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©  Improved  solvent  refined  coal  process. 
A  slurry  composed  of  coal  and  a  solvent  containing 

donatable  hydrogen,  together  with  hydrogen,  is subjected to 
catalyst-free  hydrogenation  conditions  in  a  first  hydrogena- 
tion  zone  to  form  an  intermediate  coal-solvent  slurry.  After 
removing  ash  from  the  intermediate  coal-solvent  slurry  to 
form  a  coal-solvent  solution,  the  coal-solvent  solution  is  sub- 
jected  to  catalytic  hydrogenation  conditions  in  a  second  hyd- 
rogenation  zone  to  obtain  a  product  that  can  be  separated  at 
ambient  pressure  into  (a)  a  first  liquid  fraction  boiling  at  a 
temperature  in  the  range  of  about  100  to  about  375°C,  (b)  a 
second  liquid fraction  boiling  above said first  liquid fraction  at 
a temperature  in  the  range  of  about 200 to  about  525°C and  (c) 
a  solid  and  or  semi-solid  material.  Following  the  separation, 
at  least  a  portion  of the  second  liquid  fraction  is  recycled to the 
first  hydrogenation  zone. 



BACKGROUND  OF  THE  INVENTION 

1.  F i e l d   of  the  I n v e n t i o n  

A  need  e x i s t s   to  d e v e l o p   a  p r o c e s s   for  p r o d u c i n g   an  

upgraded   s o l i d   m a t e r i a l   which  is  s o l i d   a n d / o r   s e m i - s o l i d   at  room 

t e m p e r a t u r e   from  coal   and  which  is  c a p a b l e   of  l a t e r   be ing   com- 

b ined   w i th   a  l i q u i d   for  f u r t h e r   u se s ,   such  as,  for  example ,   as  f u e l .  

Since  coa l   r e s e r v e s   r e p r e s e n t   one  of  the  l a r g e s t   s o u r c e s   o f  

energy   supply   in  the  wor ld ,   much  a t t e n t i o n   has  been  d i r e c t e d   t o  

d e v i s i n g   and  d e v e l o p i n g   p r o c e s s e s   for  c o n v e r s i o n   a n d / o r   u p g r a d i n g  

c o a l .   The  term  " c o n v e r s i o n " ,   as  employed  h e r e i n ,   i n c l u d e s   p r o -  

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

carbon   in  n a t u r e ,   such  as,  for  example ,   coa l ,   as  d e f i n e d   h e r e i n ,  



is  changed ,   in  a c c o r d a n c e   wi th   the  p r o c e s s   d e f i n e d   and  c l a i m e d  

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

such  as,   for   example ,   the  change  t h a t   occurs   as  a  r e s u l t   of  t h e  

h y d r o g e n a t i o n  o f   coa l   to  a  l i q u i d .   The  term  " u p g r a d i n g "   i n c l u d e s  

p r o c e s s e s   w h e r e i n   t r e a t m e n t   of  the  s o l i d   c a r b o n a c e o u s   m a t e r i a l ,  

for  example ,   c o a l ,   r e s u l t s   in  a  p r o d u c t   hav ing   enhanced   p h y s i c a l  

a n d / o r   c h e m i c a l   p r o p e r t i e s ,   such  as,  for   example ,   where  some  o f  

the  s o l i d   c a r b o n a c e o u s   m a t e r i a l  i s   not  l i q u i f i e d   d u r i n g   p r o c e s s -  

ing  but   has  a  lower  ash  c o n t e n t   and  is  lower  in  s u l f u r   and  n i t r o g e n  

a n d / o r   where  the  l i q u i d   or  s o l i d  o b t a i n e d   is  lower  in  s u l f u r  

and  n i t r o g e n   c o n t e n t .   A t t e m p t s   to  p r o v i d e   an  e f f e c t i v e   p r o c e s s  

for   u p g r a d i n g   coa l   have  not  been  g e n e r a l l y   s u c c e s s f u l   b e c a u s e   o f  

the  d i f f i c u l t y   of  i n c o r p o r a t i o n ,   cos t   and  amount  of  h y d r o g e n  

r e q u i r e d   to  c o n v e r t   coa l   to  an  upgraded   m a t e r i a l .   F u r t h e r ,   when 

c o a l ,   w h e t h e r   a s h - c o n t a i n i n g   or  deashed ,   is  t r e a t e d   w i th   a  ' c a t a -  

l y s t ,   the  r e s u l t  i s   r a p i d   c a t a l y s t   aging  a n d  a   d e c r e a s e   i n  a c t i v i t y  

b e c a u s e   of  e x c e s s i v e   coking   a n d / o r   p l u g g i n g .   A d d i t i o n a l l y ,   w h e r e  

a  s o l i d   a n d / o r   s e m i - s o l i d   m a t e r i a l   at  room  t e m p e r a t u r e   can  b e  

o b t a i n e d ,   such  p r o d u c t   c a n n o t   l a t e r   be  r e a d i l y   combined  w i t h  

a  l i q u i d   fo r   f u r t h e r   use ,   i . e . ,   i t   i s  u s u a l l y   b u r n e d   as  s o l i d   f u e l .  

The  p r e s e n t   i n v e n t i o n   overcomes  t h e s e   p r o b l e m s   by  p r o v i d i n g  

a  p r o c e s s   for   u p g r a d i n g   coa l   which  c o m p r i s e s   the  s t e p s   of:  (1) 

s u b j e c t i n g   a  s l u r r y   composed  of  c o a l  a n d  a   s o l v e n t   c o n t a i n i n g  

d o n a t a b l e   h y d r o g e n ,   t o g e t h e r  w i t h   hyd rogen ,   to  c a t a l y s t - f r e e   h y d r o -  

g e n a t i o n   c o n d i t i o n s   in  a  f i r s t   h y d r o g e n a t i o n  z o n e   to  form  an  i n t e r -  

m e d i a t e   c o a l - s o l v e n t   s l u r r y ;  ( 2 )   d e a s h i n g   s a i d  i n t e r m e d i a t e   c o a l -  

s o l v e n t   s l u r r y   to  form  a  coa l   s o l v e n t   s o l u t i o n  ;   (3)  s u b j e c t i n g   s a i d  

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

second  h y d r o g e n a t i o n   zone  to  o b t a i n   a  p r o d u c t   t h a t   can  b e  

s e p a r a t e d   a t  a m b i e n t   p r e s s u r e   in to   (a)  a  f i r s t   l i q u i d   f r a c t i o n  



b o i l i n g   at  a  t e m p e r a t u r e   in  the  range  of  about   100  to  a b o u t  

375°C,  (b)  a  second  l i q u i d   f r a c t i o n   b o i l i n g   above  sa id   f i r s t  

l i q u i d   f r a c t i o n   at  a  t e m p e r a t u r e   in  the  range  of  about   200  t o  

abou t   525°C  and  (c)  a  s o l i d   a n d / o r   s e m i - s o l i d   m a t e r i a l ;   and  then  (4) 

r e c y c l i n g   at  l e a s t   a  p o r t i o n   of  sa id   second  l i q u i d   f r a c t i o n   to  s a i d  

f i r s t   h y d r o g e n a t i o n   z o n e .  

2.  D e s c r i p t i o n   of  the  P r i o r   A r t  

U.  S.  P a t e n t   No.  3 , 9 3 2 , 2 6 6   to  Sze  e t  a l   d i s c l o s e s   a 

method  of  e f f e c t i n g - h y d r o g e n   a d d i t i o n   to  coal   in  two  s t a g e s ,  

wi th   ash  be ing   s e p a r a t e d   be tween   s t a g e s ,   to  p roduce   a  s y n t h e t i c  

c r u d e .   The  s y n t h e t i c   crude  is  p roduced   from  coa l   by  i n i t i a l l y  

h y d r o g e n a t i n g   coal   in  the  p r e s e n c e   of  a  s o l v e n t   and  a  h y d r o l i q u e -  

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

m a t e r i a l   from  the  i n i t i a l   h y d r o g e n a t i o n   is  then  deashed   us ing   a 

" l i q u i d   p r o m o t e r " ,   and  the  e s s e n t i a l l y   a s h - f r e e   l i q u i d   coal   p r o -  

duct   is  then  s u b j e c t e d   to  a  second  h y d r o g e n a t i o n   in  the  p r e s e n c e  

of  a  c a t a l y s t   whe re in   s u f f i c i e n t   hydrogen   is  added  to  p r o v i d e   a 

s y n t h e t i c   crude  (column  1,  l i n e s   28  to  58;  column  10,  l i n e s   24  t o  

