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

The p r o c e s s i n g  o f  r e s i d u u m  f r o m  t h e  b o t t o m  o f  t h e  c r u d e  o i l  b a r r e l  i n t o  
t r a n s p o r t a t i o n  f u e l s  h a s  become  b o t h  e c o n o m i c a l l y  a t t r a c t i v e  and 
n e c e s s a r y  a s  c r u d e  o i l  h a s  become h e a v i e r  and  more e x p e n s i v e .  I n  
p r o c e s s i n g  t h e s e  h e a v i e r  f e e d s t o c k s ,  a s  w i t h  A s h l a n d  O i l ' s  RCCSm heavy  
o i l  c o n v e r s i o n  p r o c e s s ,  more coke is p r o d u c e d  t h a n  i n  c o n v e n t i o n a l  FCC 
o p e r a t i o n s .  T r e m e n d o u s  a m o u n t s  o f  h e a t  are p r o d u c e d  d u r i n g  t h e  
r e g e n e r a t i o n  o f  c o k e d  c a t a l y s t s .  C o n v e n t i o n a l  m e t h o d s  t o  m o d e r a t e  t h e  
t e m p e r a t u r e  i n  t h e  r e g e n e r a t o r  o f  a c i r c u l a t i n g  f l u i - d i z e d  -bed i-ne-1-ude 
c o n t r o l l i n g   operational^ p a r a m e t e r -  (-eg-; - c a t / ' o i - l ,  f e e d  p r e h e a t ,  and  

_ -  ~ . ~ _ r . e a c t o r  - t e m p e r a t u r e ) ,  d i r e c t  a d d i t i o n  o f  s t e a m  a n d / o r  w a t e r  t o  t h e  
r i s e r  or r e g e n e r a t o r  ( U . S .  P a t e n t  4 , 4 0 5 , 4 4 4 ) ,  t h e  u s e  o f  m u l t i - b e d  
r e g e n e r a t o r s  (CAN P a t e n t  1 , 1 3 7 , 4 5 5 ) ,  t h e  u s e  o f  s t e a m  c o i l s  i n  t h e  
r e g e n e r a t o r ,  a n d  t h e  i n c o m p l e t e  c o m b u s t i o n  o f  coke ( U . S .  P a t e n t  
4 , 3 5 4 , 9 2 3 ) .  B e c a u s e  o f  e c o n o m i c  c o n s t r a i n t s  o n  v a r y i n g  t h e  o p e r a t i o n a l  
p a r a m e t e r s  and  m e t a l l u r g i c a l  l i m i t a t i o n s ,  a n d  t e m  e r a t u r e  s t a b i l i t y  o f  
c a t a l y s t s ,  e s p e c i a l l y  when l o a d e d  w i t h  N i  a n d  V,(?) a p r a c t i c a l  l i m i t  
t o  t h e  r e g e n e r a t o r  t e m p e r a t u r e  e x i s t s .  I n  a f u r t h e r  e f f o r t  t o  lower 
t h e  amoun t  o f  h e a t  p r o d u c e d  i n  t h e  r e g e n e r a t o r ,  o t h e r  s o l u t i o n s  t o  t h e  
p r o b l e m  were s o u g h t .  

T 
P r o g r a m  

One new a p p r o a c h  n o t  m e n t i o n e d  a b o v e  w a s  t o  employ  t h e  B o u d o u a r d  
R e a c t i o n ,  o n e  o f  t h e  p r i n c i p l e  r e a c t i o n s  s t u d i e d  f o r  many y e a r s  i n  t h e  , 
z a s u l t s  o f  a s t u d y  o f  t h e  p a r t i a l  r e g e n e r a t i o n  o f  s p e n t  ( c o k e d )  c r a c k -  
i n g  c a t a l y s t s  w i t h  C02 ( B o u d o u a r d  R e a c t i o n ) .  I t  a l s o  r e p o r t s  a s e c o n d  
a n d  e q u a l l y  i n t e r e s t i n g  r e a c t i o n  w h i c h  was  u n c o v e r e d  i n  t h e  c o u r s e  o f  

r e a c t i o n  o f  t h e  h y d r o g e n  a s s o c i a t e d  w i t h  t h e  c a r b o n  i n  t h e  " c a t a l y t i c  
coke" w i t h  C02 t o  p r o d u c e  CO a n d  w a t e r .  C a t a l y t i c  coke on  s p e n t  
c a t a l y s t  is a s p e c i e s  w h i c h  is 92-97%C and  3-8%H a n d  c o n t a i n s  m i n o r  
a m o u n t s  o f  s u l f u - r  a n d  n i t r o g e n .  

T h e  r e a c t i o n  o f  c a r b o n  w i t h  C02 t o  p r o d u c e  c a r b o n  m o n o x i d e  ( B o u d o u a r d  
R e a ~ t i o n ) ( ~ r ~ r ~ )  is e n d o t h e r m i c  a s  is w e l l  known. T h e  H - r e a c t i o n  a l s o  
a p p e a r s  to  b e  s l i g h t l y  e n d o t h e r m i c .  T h e  H - r e a c t i o n  w o u l d  lower t h e  
amoun t  o f  h e a t  p r o d u c e d  i n  t h e  r e g e n e r a t o r  i f  i t  c o u l d  be  a c h i e v e d  a t  
t h e  e x i t  t e m p e r a t u r e  of  t h e  reactor ( 1000 'F )  or a t  a s l i g h t l y  h i g h e r  
t e m p e : a t u r e  i n  t h e  s p e n t  c a t a l y s t  s t r i p p e r  s e c t i o n  by r e m o v i n g  h y d r o g e n  
b e f o r - .  i t  c a n  u n d e r g o  c o m b u s t i o n .  C a r b o n  d i o x i d e  i n  t h e  f l u e  g a s  f rom 
a n  FCC or RCC u n i t  is a v a i l a b l e  f o r  t h e s e  r e a c t i o n s .  

