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ERHARD G. CHRISTOFFEL 

( 1 9 4 1  - 1 9 8 5 )  

E r h a r d  G .  C h r i s t o f f e l  g r a d u a t e d  as  a c h e m i c a l  e n g i n e e r  i n  1 9 7 2  f r o m  

D a r m s t a d t  U n i v e r s i t y  (F.R.G.). He s t a r t e d  h i s  p r o f e s s i o n a l  c a r e e r  

a t  t h e  Ruhr  U n i v e r s i t y ,  Bochum, where  h e  o b t a i n e d  h i s  h a b i l i t a t i o n  

d e g r e e  i n  1980.  I t  was d u r i n g  h i s  y e a r s  i n  D a r m s t a d t  t h a t  h i s  

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

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

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

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

He d e v e l o p e d  f u r t h e r  i n t e r e s t s  when he was a p p o i n t e d  a f u l l  

P r o f e s s o r  a t  t h e  F a c h h o c h s c h u l e  O s t f r i e s l a n d  i n  Emden, where  h e  had  

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

i n  c a t a l y s i s .  D u r i n g  t h i s  p e r i o d  he was b u s y  c u l t i v a t i n g  c o n t a c t s  

a b r o a d  and  f r u i t f u l  c o l l a b o r a t i o n s  s t a r t e d  w i t h  i n s t f t u t i o n s  i n  
Hungary  and C h i n a .  He was i n v i t e d  t o  C h i n a  t w i c e  a s  a g u e s t  

l e c t u r e r  and v i s i t e d  Hungary  s e v e r a l  t i m e s .  J o i n t  p u b l i c a t i o n s  

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

c h a l l e n g e  f o l l o w e d  soon:  an i n v i t a t i o n  t o  b e  P r o f e s s o r  o f  C h e m i c a l  

E n g i n e e r i n g  a t  Germany ' s  f i r s t  p r i v a t e  u n i v e r s i t y ,  w h i c h  had  

r e c e n t l y  been f o u n d e d  a t  W i t t e n / H e r d e c k e ;  t h i s  p r o v i d e d  a n o t h e r  

o p p o r t u n i t y  t o  c r e a t e  a new s c h o o l .  However, he c o u l d  n o t  t a k e  p a r t  

i n  i t s  r e a l i z a t i o n .  When h e  r e t u r n e d  f r o m  C h i n a  i n  Sep tember ,  1985 ,  

f u l l  o f  p l a n s ,  t h e  headache  he f e l t  a f t e r  t h i s  t r i p  was n o t  due  t o  

j e t  l a g  b u t  p r o v e d  t o  be t h e  f i r s t  s i g n  o f  h i s  f a t a l  i l l n e s s  w h i c h  
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soon b r u t a l l y  t e r m i n a t e d  a p r o d u c t i v e  l i f e .  He i s  s u r v i v e d  b y  a 

l o v i n g  m o t h e r  and  t w o  t e e n a g e  d a u g h t e r s  who w e r e  h i s  p r i d e  a n d  j o y  

and t o  whom h e  d e d i c a t e d  t h i s  b o o k .  
E r h a r d  G. C h r i s t o f f e l  l e d  a n  a l m o s t  S p a r t a n  o u t w a r d  l i f e :  h e  

p r e f e r r e d  t h e  v a l u e s  o f  N a t u r e  t o  t h o s e  o f f e r e d  b y  t h e  consumer  

s o c i e t y .  H i s  m e n t a l i t y  was c l o s e  t o  t h e  i d e a l  o f  t h e  R e n a i s s a n c e  

"uomo u n i v e r s a l e " :  i n  a d d i t i o n  t o  h i s  p r o f e s s i o n ,  h e  was d e e p l y  
i n v o l v e d  i n  n a t u r a l  and  m o r a l  p h i l o s o p h y ,  t o o .  A g u i t a r  was an  

a l m o s t  i n s e p a r a b l e  compan ion  a n d  h e  s a n g  o f t e n  and  w i t h  p l e a s u r e  - 
f r e q u e n t l y  h i s  own c o m p o s i t i o n s .  

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

t o o k  t o  t h e  g r a v e  many i d e a s  a n d  p l a n s .  One s m a l l  b l e s s i n g  i s  t h a t  

h i s  f i r s t  book  - w h i c h  t u r n e d  o u t  t o  b e  a l s o  h i s  l a s t  - was 
c o m p l e t e  a p a r t  f o r  some m i n o r  e d i t i n g  w o r k .  L e t  t h i s  b o o k  b e  a 

f i n a l  t r i b u t e  t o  E r h a r d  G. C h r i s t o f f e l ;  i t  i s  w o r t h y  o f  b o t h  t h e  
s c i e n t i s t  and  man. 

We, t h e  f r i e n d s  o f  t h e  l a t e  E r h a r d  G. C h r i s t o f f e l ,  m o u r n  n o t  
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X I  

PREFACE 

One o f  t h e  m a j o r  a c t i v i t i e s  o f  man i s  t h e  c o n v e r s i o n  o f  

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

s t o r e d  e n e r g y  o r  p r o d u c i n g  new m a t e r i a l s .  T h i s  a c t i v i t y  i s  
s t r o n g l y  c o u p l e d  w i t h  e c o n o m i c s ,  w h i c h ,  t o g e t h e r  w i t h  r e p l a c i n g  

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

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

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

be t r u e  b y  v i r t u e  o f  t h e  f a c t  t h a t  t h e y  c a n  b e  done  o r  t o  b e  good  

b y  v i r t u e  o f  t h e  f a c t  t h a t  t h e y  f i t  w i t h  c o n f o r m i t y .  N e v e r t h e l e s s ,  

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

t o d a y ,  we a r e  c o m p e l l e d  t o  r e - e s t a b l i s h  a r e l a t i o n s h i p  w i t h  t h e s e  
t r a d i t i o n a l  v a l u e s  and  d e v e l o p  a more  b a s i c  u n d e r s t a n d i n g  o f  t h e  

g l o b a l  s p a c e - t i m e  s t r u c t u r e  and  t h e  p r f n c i p l e s  o f  e v o l u t i o n  o f  t h e  

s u r r o u n d i n g s  i n  w h i c h  we l i v e .  

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

l i v i n g  and  man-made sys tems :  c a t a l y s i s .  C a t a l y s t s  a r e  s u b s t a n c e s  

t h a t  i n i t i a t e  and  a c c e l e r a t e  c h e m i c a l  r e a c t i o n s  a n d  a f f e c t  t h e  

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

c a t a l y s t s  w i t h o u t  a d d i t i o n a l  s e p a r a t i o n  p r o c e d u r e s ,  t h e  m a j o r i t y  
o f  l a r g e - s c a l e  p r o c e s s e s  i n  t h e  c h e m i c a l  i n d u s t r y  a r e  l i ased  o n  

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

passed  o v e r  s o l i d  c a t a l y t i c  m a t e r i a l .  The  i m p r o v e m e n t  o f  e x f s t i n g  
o r  t h e  i n t r o d u c t i o n  o f  new proces,ses i s  m o s t l y  a r e s u l t  o f  

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

L a b o r a t o r y  s t u d i e s  i n  t h i s  c o n t e x t  c o v e r  c a t a l y s t  p r e p a r a t i o n ,  

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

and i n d u s t r i a l  p l a n t s  and p r o c e s s  s i m u l a t i o n  and  o p t i m i z a t i o n .  The 

l a s t  t h r e e  t a s k s  a r e  r e l a t e d  t o  t h e  b a s i c  a i m  o f  s c i e n t i f i c  

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

p e r f o r m a n c e  o f  i n d u s t r i a l  c h e m i c a l  r e a c t o r s  o n  t h e  b a s i s  o f  
e x p e r i m e n t a l  d a t a  f r o m  l a b o r a t o r y  r e a c t o r s .  F o r  t h i s  t o  t a k e  

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

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

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

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

T h i s  book i s  c o n c e r n e d  w i t h  one o f  t h e  f u n d a m e n t a l  p r i n c i p l e s  
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a r e  c o m p a t i b l e  w i t h  i n d u s t r i a l  r e a c t o r s .  The a c c o m p l i s h m e n t  o f  

t h i s  a n a l y s i s  demands a q u a l i t a t i v e  u n d e r s t a n d i n g  o f  t h e  s t r u c t u r e  
and r e a c t i v i t y  o f  t h e  c h e m i c a l  s p e c i e s  t h a t  make u p  t h e  r e a c t i o n  
n e t w o r k ,  a q u a n t i t a t i v e  d e s c r i p t i o n  o f  t h e  d y n a m i c s  o f  o p e n  
r e a c t i v e  s y s t e m s  and  t h e  a p p l i c a t i o n  o f  s u i t a b l e  p a r a m e t e r  
e s t i m a t i o n  p r o c e d u r e s .  A l l  t h e s e  s u b j e c t s  c a n n o t  b e  p r e s e n t e d  
c o m p r e h e n s i v e l y  w i t h i n  t h e  s c o p e  o f  a s i n g l e  book .  

I n  t h i s  w o r k  we s h a l l  b e g i n  b y  c o n s i d e r i n g  t h e  b a s i c  phenomena 
o f  h e t e r o g e n e o u s  c a t a l y t i c  r e a c t i o n  s y s t e m s  a n d  t h e n ,  i n  m o r e  
d e t a i l ,  t h e  e x p e r i m e n t a l  m e t h o d s  and  p r o c e d u r e s  f o r  i n v e s t i g a t  
t h e  d y n a m i c s  o f  t h e s e  s y s t e m s  w i l l  b e  d i s c u s s e d .  A c c o r d f n g l y ,  
t e x t  i s  s t r u c t u r e d  i n  t h e  f o l l o w i n g  way: a f t e r  t h e  i n t o d u c t o r y  
C h a p t e r  1, w h i c h  i l l u s t r a t e s  t h e  w h o l e  p r o c e d u r e  w i t h  a n  a c t u a  
examp le ,  i n  C h a p t e r  2 t h e  b a s i c  phenomena o f  c a t a l y t i c  s y s t e m s  

n g  
h e  

a n d  
t h e  c o n c e p t s  u s e d  i n  s t u d y i n g  t h e s e  s y s t e m s  a r e  p r e s e n t e d ;  C h a p t e r  
3 c o v e r s  t h e  d e s c r i p t i o n  o f  m e t h o d s  f o r  i n v e s t i g a t i n g  r e a c t i o n  
mechanisms and  t h e  d y n a m i c s  o f  h e t e r o g e n e o u s  c a t a l y t i c  r e a c t i o n  
sys tems ;  i n  C h a p t e r  4 t h e  d e s i g n  and  o p e r a t i o n  modes o f  l a b o r a t o r y  
r e a c t o r s ,  f r e q u e n t l y  u s e d  f o r  t h e  i n v e s t i g a t i o n  o f  h e t e r o g e n e o u s  
c a t a l y t i c  r e a c t i o n s ,  a r e  d i s c u s s e d .  

Many c o l l e a g u e s  and f r i e n d s  h a v e  c o n t r i b u t e d  d i r e c t l y  a n d  
i n d i r e c t l y  t o  t h e  c o n t e n t s  o f  t h i s  book, and  I w i s h  t o  e x p r e s s  my 

s i n c e r e  a p p r e c i a t i o n  t o  them. F u r t h e r m o r e ,  I t h a n k  K a r i n  S t e i n b e r g  
f o r  h e r  e x c e l l e n t  t y p i n g  o f  t h e  m a n u s c r i p t  a n d  B r i g i t t e  B l u n c k  and  
J U r g e n  Lappe  f o r  p r e p a r i n g  t h e  d r a u i n g s .  

E r h a r d  6. CHRISTOFFEL 

Owing t o  t h e  u n e x p e c t e d  and  u n t i m e l y  d e a t h  o f  E r h a r d  G .  
C h r i s t o f f e l ,  I was asked ,  as  h i s  f r i e n d  and  c o l l e a g u e ,  t o  add  t h e  
l a s t  f i n i s h i n g  t o u c h e s  t o  t h e  a l m o s t  c o m p l e t e  m a n u s c r i p t .  C h a p t e r  
1 and  t h e  h i s t o r i c a l  p a r t  o f  C h a p t e r  2 h a v e  u n d e r g o n e  a m a j o r  
r e v i s i o n ,  a s  h a v e  S e c t i o n s  3.1.1 and  3.4. I added  S e c t i o n s  3 .1 .2  
and  4 .5  t o  t h e  m a n u s c r i p t .  O t h e r  r e v i s i o n s  c o n s i s t e d  m a i n l y  o f  
u p d a t i n g  t h e  t e x t  b y  i n c o r p o r a t i n g  new r e f e r e n c e s  t o  r e c e n t  w o r k .  
These changes  were  i n t e n d e d  t o  b e  made i n  a manner  t r u e  t o  t h e  
t h o u g h t s ,  i n t e n t i o n s  and  s p i r i t  o f  t h e  a u t h o r  and,  I hope ,  n o t  
w i t h o u t  s u c c e s s .  
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C h a p t e r  1 

INTRODUCTION 

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

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

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

f rom among t h e  d i f f e r e n t  a v a i l a b l e  c a t a l y s t s  one, t o  be u s e d  i n  

t h e  r e a c t o r .  S i m i l a r  t a s k s  a r i s e  i f  new c a t a l y s t s  have  been  d e v e -  

l o p e d  and  new c h e m i c a l  p r o c e s s e s  a r e  d e s i g n e d  o r  f e e d s t o c k s  i n  
o p e r a t i n g  p r o c e s s e s  a r e  changed  and  s p a c e  v e l o c i t i e s  o f  r e a c t a n t s  
have t o  be a d j u s t e d  t o  a c h i e v e  d e s i r e d  c o n v e r s i o n s .  L a b o r a t o r y  

s t u d i e s  i n  t h i s  c o n t e x t  i n c l u d e  c a t a l y s t  p r e p a r a t i o n  and  s c r e e n i n g ,  
s c a l e - u p  as w e l l  as  p r o c e s s  s i m u l a t i o n  and  o p t i m i z a t i o n  ( r e f .  1 ) .  

F o r  examp le ,  o f  t h e  C 8 - a r o m a t i c s ,  0 -  and  m a i n l y  p - x y l e n e  a r e  

v a l u a b l e  p r o d u c t s ;  i t  i s  t h e r e f o r e  d e s i r a b l e  t o  c o n v e r t  m - x y l e n e  

and e t h y l b e n z e n e  i n  C 8 - a r o m a t i c  f r a c t i o n s  t o  t h e  f i r s t  t w o  i s o m e r s .  

T h i s  can  be r e a l i z e d  b y  h e t e r o g e n e o u s  c a t a l y t i c  p r o c e s s e s ,  t h e  c a -  
t a l y s t  t o  be s e l e c t e d  d e p e n d i n g  on t h e  f e e d  c o m p o s i t i o n .  When o n l y  

x y l e n e s  a r e  p r e s e n t ,  a c i d i c  c a t a l y s t s  c a n  b e  used .  E s t a b l i s h e d  

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

c o n t r o l l e d  a c i d i t y  w h i l e  t h e  newer  c a t a l y s t s  a r e  z e o l i t e s  ( r e f s .  

2,3). I f  t h e  f e e d  a l s o  c o n t a i n s  e t h y l b e n z e n e ,  t h e  s t r a t e g y  m u s t  b e  
d i f f e r e n t .  E t h y l b e n z e n e  i s  d e a l k y l a t e d  a n d / o r  d i s p r o p o r t i o n a t e d  

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

t i o n  has t o  be i n c l u d e d  i n  t h e  c a t a l y s t  f o r  t h e  i s o m e r i z a t i o n  o f  

t h i s  compound ( s e e  i n  d e t a i l ,  S e c t i o n  3 . 1 . 3 ) .  Such c a t a l y s t s  c a n  be 

o b t a i n e d  b y  a d d i n g  1 - 2 %  p l a t i n u m  t o  an  a c i d i c  - z e o l i t e  - c a t a l y s t  

w i t h  s u p p r e s s e d  a c i d i t y  ( r e f s .  2,4,5). 

I n  p r a c t i c a l  x y l e n e  i s o m e r i z a t i o n ,  where  t h e  a i m  i s  t o  i s o l a t e  

0 -  and  p - x y l e n e ,  t h e  C 8 - a r o m a t i c  c u t  o f  p l a t f o r m i n g  benzene  i s  used  

f r e q u e n t l y  a.s f e e d  and  t h i s  c o n t a i n s  42 -47% m - x y l e n e ,  20 -22% p - x y -  
l e n e ,  18 -20% o - x y l e n e  and  1 2 - 1 9 %  e t h y l b e n z e n e .  U s i n g  t h e  C8-aroma- 

t i c  c u t  o f  p y r o l y s i s  benzene ,  t h e  p o r t i o n  o f  e t h y l b e n z e n e  i n  t h e  

f e e d  w i l l  b e  50% o r  more.  I s o m e r i z a t i o n  r e a c t i o n s  among t h e  x y l e n e s  
on b i f u n c t i o n a l  P t / z e o l i t e  c a t a l y s t s  i n v o l v e  1 , e - m e t h y l  s h i f t s  o f  

a r e n i u m  i o n s  o r ,  i n  c a s e  o f  a b i f u n c t i o n a l  mechanism, o f  c a r b e n i u m  
i o n s  w h i c h  a r e  f a s t  compared  w i t h  i n t e r c o n v e r s i o n s  o f  e t h y l b e n z e n e  

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

t i o n s  o f  n a p h t h e n e s  ( r e f s .  6 , 7 ) .  Hence, i n  r e p l a c i n g  t h e  C8-aroma- 
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t i c  c u t  o f  p l a t f o r m i n g  benzene ,  as f e e d  f o r  t h e  r y l e n e  i s o m e r i z a -  
t i o n  process ,  by  a c o r r e s p o n d i n g  p y r o l y s i s  benzene c u t ,  l o n g e r  
r e a c t i o n  t i m e s  i n  t h e  r e a c t o r  a r e  needed; 

I n  p r a c t i c e  t h e r e  a r e  t h r e e  d i f f e r e n t  s c a l e s  o f  e x p e r i m e n t  
needed t o  s o l v e  t h e  prob lems c o n s i d e r e d  s o  f a r :  t h e  l a b o r a t o r y ,  t h e  
p i l o t  p l a n t  and t h e  i n d u s t r i a l  p l a n t  s c a l e ,  and one o f  t h e  b a s i c  

aims o f  i n v e s t i g a t i o n s  i n  chemica l  e n g i n e e r i n g  i s  t o  p r e d i c t  t h e  
per fo rmance o f  i n d u s t r i a l  r e a c t o r s  on t h e  b a s i s  o f  e x p e r i m e n t a l  da- 
t a  o b t a i n e d  f rom t h e  l a b o r a t o r y .  These l a b o r a t o r y  s t u d i e s  i n v o l v e  
a k i n e t i c  a n a l y s t s  o f  open r e a c t i v e  systems wh ich ,  due t o  t h e  
c o u p l i n g  o f  mass and h e a t  t r a n s f e r  r a t e s  w i t h  r a t e s  o f  a d s o r p t i o n  
and s u r f a c e  r e a c t i o n s ,  s h o u l d  be f o r m u l a t e d  i n  t h e  f o l l o w i n g  way: 
f i r s t  t h e  u n d e r l y i n g  r e a c t i o n  mechanism i s  i n v e s t i g a t e d  f r o m  wh ich  
a s i m p l i f i e d  r e a c t i o n  scheme can be d e r i v e d ;  t h i s  i s  t h e n  used t o  
s e t  up t h e  k i n e t i c  model e q u a t i o n s  wh ich  a c t  as e n t r i e s  i n t o  t h e  
dynamic r e a c t o r  model e q u a t i o n s .  I n  t h e  f i n a l  s t e p  t h e  model p a r a -  
me te rs  have t o  be e s t i m a t e d  by  f i t t i n g  a s e t  o f  s u i t a b l e  e x p e r i -  
men ta l  da ta .  

One p o s s i b l e  s t r a t e g y  o f  model deve lopment  i s  shown i n  F i g u r e  
1.1 where such chemica l  e n g i n e e r i n g  pa ramete rs  l i k e  d i f f u s i v i t i e s  
a r e  a l s o  c o n s i d e r e d  ( r e f .  8 ) .  I t  i s  r a r e  t h a t  t h e  same r e s e a r c h  
group c a r r i e s  o u t  s y s t e m a t i c  s t u d i e s  s i m u l t a n e o u s l y  w i t h  as many 
r e a c t o r  t y p e s  as shown i n  t h e  f i g u r e ;  t h e  r e s u l t s  r e p o r t e d  i n  
( r e f .  8 )  gave a s u r p r i s i n g l y  c l o s e  a p p r o x i m a t i o n  o f  t h e  a c t u a l  
e x p e r i m e n t a l  d a t a  u s i n g  o n l y  f i v e  pa ramete rs  ( k - v a l u e s  f o r  t h e  
m e t a e p a r a  and meta + o r t h o  t r a n s f o r m a t i o n s  and f o r  c o k i n g ;  and 
t h e  r e s p e c t i v e  e n e r g i e s  o f  a c t i v a t i o n ,  t h e  E v a l u e s  f o r  t h e  two 

x y l e n e  i s o m e r i z a t i o n  r e a c t i o n s  h a v i n g  been c o n s i d e r e d  as e q u a l ) .  

o f  d i f f e r e n t  r e a c t a n t  m a t e r i a l s  f e d  i n t o  a x y l e n e  i s o m e r i z a t i o n  
r e a c t o r ,  t h e  u n d e r l y i n g  r e a c t i o n  mechanism has been i n v e s t i g a t e d  by  
compar ing  p r o d u c t  d i s t r i b u t i o n s  o f  v a r i o u s  model compound c o n v e r -  

s i o n s  on d i f f e r e n t  c a t a l y s t s  w i t h  t h e o r e t i c a l l y  e x p e c t e d  p r o d u c t  
d i s t r i b u t i o n s  ( r e f .  6 ) .  To reduce  t h e  complex r e a c t i o n  n e t w o r k  t o  
a s i m p l i f i e d  scheme, C8-a romat i c  and hydrogen p a r t i a l  p r e s s u r e  de- 
pendenc ies  o f  e t h y l b e n z e n e  and o - x y l e n e  c o n v e r s i o n s  have been 

de te rm ined  and, assuming a c o n s t a n t  C8-aromat ic  p a r t i a l  p r e s s u r e  
i n  t h e  r e a c t o r ,  a scheme was d e r i v e d  i n  wh ich  t h e  x y l e n e  i somers  
and e t h y l b e n z e n e  were l i n k e d  t o g e t h e r  by  r e v e r s i b l e  pseudo-monomole- 
c u l a r  r e a c t i o n s  and c r a c k i n g  p r o d u c t s  and naphthenes were fo rmed  

A p p l y i n g  a s i m i l a r  p rocedure  t o  a c o n s i d e r a t i o n  o f  t h e  e f f e c t s  
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PLANT STUDIES 

Fig. 1.1. The overall strategy of model develo ment (used in the 
example of xylene isomerization). Reproduced wyth permission from 
(ref. 8). Copyright 1983 by American Chemical Society. 

from each of the C8-aromatics by irreversible pseudo-monomolecular 
reactions. The rate coefficients associated with the reaction 
scheme were fitted to measured integral composition-reaction time 
data using the Marquardt-procedure (refs. 7 , 9 ) .  In Fig. 1.2 pre- 
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F i g .  1 . 2 .  P r e d i c t e d  C - a r o m a t i c  d i s t r i b u t i o n s  a t  d i f f e r e n t  r e a c t i o n  
t i m e s  i n  a c o n t i n u o u s f y  o p e r a t e d  i s o t h e r m a l  f i x e d  bed  r e a c t o r  
( r e f .  9 ) .  

d i c t e d  C 8 - a r o m a t i c  c o m p o s i t i o n s  a t  d i f f e r e n t  r e a c t i o n  t i m e s  a r e  

p l o t t e d ,  i n d i c a t i n g  o p t i m a l  r e a c t i o n  t i m e s  f o r  0 -  a n d  p - x y l e n e  

p r o d u c t i o n .  Scheme 1.1 shows t h e  c a l c u l a t e d  r e a c t i o n  r a t e  c o e f f i -  

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

was t h a t  s i d e  r e a c t i o n s  ( r i n g  o p e n i n g ,  c r a c k i n g  and  h y d r o g e n a t i o n ) ,  

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

a s i n g l e  i r r e v e r s i b l e  f i r s t - o r d e r  r e a c t i o n .  

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

u s e d  ( r e f .  1 0 ) .  Scheme 1 .1  c o n t a i n s  c y c l i c a l  r e a c t i o n  p a t h s .  The 

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

t h a t ,  i n  any  c y c l i c a l  i s o t h e r m a l  r e a c t i o n  sequence ,  t h e  f o l l o w i n g  

e q u a t i o n  m u s t  be v a l i d :  

The n e x t  e x a m p l e  i l l u s t r a t e s  t h a t  t h e  same e x p e r i m e n t a l  d a t a  can 

K12 . K23 ... Knl = 1 ( 1  - 1 )  
where k j  i s  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  t h e  r e a c t i o n  

A i e  A j  

and 
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Scheme 1 .1  

K i j  = k i j / k . .  1% 

where ki. and 

o-xylrne 
,009 

.026 -- ethylbenzene 

P-xylrnr m-xylenr 
.153 - 

( 1 . 3 )  
kji r e p r e s e n t  r e s p e c t i v e l y  t h e  p s e u d o  f i r s t - o r d e r  

f o r w a r d  and  b a c k w a r d  r a t e  c o e f f i c i e n t s  f o r  r e a c t i o n  ( 1 . 2 ) .  T h r e e  

i n d e p e n d e n t  c y c l e s  can b e  f o u n d  i n  Scheme 1.1; t h e  d a t a  p u b l i s h e d  

i n  ( r e f .  7 )  r e s u l t  i n  t h e  c y c l e  p r o d u c t s  l i s t e d  i n  T a b l e  1 . 1 .  

T a b l e  1 . 1  

P r o d u c t s  o f  E q u i l i b r i u m  K - v a l u e s  A r o u n d  t h e  C y c l e s  o f  Scheme 1.1 
( D a t a  a f t e r  r e f .  7; t h e  t a b l e  r e p r o d u c e d  b y  p e r m i s s i o n  f r o m  r e f .  1 0 )  

C y c l e  
Number C y c l e  D e s c r i p t i o n  C y c l e  

P r o d u c t  

1 e t h y l - o r t h o - p a r a - e t h y l  1.13 

3 e t h y l - m e t a - p a r a - e t h y l  0.96 

2 p a r a - m e t a - o r t h o - p a r a  1.21 

Anselmo and Upadhye ( r e f .  1 0 )  r e - e v a l u a t e d  t h e s e  k - v a l u e s  b y  m i n i -  

m i z i n g  t h e  sum o f  t h e  s q u a r e s  o f  t h e  r e l a t i v e  e r r o r s  b e t w e e n  t h e  
model  p r e d i c t i o n s  and  t h e  c o n s t r a i n t  t h a t  t h e  c y c l e  p r o d u c t  m u s t  
e q u a l  u n i t y .  T h e i r  r e s u l t s  a r e  s h o w n . i n  Scheme 1.2. The i r r e v e r -  
s i b l e  r e a c t i o n  r a t e s  were  f i x e d  a t  v a l u e s  g i v e n  i n  ( r e f .  6 ) .  The 
d i f f e r e n c e s  a r e  n o t  s i g n i f i c a n t  and t h e  d i f f e r e n c e  b e t w e e n  K - v a l u -  
e s  f o r  i n d i v i d u a l  r e a c t i o n s ,  o b t a i n e d  by t h e  t w o  m e t h o d s  o f  c a l -  
c u l a t i o n ,  i s  b e t w e e n  0.08 and  11%. 
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C h a p t e r  2 

B A S I C  PHENOMENA AND CONCEPTS I N  CATALYSIS 

I n  c h e m i c a l  r e a c t i o n s  bonds  b e t w e e n  c e r t a i n  a toms  a r e  b r o k e n  and  
o t h e r s  fo rmed .  T h e r e  a r e  u s u a l l y  many p o s s i b i l i t i e s  f o r  t h i s  t o  
g i v e  a l a r g e  number o f  p r o d u c t s .  However ,  i n  b i o l o g i c a l  s y s t e m s  as  
w e l l  as i n  mass t r a n s f o r m a t i o n s  p e r f o r m e d  b y  man c e r t a i n  s i n g l e  
p r o d u c t s  a r e  d e s i r e d .  T h i s  a i m  i s  a c h i e v e d  b y  t h e  p r e s e n c e  o f  a 
f u r t h e r  s u b s t a n c e ,  a c a t a l y s t ,  w i t h i n  t h e  r e a c t i v e  s y s t e m .  

2.1 HISTORICAL 

The t e r m  " c a t a l y s i s "  was c o i n e d  b y  B e r z e l i u s  i n  1835 when w r i -  

t i n g  h i s  a n n u a l  r e p o r t  on  advances  i n  p h y s i c a l  s c i e n c e s  and  u s e d  t o  
c o v e r  a number o f  p h y s i o l o g i c a l  and  c h e m i c a l  r e a c t i o n s ,  d i s c o v e r e d  
a t  t h a t  t i m e ,  a l l  w i t h  t h e  common f e a t u r e  t h a t  t h e y  p r o c e e d e d  i n  
t h e  p r e s e n c e  o f  a f u r t h e r  s u b s t a n c e  w h i c h  d i d  n o t  i t s e l f  a l t e r  
d u r i n g  t h e  c o u r s e  o f  t h e  r e a c t i o n .  Among t h e s e  r e a c t i o n s  w e r e  t h e  
o x i d a t i o n  o f  e t h y l  a l c o h o l  y i e l d i n g  a c e t i c  a c i d  a n d  t h e  c o m b u s t i o n  
o f  h y d r o g e n ,  b o t h  o f  w h i c h  t a k e  p l a c e  i n  t h e  p r e s e n c e  o f  p l a t i n u m  
a t  room t e m p e r a t u r e ,  t h e  d e c o m p o s i t i o n  o f  ammonia and  h y d r o g e n  
p e r o x i d e  i n  t h e  p r e s e n c e  o f  d i f f e r e n t  m e t a l s ,  t h e  c o n v e r s i o n  o f  
s t a r c h  i n t o  s u g a r  i n  t h e  p r e s e n c e  o f  a c i d s  o r  f e r m e n t s  and  t h e  c l e a -  
vage o f  a m y g d a l i n e  i n  t h e  p r e s e n c e  o f  e m u l s i n e .  

