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C O A L -  DERIVED LIQUIDS 

I n t r o d u c  t i o n  

Coal  l i q u e f a c t i o n  p r o c e s s e s  a r e  l i k e l y  t o  b e  commerc ia l -  

i z e d  w i t h i n  t h e  n e x t  d e c a d e .  C o a l - d e r i v e d  l i q u i d s  c o n t a i n  

l a r g e r  f r a c t i o n s  o f  h e t e r o a t o m s  ( s u l f u r ,  n i t r o g e n ,  oxygen)  t h a n  

p e t r o l e u m  l i q u i d s .  H y d r o p r ~ c e s s i n g  o f  t h e s e  l i q u i d s  w i l l  become 

n e c e s s a r y  t o  improvc  t h e  q u a l i t y  01. tlic p r o d u c t s .  C o n s i d c r a b l e  

work h a s  been done  i n  d e t e r m i n i n g  c a t a l y s t  d e a c t i v a t i o n  r a t e s  i n  

p e t r o l e u m  h y d r o p r o c e s s i n g .  However,  c o a l - d e r i v e d  l i q u i d s  d i f f e r  

c o n s i d e r a b l y  from p e t r o l e u m  l i q u i d s  i n  t h e i r  a r o m a t i c i t y ,  m e t a l s  

c o n t e n t  and  C / H  r a t i o .  C o a l - d e r i v e d  l i q u i d s  a r e  much h a r d e r  t o  

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

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

C h a r a c t e r i z a t i o n  s t u d i e s  on  aged  c a t a l y s t s  c a n  p r o v i d e  a n  

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

t o  optimum d e s i g n  o f  r e a c t o r s  a n d  improved  c a t a l y s t s .  C h a r a c t e r -  

i z a t i o n  01 t h r e e  d i f f e r e n t  c o a l -  l i q u e l a c t i o n  c a t a l y s t s  t h a t  have  

been i n  d i r e c t  c o n t a c t  w i t h  c0:il h;ivc I ~ c c r i  p c r f o r m c d  e a r l i e r  i n  

t h i s  l a b o r a t o r y  ( 1 , 2 , 3 ) .  I lowcvcr,  i n  t h e  p r e s e n t  s t u d y  a c a t a l y s t  

t h a t  had  been  u s e d  t o  h y d r o t r e a t  a c o a l - d e r i v e d  l i q u i d  i s  

c h a r a c t e r i z e d .  

E x p e r i m e n t a l  

Ni-Mo/A120g c a t a l y s t  s a m p l e s  were  o b t a i n e d  f rom a l a b o r a -  

t o r y - s i z e  t r i c k l e - b e d  r e a c t o r  t h a t  was u s e d  t o  h y d r o t r e a t  a n  e q u a l  
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volume m i x t u r e  o f  raw a n t h r a c c n c  o i l  and  s $ n t h o i l  l i q u i d .  The 

p r o p e r t i e s  of t h i s  p a r t i c u l a r  f e e d s t o c k  i s  g i v c n  i n  'Table 1 .  'l'he 

f e e d  o i l  had  a s u l f u r  c o n t e n t  o f  0 . 5 4  w t  %, a n i t r o g e n  c o n t e n t  o f  

1 . 2 1  wt b and 1 . 0 5  w t  b :ish. T;thlc T I  p r c s c n t s  t l i c  o p c r a t i n g  

c o n d i t i o n s  i n  t h e  t r i c k l e - b e d  r e a c t o r  f o r  t h c  p a r t i c u l a r  run  from 

which  t h e  c a t a l y s t  s a m p l e s  were o b t a i n e d .  A t  t h e  end  o f  t h e  r u n ,  

t h e  r e a c t o r  was s h u t  down and  t h e  r e a c t o r  was c u t  i n t o  t h r e e  d i f -  

f e r e n t  s e c t i o n s  and  c a t a l y s t  s a m p l e s  were o b t a i n e d  from t h e  t o p ,  

m i d d l e  and b o t t o m  s e c t i o n s  o f  t h e  r c n c t o r .  'l'he s p c n t  c a t a l y s t  

p e l l e t s  f rom t h e  t h r e e  d i f f e r e n t  s c c t i o n s  wcrc  a n a l y z e d  w i t h  a 

s c a n n i n g  e l e c t r o n  m i c r o s c o p e  (SEM) e q u i p p e d  w i t h  an e n e r g y  d i s -  

p e r s i v e  x - r a y  a n a l y z e r  (EDAX) a n d  w i t h  an c l c c - t r o n  m i c r o p r o b c .  In 

a d d i t i o n  s p e n t  c a t a l y s t s  were r c g c n c r a t e d  ( coke  b u r n t  o f f )  and  

t h e  h y d r o d e s u l f u r i  z a t i o n  (IIDS) and  h y d r o d c n i  t r o g e i i n t i o n  (HI)N) 

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

compared .  

Mic roscopy  S t u d i e s  

Most o f  t h e  c a t a l y s t  s a m p l e s  u s e d  i n  t h e  mic roscopy  s t u d i e s  

were  p r e p a r e d  by  s e c t i o n i n g  t h e  c a t a l y s t ;  moun't ing t h c  c a t a l y s t  

i n  p o t t i n g  m a t e r i a l  on a SEM sample  h o l d e r ,  and  t h c n  g r i n d i n g  t h e  

e x p o s e d  s u r f a c e  f l a t  w i t h  v a r i o u s  g r i t s  down t o  0 . 2 5 ~  diamond d u s t .  

The l a p p e d  s a m p l e s  t h e n  were  c a r b o n  shadowcd. T h e s c  s a m p l e s  t h e n  

were i n s p e c t e d  i n  l i g h t  m i c r o s c o p y ,  SEM and  t h e  e l c c t r o n  m i c r o p r o b e .  

The SEN w i t h  EDAX was u s e d  i n  two modcs ,  f i r s t  c o n v c n t i o n a l  

i n s p e c t i o n  o f  t h e  s u r f a c e  c o u p l e d  w i t h  s p o t  a n n l y s c s  o f  d i s t i n c t i v e  
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f e a t u r e s .  The s e c o n d  mode was t o  s c a n  t l i c  s u r f a c e  f o r  s p c c i l i c  

e l e m e n t s .  l h e  m i c r o p r o b e  W R S  uscd  i n  t h r c e  modes ,  i n s p e c t i o n  o f  

t h e  s u r f a c e  e l c m e n t a l  s c a n s  ( t l i e s c  s c a n s  a r e  s u p e r i o r  t o  t l i c  E:DAX 

c l c i i i cn t a l  sc;111s) , and r i n x l l y  t o  r i n d  tlic e1ciiicrit;il rcspor i sc  a l o n g  

a 1 0 0  x 0 . 5  m i c r o n  l i n e  p a r a l l e l  t o  n t a n g e n t  t o  t l i c  c a t a l y s t  s u r -  

f a c e .  The l i n e  s c a n  was m e c h a n i c a l l y  d r i v e n  t o  swccp an a r e a  

n e a r  t h e  c a t a l y s t  e x t e r i o r  s u r f a c e .  

Samples  a l s o  were t h c n  p r c p a r e d  Iiy c l e a v i n g  the c a t a l y s t ,  

riiounting on an  SEN p o s t  and t h r n  removing  \ t i1  Cacc "cohc" by p lasma 

e t c h i n g .  T h i s  p r e p a r a t i o n  method r e v e a l s  t h c  d i s t r i b u t i o n  o f  

m i n e r a l  m a t t e r  on t h c  c a t a l y s t  . ;u rTace .  

A c t i v i t y  S t i i d i  e s  

I n  o r d e r  t o  d e t e r m i n e  t h c  a c t i v i t y  d e c a y  oE t h e  s p e n t  

c a t a l y s t s ,  t h c  s p e n t  c a t a l y s t s  werc r c g c i i c r a t c d  a n d  t h c  a c t i v i t i c s  

o f  t h e  s p e n t  c a t a l y s t s  wcrc  compared  w i t h  t h a t  o f  tlic f r e s h  and  

r e g e n e r a t e d  c a t a l y s t s  € o r  hydrodesu1fu r . i  z a t  ioii and  h y d r o d c n i t r o g e n -  

a t i o n  u s i n g  a m i x t u r e  of  d i b c n z o t h i o p h e n c  and  q u i n o l i n e  d i s s o l v e d  

i n  hexudecaiic a s  a f c e d s t o c k  .in a b a t c h  autoclave r c a c t o r .  E a r l i e r  

e x p e r i m e n t s  by Ch iou  and  O l s o n  ( 2 , 3 )  wcrc  done by c r u s h i n g  t h e  s p e n t  

p e l l e t s  t o  1 4 0  mesh. Fo r  t h i s  work ,  i n  o r d e r  t o  f i n d  o u t  the 

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

expc r i i i i cn t s  us.ing c r u s h e d  p a r t i c l e s  3 s  well a s  u s i n g  t h e  spc i i t  

c a t a l y s t s  a s  r e c e i v e d  (8 /10  m c s h ) .  