T h e  p e r t i n e n t  t h e r m o d y n a m i c s  p a r a m e t e r s  f o r  t h e  coke -02  a n d  coke-C02 
r e a c t i o n s  are p r e s e n t e d  i n  T a b l e  1 . ( 5 )  
B o u d o u a r d  R e a c t i o n  d o e s  n o t  f a v o r  t h e  f o r m a t i o n  o f  CO a t  t e m p e r a t u r e s  
b e l o w  1300'F.  I n  o r d e r  t o  o b t a i n  s i g n i f i c a n t  a m o u n t s  o f  Co, t e m p e r a -  
t u r e s  a b o v e  1800OF a r e  r e q u i r e d . ( 6 )  By u s e  of  a p r o m o t e r ,  s u b s t a n t i a l  

s tee l  i n d u s t r y  a s  r e l a t e d  t o  i r o n  p r o d u c t i o n .  T h i s  p a p e r  r e p o r t s  t h e  , I  

t h i s  w o r k .  The  s e c o n d  r e a c t i o n  is c a l l e d  t h e  H - r e a c t i o n ,  w h i c h  is t h e  1- I 

The  e q u i l i b r i u m  c o n s t a n t  o f  t h e  
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amOUntS o f  CO c a n  be p r o d u c e d  a t  1350-1400°F.  T h e  m o s t  a c t i v e  p r o m o t e r s  
o f  t h e  Boudouard  R e a c t i o n  a r e  s a l t s  o f  t h e  a l k a l i  metals a n d  t h e  m e t a l s  
Of G r o u p  V I 1 1  i n  t h e  p e r i o d i c  t a b l e ( 6 ) .  The  H - r e a c t i o n  was f o u n d  t o  
p r o c e e d  a t  a much lower t e m p e r a t u r e  t h a n  t h e  B o u d o u a r d  R e a c t i o n ,  h e n c e ,  
i t  is o f  g r e a t e r  i n t e r e s t  b e c a u s e  o f  t h e  lower t e m p e r a t u r e  a t  w h i c h  i t  
c a n  be i n i t i a t e d .  

I n  p a s t  i n v e s t i g a t i o n s  o f  t h e  B o u d o u a r d  R e a c t i o n ,  t h e  f a t e  of t h e  
h y d r o g e n  p r e s e n t  i n  v e r y  s m a l l  q u a n t i t i e s  i n  c o k e  h a s  n o t  a p p a r e n t l y  
b e e n  o f  i n t e r e s t .  ~n t h i s  i n v e s t i g a t i o n ,  a n  a t t e m p t  h a s  b e e n  made  t o  
conf i ' rm t h e  p r o d u c t i o n  o f  t h e  H20 f o r m e d  by t h e  r e a c t i o n  o f  t h e  h y d r o -  
g e n - a s s o c i a t e d  c o k e  w i t h  C02,  a n d  t o  d e t e r m i n e  t h e  lower t e m p e r a t u r e  
l i m i t  w h e r e  t h i s  r e a c t i o n  c a n  b e  u t i l i z e d .  

T h e  o b j e c t i v e s  o f  t h i s  work  were to  d e t e r m i n e :  

1 )  The metals  w h i c h  w o u l d  p r o m o t e  t h e  B o u d o u a r d  R e a c t i o n ,  b u t  d o  n o t  
a d v e r s e l y  a f f e c t  t h e  a c t i v i t y  a n d  s e l e c t i v i t y  o f  t h e  c r a c k i n g  
c a t a l y s t .  

3 )  The e f f e c t  o f  n i c k e l  a n d  v a n a d i u m ,  w h i c h  a re  d e p o s i t e d  on t h e  
c a t a l y s t  d u r i n g  t h e  c r a c k i n g  r e a c t i o n ,  a s  p r o m o t e r s  o f  t h e  
B o u d o u a r d  R e a c t i o n .  

3 )  T h e  f a t e  o f  h y d r o g e n  d u r i n g  t h e  r e a c t i o n  o f  c o k e  w i t h  C02. 

4 )  T h e  t e m p e r a t u r e  a t  w h i c h  t h e  H - r e a c t i o n  i n i t i a t e s .  

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

C a t a l y s t  s a m p l e s  w h i c h  h a d  b e e n  c o k e d  i n  a commercial c i r c u l a t i n g  
f l u i d i z e d  bed  u n i t  were i m p r e g n a t e d  w i t h  a q u e o u s  s o l u t i o n s  o f  a metal  
s a l t  ( c h l o r i d e  or n i t r a t e )  by  t h e  i n c i p i e n t  w e t n e s s  t e c h n i q u e .  T h e  
s o l u t i o n s  were p r e p a r e d  w i t h  t h e  a p p r o p r i a t e  m e t a l  s a l t  t o  g i v e  1 . 0  w t %  
a s  t h e  e l e m e n t  o n  t h e  c a t a l y s t  a f t e r  i m p r e g n a t i o n .  T h e  i m p r e g n a t e d  
c a t a l y s t s  were t h e n  d r i e d  a t  3 0 0 ° F  f o r  a t  l e a s t  t h r e e  h o u r s  b e f o r e  
t e s t i n g .  The  a c t i v i t y  o f  t h e  i m p r e g n a t e d  c a t a l y s t  t o  p r o m o t e  t h e  
B o u d o u a r d  R e a c t i o n  was d e t e r m i n e d  by m e a s u r i n g  t h e  a m o u n t  o f  c a r b o n  
w h i c h  had  r e a c t e d  d u r i n g  a 3 0  m i n u t e  t es t .  T h e  r e a c t i o n  was p e r f o r m e d  
a t  14OO0F i n  a 1" I D  V y c o r  r e a c t o r  w i t h  a t h e r m o c o u p l e  w e l l  i n  t h e  
d e n s e  p h a s e  o f  t h e  f l u i d i z e d  b e d .  Twenty  g r a m s  o f  t h e  c o k e d  metal 
i m p r e g n a t e d  c a t a l y s t  w a s  h e a t e d  t o  t h e  r e a c t i o n  t e m p e r a t u r e  a n d  e q u i l i -  
b r a t e d  i n  a stream o f  h e l i u m .  C a r b o n  d i o x i d e  was t h e n  i n t r o d u c e d  a t  a 
c o n s t a n t  r a t e  o f  1 . 7  s c f h .  T h e  CO c o n c e n t r a t i o n  i n  t h e  p r o d u c t  g a s e s  
was m o n i t o r e d  a t  r e g u l a r  i n t e r v a l s  b y  g a s  c h r o m a t o g r a p h y .  A f t e r  e a c h  
t e s t ,  t h e  c a t a l y s t  was c o o l e d  i n  h e l i u m  a n d  t h e  % C  l e f t  on  t h e  c a t a l y s t  
was d e t e r m i n e d .  