B e r z e l i u s  d e f i n e d  a c a t a l y s t  as  a s u b s t a n c e  w h i c h  b y  i t s  m e r e  
p r e s e n c e  e v o k e s  c h e m i c a l  a c t i o n s  w h i c h  w o u l d  n o t  t a k e  p l a c e  i n  i t s  
absence .  T h i s  d e f i n i t i o n  s i m p l y  d e s c r i b e d  t h e  o b s e r v a t i o n  o f  t h e  
phenomenon, " c a t a l y s i s " ,  w i t h o u t  m a k i n g  a n y  a t t e m p t  t o  i n t e r p r e t  
o r  e x p l a i n  i t s  n a t u r e .  The w o r d  was f o r m e d  f r o m  a c o m b i n a t i o n  o f  
t w o  Greek  words ,  XaTa ( k a t a )  = down a n d  Au6e.w ( l y s e i n )  = t o  s p l i t  
o r  b r e a k .  'By " a w a k i n g  a f f i n i t i e s  w h i c h  a r e  a s l e e p "  ( B e r z e l i u s ) ,  
a c a t a l y s t  b r e a k s  down t h e  n o r m a l  f o r c e s  w h i c h  i n h i b i t  t h e  r e a c -  
t i o n s  o f  m o l e c u l e s 8  ( r e f .  2 ) .  The same w o r d  was a l s o  u s e d  b y  t h e  
a n c i e n t  Greeks  f o r  a r i o t ;  p e r h a p s  t h i s  was one o f  t h e  r e a s o n s  why 
one o f  B e r z e l i u s '  c o l l e a g u e s ,  J .  von  L i e b i g  s t r o n g l y  a r g u e d  a g a i n s t  
t h i s  d e f i n i t i o n ,  f e a r i n g  t h a t  German a u t h o r s  w o u l d  p u t  t h e  i d e a  o f  
t h e  c a t a l y t i c  f o r c e ,  w h i c h  i n  h i s  m i n d  f a v o u r e d  i n d o l e n c e  a n d  
l a z i n e s s ,  i n t o  t h e  heads  o f  t h e  y o u n g  p e o p l e  ( r e f .  1 ) .  The C h i n e s e  
w o r d  " t s o o  m e i "  ( c u i  m e i )  w h i c h  means " m a r r i a g e  b r o k e r "  p e r h a p s  
d e s c r i b e s  more c o r r e c t l y  t h e  i d e a  b e h i n d  w h a t  i s  commonly t h o u g h t  
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o f  as  t h e  phenomenon o f  c a t a l y s i s  ( r e f .  2 ) .  A f t e r  B e r z e l i u s ,  t 

t o o k  some s i x t y  y e a r s  u n t i l  a new d e f i n i t i o n  o f  c a t a l y s i s  was g i v e n  

b y  W .  O s t w a l d ,  b a s e d  on  t h e  k n o w l e d g e  o f  c h e m i c a l  e q u i l i b r i u m  t h a t  

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

i n t e r m e d i a t e s ,  

F rom t h e  p o i n t  o f  v i e w  o f  n a t u r a l  p h i l o s o p h y ,  O s t w a l d  r e a l i z e d  

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

o p p o s e d  t o  " c a u s a l  c a u s a l i t y " ,  F o r  e x a m p l e ,  when h y d r o g e n  and  
o x y g e n  comb ine ,  t h e  f r e e  e n e r g y  d i f f e r e n c e  c a u s e s  t h e  1 i b e r a t i o n  o f  

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

r e n c e  o f  t h e  l a t e n t  e n e r g y  o f  t h e  componen ts  and  c a n  b e  e x a c t l y  

c a l c u l a t e d  ( " c a u s a l  c a u s a l i t y " ) .  However ,  h y d r o g e n  and  o x y g e n  c a n  

e x i s t  as a gaseous  m i x t u r e  a t  a m b i e n t  t e m p e r a t u r e  f o r  c e n t u r i e s  and  

n o t h i n g  happens  u n t i l  a b u r n i n g  m a t c h  or a p l a t i n u m  b l a c k  c a t a l y s t  

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

e f f e c t  r e l e a s e s  t h e  p r o c e s s  ( " r e l e a s e  c a u s a l  i t y " )  w h i c h ,  h o w e v e r ,  

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

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

The above  c h a i n  o f  i d e a s  h a s  b e e n  t a k e n  f r o m  Schwab 's  d e e p l y  

p h i l o s o p h i c a l  e s s a y  on " H i s t o r y  o f  C o n c e p t s  i n  C a t a l y s i s "  ( r e f .  3 ) .  

He c o r r e c t l y  r e m a r k s  " i t  i s  u n i m p o r t a n t  i f  t h e  r e l e a s i n g  s u b s t a n c e  
a c t u a l l y  e n t e r s  i n t o  t h e  r e a c t i o n  s e q u e n c e ,  e.g .  i f  p l a t i n u m  f o r m s  

an i n t e r m e d i a t e  o x i d e  o r  i f  i t  r e m a i n s  unchanged  and  a c t s  m e r e l y  

b y  i t s  p r e s e n c e " .  T h a t  i s  t h e  r e a s o n  why we s h a l l  n o t  d w e l l  e x c e s s i -  

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

i n s i g h t  i n t o  t h i s  phenomenon o f  N a t u r e * .  

A c c o r d i n g  t o  O s t w a l d  t h e  phenomenon c a t a l y s i s  c a n  b e  u n d e r s t o o d  

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

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

e s s e n t i a l l y  a l t e r e d  n o r  consumed b y  t h i s  c h e m i c a l  a c t i o n .  F u r t h e r ,  
f r o m  t h e r m o d y n a m i c s  i t  i s  o b v i o u s  t h a t  a c a t a l y s t  w h i c h  i n c r e a s e s  
t h e  r a t e  o f  t h e  f o r w a r d  r e a c t i o n  o f  a r e v e r s i b l e  r e a c t i o n  m u s t  a l s o  

- 
*An i n t e r e s t i n g  r e c e n t  e s s a y  on  "The  D e v e l o p m e n t  o f  T h e o r i e s  o f  

C a t a l y s i s "  /K.J. L a i d l e r ,  A ' r c h i v e  f o r  H i s t o r y  o f  E x a c t  S c i e n c e s ,  
35 ( 1 9 8 6 )  345/ adds  much t o  t h e  a b o v e - m e n t i o n e d  s o u r c e s .  I t  
c o n c e n t r a t e s  m a i n l y  on  p r e - B e r z e l i u s  i d e a s ;  on  O s t w a l s ' s  c o n t r i b u -  
t i o n s  t o  u n d e r s t a n d i n g  o f  c a t a l y s i s  a n d  on  t h e  d e v e l o p m e n t  o f  
t h e o r i e s  o f  homogeneous a c i d - b a s e  c a t a l y s i s .  
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i n c r e a s e  t h e  r a t e  o f  t h e  r e v e r s e  p r o c e s s .  W i t h i n  t h e  f r a m e  o f  t h i s  
d e f i n i t i o n  t h e  mode o f  a c t i o n  o f  a c a t a l y s t  i s  s u g g e s t e d  i n  t h e  

f o l l o w i n g  way: R a t e s  o f  homogeneous gaseous  r e a c t i o n s  a r e  u s u a l l y  
e x p r e s s e d  a c c o r d i n g  t o  t h e  Law o f  Mass A c t i o n  i n  t h e  f o l l o w i n g  way: 

where  f(ai) i s  a power  f u n c t i o n  o f  t h e  i n d i v i d u a l  c o n c e n t r a t i o n s ,  

ai, and  k i s  t h e  r a t e  c o e f f i c i e n t .  The t e m p e r a t u r e  dependence  o f  k 

i s  g i v e n  b y  t h e  A r r h e n i u s  e q u a t i o n  

k = A . e x p  ( -AE/RT) ( 2 . 2 )  

where A i s  t h e  p r e - e x p o n e n t i a l  f a c t o r ,  AE t h e  a c t i v a t i o n  e n e r g y  

and  R t h e  gas c o n s t a n t .  The r a t e  c o e f f i c i e n t  k can,  a t  l e a s t  i n  

p r i n c i p l e ,  b e  c a l c u l a t e d  on  t h e  b a s i s  o f  c o l l i s i o n  o r  t r a n s i t i o n  
s t a t e  t h e o r y .  F rom c o l l i s i o n  t h e o r y ,  t h e  r a t e  c o e f f i c i e n t  i s  g i v e n  

b y  

k = P . ZAB e x p  (-AE/RT) ( 2 . 3 )  

where P i s  an e m p i r i c a l  s t e r i c  f a c t o r ,  and  Z A B  t h e  number o f  c o l l i -  

s i o n s  be tween  r e a c t a n t  m o l e c u l e s .  The a c t i v a t i o n  e n e r g y  AE i s  t h a t  
c r i t i c a l  e n e r g y  t h e  r e a c t a n t  m o l e c u l e s  m u s t  p o s s e s s  t o  e n a b l e  t h e  

r e a c t i o n  t o  t a k e  p l a c e .  T h i s  i s  u s u a l l y  d e p i c t e d  as  shown i n  F i g .  

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

r 

catalysed reaction 

Reactants 

- - Reaction coordinate 

F i g .  2.1. P o t e n t i a l  e n e r g y  p r o f i l e  f o r  a c a t a l y z e d  and  u n c a t a l y z e d  
e x o t  h e r m i  c r e a c t i o n .  
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o r d i n a t e .  Between t h e  average p o t e n t i a l  e n e r g i e s  o f  r e a c t a n t s  and 

p r o d u c t s  an energy  b a r r i e r  e x i s t s  w h i c h  can o n l y  be  surmounted b y  

a s m a l l  f r a c t i o n  o f  r e a c t a n t  m o l e c u l e s  f o r  wh ich  t h e  t o t a l  c o l l i -  

s i o n  energy  exceeds t h e  a c t i v a t i o n  energy .  

The a c t i o n  o f  t h e  c a t a l y s t  a c c o r d i n g  t o  t h i s  t h e o r y  i s  t o  dec-  
rease  t h e  a c t i v a t i o n  energy  b a r r i e r  f o r  a c e r t a i n  r e a c t i o n  t h u s  
i n c r e a s i n g  t h e  r a t e  o f  t h i s  r e a c t i o n  because a l a r g e r  f r a c t i o n  o f  
r e a c t a n t  c o l l i s i o n s  now h a s t e n s  p r o d u c t  f o r m a t i o n  ( F i g .  2 .1 ) .  
C o n t r a r y  t o  t h e  c o l l i s i o n  t h e o r y ,  t h e  t r a n s i t i o n  s t a t e  t h e o r y  con-  
s i d e r s  t h e  p o t e n t i a l  ene rgy  of  t h e  c o n f i g u r a t i o n  o f  t h e  t r a n s i t i o n  
s t a t e ,  A r e a c t i o n  sequence i s  sugges ted  wh ich  f o r  a b i m o l e c u l a r  
r e a c t i o n  i s  w r i t t e n  i n  t h e  f o l l o w i n g  way: 

A + B == ( A B ) *  - p r o d u c t s  

The o v e r a l l  r a t e  o f  t h i s  r e a c t i o n  sequence i s  o b t a i n e d  assuming 
s t e a d y - s t a t e ,  wh ich  means t h a t  b o t h  r e a c t i o n s  p roceed  a t  t h e  same 
r a t e ,  and t h e  d e c o m p o s i t i o n  o f  t h e  t r a n s i t i o n  s t a t e  complex i s  
r a t e  d e t e r m i n i n g .  T h i s ,  t o g e t h e r  w i t h  t h e  f i r s t  assumpt ion ,  s i g n i -  

f i e s  t h a t  t h e  f i r s t  s t e p  o f  t h e  sequence i s  p r a c t i c a l l y  a t  thermo-  
dynamic e q u i l i b r i u m .  The d e c o m p o s i t i o n  r a t e  o f  t h e  a c t i v a t e d  comp- 
l e x  i s  exp ressed  i n  te rms  of a d e c o m p o s i t i o n  f r e q u e n c y  

v = k . T/h  

where h i s  P l a n c k ' s  c o n s t a n t  and k t h e  Bo l tzmann c o n s t a n t .  The 
c o n c e n t r a t i o n  of  t h e  a c t i v a t e d  complex i s  r e p l a c e d  b y  r e a c t a n t  
c o n c e n t r a t i o n s  r e s u l t i n g  i n  t h e  f o l l o w i n g  r a t e  e q u a t i o n  

r = k . T /h  . K: . P A  . PB (2 .4 )  

where K* i s  t h e  e q u i l i b r i u m  c o n s t a n t  

I n t r o d u c i n g  

-AG* = AH* - TAS*  = RT I n  ~f , 

where AH* i s  t h e  s t a n d a r d  e n t h a l p y  and AS* i s  t h e  s t a n d a r d  a c t i -  
v a t i o n  e n t r o p y ,  t h e  r a t e  c o e f f i c i e n t  i s  g i v e n  b y  

k = ( k  . T ) / h  . exp(AS*/R) . exp(-AH*/RT). ( 2 . 5 )  
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The a c t i o n  of t h e  c a t a l y s t  w i t h i n  t h i s  t h e o r y  i s  t o  decrease t h e  

a c t i v a t i o n  e n t h a l p y  w i t h  r e s p e c t  t o  t h e  u n c a t a l y z e d  r e a c t i o n ,  wh ich  

must overcompensate t h e  u s u a l l y  l o w e r  a c t i v a t i o n  e n t r o p y  i n  t h e  
case o f  t h e  c a t a l y z e d  r e a c t i o n .  

The d e f i n i t i o n  o f  c a t a l y s i s  a c c o r d i n g  t o  Os twa ld  focuses  t o o  
s t r o n g l y  upbn t h e  r a t e  i n c r e a s i n g  a c t i o n  o f  a c a t a l y s t  i n  a thermo-  

d y n a m i c a l l y  f e a s i b l e  r e a c t i o n ,  because i n  most cases homogeneous 
r e a c t i o n s ,  ana logous t o  t h e  c a t a l y z e d  r e a c t i o n s ,  a r e  n o t  obse rved  

and t h e r e f o r e  homogeneous and c a t a l y z e d  r e a c t i o n s  canno t  be compa- 
r e d  w i t h  one a n o t h e r .  Thus u n i t i n g  b o t h  c a t a l y s i s  d e f i n i t i o n s ,  t h a t  
o f  B e r z e l i u s  and o f  Ostwald,  we may d e s c r i b e  a c a t a l y s t  as a subs- 
tance wh ich  evokes chemica l  r e a c t i o n s  t h a t  wou ld  n o t  t a k e  p l a c e  
w i t h o u t  i t  and wh ich  c o n t r o l s  t h e  d i r e c t i o n  o f  chemica l  r e a c t i o n s  
w i t h i n  t h e  f ramework o f  thermodynamic r u l e s .  

I n  a d d i t i o n  t o  t h i s  thermodynamic d e f i n i t i o n  o f  c a t a l y s i s ,  se- 
v e r a l  o t h e r  approaches have been p u t  f o r w a r d  d u r i n g  t h e  l a s t  100 
y e a r s  , i n c l u d i n g  t h e  concep t  o f  " i n t e r m e d i a t e  chemica l  compounds" 
by  S a b a t i e r  ( a  v i e w  s t r o n g l y  opposed b y  OStWald). We have seen, 
however, t h a t  t h i s  concept  r e t u r n s  i n  a m o d i f i e d  v e r s i o n  i n  t h e  
a c t i v a t e d  complex t h e o r y .  The " a c t i v e  s i t e  t h e o r y "  suggested  b y  
T a y l o r  i n  1925 ( r e f .  4 )  p o s t u l a t e s  t h a t  d i s t i n c t  s i t e s  on a c a t a -  
l y t i c  s u r f a c e  can i n t e r a c t  w i t h  t h e  r e a c t a n t s ;  he a l s o  exp ressed  a 
v iew t h a t  " t h e  amount o f  s u r f a c e  wh ich  i s  c a t a l y t i c a l l y  a c t i v e  i s  
de te rm ined  by t h e  r e a c t i o n  i t s e l f " .  T h i s  i m p l i e s  t h a t  d i f f e r e n t  

s u r f a c e  complexes have d i f f e r e n t  degrees  o f  b i n d i n g  t o  t h e  c a t a l y s t  
(see l a t e r ,  i n  t h e  bond s t r e n g t h  r e q u i r e m e n t  i n  S e c t i o n  2.2.3.). 
The geomet r i c  t h e o r y  ( r e f .  5) a t t r i b u t e d  t h e  a c t i v e  s i t e s  t o  geo- 
m e t r i c  f o r m a t i o n  o f  what were assumed t o  be p e r f e c t  c r y s t a l  p l a n e s  
whereas e a r l i e r  f o r m u l a t i o n s  o f  t h e  e l e c t r o n i c  t h e o r y  r e g a r d e d  s u r -  
f a c e  e n e r g e t i c s  as more i m p o r t a n t  ( i n  te rms  o f  e n e r g i e s  o f  s o l i d  

s t a t e  e l e c t r o n s )  t h a n  s u r f a c e  atoms, as  d i s t i n c t  g e o m e t r i c  e n t i t i e s .  
As f a r  as f u r t h e r  t h e o r i e s  and concep ts  a r e  concerned t h e  r e a d e r  
i s  r e f e r r e d  t o  Schwab's h i s t o r i c a l  essay  ( r e f .  3) (where t h e  under -  
l y i n g  p h i l o s o p h y  i s  s t r e s s e d  r a t h e r  t h a n  a sequence o f  d a t e s ) .  A 
volume c o n c e n t r a t i n g  on t h e  h i s t o r y  o f  c a t a l y s i s  ( t h e o r y  and p r a c -  
t i c e )  i n  t h e  U n i t e d  S t a t e s  has a l s o  been p u b l i s h e d  ( r e f .  6 ) .  

The achievements i n  s u r f a c e  s c i e n c e  d u r i n g  t h e  l a s t  20-30 y e a r s  
have f a v o r e d  a p r a g m a t i c  approach t o  c a t a l y s i s :  i n s t e a d  o f  p ropo-  
s i n g  new genera l  t h e o r i e s ,  t h e  a c c u m u l a t i o n  o f  much d e t a i l e d  d a t a  
has t a k e n  p l a c e .  A happy e x c e p t i o n  i s  S a c h t l e r ' s  r e c e n t  t r e a t i s e  
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( r e f .  7 )  d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n  2.2.3. 

M o s t  o f  t h e  t r a n s f o r m a t i o n s  o f  s t a b l e  r e a c t a n t s  i n t o  s t a b l e  

p r o d u c t s  do n o t  p r o c e e d  i n  one s t e p  b u t  v i a  h i g h l y  r e a c t i v e  i n t e r -  
m e d i a t e s  t h r o u g h  a sequence  o f  " e l e m e n t a r y "  s t e p s .  A c c o r d i n g  t o  

B o u d a r t  ( r e f .  8 )  t h e s e  u e l e m e n t a r y "  s t e p s  a r e  s i n g l e  i r r e d u c i b l e  

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

fo rmed  o r  s i m u l t a n e o u s l y  one b o n d  i s  f o r m e d  w h i l e  a n o t h e r  one i s  

opened.  H i g h l y  r e a c t i v e  i n t e r m e d i a t e s  a r e ,  f o r  e x a m p l e ,  c a r b o c a -  

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

r e a c t a n t  m o l e c u l e s  w i t h  t h e  a c t i v e  c e n t e r s  o n  t h e  c a t a l y s t .  The s p e -  

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

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

r e a c t a n t s  a r e  c o n v e r t e d  i n t o  p r o d u c t s ;  t h i s  means t h a t  t h e  same a c -  

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

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

From t h e  c o n c e p t s  d e s c r i b e d  so f a r ,  a measure  o f  t h e  a c t i v i t y  

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

number o f  m o l e c u l e  t r a n s f o r m a t i o n s  r e a l i z e d  b y  one a c t i v e  c e n t e r  

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

t o t a l  number o f  a c t i v e  c e n t e r s  p e r  u n i t  w e i g h t  o f  t h e  c a t a l y s t  i s  
known. If t h e r e  i s  a d i s t r i b u t i o n  o f  t u r n o v e r  numbers f o r  t h e  

s i n g l e  a c t i v e  c e n t e r s  on  t h e  c a t a l y s t ,  o n l y  mean t u r n o v e r  numbers  
f o r  t h e  c a t a l y s t  may be o b t a i n e d .  I n  r e a c t i v e  c a t a l y t i c  s y s t e m s ,  

where  t h e  number o f  a c t i v e  c e n t e r s  on t h e  c a t a l y s t  i s  c o n s t a n t ,  t h e  
r a t e  o f  r e a c t a n t  t r a n s f o r m a t i o n s  i s  l i m i t e d  b y  t h e  sum o f  t u r n o v e r  

numbers o f  t h e  s i n g l e  a c t i v e  c e n t e r s .  Thus,  w i t h  i n c r e a s i n g  r e a c -  
t a n t  c o n c e n t r a t i o n  i n  t h e  s y s t e m ,  a s a t u r a t i o n  phenomenon i s  o b s e r -  

ved.  T h i s  means t h a t  t h e  r e a c t i o n  r a t e  c a n n o t  b e  i n c r e a s e d  b e y o n d  

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

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

t i o n  t i m e  o f  t h e  c a t a l y s t .  T h i s  d e a c t i v a t i o n  may b e  c a u s e d  b y  i m -  

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

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

e n e r g e t i c  c o n f i g u r a t i o n  a r o u n d  t h e s e  c e n t e r s .  I n  a d d i t i o n  t h e  c a t a -  
l y s t  can  u n d e r g o  s t r u c t u r a l  c h a n g e s .  

As was p o i n t e d  o u t  above ,  c a t a l y s i s  i s  t h e  b a s i c  p r i n c i p l e  b e -  

h i n d  t h e  t r a n s f o r m a t i o n  o f  m a t t e r .  T h e r e  a r e  t w o  l a r g e  d o m a i n s  f o r  
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t r a n s f o r m a t i o n  o f  m a t t e r ,  ene rgy  s t o r a g e  and t r a n s f o r m a t i o n  through 
chemical r e a c t i o n s ,  and t h e  t r a n s f o r m a t i o n  of  m a t t e r  w i t h  t h e  aim 

of  producing  o t h e r ,  new p r o d u c t s .  Two la rge  sys t ems  on e a r t h  where 
m a t t e r  i s  conve r t ed  a r e  t h e  b i o s p h e r e  and man-made chemical r e a c -  
t i o n s .  The t o t a l  ene rgy  t r a n s f o r m a t i o n  i n  the  b i o s p h e r e  i s  a p p r o x i -  
mate ly  20x10 exp ( 2 0 )  k j o u l e s  p e r  annum and t h a t  i n  man-made 
sys tems i s  c a l c u l a t e d  t o  be abou t  12 p e r c e n t  of t he  ene rgy  t r a n s -  
fo rma t ion  i n  t h e  b i o s p h e r e  i n  1970 ( r e f ,  9 ) .  

The man-made ene rgy  f l u x  on e a r t h  i s  main ly  chemica l  based  on 
t h e  conve r s ion  o f  mine ra l  o i l ,  c o a l ,  n a t u r a l  gas  and uranium. In 

9 3  1980 t h e  conve r s ion  of n a t u r a l  gas  reached  1620 b i l l i o n  ( 1 0  ) m , 
t h a t  of coa l  2.8 b i l l i o n  t o n s ,  brown c o a l  0.965 b i l l i o n  tons and 
minera l  o i l  3.07 b i l l i o n  t o n s .  The l a r g e s t  p a r t  o f  th i s  e n e r g y  f l u x  
( n e a r l y  7 5 % )  i s  used f o r  h e a t i n g ,  w i t h  abou t  20% f o r  t r a n s p o r t ,  
wh i l e  abou t  7% o f  t h e  mine ra l  o i l  i s  used t o  produce new m a t e r i a l s .  
Mineral  o i l  i s  thus one of t h e  most i m p o r t a n t  r a w - m a t e r i a l s  f o r  t h e  
chemical i n d u s t r y .  The main a r e a s  of  chemical a c t i v i t y  a r e  i n  ag- 
r i c u l t u r e ,  w i t h  the p roduc t ion  of f e r t i l i z e r s ,  p l a n t  p r e s e r v a t i v e s  
a n d  animal food;  t h e  pe t ro leum indus t ry ,  w i t h  t h e  p r o d u c t i o n  o f  
raw-ma t e  r 
p ropy 1 ene 
g a s o l i n e ,  

d e t e r g e n t  
p o l l u t i o n  

a l s  f o r  t h e  pe t rochemica l  i n d u s t r i e s  ( 6 . g .  e t h y l e n e ,  

f u e l s ,  t a r s  and l u b r i c a n t s ) ,  t h e  f o o d ,  f i n e  c h e m i c a l s ,  
and heavy i n o r g a n i c  chemica l s  i n d u s t r i e s  a s  we l l  a s  i n  
c o n t r o l .  

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

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  f i r s t  i n d u s t r i a l  c a t a l y t i c  pro-  
c e s s e s  ( a l c o h o l i c  f e r m e n t a t i o n  and soap  making, known s i n c e  a n c i e n t  
t i m e s )  used homogeneous c a t a l y s t s  o r  enzymes w i t h o u t  knowing any- 
t h i n g  of c a t a l y s i s .  The f i r s t  "modern" p r o c e s s  a l s o  used a homoge- 
neous c a t a l y s t :  n i t r i c  ox ide  t o  o x i d i z e  SO2 t o  S O g  in t h e  e a r l i e r  
( " l e a d  chamber") s u l f u r i c  a c i d  manufac ture .  Heterogeneous  commer- 
c i a l  p r o c e s s e s  fo l lowed  i n  t h e  t w e n t i e t h  c e n t u r y :  f i r s t  " c o n t a c t "  
H2S04 p r o d u c t i o n ,  then  ammonia s y n t h e s i s ,  the l a t t e r  be ing  t h e  
f i r s t  p r o c e s s  t o  u t i l i z e  the achievements  of  s c i e n t i f i c  c a t a l y s t  
development as wel l  a s  h igh  p r e s s u r e  e n g i n e e r i n g  i n  the  e a r l y  1900- 
- s .  We may a g r e e  w i t h  Heinemann ( r e f .  1 0 )  t h a t  the  major b reak -  
th roughs  i n  modern l a r g e - s c a l e  i n d u s t r i a l  c a t a l y t i c  p r o c e s s e s ,  t h a t  
produce p r e s e n t l y  ove r  20% of  a l l  i n d u s t r i a l  p r o d u c t s ,  o c c u r r e d  
i n  t h e  l a s t  50 y e a r s ,  s t a r t i n g  w i t h  c a t a l y t i c  c r a c k i n g  o f  pe t ro l eum 
p roduc t s  i n  1936. A n  e x c e l l e n t  o u t l i n e  o f  t h e  most i m p o r t a n t  20-25 
i n d u s t r i a l  c a t a l y t i c  p r o c e s s e s  (mos t ly  he t e rogeneous )  have been 
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given i n  Heinemann's work  ( r e f .  1 0 ) ;  i t  i s  s u f f i c i e n t  t o  quote h i s  
observat ion t h a t  t he  yea r ly  product va lues  of severa l  p rocesses  
may each reach 10 $ per yea r .  

The d iscuss ion  of ind iv idua l  i n d u s t r i a l  processes  in  t h e i r  h i s -  
t o r i c a l  contex t  would be f a r  beyond the  scope o f  t h i s  book, b u t  i t  
can be pointed o u t  t h a t  t he  breakthrough s t a r t e d  i n  t he  1930's  has 
proceeded s ince  then more or l e s s  un in t e r rup ted .  All developments 
were of a slow evolu t ionary  cha rac t e r :  developing new, more a c t i v e ,  
more s t a b l e  or more s e l e c t i v e  c a t a l y s t s  f o r  e x i s t i n g  processes  o r  
f ind ing  another  product which could be more economically produced 
by a new, c a t a l y t i c  rou te .  Even the  most spec tacu la r  development 
of t he  l a s t  20-30 yea r s :  t he  in t roduc t ion  of z e o l i t e s  as  l a rge -  
- sca l e  i n d u s t r i a l  c a t a l y s t s  occurred i n  t h i s  way. " I t  i s  a r a r e  
event  when a whole new f i e l d  of c a t a l y t i c  a p p l i c a t i o n s  opens up"  
( r e f .  1 0 ) .  This happened when c a t a l y t i c  automotive exhaust  cont ro l  
h a d  t o  be developed. Exhaust cont ro l  r ep resen t s  a new c l a s s  of 
technological  achievement: i t  a p p l i e s  th ree- func t ion  c a t a l y s t s  
which have t o  opera te  r e l i a b l y  over a wide range of temperature  a n d  

gas flow a n d  must possess except iona l  s t a b i l i t y .  
Whereas i n  b io logica l  systems a l l  r e a c t i o n s  a r e  c a t a l y t i c  reac-  

t i o n s ,  in  man-made systems c a t a l y t i c  r e a c t i o n s  p reva i l  only where 
o ld  ma te r i a l s  a r e  transformed t o  produce new ones. Chemical energy 
conversion i s  mainly accomplished by burning the  raw m a t e r i a l s  o i l ,  
coal and na tura l  gas;  e l e c t r o - c a t a l y t i c  chemical energy t r a n s f o r -  
mation in  fue l  c e l l s  a t  p resent  i s  of no importance,  b u t  may rep-  
r e sen t  an important f u t u r e  t r e n d .  Another p o t e n t i a l l y  important  
su r f ace  process i s  photochemical fue l  product ion ,  the  tremendous 
p o s s i b i l i t i e s  of which a r e  s t i l l  dormant ( r e f s .  1 0 , l l ) .  

homogeneous c a t a l y s i s ,  where r e a c t a n t s  a n d  c a t a l y s t s  a r e  present  
in  the  same phase,  heterogeneous c a t a l y s i s ,  where the  c a t a l y s t  a n d  
r e a c t a n t s  a r e  present  in  d i f f e r e n t  phases a n d  enzyme c a t a l y s i s .  
Enzymes a re  c a t a l y s t s  which a re  produced in  l i v i n g  c e l l s  and evoke 
a n d  cont ro l  a l a rge  v a r i e t y  of biochemical r e a c t i o n s .  As enzymes 
r e t a i n  t h e i r  a c t i v i t y  independent ly  of l i v i n g  organisms they a l s o  
can be used as  c a t a l y s t s  in  man-made systems. I r r e s p e c t i v e  of t hese  
ca t egor i e s ,  the  major i ty  of c a t a l y t i c  r e a c t i o n s  can be a s soc ia t ed  
w i t h  two  types of r e a c t i o n s ,  one where the  c h a r a c t e r i s t i c  s t e p  i s  
the t r a n s f e r  of an e l e c t r o n  from r e a c t a n t  t o  c a t a l y s t  or v i c e  ver8a 

a n d  t he  o the r  where the  c h a r a c t e r i s t i c  s t e p  i s  t he  t r a n s f e r  of pro- 

9 

C a t a l y t i c  systems can be divided i n t o  t h r e e  d i s t i n c t  c a t e g o r i e s ,  
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t o n s  o r  t h e  f o r m a t i o n  o f  h e t e r o p o l a r  d o n o r - a c c e p t o r  p a i r s .  