31;  and  c la im  1).  In  marked  c o n t r a s t   to  the  p r e s e n t   i n v e n t i o n ,  

the  Sze  p r o c e s s   consumes  g r e a t e r   q u a n t i t i e s   of  hyd rogen ,   does  n o t  

p r o v i d e   a  s o l v e n t   c o n t a i n i n g   d o n a t a b l e   hydrogen   f o r ' u s e   in  t h e  

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

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

SUMMARY  OF  THE  INVENTION 

We  have  d i s c o v e r e d   a  unique   p r o c e s s   for  u p g r a d i n g   coal   w h i c h  

c o m p r i s e s   the  s t eps   of:  (1)  s u b j e c t i n g   a  s l u r r y   composed  of  c o a l  

and  a  s o l v e n t   c o n t a i n i n g   d o n a t a b l e   hydrogen ,   t o g e t h e r   with  h y d r o g e n ,  

to  c a t a l y s t - f r e e   h y d r o g e n a t i o n   c o n d i t i o n s   in  a  f i r s t   h y d r o g e n a t i o n  

zone  to  form  an  i n t e r m e d i a t e   c o a l - s o l v e n t   s l u r r y ;   (2)  d e a s h i n g  

sa id   i n t e r m e d i a t e   c o a l - s o l v e n t   s l u r r y   to  form  a  c o a l - s o l v e n t  



s o l u t i o n ;   (3)  s u b j e c t i n g   s a id   c o a l - s o l v e n t   s o l u t i o n   to  c a t a l y t i c  

h y d r o g e n a t i o n   c o n d i t i o n s   in  a  second  h y d r o g e n a t i o n   zone  to  o b t a i n  

a  p r o d u c t   t h a t   can  be  s e p a r a t e d   at  ambien t   p r e s s u r e   i n t o  

(a)  a  f i r s t   l i q u i d   f r a c t i o n   b o i l i n g   a t   a  t e m p e r a t u r e   in  t h e  

range  of  about   100  to  abou t   375°C,  (b)  a  second  l i q u i d   f r a c t i o n  

b o i l i n g   above  sa id   f i r s t   l i q u i d   f r a c t i o n   a t   a  t e m p e r a t u r e   in  t h e  

range  of  about   200  to  about   525°C  and  (c)  a  s o l i d   a n d / o r   s e m i - s o l i d  

m a t e r i a l   and  t h e n - ( 4 )   r e c y c l i n g   at  l e a s t   a  p o r t i o n   of  sa id   s e c o n d  

f r a c t i o n   to  sa id   f i r s t   h y d r o g e n a t i o n   z o n e .  

The  coa l   t h a t   can  be  used  h e r e i n   can  have  the  f o l l o w i n g  

c o m p o s i t i o n   on  a  m o i s t u r e - f r e e   b a s i s : ;  

The  ca rbon   and  h y d r o g e n  c o n t e n t   of  the  coal   w i l l   r e s i d e  

p r i m a r i l y   in  b e n z e n e  c o m p o u n d s ,   m u l t i - r i n g   a r o m a t i c   c o m p o u n d s ,  

h e t e r o c y c l i c   compounds,   e t c .   Oxygen  and  n i t r o g e n   are  b e l i e v e d  

to  be  p r e s e n t   p r i m a r i l y   in  c h e m i c a l   c o m b i n a t i o n   wi th   the  a r o m a t i c  

compounds.   Some  of  the  s u l f u r   is  b e l i e v e d   to  be  p r e s e n t   in  c h e m i -  

ca l   c o m b i n a t i o n   w i th   the  a r o m a t i c  c o m p o u n d s   and  some  in  c h e m i c a l  

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

example ,   i ron   and  c a l c i u m .  

In  a d d i t i o n   t o  t h e   above,  coa l   b e i n g   t r e a t e d   h e r e i n  

w i l l   a l so   c o n t a i n   s o l i d ,   p r i m a r i l y   i n o r g a n i c ,   compounds  w h i c h  

w i l l   not  be  c o n v e r t i b l e   to  p r o d u c t   h e r e i n ,   which  are  termed  a s  

" a s h " ,   and  are  composed  c h i e f l y   of  compounds  of  s i l i c o n ,   a luminum,  

i ron   and  c a l c i u m ,   w i t h   s m a l l e r   amounts  of  compounds  of  magnes ium,  



t i t a n i u m ,   sodium  and  p o t a s s i u m .   The  ash  c o n s e n t   of  the  c o a l  

t r e a t e d   h e r e i n   amounts  to  l e s s   than  50  w e i g h t   p e r c e n t ,   based   on 

the  we igh t   of  m o i s t u r e - f r e e   coa l ,   bu t ,   in  g e n e r a l ,   amounts  t o  

abou t   0.1  to  about   30  we igh t   p e r c e n t ,   p r e f e r a b l y   about   0.5  t o  

abou t   20  we igh t   p e r c e n t .  

A n t h r a c i t i c ,   b i t u m i n o u s   and  s u b b i t u m i n o u s   c o a l ,  

l i g n i t i c   m a t e r i a l s   and  o the r   types   of  coal   m a t e r i a l s   r e f e r r e d   t o  

in  ASTM  D-388  are  exempla ry   of  the  coal   which  can  be  t r e a t e d   i n  

a c c o r d a n c e   wi th   the  p r o c e s s   of  the  p r e s e n t   i n v e n t i o n   to  p r o d u c e  

upgraded   p r o d u c t s   t h e r e f r o m .   The  coa l ,   p r i o r   to  the  use  i n  

the  p r o c e s s   of  the  i n v e n t i o n ,   is  p r e f e r a b l y   ground  in  a 

s u i t a b l e   a t t r i t i o n   mach ine ,   such  as  a  hammermi l l ,   to  a  s i z e  

such  t h a t   at  l e a s t   50  p e r c e n t   of  the  coal   w i l l   pass  t h rough   a 

40-mesh  (U.  S.  s e r i e s )   s i e v e .   The  ground  coa l   is  then  d i s s o l v e d  

a n d / o r   s l u r r i e d   in  a  s u i t a b l e   s o l v e n t .  

Any  l i q u i d   compound,  or  m i x t u r e s   of  such  compounds ,  

c o n t a i n i n g   d o n a t a b l e   hydrogen   can  be  used  as  a  s o l v e n t   h e r e i n .  

However,  l i q u i d   a r o m a t i c   h y d r o c a r b o n s   are  p r e f e r r e d .   By 

" d o n a t a b l e   hydrogen"  i t   is  meant  t h a t   a  compound  can,  under  t h e  

c o n d i t i o n s   of  r e a c t i o n   h e r e i n ,   add  hydrogen   and  a l s o   r e l e a s e   t h e  

same.  A  s o l v e n t   found  p a r t i c u l a r l y   u s e f u l   as  a  s t a r t - u p   s o l v e n t  

is  a n t h r a c e n e   o i l   d e f i n e d   in  Chamber ' s   T e c h n i c a l   D i c t i o n a r y ,  

MacMil lan   (Great  B r i t a i n ,   1943),  p.  40  as  f o l l o w s :   "A  c o a l - t a r  

f r a c t i o n   b o i l i n g   above  518°F . ,   c o n s i s t i n g   of  a n t h r a c e n e ,   p h e n a n -  

t h r e n e ,   c h r y s e n e ,   c a r b o z o l e   and  o the r   h y d r o c a r b o n   o i l s . "   O t h e r  

s o l v e n t s   which  can  be  s a t i s f a c t o r i l y   employed  as  s t a r t - u p  

s o l v e n t s   h e r e i n   are  those   which  are  commonly  used  in  t h e  



P o t t - B r o c h e   p r o c e s s .   Examples  of  t hese   are  p o l y n u c l e a r   a r o m a t i c  

h y d r o c a r b o n s   such  as  n a p h t h a l e n e   and  c h r y s e n e   and  t h e i r   h y d r o -  

g e n a t e d   p r o d u c t s   such  as  t e t r a l i n   ( t e t r a h y d r o n a p h t h a l c n e ) ,  

d e c a l i n ,   e t c .   or  one  or  more  of  the  f o r e g o i n g   in  a d m i x t u r e   w i t h  

a  p h e n o l i c   compound  such  as  phenol   or  c r e s o l .  