I n  o r d e r  t o  s t u d y  t h e  H - r e a c t i o n ,  t h e  c a t a l y s t  was h e a t e d  t o  600°F fo r  
o n e  h o u r  i n  h e l i u m  t o  remove p h y s i c a l l y  a d s o r b e d  water. A f t e r  c o o l i n g  
t o  1 0 0 ° F  i n  h e l i u m ,  t h e .  c a t a l y s t  was h e a t e d  i n  C02 t o  t h e  d e s i r e d  
t e m p e r a t u r e ,  9 0 0 - 1 4 0 0 ° F ,  o v e r  a 30 m i n u t e  p e r i o d ,  a n d  t h e n  h e l d  a t  
t h i s  t e m p e r a t u r e  f o r  a n  a d d i t i o n a l  3 0  m i n u t e s .  T h e  m o i s t u r e  c o n t e n t  of 
t h e  g a s  s t ream was m e a s u r e d  o v e r  t h e  e n t i r e  6 0  m i n u t e  test w i t h  a Shaw 
h y g r o m e t e r  ( M o d e l  S H ) ,  w h i c h  w a s  e q u i p p e d  w i t h  a g o l d  s p o t  s e n s o r .  
T h i s  s e n s o r  w a s  c a p a b l e  o f  m e a s u r i n g  dew p o i n t s  b e t w e e n  -58OF a n d  
+68'F. The  amount  Of H20 p r o d u c e d  d u r i n g  t h e  H - r e a c t i o n  was c a l c u l a t e d  
by  i n t e g r a t i n g  t h e  p l o t  o f  dew p o i n t  v s .  t i m e .  
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R e s u l t s  a n d  D i s c u s s i o n  

A .  M e t a l  P r o m o t e r s  f o r  t h e  B o u d o u a r d  R e a c t i o n  

A w i d e  v a r i e t y  o f  m e t a l  s a l t s  h a v e  b e e n  t e s t e d  a s  p o s s i b l e  p r o m o t e r s  
f o r  t h e  B o u d o u a r d  R e a c t i o n .  T h e  r e s u l t s  o f  t h e  s c r e e n i n g  tests showed 
t h a t  t h e  most a c t i v e  promoters were t h e  a l k a l i  metals a n d  t h e  m e t a l s  of 
Group  V I I I ,  w h i c h  a g r e e d  w i t h  e a r l i e r  l i t e r a t u r e  r e p o r t s ( 6 ) .  The 
s c r e e n i n g  t e s t s  c o n s i s t e d  o f  i m p r e g n a t i n g  e a c h  metal  o n t o  t h e  coked 
c a t a l y s t  and  t h e n  d e t e r m i n i n g  i ts  a c t i v i t y  by m e a s u r i n g  t h e  % C  on t h e  
c a t a l y s t  a f t e r  c o n t a c t  w i t h  C02 f o r  30 m i n u t e s .  Each p r o m o t e r  was 
t e s t e d  o n  t h e  same s p e n t  c a t a l y s t  (N i+V = 5900 ppm) .  The m e t a l s  were 
d i v i d e d  i n t o  t h r e e  classes ( T a b l e  2 )  b a s e d  o n  t h e i r  a c t i v i t y  t o  p romote  
t h e  B o u d o u a r d  R e a c t i o n .  

An i m p o r t a n t  r e q u i r e m e n t  o f  t h i s  i n v e s t i g a t i o n  w a s  t h a t  t h e  c r a c k i n g  
a c t i v i t y  a n d  s e l e c t i v i t y  o f  t h e  c a t a l y s t  s h o u l d  n o t  b e  a f f e c t e d  by t h e  
p r o m o t e r .  T h e  c r a c k i n g  a c t i v i t y  a n d  s e l e c t i v i t y  were m e a s u r e d  by a 
s t a n d a r d  m i c r o - a c t i v i t y  t es t  (MAT) ( ' ) .  
ll-OO°F f o r  2 h o u r s  t o  remove  a t 1  of - t h e  c o k e  b e f o r e  r u n n i n g  t h e  MAT. 
The  h i g h e s t  a c t i v i t y  p r o m o t e r s  i n  T a b l e  2 were e v a l u a t e d  by t h e  MAT. 
The  r e s u l t s  o f  t h e  MAT e v a l u a t i o n  a r e  g i v e n  i n  T a b l e  3 .  C a t a l y s t  
c r a c k i n g  a c t i v i t y  is r e l a t e d  t o  t h e  MAT c o n v e r s i o n ,  a n d  s e l e c t i v i t y  is 
r e l a t e d  t o  t h e  coke p r o d u c i n g  f a c t o r  (CPF)  a n d  h y d r o g e n  p r o d u c i n g  
f a c t o r  ( H P F ) .  T h e  CPF or HPF is d e f i n e d  a s  t h e  r a t i o  o f  t h e  amount  of 
c o k e  or h y d r o g e n  p r o d u c e d  d u r i n g  t h e  t e s t  t o  t h e  amoun t  p r o d u c e d  w i t h  a 
s t a n d a r d  c a t a l y s t  a t  t h e  same  c o n v e r s i o n .  

