r a t u r e   u n d e r   a  p r e s c r i b e d  

p r e s s u r e   in   a  r e a c t o r .  

A f t e r   t h e   r e a c t i o n ,   t h e   r e s u l t i n g   p r o d u c t s   a r e  

s e p a r a t e d   i n t o   g a s e s ,   o i l s   and  s o l i d s   ( r e s i d u e   a f t e r  

l i q u e f a c t i o n ) .   T h o s e   w h i c h   a r e   r e t a i n e d   as   s o l i d s   a r e  

a s h e s   s u c h   as  a l u m i n a ,   s i l i c a ,   e t c . ,   c o n t a i n e d   in  c o a l ,  

u n r e a c t e d   c o a l   and  t h e   c a t a l y s t .   When  t h e   p r i o r   a r t  

c a t a l y s t s   a r e   u s e d ,   s i n c e   a  c o n s i d e r a b l y   l a r g e   a m o u n t   o f  

u n r e a c t e d   c o a l   i s   r e t a i n e d ,   t h e   r e c o v e r y   of  t h e   c a t a l y s t  

i s   v e r y   d i f f i c u l t   and  the   r e s i d u e   a f t e r   l i q u e f a c t i o n   i s  

d i s p o s e d .   I n - c o n t r a s t ,   in  t h e   p r e s e n t   i n v e n t i o n ,   p a r -  

t i c u l a r l y   when  t h e   s u b s t a n c e   w h i c h   b e c o m e s   m o l t e n   m e t a l  

a t   t h e   t i m e   of  l i q u e f a c t i o n   r e a c t i o n   and  r e a c t s   w i t h   c o a l  

to   p r o d u c e   o r g a n i c   c o m p o u n d s   i s   u s e d   as  c a t a l y s t ,   t h e  

c o n v e r s i o n   of  c o a l   b e c o m e s   r e m a r k a b l y   h i g h   and  a l m o s t   n o  

u n r e a c t e d   c o a l   i s   r e t a i n e d ,   so  t h a t   t h e   r e c o v e r y   of  t h e  

c a t a l y s t   i s   e a s y .   T h e r e f o r e ,   i t   i s   p o s s i b l e   to   r e c o v e r  

t h e   c a t a l y s t   and  to   use   i t   a g a i n .   F u r t h e r ,   when  t h e   a m o u n t  

of  a s h e s   in   t h e   r e s i d u e   a f t e r   l i q u e f a c t i o n   i s   s m a l l ,   t h e  

s o l i d   can   be  u s e d   a g a i n   as  c a t a l y s t   as  i t   i s .   In  t h e  

c a s e   of  u s i n g   t h e   s o l i d   as  i t   i s   as  c a t a l y s t   a g a i n ,   i t  

i s   p o s s i b l e   to   u s e   a g a i n   a  p a r t   of  t h e   s o l i d   as  i t  i s  

and  to   r e c o v e r   t h e   c a t a l y s t  f r o m   t h e   r e m a i n i n g   s o l i d s   a n d  

to   u s e   t h e   r e c o v e r e d   c a t a l y s t   by  m i x i n g   w i t h   t h e   p a r t   o f  

t h e   s o l i d   m e n t i o n e d   above   in  o r d e r   t o   p r e v e n t   t h e   i n c r e a s e  

of  a s h   c o n t e n t .  

The  r e a c t i o n   t e m p e r a t u r e   i s   u s u a l l y   350  to  5 0 0 ° C ,  



p r e f e r a b l y   400  t o   4 8 0 ° C .   I f   t h e   r e a c t i o n   t e m p e r a t u r e   i s  

h i g h e r   t h a n   5 0 0 ° C ,   t h e   a m o u n t   of  g a s e s   i n c r e a s e s   t o o   m u c h  

and   t h e   a m o u n t   of  o i l s   b e c o m e s   t o o   s m a l l .   I f   t h e   r e a c t i o n  

t e m p e r a t u r e   i s   l o w e r   t h a n   3 5 0 ° C ,   t h e r e   h a r d l y   t a k e s   p l a c e  

t h e   r e a c t i o n   b e t w e e n   c o a l   and  h y d r o g e n   and  t h e   l i q u e -  

f a c t i o n   r e a c t i o n   d o e s   n o t   p r o c e e d .  