A m i x t u r e  o f  s p e n t  c a t a 1 y s t . s  from a l l  t h r c e  s c c t i o n s  o f  tlie 

r e a c t o r  was o h t n i n c d  and  t h i s  m i x t u r e  was d i v i d e d  i n t o  two I l a lves .  
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O I l c  h a l f  o f  t h i s  m i x t u r c  was g round  i o  ;i s i z r  o f  1 4 0  mcsli. Roth 

h a l v c s  were  r e g e n c r a t c d  by c o n t r o l  I c d  c o m b u s t i o n  o f  the cokc  

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

p a s s i n g  a 2 %  oxygen i n  h e l i u m  over t l i e  s p c n t  c a t a l y s t s  a t  ;I 

t e m p e r a t u r e  o f  4 5 0 ° C  a t  a f low r a t e  o f  100  cc /min .  The b u r n i n g  

p r o c c s s  was c.oti t iniicd u n t i l  tlic r ~ c i g l i t  oi' r c s i i ~ i a l  c i i t i i l y s t  

became c o n s t a n t .  

,\I1 t l ic c x p e r i n i c n t s  1,Icrc conduct.cd i n  ;I .500 c c  s t a n d a r d  

a u t o c l a v e  r c a c t o r  ( A u t o c l a v e  E n g i n e c r s ,  E r i c ,  P A )  c q u i p p e d  wi t l l  a 

v a r i a b l e  s p e e d  m a g n a d r i v e ;  t l i c  a u t o c l a v c  was o p c r u t c d  i n  b a t c h  mode. 

A s p e c i a l  - i n j c c t . i o n  s y s t c m  \$:is u s c d  t o  i n j e c t  :I s l u r r y  o f  c a t a l y s t ,  

r e a c t a n t s  a n d  c a r b o n  d i s u l f i d e  i n  a s m a l l  :imount o f  c a r r i e r  o i l  

i n t o  t h e  r e a c t o r  a f t e r  i t  had  h e e n  s t a b l i z c d  a t  r c n c t i o n  t e m p c r a -  

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

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

c a t a l y s t  a c t i v i t y  c h a n g e s  a r i s i n g  from l o n g  h e a t - u p  t i i i i es .  'The 

s y s t e m  has b e e n  d e s c r i b e d  e l s e w h e r e  ( 4 ) .  However,  t h e  abovc  t e c h -  

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

For  t h e s e  r u n s  n spcc i i i l  b a s k e t  \\';is d c s i g n c t l  t h a t  h e l d  t l i c  c i i t a l y s t  

i n  p l a c e  i n s i d e  t h e  a u t o c l a v c  r e a c t o r .  ]:or t h e  p e l l e t  r u n s ,  t h e  

r e a c t a n t s  a n d  c a r b o n  d i s u l f i d e  i n  c a r r i e r  o i l  were  i n j e c t e d  a f t e r  

t h c  r e a c t o r  had  r c a c h e d  t h e  o p e r a t i o n  t c m p c r a t u r c .  'I'wo b l a n k  ri ins 

n o t  c o n t a i n i n g  c a t a l y s t  iwrc made t o  t l e t c r m i n c  rlic e f f e c t  o f  

r e a c t o r  wal ls  and  t h e  c a t a l y s t  b a s k c t .  

T a b l e  111 p r c s c n t s  thc  o p c r a t i n g  c o n d i t i o n s  Lor t l ie h a t c h  

a u t o c l a v e  r e a c t o r  f o r  a l l  t h e  r u n s  uscd  i n  t h i s  s t u d y .  N-hcxadccane  

88 



was u s e d  a s  a c a r r i e r  o i l .  A l l  c a t a l y s t s  were  p r e s u l f i d e d ,  and i n  

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

r e a c t i o n ,  an  amount o f  C S z  e q u i v a l e n t  t o  0 . 0 5  v t  t o r  t h e  c a r r i e r  

o i l  was added  t o  t h e  i n j e c t i o n  t u b i n g  t o g e t h e r  w i t h  c a t a l y s t  and  

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

r a p i d l y  c o n v e r t e d  t o  hydrogcn  S U I  f i d e  and  m e t h a n e .  Thc amount o f  

C S z  c r e a t e d  1 . 4 %  h i g h e r  c o n c e n t r a t i o n  o f  fizS t h a n  t h a t  r e q u i r e d  t o  

keep  t h e  c a t a l y s t  i n  t h e  s u l f i d c d  fo rm.  L i q u i d  s a m p l e s  wcre  

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

column (OV101, 7 5  m )  . 

R e s u l t s  o f  M i c r o s c o p i c  I n v e s t i g a t i o n s  

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

n a r r a t i v e  o f  t h e  SEM r e s u l t s  f o r  t h e  sample  t a k e n  from t h e  t o p  

( n e a r e s t  t h e  e n t r a n c e )  o f  t h e  r e a c t o r  and  t h e n  l e s s  c o m p l e t e  

d e s c r i p t i o n s  f o r  t h e  d a t a  g a t h e r e d  f o r  t h e  m i d d l e  and  bo t tom samples  

T h i s  i s  f o l l o w e d  by a p r e s e n t a t i o n  o f  t h e  r e s u l t s  from t h e  m i c r o -  

p r o b e  i n v e s t i g a t i o n s  and  p l a s m a  e t c h i n g .  The v a r i o u s  e x p e r i m e n t a l  

methods  y i e l d  a r e a s o n a b l y  c o n s i s t e n t  d e s c r i p t i o n  f o r  t h e  d e p o s i -  

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

SEM - Top Sample 

F i g u r e s  LA and  B a r e  c o n v c n t i o n c i l  p h o t o  m i c r o g r a p h s  O K  

t h e  p o l i s h e d  c r o s s  s e c t i o n  o f  t h e  c a t a l y s t  p e l l e t .  These  two 

f i g u r e s  show t h e  d e p o s i t i o n  o f  a n  i r r e g u l a r  c r u s t  a b o u t  7 5  m i c r o n s  

t h i c k  a r o u n d  t h e  e n t i r e  e x t e r i o r  s u r f a c e  o f  t h c  c a t a l y s t .  I n  

a d d i t i o n  t h e r e  i s  R t h i n  r e g i o n  a b o u t  1 0  m i c r o n s  t h i c k  which 
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a p p e a r s  on a b o u t  o n c - t h i r d  0 1  t h e  c a t a l y s t .  'I'hc c a t a l y s t  a l s o  

h a s  many c i r c u ] : l r  r e g i o n s  nhotrt 4 0  m i c r o n s  i n  d i a n i c t c r  which 

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

F i n a l l y  t h e  zone  n e a r  t h c  s u r f a c e  c o n t a i n s  many c r a c k s  w i t h  a 

t l i j ckncss  o f  1 - 5  ~ ~ ~ i c r o n s .  'I'Iic rougliricss oI' ~ l i c  c a t : i I y s t  cstcriur 

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

s p a l l e d  away. The s m a l l e r  boxed  a r e a  i n  P i g u r e  I B  c o r r e s p o n d s  t o  

a zone  which  was examined  w i t h  s c a n n i n g  c l c c t r o n  m i c r o s c o p y .  Thc 

l a r g e r  r e c t a n g l e  c o r r e s p o n d s  t o  a zone e v a l u a t e d  w i t h  the c l c c t r o n  

m i c r o p r o b e  a n a l y z e r .  

F i g u r e  2A shows t h e  s u r f a c e  o f  t h c  c a t a l y s t  p e l l e t  a s  

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

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

(-1 mic ron)  c r a c k s .  I n  a d d i t i o n  t h e  o u t e r  c r u s t  c o n t a i n s  a b o u t  

2 0  p e r c e n t  of  small p a r t i c l e s  ( - 0 . 5  m i c r o n )  embedded i n  a n  i n d i s -  

t i n c t  m a t r i x .  The i n n e r  c r u s t  a l s o  i s  s e e n  t o  c o n t a i n  many v o i d s  

and  c r a c k s ;  t h i s  zone  a p p e a r s  t o  b e  made by  a g g r e g a t i o n  o f  s m a l l  

c r y s t a l s .  The c a t a l y s t  s u p p o r t  c o n t a i n s  a riumbcr 01 c x t c n d e d  

l a r g e  c r a c k s  n e a r  t h e  e x t e r n a l  s u r f a c e .  I n  a d d i t i o n  t h e r e  a r e  a 

number o f  s h a l l o w  d e p r e s s i o n s ,  4 0  m i c r o n s  i n  t h e  l a r g e s t  d i m e n s i o n  

which  w i l l  b e  d e s c r i b e d  more c o m p l e t c l y  l a t e r .  I n  summary t h e  

s u r f a c e  h a s  two d i s t i n c t  c r u s t s  a n d  a zone  c o n t a i n i n g  l a r g c  

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

F i g u r e  2B i s  a n  aluminum a r e a  s c a n  made by r e c o r d i n g  t h e  

aluminum s i g n a l  f rom t h e  EDAX. F i g u r e s  2B and  2 A  c o r r e s p o n d .  

90 



T h e r e  a r e  t h r e e  d i s t i n c t  zoncs  f o r  the aliiminum s i k n a l ,  t h e  upper  

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

t h e  bo t tom zone of  t h e  c a t a l y s t  s u p p o r t .  C l o s e r  i n s p e c t i o n  

r c v c a l s  t h a t  t h r  c r a c k s  sccn clearly i n  t h e  h a c k s c a t t c r  c l c c t r o n  

s c a n  a l s o  a p p e a r ,  a l t h o u g h  less  d i s t ~ n c t l y ,  i n  t h e  aluminum s c a n .  