A c o m p a r i s o n  of  T a b l e  2 a n d  3 showed  t h a t  w h i l e  t h e  l i t h i u m  p r o m o t e d  
c a t a l y s t  e x h i b i t e d  t h e  h i g h e s t  a c t i v i t y  f o r  t h e  B o u d o u a r d  R e a c t i o n ,  t h e  
c r a c k i n g  a c t i v i t y ,  a s  e x p e c t e d ,  h a d  b e e n  d r a s t i c a l l y  r e d u c e d  by t h e  
a d d i t i o n  o f  l i t h i u m .  Of t h e  o t h e r  p r o m o t e r s  i n  t h e  h i g h e s t  a c t i v i t y  
g r o u p  o f  T a b l e  2 ,  c o p p e r  a n d  s t r o n t i u m  were s e l e c t e d  f o r  f u r t h e r  s t u d y  
b a s e d  o n  t h e  MAT r e s u l t s .  B a r i u m  w a s  a l s o  s e l e c t e d  f o r  f u r t h e r  s t u d y  
e v e n  t h o u g h  o n  th 'e  s t a n d a r d  c a t a l y s t  t h e  a c t i v i t y  was  i n  t h e  l o w e s t  
c l a s s .  A t  Ni+V c o n c e n t r a t i o n s  g r e a t e r  t h a n  8000 ppm, b a r i u m  d i d  e x h i b -  
i t  s u b s t a n t i a l  a c t i v i t y  f o r  t h e  B o u d o u a r d  R e a c t i o n .  

L i t h i u m  b e c a u s e  o f  i t s  d e l e t e r i o u s  e f f e c t  on  c r a c k i n g  a c t i v i t y ,  and 
r h o d i u m ,  b e c a u s e  of its cos t ,  were n o t  c o n s i d e r e d  p o s s i b l e  p r o m o t e r s  a t  
t h e  1 .0  w t %  a n d  0.5 w t %  l e v e l s ,  r e s p e c t i v e l y .  I n  a n  a t t e m p t  t o  u s e  
t h e s e  h i g h  a c t i v i t y  p r o m o t e r s ,  t h e  e f f e c t  o f  p r o m o t e r  c o n c e n t r a t i o n  on 
a c t i v i t y  w a s  e x a m i n e d  ( T a b l e  4 ) .  A t  f e a s i b l e  c o n c e n t r a t i o n s  o f  t h e  
promoters ( 0 . 1 %  L i  a n d  5 ppm R h ) ,  t h e i r  a c t i v i t y  had  d e c r e a s e d  t o  a 
l e v e l  c o m p a r a b l e  t o  t h e  u n p r o m o t e d  r e a c t i o n .  

T h e  e f f e c t  o f  t h e  c o n t a m i n a n t  meta ls  ( N i  a n d  V ) ,  w h i c h  were d e p o s i t e d  
o n  t h e  c a t a l y s t  d u r i n g  t h e  c r a c k i n g  r e a c t i o n ,  o n  t h e  a c t i v i t y  o f  t h e  
v a r i o u s  promoters was  i n v e s t i g a t e d .  E a c h  p r o m o t e r  was  i m p r e g n a t e d  on 
V a r i o u s  s p e n t  e q u i l i b r i u m  c a t a l y s t  s a m p l e s .  The  r e s u l t s  o f  t h e s e  tes ts  
were p l o t t e d  a s  % C  o n  c a t a l y s t  a f t e r  t h e  30 m i n u t e  test  ( n o r m a l i z e d  t o  
1 . 0  w t %  C i n i t i a l l y  o n  t h e  c a t a l y s t )  v e r s u s  Ni+V ( F i g u r e s  1-3 f o r  
c o p p e r ,  s t r o n t i u m  a n d  b a r i u m  p r o m o t e d  c a t a l y s t s ,  r e s p e c t i v e l y ) .  Each 
m e t a l  p r o m o t e d  t h e  B o u d o u a r d  R e a c t i o n  t o  a g r e a t e r  e x t e n t  as t h e  
c o n c e n t r a t i o n  o f  Ni+V i n c r e a s e d .  The  p r o m o t e r  a n d  t h e  c o n t a m i n a n t  
m e t a l s  e x h i b i t e d  a s y n e r g i s t i c  e f f e c t  on  i n c r e a s i n g  t h e  ra te  o f  t h e  
Boudouard  R e a c t i o n .  The  c i r c l e d  d a t a  p o i n t s  i n  F i g u r e s  1-3  s u p p o r t e d  
t h e  i d e a  of s y n e r g i s m .  T h e s e  d a t a  p o i n t s  were t h e  r e s u l t s  of e x p e r i -  
m e n t s  i n  w h i c h  t h e  N i / V  r a t i o  on  t h e  c a t a l y s t  w a s  e q u a l  t o  o n e .  The 
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r e m a i n i n g  d a t a  p o i n t s ,  t h o s e  t h a t  f a l l  o n  t h e  c u r v e s ,  were t h e  r e s u l t s  
O f  e x p e r i m e n t s  i n  w h i c h  t h e  p r o m o t e r s  were i m p r e g n a t e d  on  c a t a l y s t s  
w i t h  N i / V  r a t i o s  e q u a l  t o  1 / 3 .  The  c i r c l e d  d a t a  p o i n t s  showed ,  a t  
c o m p a r a b l e  metals l e v e l s ,  t h a t  less coke had u n d e r g o n e  r e a c t i o n  w i t h  
c o 2  i n  t h e  c a t a l y s t s  w i t h  lower v a n a d i u m  c o n c e n t r a t i o n s .  Vanad ium,  
when i m p r e g n a t e d  on  s p e n t  c a t a l y s t ,  e x h i b i t e d  m o d e r a t e  a c t i v i t y  ( 3 5 %  
c a r b o n  r e m o v a l  o n  a c a t a l y s t  c o n t a i n i n g  5900  ppm Ni+V) .  Nickel  a n d  
v a n a d i u m ,  d e p o s i t e d  on  t h e  c a t a l y s t  d u r i n g  t h e  c r a c k i n g  r e a c t i o n ,  
p r o m o t e d  t h e  Boudouard  R e a c t i o n  o n l y  when t h e  t o t a l  c o n c e n t r a t i o n  o f  
t h e s e  m e t a l s  was g r e a t e r  t h a n  8000 ppm. A t  Ni+V c o n c e n t r a t i o n s ,  a b o v e  
1 5 , 0 0 0  ppm, t h e s e  m e t a l s  p r o m o t e  t h e  Boudouard  R e a c t i o n  t o  t h e  same 
e x t e n t  a s  t h e  h i g h e s t  a c t i v i t y  m e t a l s  (see F i g u r e  4 ) .  