E f f e c t s   o f   t h e   r e a c t i o n   t e m p e r a t u r e   on  t h e   c o n -  

v e r s i o n   of   c o a l   i s   e x p l a i n e d   r e f e r r i n g   to   F i g .   1.  F i g .   1 

i s   a  g r a p h   s h o w i n g   a  r e l a t i o n s h i p   b e t w e e n   t h e   r e a c t i o n  

t e m p e r a t u r e   and   t h e   c o n v e r s i o n   of  c o a l   when  t h e   c o a l  

l i q u e f a c t i o n   r e a c t i o n   i s   c o n d u c t e d   by  u s i n g   s t a n n i c   o x i d e  

h a v i n g   a  p a r t i c l e   s i z e   of  74  µm  as   c a t a l y s t   in   an  a m o u n t  

of  5%  by  w e i g h t   b a s e d   on  t h e   w e i g h t   of   c o a l   u n d e r   a  p r e -  

s s u r e   of  150  k g / c m 2   f o r   30  m i n u t e s .   I t   i s   c l e a r   t h a t  

when  t h e   r e a c t i o n   t e m p e r a t u r e   i s   400°C  or   h i g h e r ,   t h e  

p r o d u c i n g   a m o u n t   of  o i l s   ( t h e   a r e a   b e t w e e n   t h e   l i n e   o f  

-  o  -  o  -   and   t h e   l i n e   o f  -  •  -  •   -)  i n c r e a s e s .  

The  r e a c t i o n   p r e s s u r e   i s   u s u a l l y   5 0  -   700  K g / c m 2 ,  

p r e f e r a b l y   100  t o   200  K g / c m  .  

The  r e a c t i o n   b e t w e e n   c o a l   and   h y d r o g e n   d o e s   n o t  

p r o c e e d   u n d e r   an  a t m o s p h e r i c   p r e s s u r e .   In  o r d e r   t o  

p r o c e e d   t h e   r e a c t i o n ,   a t   l e a s t   t h e   p r e s s u r e   of   50  k g / c m 2  

i s   n e c e s s a r y .   The  h i g h e r   t h e   r e a c t i o n   p r e s s u r e   b e c o m e s ,  

t h e   h i g h e r   t h e   c o n v e r s i o n   of  c o a l   b e c o m e s .   But   when  t h e  

p r e s s u r e   b e c o m e s   200  k g / c m 2  o r   m o r e ,   t h e   c o n v e r s i o n   o f  

c o a l   h a r d l y   c h a n g e s .   The  maximum  p r e s s u r e   s h o u l d   be  d e -  

t e r m i n e d   c o n s i d e r i n g   t h e   m a t e r i a l   of   t h e   r e a c t o r   a n d  

r e s i s t a n c e   to   p r e s s u r e .   The  p r e s s u r e   of  700  k g / c m 2   o r  



l e s s   i s   s u f f i c i e n t   f o r   t h e   c o a l   l i q u e f a c t i o n   r e a c t i o n . ,  

E f f e c t s   of  t h e   r e a c t i o n   p r e s s u r e   on  t h e   c o n -  

v e r s i o n   o f   c o a l   i s   e x p l a i n e d   r e f e r r i n g   to   F i g .   2.  F i g .   2 

i s   a  g r a p h   s h o w i n g   a  r e l a t i o n s h i p   b e t w e e n   t h e   r e a c t i o n  

p r e s s u r e   and  t h e   c o n v e r s i o n   of  c o a l   when  t h e   c o a l   l i q u e -  

f a c t i o n   r e a c t i o n   i s   c o n d u c t e d   by  u s i n g   s t a n n i c   o x i d e  

h a v i n g   a  p a r t i c l e   s i z e   of  74  µm  as  c a t a l y s t   in  an  a m o u n t  

of  5%  by  w e i g h t   b a s e d   on  t h e   w e i g h t   of  c o a l   a t   a  t e m p e r -  

a t u r e   of  450°C  f o r   30  m i n u t e s .   The  h i g h e r   t h e   p r e s s u r e  

b e c o m e s ,   t h e   h i g h e r   t h e   c o n v e r s i o n   of  c o a l   b e c o m e s .  