2 .2  CATALYTIC SYSTEMS 

O f  t h e  t h r e e  k i n d s  o f  c a t a l y t i c  s y s t e m s  h e t e r o g e n e o u s  c a t a l y t i c  
r e a c t i o n s ,  on w h i c h  t h i s  b o o k  i s  f o c u s e d ,  a r e  b y  f a r  t h e  m o s t  i m -  
p o r t a n t  r e a c t i o n s  i n  man-made c h e m i c a l  c o n v e r s i o n s .  I n  o r d e r  t o  
u n d e r s t a n d  i n  more d e t a i l  t h e  a d v a n t a g e s  a n d  d f s a d v a n t a g e s  o f  h e -  

t e r o g e n e o u s  c a t a l y t i c  r e a c t i o n s  a s h o r t  s u r v e y  o f  t h e  d i f f e r e n t  
c a t a l y t i c  s y s t e m s  w i l l  b e  p r e s e n t e d  i n  t h i s  s e c t i o n .  T h e r e  a r e  
t h r e e  f e a t u r e s  w h i c h  d e t e r m i n e  p r e d o m i n a n t l y  t h e  s u i t a b i l i t y  o f  
c a t a l y s t s  i n  c h e m i c a l  r e a c t i o n s :  a c t i v i t y ,  s e l e c t i v i t y  and  s t a b i -  

l i t y .  The a c t i v i t y  i n d i c a t e s  t h e  r e a c t i v i t y  o f  c a t a l y t i c  s y s t e m s ,  
5 . 6 .  t h e  r a t e  a t  w h i c h  r e a c t a n t s  a r e  t r a n s f o r m e d  i n t o  p r o d u c t s ,  t h e  
s e l e c t i v i t y  i s  a measure o f  t h e  a b i l i t y  o f  a c a t a l y s t  t o  p r e f e r e n -  
t i a l l y  c a t a l y s e  one o f  a number o f  p o s s i b l e  r e a c t i o n s  and  t h e  s t a -  
b i l i t y  i n d i c a t e s  how l o n g  a c a t a l y s t  w i l l  b e  a b l e  t o  f u l f i l  i t s  
a c t i o n .  T h e r e  a r e  l a r g e  d i f f e r e n c e s  i n  t h e s e  c h a r a c t e r i s t i c  f e a -  
t u r e s  w i t h  t h e  d i f f e r e n t  c a t a l y t i c  sys tems .  

2.2.1 Enzyme c a t a l y s i s  

t a l y s t s ,  w h i c h  a r e  r e s p o n s i b l e  f o r  a l l  c h e m i c a l  r e a c t i o n s  i n  li- 
v i n g  s y s t e m s ,  i s  t h e i r  e x c e p t i o n a l  s e l e c t i v i t y  and  a c t i v i t y .  T h i s  
can  be u n d e r s t o o d  f r o m  p r o t e i n  s t r u c t u r e  ( r e f .  1 2 ) .  The p r i m a r y  
s t r u c t u r e  o f  a p r o t e i n  i s  s p e c i f i e d  b y  c o v a l e n t  p e p t i d e  bonds  
w h i c h  l i n k  t h e  s i n g l e  amino a c i d s  and  c o v a l e n t  d i s u l f i d e  b o n d s  
w h i c h  j o i n  d i f f e r e n t  p a r t s  o f  t h e  p r o t e i n  c h a i n .  B e s i d e s  t h e s e  
c o v a l e n t  bonds,  n o n c o v a l e n t  i n t e r a c t i o n s  l i k e  e l e c t r o s t a t i c  a n d  
van  d e r  Waals  a t t r a c t i o n s ,  n - e l e c t r o n  s t a c k i n g  and  h y d r o g e n  b o n -  
d i n g ,  i n  w h i c h  t h e  p e p t i d e  m a i n  c h a i n  a n d  t h e  a m i n o  a c i d  s i d e  
c h a i n s  a r e  i n v o l v e d ,  d e t e r m i n e  t h e  s p a t i a l  s t r u c t u r e  o f  a p r o t e i n .  
A l t h o u g h  s i n g l e  n o n c o v a l e n t  i n t e r a c t i o n s  i n  p r o t e i n s  a r e  weak t h e  
t o t a l  e n e r g y  i n v o l v e d  i s  v e r y  l a r g e  b e c a u s e  many s u c h  i n t e r a c t i o n s  
e x i s t .  The s i g n i f i c a n c e  o f  t h e s e  i n t e r a c t i o n s  l i e s  i n  t h e  f a c t  t h a t  
t h e y  a r e  r e l a t e d  t o  e a c h  o t h e r  b y  a phenomenon named " c o o p e r a t i v i t y "  

w h i c h  means t h a t  t h e  i n d i v i d u a l  n o n c o v a l e n t  i n t e r a c t i o n s  i n f l u e n c e  
each  o t h e r  i n  s u c h  a way t h a t  t h e  s e c o n d  i n t e r a c t i o n  o c c u r s  more  
r e a d i l y  t h a n  t h e  f i r s t  and  so  on.  T h r o u g h  t h i s  e f f e c t  a s t a b l e  
s t r u c t u r e  o f  t h e  enzyme i s  o b t a i n e d  w h i c h  c a n  a l s o  b e  m o d i f i e d  b y  

Enzymes a r e  p r o t e i n s .  The m o s t  s t r i k i n g  f e a t u r e  o f  t h e s e  b i o c a -  
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f u r t h e r  c o o p e r a t i v e  i n t e r a c t i o n s .  

t i c  g r o u p s  ( coenzymes)  w h i c h  a r e  g e n e r a l l y  m e t a l  i o n s  o r  c o m p l e x  

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

t h e  p r o t e i n  s t r u c t u r e .  The c a t a l y t i c a l l y  a c t i v e  s i t e s  i n  enzymes 

a r e  s p e c i f i c  b i n d i n g  s i t e s  w h i c h  have  g e o m e t r i c  shapes  - v e r y  o f t e n  

p o c k e t s  o r  g r o o v e s  - w h i c h  c o m p l e m e n t  t h e  shapes  o f  t h e  r e a c t a n t s  
( s u b s t r a t e s )  c o n v e r t e d  b y  t h i s  enzyme.  Thus,  b e s i d e s  t h e  p r i n c i p l e  

o f  c a t a l y s i s ,  m o l e c u l a r  shape a l s o  p l a y s  an i m p o r t a n t  p a r t  i n  b i o -  
c h e m i c a l  r e a c t i o n s ;  t h i s  i s  a l s o  r e s p o n s i b l e  f o r  t h e  h i g h  s e l e c t i -  

v i t y  o f  t h e s e  r e a c t i o n s .  The h i g h  r a t e  o f  e n z y m e - c a t a l y z e d  r e a c t i -  
ons i s  a c h i e v e d  b y  t h e  c o n f o r m a t i o n a l  a d a p t a b i l i t y  o f  t h e  enzyme 

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

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

w i t h  q u i t e  a s i m p l e  mechan ism 

The c a t a l y t i c  f u n c t i o n  o f  many enzymes is s u p p o r t e d  b y  p r o s t h e -  

K i n e t i c  m o d e l l i n g  o f  enzyme c a t a l y z e d  r e a c t i o n s  u s u a l l y  s t a r t s  

k l  k 2  E + S  E - S  e E + P  

k -  1 k - 2  

where  S = s u b s t r a t e ,  E = enzyme, E - S = e n z y m e - s u b s t r a t e - c o m p l e x  

and  P = p r o d u c t .  Assuming  s t e a d y - s t a t e  and  t h a t  t h e  s e c o n d  s t e p  i s  

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

where  
k - 1  + k 2  

k l  
K =  M 

A t  c o n s t a n t  enzyme c o n c e n t r a t i o n ,  w i t h  i n c r e a s i n g  s u b s t r a t e  c o n -  

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

ned,  w h i c h  can be u s e d  t o  e l i m i n a t e  t h e  enzyme c o n c e n t r a t i o n .  I n  
t h i s  c a s e  [ S l > > K M  and  eq .  2.6 r e d u c e s  t o  

C o m b i n i n g  eq .  2.6 and  2.7 we o b t a i n  

F o r  t h e  e v a l u a t i o n  o f  vmax and  KM f r o m  e x p e r i m e n t a l  d a t a  l i n e a r i z e d  

f o r m s  o f  eq.  2 .8 a r e  u s e d :  
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( 2 . 1 0 )  

Eq. 2 .9  i s  t h e  L i n e w e a v e r - B u r k  r e l a t i o n  and  eq. 2.10 t h e  E a d i e - H o f -  
s t e e  e q u a t i o n .  A l t h o u g h  t h e  model  d e s c r i b e d  so  f a r  can  be u s e d  f o r  

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

b i o l o g i c a l  s y s t e m s  t h e  u n d e r l y i n g  r e a c t i o n  n e t w o r k s  a r e  much more  

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

- f o r w a r d  c o n t r o l  o f  k e y  enzyme sys tems  w h i c h  o f t e n  g i v e  r i s e  t o  
b i s t a b i l i t y  o r  s u s t a i n e d  c o m p o s i t i o n  o s c i l l a t i o n s .  

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

m i c a l  n a t u r e  b u t  a c c o r d i n g  t o  t h e i r  c a t a l y t i c  a c t i o n .  I n  man-made 

s y s t e m s  enzyme c a t a l y s i s  i s  u s e d  i n  f e r m e n t a t i o n  p r o c e s s e s .  A f e r -  

m e n t a t i o n  can  be v i e w e d  as  an e n z y m e - c a t a l y z e d  c h e m i c a l  r e a c t i o n ,  

where t h e  c e l l u l a r  m a t e r i a l  i s  t h e  c a t a l y s t  s u p p o r t .  The m a i n  

a p p l i c a t i o n s  o f  t h e s e  r e a c t i o n  sys tems  a r e  i n  t h e  p r o d u c t i o n  o f  

a n t i b i o t i c s  l i k e  p e n i c i l l i n s ,  s t r e p t o m y c i n ,  c h l o r a m p h e n i c o l ,  

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

and  c y a n o c o b a l a m i n  and enzymes. F u r t h e r m o r e  a c o n t i n u o u s l y  g r o w i n g  

number o f  v e r y  s p e c i f i c  changes  i n  c o m p l i c a t e d  c h e m i c a l  m o l e c u l e s  
i s  p e r f o r m e d  b y  enzyme c a t a l y s t s .  O t h e r  i m p o r t a n t  f u t u r e  a r e a s  f o r  

t h e  u s e  o f  m i c r o o r g a n i s m s  i n  man-made s y s t e m s  a r e  t h e  p r o d u c t i o n  o f  

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

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

l y  s e l e c t i v e  enzymes w h i c h  have been i m m o b i l i z e d  i n  i n s o l u b l e  po -  
l y m e r s  or i n  membranes o r  g e l s ,  and  t h e  s t o r a g e  a n d  t r a n s f o r m a t i o n  

o f  e n e r g y .  

2.2.2 Homogeneous c a t a l y s i s  

enzyme c a t a l y t i c  r e a c t i o n s  a r e  a t  p r e s e n t  o f  l i t t l e  i m p o r t a n c e :  o f  
more i m p o r t a n c e  a r e  homogeneous c a t a l y t i c  r e a c t i o n s  w h i c h  a r e  u s e d  

nowadays i n  a b o u t  20 m a j o r  i n d u s t r i a l  p r o c e s s e s  (some t y p i c a l  

e x a m p l e s  b e i n g  g i v e n  i n  T a b l e  2 . 1 )  and  i n  numerous s m a l l - s c a l e  
r e a c t i o n s .  W i t h  homogeneous c a t a l y t i c  r e a c t i o n s  t h e  c a t a l y s t s  and  

r e a c t a n t s  a r e  p r e s e n t  i n  one phase  and, f r o m  an e n g i n e e r i n g  v i e w -  
p o i n t ,  a m a j o r  d i s a d v a n t a g e  o f  t h i s  a r i s e s  f r o m  t h e  d i f f i c u l t y  i n  

W i t h  r e s p e c t  t o  o v e r a l l  mass t r a n s f o r m a t i o n s  i n  man-made s y s t e m s  
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Tab le  2.1 

T y p i c a l  i n d u s t r i a l  homogeneous c a t a l y t i c  r e a c t i o n s .  

React  i on 
Reac tan ts  C a t a l y s t  P r o d u c t s  c o n d i  t i  - 

ons 

Z i e g l e r - N a t t a  
Drocess 
CH2=CH2 

CH3CH=CH2 

Wacker p rocess  
CH2=CH2+02 

0x0-process  
CH2=CH2tCOtH2 

CH3CH=CH2+ROOH 

CH30H+C0 

C6H12 t a i r  

A r C H 3  t a i r  

p -Xy lene t a i r  

TiC14/A1 R g  

T iC13/AI  R j  

PdCl */CuCl 2/HC1 aq 

Co ( OAc) 

C o ( 1 I )  s a l t  

p o l y e t h y l e n e  10-160 atm, 
1 30-270°C 

p o l y p r o p y l e n e  20-40 atm, 
. 50-85OC 

CH3CH0 4 atm, 
120-1 30OC 

CH3CH2CH0 100-200 atm, 
140-1 70% 

CH3CH-CH2 1 atm, 
\ / l l 0 O C  
0 

CH3COOH 30-40 atm, 
180OC 

10-15 atm, 
125-1 65OC 

2-3 atm, 
120-1 30OC 

C 0 ( 0 A c ) ~ / M n ( 0 A c ) ~ / N a B r  t e r e p h t h a l i c  15 atm, 
a c i d  225OC 

s e p a r a t i n g  t h e  p r o d u c t  f r o m  t h e  c a t a l y s t ;  t h i s  i s  a p a r t i c u l a r  
p rob lem i n  l a r g e - s c a l e  c o n v e r s i o n s  w i t h  open r e a c t i o n  systems. 

Homogeneous c a t a l y t i c  r e a c t i o n s  a r e  c l a s s i f i e d  a c c o r d i n g  t o  t h e  
t y p e  o f  c a t a l y t i c a l l y  a c t i v e  s p e c i e s  and an i d e a l i z e d  scheme wh ich  
a l s o  i n c l u d e s  enzymes, has been proposed by  Nakamura and T s u t s u i  

( r e f .  13) and i s  g i v e n  i n  Scheme 2.1. A l t h o u g h  t h e r e  a r e  some 
examples o f  homogeneous c a t a l y t i c  gaseous r e a c t i o n s ,  l i k e  S 0 2 - o x i -  
d a t i o n  i n  t h e  presence o f  NO2 o r  t h e  d e c o m p o s i t i o n  o f  a c e t a l d e h y d e  
i n  t h e  presence o f  i o d i n e ,  m o s t  r e a c t i o n s  a r e  in t h e  l i q u i d  phase 
and a g r e a t  dea l  o f  s c i e n t i f i c  r e s e a r c h  i s  conce rned  on t h e  i n v e s -  
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Scheme 2.1 

t i g a t i o n  of the  mechanisms of t r a n s i t i o n  metal complex ca ta lyzed  
reac t ions .  Usually these mechanisms a r e  wr i t t en  i n  a "clock"-nota-  
t i o n ,  which c l e a r l y  ind ica t e s  the c y c l i c  na ture  o f  the  c a t a l y t i c  
processes ,  where in closed sequences the a c t i v e  c e n t e r s  which e n t e r  
the  reac t ion  sequence a r e  reproduced again d u r f n g  t he  course of t he  
s e r i e s  of elementary s t eps  t h r o u g h  which r e a c t a n t s  a r e  transformed 
i n t o  products.  

One of the c h a r a c t e r i s t i c s  of homogeneously ca ta lyzed  r e a c t i o n s  
a r i s e s  from the  f a c t  t h a t  the  c a t a l y t i c a l l y  a c t i v e  spec ies  may 
f i r s t  be formed i n  the  r eac t ion  mixture through a number o f  preca-  
t a l y t i c  r eac t ions  a n d  of ten  a n  induct ion per iod wi l l  be required 
before conversion begins.  The bonding capac i ty  o f  t r a n s i t i o n  metal 
ions and the  s t a b i l i t y  of coordinat ion compounds can he pred ic ted  
by the  "18-e lec t ron- ru le"  which s t a t e s  t h a t  i f  t he  nine ou te r  or- 
b i t a l s  o f  a t r a n s i t i o n  metal accommodate 18 e l e c t r o n s  a s t a b l e  
complex wi l l  be obtained.  Donor l igands  such a s  methyl and hydrido 
a r e  considered t o  con t r ibu te  one, carbon monoxide and phosphines 
two,  n -a l ly l - l i gands  th ree  and n-arene s i x  e l e c t r o n s .  The r e a c t i -  
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v i t y  o f  t r a n s i t i o n  m e t a l  c o m p l e x e s  f o r  a l a r g e  number  o f  o l e f i n  

p o l y m e r i z a t i o n ,  a d d i t i o n  and  o x i d a t i o n  r e a c t i o n s  a n d  C O - i n s e r t i o n  

and  d e c a r b o n y l a t i o n  r e a c t i o n s  c a n  b e  u n d e r s t o o d  i n  t e r m s  o f  a 1 6 -  
and  1 8 - e l e c t r o n  r u l e  ( r e f s .  14,15) w h i c h  d e s c r i b e s  t h e  u n d e r l y i n g  
r e a c t i o n  mechanisms b y  a s e r i e s  o f  d i s s o c i a t i o n s  a n d  a s s o c i a t i o n s  

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

t h r o u g h  i n t e r m e d i a t e s  w i t h  16 a n d  1 8  e l e c t r o n s  i n  t h e  n i n e  o u t e r  

o r b i t a l s  o f  t h e  t r a n s i t i o n  m e t a l .  

R e c e n t l y  a t t e m p t s  h a v e  been  made t o  f i n d  a n a l o g i e s  b e t w e e n  t h e  
way t h e  r e a c t a n t  i s  h e l d  i n  t h e  l i g a n d  f i e l d  o f  a c o m p l e x  a n d  i t s  
a d s o r p t i o n  o n  a h e t e r o g e n e o u s  s u r f a c e  ( r e f s .  16 ,17 ) .  A l l o y s  p r o v i d e  
e s p e c i a l l y  g o o d  m o d e l s ,  s i n c e  a c t i v e  m e t a l  a toms  a r e  s u r r o u n d e d  b y  

i n a c t i v e  a l l o y i n g  a toms  and t h u s  a l i m i t e d  number o f  a c t i v e  m e t a l  
a toms a r e  a v a i l a b l e  f o r  s o r p t i o n .  V a r i o u s  c r y s t a l  s u r f a c e s  c a n  b e  

compared w i t h  c l u s t e r  c o m p l e x e s  c o n t a i n i n g  m o r e  t h a n  one m e t a l  a t o m  

( r e f .  1 7 ) .  F u r t h e r  e f f o r t s  a r e  i n  p r o g r e s s  t o  e l u c i d a t e  t h e  s i m i -  
l a r i t i e s  a n d  d i f f e r e n c e s  b e t w e e n  t h e s e  s y s t e m s .  

To d e s c r i b e  a n d  e x p l a i n  t h e  r e a c t i v i t y  - t h e  r a t e  a t  w h i c h  homo- 
g e n e o u s l y  c a t a l y z e d  r e a c t i o n s  p r o c e e d  - a d e t a i l e d  p i c t u r e  i s  
needed  w h i c h  t a k e s  i n t o  c o n s i d e r a t i o n  s t e r i c  and  e l e c t r o n i c  f a c t o r s  

l i k e  t h e  s t e r e o c h e m i s t r y  a r o u n d  a p a r t i c u l a r  a t o m  o r  i o n  and  t h e  
exchange  i n t e r a c t i o n s  b e t w e e n  m e t a l  a n d  l i g a n d  o r b i t a l s  as  w e l l  as  
g e n e r a l i z e d  d o n o r - a c c e p t o r  i n t e r a c t i o n s  d u r i n g  e l e c t r o n  t r a n s f e r  
f r o m  t h e  h i g h e s t  o c c u p i e d  m o l e c u l e  o r b i t a l  o f  t h e  d o n o r  t o  t h e  

l o w e s t  u n o c c u p i e d  m o l e c u l e  o r b i t a l  o f  t h e  a c c e p t o r .  A1 t h o u g h  v e r y  
s u i t a b l e  f o r  d i s c u s s i n g  i n  a q u a l i t a t i v e  way t h e  i n d i v i d u a l  r e a c -  

t i v i t i e s  o f  d i f f e r e n t  c a t a l y t i c  s y s t e m s ,  t h e s e  c o n c e p t s  up  t o  now 
have  n o t  been  u s e d  f o r  q u a n t i t a t i v e  m o d e l l i n g  o f  t h e  d y n a m i c  b e h a -  

v i o r  o f  homogeneous c a t a l y t i c  r e a c t i o n s .  F o r  t h i s  p u r p o s e ,  one c a n  
u s e  e i t h e r  t h e  c o n c e p t  o f  t h e  r a t e  o f  e l e m e n t a r y  s t e p s ,  w h i c h  
b u i l d s  up t h e  r a t e  o f  change  o f  c o n c e n t r a t i o n s  o f  s t a b l e  s p e c i e s  
measured  i n  t h e  l i q u i d  phase ,  o r  e l s e  a l e s s  s o p h i s t i c a t e d  c o n c e p t  
where  t h e  r a t e  o f  d i s a p p e a r a n c e  o f  r e a c t a n t  m o l e c u l e s  i s  e x p r e s s e d  
v i a  power  f u n c t i o n s  o f  c o n c e n t r a t i o n s  o f  s t a b l e  s p e c i e s  i n  t h e  
r e a c t i o n  m i x t u r e .  I n  c a s e s  where  t h e  c o n c e n t r a t i o n  o f  t h e  c a t a l y -  
t i c a l l y  a c t i v e  s p e c i e s  i s  k e p t  c o n s t a n t  and  t h e  r a t e  o f  a s i n g l e  

homogeneous c a t a l y z e d  r e a c t i o n  i s  m e a s u r e d  as  a f u n c t i o n  o f  r e a c -  
t a n t  c o n c e n t r a t i o n s ,  as  i n  enzyme c a t a l y s i s ,  a s a t u r a t i o n  phenome- 
non  w i l l  b e  o b s e r v e d  due t o  t h e  l i m i t e d  o v e r a l l  t u r n o v e r  numbers  o f  
a c t i v e  c e n t e r s .  
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A s p e c i a l  f e a t u r e  o f  homogeneous c a t a l y t i c  t r a n s i t i o n  m e t a l  

comp lex  r e a c t i o n s  i s  t h e  enhanced  s e l e c t i v i t y  compared  w i t h  h e t e r o -  
geneous c a t a l y t i c  r e a c t i o n s .  T h i s  i s  a t t r i b u t e d  t o  t h e  c h a r a c t e r i s -  
t i c  s u b s t r a t e  s e l e c t i v i t y  w h i c h  means c o m p l e x  f o r m a t i o n  w i t h  one 
compound i n  p r e f e r e n c e  o t h e r s ;  t h i s  i s  l e s s  p r o n o u n c e d  t h a n  w i t h  
enzymes b u t  more p r o n o u n c e d  t h a n  w i t h  h e t e r o g e n e o u s  c a t a l y s t s .  The 
d i f f e r e n t  i m p o r t a n t  e f f e c t s  a r e  d e s c r i b e d  i n  t e r m s  o f  r e g i o s e l e c -  
t i v i t y  w h i c h  a c c o u n t s  f o r  e f f e c t s  l i k e  t h e  f o r m a t i o n  o f  b r a n c h e d  
p r o d u c t  m o l e c u l e s  i n  f a v o r  o f  u n b r a n c h e d ,  o f  e n a n t i o s e l e c t i v i t y  
w h i c h  a c c o u n t s  f o r  t h e  a b i l i t y  o f  c h i r a l  c a t a l y s t s  ( w i t h  an asym- 
m e t r i c  c a r b o n )  t o  d i f f e r e n t i a t e  b e t w e e n  e n a n t i o f a c e s  a n d  of  d i a -  

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

s i t e s  o r  on d i a s t e r e o f a c e s .  

F u t u r e  d e v e l o p m e n t s  i n  homogeneous c a t a l y s i s  a r e ,  on  t h e  o n e  
hand, c o n c e r n e d  w i t h  t h e  demands o f  t h e  c h e m i c a l  a n d  e n e r g y  t r a n s -  
f o r m a t i o n  i n d u s t r i e s  and  on  t h e  o t h e r  w i t h  t h e  c o n t i n u o u s  s e a r c h  
f o r  more a c t i v e  a n d  more s e l e c t i v e  c a t a l y s t s  and  t h e  c o m b i n a t i o n  o f  
a d v a n t a g e s  o f  t h e  d i f f e r e n t  c a t a l y t i c  s y s t e m s .  Thus  t h e  f e e d s t o c k  

b a s i s  f o r  t h e  a p p l i c a t i o n  o f  homogeneous c a t a l y t i c  c o n v e r s i o n s  
changed  i n  t h e  p a s t  f r o m  a c e t y l e n e  t o  o l e f i n s  and  s y n t h e s i s  g a s  and  

w i l l  a l s o  i n c o r p o r a t e  i n  t h e  f u t u r e  t h e  c o n v e r s t o n  o f  b i o m a s s  ( r e f .  
1 5 ) .  To comb ine  t h e  a d v a n t a g e s  o f  homogeneous and  h e t e r o g e n e o u s  
c a t a l y t i c  r e a c t i o n  sys tems ,  ( h i g h  s e l e c t i v i t y  and  e a s e  o f  p r e s e r -  
v i n g  and  r e a c t i v a t i n g  t h e  c a t a l y s t s ) ,  homogeneous c a t a l y s t s  a n d  
h e t e r o g e n i z e d  b y  a n c h o r i n g  t h e  homogeneous c a t a l y s t s  t h r o u g h  c o o r -  
d i n a t i n g  g r o u p s  l i k e  p h o s p h i n s  t o  p o l y m e r s  l i k e  c r o s s - l i n k e d  p o l y -  
s t y r e n e  o r  even  t o  t r a d i t i o n a l  o x i d i c  s u p p o r t s  ( s e e ,  e.g. r e f s .  
17 ,18 ) .  

2.2.3 H e t e r o g e n e o u s  c a t a l y s i s  

H e t e r o g e n e o u s  c a t a l y t i c  r e a c t i o n  s y s t e m s ,  +n w h i c h  f l u i d  r e a c -  
t a n t s  a r e  p a s s e d  o v e r  s o l i d  c a t a l y s t s ,  a r e  a t  p r e s e n t  t h e  m o s t  
w i d e l y  u s e d  c a t a l y t i c  p r o c e s s e s  i n  t h e  man-made t r a n s f o r m a t i o n  o f  
m a t t e r .  A number o f  t h e s e  p r o c e s s e s  a r e  l i s t e d  i n  T a b l e  2.2. A com- 
p a r i s o n  w i t h  t h e  r e s u l t s  o f  T a b l e  2.1 i n d i c a t e s  t h a t  much h i g h e r  
t e m p e r a t u r e s  a r e  u s e d  i n  h e t e r o g e n e o u s  c a t a l y t i c  r e a c t i o n s  t h a n  i n  
homogeneous c a t a l y t i c  ones.  Enzyme c a t a l y z e d  r e a c t i o n s ,  o n  t h e  
o t h e r  hand,  a r e  u s u a l l y  p e r f o r m e d  a t  o r  j u s t  above  room t e m p e r a t u r e  
The o p t i m a l  t e m p e r a t u r e  f o r  p e n i c i l l i n  p r o d u c t i o n ,  f o r  e x a m p l e ,  is 
2 5 O C  and  above  2 6 O C  a d e a c t i v a t i o n  o f  t h e  enzyme s y s t e m  P e n i c i l l i u m  
ch rysogenum i s  o b s e r v e d  ( r e f .  2 0 ) .  

S o l i d  c a t a l y s t s  a r e  c l a s s i f i e d  a c c o r d i n g  t o  t h e i r  c h e m i c a l  
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Table 2 . 2  

I n d u s t r i a l  heterogeneous c a t a l y t i c  p r o c e s s e s  

P rocesses /  C a t a l y s t  P roduc t s  React i on 
React a n t s  c o n d i t i o n s  

Petroleum 
r e f  i n i  ng 
p r o c e s s e s  
C a t a l y t i c  re- Pt/Al2O3-C1 o r  naphtha w i t h  15-30 b a r ,  
forminglnaphtha Pt/ReIAl2O3-C1 ~ ~ ~ ~ e ~ ~ $ e ~ c -  47O-51O0C 

Hydrodesul f u r i  - s u l  f i d e d  sul f u r - f r e e  30-200 b a r ,  
z a t i o n l p e t r o l e -  Co-MoIAl203 Or f r a c t i o n s  petroleum 300-430°C 
um f r a c t i o n s  su 1 f i ded 

Ni-W/AlEO3 

C a t a l y t i c  Z e o l i t e / s i l i c a -  
c r ack ing  -alumina 
l a r g e  petroleum 
molecules  

s m a l l e r  p e t r o -  3-5 b-ar,  
leum molecules  500-550°C 

Petrochemical  
p r o c e s s e s  
e t h y l e n e ,  O 2  supported Ag e t h y l e n e  oxide 10-20 b a r ,  

H2C=CH2,HCl ,02  suppor t ed  CuCl C1CH2-CH2Cl 2-4 b a r ,  

benzene, O 2  V205-Mo03-H3P04 m a l e i c  anhyd- 2-5 b a r ,  

250-300°C 

220-240°C 

r i d e  350-45OoC 

Inorgan ic  che- 
mical pro- 
c e s s e s  
N2, H2 FelA12031K20/Ca0 N H 3  200 b a r ,  

s o p  02 '2'5 so3 500°C, 1 bar  
NH3, 02 P t I R h  NO 1-10 bay;, 

C O P  H Z  ZnO-Cr203 CH30H 100-350 b a r ,  

380-550°C 

850-900 C 

240-38OoC 
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nature  i n t o  meta ls ,  semiconductors,  i n s u l a t o r s  and s o l i d  a c i d s  
( r e f .  2 ) ,  Table 2 . 3 .  

Table 2 .3  

C l a s s i f i c a t i o n  o f  heterogeneous c a t a l y s t s  ( r e f .  2 ) .  