I n  t h e  p r e v i o u s  e x p e r i m e n t s ,  t h e  c a t a l y s t  s a m p l e s  were i m p r e g n a t e d  w i t h  
t h e  p r o m o t e r  a f t e r  t h e  c a t a l y s t  w a s  d e a c t i v a t e d  w i t h  c o k e .  However ,  i n  
a c o m m e r i c a l  p r o c e s s ,  t h e  p r o m o t e r  c o u l d  be  d e p o s i t e d  o n  t h e  c a t a l y s t  
d u r i n g  m a n u f a c t u r e  or d u r i n g  t h e  p r o c e s s .  A series o f  e x p e r i m e n t s  w e r e  
p e r f o r m e d  t o  c o m p a r e  t h e  a c t i v i t y  o f  b a r i u m  i m p r e g n a t e d  on t h e  c a t a l y s t  
b e f o r e  c o k i n g  a n d  a f t e r  c o k i n g .  T h e  c o n c l u s i o n  was t h a t  b a r i u m  
e x h i b i t e d  a h i g h e r  a c t i v i t y  when t h e  metal  w a s  i m p r e g n a t e d  b e f o r e  t h e  
c a t a l y s t  was d e a c t i v a t e d  ( see  T a b l e  5 ) .  

A ser ies  o f  e x p e r i m e n t s  were p e r f o r m e d  t o  tes t  t h e  a b i l i t y  o f  a b a r i u m  
p r o m o t e d  c a t a l y s t  (Ni+V = 1 2 , 6 0 0  ppm) t o  m a i n t a i n  a c t i v i t y  o v e r  t e n  
c o k i n g - r e g e n e r a t i o n  c y c l e s .  Each  c y c l e  c o n s i s t e d  o f ,  f i r s t ,  c o k 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  w i t h  a vacuum g a s  o i l  a t  9 0 0 ° F ,  t h e n  a l l o w i n g  t h e  
s p e n t  c a t a l y s t  t o  r e a c t  w i t h  C02 f o r  30 m i n u t e s  a t  1400°F, a n d  f i n a l l y ,  
r e g e n e r a t i n g  t h e  c a t a l y s t  w i t h  a i r  a t  1200 'F .  I n  F i g u r e  5 ,  t h e  p e a k  
h e i g h t  of  CO i n  t h e  GC a n a l y s i s  o f  t h e  p r o d u c t  g a s  s t r e a m  p l o t t e d  
a g a i n s t  t h e  number o f  c o k i n g - r e g e n e r a t i o n  c y c l e s .  T h e  amoun t  o f  CO i n  
t h e  g a s  s t r e a m  was d e t e r m i n e d  5 t i m e s  ( a t  2 ,  9 ,  1 6 ,  2 3  a n d  30 m i n u t e s )  
d u r i n g  coke-CO2 r e a c t i o n .  The  a c t i v i t y  o f  t h e  p r o m o t e r  d e c r e a s e d  
s l i g h t l y  o v e r  t h e  t e n  c y c l e s .  

B .  H-Reac t ion  S t u d i e s  

C o k e  h a s  a c o m p o s i t i o n  i n  t h e  r a n g e  o f  92 -97% C and  3-8% H ( 8 )  w i t h  
t r a c e  a m o u n t s  o f  n i t r o g e n  a n d  s u l f u r .  I n  p r e v i o u s  r e p o r t s ( 9 r 1 ° )  on  
p r o m o t i n g  t h e  Boudouard  R e a c t i o n ,  t h e  h y d r o g e n  i n  c o k e  h a s  e i t h e r  been  
a s s u m e d  n o t  t o  react  w i t h  C02 or n o t  m e n t i o n e d .  Hydrogen  i n  t h e  coke 
o n  s p e n t  c a t a l y s t  w a s  c a l c u l a t e d  t o  be  r e s p o n s i b l e  f o r  15-25% o f  t h e  
h e a t  g e n e r a t e d  d u r i n g  t h e  r e g e n e r a t i o n  o f  c a t a l y s t  s p e n t .  I n  t h i s  
i n v e s t i g a t i o n ,  t h e  h y d r o g e n  i n  coke w a s  f o u n d  t o  r e a c t  w i t h  C02 t o  
p r o d u c e  w a t e r  a c c o r d i n g  t o  t h e  r e a c t i o n  s e q u e n c e :  

CyHx + C 0 2  ---> CyHx-2 + CO + H20 ( H - r e a c t i o n )  