When  t h e   p r e s s u r e   i s   100  k g / c m 2   or   m o r e ,   t h e   y i e l d   of   o i l s  

c l e a r l y   i n c r e a s e s .  

The  c o a l   i s   p r e f e r a b l y   u s e d   in  f i n e   p a r t i c l e s  

by  p u l v e r i z i n g   w e l l .   The  f i n e r   t h e   p a r t i c l e s   of  c o a l  

b e c o m e s ,   t h e   e a s i e r   t h e   l i q u e f a c t i o n   by  t h e   r e a c t i o n   w i t h  

h y d r o g e n   b e c o m e s .   I t   i s   p r e f e r a b l e   t o  m a k e   t h e   p a r t i c l e  

s i z e   of  c o a l   0 . 5   mm  or  l e s s .  

As  t h e   s o l v e n t ,   t h e r e   can   be  u s e d   a n t h r a c e n e  

o i l ,   t e t r a l i n ,   c r e o s o t e   o i l   or  l i q u i e f i e d   o i l s   by  t h e  

c o a l   l i q u e f a c t i o n   r e a c t i o n .   I t   i s   m o s t   c o n v e n i e n t   to   u s e  

t h e   l i q u e f i e d   o i l s   p r o d u c e d   by  t h e   c o a l   l i q u e f a c t i o n   r e -  

a c t i o n   as  a  p a r t   of  t h e   s o l v e n t .   The  a m o u n t   of  t h e  

s o l v e n t   c h a n g e s   d e p e n d i n g   on  t h e   v i s c o s i t y   of  t h e   s l u r r y .  

The  m o r e ' t h e   a m o u n t   of  s o l v e n t   b e c o m e s ,   the   s m a l l e r   t h e  

t r e a t i n g   a m o u n t   of  c o a l   b e c o m e s .   When  t h e   a m o u n t   of  t h e  

s o l v e n t   u s e d   i s   s m a l l ,   t h e   v i s c o s i t y   of  t h e   r e s u l t i n g  

s l u r r y   b e c o m e s   l o w e r   and  t h e   f e e d i n g   of  c o a l   to   t h e   r e -  

a c t o r   b e c o m e s   d i f f i c u l t .   I t   i s   p r e f e r a b l e   to  use   t h e  



s o l v e n t   in   an  a m o u n t   of   1  t o   3  t i m e s   as  l a r g e   as   t h a t  

of   t h e   w e i g h t   of   t h e   c o a l .  

T h i s   i n v e n t i o n   i s   i l l u s t r a t e d   by  way  of   t h e  

f o l l o w i n g   E x a m p l e s .  

E x a m p l e   1 

The  c o a l   l i q u e f a c t i o n   was  c o n d u c t e d   by  u s i n g  

s t a n n i c   o x i d e   (SnO2)  as  c a t a l y s t .  

The  s t a n n i c   o x i d e   c a t a l y s t   was  p r e p a r e d   by  r e a c t -  

i n g   m e t a l l i c   t i n   w i t h   n i t r i c   a c i d ,   k n e a d i n g   t h e   r e a c t i o n  

p r o d u c t ,   d r y i n g ,   c a l c i n a t i n g   a t   450°C  f o r   3  h o u r s ,   f o l -  

l o w e d   by  p u l v e r i z a t i o n .   The  p a r t i c l e . s i z e   of   t h e   c a t a l -  

y s t   a f t e r   t h e   p u l v e r i z a t i o n   was  74  pm  or   l e s s .  