The aluminum s c a n  shows t h a t  t h e  i n n e r  and  o u t e r  c r u s t  r e g i o n s  

c o n t a i n  aluminum and t h a t  t h e  c a t a l y s t  r x t e r i o r  s u r f a c e  has been  

roughened  i n  t h e  p r o c e s s .  

F i g u r e  3A i s  a SEM-EDAX a r e a  s c a n  f o r  s i l i c o n .  T h i s  s c a n  

shows t h a t  t h e  e x t e r i o r  c r u s t  c o n t a i n s  R h i g h  c o n c e n t r a t i o n  o f  

s i l i c o n ;  t h e  g r a y  ( i n t e r m e d i a t e )  zone on F i g u r e  2 B  c o r r e s p o n d s  

e x a c t l y  w i t h  t h e  b r i g h t  zone o f  F i g u r e  3 A .  I n  a d d i t i o n  t h e r e  i s  

somc p e n c t r a t i o n  o f  s i l i c o n  i n t o  t h e  i n t e r i o r  o f  t h e  c a t a l y s t  n e a r  

t h e  e x t e r i o r  s u r f a c e .  C a r e f u l  e x a m i n a t i o n  o f  t h e  c r u s t  r e g i o n  

i d e n t i f i e s  a few zones  ( - 1 5  m i c r o n s  a c r o s s )  o f  v e r y  h i g h  s i l i c o n  

c o n c c n t r a t  i o n .  

F i g u r e  3 8  i s  a SEM-EDAX a r e a  s c a n  f o r  c a l c i u m .  The c a l c i u m  

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

and  t h e r e f o r e  t h e  zones  a r e  f a r  l e s s  d i s t i n c t .  However t h e  h i g h -  

s i l i c o n  r e g i o n  o f  F i g u r e  3A h a s  a c o r r c 5 p o n d i n g  b u t  l e s s  d i s t i n c t  

zone on t h e  c a l c i u m  s c a n .  I n  a d d i t i o n ,  t h e  m a j o r  c r a c k s  a p p e a r  

f a i n t l y .  Some zones  o f  h i g h  s i l i c o n  c o n c e n t r a t i o n  i n  t h e  c r u s t  

i n  t h e  c a l c i u m  s c a n  on 

c a l c i u m  s i g n a l  i n  t h c  c a t a l y s t  

i n  t h e  c a t a l y s t  i s  b a r e l y  

r e g i o n  of F i g u r e  

F i g u r e  3B. F i n a  

s u p p o r t ;  however 

above  background  

3A a p p e a r  as v o i d s  

l y  t h e r e  i s  a smal  

t h e  c a l c i u m  s i g n a l  
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F i g u r e  4 A ,  t h e  SEbl -EDAX Area Scan  f o r  S u l f u r ,  and  Figure 

4 B ,  t h e  SEM-EDAX Area  Scan  f o r  I r o n ,  w i l l  b e  d i s c u s s e d  t o g e t h e r .  

The d e m a r c a t i o n  be tween  t h c  c a t a l y s t  and  t h e  c r u s t  c a n  b c  s e e n  on  

b o t h  f i g u r e s  

i s  s u l f i d e d ,  

i n  t h e  i n t e r  

2A a p p e a r  f a  

b u t  i s  f a r  c l e a r e r  o n  t h e  i r o n  s c a n .  The c a t a l y s t  

and  t h e r e f o r e  t h c r c  s l i o u l d  hc ;I d i s t i n c t  s u l f u r  s i g n a l  

o r  o f  t h e  c a t a l y s t .  'fhc c r a c k s  s e c n  c l e a r l y  on F i g u r e  

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

a n e a r - p e r f e c t  c o r r e l a t i o n  h e t w e e n  t h c  two s i g n a l s .  I : u r the r ,  t h e  

h i g h  s c c t i o r i  zoncs a r c  s c c n  ;IS v o i d s  i n  t h c  two f i g u r e s .  ' r l lcrc 

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

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

a l t h o u g h  l e s s  c l e a r l y ,  i n  the  i r c n  s c a n .  T h u s  t h e  e x t e r i o r  and  

t h e  i n t e r i o r  c r u s t s  c o n t a i n  an  i r o n - s i l l f u r  compound.  Thcrr? i s  some 

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

t h e  c a t a l y s t  i n t e r i o r .  

F i g u r e  SA i s  a t i t a n i u m  SEM-EDAX s c a n  o f  t h e  a r e a .  l'lie 

i n t e r i o r  c r u s t  r e g i o n  o f  F i g u r e  2 A  i s  s c e n  t c  c o n t a i n  a h i g h  con-  

c e n t r a t i o n  o f  t i t a n i u m .  I n  a d d i t i o n  t h e r e  i s  a s i g n i f i c a n t  con-  

c e n t r a t i o n  o f  t i t ; i n i u m  i n  tlic c x t c r i o r  c r u s t .  1 : i n a l l y  t l i c r c  is 

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

F i g u r e  SB shows a molybdcnuin SEE.l-EI)AX s c a n  o f  he  c a t a l y s t .  

Molybdenum i s  t h e  m a j o r  a c t i v e  e l e m e n t  i n  t h e  c a t a l y s t  The 

molybdenum s i g n a l  c o r r e l a t e s  w i t h  t h e  i n t e n s e  aluminum s i g n a l  o f  

F i g u r e  2B. l'hc c r a c k s  i n  t h e  c a t a l y s t  c a n  b e  s e c n  a s  v o i d s  i n  

t h e  molybdenum s i g n a l .  
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The a r e a  s c a n n e d  i n  F i g u r e s  2A-5B were a l s o  examined f o r  

n i c k e l  and z i n c .  These  s c a n s  g a v e  no s i g n a l  above  background 

e v e n  t h o u g h  EDAX s p o t  and  l i n e  a n a l y s e s  showed t h a t  t h e s e  e l e m e n t s  

a r e  p r e s e n t .  I n d e e d ,  t h e  c a t a l y s t  c o n t a i n s  n i c k e l  a s  a h y d r o -  

g e n a t i o n  p r o m o t e r .  

F i g u r e  6 A  i s  a n  e l e c t r o n  b a c k s c a t t e r  r e a d o u t  t a k e n  i n  t h e  

m i c r o p r o b e  a n a l y z e r  p r i o r  t o  making t h e  l i n e  s c a n s .  T h i s  a r e a  

a p p e a r s  a s  t h e  l a r g e  r e c t a n g l e  on F i g u r e  1 B .  C o n s i s t e n t  w i t h  

F i g u r e  Z B ,  t h e  f i g u r e  shows a n  o u t e r  and  i n n e r  c r u s t ,  major  c r a c k s  

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

a b o u t  40  m i c r o n s  i n  d i a m e t e r .  The l i n e  i n  t h e  c r u s t  r e g i o n  c o r r e s -  

ponds  t o  t h e  o r i e n t a t i o n  o f  t h e  6 0  m i c r o n  l i n e  s c a n  u s e d  t o  f i n d  

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

F i g u r e  6 B  i s  t h e  t i t a n i u m  m i c r o p r o b e  a r e a  s c a n  which 

c o r r e s p o n d s  t o  F i g u r e  6 B .  The m i c r o p r o b e  area scan f o r  t i t a n i u m  

i s  much more s e n s i t i v e  t h a n  t h e  SEM-EDAX area s c a n ,  a n d  t h e r e f o r e  

more d e t a i l s  emerge :  t h e  i n n e r  c r u s t  i s  s e e n  t o  p r o d u c e  a v e r y  

h i g h  t i t a n i u m  s i g n a l .  The d e n s e  e x t e r i o r  c r u s t  c o n t a i n s  a n  i n t e r -  

m e d i a t e  c o n c e n t r a t i o n  o f  t i t a n i u m ;  however  t h e  c r u s t  i n  t h e  u p p e r  

l e f t  p o r t i o n  o f  t h e  f i g u r e  a p p e a r s  t o  be n e a r l y  f r ee  o f  t i t a n i u m .  

The s h a l l o w  c r a t e r s  a n d  t h e  c r a c k s  i n  t h e  c a t a l y s t  i n t e r i o r  a r e  

d e c o r a t e d  w i t h  t i t a n i u m .  Thus t h e  t i t a n i u m  i s . d i s t r i b u t e d  i n  a 

complex way t h r o u g h o u t  t h e  c r u s t  r e g i o n  o f  t h e  c a t a l y s t .  
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SEM - Middle  Sample 

F i g u r e s  7A and  7B a r e  c o n v e n t i o n a l  m i c r o g r a p h s  o f  t h e  

p o l i s h e d  s e c t i o n  o f  a c a t a l y s t  p e l l e t  t a k e n  from t h e  m i d d l e  o f  t h e  

r eac to r .  C o n s i s t e n t  w i t h  t h e  t o p  s a m p l e ,  t h e r e  i s  a n  i r r e g u l a r  

c r u s t  a b o u t  75  m i c r o n s  t h i c k  w h i c h  c o m p l e t e l y  c o v e r s  t h e  c a t a l y s t .  