W h i l e  t h e  e n t h a l p y  c h a n g e  f o r  t h i s  r e a c t i o n  h a s  n o t  b e e n  d e t e r m i n e d ,  i t  
is  b e l i e v e d  t o  be  c o n s i d e r a b l y  more e n d o t h e r m i c  t h a n  f o r  t h e  c o m b u s t i o n  
r e a c t i o n .  By a l l o w i n g  t h e  , H - r e a c t i o n  t o  o c c u r ,  t h e  amount  o f  h y d r o g e n  
w h i c h  m u s t  u n d e r g o  c o m b u s t i o n  i n  t h e  r e g e n e r a t o r  s e c t i o n  of a f l u i d i z e d  
r e a c t o r  s y s t e m  w o u l d  b e  d e c r e a s e d ,  t h u s ,  l ess  h e a t  w o u l d  t h e n  be  
p r o d u c e d  i n  t h e  r e g e n e r a t o r .  

W i t h  a h y g r o m e t e r  i n s e r t e d  i n t o  t h e  p r o d u c t  g a s  s t r e a m  l i n e ,  t h e  amoun t  
o f  w a t e r  i n  t h e  p r o d u c t  g a s  s t r e a m ,  a s  m e a s u r e d  by t h e  dew p o i n t  ( i n  



O c ) ,  was d e t e r m i n e d .  The  c o n c e n t r a t i o n  o f  W a t e r  i n  t h e  g a s  s t r e a m  was 
d e t e r m i n e d  by t h e  e q u a t i o n :  

l o g  ( H 2 0  i n  ppm) = 1 3 . 3 3  - 261.3/Dew P o i n t  ( O K )  

A c o m p a r i s o n  o f  t h e  amoun t  o f  H20 p r o d u c e d  d u r i n g  t h e  r e a c t i o n  of  co2 
w i t h  .a c o k e d  a n d  a r e g e n e r a t e d  c a t a l y s t  is  g i v e n  i n  F i g u r e  6 .  The 
d i f f e r e n c e  i n  t h e  t w o  p l o t s  is a m e a s u r e  o f  t h e  amoun t  o f  w a t e r  p ro -  
d L z e d  by t h e  H - r e a c t i o n .  T h e  w a t e r  o b s e r v e d  i n  t h e  dew p o i n t  p l o t  of 
t h e  r e g e n e r a t e d  c a t a l y s t  is a t t r i b u t e d  t o  c a t a l y s t  d e h y d r o x y l a t i o n  a t  
1400OF. w i t h  t h i s  t e c h n i q u e ,  t h e  amoun t  o f  h y d r o g e n  i n  c o k e  on  a 
c a t a l y s t  is f o u n d  t o  b e  b e t w e e n  3-10%. The  r a n g e  i n  t h i s  v a l u e  is t h e  
r e s u l t  o f  u n c e r t a i n t y  i n  t h e  amount  o f  h y d r o g e n  i n  t h e  c o k e  w h i c h  d i d  
n o t  r e a c t  d u r i n g  t h e  3 0  m i n u t e  t e s t .  

C. I n i t i a t i o n  T e m p e r a t u r e  o f  t h e  H - R e a c t i o n  
~. 
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-~ ~ ~~ One o f  t h e - p o t e n - t i a l l y  u s e f u l  a s p e c t s  o f  t h e  H - r e a c t i o n  is t h a t  i t  
c o u l d  be made  t o  o c c u r  i n  t h e  r e a c t o r  ( s p e n t  c a t a l y s t )  s t r i p p e r  of  t h e  
RCCSm p r o c e s s  u n i t .  T h e  t e m p e r a t u r e  o f  t h e  C a t a l y s t  i n  t h e  s t r i p p e r  
is u s u a l l y  b e t w e e n  900-1050°F .  The t h e r m o d y n a m i c s  o f  t h e  H - r e a c t i o n  
a s  compared  t o  t h e  w a t e r  g a s  s h i f t  r e a c t i o n  i n d i c a t e s  t h a t  h y d r o g e n  i n  
c o k e  w i l l  r e a c t  a t  t e m p e r a t u r e s  w i t h i n  t h i s  r a n g e .  C a r b o n  d i o x i d e  
c o u l d  e a s i l y  be  u s e d  e i t h e r  i n  p l a c e  o f  or i n  c o n j u n c t i o n  w i t h  s t e a m  a s  
a s t r i p p e r  g a s .  The  a d v a n t a g e  of r e a c t i n g  h y d r o g e n  i n  t h e  s t r i p p e r  i n  
t h e  RCCSm p r o c e s s  u n i t  is a p p a r e n t  f r o m  t h e  d a t a  i n  F i g u r e  7 .  T h i s  
f i g u r e  s h o w s  t h e  r e l a t i o n s h i p  f o r  a p a r t i c u l a r  se t  o f  u n i t  o p e r a t i n g  
c o n d i t i o n s  b e t w e e n  C o n r a d s o n  c a r b o n  i n  t h e  f e e d ,  t h e  w a t e r  a d d i t i o n  t o  
t h e  r i se r ,  a n d  t h e  h y d r o g e n  c o n t e n t  i n  t h e  c o k e  i n  o r d e r  t o  m a i n t a i n  
t h e  RCCSm process u n i t  i n  h e a t  b a l a n c e  a t  a CO2/CO r a t i o  i n  t h e  f l u e  
g a s  e q u a l  t o  o n e .  By l o w e r i n g  t h e  h y d r o g e n  c o n t e n t  i n  coke, f e e d s t o c k s  
w i t h  h i g h e r  C o n r a d s o n  c a r b o n  v a l u e s  c a n  be  p r o c e s s e d  w i t h  t h e  h e a t  

~ b a l a n c e  b e i n g  m a i n t a i n e d  i n  t h e  RCC u n i t .  