The  t h u s   p r o d u c e d   s t a n n i c   o x i d e   in   an  a m o u n t  

of   1 . 0   g  was  m i x e d   w i t h   20  g  of  T a i h e i y o   c o a l   ( p r o d u c e d  

in   J a p a n )   and   40  g  of  c r e o s o t e   o i l   and   p l a c e d   in   a n  

a u t o c l a v e   w i t h   s t i r r i n g .   The  T a i h e i y o   c o a l   h a d   b e e n  

c r u s h e d   i n t o   a  p a r t i c l e   s i z e   of   0 . 1   to   0 . 4   mm.  The  a m o u n t  

f  t h e   c a t a l y s t   u s e d   was  5%  by  w e i g h t   b a s e d   on  t h e   w e i g h t  

of   t h e   c o a l .  

A f t e r   i n t r o d u c i n g   h y d r o g e n   i n t o   t h e   a u t o c l a v e ,  

t h e   t e m p e r a t u r e   was  r a i s e d   to   450°C  and   t h e   r e a c t i o n   w a s  

c o n d u c t e d   u n d e r   a  p r e s s u r e   of  150  k g / c m 2   f o r   30  m i n u t e s .  

The  r e a c t i o n   p r o d u c t   was  t a k e n   o u t   of  t h e   a u t o -  

c l a v e   and   e x t r a c t e d   w i t h   n - h e x a n e   to   e x t r a c t   t h e   o i l  

c o m p o n e n t   by  a  S o x h l e t ' s   e x t r a c t o r . . T h e   r e s i d u e   was  e x -  

t r a c t e d   w i t h   t o l u e n e   to   s e p a r a t e   a s p h a l t e n e .  

The  c o n v e r s i o n   of  c o a l   was  o b t a i n e d   by  a  c o n -  

v e n t i o n a l l y   u s e d   d r y   a s h   f r e e   b a s e   ( t h e   c a l c u l a t i o n  



b e i n g   c o n d u c t e d   by  w i t h d r a w i n g   t h e   a m o u n t s   of  a s h e s  

and  w a t e r ) .   The  c o n v e r s i o n   of  c o a l ,   y i e l d s   of  o i l s ,  

g a s e s ,   a s p h a l t e n e   in   t h e   p r o d u c t s   w e r e   as  f o l l o w s :  

E x a m p l e   2 

The  c o a l   l i q u e f a c t i o n   was  c o n d u c t e d   by  u s i n g  

z i n c   o x i d e   (ZnO)  as  c a t a l y s t .  

The  z i n c   o x i d e   c a t a l y s t   was  p r e p a r e d   by  n e u t r a l -  

i z i n g   z i n c   n i t r a t e   w i t h   ammonia   w a t e r ,   f i l t e r i n g   a  p r e -  

c i p i t a t e   p r o d u c e d ,   d r y i n g ,   c a l c i n a t i n g   a t   450°C  f o r   3 

h o u r s ,   f o l l o w e d   by  p u l v e r i z a t i o n .   The  p a r t i c l e   s i z e   o f  

c a t a l y s t   a f t e r   p u l v e r i z a t i o n   was  74  p m  o r   l e s s .  

U s i n g   t h e   t h u s   p r e p a r e d   c a t a l y s t ,   t he   c o a l  

l i q u e f a c t i o n   was  c o n d u c t e d   in   t h e   same  m a n n e r   as  d e s -  

c r i b e d   in  E x a m p l e   1 .  

The  c o n v e r s i o n   of  c o a l   and  y i e l d s   of  t h e   p r o d u c t s  

w e r e   as  f o l l o w s :  

E x a m p l e   3 

The  c o a l   l i q u e f a c t i o n   was  c o n d u c t e d   by  u s i n g  



l e a d   o x i d e   (PbO)  a s   c a t a l y s t .  

The  l e a d   o x i d e   c a t a l y s t   was  p r e p a r e d   by  h e a t i n g  

l e a d   a c e t a t e   in   a i r   a t   450°C   f o r   2  h o u r s   f o r   p y r o l y s i s  

t o   g i v e   l e a d   o x i d e ,   f o l l o w e d   by  p u l v e r i z a t i o n   to   g i v e  

a  p a r t i c l e   s i z e   o f   74  µm  or   l e s s .  

U s i n g   t h e   t h u s   p r e p a r e d   c a t a l y s t ,   t h e   c o a l  

l i q u e f a c t i o n   was  c o n d u c t e d   in   t h e   same  m a n n e r   as  d e s -  

c r i b e d   in  E x a m p l e   1 .  