1 , ikewise  t h e r e  i s  a t h i n  i n n e r  c r u s t  wliich c o v e r s  a h o u t  o n e - q u a r t e r  

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

many f i s s u r e s ,  and  t h e  s p e n t  c a t a l y s t  h a s  many p o n d s  which  h,ave 

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

F i g u r e  7 B  l o c a t e s  t h e  r e g i o n  examined  more c l o s e l y  w i t h  t h e  SEM-EDAX 

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

i s  u n u s u a l l y  f l a t  t h e r e .  

F i g u r e s  XA and  XB a r e  t h e  SEM i n s p c c t i o n s  o f  t h e  s e c t i o n e d  

c a t a l y s t .  Owing t o  t h e  g r e a t e r  d e p t h  o f  f i e l d  o f  t h e  SEM t h a n  f o r  

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

s u r f a c e  c a n  b e  s e e n  more c l e a r l y .  F i g u r e  XB, t a k e n  a t  80ox 

c o r r e s p o n d s  t o  t h e  r e g i o n  examined  by SEM-EDAX a r e a  s c a n s .  The 

l a t t e r  d a t a  are r e c o r d e d  i n  F i g u r e s  9 A - l l B .  

I n  harmony w i t h  t h e  t o p  sample  t h e  e x t e r i o r  c r u s t  h a s  a 

h i g h  s i l i c o n  c o n c e n t r a t i o n  ( F i g u r e  9A) and  c o n t a i n s  g r a i n s  o f  

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

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

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

SEM m i c r o g r a p h s .  The c a l c i u m  C o n c e n t r a t i o n  ( F i g u r e  9B) i s  f a i r l y  
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u n i f o r m  i n  b o t h  t h e  c r u s t  and t h e  c a t a l y s t  i n t e r i o r .  T h e r e  i s  

more ca l c ium i n  t h e  c r u s t .  t h a n  i n  t h e  c a t a l y s t .  

The s u l f u r  ( F i g u r e  10A) and  i r o n  ( F i g u r e  10B)  a r e a  s c a n s  

show a v e r y  h i g h  c o r r e l a t i o n  f o r  t h e s e  two e l e m e n t s  i n  t h e  c r u s t ,  

a v e r y  low c o n c e n t r a t i o n  o f  i r o n  i n  t h e  c a t a l y s t ,  and  an  i n t e r -  

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

a r e  s i m i l a r  t o  t h e  t o p  sample .  

The t i t a n i u m  s c a n  ( F i g u r e  11A) shows a v e r y  h i g h  concen-  

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

i n  t h e  o u t e r  c r u s t ,  and d e c o r a t i o n  o f  t h e  two s h a l l o w  d e p r e s s i o n s  

on F i g u r e  8B w i t h  t i t a n i u m .  I n  a d d i t i o n  t h e  s m a l l  p i e c e  o f  

m a t e r i a l  s i t t i n g  on t h e  s u r f a c e  o f  t h e  c a t a l y s t  a t  t h e  e x t r e m e  

l e f t  i s  h i g h  i n  t i t a n i u m .  T h i s  speck  a p p e a r s  t o  be  a p i e c e  of  

i n n e r  c r u s t  which may have  b e e n  d i s p l a c e d  d u r i n g  sample  p r e p a r a t i o n .  

Bottom Sample - 
F i g u r e s . 1 2 A  and 1 2 B  a r e  c o n v e n t i o n a l  p h o t o  m i c r o g r a p h s  o f  

t h e  s e c t i o n e d  and p o l i s h e d  c a t a l y s t  sample  t a k e n  f rom t h e  bot tom 

o f  t h e  r e a c t o r .  The s m a l l  s q u a r e  shown on F i g u r e  1 2 A  i s  examined 

a t  h i g h e r  m a g n i f i c a t i o n  with SEM; t h e  m i c r o g r a p h s  a r e  g i v e n  i n  

F i g u r e s  1 4 A  and 1 4 B .  The l a r g e  r e c t a n g l e  a r e a  i n  F i g u r e  12B was 

g i v e n  SEM-EDAX s c a n s ;  t h e  d a t a  a r e  g i v e n  on F i g u r e s  1 5 A - 1 7 B .  

The bot tom sample  i s  d i s t i n c t l y  d i f f e r e n t  f rom t h e  t o p  and  

midd le  samples .  F i r s t ,  t h e  cemented  e x t e r i o r  c r u s t  does  n o t  

c o v e r  t h e  e n t i r e  s u r f a c e ,  b u t  i n s t e a d  a p p e a r s  t o  have  f i l l e d  i n  
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r e g i o n s  where  t h e  s u r f a c e  o f  t h e  c a t a l y s t  h a s  s p a l l e d  away. 

Second ,  t h e r e  i s  no t i t a n i u m - r i c h  i n n e r  c r u s t  on t h e  c a t a l y s t  i n  

a l l  o f  t h e  s a m p l e s  i n v e s t i g a t e d .  

1 : igu res  13A and  13R show two m n g n i r i c a t i o n s  o f  t h e  

c a t a l y s t  a r e a  i n  a zone  where  c r u s t  h a s  fo rmed .  The enhanced  

d e p t h  o f  t h e  f i e l d  shows v e r y  l a r g c  c r a c k s  and  s e v e r a l  r o u n d ,  

s h a l l o w  p i t s  i n  t h e  c a t a l y s t  s u p p o r t .  'I'hcsc f c a t u r c s  o f  t h c  

b o t t o m  sample  a r e  i d e n t i c a l  t o  thc o t h c r  two s a m p l e s .  

F i g u r e s  1 4 A  and  1 4 B  a r e  two p i c t u r e s  a t  l O O C x  o f  t h e  s m a l l  

s q u a r e  i d e n t i f i e d  on  F i g u r e  1 2 A .  T h c s e  p i c t u r e s  show t h a t  t h e  

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

0 . 5  m i c r o n s  which  is s i m i l a r  t o  t h e  i n n e r  c r u s t  m a t e r i a l .  A s p o t  

E D A X  a n a l y s i s  shows t h a t  t h i s  zone  c o n t a i n s  s i g n i r i c a n t  q u a n t i t i e s  

o f  t i t a n i u m  . 

The SEM-EDAX a r e a  s c a n s  f o r  t h e  bo t tom sample  a r e  shown i n  

F i g u r e s  15A-17B. The  r e s u l t s  f o r  t h e  s i x  e l e m e n t s  S i ,  Ca, S ,  F e ,  

7'i and  Mo a r e  i d e n t i c a l  e f f e c t i v e l y  t o  t h e  m i d d l c  samplc  w th 

t h e  f o l l o w i n g  e x c e p t i o n s :  

a )  t h e r e  a r e  no  p a r t i c l e s  v e r y  h i g h  i n  s u l f u r  i n  t h e  c r u s t  

b )  t h e r e  i s  l e s s  d i f f e r e n c e  be tween  t h e  s u l f u r  c o n c e n t r a t i o n  i n  
t h e  c r u s t  and  i n  t h e  c a t a l y s t ,  

c )  t h e  t i t a n i u m  c o n c e n t r a t i o n  i n  t h e  o u t e r  c r u s t  i s  v e r y  d i s t i n c t ,  
a n d  t h e r e  i s  s i g n i f i c a n t  b u t  l ower  c o n c e n t r a t i o n  o f  t i t a n i u m  i n  
t h e  c a t a l y s t  c l o s c  t o  t h e  s u r F a c e ,  

d )  t h e  molybdenium i s  c l e a r l y  c o n f e r r e d  t o  t h e  c a t a l y s t .  
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Microprobe  R e s u l t s  

The e l e c t r o n  m i c r o p r o b e  r e s u l t s  a r e  d i s p l a y e d  on F i g u r e s  

18A, B ,  and C ;  t h i s  f i g u r e  i s  a r r a n g e d  t o  p e r m i t  a n  e a s y  com- 

p a r i s o n  oC t h e  tlircc saiiiplcs f o r  t h e  s c v c r a l  c lc r i icn ts  c o i l s i d e r e d .  

F i g u r e  18A i s  t h e  t o p  s a m p l e ,  18B t h e  m i d d l e  sample  and  18C t h e  

bot tom sample .  These  e l e m e n t s  were  examined  i n  e a c h  s c a n  and  t h e  

d a t a  a r e  r e f e r e n c e d  t o  t h e  aluminum s i g n a l .  The a m p l i t u d e  of t h e  

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

e l e m e n t .  

Molybdefium and n i c k e l  a r e  t h e  a c t i v e  e l e m e n t s  i n  t h e  

c a t a l y s t .  The molybdenum s i g n a l  i n  t h e  c r u s t  i s  o n l y  s l i g h t l y  

g r e a t e r  t h a n  b a c k g r o u n d ,  and  t h e r e f o r e  t h e r e  d o e s  n o t  a p p e a r  t o  b e  

m i g r a t i o n  o f  t h i s  e l e m e n t .  The n i c k e l  s i g n a l  was a m p l i f i e d  f a r  

more t h a n  molybdenum a n d  t h e r e f o r e  t h e  s i g n a l  h a s  f a r  more n o i s e .  