The  t e m p e r a t u r e  a t  w h i c h  a m e a s u r a b l e  amoun t  o f  water is p r o d u c e d  by 
t h e  H - r e a c t i o n  h a s  b e e n  d e t e r m i n e d .  T h e  i n i t i a t i o n  t e m p e r a t u r e  was  
d e t e r m i n e d  by a series o f  t e m p e r a t u r e s  i n  w h i c h  t h e  c a t a l y s t  w a s  h e a t e d  
t o  a p r e d e t e r m i n e d  t e m p e r a t u r e  ( e g . ,  g o o " ,  1000°, 1400OF)  i n  C02 and  
t h e  amount  o f  w a t e r  p r o d u c e d  d u r i n g  t h e  C02 r e a c t i o n  was  m e a s u r e d .  
B e f o r e  e a c h  t es t ,  t h e  c a t a l y s t  was  h e a t e d  t o  6 0 0 ° F  i n  a n  a t t e m p t  t o  
r emove  p h y s i c a l l y  a d s o r b e d  water. The  r e s u l t s  o f  t h e s e  e x p e r i m e n t s  a r e  
shown i n  F i g u r e  8 .  The s e t  o f  dew p o i n t  p l o t s  show t h a t  s u b s t a n t i a l l y  
more w a t e r  is p r o d u c e d  a t  l O O O ' F  a n d  1400 'F  t h a n  a t  9 0 0 ° F .  Tempera-  
t u r e s  b e t w e e n  80O0-9OO0F g i v e  i d e n t i c a l  dew p o i n t  p lo t s  t o  t h e  o n e  a t  
900'F.  T h e s e  d a t a  i n d i c a t e  t h a t  t h e  r a t e  o f  t h e  H - r e a c t i o n  becomes  
m e a s u r a b l e  b e t w e e n  9 0 0 °  a n d  1 4 0 0 ° F .  T h e  s o u r c e  o f  t h e  w a t e r  i n  t h e  dew 
p o i n t  p l o t s  o b t a i n e d  a t  r e a c t i o n  t e m p e r a t u r e  b e l o w  900OF is b e l i e v e d  t o  
b e  a d s o r b e d  w a t e r .  

A ser ies  o f  e x p e r i m e n t s  i n  a p r o d u c t  d i s t r i b u t i o n  u n i t  (PDU) were p e r -  
f o r m e d  t o  q u a n t i f y  t h e  amoun t  o f  w a t e r  p r o d u c e d  by t h e  H - r e a c t i o n .  The 
PDU is  a homogeneous  f l u i d  b e d  reactor w h i c h  u s e s  a l i t e r  of  c a t a l y s t .  
T h e  l a r g e r  vo lume  o f  c a t a l y s t  allows f o r  a more a c c u r a t e  d e t e r m i n a t i o n  
of t h e  water p r o d u c e d  by t h e  h y d r o g e n  r e a c t i o n .  T h e  c a t a l y s t  was  h e a t -  
e d  i n  t h e  r e a c t o r  a t  1 2 5 0 ° F  i n  d r y  0 2  f r e e  N2 o v e r n i g h t  to  remove  a l l  
a d s o r b e d  a n d  c h e m i c a l  w a t e r .  The c a t a l y s t  w a s  t h e n  c o k e d  w i t h  a 
r e d u c e d  c r u d e  o i l  a n d  t h e  e n t r a i n e d  h y d r o c a r b o n s  were s t r i p p e d  f r o m  t h e  
c a t a l y s t  w i t h  N2. A t  t h i s  p o i n t ,  C02 w a s  i n t r o d u c e d  i n t o  t h e  reactor ,  
a t  e i t h e r  1000° o r  110OOF. T h e  p r o d u c t  g a s e s  f rom t h e  H - r e a c t i o n  were 
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m o n i t o r e d  f o r  t h e i r  w a t e r  c o n t e n t  c o n t i n u o u s l y .  A f t e r  t w o  h o u r s ,  t h e  
C02 was S t o p p e d  a n d  a i r  was i n t r o d u c e d  i n t o  t h e  reactor t o  b u r n  t h e  
r e m a i n i n g  h y d r o g e n  o f f  t h e  c a t a l y s t .  T h e  a m o u n t  o f  h y d r o g e n  w h i c h  had 
reac ted  w i t h  Co2 w a s  c a l c u l a t e d  by  c o m p a r i n g  t h e  w a t e r  p r o d u c e d  by t h e  
H - r e a c t i o n  to  t h e  water  p r o d u c e d  by t h e  c o m b u s t i o n  r e a c t i o n .  From 
t h e s e  c a l c u l a t i o n s ,  i t  w a s  f o u n d  t h a t  4% o f  t h e  h y d r o g e n  i n  t h e  c o k e  on 
t h e  c a t a l y s t  reacts  a t  1 0 0 0 ° F ,  w h i l e  a t  l l O O ° F ,  1 0 %  o f  t h e  h y d r o g e n  i n  
t h e  c o k e  o n  t h e  c a t a l y s t  h a s  r e a c t e d .  