The  c o n v e r s i o n   o f   c o a l   and   y i e l d s   of  t h e   p r o -  

d u c t s   w e r e   as  f o l l o w s :  

E x a m p l e   4 

The  c o a l   l i q u e f a c t i o n   was  c o n d u c t e d   by  u s i n g  

b i s m u t h   o x i d e   ( B i 2 0 3 )   as   c a t a l y s t .  

The  b i s m u t h   o x i d e   c a t a l y s t   was  p r e p a r e d   b y  

h e a t i n g   b i s m u t h   n i t r a t e   in   a i r   a t  4 5 0 ° C   f o r   2  h o u r s   t o  

c o n d u c t   p y r o l y s i s ,   f o l l o w e d   by  p u l v e r i z a t i o n   to   g i v e   a  

p a r t i c l e   s i z e   of  74  um  o r   l e s s .  

U s i n g   t h e   t h u s   p r e p a r e d   c a t a l y s t ,   t h e   c o a l  

l i q u e f a c t i o n   was  c o n d u c t e d   in   t h e   same  m a n n e r   as  d e s c r i b e d  

in   E x a m p l e   1 .  

The  c o n v e r s i o n   of  c o a l   and   y i e l d s   of  t h e   p r o -  

d u c t s   w e r e   as  f o l l o w s :  



E x a m p l e   5 

The  c o a l   l i q u e f a c t i o n   was  c o n d u c t e d   by  u s i n g  

g a l l i u m   o x i d e   (Ga203)   as   c a t a l y s t .  

The  g a l l i u m   o x i d e   c a t a l y s t   was  p r e p a r e d   b y  

h e a t i n g   g a l l i u m   n i t r a t e   in  a i r   a t   450°C  f o r   2  h o u r s   t o  

c o n d u c t   p y r o l y s i s ,   f o l l o w e d   by  p u l v e r i z a t i o n   t o   g i v e   a  

p a r t i c l e   s i z e   of  74  µm  or  l e s s .  

U s i n g   t h e   t h u s   p r e p a r e d   c a t a l y s t ,   t h e   c o a l  

l i q u e f a c t i o n   was  c o n d u c t e d   i n ' t h e   same  m a n n e r   as   d e s c r i b e d  

in  E x a m p l e   1 .  

The  c o n v e r s i o n   of  c o a l   and   y i e l d s   of   t h e   p r o -  

d u c t s   w e r e   as  f o l l o w s :  

C o m p a r a t i v e   E x a m p l e  1  

The  c o a l   l i q u e f a c t i o n   was  c o n d u c t e d   by  u s i n g  

a  c a t a l y s t   c a r r y i n g   5%  by  w e i g h t   of  s t a n n i c   o x i d e   on  a n  

a l u m i n a   c a r r i e r .  

The  c a t a l y s t   was  p r e p a r e d   by  k n e a d i n g   an  a l u m i n u m  

h y d r o x i d e   s l u r r y   o b t a i n e d   by  h y d r o l y s i s   of  a l u m i n u m  



i s o p r o p o x i d e   w i t h   s t a n n i c   a c i d   s l u r r y ,   d r y i n g ,   c a l c i n i n g  

a t   4 5 0 ° C   f o r   3  h o u r s ,   f o l l o w e d   by  p u l v e r i z a t i o n .  

U s i n g   t h e   t h u s   p r e p a r e d   c a t a l y s t ,   t h e   c o a l  

l i q u e f a c t i o n   was  c o n d u c t e d   in   t h e   same  m a n n e r   as   d e s -  

c r i b e d   in   E x a m p l e   1 .  

The  c o n v e r s i o n   of   c o a l   and   y i e l d s   of  t h e   p r o -  

d u c t s   w e r e   as  f o l l o w s :  

C o m p a r a t i v e   E x a m p l e   2 

The   c o a l   l i q u e f a c t i o n   was  c o n d u c t e d   by  u s i n g   a  

c a t a l y s t   c a r r y i n g   m o l y b d e n u m   o x i d e   (Mo03)  and  n i c k e l   o x i d e  

(NiO)  on  an  a l u m i n a   (Al2O3)   c a r r i e r .  