The  s e l e c t i o n   of  a  s p e c i f i c   s o l v e n t   when  the  p r o c e s s   o f  

the  p r e s e n t   i n v e n t i o n   is  i n i t i a t e d   is  not  c r i t i c a l   s i n c e   a  l i q u i d  

f r a c t i o n   which  is  o b t a i n e d   on  c o m p l e t i o n   of  the  d e f i n e d   c o n v e r -  

s ion   p r o c e s s   w i l l   s e rve   as  a  s o l v e n t   for   the  p r o c e s s   at  e q u i l i -  

br ium  c o n d i t i o n s .   The  l i q u i d   f r a c t i o n   which  i s  e m p l o y e d   and  

formed  d u r i n g   the  p r o c e s s   as  d e s c r i b e d   h e r e i n   is  r e f e r r e d   to  as  a  

"second  l i q u i d   f r a c t i o n "   and  is  p roduced   in  a  q u a n t i t y   which  can  b e  

more  than  s u f f i c i e n t   to  r e p l a c e   any  s o l v e n t   t h a t   is  c o n v e r t e d   t o  

o t h e r   p r o d u c t s   or  which  is  l o s t   d u r i n g   the  p r o c e s s .   Thus,  a 

second  l i q u i d   f r a c t i o n   formed  in  the  p r o c e s s   of  t h e   i n v e n t i o n   i s  

a d v a n t a g e o u s l y   r e c y c l e d   to  the  f i r s t   h y d r o g e n a t i o n   zone  of  t h e  

p r o c e s s .   In  a  p r e f e r r e d   embodiment ,   the  o p e r a t i o n   can  be  c a r r i e d   o u t  

t h a t   a l l   of  the  "second  l i q u i d   f r a c t i o n "   p r o d u c e d   is  r e c y c l e d   and  

s a t i s f i e s   the  r e q u i r e m e n t s   of  the  s o l v e n t   needed  in  the  f i r s t  

h y d r o g e n a t i o n   zone.  I t   w i l l   be  r e c o g n i z e d   t h a t   as  the  p r o c e s s  

c o n t i n u e s   the  s o l v e n t   used  i n i t i a l l y   becomes  i n c r e a s i n g l y   d i l u t e d  

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

no  l o n g e r   d i s t i n g u i s h a b l e   from  the  second  l i q u i d   f r a c t i o n .   If  t h e  

p r o c e s s   is  o p e r a t e d   on  a  s e m i - c o n t i n u o u s   b a s i s ,   the  s o l v e n t   w h i c h  

is  employed  at  the  b e g i n n i n g   of  each  new  p e r i o d   w i l l   b e  t h a t  

which  has  been  o b t a i n e d   from  a  p r e v i o u s   o p e r a t i o n .  

A  s l u r r y   composed  of  coa l   and  a  s o l v e n t   c o n t a i n i n g  

d o n a t a b l e   hyd rogen ,   t o g e t h e r   w i th   hyd rogen ,   is  s u b j e c t e d   to  c a t a -  

l y s t - f r e e   h y d r o g e n a t i o n   c o n d i t i o n s   in  a  f i r s t   h y d r o g e n a t i o n   z o n e .  

The  c a t a l y s t - f r e e   h y d r o g e n a t i o n   c o n d i t i o n s   are   se t   f o r t h   in  Table   2 .  



By  " c a t a l y s t - f r e e "   i t   is  meant  t h a t   no  e x t e r n a l   c a t a -  

l y s t   is  added  to  the  f i r s t   h y d r o g e n a t i o n   zone;  however,   ash  i n  

the  coal   i t s e l f   is  p r e s e n t   and  is  known  to  have  some  c a t a l y t i c  

p r o p e r t i e s .   The  exac t   c o n d i t i o n s   s e l e c t e d   depend,  for  e x a m p l e ,  

upon  the  p a r t i c u l a r   feed  to  be  t r e a t e d ,   the  degree   of  h y d r o g e n a -  

t i o n   d e s i r e d ,   e t c .   I t   is  e c o n o m i c a l l y   d e s i r a b l e   to  use  as  l o w  a  

t e m p e r a t u r e   as  p o s s i b l e   and  s t i l l   o b t a i n   the  d e s i r e d   r e s u l t s .   I f  

d e s i r e d ,   u n r e a c t e d   hydrogen   can  be  r e c o v e r e d   and  r e c y c l e d .  

A f t e r   s u b j e c t i n g   the  s l u r r y   to  c a t a l y s t - f r e e   h y d r o g e n a -  

t i on   c o n d i t i o n s ,   an  i n t e r m e d i a t e   c o a l - s o l v e n t   s l u r r y   having   t h e  

t y p i c a l   a n a l y s i s   se t   f o r t h   in  Table   3  is  o b t a i n e d .  



The  h y d r o g e n a t i o n   e f f e c t e d   at  t h i s   p o i n t   is  not  s u f f i c i e n t   t o  

have  c o n v e r t e d   the  coa l   to  a  l i q u i d   in  the  absence   of  the  s o l -  

ven t ,   t h a t   i s ,   i f   the  s o l v e n t   were  s e p a r a t e d   from  the  p r o d u c t   a t  

the  end  of  the  c a t a l y s t - f r e e   h y d r o g e n a t i o n   at  ambient   t e m p e r a t u r e  

and  ambien t   p r e s s u r e ,   l e f t   beh ind   would  be  a  m i x t u r e   of  d e a s h e d  

c o a l   and  a s h .  

Ash  a n d / o r   o t h e r   i n s o l u b l e   m a t e r i a l   can  be  s e p a r a t e d  

from  the  i n t e r m e d i a t e   c o a l - s o l v e n t   s l u r r y   by  any  t e c h n i q u e   known 

to  one  of  o r d i n a r y   s k i l l   in  the  a r t   to  p r o v i d e   a  c o a l - s o l v e n t  

s o l u t i o n ,   as  d e f i n e d   h e r e i n ,   to  be  e s s e n t i a l l y   f ree   of  i n s o l u b l e  

m a t e r i a l   a n d / o r   ash.  S u i t a b l e   t e c h n i q u e s   for   ash  removal ,   d e -  

a s h i n g ,   can  i n c l u d e ,   for  example ,   f i l t r a t i o n ,   f i l t e r   wash  s o l v e n t ,  

s e p a r a t i o n ,   and  c e n t r i f u g a t i o n .   The  p r e f e r r e d   t e c h n i q u e   f o r  

d e a s h i n g   in  the  p r e s e n t   i n v e n t i o n   is  f i l t r a t i o n .   The  c o a l - s o l v e n t  



s o l u t i o n   formed  as  a  r e s u l t   of  d e a s h i n g   has  e s s e n t i a l l y   the  same 

a n a l y s i s   as  the  i n t e r m e d i a t e   c o a l - s o l v e n t   s l u r r y   in  Table  3,  

e x c e p t   the  ash  has  been  removed.   In  one  embodiment   of  the  p r e s e n t  

i n v e n t i o n   some  or  a l l   of  the  ash  from  the  d e a s h i n g   s tep   is  r e c y c l e d  

to  the  f i r s t   h y d r o g e n a t i o n   zone  to  enhance  hydrogen   t a k e - u p .  

A  c o a l - s o l v e n t   s o l u t i o n   formed  as  a  r e s u l t   of  d e a s h i n g  

is  s u b j e c t e d   to  c a t a l y t i c   h y d r o g e n a t i o n   c o n d i t i o n s   in  a  s e c o n d  

h y d r o g e n a t i o n   zone.  The  c a t a l y t i c   h y d r o g e n a t i o n   c o n d i t i o n s   a r e  

se t   f o r t h   in  Table  4 .  

Any  h y d r o g e n a t i o n   c a t a l y s t   s u i t a b l e   for   use  in  c o a l  

h y d r o g e n a t i o n   can  be  used  h e r e i n ,   for   example ,   the  c a t a l y s t  

d e f i n e d   and  c la imed  in  U.  S.  P a t e n t   No.  3 , 8 4 0 , 4 7 3 .   The  p r e f e r r e d  

c a t a l y s t   is  compr i sed   of  a  h y d r o g e n a t i o n   component   s e l e c t e d   f rom 

the  group  c o n s i s t i n g   of  Group  VI  and  Group  VIII  m e t a l s ,   t h e i r  

ox ides   and  s u l f i d e s ,   s u p p o r t e d   on  a  n o n - z e o l i t i c   c a r r i e r ,   w h i c h  

c a t a l y s t   is  promoted  with  a  Group  IV-B  m e t a l .  