N i c k e l  i s  above  b a c k g r o u n d  i n  t h e  c r u s t  i n  1 8 A ,  B ,  and C a n d  t h e  

b r o a d e n e d  t r a n s i t i o n  o f  t h e  p r o f i l e  be tween t h e  i n t e r i o r  a n d  t h e  

c r u s t  s u g g e s t  t h a t  n i c k e l  h a s  m i g r a t e d  s l i g h t l y .  

I r o n  and  s u l f u r  a r e  f o u n d  i n  t h e  e x t e r i o r  c r u s t  o f  18A and  

18B and i n  t h e  c r u s t  o f  18C. P r e v i o u s  work h a s  e s t a b l i s h e d  t h a t  

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

a p p e a r s  i n  s u r p r i s i n g l y  l a r g e  q u a n t i t i e s  i n  t h i s  i n v e s t i g a t i o n ;  

o b v i o u s l y  t h e  c o a l - d e r i v c d  l i q u i d  c a r r i c s  a l l  o f  t h e  m i n e r a l  found 

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

t o  background l e v e l  w i t h i n  125  m i c r o n s  of  t h e  s u r f a c e  w h i l e  t h e  

s u l f u r  s t a b i l i z e s  on  t h e  v a l u c  a p p r o p r i a t e  t o  t h e  s u l f i d e d  c a t a l y s t .  
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Whenever t h e r e  i s  a v o i d  i n  t h e  c a t a l y s t  (1813 h a s  a c l c a r , e x a m p l e )  

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

T i t a n i u m ,  c a l c i u m  and s i l i c o n  a r e  e l c m e n t s  found i n  t h e  

m i n e r a l  m a t t e r  o f  c o a l .  The t i t a n i u m  s i g n a l  i n  1 8 A  and  188  shows 

c l e a r l y  t h e  i n n e r  c r u s t ;  t h e  c o n c e n t r a t i o n  o f  t i t a n i u m  i n  t h e  

i n n e r  c r u s t  i s  a b o u t  twice a s  high as  i n  t h e  e x t e r i o r  c r u s t  o f  18.4 

a n d  1 8 B  o r  t h e  o u t e r  c r u s t  o f  1 8 C .  Thus t h e  laydown o f  t h e  i n n e r  

c r u s t  a p p e a r s  t o  o c c u r  by a d i f f e r e n t .  mechanism t h a n  t h e  o u t e r  

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

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

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

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

S i l i c o n  i s  a m a j o r  component  i n  t h e  o u t e r  crust  o f  18A 

and  B and  i n  t h e  c r u s t  of  18C. F u r t h e r  t h e r e  i s  a s u b s t a n t i a l  

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

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

t h a t  t h e  c a t a l y s t  i s  s p a l l i n g  away by i n t e r a c t i o n s  o f  t h e  m i n e r a l  

m a t t e r .  C a l c i u m ,  on t h e  o t h e r  h a n d ,  h a s  o n l y  a v e r y  weak s i g n a l  

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

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

d e p o s i t i o n .  

t o p  

i n  

s a m p l e .  

h e  e a r  

The z i n c  s i g n a l  shows t h e  d e p o s i t i o n ' o f  v e r y  low q u a n t i t i e s  

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

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

y p a r t  o f  t h e  r u n ;  t h i s  a c t i v i t y  i s  l o s t  down t h e  r e a c t o r .  
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These  m i c r o p r o b e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  SEM and 

c l e c t r o n  m i c r o p r o b e  3rc3 S C ~ I I E .  llic inncr c r u s t  is  a r ea l  

phenomena, and  t h e  r e f r a c t o r y  components  o f  t h e  c l a y  m i n e r a l  

matter a r e  s m a l l  enough t o  p c n e t r a t c  i i  s i g n i f i c a n t  way i n t o  t h e  

c a t a l y s t .  I:eSx r e m a i n s  i n  t h e  f e e d  s l u r r y  and  bcconies f i r m l y  

a t t a c h e d  t o  t h e  c a t a l y s t  e x t e r i o r .  'l'licsc d e p o s i t s  d i m i n i s h  t h e  

e x t c n t  t o  which  t h e  c a t a l y s t  can  h c  r e g c n c r ; i t e d .  

P 1 a s m n  I' t ch e d-  S amp 1 c s 

Figures 191\ and  1 9 B  a r c  two mapni Citations o f  ;1 c a t a l y s t  

s ample  which has been  p l a sma  e t c h e d  t o  remove o x i d i z a b l e  m a t e r i a l  

"coke"  and t h e n  r e v e a l  t h e  f i r m l y  a t t a c h e d  e x t e r i o r  c r u s t .  

F i g u r e  18A shows two c l e a v a g e  p l a n c s  t h r o u g h  t h e  c a t a l y s t  and  t h e  

i r r e g u l a r  s u r f a c e  a t  t h e  l e f t  o f  t h e  p i c t u r e .  The e x t e r i o r  

s u r f a c e  i s  c o v e r e d  w i t h  waves  o f  d e p o s i t e d  m a t e r i a l .  F i g u r e  1 8 B  

shows t h e  marked r e c t a n g l e  on  18A a t  h i g h e r  m a g n i f i c a t i o n .  The 

s u r f a c e  c o n t a i n s  a g g r e g a t e s  o f  c r y s t a l l i n e  m a t e r i a l  w i t h  an 0 . 5  

t o  2 . 0  micron  c r y s t a l  s i z e .  (The l a r g e s t  c r y s t a l  i n  t l i c  E igurc  

was u s e d  a s  a m a r k e r .  T h i s  c r y s t a l  a p p e a r s  t o  be  a c h i p  h e l d  t o  

t h e  s u r f a c e  e l e c t r o s t a t i c a l l y . )  

F i g u r e  2 0 B  i s  a v i ew a l o n g  t h e  t r a n s v e r s e  a x i s  o f  a 

p e l l e t  c l e a v e d  on t h e  r a d i a l  p l a n e .  T h e  sample  was t a k e n  f rom 

t h e  bot tom o f  t h e  r e a c t o r  where  t h e  e x t e r n a l  c r u s t  i s  i r r e g u l a r .  

A f t e r  plasma e t c h i n g  no r e s i d u a l  c r u s t  was f o u n d .  llowever t h e  

r a d i a l  p l a n e  i s  d o t t e d  w i t h  round  p i t s  and  p l a t e a u s  which  have 

b e e n  o l ~ s e r v e d  i n  a l l  oT t h e  p o l i s h c d  s e c t i o n s .  The p i t s  n e a r  t h e  
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s u r f a c e  o c c a s i o n a l l y  a r e  p a r t i a l l y  fillcd w i t h  d c p o s i t c d  m i n e r a l  

m a t t e r .  F u r t h e r  t h e  e x t e r i o r  s u r f a c c  of t h e  c a t a l y s t  h a s  e r o d e d  

t o  become q u i t c  rough .  ' I 'his m i c r o g r a p h  shows t h a t  t h e  round  p i t s  

s e e n  i n  a l l  o f  t h e  m i c r o g r a p h s  a r c  n o t  an a r t i f a c t  o f  s amplc  

p r e p a r a t i o n .  

C a t a l y s t  A c t i v i t y  R e s u l t s  

A t o t a l  o f  e i g h t  e x p e r i m e n t a l  r u n s  were  c o n d u c t e d .  T a b l e  

I V  p r c s e n t s  t h e  c a t a l y s t s  u scd  i n  cacli  r u n .  'Two of  t h e  r u n s  iwrc 

b l a n k  TUnS t o  d e t e r m i n e  t h e  background  a c t i v i t y  o f  t h e  r e a c t o r .  

The f r e s h ,  s p e n t  and  r e g e n e r a t c d  c a t a l y s t s  were u s e d  i n  two d i f -  

l c r c n t  s i z c s  compr i . s ing  o f  t h e  o t l i c r  s i x  r u n s .  A l l  c x p c r i m c n t s  

were  c o n d u c t e d  a t  t h e  same o p e r a t i n g  c o n d i t i o n s  p r e s e n t e d  i n  

T a b l e  111. However t h e  d u r a t i o n  o f  t h e  r u n s  v a r i e d .  

F i g u r e s  2 1  and  2 2  show t h c  t o t a l  n i t r o g c n  rcmoval  a n d  t h c  

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

and  r e g e n e r a t e d  s t a t e s .  These  f i g u r c s  show t h a t  t h e s c  r e a c t i o n s  

f o l l o w  pseudo f i r s t - o r d e r  k i n e t i c s  o v c r  l i m i t e d  r a n g e s  o f  e l e m e n t  

r e m o v a l .  E q u i v a l e n t  p l o t s  a r e  o b t a i n e d  f o r  r u n s  made w i t h  t h e  

t h r e e  s t i i tcs  o f  p c l l c t c d  c a t a l y s t s .  