The  c a t a l y s t   c a n   be  o b t a i n e d   c o m m e r c i a l l y   i n  

J a p a n   and   h a s   a  p a r t i c l e   s i z e   of  74  µm  or  l e s s .  

U s i n g   t h e   t h i s   c a t a l y s t ,   t h e   c o a l . l i q u e f a c -  

t i o n   was  c o n d u c t e d   i n   t h e   same  m a n n e r   as  d e s c r i b e d  

i n   E x a m p l e   1 .  

The  c o n v e r s i o n   of  c o a l   and  y i e l d s   of  t h e   p r o -  

d u c t s   w e r e   as  f o l l o w s : .  



As  i s   c l e a r   f r o m   t h e   a b o v e   d e s c r i p t i o n s ,   w h e n  

t h e   c o a l   l i q u e f a c t i o n   r e a c t i o n   i s   c o n d u c t e d   by  u s i n g  

t h e   c a t a l y s t   of  t h i s   i n v e n t i o n ,   t h e   c o n v e r s i o n   of  c o a l  

c an   be  r a i s e d   to   a  r e m a r k a b l e   h e i g h t .   P a r t i c u l a r l y   w h e n  

t h e r e   i s   u s e d   a  c a t a l y s t   c o n s i s t i n g   e s s e n t i a l l y   of  a  s u b -  

s t a n c e   s u c h   as  s t a n n i c   o x i d e   or  z i n c   o x i d e   w h i c h   i s   r e d u c e d  

to   m o l t e n   m e t a l   a t   t h e   t i m e   of  l i q u e f a c t i o n   r e a c t i o n ,  

f o l l o w e d   by  r e a c t i o n   w i t h   c o a l ,   t h e   c o n v e r s i o n   of  c o a l  

c an   be  r a i s e d   r e m a r k a b l y   h i g h .  



1.  A  c a t a l y s t   f o r   c o a l   l i q u e f a c t i o n   c o n s i s t i n g  

e s s e n t i a l l y   o f   a t   l e a s t   one  s u b s t a n c e   w h i c h   i s   a b l e   t o  

be  m o l t e n   m e t a l   a t   350  to   500°C  in   an  a t m o s p h e r e   o f  

h y d r o g e n .  

2.  A  c a t a l y s t   a c c o r d i n g   t o   C l a i m   1,  w h e r e i n   t h e  

s u b s t a n c e   i s   a  m e t a l   o x i d e .  

3.  A  c a t a l y s t   a c c o r d i n g   t o   C l a i m   1,  w h e r e i n   t h e  

s u b s t a n c e   i s   a b l e   t o   be  m o l t e n   m e t a l   and   i s   a b l e   t o  

p r o d u c e   o r g a n i c   c o m p o u n d s   by  a  r e a c t i o n   w i t h   c o a l .  

4.  A  c a t a l y s t   a c c o r d i n g   to   C l a i m   2,  w h e r e i n   t h e  

m e t a l   o x i d e   i s   b i s m u t h   o x i d e .  

5.  A  c a t a l y s t   a c c o r d i n g   t o   C l a i m   2,  w h e r e i n   t h e  

m e t a l   o x i d e   i s   g a l l i u m   o x i d e .   1 

6.  A  c a t a l y s t   a c c o r d i n g   t o   C l a i m   2,  w h e r e i n   t h e  

m e t a l   o x i d e   i s   s t a n n i c   o x i d e   a n d / o r   s t a n n o u s   o x i d e .  

7.  A  c a t a l y s t   a c c o r d i n g   to   C l a i m   2,  w h e r e i n   t h e  

m e t a l   o x i d e   i s   z i n c   o x i d e .  