The  h y d r o g e n a t i o n   component   employed  in  the  c a t a l y s t  

can  be  one  of  a  c o m b i n a t i o n   of  the  Group  VI  and  Group  VIII  m e t a l s  

or  t h e i r   oxides   or  s u l f i d e s .   We  p r e f e r   to  employ  c a t a l y s t s   c o n -  

t a i n i n g   a  c o m b i n a t i o n   of  Group  VI  and  Group  VIII   components ,   a n d  

p a r t i c u l a r l y   we  p r e f e r   to  employ  such  components   in  an  a t o m i c  

r a t i o   of  Group  VIII  me ta l   to  Group  VI  me ta l   of  at  l e a s t   1 : 0 . 3 ,  

p r e f e r a b l y   at  l e a s t   about   1 : 0 . 5 ,   and  more  p r e f e r a b l y   at  l e a s t  

about   1 : 1 . 0 .   G e n e r a l l y ,   we  do  not  employ  such  c a t a l y s t   with  a 



Group  VIII   to  Group  VI  a tomic   r a t i o   in  exces s   of  about   1 : 5 ,  

p r e f e r a b l y   an  a tomic  r a t i o   of  l e s s   than   about   1 : 3 . 5 ,   and  more  

p r e f e r a b l y   an  a tomic  r a t i o   of  l e s s   than  about   1 : 2 . 5 .   We  f ind  a  

p a r t i c u l a r l y   p r e f e r r e d   c a t a l y s t   c o n t a i n s   the  Group  VIII   a n d  

Group  VI  m e t a l s   in  an  a tomic   r a t i o   of  l e s s   than  about   1 : 1 . 7 5 .  

F u r t h e r ,   the  c a t a l y s t s   have  a  t o t a l   Group  VI  p lus   Group  V I I I  

m e t a l s   c o n t e n t   of  at  l e a s t   about   5  p e r c e n t   by  we igh t   based   u p o n  

the  t o t a l   c a t a l y s t ,   and  p r e f e r a b l y   at   l e a s t   about   10  p e r c e n t   b y  

w e i g h t .   As  a  g e n e r a l   r u l e ,   we  do  not  employ  c a t a l y s t s   c o n t a i n -  

ing  more  than  about   50  p e r c e n t   by  w e i g h t   m e t a l s   and  u s u a l l y  

r e s t r i c t   t o t a l   Group  VI  and  Group  VII I   m e t a l   c o n t e n t   to  l e s s   t h a n  

about   30  p e r c e n t   by  w e i g h t .   P r e f e r r e d   c a t a l y s t s   for   use  in  o u r  

p r o c e s s   can  be  compr i s ed   of  c o m b i n a t i o n s   of  the  i r on   group  m e t a l s  

and  Group  VI  m e t a l s   such  as  molybdenum  and  t u n g s t e n .   Of  the  i r o n  

group  me ta l s   we  p r e f e r   to  employ  c o b a l t   and  n i c k e l ,   w i th   n i c k e l  

be ing   p a r t i c u l a r l y   p r e f e r r e d ,   and  of  the  Group  V I  m e t a l s   we  p r e -  

fe r   to  employ  molybdenum.  I l l u s t r a t i v e   of  p a r t i c u l a r l y   p r e f e r r e d  

c a t a l y s t s   for  use  in  our  i n v e n t i o n   have  m e t a l   c o m b i n a t i o n s   o f  

n i c k e l - m o l y b d e n u m ,   c o b a l t - m o l y b d e n u m ,   n i c k e l - t u n g s t e n ,   and  

n i c k e l - c o b a l t - m o l y b d e n u m .  

The  most  p r e f e r r e d   c a t a l y s t   employed  c o n t a i n s   a  G r o u p  

I V - B  m e t a l ,   i . e . ,   t i t a n i u m ,   z i r c o n i u m ,   or  ha fn ium.   A c c o r d i n g l y ,  

we  employ  c a t a l y s t s   c o n t a i n i n g   at   l e a s t   1  p e r c e n t  b y   w e i g h t   of  a  

Group  IV-B  meta l   b a s e d   upon  the  t o t a l   c a t a l y s t   and  p r e f e r a b l y  

c o n t a i n i n g   at  l e a s t   abou t   2.5  p e r c e n t   by  w e i g h t .   While  t h e r e  

does  not  appear   to  be  a n y  u p p e r   l i m i t   on  maximum  amount  of  G r o u p  

IV-B  meta l   which  can  be  employed ,   t h e r e   does  not  appea r   to  be  a n y  

advan t age   to  employing   m o r e  t h a n   about   10  p e r c e n t   by  we igh t   b a s e d  

upon  the  t o t a l   c a t a l y s t   of  such  m e t a l .   P r e f e r a b l y ,   we  emp loy  

c a t a l y s t s   c o n t a i n i n g   l e s s   than   about   8  p e r c e n t   by  w e i g h t   of  a  

Group  IV-B  m e t a l .   Of  the  Group  IV-B  m e t a l s   ( t i t a n i u m ,   z i r c o n i u m  



and  h a f n i u m ) ,   we  p r e f e r   to  employ  t i t a n i u m   and  z i r c o n i u m ,   w i t h  

t i t a n i u m   be ing   p a r t i c u l a r l y   p r e f e r r e d .  

The  c a r r i e r   or  s u p p o r t   employed  in  the  c a t a l y s t   can  b e  

any  n o n - z e o l i t i c   r e f r a c t o r y   oxide  having  a  s u r f a c e   area   in  e x c e s s  

of  5  m2/g,  such  as  a lumina ,   s i l i c a   a l u m i n a s ,   s i l i c a   g e l s ,   a c i d -  

l eached   b o r o - s i l i c a t e   g l a s s   and  s p i n e l s ,   e . g . ,   magnesium  a l u m i n -  

a te ,   magnesium  oxide ,   a l u m i n a - a l u m i n u m   p h o s p h a t e s ,   e tc .   P r e f e r -  

ably,   however,   we  employ  an  a lumina   c a r r i e r .  

The  c a t a l y s t   can  be  a  v a r i e t y   of  shapes   and  s i z e s ,   s u c h  

as  1 / 3 2 - i n c h   e x t r u d a t e s ,   1 / 4 - i n c h   t a b l e t s   or  1 / 2 - i n c h   s t a r s   o r  

r i n g s .   This  is  not  p a r t   of  the  i n v e n t i o n   and  wha t eve r   shape  o r  

s i ze   is  most  s u i t a b l e   for  a  g iven   o p e r a t i o n   can  be  e m p l o y e d .  

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

p r o c e s s   of  the  i n v e n t i o n ,   i t   is  c u s t o m a r y   to  c o n t i n u e   the  r e a c -  

t ion   u n t i l   the  c a t a l y s t   a c t i v i t y   has  d e c r e a s e d   marked ly   due  t o  

the  d e p o s i t i o n   of  ash  a n d / o r   coke  or  o t h e r   c a r b o n a c e o u s   m a t e r i a l  

t h e r e o n .   In  the  p r o c e s s   of  the  p r e s e n t   i n v e n t i o n ,   the  r e a c t i o n  

w i l l   c o n t i n u e   over  an  e x t e n d e d   p e r i o d   of  time  b e f o r e   r e g e n e r a t i o n  

of  the  c a t a l y s t   is  r e q u i r e d .   When  r e g e n e r a t i o n   of  the  c a t a l y s t  

becomes  n e c e s s a r y ,   the  c a t a l y s t   can  be  r e g e n e r a t e d  b y   c o m b u s t i o n ,  

i . e . ,   by  c o n t a c t   wi th   an  o x y g e n - c o n t a i n i n g   gas  such  as  a i r   at  an  

e l e v a t e d   t e m p e r a t u r e   u s u a l l y   about   482°C  or  by  any  o t h e r   means  

g e n e r a l l y   used  to  r e g e n e r a t e   h y d r o g e n a t i o n   c a t a l y s t s .   The 

manner  in  which  the  c a t a l y s t   is  r e g e n e r a t e d   does  not  c o n s t i t u t e  

a  p o r t i o n   of  the  p r e s e n t   i n v e n t i o n .  

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

can  be  s e p a r a t e d   by  any  c o n v e n t i o n a l   method  known  in  the  a r t ,  

e s p e c i a l l y   by  d i s t i l l a t i o n   at  ambien t   p r e s s u r e   i n to   (a)  a  f i r s t  

l i q u i d   f r a c t i o n   b o i l i n g   at  a  t e m p e r a t u r e   in  the  range  of  a b o u t  

100  to  about   375°C,  p r e f e r a b l y   about   150  to  about   325°C,  (b)  a 

second  l i q u i d   f r a c t i o n   b o i l i n g   above  sa id   f i r s t   l i q u i d   f r a c t i o n  



at  a  t e m p e r a t u r e   in  the  range   of  abou t   200  to  about   525°C,  p r e -  

f e r a b l y   about   250  to  abou t   475°C  and  (c)  a  s o l i d   a n d / o r   s e m i -  

s o l i d   m a t e r i a l .  