T a b l c  V p r e s e n t s  t h c  f i r s t - o r d c r  r a t e  p a r a m e t c r s  c o r r c c t c d  

f o r  I)ackground a c t i v i t y .  'This ta1) Ic  shows t h a t  t h c  p c l l c t c d  

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

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

e f f c c t  o r  i s o t h c r m a l  t r a n s p o r t  1 i m i t a t i o n s  i n  c : t t a l y s t s .  'Thcsc 

r e s u l t s  w i l l .  be  d e s c r i b e d  more f u l l y  bc low.  
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F i g u r e  23 shows t h e  ne twork  f o r  t h e  h y d r o g e n o l y s i s  o f  

q u i n o l i n e  d e v e l o p e d  by  S h i h  e t  a l .  4). Thc i n d i v . i d u a 1  r o t e  

c o n s t a n t s  f o r  t h i s  ne twork  a r e  o b t a  ned as  p s e u d o  f i r s t - o r d e r  

r a t e  p a r a m e t e r s  u s i n g  t h e  t e c h n i q u e s  d e v e l o p e d  by Il immelblau e t  a l .  

( 5 ) .  The e x p e r i m e n t a l  d a t a  were  a n a l y z e d  u s i n g  t h r e e  d i f f e r e n t  

w e i g h t i n g  schemes  and  t h e  b e s t  w e i g h t i n g  sc.henle was c h o s e n  b a s e d  

on  t h e  o v e r a l l  f i t  o f  t h e  d a t a  and  t h e  r e d u c t i o n  o f  t h e  sum s q u a r e  

e r r o r .  F i g u r e s  2 4  and  2 5  show :I c o m p a r i s o n  o f  t h e  d a t a  w i t h  t h e  

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

ment  be tween t h e  model and  t h e  d a t a ;  t h e  pseudo f i r s t - o r d e r  form 

p r o v i d e s  a s i m p l e  and  a d e q u a t e  r e p r e s e n t a t i o n  o f  t h e  n e t w o r k .  

The i n d i v i d u a l  r a t e  p a r a m e t e r s  f o r  t h i s  ne twork  a n a l y s i s ,  

c o r r e c t e d  f o r  background  r e a c t i v i t y ,  a r c  p r c s c n t e d  i n  'l 'ablc V I .  

The r a t e  p a r a m e t e r s  f o r  p e l l e t s  a r e  l o w e r  t h a n  t h o s e  f o r  c r u s h e d  

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

p a r a m e t e r s  e x c e p t  k 

o f  1,2,3,4-tetrahydroquinoline t o  o r t h o p r o p y l a n i l i n e ;  t h e  r a t e  p a r a -  

meter f o r  s u b s e q u e n t  s t e p  f o r  n i t r o g e n  r emova l  c a n n o t  b e  o b t a i n e d  

r e l i a b l y  from t h e  d a t a ,  and t h u s  t h i s  s t e p  r e p r e s e n t s  an : ipparent  

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

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

t h e  p a r a m e t e r s  o f  t h e  r e a c t i o n  n e t w o r k .  

The p a r a m e t e r  k6  g o v e r n s  t h e  c o n v e r s i o n  
6 '  

F i g u r e  26 compares  t h e  d a t a  f o r  t o t a l  n i t r o g e n  c o n c e n t r a t i o n  

lq i th  t h e  v a l u e s  p r e d i c t e d  by t h e  model f o r  f r e s h  c r u s h e d  c a t a l y s t ;  

~ i lodc l  r c p r c s e n t s  the  d a t a  adequately. S i i i i i l a r  coii ipai isoils 
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were made with the other five cases, and the experimental data 

are represented with equivalent acceptability. Thus the network 

representation i s  consistent with the overall rate of nitrogen 

removal f o r  all cases. 

There is direct evidence that some of the reaction rates 

in pellets are inhibited by transport considerations. Figure 2 7  

shows the 1,2,3,4-tetrahydroquinoline (1THQ) and quinoline concen- 

trations as a function of  time for fresh crushed and pellet cata- 

lysts runsunder otherwise identical conditions. Consistent with 

the lower forward apparent rate parameter for the reversible 

reaction, the pellet data show a higher concentration of quinoline, 

a lower concentration of lTHQ, than f o r  crushed catalyst. In 

addition the maximum in the 1THQ concentration occurs earlier f o r  

the crushed catalyst than for the pelleted run. Therefore the 

pellets exhibit direct evidence for transport limitations in the 

catalyst. 

The utility of this assumption can be tested by calculating 

the effectiveness factor for the pellet catalyst based upon the 

crushed catalyst parameters. This calculation assumes that the 

crushedLcatalyst is small enough to give intrinsic rates for all 

rates; this assumption can be examined later. Table VI1 outlines 

the results o f  the calculation. 

The parameter values for the pellet catalyst agree reason- 

ably well with the calculated values; the exceptions are k 6  and k 8 .  
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A s i m i l a r  c a l c u l a t i o n  f o r  t h e  r e g e n e r a t e d  [ T a h l e  V I I I )  c a t a l y s t  

shows t h a t  a g a i n  w i t h  t h c  c x c c p t i o n  o f  k 6  t h e  c a l c u l a t e d  v a l u e s  

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

The low v a l u e s  found f o r  t h c  p e l l e t s  show t h a t  t h e r e  i s  a 

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

T h i s  l o s s  i s  t h e  r e s u l t  of d e p o s i t i o n  o f  m i n e r a l  matter on t h e  

e x t e r i o r  o f  t h e  p e l l e t s ;  t h i s  t r a n s p o r t  r e s i s t a n c e  i s  removed ( o r  

a v o i d e d )  when t h e  r e g e n e r a t e d  c a t a l y s t  i s  c r u s h e d .  

T a b l e  I X  g i v e s  t h e  p e r c e n t a g e  a c t i v i t y  r e m a i n i n g  i n  t h e  

f i v e  c a t a l y s t  f o r m s  r e l a t i v e  t o  f r e s h  c r u s h e d  c a t a l y s t .  The v a l u e s  

o b s e r v e d  s t e m  f rom s e v e r a l  c a u s e s :  1 )  i n t r i n s i c  l o s s  i n  k i n e t i c  

a c t i v i t y ,  t h u s  t h e  s p e n t  c a t a l y s t  has a b o u t  3 - 4  p e r c e n t  o f  t h e  

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

6 0  p e r c e n t  o f  t h e  o r i g i n a l  a c t i v i t y ;  2 )  i n t e r n a l  d i f f u s i o n a l  

t r a n s p o r t  l o s s e s ;  3 )  c o n t r i b u t i o n s  f rom t h e  e x t e r n a l  a n d  n e a r  

s u r f a c e  m i n e r a l  mater ia l  on t h e  p e l l e t s ,  and  4 )  a n  a b n o r m a l  e n -  

hancement  o f  t h e  k6 a n d  k g  r a t e  p a r a m e t e r s  i n  p e l l e t s .  

r e f e r e n c e  t o  t h e  l a t t e r ,  Bhinde  ( 6 )  h a s  shown t h a t  t h e  h y d r o g e n o l y s i s  

r a t e  h a s  t h e  a p p r o x i m a t e  form r a t e  = k K C / ( l + K C ) ' ,  where C i s  t h e  

r e a c t a n t  c o n c e n t r a t i o n  and K i s  t h e  a d s o r p t i o n  t e r m .  'I 'his r a t e  

e x p r e s s i o n  i s  n e g a t i v e  o r d e r  f o r  KC g r e a t e r  t h a n  o n e ,  and  t h u s  a 

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

i n c r e a s e  t h e  e f f e c t i v e  r e a c t i o n  r a t e .  Thus t h e  e n h a n c e d  o v e r a l l  

r a t e  f o r  HDN i n  p e l l e t s  i s  i n  p a r t  t h e  r e s u l t  o f  c o u p l i n g  t r a n s p o r t  

l i m i t a t i o n s  w i t h  t h e  v e r y  s t r o n g  a d s o r p t i o n  e q u i l i b r i u m  o f  n i t r o g e n  

h e t r o c y c l e s .  

With 
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The r e a c t i o n  n e t w o r k  shown I I I  F i g u r e  2 8  f o r  d i b c n z o -  

t h i o p h e n e  h y d r o d e s u l f u r i z a t i o n  h a s  been  d e t e r m i n e d  e a r l i e r  by 

I l o u a l l a  C t  a l .  ( 7 ) .  I ~ ~ W C V C ~ ,  t h c i r  r c a c t i o n  nctwork was d c t c r -  

mined u s i n g  o n l y  d i b e n z o t h i o p h e n e  a s  a r e a c t a n t .  I n  th i s  s t u d y ,  

d i b e n z o t h i o p h e n e  and  b i p h e n y l  were o b s c r v c d  f o r  t h e  c r u s h e d  

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

b e n z e n e  i n  a d d i t i o n  t o  t h e  a b o v e  two p r o d u c t s .  C o n c e n t r a t i o n  

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

Bhinde  ( 6 )  found t h a t  q u i n o l i n e  i n h i b i t s  tlic h y d r o g e n a t i o n  s t e p s  

i n  t h e  d i b e n z o t h i o p h e n e  n e t w o r k  s t r o n g l y ,  and  i n  o u r  e x p e r i m e n t s  

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

I- 

Based on  a l l  t h e  above  i n f o r m a t i o n  t h c  d i l ) e n z o t h  i ophene 

HDS d a t a  w e r e  a n a l y z e d  u s i n g  t h e  f o l l o w i n g  n e t w o r k :  

k2  > BP ____) C H B  
k l  

DBT 

T a b l e  V I 1 1  p r e s e n t s  t h e  i n d i v i d u a l  r a t e  c o n s t a n t s .  The t a b l e  

shows t h a t  s p e n t  c a t a l y s t  had  a v e r y  low a c t i v i t y .  However, u n l i k e  

n i t r o g e n  r e m o v a l ,  t h e  s p e n t  c a t a l y s t  i s  n o t  t o t a l l y  n o n - r e a c t i v e .  