Class C a t  a 1 yzed r e a c t  i ons Examples 

Metals 

Semi conductors 

hydrogenation P t ,  Pd ,  Fe, N i  
dehydrogenation 
hydrogenolysis 
i somerizat i  on 
cyc 1 i za t i on 

oxida t ion  NPO, Z n O ,  Mn02, 
dehydrogenation Cr2O3, Bt203-Mo03, 

deni t rogenat ion  
desu l fu r i za t ion  WS2, N i S ,  COS, MoS2 

Insu la to r s  

Sol id  ac ids  

dehydration A1203. S i 0 2 ,  MgO 

polymerizat i  on  zeol i t e s  
cracking amorphous Si02-A1203 
i someri z a t i  on 
a 1 ky 1 a t  i on 

Heterogeneous c a t a l y t i c  reac t ion  systems a re  p re fe r r ed  for 
l a rge - sca l e  i n d u s t r i a l  conversions which a r e  usua l ly  operated as  
open reac t ion  systems, i.e. as  r eac t ion  systems wi th  continuous 
exchange of mat ter  and energy with the  environment. The fou r  has i c  
r eac to r  types f o r  performing heterogeneous c a t a l y t i c  r e a c t i o n s ,  t he  
f ixed  bed r e a c t o r ,  t h e  f l u i d i z e d  bed r e a c t o r ,  t he  t r i c k l e  h e d -  
- r eac to r  and the  s l u r r y  r e a c t o r ,  a r e  depicted in  F i g .  2 . 2 .  In  such 
systems mass and energy f luxes  a r e  coupled w i t h  chemical r e a c t i o n s  
which occur on the  a c t i v e  cen te r s  of t he  c a t a l y s t  su r f ace .  Hence, 
a k i n e t i c  ana lys i s  of these  systems must fnclude the  concurrence 
o f  r a t e s  o f  su r face  r eac t ions ,  t he  adsorpt ion and desorp t ion  r a t e s  
of r eac t an t  molecules on a c t i v e  s i t e s  a t  the  su r face  and the  r a t e s  
of physical  mass a n d  energy t r anspor t  processes .  Usually w i t h  
isothermal reac t ion  systems the  fol lowing s t e p s  a r e  constdered:  

1 .  Diffusion of r eac t an t s  from the  bulk f l u i d  t o  the  ex te rna l  
sur face  of the  c a t a l y s t  p a r t i c l e .  
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fA 
Fixed bad reactor 

&ad 
Fluidized bed reactor 

liquid food 

catalyst 
p0rtiCl.r 

liquid product 00- 

Trickle- bed =tor Slurry noclof 

FIg .  2.2.  I n d u s t r i a l  r e a c t o r s  f o r  p e r f o r m i n g  he terogeneous c a t a l y -  
t i c  r e a c t i o n s  

2 .  

3 .  
4 .  
5. 
6 .  
7 .  

D i f f u s i o n  o f  r e a c t a n t s  i n t o  p o r e s .  
A d s o r p t i o n  o f  r e a c t a n t s  on  t h e  s u r f a c e  o f  t h e  s o l i d  c a t a l y s t .  
S u r f a c e  r e a c t i o n .  
D e s o r p t i o n  o f  p r o d u c t s .  
D i f f u s i o n  o f  p r o d u c t s  o u t  of  t h e  po res .  
D i f f u s i o n  o f  p r o d u c t s  f r o m  t h e  e x t e r n a l  s u r f a c e  o f  t h e  c a t a -  
l y s t  p a r t i c l e  t o  t h e  b u l k  f l u i d .  

I n  what f o l l o w s ,  some b a s i c  approaches t o  t h e  a n a l y s i s  o f  t h e  d i f -  
f e r e n t  s t e p s  a r e  d i s c u s s e d .  The f i r s t  two s t e p s  can be u n d e r s t o o d  
i n  te rms  o f  t h e  c h a o t i c  k i n e t i c  m o t i o n  o f  m o l e c u l e s  t n  systems wi'th 
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a n d  without wa l l s .  On a molecular l eve l  the  su r faces  of t he  ca t a -  
l y s t  p a r t i c l e s  a r e  r o u g h .  During the  f l u x  of molecules,  caused by 
pressure  g rad ien t s ,  along these  rough su r faces  molecules preferen-  
t i a l l y  c o l l i d e  with sur face  faces  oppos i te  t o  the  d i r e c t i o n  of 
f l u x .  Assuming e l a s t i c  c o l l i s i o n s ,  where the  angle  of inc idence  i s  
equal t o  the  angle  of r e f l e c t i o n ,  a f t e r  such c o l l i s i o n s  a f r a c t i o n  
of t he  molecules near  t he  wal l s  has momentum oppos i te  t o  the  momen- 
t u m  along the d i r e c t i o n  of flow and thus ,  by f u r t h e r  c o l l i s i o n s ,  

the  average ve loc i ty  of the  molecules near  t he  c a t a l y s t  p a r t i c l e  
decreases  a n d  a boundary l aye r  1s formed around i t *  

In r e a c t i v e  systems concent ra t ion  g rad ien t s  of  r e a c t a n t  and product  
molecules t h r o u g h  t h i s  boundary l a y e r  occur g t v t n g  r tse t o  a dl ' ffu- 
s ive  f lux  the  r a t e  of which can be descr ibed  by p ick ' s  law 

dc 
J 1  = - D 1 2  -xi (2.11) 

2 where J 

d i f f u s i v i t y  of spec ie s  I in  2 [ L  / t l .  
I n  c a t a l y t i c  r eac t ion  systems the maximum ove ra l l  r a t e  of mass 

conversion i s  l imi t ed  by the  t o t a l  amount of r e a c t a n t  molecule 
t ransformations r ea l i zed  by the  sum of the  s i n g l e  a c t i v e  cen te r s .  
I n  o rde r  t o  ob ta in  l a rge  space-time y i e l d s  with open reactl 'on SYS- 

tems i t  i s  d e s i r a b l e  t o  use s o l i d  c a t a l y s t s  w i t h  a l a r g e  numher O f  
a c t i v e  cen te r s  per u n i t  volume. r n  many cases  t h i s  t s  r e a l i z e d  hy 
using highly porous s o l i d  ma te r i a l s  which a r e  o f t en  prepared hy 
pressing small c r y s t a l l i t e s  i n t o  l a r g e r  c a t a l y s t  p e l l e t s  t h u s  g i -  
ving r i s e  t o  a b id i spe r se  pore d i s t r i b u t i o n ,  wi th  small prtmary 
pores ( r a d i i  u p  t o  100 o r  200 8 )  in t he  o r i g i n a l  c r y s t a l l i t e s  and 
l a r g e r  secondary pores.  Some of the  porous ma te r i a l s  have su r face  
a reas  u p  t o  500 m / g .  F o r  r e a c t a n t  and product molecules,  such ca- 
t a l y s t  p e l l e t s  a r e  l i k e  a sponge with a complicated in te rconnec ted  
pore system. Unlike the  f i r s t  s t e p  t o  be considered,  the  d i f f u s i o n  
through the boundary l aye r  around the  c a t a l y s t  p e l l e t ,  t he  second 
s t e p ,  d i f fus ion  i n t o  the  pore system, i s  a p a r a l l e l  p rocess ,  
because the  ind iv idua l  molecules can always e i t h e r  d i f f u s e  i n t o  the  
pore system or adsorb on t he  su r face .  Due t o  the  presence of w a l l s ,  
i n  add i t ion  t o  t he  molecular d i f fus ion  t r a n s p o r t  process  which 
occurs through molecule-molecule c o l l i s i o n s ,  o t h e r  t r a n s p o r t  mecha- 
nisms wi l l  occur .  I n  pores where the  pore diameter  i s  small compa- 
red w i t h  the mean f r e e  p a t h  between molecule-molecule c o l l i s i o n s ,  
mass t r anspor t  t h r o u g h  molecule-wall c o l l i s i o n s  p r e v a i l s  and i s  

i s  t he  d i f f u s i v e  f l u x  [mole/L t l  a n d  D,2 t he  molecular 
2 1 

2 
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c a l l e d  Knudsen- t ranspor t .  M o l e c u l e s  w h i c h  adsorb  a t  t h e  w a l l s  and 

d i f f u s e  a l o n g  t h e  s u r f a c e s  a r e  t r a n s p o r t e d  v. ia a s u r f a c e  d i f f u s i o n  
process .  I n  two- o r  mu l t i - componen t  systems w i t h  c o n c e n t r a t i o n  g r a -  

d i e n t s ,  where t h e  i n d i v i d u a l  s p e c i e s  have d i f f e r e n t  d i f f u s i v i t i e s ,  
a p r e s s u r e  g r a d i e n t  a lways  deve lops  w h i c h  i s  o p p o s i t e  t o  t h e  con- 

c e n t r a t i o n  g r a d i e n t  o f  t h e  f a s t e r  d i f f u s i n g  s p e c i e s  and wh ich  i s  
ba lanced  b y  c o n v e c t i v e  f l o w .  I n  po rous  systems t h i s  i s  c a l l e d  
D '  A r c y - f l o w .  Thus i n  po rous  systems f o u r  d i f f e r e n t  t r a n s p o r t  mecha- 
nisms can be i d e n t i f i e d .  

To use F i c k ' s  l a w  t o  d e s c r i b e  t h e  m o l e c u l a r  d i f f u s i o n  f l u x  i n  
po rous  systems, t h e  m o l e c u l a r  d i f f u s i o n  c o e f f i c i e n t ,  D12, i s  m u l t i -  
p l i e d  b y  t h e  p o r o s i t y ,  E ,  o f  t h e  c a t a l y s t  p e l l e t  and d i v i d e d  
t h r o u g h  a t o r t u o s i t y  f a c t o r ,  T, 

(2 .12 )  

t o  accoun t  f o r  t h e  s m a l l e r  f r e e  volume i n  t h e  po rous  medium and t h e  
l o n g e r  d i f f u s i o n  d i s t a n c e s  due t o  t h e  p o r e  n e t w o r k  by  w h i c h  an 
e f f e c t i v e  m o l e c u l a r  d i f f u s i v i t y  i s  o b t a i n e d .  I n  a s i m i l a r  way an 
e f f e c t i v e  Knudsen d i f f u s i v i t y ,  DK e f f a  can be d e f i n e d .  

An a n a l y s i s  o f  t h e  s u p e r p o s i t i o n  o f  d i f f u s i v e  f l u x  and s u r f a c e  
r e a c t i o n s  i n  porous  c a t a l y s t s  u s u a l l y  does n o t  c o n s i d e r  t h e  d i f f e -  
r e n t  f l u x  mechanisms and s t r u c t u r e  o f  t h e  p o r e  n e t w o r k  b u t  i s  based 
on an e f f e c t i v e  d i f f u s i v i t y ,  D e f f ,  w h i c h  i s  d e f i n e d  as t h e  r a t i o  o f  
f l u x  t h r o u g h  t h e  t o t a l  c r o s s  s e c t i o n  (normal  t o  t h e  d i f f u s i o n  
d i r e c t i o n )  t o  t h e  c o n c e n t r a t i o n  g r a d i e n t .  Assuming t h a t  m o l e c u l a r  
d i f f u s i o n  and Knudsen d i f f u s i o n  a r e  t h e  o n l y  mass f l u x e s  i n  t h e  
porous  c a t a l y s t  and t h a t  b o t h  p rocesses  a r e  f n  s e r i e s ,  t h e  e f f e c t i v e  
d i f f u s i v i t y ,  D e f f ,  can be r e l a t e d  t o  t h e  e f f e c t i v e  m o l e c u l a r  and 
t h e  e f f e c t i v e  Knudsen d i f f u s i v i t y  b y  t h e  Bosanquet e q u a t i o n :  

(2.13) 1 1 

The i n i t i a l  s t e p  i n  t h e  a d s o r p t i o n  p r o c e s s  i n v o l v e s  t h e  c o l l i s i o n  
o f  a gaseous m o l e c u l e  w i t h  t h e  s u r f a c e .  The Her tz -Knudsen e q u a t i o n  

(2 .14)  Z = P/(2nmkT) 1 / 2  

r e l a t e s  t h e  i m p a c t  r a t e ,  Z,  u s u a l l y  exp ressed  as m o l e c u l e s  s - 1  cm -2  , 
t o  t h e  gas p r e s s u r e ,  P, w i t h  k t h e  Bo l tzmann c o n s t a n t ,  T, t h e  gas 

tempera tu re  and, m, t h e  mass of  t h e  gaseous m o l e c u l e .  I n  g e n e r a l ,  
t h e r e  a r e  abou t  atoms p e r  cm2 o f  s u r f a c e .  Assuming t h a t  t h e  
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s t i c k i n g  p robab i l i t y  i s  un i ty  with n i t rogen  a t  300 K and a pressu-  
re  of  1 P a ,  each sur face  s i t e  wi l l  be impinged 3.10 t imes per 
second. The s t i c k i n g  p r o b a b i l i t y ,  which i s  def ined a s  the  r a t i o  of 
the r a t e  of  molecule capture  i n  t he  adsorbed s t a t e  t o  the  impact 
r a t e  on  the  su r face ,  i s  f o r  many su r faces  cons iderably  l e s s  than 
uni ty  and .decreases f u r t h e r  w i t h  increas ing  su r face  coverage. The 
amount adsorbed per u n i t  a r ea  of t he  c a t a l y s t  su r f ace  i s  uniquely 
determined by the  temperature and equi l ibr ium pressure  of the gase- 
ous molecules. Under isothermal condi t ions  the amount adsorbed can 
be d i r e c t l y  r e l a t e d  t o  the  pressure  o f  the  gaseous phase. 

Adsorption and su r face  r eac t ion  a r e  processes  occurr ing  i n  
s e r i e s .  Thus, i n  cases  where sur face  r eac t ions  a r e  r a t e  determi-  
ning,  a t  s t eady- s t a t e  condi t ions  the  adsorp t ion  s t e p  i s  p r a c t i c a l l y  
a t  equi l ibr ium a n d  t o  model t he  ove ra l l  r a t e  we need t o  k n o w  the  
equi l ibr ium r e l a t i o n s h i p  between the  concent ra t ion  of gaseous mo- 
l e c u l e s  and amount adsorbed. The L a n g m u i r  model i s  t he  s imples t  
f o r  der iv ing  a t h e o r e t i c a l  isotherm. Assuming t h a t  ( i )  the  c a t a l y s t  
sur face  i s  e n e r g e t i c a l l y  uniform, ( i i )  adsorpt ion i s  r e s t r i c t e d  t o  
a monolayer, ( i i i )  t h e r e  i s  no i n t e r a c t i o n  between adsorbed mole- 
cu les  and ( i v )  t he  t o t a l  number of adsorpt ion s i t e s  i s  cons tan t  
under a l l  experimental  cond i t ions ,  the  adsorpt ion r a t e  can be ex- 
pressed as 

3 

a n d  t he  desorpt ion r a t e  as  

'des kdes ' " 

A t  equi l ib r ium both r a t e s  a r e  equal a n d  t he  Langmuir isotherm i s  
obtained 

(2.15) 

where 8 i s  the f r a c t i o n  covered by adsorbed molecules and 

i s  t he  adsorpt ion equi l ibr ium cons tan t .  I f  equi l ibr ium adsorp t ion  
i s  followed by a sur face  reac t ion  the  ove ra l l  r a t e  i s  given by 

(2.16)  
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where k s  i s  t h e  r a t e  c o n s t a n t  o f  t h e  s u r f a c e  r e a c t i o n .  Eq. (2 .16 )  

co r responds  t o  eq. (2 .6 ) .  d e r i v e d  f o r  t h e  k i n e t i c s  o f  s i n g l e  enzy -  
me r e a c t i o n s ,  because b o t h  e q u a t i o n s  f o l l o w  f r o m  e q u i v a l e n t  under -  
l y i n g  r e a c t i o n  mechanisms, assuming t h a t  s t e a d y - s t a t e  has been 
a c h i e v e d  and t h a t  t h e  second s t e p  i s  r a t e  d e t e r m i n i n g .  W i t h  an ad- 
s o r p t i o n - s u r f a c e  r e a c t i o n  t h e  r e a c t i o n  mechanism i s  

A t 1 = = A l = B l = B  t 1 

where 1 r e p r e s e n t s  a f r e e  a c t i v e  c e n t e r  on t h e  s u r f a c e  and A1 and 
B1 a r e  s u r f a c e  complexes. W i t h  t h e  t h i r d  s tep ,  t h e  d e s o r p t i o n  o f  6, 

t h e  a c t i v e  c e n t e r ,  1, i s  r e g e n e r a t e d .  
R e p l a c i n g  t h e  assumpt ion  o f  t h e  Langmui r  model, t h a t  t h e  s u r f a c e  

i s  e n e r g e t i c a l l y  u n i f o r m ,  by  t h e  assumpt ion  t h a t  t h e  a d s o r p t i o n  
h e a t  decreases  l i n e a r l y  w i t h  i n c r e a s e d  coverage t h e  Temkin i s o t h e r m  
i s  o b t a i n e d  

e = k, . l n ( p  . k 2 )  (2 .17 )  

where k,  and k 2  a r e  c o n s t a n t s  a t  a g i v e n  t e m p e r a t u r e .  A f u r t h e r  

f r e q u e n t l y  used a d s o r p t i o n  h e a t  decreases  l o g a r i t h m i c a l l y  w i t h  
i n c r e a s e d  coverage.  

e = k . p  I / n *  ( 2 . 1 8 )  

The s i n g l e  s t e p s  i n  he te rogeneous  c a t a l y t i c  r e a c t i o n s  d i s c u s s e d  s o  

f a r  may d i s g u i s e  t h e  a c t u a l  s u r f a c e  r e a c t i o n  mechanism. The mos t  
i m p o r t a n t  s t e p  i n  t h e  sequence, however,  i s  t h e  chemica l  t r a n s f o r m -  
a t i o n  s t e p  o f  r e a c t a n t s  on t h e  s u r f a c e .  The concep t  o f  a d s o r p t i o n - ,  
d e s o r p t i o n -  o r  d i f f u s i o n - d i s g u i s e d  s u r f a c e  r e a c t i o n s  stems f r o m  t h e  
f a c t ,  t h a t  v e r y  o f t e n  o n l y  t h e  r a t e  o f  change o f  s p e c i e s  c o n c e n t -  
r a t i o n  i n  t h e  f l u i d  phase i s  a c c e s s i b l e  t o  measurement and no  i n -  

f o r m a t i o n  can be o b t a i n e d  r e g a r d i n g  t h e  c o n c e n t r a t i o n s  o f  t h e  ac-  
t u a l  s u r f a c e  complexes. I n  i n v e s t i g a t i n g  mechanisms o f  s u r f a c e  r e a c -  
t i o n s  due t o  t h i s  " d i s g u i s e " ,  r e a c t i o n  s t e p ( s )  may appear  i n  t h e  
f l u i d  phase wh ich  do n o t  a c t u a l l y  o c c u r  on t h e  s u r f a c e .  A s t r i k i n g  
example of t h i s  a d s o r p t i o n / d e s o r p t i o n  " d i s g u i s e "  was d e s c r i b e d  by 

Weisz ( r e f .  21) who c o n s i d e r e d  t h e  f o l l o w i n g  r e a c t i o n  scheme 

A t 1  B t 1  C t 1  

11 11 I I  

where A l ,  ~ 1 ,  c1 a r e  s u r f a c e  complexes. I n  cases where t h e  r a t e s  o f  
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the  su r face  r eac t ions  a re  smal l ,  compared w i t h  t he  r a t e s  of ad- 
sorp t ion  a n d  desorpt ion in  t h e  gaseous phase, a r eac t ion  in  s e r i e s  
i s  observed s i m i l a r  t o  t h a t  taking p lace  on the  c a t a l y s t  su r f ace .  
I f  the  su r face  r eac t ion  r a t e s  a re  f a s t ,  compared w i t h  t he  r a t e s  of 
adsorpt ion a n d  desorpt ion in  the  gaseous phase,  a p a r a l l e l  r eac t ion  
i s  observed 

because in t h i s  case equi l ibr ium between the  su r face  complexes i s  
e s t a b l i s h e d .  

a b o u t  the a c t i v e  cen te r s  on the  s o l i d  c a t a l y s t  and the  s t r u c t u r e  
of t he  sur face  complexes formed during conversion of r e a c t a n t  mo- 
l ecu le s  t o  product molecules. Even i d e n t i f y i n g  the a c t i v e  c e n t e r s  
i s  a d i f f i c u l t  t a s k  because t h e i r  concent ra t ion  i s  u sua l ly  l o m 3  o r  
l e s s  o f  the  t o t a l  sur face  atoms. For example an impuri ty  i n  t h e  
bulk of s o l i d  mater ia l  a t  a concent ra t ion  of 1 ppm wi l l  give r i s e  
t o  a b o u t  20 monolayers when d i s t r i b u t e d  on t he  su r face  of a s o l i d  
of volume 1 cm . Much progress  in  both i d e n t i f y i n g  a c t i v e  c e n t e r s  
a n d  determining the  s t r u c t u r e  of ac tua l  su r f ace  complexes has been 
made with the development of improved UHV-techniques and techniques 
f o r  preparing c lean  su r faces  and a l s o  by applying a l a rge  number of 
d i f f e r e n t  spec t roscopic  methods t o  t he  i n v e s t i g a t i o n  of s o l i d  sur- 
faces  a n d  the  s t r u c t u r e  of su r face  complexes. 

The sys temat ic  s t u d i e s  of Somorjai and his group have t o  be men- 
t ioned here;  they combined the  c a t a l y t i c  chemis t ' s  views with seve- 
r a l  high vacuum methods of t he  sur face  s c i e n t i s t  i n  o rder  t o  ob ta in  
new information from b o t h  s i d e s  of t he  problem ( s e e ,  e.g. ,  r e f s .  
2 2 - 2 4 ) .  They developed a combined system t o  s tudy c a t a l y t i c  reac-  
t i ons  in a sea led  chamber a t  p ressures  of b e t ~ e e n ' l O - ~  and 10 
Torr i.e. over almost ten orders  of magnitude ( r e f .  2 2 ) .  Mostly 
s i n g l e  c r y s t a l s  were s tud ied  t h i s  way. Before and a f t e r  r e a c t i o n ,  
the reac t ion  chamber was removed, t he  space evacuated,  and t h e  
sample subjected t o  common u l t r ah igh  vacuum measurements, inc luding  
LEED and Auger-electron spectroscopy.  In t h i s  way r eac t ion  r a t e s ,  
s e l e c t i v i t i e s ,  e.g .  t ransformat ions  of  cyclohexane o r  n-hexane over 
P t  s i n g l e  c r y s t a l  faces  ( r e f .  2 4 ) .  as well  a s  concomitant changes 
in su r face  s t r u c t u r e  and composition could be followed without  
removing the  sample from the closed apparatus .  Although d e t a i l e d  

A de t a i l ed  understanding of su r face  r eac t ions  needs information 

3 

2 
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d i s c u s s i o n  of  such works i s  beyond t h e  scope o f  t h e  book, some 
r e c e n t  i m p o r t a n t  ach ievements  w i l l  be q u o t e d  when a p p r o p r i a t e .  

The s e l e c t i v i t y  o f  s o l i d  c a t a l y s t s  i s  u s u a l l y  a n a l y z e d  i n  te rms  
o f  e l e c t r o n i c  and g e o m e t r i c  f a c t o r s .  I n  c o n s i d e r i n g  r e a c t a n t  mo le -  
c u l e - c a t a l y s t  s u r f a c e  i n t e r a c t i o n s ,  S a c h t l e r  ( r e f .  .7 )  c l a s s i f i e d  
i n t o  f o u r  ma in  c a t e g o r i e s  t h e  r e q u i r e m e n t s  a c a t a l y s t  must  f u l f i l  

i n  o r d e r  t o  c a t a l y z e  one r e a c t i o n  p a t h  among a number o f  thermo-  
d y n a m i c a l l y  f e a s i b l e  r e a c t i o n s :  bond s t r e n g t h ,  c o o r d i n a t i o n ,  en -  
semble and t e m p l a t e  r e q u i r e m e n t .  The b e n e f i t  o f  such a c l a s s i f i c a -  
t i o n  l i e s  i n  t h e  s e p a r a t i o n  o f  t h e  d i f f e r e n t  e f f e c t s  a l t h o u g h ,  i n  
r e a l i t y ,  t h e  r e a c t i o n  p a t h  i s  d e t e r m i n e d  b y  t h e  combined a c t i o n  o f  

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

The bond s t r e n g t h  r e q u i r e m e n t  c o n s i d e r s  t h e  s t r e n g t h  o f  t h e  

c h e m i s o r p t i v e  bond wh ich  i s  d e t e r m i n e d  b y  t h e  e l e c t r o n i c  c h a r a c t e -  
r i s t i c s  o f  t h e  atoms and m o l e c u l e s  i n v o l v e d  i n  f o r m i n g  t h e  s u r f a c e  
complex and t h u s  combines t h e  o l d e r  e l e c t r o n i c  f a c t o r  c o n c e p t  w i t h  
t h e  e n e r g e t i c  aspec ts  o f  t h e  m u l t i p l e t  model ( r e f .  2 5 ) .  The o t h e r  
t h r e e  r e q u i r e m e n t s  accoun t  f o r  g e o m e t r i c  demands. The c o o r d i n a t i o n  
r e q u i r e m e n t  c o n s i d e r s  t h e  c o o r d i n a t i o n  s i t e s  p e r  s u r f a c e  atom wh ich  
may be c l a s s i f i e d  b y  M, 2M, 3M, where t h e  s u p e r s c i p t  i n d i c a t e s  t h e  
degree o f  c o o r d i n a t i v e  u n s a t u r a t i o n .  The ensemble r e q u i r e m e n t  con- 
s i d e r s  whether  a s i n g l e  s u r f a c e  atom o r  ensemble o f  s e v e r a l  a d j a -  

c e n t  atoms i s  i n v o l v e d  i n  t h e  s u r f a c e  r e a c t i o n  and t h e  t e m p l a t e  
r e q u i r e m e n t  accoun ts  f o r  t h e  s t e r e o c h e m i c a l  p r o p e r t i e s  o f  an a c t i v e  
c e n t e r  wh ich  must be  s a t i s f i e d  i n  o r d e r  t o  p roduce s t e r e o - s p e c i f i c  
p r o d u c t s  ( see  a l s o  S e c t i o n  3.1.3). 

S o l i d  c a t a l y s t s ,  when used i n  chemica l  r e a c t i o n s ,  must  u s u a l l y  

be a c t i v a t e d  t o  d i s p l a y  t h e  d e s i r e d  a c t i v i t y  and s e l e c t i v i t y ;  t h e  
a c t u a l  a c t i v i t y  and s e l e c t i v i t y  under  o p e r a t i o n a l  c o n d i t i o n s  
depends n o t  o n l y  on t h i s  a c t i v a t i o n  p r o c e d u r e  b u t  a l s o  on  t h e  t o t a l  

h i s t o r y  o f  t h e  c a t a l y s t  i n c l u d i n g  a l l  p r e p a r a t i o n  p r o c e d u r e s .  Thus 
w i t h  man-made s o l i d  c a t a l y s t s  i t  i s  r a t h e r  d i f f i c u l t  t o  a t t a i n  a 
c e r t a i n  c a t a l y s t  a c t i v i t y  and s e l e c t i v i t y  w h i c h  i s  t h e  same f o r  
d i f f e r e n t l y  p roduced c a t a l y s t  charges .  

a v e r y  h i g h  degree o f  r e p r o d u c i b i l i t y .  I n  b i o l o g i c a l  systems 
u s u a l l y  hundreds o f  enzyme-ca ta l yzed  r e a c t i o n s  p roceed  s i m u l t a n e o -  
u s l y  and t h e s e  must be ha rmon ized  w i t h  one o t h e r .  Bes ides  c o n t r o l -  
l i n g  a s i n g l e  enzyme a c t i v i t y  by r e g u l a t i n g  i t s  q u a n t i t y ,  t h e r e  a r e  

1 

Enzymes f o r  example i n  b i o l o g i c a l  systems a r e  s y n t h e s i z e d  w i t h  



t h r e e  main ways o f  r e g u l a t i n g  enzyme a c t i v i t y ,  t h r o u g h  mu l t i enzyme 
complexes, t h r o u g h  energy-dependent c o v a l e n t  m o d i f i c a t i o n  o f  enzy-  
mes and t h r o u g h  t h e  b i n d i n g  o f  sma l l  mo lecu les  t o  t h e  enzymes t o  
a c t  e i t h e r  as a c t i v a t o r s  or  i n h i b i t o r s .  

nomenon t o  enzyme i n h i b i t i o n  i s  c a t a l y s t  d e a c t i v a t i o n ;  t h i s ,  howe- 
ve r ,  u s u a l l y  se rves  n o t  t o  e s t a b l i s h  a c e r t a i n  d e s i r e d  a c t i v i t y  
and s e l e c t i v i t y ,  b u t  t o  de te rm ine  t h e  l o n g - t e r m  s t a b i l i t y  o f  a 
c a t a l y s t .  One o f  t h e  aims i n  i n v e s t i g a t i n g  t h e  c h a r a c t e r i s t i c s  o f  
s o l i d  c a t a l y s t s  i s  t o  f i n d  c a t a l y s t s  w i t h  l o n g - t e r m  s t a b i l i t y  o r  

f i n d  procedures  t h a t  w i l l  r e s t o r e  t h e  o r i g i n a l  a c t i v i t y  and s e l e c -  
t i v i t y  o f  s o l i d  c a t a l y s t s  a f t e r  some degree of  d e a c t i v a t l o n .  Cata-  

l y s t  d e a c t i v a t i o n  i s  caused e i t h e r  by  changes i n  t h e  c a t a l y s t  
s t r u c t u r e  due t o  ex t reme ( o r  even no rma l )  o p e r a t i n g  c o n d i t i o n s ,  b y  
i m p u r i t i e s  i n  t h e  r e a c t a n t  f eed ,  o r  b y  s i d e  o r  f o l l o w i n g  r e a c t i o n s  
d u r i n g  r e a c t a n t  c o n v e r s i o n .  L i k e  mass and energy  t r a n s p o r t  p r o -  
cesses, d e a c t i v a t i o n  r e a c t i o n s  super impose t h e  o c c u r i n g  s u r f a c e  
r e a c t i o n s ,  b u t  i n  most i n d u s t r i a l  a p p l i c a t i o n s  d e a c t i v a t i o n  r e a c -  

t i o n s  proceed o v e r  a much l o n g e r  t i m e - s c a l e  t h a n  t h e  d e s i r e d  s u r -  
f a c e  r e a c t i o n s .  I t  was j u s t  such t i m e  s c a l e  d i f f e r e n c e s  t h a t  s e r v e d  
as t h e  b a s i s  f o r  a n o v e l  a n a l y s i s  o f  c a t a l y t i c  p rocesses  u s i n g  
t h r e e  t i m e  s c a l e s :  t h e  f a s t e s t  t i m e  s c a l e  a p p l i e s  f o r  a d s o r p t i o n -  
- d e s o r p t i o n - s u r f a c e  r e a c t i o n  phenomena; t h e  second f o r  t h e  r e s i d e n -  
ce t i m e  o f  mo lecu les  i n  t h e  c a t a l y t i c  r e a c t o r  and t h e  t h i r d  and 
l o n g e s t  t i m e  s c a l e  f o r  s low processes  l i k e  s low  o v e r l a y e r  accumula- 
t i o n  on t h e  s u r f a c e ,  f r e q u e n t l y  a s s o c i a t e d  w i th  i r r e v e r s i b l e  chan- 
ges o f  t h e  c a t a l y s t ,  6.g. d e a c t i v a t i o n  ( r e f .  26). A q u a n t i t a t i v e  

parameter  space a n a l y s i s  has been r e p o r t e d  u s i n g  an ex tended  
Langmuir-Hinshelwood r e a c t i o n  scheme ( r e f .  2 7 ) .  