An  a n a l y s i s   of  the  f i r s t   l i q u i d   f r a c t i o n   is  se t   f o r t h  

in  Table  5 .  

If   d e s i r e d ,   the  f i r s t   l i q u i d   f r a c t i o n   can  be  r e c y c l e d   for  use  i n  

the  d e a s h i n g   s t a g e .  

An  a n a l y s i s   of  the  second  l i q u i d   f r a c t i o n   is  se t   f o r t h  

in  Table  6 .  

An  a n a l y s i s   of  the  s o l i d   a n d / o r   s e m i - s o l i d   m a t e r i a l   i s  

se t   f o r t h   in  Table  7 .  



The  s o l i d   a n d / o r   s e m i - s o l i d   m a t e r i a l   is  c a p a b l e   of  being  b l e n d e d  

a n d / o r   cut  for  p u m p a b i l i t y   or  to  o b t a i n   a  d e s i r e d   fuel  c o m p o s i t i o n .  

For  example,   the  s o l i d   m a t e r i a l   can  be  burned   as  an  e s s e n t i a l l y  

a s h - f r e e   coal   having  a  r e d u c e d   c o n t e n t   of  s u l f u r ,   oxygen  and 

n i t r o g e n .   A d d i t i o n a l l y ,   the  s o l i d   m a t e r i a l   can  be  improved  and  

used,   for  example,   as  d e f i n e d   and  c la imed  in  our  c o - p e n d i n g  

a p p l i c a t i o n ,   e n t i t l e d   "Novel  Fuel  C o m p o s i t i o n s   (Case  H)",  S e r i a l  

No.  ,  f i l e d   c o n c u r r e n t l y   h e r e w i t h .   At  l e a s t   a  p o r t i o n  

of  the  second  l i q u i d   f r a c t i o n   is  r e c y c l e d   to  the  f i r s t   h y d r o g e n a t i o n  

z o n e .  

DESCRIPTION  OF  PREFERRED  EMBODIMENTS 

The  i n v e n t i o n   w i l l   be  f u r t h e r   d e s c r i b e d   wi th   r e f e r e n c e  

to  the  e x p e r i m e n t a l   d a t a .  

A c t i v i t y   and  aging  of  the  c a t a l y s t s   is  i n d i c a t e d   b y  

°API  for  a  g iven   number  of  run  hours  in  the  examples   which  f o l l o w .  

°API  is  a  g r a v i t y   measu remen t   ( hyg rome te r   method  ASTM  D-287)  o f  

the  p r o d u c t   and  is  a  r e a s o n a b l e   measure  of  c a t a l y s t   a c t i v i t y ,   t h e  

amount  of  hydrogen   t a k e n - u p   in  a  g iven   r e a c t i o n .   For  e x a m p l e ,  

p r o d u c t   °API 's   of  0,  +3  and  +9  (from  a  -3°API  feed)  showed  h y d r o -  

gen  c o n s u m p t i o n s   of  2 .6 ,   5.3  and  12  kmol  H2/m3  feed,   r e s p e c t i v e l y .  

V a r i a t i o n s   be tween   s u c c e s s i v e   °API  r e a d i n g s   d u r i n g   the  course   o f  

a  run  would  then  i n d i c a t e   the  amount  of  c a t a l y s t   ag ing .   The  °API 

measu remen t s   were  t y p i c a l l y   made  at  71°C/16°C  as  compared  to  t h e  

more  common  16°C/16°C  to  make  c e r t a i n   t h a t   the  p r o d u c t   would  h a v e  

a  p o s i t i v e   value  r a t h e r   than  a  n e g a t i v e   °API  v a l u e .  

The  c a t a l y s t s   employed  in  the  e x p e r i m e n t a l   work  w e r e  

p r e p a r e d   by  c o n v e n t i o n a l   methods .   These  methods  do  not  c o n s t i t u t e  

any  pa r t   of  the  p r e s e n t   i n v e n t i o n .  

Example  1:  Forming  an  I n t e r m e d i a t e   C o a l - S o l v e n t   S l u r r y  

An  i n t e r m e d i a t e   c o a l - s o l v e n t   s l u r r y   was  p r e p a r e d  

a c c o r d i n g   to  the  p r o c e s s   as  d e s c r i b e d   in  U.  S.  P a t e n t   No. 



3 , 3 4 1 , 4 4 7   to  Bul l   et  a l .   An  a s h - c o n t i a n i n g   coa l   from  t h e  

P i t t s b u r g   and  Midway  Coal  Company  C o l o n i a l   Mine  was  used  i n  

the  e x p e r i m e n t a l   work.  The  coa l   had  the  f o l l o w i n g   a n a l y s i s :  

Two  s e p a r a t e   runs  were  c a r r i e d   out  w h e r e i n   a s h - c o n t a i n i n g   c o a l  

was  d i s s o l v e d   under   c a t a l y s t - f r e e   h y d r o g e n a t i o n   c o n d i t i o n s   in  a  

s o l v e n t ,   s u b s t a n t i a l l y   as  d e s c r i b e d   in  Table   6,  as  "a  second  l i q u i d  

f r a c t i o n " ,   r e c o v e r e d   from  p r e v i o u s   e x t r a c t i o n   runs  in  a c c o r d a n c e  

wi th   the  p r e s e n t   i n v e n t i o n   under   the  c o n d i t i o n s   as  s e t   f o r t h   i n  

Table  9 .  

Example  2:  D e a s h i n g  a n   I n t e r m e d i a t e   C o a l - S o l v e n t   S l u r r y  

Ash  and /o r   o t h e r   i n s o l u b l e s   was  s e p a r a t e d   from  t h e  

i n t e r m e d i a t e   c o a l - s o l v e n t   s l u r r y   of  the  runs  in  Example  1  b y  

f i l t r a t i o n   under   the  c o n d i t i o n s   as  s e t   f o r t h   in  Table   10  to  form 

a  c o a l - s o l v e n t   s o l u t i o n .   An  a n a l y s i s   of  the  c o a l - s o l v e n t  

s o l u t i o n   is  se t   f o r t h   in  Table  11 .  



I t   can  be  seen  from  the  da ta   of  Table  11  t h a t   the  a n a l y s e s   f o r  

each  of  the  two  runs  were  v i r t u a l l y   i d e n t i c a l   due  to  the  s i m i l a r -  

i t y   in  bo th   the  c a t a l y s t - f r e e   p r o c e s s   and  f i l t r a t i o n .  

Example  3:  S e p a r a t i o n   I n t o   Two  Liquid   F r a c t i o n s   and  a  S o l i d  
F r a c t i o n   Before   C a t a l y t i c   H y d r o g e n a t i o n  

The  c o a l - s o l v e n t   s o l u t i o n   from Run  3  was  s u b j e c t e d   t o  

d i s t i l l a t i o n   to  s e p a r a t e   i t   i n t o   two  l i q u i d   f r a c t i o n s   and  a 

s o l i d   b e f o r e   c a t a l y t i c   h y d r o g e n a t i o n   for  compa r i son   wi th   an  

i d e n t i c a l   d i s t i l l a t i o n   a f t e r   c a t a l y t i c   h y d r o g e n a t i o n   as  in  t h e  

p r e s e n t   i n v e n t i o n .   A  f i r s t   l i q u i d   f r a c t i o n   was  t h a t   f r a c t i o n  

which  b o i l e d   between  about   191  to  about   288°C  at  a m b i e n t  



p r e s s u r e   in  the  s e p a r a t i o n   by  d i s t i l l a t i o n .   A  second  l i q u i d  

f r a c t i o n   was  t h a t   f r a c t i o n   which  b o i l e d   be tween   abou t   288  t o  

a b o u t   454°C  at  ambien t   p r e s s u r e   in  the  s e p a r a t i o n   by  d i s t i l l a t i o n .  

On  c o m p l e t i o n   of  the  d i s t i l l a t i o n   of  the  two  f r a c t i o n s ,   t h e r e  

r e m a i n e d   a  s o l i d   a n d / o r   s e m i - s o l i d   m a t e r i a l .   E l e m e n t a l   a n a l y s e s  

of  the  two  l i q u i d   f r a c t i o n s   and  the  s o l i d   a n d / o r   s e m i - s o l i d  

m a t e r i a l   are  se t   f o r t h   in  Table   12.  A  smal l   amount  of  m a t e r i a l ,  

about   0  to  a b o u t  5   p e r c e n t ,   u s u a l l y   l e s s   than   about   3  p e r c e n t ,  

b o i l i n g   at  a  t e m p e r a t u r e   lower  than  191°C  can  be  o b t a i n e d .   The 

amount  of  such  m a t e r i a l   depends  on  the  p r o c e s s   c o n d i t i o n s .  