C o n c i u s i o n s  

T h i s  r e p o r t  d e s c r i b e s  a n  i n v e s t i g a t i o n  i n t o  a n o v e l  m e t h o d  t o  lower t h e  
a m o u n t  o f  h e a t  p r o d u c e d  i n  t h e  r e g e n e r a t o r  o f  a n  RCCSm p r o c e s s  u n i t .  
T h r e e  metal  p r o m o t e r s  ( C u ,  S r  a n d  Ba) were f o u n d  f o r  t h e  B o u d o u a r d  
R e a c t i o n  w h i c h  a l l o w e d  t h e  r e a c t i o n  t o  o c c u r  a t  1 4 0 0 ° F  w i t h o u t  s e v e r e l y  
a f f e c t i n g  t h e  c r a c k i n g  a c t i v i t y  o f  t h e  c a t a l y s t .  A n o t h e r  p r o m i s i n g  
r e s u l t  o f  t h i s  i n v e s t i g a t i o n  was t h a t  a f r a c t i o n  o f  t h e  h y d r o g e n  i n  
c o k e  r eac t s  w i t h  C02 a t  1000 'F .  A t  t h i s  t e m p e r a t u r e ,  a p o r t i o n  o f  
h y d r o g e n  c o u l d  b e  removed f r o m  t h e  c a t a l y s t  i n  t h e  reac tor  s t r i p p e r ,  
t h e r e b y  l o w e r i n g  t h e  a m o u n t  o f  h y d r o g e n  i n  c o k e  w h i c h  m u s t  b e  b u r n e d  
o f f  t h e  c a t a l y s t .  T h i s  w o u l d  a l low f o r  t h e  p r o c e s s i n g  o f  h e a v i e r  
f e e d s t o c k s  i n  a n  RCCSm p r o c e s s  u n i t ,  w h i l e  m a i n t a i n i n g  m o d e r a t e  
t e m p e r a t u r e s  i n  t h e  r e g e n e r a t o r .  
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T a b l e  1 

T h e r m o d y n a m i c  P a r a m e t e r s  

R e a c t i o n  

c + 1 / 2  0 2  +co 
c + 0 2  + c o 2  

c + CO2 -2co 
H2 + 1 / 2  0 2  e H 2 0  

H2 + C02 e H 2 0 + C O  

H ( k c a l / m o l e )  G ( k c a l / m o l e )  
a t  298'K a t  1000°K a t  1000°K 

-26 .42  -26 .17  
-94 .05  -94 .32  
-57 .80  -59 .24  
+ 4 1 . 2 1  + 4 0 . 7 8  
+ 9 . 8 3  + 8 . 3 1  

-47 .95  
-94 .61  
-46 .04  
- 1 . 2 9  
+ 0 . 6 2  

L i  
co 

N i  
Rh ( 0 . 5  w t % )  
Fe 
Na 
Ru ( 0 . 5  w t % )  
S r  

c u c 1 2  

C u ( N 0 3 ) 2  

M o d e r a t e  A c t i v i t y  

V 
Ag 
B i  

Classes  of B o u d o u a r d  R e a c t i o n  P r o m o t e r s  

% C o k e  R e a c t e d  Low A c t i v i t y  % Coke R e a c t e d  

6 9  
55 
5 5  
5 3  
5 3  
5 2  
5 2  
5 2  
46  
4 2  

3 5  
3 1  
30  

MO 
Sn  
Ca 
T i  
C r  
La 
Y 
Zn 
Zr 
U 
B 
Ba 
cs 
K 
I n  
Mn 
Cd 
None 
W 
Sb 

29 
28 
27 
2 5  
25  
25  
2 5  
24 
24 
23  
22 
22 
22 
20 
20 
20 
1 6  
1 5  
1 5  
9 

C a t a l y s t  - S u p e r  DX w/1.10% C 
T e m p e r a t u r e  - 76OoC 
R e a c t i o n  T i m e  - 30  m i n u t e s  
P r o m o t e r  C o n c e n t r a t i o n  - 1 . 0  w t %  e x c e p t  w h e r e  n o t e d  
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1 

P r o m o t e  r 

None 
L i  

7 

B a  
F e  
N i  
L i  

7 

\ 

T a b l e  3 

MAT R e s u l t s  of P r o m o t e d  C a t a l y s t s  

C o n c e n t r a t i o n  ( w t %  C o n v e r s i o n  (vel)(%) 

0 
1 . 0  
1 . 0  
1 .o 
1 . 0  
1 .o 
1 . 0  
1 . 0  
0 .5  

6 1  
10  
6 5  
62  
50 
56 
52  
5 3  
16  

HP F CPF 

1 . 2  1 3  
3 .9  10 

- - 

1.5 17  
1 .6  1 8  
1 . 2  1 0  
1.1 9 
2 .3  22 
3 .2  33  
3.7 11 

T a b l e  4 

The  E f f e c t  of P r o m o t e r  C o n c e n t r a t i o n  on  t h e  B o u d o u a r d  R e a c t i o n  

L i  Conc .  ( w t % )  

1 . 0  
0 .5  
0 . 3 3  
0 . 1  

Rh Conc .  ( p p m )  

5000 
5 0 0  

50 
5 

% Coke  R e a c t e d  

69  
44 
35  
25  

53 
4 4  
26 
17  

T a b l e  5 

S e q u e n c e  o f  P r o m o t e r  A d d i t i o n  

C a t a l y s t  %C R e a c t e d  S e q u e n c e  

1 . 0  w t %  Ba on  C a t a l y s t  X . 64  
1 . 0  w t %  Ba on  C a t a l y s t  X . 7 1  

Coke  o v e r  Ba 
B a  o v e r  C o k e  

1 . 0  w t %  B a  on  C a t a l y s t  G . 74  .Coke  o v e r  B a  
1 . 0  w t %  Ba on  C a t a l y s t  G .84  B a  o v e r  C o k e  
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Figure 6.  The Ef fect  of Repeated Coking-Regeneration Cycler 
on the Actlvlty Qf the  Boudoyord Reaction Promoter 

P O  

1 
0 
0 

- 1 6  

- 6 0  
0 2 0  4 0  B O  
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Flguru 6. M-Reaction ComParlcon of Spent and Regenoreted Catalysts 
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HEAT BALANCE IN RCC UNIT 
FUNCTION OF: CONCARBON. nao A D O ’ N , ~  IN COKE, 
cop/co RATIO=H 

Figure 7 .  noat Balance In RCC Unlt 
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Flgure 8. Initiation Temperature of the H-Reaction 
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