I n  he terogeneous c a t a l y t i c  r e a c t i o n  systems t h e  ana logous phe- 

2.3 LABORATORY STUDIES OF HETEROGENEOUS CATALYTIC PROCESSES 

As o u t l i n e d  i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  m a j o r i t y  o f  l a r g e - s c a l e  
p rocesses  i n  chemica l  and r e f i n e r y  i n d u s t r i e s  a r e  based on h e t e r o -  
geneous c a t a l y t i c  r e a c t i o n s .  Improvement i n  e x i s t i n g  p rocesses  o r  
t h e  i n t r o d u c t i o n  o f  new ones i s  m o s t l y  a r e s u l t  o f  t h e  deve lopment  
o f  new c a t a l y s t s  o r  t h e  m o d i f i c a t i o n  o f  e x i s t i n g  ones. The f o u r  
main t a s k s  o f  l a b o r a t o r y  s t u d i e s  i n  t h i s  c o n t e x t  ( c a t a l y s t  p r e p a r a -  
t i o n ,  c a t a l y s t  sc reen ing ,  sca le -up  from l a b o r a t o r y  equ ipment  t o  
p i l o t  and i n d u s t r i a l  p l a n t s  and p rocess  o p t i m i z a t i o n )  a r e  d e p i c t e d  
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LABORATORY REACTORS 

o catalyst preparation 

o reaction mecharriom qo7; 0 catuiyst screening 
o cotolytkoctivi 
0 -tiVity 
o sta#ity 

o reaction kinetks 

7 o d c - u p  

0 p r o w s  optimization 

o microcatalytic purse -tor 

0 gorehranatopraphic reactor 

0 Shge prllrt dmsion reactor 

o catalytic tixed bed reactor 

o mycb reactor 

Scheme 2.2 

i n  Scheme 2 .2  ( r e f .  28) .  F o r  s t r a i g h t f o r w a r d  c a t a l y s t  p r e p a r a t i o n  
d e t a i l e d  i n f o r m a t i o n  a b o u t  t h e  r e a c t i o n  mechanism, b y  w h i c h  t h e  
r e a c t i v e  s p e c i e s  a r e  i n t e r c o n v e r t e d ,  i s  needed  and  t h a t  means know-  
l e d g e  o f  t h e  n a t u r e  o f  t h e  a c t i v e  s i t e s ,  o f  t h e  s t r u c t u r e  o f  s u r f a -  
c e  c o m p l e x e s  a n d  o f  r e a c t i o n  t r a j e c t o r i e s  t h r o u g h  w h i c h  t h e  s u r f a c e  
c o m p l e x e s  a r e  t r a n s f o r m e d ,  I n  p r i n c i p l e ,  r e a c t i o n  mechan isms  c a n  be 
i n v e s t i g a t e d  b y  b o t h  k i n e t i c  a n d  n o n k i n e t i c  m e t h o d s .  The g r e a t  
p r o b l e m  w i t h  k i n e t i c  m e t h o d s  i s  how t o  f i n d  c o r r e l a t i o n s  b e t w e e n  
t h e  e m p i r i c a l  r a t e  model  and  t h e  t r u e  k i n e t i c  mode l  a n d / o r  t h e  
u n d e r l y i n g  mechan ism ( r e f .  2 9 ) .  U s i n g  k i n e t i c  m e t h o d s  f o r  t h e  e v a -  
l u a t i o n  o f  h e t e r o g e n e o u s  c a t a l y t i c  r e a c t i o n  mechan isms ,  t h e  r a t e  
a t  w h i c h  a l l  i n d i v i d u a l  e l e m e n t a r y  r e a c t i o n s  - t h e  p h y s i c a l  s t e p s  
i n v o l v e d  - c o n t r i b u t e  t o  t h e  o v e r a l l  r a t e s  o f  m a c r o s c o p i c a l l y  o b -  
s e r v a b l e  changes  o f  s p e c i e s  c o n c e n t r a t i o n  i n  t h e  f l u i d  p h a s e  w i l l  
have  t o  b e  measured .  T h i s  p r e s u p p o s e s  t h e  a p p l i c a t i o n  o f  n o n -  
- s t e a d y - s t a t e  o p e r a t i o n  c o n d i t i o n s  a n d  s o p h i s t i c a t e d  e x p e r i m e n t a l  
e q u i p m e n t  w h i c h  n o t  o n l y  a l l o w  t h e  r a t e s  o f  change  o f  c o n c e n t r a -  
t i o n s  i n  t h e  f l u i d  phase  b u t  a l s o  t h e  r a t e  o f  change  i n  c o n c e n t r a -  
t i o n s  o f  s u r f a c e  i n t e r m e d i a t e s  t o  b e  o b t a i n e d .  U n t i l  now o n l y  a 
f e w  s u c h  s t u d i e s  h a v e  b e e n  c o m p l e t e d  ( r e f .  30). F r e q u e n t l y  n o n - k i -  
n e t i c  me thods  a r e  e m p l o y e d  as  v e r y  o f t e n  a l a r g e  number o f  s p e c i e s  
o c c u r  i n  t h e  r e a c t i o n  m i x t u r e .  Among t h e s e  a r e  t h e  s p e c t r o s c o p i c  
me thods  b y  w h i c h  e i t h e r  s i n g l e  s t e p s  l i k e  t h e  c h e m i s o r p t i o n  o f  a 
s p e c i e s  a r e  u s u a l l y  i n v e s t i g a t e d  o r  s a m p l e s  a r e  w i t h d r a w n  f r o m  t h e  
r e a c t i v e  s y s t e m  a t  c e r t a i n  t i m e s  and  c o n c l u s i o n s  o b t a i n e d  f r o m  t h e  
c o m p a r i s o n  o f  t h e  d i f f e r e n t  r e s u l t s .  A n o t h e r  n o n - k i n e t i c  m e t h o d  i s  
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t h e  method o f  model compound r e a c t i o n s ,  where p r o d u c t  d i s t r i b u t i o n s  
f rom model compounds a r e  compared w i t h  p r o d u c t  d i s t r i b u t i o n s  assu-  
ming c e r t a i n  r e a c t i o n  mechanisms. 

The n e x t  t h r e e  t a s k s  o f  l a b o r a t o r y  s t u d i e s ,  c a t a l y s t  s c r e e n i n g ,  
s c a l e - u p  f rom l a b o r a t o r y  equ ipment  t o  l a r g e - s c a l e  i n d u s t r i a l  p r o -  
cesses and p rocess  o p t i m i z a t i o n  a r e  t h e  main  t o p i c s  o f  chemica l  
e n g i n e e r i n g  s t u d i e s .  To p e r f o r m  t h e s e  s t u d i e s  much a t t e n t i o n  i s  
f ocused  on ma themat i ca l  m o d e l i n g  and on model p r e d i c t i o n s  o f  t h e  
c h a r a c t e r i s t i c s  o f  t h e  r e a c t i v e  sys tem under  c o n s i d e r a t i o n  and o f  
t h e  performance o f  l a r g e r  s c a l e  r e a c t o r s  on t h e  b a s i s  o f  d a t a  f r o m  
l a b o r a t o r y  r e a c t o r s ,  f o r  w h i c h  pa ramete r  e s t i m a t i o n  p rocedures  and 
s t a t i s t i c a l  e v a l u a t i o n s  o f  o b t a i n e d  pa ramete rs  and models a r e  
needed. Q u i t e  o f t e n ,  however, t h e s e  ma themat i ca l  models a r e  a p p l i e d  

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

Sc reen ing  o f  c a t a l y s t s  t a k e s  p l a c e  i n  o r d e r  t o  f i n d  t h e  most  
s u i t a b l e  c a t a l y s t  f o r  use i n  a g i v e n  i n d u s t r i a l  p rocess ;  t h i s  means 

t h a t  t h e  most a c t i v e ,  s t a b l e  and s e l e c t i v e  c a t a l y s t  has t o  be se-  
l e c t e d .  A l though  access t o  q u a n t i t a t i v e  and r e p r o d u c i b l e  exper imen-  
t a l  r e s u l t s  i s  i n d i s p e n s a b l e  i n  e v e r y  case, c a t a l y s t  s c r e e n i n g  
demands a degree o f  compar ison  wh ich  means t h a t  s t a n d a r d i z a t i o n  o f  
a l l  p rocedures ,  under  wh ich  c e r t a i n  p r o p e r t i e s  o f  t h e  c a t a l y s t  a r e  
measured, must be  c a r r i e d  o u t .  Seve ra l  r e s e a r c h  groups  a r e  engaged 
i n  t h i s  f i e l d  ( r e f s .  31-34);  t h e  p r o g r e s s ,  however, a c h i e v e d  s o  f a r  
i s  n o t  g r e a t  and depends m a i n l y  on t h e  complex c o n c u r r e n c e  of  mass 
and energy  f l u x e s  w i t h  a d s o r p t i o n  and r e a c t i o n  on t h e  c a t a l y s t  s u r -  
face i n  mu l t i componen t  r e a c t i o n  systems and a l s o  on  t h e  f a c t  t h a t  
t h e  a c t u a l  a c t i v i t y  and s e l e c t i v i t y  of  any c a t a l y s t  w i l l  depend on 
i t s  h i s t o r y .  The a c t i v i t y  o f  t h e  European Research Group on Cata-  
l y s i s  ( r e f .  34) r e s u l t e d  i n  t h e  p r e p a r a t i o n  o f  a s t a n d a r d  Si02 

s u p p o r t e d  P t  c a t a l y s t  ("EUROPT-1") w h i c h  has been c h a r a c t e r i z e d  b y  
s e v e r a l  methods ( r e f s .  35-38) and a l s o  used i n  v a r i o u s  c a t a l y t i c  

r e a c t i o n s .  F o r  c h a r a c t e r i z i n g  t h e  a c t i v i t y  o f  s o l i d  c a t a l y s t s  t h r e e  
k i n d s  o f  measurement can be used. The most  r e a s o n a b l e  means o f  
d e t e r m i n i n g  t h e  a c t i v i t y  and s e l e c t i v i t y  o f  a c a t a l y s t  i s  t o  use 

t u r n o v e r  numbers wh ich  i n d i c a t e  t h e  number o f  mo lecu les  c o n v e r t e d  
p e r  u n i t  t i m e  by  an a c t i v e  c e n t e r .  D e s p i t e  t h e  g r e a t  p r o g r e s s  made 
i n  t h e  l a s t  few decades t o  adap t  s p e c t r o s c o p i c  methods t o  t h e  
i n v e s t i g a t i o n  o f  c a t a l y t i c a l l y  a c t i v e  s o l i d  s u r f a c e s  under  r e a c t i o n  
c o n d i t i o n s ,  r e l i a b l e  t u r n o v e r  numbers a r e  v e r y  d i f f i c u l t  t o  o b t a i n  
under  t h e  c o n d i t i o n s  encoun te red  i n  i n d u s t r i a l  p rocesses .  The 
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two k i n d s  o f  measurement a r e  (i) r a t e  c o n s t a n t s  and r a t i o s  o f  r a t e  
c o n s t a n t s  o f  a s u i t a b l e  r e a c t i o n  scheme, b y  wh ich  t h e  dynamic beha- 
v i o r  o f  t h e  r e a c t i v e  system can be d e s c r i b e d  o v e r  a range o f  ope- 
r a t i n g  c o n d i t i o n s ,  and (ii) t h e  tempera tu re  a t  wh ich  a c e r t a i n  con- 
v e r s i o n  i s  o b t a i n e d  o r  t h e  c o n v e r s i o n  wh ich  i s  o b t a i n e d  a t  a c e r -  
t a i n  tempera tu re .  Measures o f  t h e  l a s t  k i n d ,  a l t h o u g h  f r e q u e n t l y  
a p p l i e d  i n  i n d u s t r y ,  a r e  r a t h e r  u n r e l i a b l e ,  e s p e c i a l l y  i n  case o f  
c a t a l y s t s  w i t h  w i d e l y  v a r y i n g  a c t i v i t y ,  because, f o r  example, t h e  
r e a c t i o n  mechanisms may change w i t h  i n c r e a s i n g  t e m p e r a t u r e  or t h e  
r a t e s  o f  p h y s i c a l  t r a n s p o r t  p rocesses  may c o n t r i b u t e  i n  a d i f f e r e n t  
manner t o  t h e  o b t a i n e d  p r o d u c t  d i s t r i b u t i o n s ,  and t h u s  r a t h e r  comp- 
l e x  phenomena a r e  compared on t h e  b a s i s  o f  a s i n g l e  p o i n t  i n  t h e  
r e a c t i o n  space. I n  c o n t r a s t  t o  t h i s ,  r a t e  c o n s t a n t s  a r e  c o l l e c t e d  
ove r  a l a r g e r  range o f  o p e r a t i n g  c o n d i t i o n s  and t h e r e f o r e  e n a h l e  a 
b e t t e r - f o u n d e d  i n d i c a t i o n  o f  c a t a l y s t  a c t i v i t y  and s e l e c t i v i t y  t o  
be o b t a i n e d .  

There a r e  t h r e e  approaches t o  s t u d y  chemica l  k i n e t i c s .  The 
f i r s t  i s  based on a knowledge o f  t h e  s t a b i l i t y  and r e a c t i v i t y  o f  
atoms and mo lecu les  i n v o l v e d  i n  t h e  chemica l  r e a c t i o n ;  i n  p r a c t i c e ,  
however, e x c e s s i v e  comput ing  expense i s  r e q u i r e d  e s p e c i a l l y  w i t h  
complex r e a c t i o n  ne tworks .  The second i s  based on t h e  concep t  o f  
e lemen ta ry  r e a c t i o n s  wh ich ,  we igh ted  b y  a s e t  o f  s t o i c h i o m e t r i c  
c o e f f i c i e n t s ,  p r o v i d e  a f ramework f o r  dynamic m o d e l i n g  o f  t h e  ob- 
s e r v a b l e  r a t e  o f  change o f  t h e  m i x t u r e  c o m p o s i t i o n .  The e l e m e n t a r y  
r e a c t i o n s  a r e  d e f i n e d  by  a s e t  of  s t o i c h i o m e t r i c  c o e f f i c i e n t s  and 
a r u l e  wh ich  r e l a t e s  t h e  r e a c t i o n  r a t e  t o  s p e c i e s  c o n c e n t r a t i o n  and 
tempera tu re .  The t h i r d  concep t  d i r e c t l y  r e l a t e s  t h e  r a t e  o f  change 
of c o m p o s i t i o n  o f  t h e  m i x t u r e  t o  t h e  c o n c e n t r a t i o n  of  t h e  i n d i v i -  
dua l  s p e c i e s  i n  t h e  r e a c t i o n  m i x t u r e  u s u a l l y  hy power l a w  f u n c t i o n s ,  
t h e  r e l a t i o n  b e i n g  l i m i t e d  o n l y  hy s t o i c h i o m e t r i c  requ i remen ts .  As 
t h e  second approach c o n s i d e r s  t h e  u n d e r l y i n g  r e a c t i o n  mechanism i t  

i s  t o  be p r e f e r r e d  f o r  c h a r a c t e r i z i n g  c a t a l y s t  a c t i v i t y  and s e l e c -  
t i v i t y .  

F o r  c a t a l y s t  sc reen ing ,  as w e l l  as f o r  s c a l e - u p  and p rocess  op- 
t i m i z a t i o n ,  i n f o r m a t i o n  i s  needed on c a t a l y s t  a c t i v i t y ,  s e l e c t i v i t y  
and s t a b i l i t y .  The necessary  measurements a r e  u s u a l l y  o b t a i n e d  i n  
l a b o r a t o r y  r e a c t o r s  wh ich  m o s t l y  r e p r e s e n t  scaled-down v e r s i o n s  o f  
l a r g e  i n d u s t r i a l  ones. I n  accordance w i t h  t h e  f o r e g o i n g  c o n s i d e r a -  
t i o n s ,  t h e  k i n e t i c  a n a l y s i s  s h o u l d  be pe r fo rmed  i n  t h r e e  s t e p s  (de -  
p i c t e d  i n  Scheme 2.3, r e f .  28).  F i r s t l y ,  t h e  u n d e r l y i n g  r e a c t i o n  
mechanism i s  examined. The way o f  d o i n g  t h i s  i s  t o  b e g i n  by  ana- 
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Scheme 2.3 

l y z i n g  t h e  r e a c t i o n  m i x t u r e  and t h e n  f i n d  o u t  t h e  d i r e c t e d  g raphs  
by  wh ich  t h e  s i n g l e  s p e c i e s  a r e  connected .  Very  s i m p l e  r e a c t i o n  
schemes a r e  f r e q u e n t l y  used f o r  ma themat i ca l  mode l ing ,  as t h e  r e a c -  
t o r  models o f  c a t a l y t i c  r e f o r m i n g  p rocess  s i m u l a t i o n s  r e v e a l  ( r e f s .  
39-41) f o r  example. N e v e r t h e l e s s ,  more e x t e n s i v e  knowledge o f  t h e  
a c t u a l  r e a c t i o n  mechanism i s  p r e f e r a b l e ,  t o  demons t ra te  t h e  c o n d i -  
t i o n s  by  wh ich  t h e  complex u n d e r l y i n g  r e a c t i o n  mechanism can he 
b roken  down i n t o  a s i m p l e  r e a c t i o n  scheme wh ich  i s  s u f f i c i e n t  f o r  
mode l i ng  r e a c t o r  dynamics and f o r  u n d e r s t a n d i n g  t h e  p h y s i c a l  mea- 
n i n g  o f  model parameters  wh ich  a r e  d e r i v e d  f r o m  t h e s e  s i m p l e  
schemes. 

nisms i s  c a t a l y s t  d e a c t i v a t i o n .  I n  i n d u s t r i a l  p rocesses  c a t a l y s t s  
a r e  n o r m a l l y  a c t i v a t e d  b y  a g i v e n  procedure ,  r e a c t i o n  c o n d i t i o n s  
a r e  o n l y  v a r i e d  t o  a s m a l l  e x t e n t ,  and c a t a l y s t  d e a c t i v a t i o n  p r o -  
ceeds on a much l o n g e r  t i m e  s c a l e  t h a n  any i n t e r c o n v e r s i o n  o f  r e a c -  
t a n t s .  I n  c o n t r a s t ,  l a b o r a t o r y  s t u d i e s  i n v o l v e  t h e  change o f  r e a c -  
t i o n  c o n d i t i o n s  o v e r  a w ide  range  where c a t a l y s t  d e a c t i v a t i o n  i s  a 
more d i f f i c u l t  p rob lem and q u i t e  o f t e n  r a t e s  of  d e a c t i v a t i o n  and 
r e a c t a n t  c o n v e r s i o n  a r e  on t h e  same t i m e  s c a l e .  As r e a c t t o n  mecha- 
nisms p r o v i d e  t h e  framework f o r  c o n s t r u c t i n g  t h e  k i n e t i c  model t o  
d e s c r i b e  t h e  dynamics of t h e  r e a c t i v e  system, t h e  q u e s t i o n  i s  
whether  and how t o  i n c o r p o r a t e  t h e  d e a c t f v a t i o n  r e a c t i o n  s t e p s  i n t o  
t h i s  system. There a r e  two p o s s i b i l i t i e s  t o  be c o n s i d e r e d :  e i t h e r  
by  some t e d i o u s  r u n n i n g - i n  p rocedures  an a c t i v i t y  and s e l e c t i v i t y  

l e v e l  o f  t h e  c a t a l y s t  i s  o b t a i n e d  wh ich  i s  c o n s t a n t  o v e r  a c e r t a i n  
r e a c t i o n  t i m e  and remains  t h e  same w i t h  d i f f e r e n t  c a t a l y s t  charges ,  
o r ,  where no c o n s t a n t  a c t i v i t y  and s e l e c t i v i t y  l e v e l  o f  t h e  c a t a -  
l y s t  can be ach ieved,  an a r b i t r a r y  a c t i v i t y  l e v e l  o f  t h e  c a t a l y s t  

i s  chosen and t h e  d a t a  a r e  r e c a l c u l a t e d  f o r  t h i s  a c t i v i t y  l e v e l .  
I n  t h e  f i r s t  s i t u a t i o n  t h e r e  i s  a lways  a l a r g e  u n c e r t a i n t y  as  t o  
whether  t h e  a c t i v i t y  and s e l e c t i v i t y  l e v e l  o f  t h e  c a t a l y s t  i n  a 
c e r t a i n  r e a c t o r  c o n f i g u r a t i o n  i s  t h e  same as i n  o t h e r  r e a c t o r  c o n f i -  
g u r a t i o n s  o r  i n  l a r g e r - s c a l e  r e a c t o r s .  I n  t h e  second s i t u a t i o n  o n l y  

A m a j o r  p rob lem connected  w i t h  t h e  e v a l u a t i o n  o f  r e a c t i o n  mecha- 
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poor quality kinetic data can be obtained. If a reaction mechanism 
without deactivation steps is considered then, with nonseparable 

kinetics, the data will be inconsistent i n  every case (refs. 42,43) 
and, even if deactivation steps are incorporated into the reaction 
network, the rate constants may be concentration-dependent and thus 
usually are not amenable to quantitative evaluation. The concept of 
separable complete rate equations was introduced by Szepe and 
Levenspiel (ref. 42). According to them the reaction rate of deac- 
tivating reaction systems can be described by an equation of the 
form: 

rate = f (present conditions, past history). (2.19) 

If eq. (2.19) can be rewritten into the form 

rate = f (present conditions).q (past history) (2.20) 

it is called separable, which means that the kinetics of the reac- 
tion under consideration is unchanged by deactivation. 

The second step involves a suitable mathematical model, which 
consists of two parts: selection of a reaction rate model and deri- 
vation of a reactor model. To model the reaction rate either power 
function or hyperbolic models are usually employed which account 
for competitive adsorption. The advantage of hyperbolic or Langmuir- 
-Hinshelwood-Hougen-Watson (LHHW) models over power function models 
was discussed by Boudart (ref. 44) who pointed out that these 
LHHW-models enable a better description of the dependence of over- 
all reaction rates on temperature and partial and total pressures. 
I n  cases where the denominators of the LHHW-models are the same for 
all rate equations, they can be factorized and pseudo-mass action 
rate equations obtained (ref. 45). If the denominators are diffe- 
rent i n  the individual rate equations, they can be described by the 
reaction time and the selectivity behavior of the catalyst follo- 
wing from pseudo-mass action rate equations. Concentration profiles 
along the length o f  the reactor can be obtained from a relation 
between the real and the fictive reaction time (ref. 46). Thus, as 
with heterogeneous catalytic reactions, pseudo-mass action kinetics 
may play an important role. The laboratory reactors listed i n  
Scheme 2.2 are usually operated as open reaction systems. The reac- 
tor model considers the effects of rates of physical processes on 
the measured conversions. As the kinetic analysis, especially of 
complex reaction networks, is considerably simplified if the reactor 
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model i s  q u a s i - i d e n t i c a l  w i t h  t h e  r e a c t i o n  r a t e  model, t h e  t i m e  

v a r i a b l e  o n l y  b e i n g  r e p l a c e d  b y  a space v a r i a b l e ,  t h e  o p e r a t i n g  
c o n d i t i o n s  a r e  f r e q u e n t l y  chosen i n  such a way t h a t  c o n c e n t r a t i o n  
and tempera tu re  g r a d i e n t s  i n  t h e  c a t a l y s t  p e l l e t  and a t  t h e  phase 
boundary a r e  n e g l i g i b l e  and t h e  d i s p e r s i o n  e f f e c t s  i n  t h e  f l u i d  
phase can be i g n o r e d .  I n  T a b l e  2 . 4  somg c r i t e r i a  a r e  l i s t e d  w h i c h  

enab le  t e s t s  f o r  t r a n s p o r t  1 i m i t a t i o n s  i n  e x p e r i m e n t a l  c a t a l y t i c  
r e a c t o r s  t o  be c a r r i e d  o u t  ( r e f s .  4 7 , 4 8 ) .  Some o f  t h e s e  c r i t e r i a  
a r e  connec ted  w i t h  t h e  e f f e c t i v e n e s s  f a c t o r  u s u a l l y  s y m b o l i z e d  b y  
q, wh ich  i s  d e f i n e d  as 

(2 .21)  r a t e  o f  r e a c t i o n  w i t h  po re  d i f f u s i o n  i n f l u e n c e ,  
r a t e  o f  r e a c t i o n  w i t h  s u r f a c e  c o n d i t i o n s  

Madon and Boudar t  ( r e f .  5 4 )  r e c e n t l y  deve loped  a f u r t h e r  c r i t e r i o n ,  
suggested  f i r s t  b y  Koros and Nowak ( r e f ;  5 5 ) ,  t o  assess  whe the r  
measured c a t a l y t i c  a c t i v i t y  i s  i ndependen t  of t h e  i n f l u e n c e  o f  
t r a n s p o r t  phenomena. T h i s  c r i t e r i o n  s t a t e s  t h a t  

r a t e  o f  r e a c t i o n  = c o n s t a n t  (2 .22)  c o n c e n t r a t i o n  o f  c a t a l y t i c a l l y  a c t i v e  m a t e r i a l  

when no t r a n s p o r t  phenomena govern  t h e  observed v a l u e s .  The concen t -  
r a t i o n  o f  t h e  c a t a l y t i c a l l y  a c t i v e  m a t e r i a l  can be exp ressed  as t h e  
mass f r a c t i o n  o f  a c t i v e  m a t e r i a l ,  i t s  s u r f a c e  a r e a  o r  t h e  number o f  
s u r f a c e  moles p e r  u n i t  mass o f  t h e  who le  c a t a l y s t .  The l a s t  o f  
t hese  g i v e s  t h e  most e x a c t  d e f i n i t i o n  i n  te rms o f  t u r n o v e r  number; 

t h e  e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  t h e  t r u e  a c t i v e  s u r f a c e  r e p r e -  
s e n t s ,  however, t h e  most d i f f i c u l t  e x p e r i m e n t a l  p rob lem.  Madon and 
Boudar t  ( r e f .  5 4 )  c o n s i d e r  t h e  Koros-Nowak c r i t e r i o n  f o r  cases o f  
mass o r  h e a t  t r a n s p o r t ,  i n t e r p h a s e  and i n t r a p a r t i c l e  t r a n s p o r t ,  f o r  
l i q u i d  and gas phase r e a c t i o n s .  

The l a s t  s t e p  o f  k i n e t i c  a n a l y s i s  i n v o l v e s  t h e  e s t i m a t i o n  o f  
model parameters ;  t o d a y  t h i s  is most f r e q u e n t l y  c a r r i e d  o u t  u s i n g  
computer programs wh ich  c o n t a i n  pa ramete r  e s t i m a t i o n  p r o c e d u r e s  o f  
s u i t a b l e  o b j e c t i v e  f u n c t i o n s  and s t a t i s t t c a l  t e s t f n g  p rocedures .  A 
comparl’son o f  r e s u l t s  o b t a i n e d  f r o m  d i f f e r e n t  pa ramete r  e s t i m a t i o n  
methods can be made on t h e  b a s i s  o f  t h e  c o s t  o f  d e t e r m i n i n g  t h e  s e t  

o f  e x p e r i m e n t a l  da ta ,  o f  t h e  goodness o f  f i t  o f  t h e  c a l c u l a t e d  t o  
t h e  e x p e r i m e n t a l  d a t a  and o f  t h e  un iqueness  o f  t h e  model pa ramete rs  
wh ich  i s  a f f e c t e d  b y  model,  n u m e r i c a l  and e x p e r i m e n t a l  e r r o r s .  

Some l a b o r a t o r y  r e a c t o r s ,  l i s t e d  I n  Scheme 2.2 a r e  b e t t e r  s u i t e d  
t h a n  o t h e r s  t o  pe r fo rm t h e  s i n g l e  s t e p s  o f  k i n e t i c  a n a l y s i s .  T h e i r  



3 8  

advantages  and d i sadvan tages  w i l l  be d i s c u s s e d  i n  more d e t a i l  i n  
Chap te r  4 .  

t o  ma themat i ca l  mode l i ng .  It has been p o i n t e d  o u t  e a r l i e r  t h a t  
ma themat i ca l  models a r e  used f o r  c a t a l y s t  s c r e e n i n g ,  s c a l e - u p  and 
p rocess  o p t i m i z a t i o n  p rocedures .  W i t h  t h e s e  aims, t h e  ma in  i n t e r e s t  

A f i n a l  word on t h e  b a s i c  concep ts  i n  c a t a l y s i s  w i l l  be  d e v o t e d  

Tab le  2 . 4  

C r i t e r i a  f o r  t e s t i n g  t r a n s p o r t  l i m i t a t i o n s  i n  e x p e r i m e n t a l  c a t a l y -  
t i c  r e a c t o r s  ( r e f s .  4 3 , 4 4 ) * .  