Example  4:  C a t a l y t i c   H y d r o q e n a t i o n   of  C o a l - S o l v e n t   S o l u t i o n  

Three  runs  were  c a r r i e d   out  w h e r e i n   the  coa l   s o l v e n t  

s o l u t i o n s   of  Run  Nos.  3  and  4  were  s u b j e c t e d   to  c a t a l y t i c   h y d r o -  

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

s p e c i f i c   r e a c t i o n   c o n d i t i o n s   as  se t   f o r t h   in  Table   1 3 .  





The  r e s u l t s   of  the  c a t a l y t i c   h y d r o g e n a t i o n   are   shown  i n  

F i g u r e   1.  Al l   runs  have  an  i n c r e a s e d   amount  of  hydrogen   i n c o r -  

p o r a t e d   as  i n d i c a t e d   by  the  h i g h e r   °API  v a l u e s   as  compared  t o  

°API  v a l u e s   in  Table   11.  In  o r d e r   of  p r e f e r e n c e   a  n i c k e l -  

t i t a n i u m - m o l y b d e n u m   c a t a l y s t   is  more  d e s i r a b l e   than  a  n i c k e l -  

c p b a l t - m o l y b d e n u m   c a t a l y s t ,   a l t h o u g h   bo th   c a t a l y s t s   are  a c c e p t -  

a b l e   in  the  p r e s e n t   i n v e n t i o n .  

Example  5:  S e p a r a t i o n   i n to   F i r s t   L i q u i d   F r a c t i o n ,  S e c o n d   L i q u i d  
F r a c t i o n   and  So l id   M a t e r i a l   A f t e r   C a t a l y t i c   H y d r o -  
g e n a t i o n  

The  p r o d u c t   of  R u n  N o .  7   was  s u b j e c t e d   to  s e p a r a t i o n   b y  

d i s t i l l a t i o n   a f t e r   c a t a l y t i c   h y d r o g e n a t i o n  i n t o   (a)  a  f i r s t  

l i q u i d   f r a c t i o n   which  b o i l e d   b e t w e e n   abou t   191  to  abou t   2 8 8 ° C ,  

(b)  a  second  l i q u i d   f r a c t i o n   t h a t   b o i l e d   b e t w e e n   abou t   288  t o  

abou t   386°C  and  (c)  a  s o l i d   a n d / o r   s e m i s o l i d   m a t e r i a l .   An 

a n a l y s i s   of  each  of  t he se   i s  s e t   f o r t h   in  Tab le   14.  A  s m a l l  

amount  of  m a t e r i a l ,   about   0  to  abou t   5  p e r c e n t ,   u s u a l l y   l e s s   t h a n  

abou t   3  p e r c e n t ,   b o i l i n g   a t   a  t e m p e r a t u r e   l o w e r  t h a n   191°C  can  b e  

o b t a i n e d .   The  amount  of  such  m a t e r i a l   d e p e n d s  o n   the  p r o c e s s  

c o n d i t i o n s .  



Comparing  t he se   va lues   with  the  v a l u e s   from  Table   12,  i t  

can  be  seen  t h a t   a  s i g n i f i c a n t   amount  of  hyd rogen   has  been  i n c o r -  

p o r a t e d   and  n i t r o g e n ,   s u l f u r   and  oxygen  have  been  g r e a t l y   r e d u c e d  

in  a l l   f r a c t i o n s .   Thus  the  r e c y c l e   f r a c t i o n ,   i . e . ,   the  s e c o n d  

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

is  more  s u i t a b l e   for  use  under  c a t a l y s t - f r e e   h y d r o g e n a t i o n   c o n d i -  

t i ons   in  a  f i r s t   h y d r o g e n a t i o n   zone.  Most  i m p o r t a n t ,   however,   t h e  

s o l i d   m a t e r i a l   from  Run  No.  7  in   Table  14  is  much  more  s u i t a b l e  

for  use  as  a  s o l i d   f ue l   for  bu rn ing   or  for  use  as  a  b l e n d i n g   compo-  

nent  wi th   o t h e r   f r a c t i o n s   as  d e s c r i b e d   in  our  c o - p e n d i n g   a p p l i c a -  

t ion ,   e n t i t l e d   "Novel  Fuel  C o m p o s i t i o n s   (Case  B ) , "  

S e r i a l   No.  8 6 5 , 6 0 7  ,   f i l e d   c o n c u r r e n t l y   h e r e w i t h .  

Example  6:  N iCoMo-Con ta in ing   C a t a l y s t  

F i g u r e   1  a l s o   i l l u s t r a t e d   the  s u p e r i o r   ag ing   c h a r a c t e r -  

i s t i c s   of  c a t a l y s t s   c o n t a i n i n g   NiTiMo  on  a lumina   over  c a t a l y s t s  

c o n t a i n i n g   NiCoMo  on  a l u m i n a .   In  examining   the  m e t a l   l o a d i n g   c o n -  

t en t   of  the  two  c a t a l y s t s ,   on  a  molar  b a s i s ,   i t   was  noted  t ha t   t h e  

N i T i N o - c o n t a i n i n g   c a t a l y s t   has  a  h ighe r   m e t a l   l o a d i n g   c o n t e n t .   To 

show  t h a t   the  N i C o M o - c o n t a i n i n g   c a t a l y s t   wi th   the  same  meta l   l o a d i n g  

c o n t e n t   as  the  N i T i M o - c o n t a i n i n g   c a t a l y s t   p r o d u c e d   a  c a t a l y s t   w h i c h  

did  not  age  as  wel l   as  the  N i T i M o - c o n t a i n i n g   c a t a l y s t ,   a  c a t a l y s t  

c o n t a i n i n g   3.0  we igh t   p e r c e n t   n i c k e l ,   6.0  w e i g h t   p e r c e n t   c o b a l t  

and  8.0  we igh t   p e r c e n t   molybdenum  was  p r e p a r e d .   This  c a t a l y s t   a n d  

the  0.5  we igh t   p e r c e n t   n i c k e l ,   1.0  we igh t   p e r c e n t   c o b a l t ,   and  8 . 0  

weight   p e r c e n t   m o l y b d e n u m - c o n t a i n i n g   c a t a l y s t   were  compared  a t  

e q u i v a l e n t   c o n d i t i o n s :   420°C  (800°F),   13,788  kPa  (2,000  p s i g ) ,  

2.0  LHSV,  and  75.2  kmol  H2/m3  feed  us ing  a  feed  s i m i l a r   to  t h a t  

d e s c r i b e d   in  the  p r e v i o u s   examples .   The  r e s u l t s   are  p r e s e n t e d   i n  

F igure   2  as  Run  Nos.  8  and  9.  The  °API  v a l u e s   in  F i g u r e   2  w e r e  

taken  at  a  lower  t e m p e r a t u r e ,   s ince   n e g a t i v e   v a l u e s   were  not  e x p e c t e d .  



From  F i g u r e   2  i t   can  be  seen  t h a t   i d e n t i c a l   r e s u l t s   were  o b t a i n e d .  

Thus,  the  me ta l   l o a d i n g   c o n t e n t   of  the  NiCoMo  c a t a l y s t   in  t h e  

range   s t u d i e d   h a s  n o   e f f e c t   on  the  aging  of  the  c a t a l y s t .  

Example  7:  E f f e c t i v e n e s s   of  NiW  on  Alumina  C a t a l y s t  

While  the  above  da ta   d e m o n s t r a t e   the  use  of  bo th   a 

N i C o M o - o n - a l u m i n a   and  N i T i M o - o n - a l u m i n a   c a t a l y s t s ,   o t h e r   c a t a l y s t s  

w i th   d i f f e r e n t   me t a l   c o m b i n a t i o n s   are  a l s o   a p p l i c a b l e .   A  6 . 0  

w e i g h t   p e r c e n t   n i c k e l   and  19.0  w e i g h t   p e r c e n t   t u n g s t e n   on  a l u m i n a  

c a t a l y s t   was  a l s o   employed  in  the  i n v e n t i o n   h e r e i n .   R e s u l t s   w i t h  

t h i s   c a t a l y s t   u s ing   the  same  feed  and  p r o c e s s i n g   c o n d i t i o n s   o f  

Run  7  of  Table   13  and  F i g u r e   1  are  se t   f o r t h   in  Table   1 5 .  