8.  A  p r o c e s s   f o r   l i q u e f y i n g   c o a l   w h i c h   c o m p r i s e s  

r e a c t i n g   c o a l   in   a  s o l v e n t   w i t h   h y d r o g e n   a t   a  r e a c t i o n  

t e m p e r a t u r e   of  350  t o   500°C  u n d e r   a  r e a c t i o n   p r e s s u r e  

of   50  t o   700  k g / c m 2   in  t h e   p r e s e n c e   of  a  c a t a l y s t   c o n -  

s i s t i n g   e s s e n t i a l l y   of  a t   l e a s t   one   s u b s t a n c e   w h i c h   i s  

a b l e   t o   be  m o l t e n   m e t a l   a t   350  t o   500°C  in   an  a t m o s p h e r e  

of  h y d r o g e n .  

9.  A  p r o c e s s   a c c o r d i n g   t o   C l a i m   8,  w h e r e i n   t h e  

s u b s t a n c e   i s   u s e d   in   an  a m o u n t   of   0 . 0 1   to   10%  by  w e i g h t  

b a s e d   on  t h e   w e i g h t   of   c o a l .  



10.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   8,  w h e r e i n   t h e  

s u b s t a n c e   h a s   a  p a r t i c l e   s i z e   of  1  mm  or   l e s s .  

11.   A  p r o c e s s   a c c o r d i n g   to   C l a i m   8,  w h e r e i n   t h e  

s u b s t a n c e   i s   a  m e t a l   o x i d e .  

12.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   11,   w h e r e i n   t h e  

m e t a l   o x i d e   i s   b i s m u t h   o x i d e .  

13.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   11,   w h e r e i n   t h e  

m e t a l   o x i d e   i s   g a l l i u m   o x i d e .  

14.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   11,   w h e r e i n   t h e  

s u b s t a n c e   i s   a b l e   to   be  m o l t e n   m e t a l   and   i s   a b l e   to   p r o -  

d u c e   o r g a n i c   c o m p o u n d s   by  a  r e a c t i o n   w i t h   c o a l .  

15.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   11,   w h e r e i n   t h e  

m e t a l   o x i d e   i s   s t a n n i c   o x i d e   a n d / o r  s t a n n o u s   o x i d e .  

16.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   8,  w h e r e i n   t h e  

r e a c t i o n   t e m p e r a t u r e   i s   400  to   4 8 0 ° C .  

17.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   8,  w h e r e i n   t h e  

r e a c t i o n   p r e s s u r e   i s   100  t o   200  k g / c m 2 .  

18.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   11,   w h e r e i n   t h e  

m e t a l   o x i d e   i s   z i n c   o x i d e .  

19.  A  p r o c e s s   f o r   l i q u e f y i n g   c o a l   w h i c h   c o m p r i s e s  

r e a c t i n g   c o a l   in  a  s o l v e n t   w i t h   h y d r o g e n   a t   a  r e a c t i o n  

t e m p e r a t u r e   of  350  to   500°C  u n d e r   a  r e a c t i o n   p r e s s u r e  

of  50  to   700  k g / c m 2   in  t h e   p r e s e n c e   of  a  c a t a l y s t   c o n -  

s i s t i n g   e s s e n t i a l l y   of  a t   l e a s t   one  s u b s t a n c e   w h i c h   i s  

a b l e   to   be  m o l t e n   m e t a l   a t   350  to   500°C  in  an  a t m o s p h e r e  

of  h y d r o g e n ,   and  t a k i n g   o u t   a  p a r t   of  r e s i d u e   a f t e r  

l i q u e f a c t i o n   to   u se   a g a i n   as  c a t a l y s t   or   r e c o v e r i n g   t h e  

c a t a l y s t   f rom  a  r e s i d u e   a f t e r   l i q u e f a c t i o n   to   use   a g a i n  



as  c a t a l y s t .  

20.  A  p r o c e s s   a c c o r d i n g   to  C l a i m   19,   w h e r e i n   t h e  

s u b s t a n c e   i s   a b l e   t o   be  m o l t e n   m e t a l   and  i s   a b l e   t o  

p r o d u c e   o r g a n i c   c o m p o u n d s   by  a  r e a c t i o n   w i t h   c o a l .  

21.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   20,   w h e r e i n   t h e  

s u b s t a n c e   i s   s t a n n i c   o x i d e   a n d / o r   s t a n n o u s   o x i d e .  
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