Rate l i m i t i n g  
Dhenomenon 

C r i t e r i o n  L i t e r a t u r e  

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

rl L 0 . 9 5  i f :  
p e l  l e t  ( 1  

's D e f f  

T, . R 2 IAHI. r . Rp no t e m p e r a t u r e  
g r a d i e n t s  i n  
p a r t i c l e  i f :  h . . T  t <AE 
w i t h  endo the rm ic  r.Rp 2 

r e a c t i o n s  and m< o r  e x o t h e r m i c  1 

power- 1 aw k i  n e t i  c 
rl = 1 f 0.05 i f :  

(-*HID 
1 *E e f f a C s  

(n -  q ' S 

I n t e r p h a s e  
t r a n s p o r t  
absence o f  h e a t  
t r a n s p o r t  1 i m i -  
t a t i o n  i n  t h e  
f i l m  r o u n d  t h e  
p a r t i c l e  i f :  

absence o f  mass 
t r a n s p o r t  1 i m i -  
t a t i o n  t h r o u g h  
f i l m  f o r  i s o -  
t h e r m a l  cases 
and f l  r s t - o r d e r  
r e a c t i o n s  i f :  

I n t e r p a r t i c l e  

t r a n s p o r t  
absence o f  s i g -  
n i f i c a n t  d i s -  
p e r s i o n  e f f e c t s  
4:. 

-AH. r.  Rp R.Tb 

AE < 0.15 
h 'Tb  

q . k / k c  . a < 0.1 

WePsz and 
P r a t e r  
( r e f .  4 9 )  

Anderson 
( r e f .  5 0 )  

Kubota  and 
Y amanaka 
( r e f .  51 )  

Mears 

( r e f .  5 2 )  

C a r b.e r ry  
( r e f .  53) 

Mears 
( r e f .  4 7 )  

r 
I I .  
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* )  Meaning o f  symbols 

r = observed r e a c t i o n  r a t e  p e r  u n i t  p a r t i c l e  volume 
Rp = p a r t i c l e  d i a m e t e r  
D e f f  = e f f e c t i v e  d i  f f u s i o n  c o e f f i c i e n t  

C s  

T S  
A E  = a c t i v a t i o n  energy  
R = gas c o n s t a n t  
AH = h e a t  o f  r e a c t i o n  
h = the rma l  c o n d u c t i v i t y  o f  p a r t i c l e  

n = i n t e g e r  exponent  i n  power l aw  r a t e  e x p r e s s i o n s  
h = h e a t  t r a n s f e r  c o e f f i c i e n t  

T b  = tempera tu re  i n  b u l k  f l u i d  
k = i n t r i n s i c  r a t e  c o n s t a n t  p e r  u n i t  p a r t i c l e  volume 

k c  = mass t r a n s f e r  c o e f f i c i e n t  between f l u i d  and p a r t i c l e  
a = e x t e r n a l  s u r f a c e  a rea  o f  c a t a l y s t  p a r t i c l e  p e r  u n i t  p a r t i c l e  

volume 
Pea = a x i a l  P e c l e t  number ( =  r a t i o  o f  c o n v e c t i v e  t o  d i s p e r s i v e  

t r a n s p o r t )  
T = space t i m e  
dp = p a r t i c l e  d i a m e t e r  
L = l e n g t h  o f  c a t a l y s t  bed 

k,, 

= c o n c e n t r a t i o n  a t  e x t e r n a l  s u r f a c e  o f  c a t a l y s t  p a r t i c l e  
= a b s o l u t e  tempera tu re  a t  c a t a l y s t  s u r f a c e  

= apparen t  r a t e  c o n s t a n t  p e r  u n i t  b u l k  c a t a l y s t  volume 

i n  ma themat i ca l  mode l i ng  i s  f ocused  on o b t a i n i n g  v a l u e s  o f  t h e  mo- 
d e l  parameters  b y  f i t t l n g  e x p e r i m e n t a l  d a t a  because, o t h e r w i s e ,  no  
q u a n t i t a t i v e  comparison o f  a c t i v i t y  and s e l e c t i v i t y  o f  c a t a l y s t s  
o r  model p r e d i c t i o n s  o f  t h e  b e h a v i o r  o f  t h e  r e a c t i v e  sys tem i n  

o t h e r  r e a c t o r  c o n f i g u r a t i o n s  i s  p o s s i b l e .  Q u i t e  o f t e n  t h e  need t o  
be a b l e  t o  de te rm ine  t h e  model pa ramete rs  r e s u l t s  i n  seve re  m o d i f i -  

c a t i o n  o f  t h e  o r i g i n a l  models; t h i s  i s  ach ieved  by s i m p l i f y i n g  
assumpt ions  by wh ich ,  f o r  example, l a r g e  r e a c t i o n  ne tworks  can be 
r e s o l v e d  i n t o  q u i t e  s i m p l e  r e a c t i o n  schemes. 

On t h e  o t h e r  hand, ma themat i ca l  mode l i ng  can a l s o  be  a t o o l  t o  
i n c r e a s e  o u r  u n d e r s t a n d i n g  o f  t h e  space- t ime s t r u c t u r e  o f  r e a c t i v e  
c a t a l y t i c  systems as documented, f o r  example, i n  t h e  work o f  
P r i g o g i n e  and co-workers  ( r e f s .  56 -58 ) .  By c o n s i d e r i n g  p o s s i b l e  
c o n s e r v a t i o n s  o f  symmetry o f  t h e  space- t ime s t r u c t u r e s  o f  r e a c t i v e  
systems a g a i n s t  t r a n s f o r m a t i o n s  i n  space and t i m e  t h e  u s u a l  cherni- 
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c a l  approach t o  u n d e r s t a n d i n g  chemica l  r e a c t i o n s ,  on t h e  b a s i s  o f  
atom and m o l e c u l e  p r o p e r t i e s ,  can be d e c i s i v e l y  ex tended  and shape 

p r i n c i p l e s  can be i n c o r p o r a t e d .  One o f  t h e  fundamenta l  i d e a s  i n  t h e  
h i s t o r y  o f  mathemat ics  was t h e  i n t r o d u c t i o n  o f  space c o o r d i n a t e s  

as a r e f e r e n c e  sys tem i n  t h e  M i d d l e  Ages. T h i s  concep t  has a l s o  
been used t o  d e s c r i b e  chemica l  r e a c t i o n s ,  r e p l a c i n g  t h e  space 
c o o r d i n a t e s  by  s p e c i e s  c o o r d i n a t e s  b y  wh ich  a c o m p o s i t i o n  space i s  

o b t a i n e d .  T h i s  can be i l l u s t r a t e d  b y  t h e  r e v e r s i b l e  t r i a n g l e  
ne twork :  

Assuming monomolecular r e a c t i o n s  among t h e  t h r e e  s p e c i e s  A1,  A 2  
and A3, t h e  ne twork  g i v e s  r i s e  t o  dynamic b e h a v i o r  wh ich  i s  d e s c r i -  

bed b y  t h e  f o l l o w i n g  s e t  o f  d i f f e r e n t i a l  e q u a t i o n s :  

da 
$ = ' ( k21  + k 3 l ) a l  + k12a2 + k13a3 

(2 .22)  

Us ing  m a t r i x  and v e c t o r  n o t a t i o n  eq. (2 .22)  can be r e w r i t t e n .  

We p u t  

and o b t a i n  

& ( t )  = K . a ( t ) .  (2 .23 )  

F o r  g e o m e t r i c a l  r e p r e s e n t a t i o n  o f  eq. (2 .23 )  two c o n s t r a i n t s  must 
be c o n s i d e r e d  wh ich  a r e  connec ted  w i t h  chemica l  r e a c t i v e  systems: 
( i )  t h e  Law o f  Mass C o n s e r v a t i o n  a p p l i e s  and t h i s  means t h a t  

n 
c a i = i  

< = I  
(2 .24 )  
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where  ai i s  t h e  m o l e  f r a c t i o n  o f  t h e  s p e c i e s  A s  a n d  (ii) n o  n e g a -  
t i v e .  s p e c i e s  c o n c e n t r a t i o n s  can  a r i s e  

ai 2; 0. ( 2 . 2 5 )  

F u r t h e r m o r e  t h e  r e a c t i v e  s y s t e m  c o n t a i n s  a t h e r m o d y n a m i c  e q u i l i b -  
r i u m  w h i c h  i s  an a t t r a c t o r  t o  a l l  n o n - e q u i l i b r i u m  s t a t e s .  T h i s  
means t h a t ,  w i t h  p r o g r e s s  i n  r e a c t i o n  t i m e ,  t h e  c o m p o s i t i o n  o f  t h e  
r e a c t i v e  s y s t e m  w i l l  v a r y  u n t i l  t h e  e q u i l i b r i u m  p o i n t  i s  a t t a i n e d .  

I n  t h e  c o m p o s i t i o n  space  d e s c r i b e d  b y  eq. (2.24) and  ( 2 . 2 5 )  a l l  
p o s s i b l e  c o m p o s i t i o n s  o f  t h e  r e a c t i v e  t h r e e - c o m p o n e n t  s y s t e m  a r e  
r e s t r i c t e d  t o  a t r i a n g l e  w h i c h  c a n  be c o n s t r u c t e d  t h r o u g h  t h e  com- 
p o s i t i o n  p o i n t s  ( 1 ,  0, 0 ) ,  (0 ,  I ,  0 )  a n d  (0 ,  0, I )  ( F i g .  2.3.). 
The e n t r i e s  o f  t h e  c o m p o s i t i o n  v e c t o r  a, w h i c h  i s  d i r e c t e d  f r o m  
t h e  o r i g i n  t o  t h e  r e a c t i o n  p l a n e  where  a l l  p o s s i b l e  c o m p o s i t i o n  
p o i n t s  a r e  l o c a t e d ,  a r e  t h e  s i n g l e  c o n c e n t r a t i o n s  e x p r e s s e d  a s  m o l e  
f r a c t i o n s  o f  t h e  s p e c i e s  f r o m  w h i c h  t h e  r e a c t i v e  s y s t e m  i s  b u i l t  
up. Thus a p o i n t  i n  t h e  c o m p o s i t i o n  s p a c e  r e p r e s e n t s  a c o m p o s i t i o n  

t 

F i g .  2 . 3 .  R e a c t i o n  p l a n e  o f  a t h r e e - c o m p o n e n t  r e a c t i v e  s y s t e m  i n  
t h e  c o m p o s i t i o n  space,  a* d e n o t e s  t h e  e q u i l i b r i u m  c o m p o s i t i o n  v e c -  
t o r .  



4 2  

o f  t h e  r e a c t i v e  system. The g e o m e t r i c a l  meaning o f  eq. ( 2 . 2 3 )  i s ,  
t h a t  an o p e r a t o r  K, t h e  r a t e  c o n s t a n t  m a t r i x ,  a c t s  upon an a r b i t -  
r a r y  i n i t i a l  c o m p o s i t i o n ,  c a u s i n g  a r o t a t i o n  and a change i n  l e n g t h  
o f  t h e  c o m p o s i t i o n  v e c t o r  u n t i l  t h e  e q u i l i b r i u m  p o i n t  i s  a t t a i n e d .  
Some r e a c t i o n  p a t h s  on t h e  r e a c t i o n  p l a n e  o f  a r e v e r s i b l e  t h r e e  
component sys tem a r e  d e p i c t e d  i n  F i g .  2.4. There  a r e  some d i r e c -  
t i o n s  i n  t h e  c o m p o s i t i o n  space where t h e  a c t i o n  o f  t h e  r a t e  con- 
s t a n t  m a t r i x  o p e r a t o r  o n l y  causes a change i n  l e n g t h  w i t h o u t  r o t a -  

A3 

A2 

F i g .  2 . 4 .  R e a c t i o n  p a t h s  on t h e  r e a c t i o n  p l a n e  o f  a r e v e r s i b l e  
three-component system. 

t i n g  t h e  c o m p o s i t i o n  v e c t o r s ;  t h i s  means t h a t  t h e  a p p l i c a t i o n  o f  
t h e  o p e r a t o r ,  K, on t h e s e  c o m p o s i t i o n  v e c t o r s  r e s u l t s  i n  t h e  same 
v e c t o r s  m u l t i p l i e d  b y  a c o n s t a n t .  These v e c t o r s  a r e  c a l l e d  e i g e n -  
v a l u e s  o r  c h a r a c t e r i s t i c  r o o t s  o f  t h e  o p e r a t o r  K. I n  r e v e r s i b l e  
n-component systems t h e r e  a lways  e x i s t  n such e i g e n v e c t o r s  ( r e f .  
4 5 ) .  W i t h  t h e  r e a c t i v e  sys tem under  c o n s i d e r a t i o n  one e i g e n v e c t o r  
i s  t h e  e q u i l i b r i u m  v e c t o r  wh ich  can be obse rved  e x p e r i m e n t a l l y ,  
and wh ich  has an e i g e n v a l u e  o f  ze ro ,  whereas t h e  two o t h e r  e i g e n -  
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v e c t o r s  do n o t  r e p r e s e n t  r e a l i z a b l e  compos i t i ons .  I n i t i a l  composi-  
t i o n s ,  however, wh ich  a r e  l o c a t e d  i n  a p l a n e  spanned b y  t h e  e q u i -  
l i b r i u m  v e c t o r  and one o f  t h e  o t h e r  e i g e n v e c t o r s  o f  K, rema in  i n  
t h i s  p l a n e  w h i l e  s h i f t i n g  w i t h  t i m e  t o  t h e  e q u i l i b r i u m  p o i n t  t h u s  
p r o d u c i n g  s t r a i g h t  l i n e  r e a c t i o n  p a t h s  on t h e  r e a c t i o n  p l a n e .  The 
p r o o f  o f  t h i s  f o l l o w ' s  d i r e c t l y  f r o m  t h e  e i g e n v a l u e  e q u a t i o n s .  The 

ma themat i ca l  a n a l y s i s  d e s c r i b e d  so  f a r ,  p r e d i c t s  t h e  occu rence  o f  
s t r a i g h t  l i n e  r e a c t i o n  p a t h s  on t h e  r e a c t i o n  p l a n e  and i t  w i l l  be 

demonst ra ted  i n  l a t e r  s e c t i o n s  t h a t  t h e s e  s t r a i g h t  l i n e  r e a c t i o n  
pa ths  can a l s o  be observed w i t h  r e a c t i v e  chemica l  systems. 

O f  course ,  t h e  r e a c t i o n  t r a j e c t o r i e s  canno t  move a r b i t r a r i l y  i n  
t h e  c o m p o s i t i o n  hyperp lane :  t h e y  s h o u l d  a lways  approach an e q u i l i b -  

r i u m  c o n c e n t r a t i o n .  Thus, a r e g i o n  o f  t h e  c o m p o s i t i o n  t r i a n g l e  can 
be d e f i n e d  as t h e  a rea  o f  " a c c e s s i b l e  c o m p o s i t i o n "  w i t h  a g i v e n  
feed compos i t i on .  Thermodynamic a n a l y s i s  has a l s o  shown t h a t  even 
t h e  d i r e c t i o n  o f  r e a c t i o n  t r a j e c t o r i e s  canno t  be a r b i t r a r y :  t h e y  
s h o u l d  be d i r e c t e d  i n  such a way t h a t  t h e  f r e e  e n e r g y  a l o n g  them 
s h o u l d  always decrease ( r e f .  5 9 ) .  I n t e r m e d i a t e s  i n  a c a t a l y t i c  
system, wh ich  a r e  o f t e n  p r e s e n t  i n  v e r y  s m a l l  amounts ( l i k e  s u r f a -  
ce spec ies  t h e  c o n c e n t r a t i o n  o f  wh ich  may be w e l l  be low d e t e c t i o n  
l i m i t s ) ,  may c o u p l e  r e a c t i o n s  wh ich  a r e  a p p a r e n t l y  l i n e a r  and i n -  
dependent o f  each o t h e r .  F o r  example, t h e  r e a c t i o n s  A S  B; A e C  
r e p r e s e n t  a p a i r  o f  s e p a r a t e  r e a c t i o n s  t h e  sum o f  wh ich  r e s u l t s  i n  
2 A e  B t C .  However, i f  these  processes  o c c u r  v i a  an i n t e r m e d i a t e ,  
M: 2A e M = B t C ,  r e a c t i o n  t r a j e c t o r i e s  a r e  p o s s i b l e  t h a t  o t h e r -  
w ise  wou ld  be f o r b i d d e n  the rmodynamica l l y .  Changing r e a c t i o n  tem- 
p e r a t u r e s  wou ld  s h i f t  t he  e q u i l i b r i u m  p o i n t s ,  t h u s  t h e  a rea  o f  
a c c e s s i b l e  c o m p o s i t i o n  c o u l d  be expanded. S h a p e - s e l e c t i v i t y  imposes 
a n o t h e r  c o n s t r a i n t  i n  te rms o f  d i f f u s i v i t y :  I f ,  f o r  example, t h e  
d i f f u s i v i t y  o f  B i n  t h e  s e t  o f  r e a c t i o n s  A *  B; B C. C i s  C lose  t o  
z e r o  i n  t h e  pore ,  t h e n  t h e  o v e r a l l  r e a c t i o n  o u t s i d e  t h e  p o r e  w i l l  
be A == C. T h i s  i s  p e r m i s s i b l e  i n  te rms  o f  f r e e  e n e r g y  b u t  c a n n o t  
be r e a l i z e d  w i t h  e q u a l l y  a c c e s s i b l e  s i t e s  f o r  A, B and C. I n  a 

sense, shape s e l e c t i v e  c a t a l y s t s  can be ( h y p o t h e t i c a l l y )  s u b s t i t u -  

t e d  b y  a semipermeable membrane wh ich  does n o t  l e t  p r o d u c t  B pass. 
The a u t h o r s  ( r e f .  5 9 )  rem ind  t h e  r e a d e r  o f  t h e  f a c t  t h a t  shape 
s e l e c t i v e  c a t a l y s t s  i m i t a t e  Na tu re :  where, f o r  example,  enzymes 
a r e  embedded i n  semipermeable membranes i n  l i v i n g  t i s s u e s .  There  
i s  s t i l l  a l o t  t o  d i s c o v e r  about  how s e l e c t i v e  d i f f u s i o n  can mo- 

d i f y  a c c e s s i b l e  c o m p o s i t i o n s  and k i n e t i c  t r a j e c t o r i e s .  
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C h a p t e r  3 

INVESTIGATION OF HETEROGENEOUS CATALYTIC REACTION SYSTEMS 

The o b j e c t i v e s  o f  i n v e s t i g a t i n g  h e t e r o g e n e o u s  c a t a l y t i c  r e a c t i o n  
sys tems  a r e  t w o f o l d :  f o r  f u n d a m e n t a l  r e a s o n s ,  so t h a t  a b e t t e r  
u n d e r s t a n d i n g  o f  t h e  b a s i c  phenomena o f  c a t a l y t i c  r e a c t i o n s  may b e  
o b t a i n e d  and  why t h e y  o c c u r  o r  f o r  more  p r a c t i c a l  r e a s o n s ,  s u c h  a s  
a p p l y i n g  c a t a l y t i c  r e a c t i o n s  i n  man-made t r a n s f o r m a t i o n s  o f  m a t t e r  
and t o  s t u d y  i n  d e t a i l  how m a t t e r  i s  c o n v e r t e d  b y  means o f  c a t a l y -  
t i c  r e a c t i o n s .  The f o l l o w i n g  p r e s e n t a t i o n  i s  m a i n l y  c o n c e r n e d  w i t h  
me thods  f o r  s t u d y i n g  h e t e r o g e n e o u s  c a t a l y t i c  r e a c t i o n s  t h a t  c a n  b e  
c a r r i e d  o u t  w i t h  t h e  l a b o r a t o r y  r e a c t o r s  l i s t e d  i n  Scheme 2.1 
( C h a p t e r  2 ) ,  and  w i t h  t h e  u n d e r l y i n g  t h e o r e t i c a l  c o n c e p t s  a n d  
t h e r e f o r e  f o c u s e s  on  p r a c t i c a l  a s p e c t s .  F o r  t h e  same r e a s o n ,  

s p e c t r o s c o p i c  and  t e m p e r a t u r e - p r o g r a m m e d  methods  w i l l  o n l y  b e  v e r y  
b r i e f l y  c o n s i d e r e d .  O f  t h e  s e v e r a l  t e c h n i q u e s  u s e d  t o d a y  f o r  t h e  
i n v e s t i g a t i o n  o f  s u r f a c e s ,  t h e s e  f e w  e x a m p l e s  w e r e  s e l e c t e d  a s  
b e i n g  p o t e n t i a l l y  s u i t a b l e  f o r  d e t e c t i n g  s u r f a c e  i n t e r m e d t a t e s .  

3.1 INVESTIGATION OF REACTION MECHANISMS 

The methods  f o r  s t u d y i n g  r e a c t i o n  mechanisms o f  h e t e r o g e n e o u s  
c a t a l y t i c  r e a c t i o n s  encompass a l a r g e  number o f  m o r e  o r  l e s s  
s o p h i s t i c a t e d  a p p r o a c h e s  f r o m  t h e  a p p l i c a t i o n  o f  s u r f a c e  s p e c t r o s -  
c o p i e s  t o  t h e  i n v e s t i g a t i o n  o f  g a s - s o l i d  i n t e r f a c e s  a n d  the  m a t h e -  
m a t i c a l  a n a l y s i s  o f  c o n c e n t r a t f o n  v e r s u s  s p a c e  v e l o c i t y  d a t a  f rom 
c o n t i n u o u s l y  o p e r a t e d  f i x e d  bed  r e a c t o r s .  I n  a n  a t t e m p t  t o  c l a s s i f y  
t h e  d i f f e r e n t  me thods ,  mode l  compound r e a c t i o n s  a r e  c o n s i d e r e d ,  

where p r o d u c t  d i s t r i b u t i o n s ,  o b t a i n e d  f r o m  model  compound c o n v e r -  
s i o n s ,  a r e  compared w i t h  t h e o r e t i c a l  p r o d u c t  c o n t r i b u t i o n s  d e r i v e d  
b y  a s s u m i n g  c e r t a i n  r e a c t i o n  mechanisms.  

3.1.1 S p e c t r o s c o p i c  Me thods  
I n  t h e  l a s t  f e w  decades  a l a r g e  number o f  s p e c t r o s c o p i c  m e t h o d s  

f o r  t h e  a n a l y s i s  o f  s o l i d  s u r f a c e s  h a v e  become a v a i l a b l e .  T h i s  c a n  
b e  seen i n  t h e  " P r o b s t  d i a g r a m "  ( F i g .  3 .1 ) ,  where  t h e  e x c i t a t i o n  o f  
t h e  samp le  b y  v a r i o u s  p r o b e s  i s  r e p r e s e n t e d  b y  i n g o i n g  a r r o w s ,  and  
p o s s i b l e  r e s p o n s e s  t o  t h e s e  e x c i t a t i o n s  b y  o u t g o t n g  ones.  Each  
c o m b i n a t i o n  o f  a r r o w s  c o n s t f t u t e s ,  I n  p r i n c t p l e ,  a t  l e a s t  one  
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method for s tudying the  s o l i d  su r face .  There a r e  many more poss ib l e  
techniques,  however, because s i n g l e  combinations of i n  and o u t  
arrows may give r i s e  t o  d i f f e r e n t  spec t roscopies  depending o n  t he  
p rope r t i e s  of the  probe a n d  t he  emi t ted  p a r t i c l e .  A number of 
these  spec t roscopic  techniques a r e  l i s t e d  i n  Table 3.1 ( r e f s .  1 -5 ) .  

I n  order  t o  understand in  d e t a i l  r e a c t i o n  mechanisms of r e a c t a n t  
molecule t ransformat ions  through su r face  complex Tntermediates ,  i t  
i s  necessary t o  e l u c i d a t e  the  microscopic processes  o n  t he  s u r f a -  
ces .  A s  ind ica ted  i n  Table 3.1 w i t h  spec t roscop ic  methods the  su r -  
face  s t r u c t u r e ,  su r f ace  topography and s u r f a c e  cornpositton of  s o l i d  
ma te r i a l s  can be determined. Furthermore the s t r u c t u r e  of adsorbed 
molecules and the  b i n d i n g  between s o l i d  su r face  and adsorbents  can 
be eva lua ted .  T h u s  su r f ace  spectroscopy provides  the  means of s t u d -  
ying heterogeneous c a t a l y t i c  r eac t ion  mechanisms a t  the molecu- 
l a r  l e v e l .  However, f o r  e l u c i d a t i n g  the  mechanisms of " r e a l "  he te -  
rogeneous c a t a l y t i c  systems,  i.0. of man-made c a t a l y t i c  transforrn- 
a t i o n s ,  su r f ace  spec t roscopic  methods so f a r  only provide an 
approach, which i s  r e s t r i c t e d  t o  t he  i n v e s t i g a t i o n  of c l e a n ,  wel l -  
-def ined ,  a n d  mostly non-reac t ive  systems under low p res su res ,  
whereas i n d u s t r i a l  c a t a l y t i c  systems deal w i t h  s o l i d  su r face  com- 
pos i t i ons ,  t h a t  a r e  unknown, and p o l y c r y s t a l l i n e  su r faces  and 
pressures  > l o 5  P a ,  a s  de l inea ted  i n  Table 3.2 ( r e f .  6 ) .  

cess  which proceeds through d i f f e r e n t  i n t e rmed ia t e s  and t h e r e f o r e  
d i r e c t  information about these  in t e rmed ia t e s  should be obta ined  

As ou t l ined  in  previous s e c t i o n s ,  c a t a l y s i s  i s  a dynamic pro- 
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u n d e r  n o n - s t e a d y  s t a t e  r e a c t i o n  c o n d i t i o n s .  A f u r t h e r  d i f f i c u l t y  

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

t h e  f a c t  t h a t  s t a b l e  a d s o r b e d  m o l e c u l e s  a r e  much more  a b u n d a n t  on  

t h e s e  s u r f a c e s  t h a n  r e a c t i v e  i n t e r m e d i a t e s ,  and  t h e  s u r f a c e  c o n -  

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

Thus t h e  a p p l i c a t i o n  o f  s p e c t r o s c o p i c  m e t h o d s  has  c o n t r i b u t e d  v e r y  

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

c e n t e r s  on s o l i d  c a t a l y s t s .  However, u n t i l  now, u n a m b i g u o u s l y  
i d e n t i f i e d  r e a c t i v e  i n t e r m e d i a t e s  on  s o l i d  s u r f a c e s  h a v e  o n l y  

r a r e l y  been o b t a i n e d .  

t i o n a l  s p e c t r o s c o p i e s "  can b e  r e g a r d e d  a s  t h e  m o s t  p r o m i s i n g  i n  
c a t a l y t i c  s t u d i e s .  These me thods  ( i n f r a r e d -  o r  I R - ,  Raman, e l e c t r o n  

e n e r g y  l o s s  s p e c t r o s c o p i e s ,  n e u t r o n  s c a t t e r i n g  e t c . )  g e n e r a t e  e x c i -  

t a t i o n s  i n  t h e  v i b r a t i o n s  o f  i n t e r a t o m i c  bonds .  I n  t h i s  way, s u r -  

f a c e  a c t i v e  g r o u p s ,  l i k e  s u r f a c e  h y d r o x y l s ,  a c i d i c  s i t e s  e * ~ .  can  
be s t u d i e d ,  and  p r o b e  m o l e c u l e s  can b e  u s e d  whose a d s o r p t i o n  o n  

c h a r a c t e r i s t i c  s u r f a c e  s i t e s  ( o f t e n  t h o u g h t  t o  b e  i d e n t i c a l  t o  
" a c t i v e  s i t e s " )  may g i v e  u s e f u l  i n f o r m a t i o n  a b o u t  s u r f a c e  s t a t e s .  