This   c a t a l y s t   showed  hydrogen   i n c o r p o r a t i o n   as  e v i d e n t  

from  an  °API  i n c r e a s e   of  from  -3  for  t h e  f e e d   and  to  7  for   t h e  

p r o d u c t .   While   the  NiW  c a t a l y s t   did  not  age,  i t   did  not   have  a s  

h igh  an  a c t i v i t y   l e v e l   as  the  NiCoMo-  or  N iT iMo-based   c a t a l y s t .  

O b v i o u s l y ,   many  m o d i f i c a t i o n s   and  v a r i a t i o n s   of  t h e  

i n v e n t i o n ,   as  h e r e i n a b o v e   s e t   f o r t h ,   c a n  b e   m a d e  w i t h o u t   d e p a r t i n g  

from  the   s p i r i t   and  scope  t h e r e o f ,   and,  t h e r e f o r e ,   only  s u c h  l i m i -  

t a t i o n s   shou ld   be  imposed  as  are  i n d i c a t e d   in  t h e  a p p e n d e d   c l a i m s .  



1.  A  p r o c e s s   for  u p g r a d i n g   coal   which  c o m p r i s e s   the  s t e p s  

of:  (1)  s u b j e c t i n g   a  s l u r r y   composed  of  coal   and  a  s o l v e n t   c o n t a i n -  

ing  d o n a t a b l e   hyd rogen ,   t o g e t h e r   wi th   hydrogen ,   to  c a t a l y s t - f r e e  

h y d r o g e n a t i o n   c o n d i t i o n s   in  a  f i r s t   h y d r o g e n a t i o n   zone  to  form  an  

i n t e r m e d i a t e   c o a l - s o l v e n t   s l u r r y ;   (2)  d e a s h i n g   sa id   i n t e r m e d i a t e  

c o a l - s o l v e n t   s l u r r y   to  form  a  c o a l - s o l v e n t   s o l u t i o n ;   (3)  s u b j e c t -  

ing  said  c o a l - s o l v e n t   s o l u t i o n   to  c a t a l y t i c   h y d r o g e n a t i o n   c o n d i -  

t i o n s   in  a  second  h y d r o g e n a t i o n   zone  to  o b t a i n   a  l i q u i d   p r o d u c t  

t h a t   can  be  s e p a r a t e d   at   ambient   p r e s s u r e   i n to   (a)  a  f i r s t   l i q u i d  

f r a c t i o n   b o i l i n g   at  a  t e m p e r a t u r e   in  the  range  of  abou t   100  t o  

about   375°C,  (b)  a  second  l i q u i d   f r a c t i o n   b o i l i n g   above  sa id   f i r s t  

l i q u i d   f r a c t i o n   at   a  t e m p e r a t u r e   in  the  range  of  abou t   200  t o  

about   525°C  and  (c)  a  s o l i d   a n d / o r   s e m i - s o l i d   m a t e r i a l   and  t h e n  

(4)  r e c y c l i n g   at  l e a s t   a  p o r t i o n   of  sa id   second  l i q u i d   f r a c t i o n  

to  sa id   f i r s t   h y d r o g e n a t i o n   z o n e .  

2.  A  p r o c e s s   for  u p g r a d i n g   coal   a c c o r d i n g   to  c l a im   1  w h e r e i n  

sa id   f i r s t   l i q u i d   f r a c t i o n   b o i l s   at  a  t e m p e r a t u r e   i n  t h e   range  o f  

about   150  to  about   325°C;  and  sa id   second  f r a c t i o n   b o i l i n g   a b o v e  

sa id   f i r s t   l i q u i d   f r a c t i o n   b o i l s   at  a  t e m p e r a t u r e   in  the  range   o f  

about  250  to  about   4 7 5 ° C .  

3.  A  p r o c e s s   for   u p g r a d i n g   coal   a c c o r d i n g   to  c la im  1  w h e r e i n  

sa id   f i r s t   h y d r o g e n a t i o n   zone  has  a  t e m p e r a t u r e   r a n g i n g   from  a b o u t  

343  to  about   510°C;  a  p r e s s u r e   r a n g i n g   from  about   500  to  a b o u t  

5,000  p s i g ;   a  s o l v e n t / c o a l   weight   r a t i o   r a n g i n g   from  about   0 . 5 / 1   t o  

about   10/1;   a  h y d r o g e n / c o a l   feed  we igh t   r a t i o   r a n g i n g   from  a b o u t  

0 . 0 1 / 1   to  about   0 . 3 0 / 1 ;   a  hydrogen   gas  p u r i t y   r a n g i n g   from  about   85 

to  about   100  mole  p e r c e n t ;   and  a  r e s i d e n c e   t ime  of  about   0.1  t o  

about  5.0  h o u r s .  

4.  A  p r o c e s s   for   u p g r a d i n g   coal   a c c o r d i n g   to  c la im  1  w h e r e i n  

sa id   f i r s t   h y d r o g e n a t i o n   zone  has  a  t e m p e r a t u r e   r a n g i n g   from  a b o u t  



399  to  a b o u t   4 8 2 ° C ;  a   p r e s s u r e   r a n g i n g   from  a b o u t   1 ,000  to  a b o u t  

2 ,000  p s i g ;   a  s o l v e n t / c o a l   we igh t   r a t i o   r a n g i n g   from  about   1/1  t o  

abou t   4 / 1 ;   a  h y d r o g e n / c o a l   feed  w e i g h t   r a t i o   r a n g i n g   from  a b o u t  

0 . 0 5 / 1   to   about   0 . 0 1 / 1 ;   a  hyd rogen   gas  p u r i t y   r a n g i n g   from  about  95  , 

to  a b o u t  9 7   mole  p e r c e n t ;   and  a  r e s i d e n c e   t ime   o f  a b o u t   0.5  to  a b o u t  

2.0  h o u r s .  

5.  A  p r o c e s s   for   u p g r a d i n g   coa l   a c c o r d i n g   t o  c l a i m   1  w h e r e i n  

s a id   d e a s h i n g   i s  b y  f i l t r a t i o n .  

6.  A  p r o c e s s   for  u p g r a d i n g   coa l   a c c o r d i n g   to  c l a i m  1   w h e r e i n  

sa id   s econd   h y d r o g e n a t i o n   zone  has  a  t e m p e r a t u r e   r a n g i n g   f r o m  

abou t   260  to  a b o u t   538°C;  a  p r e s s u r e   r a n g i n g   from  abou t   500  t o  

abou t   10 ,000   p s i g ;   a  l i q u i d   h o u r l y   space   v e l o c i t y   of  abou t   0.3  t o  

abou t   10  volume  f e e d / v o l u m e   c a t a l y s t / h r ;   and  a  hydrogen   flow  r a t e  

of  a b o u t   25  to  about   190  kmol  H2/m3  f e e d .  

7.  A  p r o c e s s   f o r  u p g r a d i n g   coal   a c c o r d i n g   to  c la im  1  w h e r e i n  

s a id   s econd   h y d r o g e n a t i o n   zone  has  a  t e m p e r a t u r e   r a n g i n g   from  a b o u t  

399  to  a b o u t   454°C;  a  p r e s s u r e   r a n g i n g  f r o m   abou t   1,000  to  a b o u t  

4 ,000   p s i g ;   a  l i q u i d   hou r ly   space   v e l o c i t y   of  abou t   1.0  to  a b o u t  

4  volume  f e e d / v o l u m e   c a t a l y s t / h r ;   and  a   hyd rogen   f low  r a t e   o f  

a b o u t   6 0  t o   about   90  kmol  H2/m3  f eed .   ; 

8.  A  p r o c e s s   for  u p g r a d i n g   c o a l   a c c o r d i n g   to  c l a im  1  w h e r e i n  

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

h y d r o g e n a t i o n   component   s e l e c t e d   from  the  group  c o n s i s t i n g   o f  

Group  VI  and  VIII   m e t a l s ,   t h e i r   ox ides   and  s u l f i d e s ,  a n d   c o m b i n a -  

t i o n s   t h e r e o f ;   and  where in   sa id   c a t a l y s t   is  s u p p o r t e d   on  a  n o n -  

z e o l i t e   c a r r i e r   and  promoted  wi th   a  Group  IV-B  m e t a l .  