For  f r e s h  c a t a l y s t  t h e  p e l l e t s  are  s i g n i f i c a n t l y  more a c t i v e  t h a n  

c r u s h e d  p e l l e t s .  F u r t h e r  c y c l o h e x y l  b e n z e n e ,  a h y d r o g e n a t e d  

p r o d u c t  from b i p h e n y l ,  was f o u n d  o n l y  i n  t h e  p e l l e t  r u n s .  B r o d e r i c k  

( 8 )  and  S a p r e  ( 9 )  h a v e  s t u d i e d  b i p h e n y l  h y d r o g e n a t i o n  and h a v e  shown 

t h a t  b i p h e n y l  h y d r o g e n a t i o n  i s  e x t r e m e l y  s l o w  and  i s  s e v e r e l y  

i n h i b i t e d  by t h e  p r e s e n c e  o f  q u i n o l i n e .  'This o b s e r v a t i o n  c a n  b e  

e x p l a i n e d  i n  terms o f  t r a n s p o r t  l i m i t a t i o n s  i n  p e l l e t  r u n s  i n  two 
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d i f f e r e n t  ways. S i n c e  t r a n s p o r t  1 i i i i i t i i t i o n s  e x i s t  i n  the casc  o f  

p e l l e t s ,  t h e  b i p h e n y l  c o n c e n t r a t i o n  will p r o b a b l y  be h i g h e r  i n  t h e  

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

'The h i g h c r  c o n c e n t r a t i o n  o f  h i p l i c n y l  and t h e  s i g n i f i c a n t l y  l o n g c r  

r e s i d e n c e  time i n  t h e  c a t a l y s t  couple t o  i n c r e a s e  t h e  p r o b a b i l i t y  

o f  f o r m a t i o n  o f  c y c l o h c x y l h c n z c n c .  'l'lir c o n c c n t r a  t ion  p r o l i  I C  ( o r  

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

t h e  o b s e r v e d  d i f f e r e n c e  b e t w e c n  p e l l e t s  and c r u s h e d  c a t a l y s t s .  

The c a t a l y s t  p e l l e t s  have  a l o w e r  i n t e r i o r  c o n c e n t r a t i o n  

o f  q u i n o l i n e  a n d  THO a s  o p p o s e d  t o  t h e  c r u s h e d  p a r t i c l e s ,  and hence  

t h e  i n h i b i t i n g  e f f e c t s  o f  q u i n o l i n e  o n  d i b e n z o t h i o p h e n e  i s  l o w e r  

i n  t h e  c a s e  o f  p e l l e t s .  Thus t h c  i n t e r i o r  r e a c t i v i t y  i s  h i g h e r  

f o r  p e l l e t s ,  b u t  t h e  o v e r a l l  r a t e  i s  l o w e r  t h a n  would b e  o b s e r v e d  

i f  q u i n o l i n e  were a b s e n t .  

D i s c u s  s i o n  

The p h o t o m i c r o g r a p h  d a t a  p r o v i d e s  d e t a i l e d  i n f o r m a t i o n  on 

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

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

of  c o a l .  These  d a t a  supplerncnt  t l i c  i c s u l t s  f rom t h c  a c t i v i t y  s t u d i c s .  

The one p e r c e n t  s u s p c n d c d  n i i n c r a l s  111 t h c  f e e d  i s  v e r y  

s i g n i f i c a n t  i n  t h e  d e a c t i v a t i o n  o f  t h e  c a t a l y s t .  These  s u s p e n d e d  

m a t e r i a l  a r e  v e r y  f i n e l y  d i v i d c d  a n d  t l i e r c f o r c  c a n  p e n e t r a t e  

r a t h e r  e a s i l y  i n t o  t h e  i n t e r i o r  o f  t h e  c a t a l y s t .  Hence s i l i c o n ,  

which  i s  a m a j o r  c o n s t i t u e n t  o f  t h e  c l a y s  i n  c o a l ,  i s  found i n  

t h e  i n t e r i o r  1 0 0  m i c r o n s  o f  t h e  c a t a l y s t  i n  a l l  t h r e e  s a m p l e s .  
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T h i s  o l i s e r v a t i o n  i s  c o n s i s t c r i t  w i t h  the b c l i a v j o r  o f  c o a l  h y d r o -  

p r o c e s s i n g  e x p e r i i n e n t s .  

The c a t a l y s t  i s  d e a c t i v a t e d  by tlic laydown o f  c o k e .  

The p l a s m a  e t c h i n g  e x p e r i m e n t s  show t h a t  t h e  e x t e r i o r  c r u s t  i s  

l a r g e l y  c o k e ,  and r e g e n e r a t i o n  b y  b u r n i n g  d e c r e a s e s  t h e  saiaple  

w e i g h t  b y  t w e n t y  p e r c e n t .  T h u s  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  

a c t i v i t y  c a n  b e  r e g a i n e d  h y  b u r n i n g  away t h c  c o k e  d e p o s i t s  as 

cv idc i iccd  by tlic r e s u l t s  froiii a c t i v i t y  s t u i l i c s ,  I~owcvc'r t l i c  dcposi  tcd  

m i n e r a l  matter r e m a i n s .  

The e x t e r i o r  c r u s t  a l s o  c o n t a i n s  I:cSx; p r e v i o u s  s t u d i e s  

The c r y s t a l  s i z e  o f  have shown t h a t  t h e s c  d e p o s i t s  a r e  F e S l . l .  

FeS, i s  s m a l l e r  i n  t h i s  s y s t e m  t h a n  f o r  t h e  s y n t h o i l  c a t a l y s t .  

' l 'hcre i s  no e v i d e n c e  t h a t  t h e  FeSx was formcd i n  t h e  t r i c k l e - b e d  

r e a c t o r ;  t h e  weak p e n e t r a t i o n  o f  i r o n  i n t o  t h e  c a t a l y s t  c o r r e l a t e s  

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

FeS, i s  cemented  on t h e  c a t a l y s t  w i t h  c o k e .  

The n i c k e l  p r o f i l e s  i n d i c a t e  a s m a l l  m i g r a t i o n  o f  t h i s  

c l e i n c n t  away from t h e  c a t a l y s t  s u p p o r t  i n t o  t h e  c r u s t  on t h c  s u r f a c e .  

'l'he m i g r a t i o n  o f  t h i s  p r o m o t e r  may a r r e c t  c a t a l y s t  f u n c t i o n ;  i n  

p a r t i c u l a r  t h e  e f f e c t  o f  n i c k e l  upon t h c  r a t e  o f  c o k i n g  may cl iangc.  

The most  u n i q u e  f e a t u r e  o f  t h c s e  s t u d i e s  i s  t h e  f o r m a t i o n  

o f  t h e  t i t a n i u m - r i c h  i n n e r  c r u s t  011  t h c  t o p  a n d  m i d d l e  c a t a l y s t  

samplcs .  
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Spent  c a t a l y s t  was f o u n d  t o  b e  e s s e n t i a l l y  n o n - r e a c t i v e  

f o r  b o t h  s u l f u r  a n d  n i t r o g e n  r e m o v a l .  Network a n a l y s i s  f o r  

q u i n o l i n e  HDN and  d i b e n z o t h i o p h e n e  HDS i n d i c a t e  t h a t  t h e  laydown 

o f  c o k e  seems t o  a f f e c t  b o t h  h y d r o g e n a t i o n  a n d  b o n d - b r e a k i n g  

s t e p s  i n  t h e  same way. The r e s u l t s  f rom t h e  e x p e r i m e n t s  u s i n g  t h e  

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

by t h e  r e g e n e r a t i o n  p r o c e s s .  A c o m p a r i s o n  o f  t h e  r u n s  u s i n g  

c a t a l y s t  p e l l e t s  and  c r u s h e d  p a r t i c l e s  shows t h a t  t h e  c a t a l y s t  

i n t e r i o r  i s  f i l l e d  w i t h  c o k e  and  i n a c t i v e .  T h e s e  r e s u l t s  a l s o  

r a i s e  some i n t e r e s t i n g  q u e s t i o n s  on  t h e  i n t e r p l a y  be tween d i f f u -  

s i o n  l i m i t a t i o n s  and  t h e  i n t e r a c t i o n s  be tween n i t r o g e n  and  s u l f u r -  

c o n t a i n i n g  compounds upon t h e  i n t r i n s i c  k i n e t i c s .  

The r e s u l t s  p r e s e n t e d  h e r e  a r e  s i m i l a r  t o  t h e  o n e s  

o b s e r v e d  from c h a r a c t e r i z a t i o n  s t u d i e s  p e r f o r m e d  on c a t a l y s t s  t h a t  

h a v e  b e e n  i n  d i r e c t  c o n t a c t  w i t h  c o a l ,  e x c e p t  f o r  a few minor  

d i f f e r e n c e s  . 