Two v a l u a b l e  r e v i e w s  s u m m a r i z i n g  t h e  l i t e r a t u r e  up  t o  t h e  e a r l y  

1 9 8 0 ' s  have  been  p u b l i s h e d  r e c e n t l y  ( r e f s .  7 , 8 ) .  In situ o b s e r v a -  

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

r e v i e w s .  Such d a t a  s t a r t  t o  a p p e a r  more f r e q u e n t l y  i n  t h e  
m i d - 1  9 8 0 ' s .  

s p e c t r o s c o p i c  p r o c e s s e s ,  n a m e l y  i t  does  n o t  r e q u i r e  a h i g h  vacuum. 
However ,  i t  has i t s  d i s a d v a n t a g e s ,  t o o .  F o r  examp le ,  some r e a c t a n t  

and  s u r f a c e  s p e c i e s  do n o t  p r e s e n t  i n f r a r e d  bands  i n  a w a v e l e n g t h  

r a n g e  where m o s t  c a t a l y t i c  m a t e r i a l s  a n d / o r  s u p p o r t s  a r e  t r a n s p a -  

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

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

c o n t a i n  enough c a t a l y t i c a l l y  a c t i v e  m a t e r i a l  - i s  n o t  a s i m p l e  t a s k .  
S e v e r a l  t y p e s  o f  i n f r a r e d  c e l l  h a v e  been  c o n s t r u c t e d  ( r e f s .  9 - 1 2 ) ,  
p e r m i t t i n g  in s i t u  measuremen ts  d u r i n g  c a t a l y t i c  r e a c t i o n s .  They  

a r e  u s u a l l y  s u i t a b l e  f o r  measuremen ts  b e t w e e n  h i g h  vacuum ( 

T o r r )  and  n e a r - a m b i e n t  p r e s s u r e s .  A h i g h - p r e s s u r e  s y s t e m  h a s  b e e n  

r e p o r t e d  r e c e n t l y  ( r e f .  1 1 ) ;  i t  a p p l i e s  a c y l i n d r i c a l  I R - r e f l e c t i n g  
c r y s t a l  embedded i n  t h e  h i g h  p r e s s u r e  r e a c t o r .  The I R  beam e n t e r s  

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

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

s o l u t i o n  i s  1...1.5 run and  t h i s  s h o r t  c e l l  p a t h l e n g t h  c o l l e c t s  

O f  a l l  s p e c t r o s c o p i c  m e t h o d s ,  t h o s e  w h i c h  can  b e  t e r m e d  " v i b r a -  

I R  s p e c t r o s c o p y  has  a g r e a t  a d v a n t a g e  compared w i t h  o t h e r  
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TABLE 3.1 

S u r f a c e  s p e c t r o s c o p i e s  ( r e f s .  1 - 4 ) .  
- 

Spec t roscopy  Probe Measurement I n f o r m a t i o n  
(acronym) ( i n p u t )  ( o u t p u t )  on 

Emiss ion :  
e l  e c t  r o n  
s p e c t r o s c o p y  
- U1 t r a v i  o l  e t  monochroma t i c  e l e c t r o n  s u r f a c e  s t a t e s ,  d i -  

p h o t o e m i s s i o n  UV-photon beam e m i s s i o n  U8. r e c t i o n  o f  bonds, 
s p e c t r o s c o p y  ( -20 eV) ene rgy  v a l e n c e  s t a t e  o f  
(UPS) i o n  

- X- ray  p h o t o -  monochromat ic  e l e c t r o n  s u r f a c e  composi - 
emi s s i on X- ray  e m i s s i o n  t i o n ,  v a l e n c e  s t a t e  
s p e c t r o s c o p y  ( -1,5 keV) U8. ene rgy  of  i o n  
( X P S  o r  ESCA) 

e l e c t r o n  ( - 3  keV) e l e c t r o n  v a l e n c e  s t a t e  o f  
s p e c t r o s c o p y  e m i s s i o n  U8. i o n  
(AES) e n e r g y  

z a t i o n  s p e c t r -  ( 5  eV) e m i s s i o n  u s .  
oscopy ( I N S )  ene rgy  

- F i e l d  e m i s s i o n  e l e c t r ’ c  f i e l d  e l e c t r o n  s u r f a c e  s t a t e s ,  d i -  

(FES) e n e r g y  c r y s t a l  s t r u c t u r e  

- Auger e l e c t r o n  beam d e r i v a t i v e  s u r f a c e  c o m p o s i t i o n ,  

- I o n  n e u t r a l i -  h e l i u m  i o n s  e l e c t r o n  s u r f a c e  s t a t e s  

s p e c t r o s c o p y  (“3x10 + V/cm) e m i s s i o n  US. r e c t i o n  o f  bonds , 

S c a t t e r i n g  
e l  ec t r o n  
spec t roscopy  
,- Energy  l o s s  

s p e c t r o s c o p y  
(ELS) 

- S o f t  X- ray  
appearance 
p o t e n  t i  a1 
spec t roscopy  
(SAPS) 

E l e c t r o n  
d i f f r a c t i o n  
- Low energy  

e l e c t r o n  
d i f f r a c t i o n  
(LEEO) 

monoenerge t i  c d e r i  v a t e  t r a n s i t i o n s  between 
e l e c t r o n s  e l e c t r o n  s u r f a c e  s t a t e s  
( -1  keV) e m i s s i o n  US. 

monoenerge t i c  d e r i v a t i v e  s u r f a c e  s t a t e s ,  
e l e c t r o n s  t o t a l  X - ray  c o m p o s i t i o n ,  v a l e n -  
(-10-1000 eV) y i e l d  u 8 . i n c i -  ce  s t a t e  o f  i o n  

d e n t  e l e c t r o n  
e n e r g y  

e n e r g y  l o s s  

monoenerge t i c  a n g u l a r  d i s t -  s u r f a c e  c r y s t a l l o g -  
e l e c t r o n s  r i b u t i o n  o f  r a p h y  
(10-1000 eV) e l a s t i c a l l y  

s c a t t e r e d  
e l e c t r o n s  
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Spectroscopy Probe Measurement Information 
(acronym) ( i n p u t )  ( o u t p u t )  on 

P h o t o n  
spectroscopy 
- Inf ra red  monochromatic 

spectroscopy in f r a red  
( I R )  

spectroscopy photons 

hotons 
! ( 2 - 5 0 ) ~ 1 0 - ~  eV1 

(0 .5-6 .5  eV) 

- Optical  monochromatic 

- Extended X-ray monochromatic 
absorpt ion X-ray photons 
f i n e  s t r u c t u r e  (few keV from a 
(EXAFS)  synchrotron)  

absorp t ion  u s .  
wavelength 

absorp t ion  u s .  
wavelength 

modulation o f  
the  absorbed 
photon in ten-  
s i t y  u s .  
energy 

occupied su r face  
s t a t e s ,  s t r u c t u r e  
of adsorbed mole- 
cu le s  
occupied su r face  
s t a t e s ,  s t r u c t u r e  
o f  adsorbed mole- 
cu le s  
coord ina t ion  num-  
be r ,  atomic d i s -  
t ances ,  na ture  of  
surrounding atoms 
(heavy n u c l e i )  

I o n  back 
s c a t t e r i n g  
spectroscopy 
- Secondary ion ions (-1 keV) spu t t e red  i o n  su r f ace  composi- 

mass spec t ros-  cu r ren t  u s .  t i o n  ( a s  func t ion  
copy (SIMS) mass-to-charge o f  depth)  

r a t i o  
- Rutherford helium ions backsca t te red  su r face  s t a t e s  and 

back-sca t te -  (few MeV) He+ ions  U8. composition 
r ing  spec t ros-  energy 
C O P Y  ( R B S  1 