9.  A  p r o c e s s   f o r  u p g r a d i n g   coa l   a c c o r d i n g   to  c l a im  8  w h e r e i n  

s a i d   h y d r o g e n a t i o n   component  is  a  c o m b i n a t i o n   of  a  Group  VI  m e t a l  

and  a  Group  VII I   m e t a l .  

10.  A  p r o c e s s   for  u p g r a d i n g   coa l   a c c o r d i n g   to  c l a im  9  w h e r e i n  

s a i d   c o m b i n a t i o n   is  in  an  a tomic   r a t i o   of  Group  VIII   me t a l   t o  

Group  VI  m e t a l   of  a t   l e a s t   1 : 0 . 3 .  



11.  A  p r o c e s s   for  u p g r a d i n g   coal   a c c o r d i n g   to  c la im  9  w h e r e i n  

in  said  c o m b i n a t i o n   sa id   a tomic  r a t i o   of  Group  VIII  meta l   t o  

Group  VI  meta l   r anges   from  about   1 :0 .3   to  about   1 : 5 .  

12.  A  p r o c e s s   for  u p g r a d i n g   coal   a c c o r d i n g   to  c la im  9  w h e r e i n  

in  sa id   c o m b i n a t i o n   sa id   a tomic   r a t i o   of  Group  VIII  meta l   t o  

Group  VI  me ta l   r anges   from  about   1 :0 .5   to  about   1 : 3 . 5 .  

13.  A  p r o c e s s   for  u p g r a d i n g   coal   a c c o r d i n g   to  c la im  9  w h e r e i n  

sa id   c a t a l y s t   has  a  t o t a l   Group  VI  p lus   Group  VIII  m e t a l s   c o n t e n t  
i 

of  about   5  to  abou t   50  p e r c e n t   by  we igh t   based   on  the  t o t a l  

c a t a l y s t .  

14.  A  p r o c e s s   for  u p g r a d i n g   coal   a c c o r d i n g   to  c la im  9  w h e r e i n  

sa id   c a t a l y s t   has  a  t o t a l   Group  VI  p lus   Group  VIII  m e t a l s   c o n t e n t  

of  about   5  to  abou t   30  p e r c e n t   by  we igh t   based   on  the  t o t a l  

c a t a l y s t .  

15.  A  p r o c e s s   for  u p g r a d i n g   coal   a c c o r d i n g   to  c la im  9  w h e r e i n  

sa id   Group  VIII   me t a l   is  s e l e c t e d   from  the  group  c o n s i s t i n g   o f  

c o b a l t   and  n i c k e l   and  sa id   Group  VI  me ta l   is  s e l e c t e d   from  t h e  

group  c o n s i s t i n g   of  molybdenum  and  t u n g s t e n .  

16.  A  p r o c e s s   for  u p g r a d i n g   coa l   a c c o r d i n g   to  c la im  9  w h e r e i n  

sa id   c a t a l y s t   has  a  me ta l   c o m b i n a t i o n   s e l e c t e d   from  the  group  c o n -  

s i s t i n g   of  n i c k e l - m o l y b d e n u m ,   c o b a l t - m o l y b d e n u m ,   n i c k e l - t u n g s t e n ,  

and  n i c k e l - c o b a l t - m o l y b d e n u m .  

17.  A  p r o c e s s   for  u p g r a d i n g   coal   a c c o r d i n g   to  c la im  8  w h e r e i n  

sa id   c a t a l y s t   is  p romoted   with  a  Group  IV-B  me ta l   which  is  s e l e c t e d  

from  the  group  c o n s i s t i n g   of  t i t a n i u m ,   z i r c o n i u m   or  h a f n i u m .  

18.  A  p r o c e s s   for  u p g r a d i n g   coal   a c c o r d i n g   to  claim  8  w h e r e i n  

sa id   Group  IV-B  me ta l   is  from  about   1.0  to  about   10  p e r c e n t   b y  

we igh t   based   on  the  t o t a l   c a t a l y s t .  

19.  A  p r o c e s s   for  u p g r a d i n g   coal   a c c o r d i n g   to  c la im  8  w h e r e i n  

sa id   Group  IV-B  me ta l   is  from  about   1.0  to  about   8  p e r c e n t   by  w e i g h t  

based  on  the  t o t a l   c a t a l y s t .  



20.  A  p r o c e s s   for   u p g r a d i n g   coa l   a c c o r d i n g   t o  c l a i m   8  w h e r e i n  

s a id   Group  IV-B  m e t a l   is  t i t a n i u m .  

21.  A  p r o c e s s   for   u p g r a d i n g   coa l   a c c o r d i n g   to  c l a im  8  w h e r e i n  

sa id   Group  IV-B  m e t a l   is  z i r c o n i u m .  

22.  A  p r o c e s s   for   u p g r a d i n g   coa l   a c c o r d i n g   to  c l a im   8  w h e r e i n  

s a i d   c a t a l y s t   is  s u p p o r t e d   on  a  n o n - z e o l i t i c   c a r r i e r   of  a  r e f r a c -  

t o r y   oxide   having  a  s u r f a c e   a r e a  i n   exces s   of  5 m 2 / g .  

23.  A  p r o c e s s   for  u p g r a d i n g   coa l   a c c o r d i n g   to  c l a im  8  w h e r e i n  

s a id   n o n - z e o l i t i c   c a r r i e r   is  s e l e c t e d   from  the  g roup   c o n s i s t i n g   o f  

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

g l a s s   and  s p i n e l s .  

24.  A  p r o c e s s   for   u p g r a d i n g   coa l   a c c o r d i n g   to  c l a im   8  w h e r e i n  

sa id   n o n - z e o l i t i c   c a r r i e r   is   a l u m i n a .  

25.  A  p r o c e s s   for   u p g r a d i n g   coa l   a c c o r d i n g   t o  c l a i m   1  w h e r e i n  

s a i d   second  h y d r o g e n a t i o n   zone  c o n t a i n s   a  c a t a l y s t   c o m p r i s e d   o f  

n i c k e l - t i t a n i u m - m o l y b d e n u m   m e t a l s ,   ox ides   a n d / o r   s u l f i d e s   d i s p e r s e d  

on  a l u m i n a .  

26.  A  p r o c e s s   for  u p g r a d i n g   coa l   a c c o r d i n g  t o  c l a i m   1  w h e r e i n  

s a id   second  h y d r o g e n a t i o n   zone  c o n t a i n s   a  c a t a l y s t   c o m p r i s e d   o f  

n i c k e l - c o b a l t - m o l y b d e n u m   m e t a l s ,   o x i d e s   a n d / o r   s u l f i d e s   d i s p e r s e d  

on  a l u m i n a . . .  

27.  A   p r o c e s s   for   u p g r a d i n g   coa l   a c c o r d i n g   to  c l a im  1  w h e r e i n  

s a id   second  h y d r o g e n a t i o n   zone  c o n t a i n s   a  c a t a l y s t   c o m p r i s e d   o f  

n i c k e l - t u n g s t e n   m e t a l s ,   o x i d e s   a n d / o r   s u l f i d e s   d i s p e r s e d   on  a l u m i n a .  

28.  A  p r o c e s s   for  u p g r a d i n g   c o a l   a c c o r d i n g   t o  c l a i m   1  w h e r e i n  

s a id   l i q u i d   p r o d u c t   is  s e p a r a t e d  b y   d i s t i l l a t i o n .  

29.  A  p r o c e s s   for   u p g r a d i n g   coa l   a c c o r d i n g   to  c l a im  1  w h e r e i n  

s a id   coal   is  s e l e c t e d   from  the  group  c o n s i s t i n g   of  a n t h r a c i t e ,  

b i t u m i n o u s   and  s u b b i t u m i n o u s   coa l   and  l i g n i t e s ;   and  w h e r e i n   s a i d  

coa l   has  an  ash  c o n t e n t   of  from  a b o u t  0 . 1   to  a b o u t   30  w e i g h t  

p e r c e n t .  



30.  A  p r o c e s s   for   u p g r a d i n g   coal   a c c o r d i n g   to  c la im  1  w h e r e i n  

sa id   coa l   has  an  ash  c o n t e n t   of  about  0.1  to  about  20  w e i g h t  

p e r c e n t .  

31.  A  p r o c e s s   for  u p g r a d i n g   coal   a c c o r d i n g   to  c l a im   1  whe re in   a 

p o r t i o n   of  ash  o b t a i n e d   from  sa id   i n t e r m e d i a t e   coa l   s o l v e n t  

s l u r r y   in  s tep  2  is  r e c y c l e d   to  sa id   f i r s t   h y d r o g e n a t i o n   z o n e .  
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