S i n c e  5 0  t o  60 p e r c e n t  o f  t h e  c a t a l y s t  a c t i v i t y  can  h e  

r e c o v e r e d  by b u r n i n g  t h e  c o k e ,  t h e  m i n e r a l  matter i s  s e c o n d a r y  i n  

t h e  d i r e c t  d e a c t i v a t i o n  o f  t h e  c a t a l y s t .  I lowever ,  t h e  d e p o s i t e d  

m i n e r a l  m a t t e r  i s  a p o t e n t i a l  c a t a l y s t  f o r  c o k e  f o r m a t i o n ;  t h u s  

t h e  e f f e c t i v e  l i f e t i m e  f o r  t h e  r e g e n e r a t e d  c a t a l y s t  may be l ess  

t h a n  t h a t  f o r  a f resh c a t a l y s t .  
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TABLE I 

Fced O i l  I’ropcrt  i r s  __ 

Equa l  Volume Flixture o f  llnw Anthracene Oil and 
Syn t ho i 1 L i q u i d  

Carbon, wt % 

Hydrogen,  wt % 

S u l f u r ,  wt % 

Nitrogen, wt % 

Ash, wt % 

109 

8 4 . 9 2  

6 . 5 7  

0 . 5 4  

1 . 2 1  

1.05 



TABLE I 1  

Operating Conditions in the Trickle-Flow Reactor 

Temperature - 371'C 

Pressure - , 1500 psig 

Liquid Volume 
H o u r l y  Space Time - 1 . 2 5  h r s  

H 2 / 0 i l  Ratio - 7500 scf/bbl 

Run Duration - 674 h o u r s  
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TABLE 111 

O p e r a t i n g  C o n d i t i o n s  i n  Hatch  A u t o c l a v e  R e a c t o r  

T e m p e r a t u r e  - 

P r e s s u r e  - 

35OoC 

36 atm 

C a t a l y s t  C o n c e n t r a t i o n  - 0 . 5  w t  % 

CSz C o n c e n t r a t i o n  - O . O S , w t  % 

C a r r i e r  O i l  - Hexadecane  

Q u i n o l i n e  C o n c e n t r a t i o n  - 2 w t  % 

D i b e n z o t h i o p h e n e  
C o n c e n t r a t i o n  - 1 \it i 
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TAB1.E IV 

C a t a l y s t s  Used i n  B a t c h  Iixpcr i iocntn l  Runs 

Ilun No. C a t a l y s t  Used 

Frcsh 

S p e n t  

R e  g e n e r a t e d  

Frcsh 

S p r n t  

Re gene  r a t  cd 

B lank  r u n  

Blank  r u n  

I ) u r a t i o n ,  i i i inutcs ___.- C;i t :I 1 y s t S i zc 

140 iiics11 

1 4 0  rncsli 

140 mcsli 

8 /10  lrlcsll 

8 /10  Illcsll 

8 / 1 0  I I l C S l l  

w i t h o u t  b o a t  

w i t h  b o a t  

0 0 0 

1280 

1260 

1200 

1800 

1250 

600  

2500 
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TABLE V 

T o t a l  N i t r o g e n  and  S u l f u r  Removal 

P s e u d o  F i r s t  O r d e r  R a t e  C o n s t a n t s ,  g o t  Of c 3 t .  O i l  m i n u t e s  

F r e s h  

C P 

S p e n t  Regene ra t ed  

c 1’ C P 

N i t r o g e n  0 . 1 9 5  0.214 0 0 0 . 1 1 6  O . l G 5  

S u l f u r  0 . 3 3 3  0 . 4 9 1  0 . 3 3 3  0 . 2 2 2  0 . 1 6 8  0 .  l b 5  
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TABLE V I  

I n d i v i d u a l  R e a c t i o n  R a t e  C o n s t a n t s  
~ 

g o f  o i l  
c a t .  m i n u t e s  f o r  t h e  Q u i n o l i n e  Network ,  

F r e s h  S p e n t  

C 

81 .19  

12 .92  

k l  

k 2  
k3 1 . 1 2 0  

k 4  0 .167  

k5 0 . 7 2 7  

k6 0 .101  

k7 - - _  

k g  1 . 7 5 2  

P C 

9 .045  0 .908  

1 . 8 3 5  0 .135  

0 .676  - - -  

0.114 0 .0042  

0 .422  - - _  

0 .218  0 . 0 0 4 2  

P 

0 

0 

0 .042  

0 

0 

0 

0 

0 

R e g e n e r a t e d  

C P 

4 6 . 0 7  3 .566  

1 0 . 9 6  0 .620  

0 .627  0 .216  

0 . 1 5 3  0 .121  

0 . 1 8 2  0 . 0 2 5  

0 .064  0 . 1 0 7  

1 .372  0 .170  
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‘I‘ABLli V I 1  

T h e o r e t i c a l  C a l c u l a t i o n  o f  R a t e  Pa ra ine t e r l ;  Tor I rcsh I ’c l ie t s  - 

k l  8 1 . 1 9  1 3 . 5 1  0 .074  9 . 2 7  9 . 0 4 5  

k2 1 2 . 9 2  5 . 3 9  0 . 1 8 5  2 . 3 9  1 . 8 3  

k 3  1 . 1 2  1 . 5 9  0 . 5 8  0 .65  0 . 6 8  

k4 0 . 1 6 7  0 . 6 1  0 . 8 9  0 . 1 5  0 . 1 1  

0 . 7 2 7  1 . 2 8  0 . 6 7  0.49 0 .422  

k 6  0 . 1 0 1  0 . 4 8  0 . 9 3  0 . 0 9 3  0 . 2 1 8  

k g  1.752 1 . 9 8  0 . 4 9  0 . 8 5  1 . 6 6  

k 5  
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TABLE V I 1 1  

Theoretical Calculation o f  Rate Parameters 

for Regenerated Pellets 

Crushcd  R a t c  
'ICil 1 c1 " C O t l l l d  -- T I  (g  oil/g cat-min) ' l ' h ic l  c 

4.53 3.57 

k 2  11.0 4.97 0.20 2.21 0.62 

kl 46.1 10.18 0.098 

k3 0.63 1.19 0.70 0.44 0.22 

k4 0.15 0.587 0.90 0.134 0.121 

k5 0.18 0.637 0.88 0.16 0.025 

0.95 0.058 0.107 kg 0.064 0.40 

0.53 0.74 0.170 k g  1.372 1.76 
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TABLE I X  

R a t e  C o n s t a n t s  i n  t h e  Q u i n o l i n e  Network 

R e l a t i v e  t o  F r e s h  C a t a l y s t ,  % 

k 4  k g  k6 k 7  k g  

S p e n t  p e l l e t s  0 0 6 0 0 n - -  0 

S p e n t  p a r t i c l e s  1 1 0 3 0 4 - -  0 

R e g e n e r a t e d  P c l l e t s  39 33 32 1 0 0  h 4 9  - -  10 

_______ kl k 2  k 3  

R e g e n e r a t e d  p a r t i c l e s  5 7  8 5  56 9 2  2 5  6 3  - -  78  
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1 

I n d i v i d u a l  Kate Constants Cor 
g o f  011 

Dibenzothiophcne I i y d r o d c s u l f u r l  z a t  1011, .- g 0 1  ca t .minurcs  

i : rcsh  spent Rcgciicrntctl c----T c v C I' 

0 . 3 3 3  0 . 4 9 1  0 . 0 3 3  0 . 0 2 2  0 . 1 6 %  0 . 1 6 3  

0 . O O i  

k l  

kZ 
_ _ _  _ _ -  _ _ _  (1 . (1 (1 8 _ _ _  

CHB 
k2 > BP 

k l  
DRT 
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Scanning Electron Microscopy - bottom sample 
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CATALYST DEACTIVATION IN HYDROTREATINC COAL-DERIVVD LIQUIDS by R. Sivasubramanian, 
J . H .  Olson and J .R.  Katzer. Center for Catalytic Science and Technology, Depart- 

ment of Chemical Engineering, University of Delaware, Newark, Delaware 

by scanning ezeftron microscopy, electron microprobe, and catalytic activity. 
catalyst from three different sections of the trickle-bed reactor used fo r  the hydro- 
Processing were plasma etched to remove the carbon coating and were then examined. 
inner Crust and an outer crust were observed on the exterior of the catalyst particles: 
the inner crust was not present on catalyst near the reactor exit. The inner crust was 
composed principally of titania; 
silica, and traces of other metals. 
the catalyst. The activities of fresh, aged, and regenerated (coke burnt off) catalysts 
were compared for hydrodesulfurization (HDS) and hydrodenitrogenation (HUN) using a 
mixture of dibenzothiophene and quinoline in n-hexadecane in a batch autoclave reactor. 
The aged catalyst was inactive f o r  HDN and had very low activity for HDS. Burning the 
carbon off the catalyst resulted in approximately 60% recovery of the HDN activity and 
50% recovery of the HDS activity compared to that of the fresh catalyst. Pseudo first- 
order rate constants were deterkined for each of the reactions in the quinoline and 
dibenzothiophene reaction networks. 

19711. 

Ni-MolAl 0 catalysts aged in hydrotreating coal-derived liquids were characterized 
Aged 

An 

whereas the outer crust contained ferrous sulfide, 
Titania was also deposited within the interior of 
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