T A B L E  3.2 

Relation between sur face  sc ience  and c a t a l y s i s  

Surface 
sc ience  

I n d u s t r i a l  
c a t a l y s i s  

~~~ 

Surface composition clean sur face  undefined su r face  

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

Pressure <lo-* Pa > lo5  Pa 

(promotors?) 

( " a c t i v e  s i t e s " ? )  
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i n f o r m a t i o n  on what  happens on t h e  o t h e r  s i d e  o f  t h e  r e f l e c t i n g  

c y l i n d e r ,  i.s. i n  t h e  r e a c t o r  space. Homogeneous c a t a l y t i c  r e a c -  
t i o n s  such as c o b a l t - c a t a l y z e d  c a r b o n y l a t i o n s  as w e l l  as z e o l i t e  
syn theses  have been f o l l o w e d  t h i s  way. O f  course ,  t h e  r e f l e c t e d  
beam r e p r e s e n t s  a r a t h e r  n o i s y  and weak s i g n a l  and hence a F o u r i e r -  
- t r a n s f o r m  I R  s p e c t r o m e t e r  w i t h  a d a t a  c o l l e c t i o n  i s  a p r e r e q u i s i t e  
f o r  p r o p e r  d a t a  p r o c e s s i n g .  Most  in situ i n f r a r e d  c a t a l y t i c  s t u d i e s  

r e p o r t e d  so f a r  i n v o l v e  r e a c t i o n  p a r t n e r s  h a v i n g  i n t e n s e  I R  bands 
i n  e a s i l y  d e t e c t a b l e  r e g i o n s :  NO o r  CO*. When e v a l u a t i n g  t h e s e  d a t a  
one has t o  be c a r e f u l  t o  remember t h a t  t h e  s u r f a c e  s p e c i e s  we see 
i s  n o t  n e c e s s a r i l y  i d e n t i c a l  w i t h  t h e  i n t e r m e d i a t e  r e s p o n s i b l e  f o r  
t h e  chemica l  r e a c t i o n .  O t h e r  a d d i t i o n a l  measurements a r e  necessa ry  
t o  c o n f i r m  t h e  i n f o r m a t i o n  o b t a i n e d .  

The per fo rmance o f  in situ i n f r a r e d  s p e c t r o s c o p y  w i l l  now be 
i l l u s t r a t e d  by  a few examples. When C02 i s  hyd rogena ted  o v e r  suppor -  
t e d  Rh ( r e f .  13)  o r  Ru ( r e f .  14 )  t h e  v i b r a t i o n s  o f  s u r f a c e  f o r m a t e  
i o n s ,  C - H  g roups ,  s u r f a c e  h y d r o c a r b o n a t e  and adsorbed C O  can be 
i d e n t i f i e d  i n  t h e  I R  spectrum. The p resence  o f  Rh i s  n e c e s s a r y  f o r  
t h e  f o r m a t i o n  o f  s u r f a c e  fo rma te ;  however,  i t s  s u r f a c e  c o n c e n t r a -  
t i o n  was h i g h e r  on  Rh/A1203 t h a n  t h a t  c o r r e s p o n d i n g  t o  t h e  number 
o f  s u r f a c e  m e t a l  atoms and was z e r o  on  Rh/S i02  ( r e f .  13 ) .  T h i s  
means t h a t  s u r f a c e  f o r m a t e  i s  a b y - p r o d u c t  wh ich  m i g r a t e s  t o  t h e  
a lum ina  s u p p o r t  f r o m  Rh ( r e f .  13)  and Ru ( r e f .  1 4 ) ;  t h e  s i t u a t i o n  
i s  s i m i l a r  w i t h  s u p p o r t e d  Pd ( r e f .  1 5 ) .  The wavenumber o f  adso rbed  
C O  i s  c h a r a c t e r i s t i c  o f  l i n e a r  C O  a d s o r p t i o n  on Rh and Ru; i n  a d d i -  
t i o n ,  b r i d g e d  C O  a l s o  appears  on Pd. C O  i s  a d i s s o c i a t i o n  p r o d u c t  
of  C02; i f  C02 i s  removed f r o m  t h e  gas phase, t h e  a b s o r p t i o n  band 
of  adsorbed C O  a l s o  d i sappears .  The wavenumber v a l u e s  o f  t h i s  C O  

a r e  s h i f t e d  t o  l o w e r  v a l u e s  compared w i t h  t h e  p u r e  M - CO band; t h e  
a u t h o r s  sugges t  t h a t  t h i s  i s  due t o  t h e  f o r m a t i o n  o f  an H - Rh - C O  

t y p e  s u r f a c e  spec ies ,  because t h e  same s h i f t  i s  obse rved  when C02 

* O f  t h e  472 papers  t h a t  appeared on v i b r a t i o n a l  s p e c t r o s c o p y  on ca- 
t a l y s t s  i n  1985, 187 d e a l  w i t h  t r a n s m i s s i o n  I R  s p e c t r o s c o p y ;  o f  
these,  C O  i s  t h e  p robe  m o l e c u l e  i n  7 5  and NO i n  16 wh ich  r e p r e s e n t s  
abou t  50% o f  t h e  t o t a l .  Carbony l  v i b r a t i o n s  r e p r e s e n t  a l a r g e  f r a c -  
t i o n  o f  t h e  probe mo lecu les  i n  t h e  r e m a i n i n g  50%. I n  a d d i t i o n ,  t h e  
v a s t  m a j o r i t y  o f  HREELS papers  (45 o u t  o f  58  i t e m s )  d e a l  a l s o  w i t h  
CO.  /J. Mink, P l e n a r y  L e c t u r e ,  S i x t h  I n t e r n a t i o n a l  Conference on 
F o u r i e r - T r a n s f o r m  Spec t roscopy ,  Vienna, August  1987; M ic roch im.  
Ac ta  (1988) i n  p r e s s . /  
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and  H2 a r e  c o a d s o r b e d .  T h i s  may b e  t h e  p r e c u r s o r  o f  s u r f a c e  c a r b o n ,  

a n o t h e r ,  I R - i n a c t i v e ,  i n t e r m e d i a t e  o f  me thane  f o r m a t i o n .  The p r e -  

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

t h e  c a t a l y s t .  
I n  a n o t h e r  s t u d y  o f  t h e  same g r o u p ,  t h e  r o l e  o f  s u r f a c e  i s o -  

c y a n a t e  was s t u d i e d  i n  t h e  r e a c t i o n  b e t w e e n  N O  + C O  ( r e f s .  10,16) .  

T h i s  s p e c i e s  - s h o w i n g  an  i n t e n s e  I R  b a n d  - does  n o t  p l a y  a n  i m p o r -  
t a n t  r o l e  i n  c a t a l y t i c  N O  r e d u c t i o n .  I t  m i g r a t e s  t o  t h e  S i 0 2  

s u p p o r t  f r o m  t h e  P t  ( r e f .  10) o r  Rh c a t a l y s t  ( r e f .  1 6 )  and  decompo- 
ses  above  a b o u t  400 K. However ,  i t s  I R  s p e c t r u m  d q m o n s t r a t e s  t h a t  

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

p o s s i b i l i t y  t h a t  i t  i s  a r e a l  s u r f a c e  i n t e r m e d i a t e  u n d e r  d y n a m i c  
c o n d i t i o n s ,  i n  e x c e s s  oxygen ,  c a n n o t  b e  e x c l u d e d .  

An in situ k i n e t i c  and  I R  s t u d y  o f  C O  o x i d a t i o n  on  Group  V I I I  
m e t a l / S i 0 2  ( r e f .  1 7 )  i n v o l v e d  t e m p e r a t u r e  p r o g r a m m i n g  o f  t h e  c a t a -  

l y s t s  a f t e r  v a r i o u s  p r e t r e a t m e n t s  and  m o n i t o r i n g  t h e  I R  s p e c t r a  o f  
a d s o r b e d  C O  and  s i m u l t a n e o u s  r e a c t i o n  r a t e  measuremen ts .  W i t h  

i n c r e a s i n g  t e m p e r a t u r e  on  R h / S i 0 2 ,  l i n e a r l y  a d s o r b e d  CO p r e d o m i n a -  

t e d .  The i n t e n s i t y  o f  i t s  I R  band  d e c r e a s e d  and, upon  i g n i t i o n ,  a 

v e r y  s m a l l  band  c o r r e s p o n d i n g  t o  C O ,  a d s o r b e d  i n  a l l  l i k e l i h o o d  on  

a h i g h e r  o x i d a t i o n  s t a t e  o f  Rh, r e m a i n e d .  Upon c o o l i n g ,  a l l  I R  
bands r e a p p e a r e d ,  t h a t  c o r r e s p o n d i n g  t o  l i n e a r  CO d e c r e a s e d ,  a n d  
t h e  d o u b l e t  o f  t h e  d i c a r b o n y l  s p e c i e s  became n o t i c e a b l y  more i n t e n -  

se.  The p o s i t i o n  o f  t h e  C O  bands  a l s o  i n d i c a t e d  t h e  p r e d o m i n a n t  

o x i d a t i o n  s t a t e  o f  Rh. S i m u l t a n e o u s  r a t e  measuremen ts  i n d i c a t e d  
t h a t  t h e  C O  o x i d a t i o n  r a t e  d e c r e a s e d  a c c o r d i n g  t o  t h e  s e q u e n c e  

R h ( O ) > R h ( I ) > R h ( I - 1 1 1 ) .  I n  a d d i t i o n  f o r m a t i o n  o f  s u r f a c e  o x i d e s  
s t r o n g l y  i n h i b i t e d  C O  o x i d a t i o n  on Ru and  Pd. 

I n  t r a n s i e n t  r e s p o n s e  s t u d i e s  ( f o r  d e t a i l s ,  see  S e c t i o n  4.5), 
changes  f o l l o w i n g  a s t e p - c h a n g e  i n  t h e  c o n c e n t r a t i o n  o f  one o f  t h e  
r e a c t a n t s  have  been  m o n i t o r e d .  F o r  I R  s t u d i e s ,  an e x t r e m e l y  l o w  

vo lume I R  c e l l  was c o n s t r u c t e d  ( r e f .  1 2 ) .  When a He f l o w  t h r o u g h  a 
w a f e r  o f  P t / S i 0 2  c a t a l y s t  was r e p l a c e d  b y  a m i x t u r e  o f  5 %  02/He,  

a d s o r b e d  C02 showed a f u r t h e r  s l i g h t  i n c r e a s e  w h e r e a s  t h e  i n t e n s i t y  
o f  a d s o r b e d  C O  d e c r e a s e d .  A t  s t e a d y - s t a t e  ( a f t e r  1 0  s!) t h e  b a n d s  
o f  a d s o r b e d  C02 d i s a p p e a r e d ,  t h o s e  o f  a d s o r b e d  CO r e a c h e d  a h i g h e r  

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

t i o n  and  a b r u p t  d e s o r p t i o n  o f  a " s l u g "  o f  C02 w h i c h  was i n  a v i b -  

r a t i o n a l l y  h o t  s t a t e .  Upon p a s s i n g  C02 a l o n e ,  t h e  above t r a n s i e n t  

phenomena were  n o t  o b s e r v e d  ( r e f .  1 2 ) .  A n o t h e r  I R  c e l l  f o r  t r a n s i -  
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en t  s t u d i e s  i s  shown in  Fig.  4 . 3 7 .  

3.1.2 Temperature Programmed Methods 

heat ing o f  t he  c a t a l y s t  sample according t o  a - usua l ly  l i n e a r  - 
temperature programme. The sample i s  placed in  a stream of i n e r t  
gas or the  temperature programme i s  appl ied  t o  a s i n g l e  c r y s t a l  
sample under vacuum. Information i s  u sua l ly  obtained by d e t e c t i n g  
mass s igna l  ( s ) .  

causes i t s  desorp t ion .  With inc reas ing  tempera ture ,  the  desorp t ion  
r a t e  i n c r e a s e s ,  reaches a maximum and then decreases  as  t he  s u r f a -  
ce i s  deple ted  of adsorbate  ( r e f .  1 8 ) .  (Temperature Programmed 
Desorpt ion,  T P D ,  o r  Thermal Desorption Spectroscopy,  TDS.) I f  t he  
same gas has more than one adsorbed form on t he  s u r f a c e ,  t he  number 
of  such "desorp t ion  peaks" wi l l  correspond t o  t he  adsorbed forms. 
F o r  example, four  types of adsorbed hydrogen were i d e n t i f i e d  on  
platinum black ( r e f .  1 9 ) ;  t he  number of desorp t ion  peaks and t h e i r  
exac t  pos i t i on  i s  s t i l l  a mat te r  of debate .  The method can be used 
f o r ,  e.g .  , reducing the  c a t a l y s t  (Temperature Programmed Reduction, 
T P R ) ;  then the  gas flow conta ins  hydrogen and i t s  consumption i s  
de tec ted .  Also,  Temperature Programmed Oxidat ion,  T P O ,  i s  o f t en  
appl i ed.  

There a r e  ample data  in  the  l i t e r a t u r e  desc r ib ing  h o w  q u a n t i t a -  
t i v e  information - adsorp t ion  energy,  k i n e t i c  o rde r ,  energy o f  ac-  
t i v a t i o n ,  preexponent ia l  f a c t o r  of desorp t ion  s t c .  - can be o b t a i -  
ned from T P D  spec t r a  ( r e f .  18 ) .  T P D ,  T P R ,  TPO a n d  o the r  vers ions  
a r e  very o f t en  used f o r  c a 4 a l y s t  c h a r a c t e r i z a t i o n .  From our po in t  
o f  view, i . e .  f o r  i n v e s t i g a t i n g  r eac t ion  mechanisms, t he  var ious  
methods of Temperature Programmed Reaction Spectroscopy,  T P R S ,  a r e  
more i n t e r e s t i n g .  Here, one gas can be adsorbed a n d  a second reac-  
t i v e  gas (or  i t s  mixture with an i n e r t  gas )  can be used a s  a 
c a r r i e r  (Temperature Programmed React ion,  T P R ) .  In t he  Temperature 
Programmed Surface React ion,  T P S R ,  two gases  a r e  coadsorbed a n d  
t h e i r  su r f ace  r eac t ion  i s  monitored while the  c a t a l y s t  i s  heated in 
a n  i n e r t  atmosphere ( r e f .  18 ) .  TPRS proper involves  the  adsorp t ion  
of a r e l a t i v e l y  complex molecule on a c a t a l y s t .  This i s  then heated 
in  an i n e r t  atmosphere or vacuum and the desorp t ion  of var ious  
spec ie s  - r e a c t a n t  i t s e l f  and va r ious  products  - i s  monitored ( r e f .  
2 0 ) .  For  example, when n-hexane i s  adsorbed on a P t -conta in ing  ca- 
t a l y s t  a n d  then hea ted ,  unchanged n-hexane, unsa tura ted  C6-hydro- 

These methods a r e  t y p i c a l l y  non-s teady-s ta te  methods involving 

I f  a gas i s  adsorbed previous ly  o n  t he  c a t a l y s t ,  gradual hea t ing  



55 

c a r b o n s  f r a g m e n t s  and  benzene  can  b e  d e t e c t e d  b y  mass s p e c t r o m e t r y  

( r e f s .  2 0 - 2 2 ) .  The s i t u a t i o n  i s  a n a l o g o u s  t o  o t h e r  n-C6 r e a c t a n t s ;  

F i g .  3.2 shows t h e  d e s o r p t i o n  s p e c t r a  o b s e r v e d  w i t h  n - 1 , 4 - h e x a d i e n e  

1,GHexadiene 
I t  

m 350 

F i g .  3 .2.  T e m p e r a t u r e  Programmed R e a c t i o n  S p e c t r a  o b t a i n e d  w i t h  
a d s o r b e d  1 , 4 - h e x a d i e n e .  Reproduced  w i t h  p e r m i s s i o n  f r o m  ( r e f .  21) .  

r e a c t a n t  ( r e f .  2 1 ) .  H e r e  hexenes  a p p e a r  as  h y d r o g e n a t i o n  p r o d u c t s .  

N o t e  t h a t  h y d r o g e n  l e a v i n g  t h e  s u r f a c e  e x h i b i t s  p e a k s  p a r a l l e l  t o  

t h o s e  o f  benzene .  T h i s  does n o t  i n d i c a t e  t h a t  t h e  CsH10-C6H6 t 

t 2H2 o c c u r s  s i m u l t a n e o u s l y  a t  t h e  t e m p e r a t u r e s  o f  d e s o r p t i o n  b u t  

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

o u s l y ,  even  i f  t h e  r e a c t i o n  t o o k  p l a c e  on  t h e  s u r f a c e  a t  l o w e r  tem- 

p e r a t u r e s .  I f  p e r d e u t e r a t e d  n - h e p t a n e  i s  a d s o r b e d ,  o n l y  t h e  t h i r d  

peak  i n  t h e  t r i p l e  benzene p e a k  s y s t e m  was a c c o m p a n i e d  b y  t h e  de -  

s o r p t i o n  o f  D2 ( r e f .  20 )  i n d i c a t i n g  t h a t  h y d r o g e n  gas  may a l s o  have  

o r i g i n a t e d  f r o m  t h e  " h y d r o g e n  p o o l "  on  t h e  c a t a l y s t  s u r f a c e .  Benze-  

ne g i v e s  a s i n g l e  d e s o r p t i o n  peak  w i t h  n -hexane  a n d  a t r i p l e  d e -  

s o r p t i o n  peak  s y s t e m  w i t h  n -hexene ,  n - h e x a d i e n e s  a s  r e a c t a n t s  o n  
P t / A 1 2 0 3 .  P t - b l a c k  g i v e s  a t r i p l e  peak s y s t e m  w i t h  n -hexane ,  t o o .  
The d e s o r p t i o n  t e m p e r a t u r e s  a r e  483,  503 ,  527 K on  P t / A 1 2 0 3  ( n - h e x a -  

ne g i v e s  a peak a t  503 K )  and  428, 448,  467 K o n  P t - b l a c k  ( r e f .  2 1 ) .  

T h i s  i n d i c a t e s  a common r a t e - d e t e r m i n i n g  s t e p  i n  a r o m a t i z a t i o n  f o r  

each  s t a r t i n g  o p e n - c h a i n  h y d r o c a r b o n .  The peak  s y s t e m s  o f  b e n z e n e  

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

h e x a d i e n e  were d i f f e r e n t  f r o m  t h o s e  o f  o p e n - c h a i n  r e a c t a n t s  a n d  
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a l s o  d i f f e r e d  f r o m  each o t h e r  ( r e f .  2 2 ) .  Thus, benzene f o r m a t i o n  

from n -hyd roca rbons  and C g - C y c l i c s  s h o u l d  have d i f f e r e n t  r a t e - d e -  
t e r m i n i n g  s t e p s  and t h e  f o r m a t i o n  o f  C 6 - c y c l i c s  f r o m  n-hexene o r  
n-hexane as s u r f a c e  i n t e r m e d i a t e s  i s  u n l i k e l y .  

p rocess :  e n e r g i e s  o f  a c t i v a t i o n ,  p r e e x p o n e n t i a l  f a c t o r s  and even 
t u r n o v e r  numbers can be c a l c u l a t e d  ( r e f .  23) .  

The method of TPRS p r o v i d e s  ev idence  a b o u t  what happens on t h e  
s u r f a c e  p r o p e r  b u t ,  i n  a d d i t i o n  t o  b e i n g  a n o n - s t e a d y - s t a t e  p rocess ,  
i t  has a n o t h e r  d i sadvan tage :  t h e  adsorbed phase r e a c t s  i n  t h e  ab- 
sence o f  gas-phase r e a c t a n t s  and a s t o i c h i o m e t r i c  components o f t e n  

i n f l u e n c i n g  t h e  obse rved  r e a c t i o n s  - as hydrogen does i n  t h e  p r o -  
cess of  a r o m a t i z a t i o n  - a r e  a l s o  absen t .  T h i s  l a t t e r  d i s a d v a n t a g e  
has been overcome by  i n t r o d u c i n g  Scann ing  K i n e t i c  S p e c t r o m e t r y  
(SKS; r e f .  24 )  wh ich ,  i n  i t s  des ign ,  i s  r e l a t e d  t o  t h e  T P  methods 
c a r r i e d  o u t  i n  h i g h  vacuum systems: s i n g l e  c r y s t a l  s u r f a c e s  a r e  
used f o r  a d s o r p t i o n  and /o r  r e a c t i o n  and t h e  mass s i g n a l  i s  o b t a i n e d  
by  a mass s p e c t r o m e t e r  p l a c e d  i n  t h e  v i c i n i t y  o f  t h e  a c t i v e  s u r f a -  
ce. SKS uses a c r y s t a l ,  wh ich ,  p r i o r  t o  t h e  e x p e r i m e n t s  has been 
c o m p l e t e l y  s a t u r a t e d  w i t h  r e a c t a n t .  A m o l e c u l a r  beam o f  r e a c t a n t  i s  
t h e n  d i r e c t e d  a t  t h e  c a t a l y t i c  c r y s t a l  under  a d e f i n i t e  a n g l e  - 60' 
f rom t h e  s u r f a c e  normal  i n  ( r e f .  24) - whose t e m p e r a t u r e  i s  t h e n  
r a i s e d  a c c o r d i n g  t o  a p r e - s e l e c t e d  programme. A m u l t i p l e x  quadru -  
p o l e  mass s p e c t r o m e t e r  i s  mounted normal  t o  t h e  c r y s t a l  s u r f a c e  
and d e t e c t s  p r o d u c t s  and r e a c t a n t s  l e a v i n g  t h e  s u r f a c e .  The ma in  
d i sadvan tage  o f  t h e  c o n v e n t i o n a l  TP  methods i s  t h u s  e l i m i n a t e d  by  
p r o v i d i n g  a c o n t i n u o u s  r e a c t a n t  s u p p l y  t o  t h e  s u r f a c e .  R e a c t a n t  
consumpt ions  a r e  i n d i c a t e d  by  n e g a t i v e  peaks; t h e  appearance o f  
p r o d u c t s  (due t o  chemica l  r e a c t i o n s )  o r  t h a t  o f  t h e  r e a c t a n t  (due 
t o  d e s o r p t i o n  p rocesses )  b y  p o s i t i v e  peaks. F i g u r e  3.3 shows s p e c t -  
s p e c t r a  o f  CD30H, CD30D, D2 and CO a r i s i n g  when CD30H f l u x  was d i -  
r e c t e d  t o  a N i ( l l 1 )  c r y s t a l .  Peak a co r responds  t o  t h e  d e s o r p t i o n  
of unchanged CD30H; 13 t o  a r e c o m b i n a t i v e  d e s o r p t i o n  o f  methano l  
( n o t e  t h a t  t h i s  i s  t h e  o n l y  peak i n  t h e  CD30D spec t rum ) .  The p r e -  

c u r s o r  o f  CD3DD must be a CD30 adspec ies  ( = f .  
spec t rum) .  T h i s  decomposes i n t o  C O  and H adsorbed on t h e  s u r f a c e ;  
r e c o m b i n a t i o n  and d e s o r p t i o n  o f  H-atoms co r responds  t o  t h e  y2  nega- 
t i v e  peak, t h e  d e s o r p t i o n  of  CO,  co r responds  most l i k e l y  t o  t h e  y 3  

peak o f  t h e  CD30H spectrum. I t can be e s t i m a t e d  t h a t  - a t  a s p e c i -  

f i c  CD30H f l u x  o f  4 ~ 1 0 ~ '  cm-* s - l  - 16% o f  t h e  s u r f a c e  s p e c i e s  
g i v e s  CD30H, 23% CD30D, whereas 61% decomposes i n t o  C O  and 0. On a 

TPRS s p e c t r a  can a l s o  s u p p l y  q u a n t i t a t i v e  v a l u e s  f o r  t h e  s u r f a c e  

y, on t h e  C030H 
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Temperature ( K 1 

Fig. 3.3.  S c a n n i n g  Kine t ic  Sp t r a  or CD30H inc iden t  on N i ( l l 1 ) .  
The c r y s t a l  was exposed t o  1OyS cm-$ CD30H a t  187 K prior t o  expe- 
riment.  Reproduced with permission from ( r e f .  2 4 ) .  

C u ( l l 1 )  c r y s t a l ,  a s e l e c t i v e  decomposition i n t o  CD20 could a l s o  be 
observed. 

3.1.3 Model Compound Reactions 

reac t ion  mechanisms of heterogeneous c a t a l y t i c  r e a c t i o n s ,  t o  
c l a s s i f y  the a c t i v i t y  a n d  s e l e c t i v i t y  of c a t a l y s t s  under non-deac- 
t i v a t i n g  a n d  deac t iva t ing  condi t ions  and t o  s tudy the  na ture  of 
ac t ive  cen te r s  a n d  r e a c t i v e  su r face  complexes. The procedure i s  t he  

following: taking account o f  a l l  a v a i l a b l e  knowledge regarding the  
chemical r eac t ion  under cons ide ra t ion ,  poss ib le  t h e o r e t i c a l  reac-  
t i on  t r a j e c t o r i e s  a r e  formulated.  In the  second s t e p ,  model 

Model compound r eac t ions  a r e  very f r equen t ly  used t o  i n v e s t i g a t e  
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compounds are chosen in such a way that the obtained product dist- 
ributions enable discrimination among rival mechanisms, and finally, 
theoretical and experimental product distributions are compared. 
Quite often these experiments are carried o u t  using micro-pulse 
reactors (see Chapter 4) where 100-500 mg o f  catalyst is placed in 
a small tube reactor and reactant pulses of 0.1 - 5 ul size are 
swept through the catalyst bed by the continuous flux o f  carrier 
gas. The analysis o f  the products is performed by gas chromatog- 
raphy or gaschromatograph-mass spectrometer systems to which the 
micropulse reactor is coupled. The application o f  this method will 
now be demonstrated by some examples: 

Example 3.1: Mechanism o f  methylcyclopentane ring opening on acidic 
catalysts. Conversions of hydrocarbons on bifunctional noble 
metal/acidic carrier-catalysts o r  on acidic zeolite o r  amorphous 
A1203-Si02-catalysts belong to the largest scale catalytic processes 
in the petroleum refinery industry. T h e  transformations o f  hydro- 
carbons on acidic catalysts are discussed in terms o f  mechanisms 
with carbocations as the reactive intermediates. Two classes o f  
carbocations exist which are designated as threefold-bonded 
"classic" carbenium ions or fivefold coordinated "nonclassical" 
carbonium ions. While nonclassical carbocations have been identi- 
fied in superacids by NMR-spectroscopy their existence has not been 
proved in heterogeneous catalytic gaseous reactions, although 
mechanisms with carbonium ion intermediates have been postulated 
in a number o f  investigations to account for measured product dist- 
ributions. According to Olah (ref. 2 5 ) ,  the attack o f  a proton 
from the acidic catalyst on a -C-C- o r  a -C-H-sigma bond of the 
hydrocarbon may result in a two-electron--three-center bonding, 

Scheme 3.1, and this protonolysis will be the first step in isomeri- 
zation and C-C-bond scission on acidic catalyst centers. 

Scheme 3.1 

Protonolysis of C-C-bond results in cleavage o f  the C-C-bonds with 
formation of a smaller alkane and a carbenium ion whereas C-H-bond 
protonolysis is followed by splitting off the hydrogen and reforma- 
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t i o n  o f  a c a r b e n i u m  i o n .  Carben ium i o n s  e i t h e r  u n d e r g o  c l e a v a g e  a t  

t h e  @ - p o s i t i o n ,  o r  r e a c t  w i t h  C-H- o r  C-C-bonds o r  i s o m e r i z e  uia 
C - C  o r  C - H  d e l o c a l i z a t i o n s .  

The m o s t  i m p o r t a n t  d i f f e r e n c e s  b e t w e e n  mechanisms i n  w h i c h  c a r -  

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

m u l a t i o n s  o f  c a r b e n i u m  i o n  mechanisms a r e  ( 1 )  d i r e c t  s c i s s i o n  o f  
p r o t o n o l y z e d  C-C-bonds, ( 2 )  d i r e c t  f o r m a t i o n  o f  c a r b e n i u m  i o n s  f r o m  
a l k a n e s  v i a  C-H-bond p r o t o n o l y s i s  and  s u b s e q u e n t  c l e a v a g e  o f  H Z  
( w i t h  t h e  c l a s s i c a l  f o r m u l a t i o n s  i t  was d i f f i c u l t  t o  e x p l a i n  t h e  
f o r m a t i o n  o f  c a r b e n i u m  i o n s  f r o m  a l k a n e s  b y  p r o t o n  a t t a c k .  U s u a l l y  
i t  was assumed t h a t  t h e  c a r b e n i u m  i o n s  were  f o r m e d  f r o m  i n t e r a c t i o n  

o f  o l e f i n s  w i t h  t h e  a c i d i c  c a t a l y s t ) ,  ( 3 )  f o r m a t i o n  o f  p r o t o n a t e d  
c y c l o p r o p a n e s  i n  t h e  t r a n s i t i o n  s t a t e  o f  c a r b e n i u m  i o n  r e a r r a n g e -  

men ts ,  w h i c h  a r e  more s t a b l e  t h a n  p r i m a r y  c a r b e n i u m  i o n s .  
An i n d i c a t i o n  o f  t h e  t y p e  o f  c a r b o c a t i o n  i n t e r m e d i a t e  c a n  b e  o b -  

t a i n e d  f r o m  p r o d u c t  d i s t r i b u t i o n s  o f  C 5 - r i n g  n a p h t h e n e s  as  mode l  
compounds. I n  F i g u r e  3.4 ( r e f .  2 6 )  we see  h i s t o g r a m s  o f  t h e  m e t h y l -  
c y c l o p e n t a n e  p r o d u c t  d i s t r i b u t i o n s  f r o m  i t s  c o n v e r s i o n  o n  a 0.5 w t %  
P t / y - A 1 2 0 3  c a t a l y s t ,  a p a r t i a l l y  d e a c t i v a t e d  0.5 w t %  P t / y - A 1 2 0 3  
( w h e r e  t h e  p l a t i n u m  f u n c t i o n ,  due t o  a p r e t r e a t m e n t  p r o c e d u r e  w i t h  
h y d r o c a r b o n  c o n v e r s i o n s  a t  53OoC has  l o s t  i t s  i s o m e r i t a t i o n ,  c y c l i -  

z a t i o n  and  h y d r o g e n o l y s i s  a c t i v i t y )  and  t h e  a c i d i c  y-A1203 c a r r i e r  
o f  t h e s e  c a t a l y s t s .  Over  h i g h l y  d i s p e r s e d  p l a t i n u m  a n o n s e l e c t i v e  

o r  s t a t i s t i c a l  c l e a v a g e  o f  t h e  m e t h y l c y c l o p e n t a n e  t a k e s  p l a c e  
( r e f s .  2 7 - 2 9 ) ,  b y  w h i c h  n -hexane ,  2 - m e t h y l p e n t a n e  and  3 - m e t h y l p e n -  

t a n e  a r e  f o r m e d  i n  a m o l a r  r a t i o  o f  2:2:1, whereas  a c i d  c a t a l y z e d  
r i n g  o p e n i n g  o f  m e t h y l c y c l o p e n t a n e  y i e l d s  n-hexane a s  t h e  m a i n  
p r o d u c t .  T h i s  l a t t e r  r e s u l t  can  be i n t e r p r e t e d  i n  t e r m s  o f  a mecha- 

n i s m  i n  w h i c h  a C - C - r i n g  bond  i s  d i r e c t l y  p r o t o n o l y z e d  b y  a p r o t o n  
( r e f .  3 0 ) .  Due t o  t h e  s t a b i l i z i n g  e f f e c t  o f  t h e  m e t h y l  g r o u p ,  t h e  
mos t  p r o b a b l e  t r a n s i t i o n  s t a t e  i s  a s  shown i n  Scheme 3.2, w h i c h  
f u r t h e r  r e a c t s  w i t h  t h e  f o r m a t i o n  o f  a s e c o n d a r y  c a r b e n i u m  i o n  w i t h  
n -hexane  s t r u c t u r e .  T h i s  c a r b e n i u m  i o n  e i t h e r  s t a b i l i z e s  t h r o u g h  
p r o t o n  a b s t r a c t i o n ,  b y  w h i c h .  n -hexene  i s  f o r m e d ,  o r  t h r o u g h  h y d r i d e  
i o n  a b s t r a c t i o n  f r o m  an a l k a n e ,  b y  w h i c h  n -hexane  i s  f o r m e d .  Thus 
t h e  e x p e r i m e n t a l  o b s e r v a t i o n ,  t h a t  n -hexane  i s  t h e  m a i n  p r o d u c t  o f  
a c i d i c  c a t a l y z e d  m e t h y l c y c l o p e n t a n e  r i n g  o p e n i n g ,  c a n  b e  a c c o u n t e d  
f o r  b y  assuming  a n o n c l a s s i c a l  c a r b o c a t i o n  i n t e r m e d i a t e .  However ,  
t h e  above  e x p e r i m e n t a l  f i n d i n g s  a l s o  f i t  w i t h  a mechanism w h i c h  

i n v o l v e s  c l a s s i c a l  c a r b e n i u m  i o n s  a n d  t h e i r  @ - s c i s s i o n s  ( r e f .  3 1 ) .  
T h e r e  a r e  f o u r  p o s s i b l e  c a r b e n i u m  i o n s  w i t h  a m e t h y l c y c l o p e n t a n e  
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F i g .  3.4. M e t h y l c y c l o p e n t a n e  c o n v e r s i o n  on a 0.5 w t X  P t / A 1  0 3  c a t a -  
l y s t ,  a p a r t i a l l y  d e a c t i v a t e d  0.5 w t %  P t / A 1  03 c a t a l y s t  an$ t h e  a c i -  
d i c  A120 - c a r r i e r .  Reproduced w i t h  p e r m i s s i g n  f r o m  ( r e f .  2 6 ) .  
C o p y r i g h f  1978 b y  A m e r i c a n  C h e m i c a l  S o c i e t y .  

H CH3 + 

1 H2 C-C,' 

\ /  
CHz 

Scheme 3.2 

s t r u c t u r e ,  Scheme 3.3. W i t h  t h e  t w o  a s s u m p t i o n s ,  ( i )  t h a t  t h e  r a t e -  

- d e t e r m i n i n g  s t e p s  a r e  t h e  bond r u p t u r e s  i n  t h e  c a r b e n i u m  i o n s  a n d  
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b b b  a 
Scheme 3 . 3  

(ii) t h a t  B - c l e a v a g e s ,  b y  w h i c h  s e c o n d a r y  and  t e r t i a r y  c a r b e n i u m  

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

o n l y  two o u t  o f  t h e  s i x  p o s s i b l e  t r a n s f o r m a t i o n s  o f  t h e  above  c a r -  

b e n i u m  i o n s  r e m a i n  where  n -hexane  i s  f o r m e d .  Thus, w i t h  m e t h y l -  

c y c l o p e n t a n e  as  model  compound, d i s c r i m i n a t i o n  b e t w e e n  t h e  t w o  

a c i d - c a t a l y z e d  C-C-bond s c i s s i o n  mechanisms c a n n o t  b e  a c h i e v e d .  
The two  mechanisms can ,  however ,  b e  d i s t i n g u i s h e d  o n  t h e  b a s i s  

o f  p r o d u c t  d i s t r i b u t i o n s  f r o m  1,2-dimethylcyclopentane c o n v e r s i o n  

( r e f .  32). The p o s s i b l e  c a r b e n i u m  i o n s  w i t h  t h e  1 , 2 - d i m e t h y l c y c l o -  
p e n t a n e  s t r u c t u r e  and  t h e  r i n g  o p e n i n g  r e a c t i o n  p r o d u c t s ,  uia t h e  

B - c l e a v a g e  r o u t e s ,  a r e  d e p i c t e d  i n  Scheme 3.4. W i t h  t h e  same a s -  

& & & &  

Scheme 3.4 

s u m p t i o n s  u s e d  f o r  t h e  m e t h y l c y c l o p e n t a n e  r i n g  o p e n i n g ,  3 - m e t h y l -  

hexane  and  n - h e p t a n e  a r e  e x p e c t e d  f r o m  1,2-dimethylcyclopentane 
r i n g  c l e a v a g e .  D i r e c t  p r o t o n o l y s i s  o f  1 , Z - d i m e t h y l c y c l o p e n t a n e ,  on  

t h e  o t h e r  hand, s h o u l d  r e s u l t  i n  r i n g  r u p t u r e  y i e l d i n g  m a i n l y  
n - h e p t a n e ,  because  t h e  t r a n s i t i o n  s t a t e  i s  t h e r m o d y n a m i c a l l y  f a v o u -  
r e d  where  t h e  C-C-bond b e t w e e n  t h e  t w o  m e t h y l  g r o u p s  i s  p r o t o n o l y -  

zed. A s  t h e  r e s u l t s  i n  F i g .  3.5 r e v e a l ,  n - h e p t a n e  i s  t h e  m a i n  
p r o d u c t  o f  a c i d  c a t a l y z e d  r i n g  c l e a v a g e  o f  1,2-dimethylcyclopentane, 
i n d i c a t i n g  d i r e c t  C-C-bond p r o t o n o l y s i s  f o l l o w e d  b y  C-C-bond 
s c i s s i o n .  
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F i g .  3.5. R i n g  open ing  p r o d u c t s  f r o m  1 , 2 - d i r n e t h y l c y c l o p e n t a n e  con- 
v e r s i o n .  

Example 3 .2 :  R e a c t i o n  mechanism o f  e t h y l b e n z e n e  i s o m e r i z a t i o n .  The 

main source  o f  i n d u s t r i a l  p r o d u c t i o n  o f  x y l e n e s  i s  t h e  C8-a romat i c  

c u t  o f  t h e  p r o d u c t  s t ream o f  c a t a l y t i c  r e f o r m i n g  p l a n t s .  T y p i c a l  
p r o d u c t  d i s t r i b u t i o n s  o f  t h e  C8-a romat i cs  a r e  1 7  w t %  e t h y l b e n z e n e  

(EBZ), 18  w t %  p - x y l e n e ,  43 w t %  m-xy lene  and 2 2  w t %  o -xy lene .  I f  
p y r o l y s i s  benzene i s  used as f e e d ,  t h e  f r a c t i o n  o f  e t h y l b e n z e n e  i n  
t h e  m i x t u r e  accoun ts  f o r  up t o  6 0  w t % .  The p a r t i c u l a r i y  i m p o r t a n t  

p- and o - x y l e n e s  a r e  o b t a i n e d  f r o m  t h i s  f e e d  b y  a combined p r o c e s s ,  

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

Whereas x y l e n e s  undergo i s o m e r i z a t i o n  on a c i d i c  c a t a l y s t s ,  as f o r  
i n s t a n c e  amorphous and c r y s t a l l i n e  a l u r n i n o s i l i c a t e s ,  HF/BF3 o r  

v a r i o u s  z e o l i t e s  ( r e f s .  3 3 , 3 4 ) ,  e t h y l b e n z e n e  undergoes t r a n s a l k y l a -  

t i o n  ( d i s p r o p o r t i o n a t i o n )  o v e r  a c i d i c  c a t a l y s t s ,  l i k e  ZSM-5  z e o l i t e  
( r e f .  3 5 ) .  I t  i s o m e r i z e s  uia hydrogena ted  i n t e r m e d i a t e s  o v e r  b i -  

f u n c t i o n a l  c a t a l y s t s  ( r e f .  36), c o n t a i n i n g  a ( d e ) - h y d r o g e n a t i o n  and 
an a c i d i c  f u n c t i o n  ( see  a l s o  Chap te r  1 ) .  I s o m e r i z a t i o n  o f  an e t h y l -  

c y c l o h e x e n y l  g roup,  y i e l d i n g  d i m e t h y l  c y c l o h e x e n y l  g roups ,  r e q u i r e s  

a t  l e a s t  two r e a c t i o n  s t e p s ,  wh ich  have been shown t o  c o n s i s t  o f  a 
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ring contraction to a cyclopentenyl structure followed by ring 
expansion to a cyclohexenyl one (ref. 37 and references therein). 

Over a weakly acidic Pt/A1203-F catalyst, o-xylene was the main 
product from ethylbenzene isomerization. From this and the additi- 
onal experimental result (that over the acidic carrier ethylcyclo- 
hexane no isomerization, yielding dimethylcyclohexanes, took place) 
a reaction mechanism involving nonclassical carbocations v i a  ethyl- 
cyclohexene - 1 -ethyl-2-methyl-cyclopentene-l,2-dimethylcyclohexene 
to o-xylene (which further isomerizes to m-  and p-xylene) was pos- 
tulated (ref. 38). Further evidence for this reaction mechanism 
can be obtained from product distributions of conversions of the 
model compounds ethylcyclohexene, 1,2-methylethylcyclopentene, 
1,3-methylethylcyclopentene and 1,l-dimethylcyclohexane on a weakly 
acidic Pt/A1203 catalyst, Table 3.3 (ref. 26). Conversions of 

TABLE 3.3 

C8-aromatic distributions from conversions of C8-naphthenes over 
Pt/A1203. After (ref. 26). Copyright 1979, American Chemical Society. 

Feeda Cs-aromatic products 

ethyl- o-xylene m-xylene p-xylene 
benzene 

ethylcyclohexene 98.9 0.6 0.4 0.1 

1,2-methylethylcyclopentene 19.5 43.6 27.7 9.2 
1,3-methylethylcyclopentene 4.1 5.7 49.3 40.9 
1,l-dimethylcyclohexane 1.1 98.9 - - 
equilibrium concentrations 8.0 22.5 47.0 22.5 

aReaction conditions: 4OO0C, 1.8 bar, 120 mg 0.5 wtX PtlAlpO3-cata- 
lyst, pulse microreactor, hydrogen carrier gas velocity: 
150 ml/min, pulse size 0.1 ul. 

1.1-dimethylcyclohexane have been considered to account for possib- 
le isomerization routes v i a  1.2-methyl shifts. From ethylcyclo- 
hexene and 1,2-methylethylcyclopentene conversion, o-xylene i s  the 
main product among the xylene isomers. Ethylbenzene formation from 
1,2- and 1,3-methylethylcyclopentene conversion is quite different. 
Dehydroisomerization products, which result from a single skeletal 
rearrangement, are 0 - ,  m-xylene and ethylbenzene in the case of 
1,Z-methylethylcyclopentene conversion and p-, m-xylene and ethyl- 
benzene i n  the case of 1,3-methylethylcyclopentene conversion; 
whereas the formation of p-xylene, from 1,2-methylethylcyclopentene, 
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and o f  o -xy lene ,  f r o m  1,3-methylethylcyclopentene, r e q u i r e s  a t  
l e a s t  two s k e l e t a l  rea r rangements .  

w i t h  a l l  t h e  e x p e r i m e n t a l  r e s u l t s  d i s c u s s e d  so f a r .  From 1 ,3 -me thy l -  
e t h y l c y c l o p e n t e n e  two t e r t i a r y  ca rben ium i o n s  a r e  fo rmed by  p r o t o n  
a d d i t i o n .  These t e r t i a r y  carben ium i o n s  undergo s k e l e t a l  r e a r r a n g e -  
ments y i e l d i n g  m- and p - x y l e n e  uia secondary  ca rben ium i o n s  and 
e thy lbenzene  uia p r i m a r y  ca rben ium i o n s ;  t h i s  i s  i n  agreement w i t h  

r e p o r t e d  r e s u l t s  because t h e  t r a n s f o r m a t i o n s  t h r o u g h  secondary  
carben ium i o n s  s h o u l d  be f a s t e r  t h a n  t h e  t r a n s f o r m a t i o n  t h r o u g h  a 
p r i m a r y  carben ium i o n  i n t e r m e d i a t e ,  Scheme 3.5. The main  p r o d u c t s  

P r e d i c t i o n s  f r o m  c l a s s i c a l  ca rben ium i o n  mechanisms do n o t  a g r e e  

Scheme 3.5 

expec ted  f r o m  1,2-methylethylcyclopentene c o n v e r s i o n  a r e  0 -  and 
m-xy lene and f r o m  1,3-methylethylcyclopentene c o n v e r s i o n ,  e t h y l b e n -  

zene i n  s i m i l a r  amounts, Scheme 3.6. T h i s  does n o t  agree ,  however,  

Scheme 3.6 

w i t h  t h e  e x p e r i m e n t a l  p r o d u c t  d i s t r i b u t i o n s  g i v e n  i n  T a b l e  3.3. 
Assuming C - H - d e l o c a l i z e d  p r o t o n a t e d  c y c l o p r o p a n e s  ( r e f .  2 5 )  as 
i n t e r m e d i a t e s  o f  s k e l e t a l  i s o m e r i z a t i o n s ,  t h e  o b t a i n e d  p r o d u c t  
d i s t r i b u t i o n s  f r o m  t h e  d i f f e r e n t  model compound c o n v e r s i o n s  can be 
e x p l a i n e d .  D i f f e r e n t  amounts o f  e t h y l b e n z e n e  a r e  p r e d i c t e d  f o r  
d e h y d r o i s o m e r i z a t i o n  o f  t h e  two methylethylcyclopentenes, because, 

i n  t h e  case o f  1,3-methylethylcyclopentene a secondary  ca rben ium 
i o n  i s  t ransposed  i n t o  a secondary  one, Scheme 3.7, whereas i n  
case o f  1,2-methylethylcyclopentene a t e r t i a r y  ca rben ium i o n  i s  
t r a n s p o s e d  i n t o  a t e r t ’ i a r y  one, Scheme 3.8. 

S i m i l a r  c o n s i d e r a t i o n s  a p p l y  t o  t h e  f o r m a t i o n  o f  t h e  x y l e n e s  
f r o m  t h e  two methylethylcyclopentenes. Bes ides  t h e  t r a n s f o r m a t i o n  
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Scheme 3.7 

Scheme 3.8 

Scheme 3 .9  

o f  1,2-methylethylcyclopentene i n t o  o - x y l e n e ,  Scheme 3.9, a l l  o t h e r  

s k e l e t a l  r e a r r a n g e m e n t s  o f  m e t h y l e t h y l c y c l o p e n t e n e  s t r u c t u r e s  i n t o  
d i m e t h y l c y c l o h e x e n e  s t r u c t u r e s  and  v i c e  v e m u  i n v o l v e  f o r m a t i o n  o f  
a t  l e a s t  one s e c o n d a r y  c a r b e n i u m  i o n  i n t e r m e d i a t e .  R e g a r d i n g  t h e  

e t h y l b e n z e n e  i s o m e r i z a t i o n ,  t h e  r e a c t i o n  sequence  e t h y l c y c l o h e x e n e  
- 1 . 2 - r n e t h y l e t h y l c y c l o p e n t e n e  - 1 ,2 -d i rne thy lcyc lohexene  (Scheme 

3 .10 )  i s  t h e  o n l y  one i n  t h e  t o t a l  C 8 - f i v e - r i n g  a n d  s i x - r i n g  s y s t e m  

Scheme 3.10 
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which o n l y  i n v o l v e s  s k e l e t a l  r e a r r a n g e m e n t s  of  t e r t i a r y  carbenium 
i o n s  through C-H-deloca l ized  p r o t o n a t e d  cyclopropane-structures. 
Thus t h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  c o r r e s p o n d  w i t h  p r e d i c t i o n s  
from t h e o r e t i c a l  r e a c t i o n  mechanisms assuming “ c l a s s i c a l  and 

n on c 1 a s  s i c a  1 ‘I c a r  bo ca t i on i n t e  rme d i a t e  s . 
Example 3.3:  I d e n t i f i c a t i o n  of  t h e  a c t u a l  a c t i v i t y  and s e l e c t i v i t y  
of a b i f u n c t i o n a l  p l a t inum re fo rming  c a t a l y s t .  In  c a s e s  where t h e  
u n d e r l y i n g  r e a c t i o n  network of a r e a c t i v e  c a t a l y t i c  sys tem p r o v i d e s  
t h e  f rame f o r  c o n s t r u c t i n g  k i n e t i c  e q u a t i o n s  by which the r e a c t i o n  
r a t e s  a r e  d e s c r i b e d  (which a r e  the  e n t r i e s  f o r  the dynamic r e a c t o r  
m o d e l ) ,  an a c t i v i t y  and s e l e c t i v i t y  l e v e l  o f  the  c a t a l y s t  i s  
r e q u i r e d  which i s  r e p r o d u c i b l e  and c o n s t a n t  a t  l e a s t  f o r  a c e r t a i n  
r e a c t i o n  time. Usua l ly  i n  he t e rogeneous  c a t a l y t i c  r e a c t i o n  s y s t e m s ,  
s i n g l e  r e a c t i o n s  do n o t  o c c u r ,  r a t h e r  a number of d i f f e r e n t  r e a c -  
t i o n s ,  t h e  c o n t r i b u t i o n  of  each  t o  t h e  obse rved  p r o d u c t  d i s t r i b u -  
t i o n s  be ing  dependent  on t h e  o p e r a t i n g  c o n d i t i o n s  and on t h e  a c t u a l  
s t a t e  of the c a t a l y s t .  Model compound r e a c t i o n s  can p r o v i d e  a means 
of i n d i c a t i n g  t h i s  a c t i v i t y  and s e l e c t i v i t y  s t a t e  of  t h e  c a t a l y s t ,  
a s  w i l l  be demons t r a t ed  w i t h  hydrocarbon c o n v e r s i o n s  on a b i f u n c -  
t i o n a l  P t - c a t a l y s t ;  t h e s e  p l a y  an i m p o r t a n t  p a r t  i n  pe t ro l eum 
r e f i n i n g  p r o c e s s e s  such a s  c a t a l y t i c  r e fo rming  and C8-aromatic i s o -  
me r i  za t i  on. 

The concep t  of b i f u n c t i o n a l  c a t a l y s i s  i n v o l v e s  combining two 
d i f f e r e n t  f u n c t i o n s  i n  one c a t a l y s t .  For example ,  t h e  f i r s t  might  
be a meta l  which c a t a l y z e s  ( d e ) - h y d r o g e n a t i o n  r e a c t i o n s  of  
p a r a f f i n s  i n t o  o l e f i n s  o r  naph thenes  i n t o  a r o m a t i c s  and t h e i r  
r e v e r s e  r e a c t i o n s ,  and t h e  second an a c i d i c  f u n c t i o n  which c a t a l y -  
z e s  s k e l e t a l  r e a r r a n g e m e n t s  of the o l e f i n s  formed on t h e  meta l  
th rough c a r b o c a t i o n  mechanisms ( r e f s .  39,40) ( a l t h o u g h  t h e  e x a c t  
n a t u r e  of t h e  c y c l i z a t i o n  s t e p s  i s  s t i l l  d i s p u t e d  ( r e f .  4 1 ) ) .  This  
p i c t u r e  seems t o  b e  c o n s i s t e n t  w i t h  t h e  macroscop ic  phenomena ob- 
s e r v e d  i n  t h e  c a t a l y t i c  r e fo rming  p r o c e s s .  However, d e h y d r o c y c l i -  
z a t i o n ,  s k e l e t a l  i s o m e r i z a t i o n ,  c l o s u r e  and opening  of  f i v e -  and 
six-membered r ings,  a s  we l l  a s  h y d r o g e n o l y s i s  of n - a l k a n e s ,  can be 
c a t a l y z e d  by t h e  m e t a l l i c  f u n c t i o n  a l o n e .  S i m i l a r l y ,  the  a c i d i c  
f u n c t i o n  a l o n e  can c a t a l y z e  r i n g  o p e n i n g ,  r i n g  c l o s u r e ,  i s o m e r i z a -  
t i o n  and r i n g  c o n t r a c t i o n  and e x p a n s i o n  r e a c t i o n s  ( r e f .  4 2 ) .  T h u s  
hydrocarbon s p e c i e s  a r e  i n t e r c o n v e r t e d  by means of a l a r g e  number 
of c o n s e c u t i v e  o r  p a r a l l e l  e l e m e n t a r y  r e a c t i o n s  on b i f u n c t i o n a l  ca-  
t a l y s t s .  The a n a l y s i s  of  t h i s  complex r e a c t i o n  network i s  f u r t h e r  
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impeded b y  c h a n g i n g  a c t i v i t y  and s e l e c t i v i t y  d u r i n g  o p e r a t i o n  o f  
t h e  c a t a l y s t  b y  w h i c h ,  f o r  example ,  h y d r o g e n  p a r t i a l  p r e s s u r e  de-  
pendences o f  i n d i v i d u a l  h y d r o c a r b o n  c o n v e r s i o n  r a t e s ,  o r  t h e  p o r -  
t i o n s  w h i c h  c e r t a i n  r e a c t i o n s  c o n t r i b u t e  t o  t h e  measured o v e r a l l  
c o n v e r s i o n s ,  a r e  d r a s t i c a l l y  changed; i n  a d d i t i o n  new r e a c t i o n s  
o c c u r  i n  t h e  r e a c t i v e  s y s t e m  due t o  c a r b o n a c e o u s  d e p o s i t s  o n  t h e  
m e t a l  f u n c t i o n  o f  t h e  c a t a l y s t .  Thus t h e  h y d r o g e n  p a r t i a l  p r e s s u r e  
dependences o f  n-hexane i s o m e r i z a t i o n  a n d  c r a c k i n g  r a t e  may b e  
e i t h e r  -1  o r  -1 .5 and l e s s ,  d e p e n d i n g  o n  w h e t h e r  t h e  p r o d u c t s  a r e  
m a i n l y  f o r m e d  v i a  t h e  c l a s s i c a l  b i f u n c t i o n a l  mechanism o r  v i a  
p l a t i n u m  c a t a l y z e d  r e a c t i o n s  ( r e f .  4 3 ) .  I n  t h e  c a s e  o f  t h e  f a r m a -  
t i o n  o f  carbonaceous d e p o s i t s  o n  t h e  s u r f a c e  o f  p l a t i n u m  p a r t i c l e s ,  
t h e  p l a t i n u m  c a t a l y z e d  i s o m e r i z a t i o n  mechanism may change f r o m  t h e  
" C 5 - c y c l i c "  mechanism ( b y  w h i c h  f o r  e x a m p l e  n-hexane i s  i n t e r c o n -  
v e r t e d  t o  t h e  m e t h y l p e n t a n e s  v i a  a m e t h y l c y c l o p e n t y l  - s u r f a c e  comp- 

l e x ) ,  t o  t h e  " b o n d - s h i f t "  mechanism ( b y  w h i c h  a l k a n e  i s o m e r i z a t i o n  
p r o c e e d s  u i a  i n t e r m e d i a t e  s t r u c t u r e s  w i t h  a c y c l o p r o p a n e  r i n g ) .  
A s  i n d i c a t e d  i n  T a b l e  3.4 ( r e f .  4 4 ) ,  w i t h  

TABLE 3.4 

H y d r o g e n o l y s i s  p r o d u c t  d i s t r i b u t i o n  and Z-methylpentane/3-rnethyl- 
p e n t a n e  r a t i o  f r o m  n-hexane c o n v e r s i o n s  o n  Pt /A1203 a s  a f u n c t i o n  

o f  h y d r o g e n  p a r t i a l  p r e s s u r e .  A f t e r  ( r e f .  44) .  

C a r r i e r  gas 

t a n e  

H2 
80% H 2  - 20% He 
60% H2 - 40% He 
40% H 2  - 60% He 
20% H 2  - 80% He 

He 

H; 

n-hexane 0.3 1 .9  
n - hexane 0.32 1.86 
n - hexane 0.35 1.7 
n -hexane 0.4 1.55 
n-hexane 0.5 1.5 
n-  hexane 0.9 - 
n -hexane 5 .7 /4 .4 /3 .6  1.27 

R e a c t i o n  c o n d i t i o n s :  p u l s e  m i c r o  r e a c t o r ,  400QC , 1.8 b a r ,  0.3 ul 
p u l s e s ,  !50 mg, 0.35 w t %  P t / A 1 2 0 3  c a t a l y s t ;  c a r r i e r  gas  v e l o c i t y  
150 m l / m i n .  
an-hexane c o n v e r s i o n  a f t e r  s w i t c h i n g  f r o m  H2/He m i x t u r e s  and He 

bCl /E(C2-C5)  - r a t i o  f r o m  t h e  f i r s t  t h r e e  p u l s e s  a f t e r  s w i t c h i n g  

c a r r i e r  gas t o  H Z  c a r r i e r  gas .  

f r o m  He t o  H2 c a r r i e r  gas.  
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d e c r e a s i n g  H 2 - p a r t i a l  p r e s s u r e  a t  c o n s t a n t  t o t a l  p r e s s u r e ,  t h i s  
means t h a t ,  under  d e a c t i v a t i n g  r e a c t i o n  c o n d i t i o n s ,  t h e  mole  r a t i o  
o f  2-methylpentane/3-methylpentane f o r m a t i o n  f r o m  n-hexane c o n v e r -  

s i o n  changes f r o m  1.9 ( w h i c h  co r responds  c l o s e l y  t o  t h e  t h e o r e t i c a l  
v a l u e  expec ted  f rom t h e  " C 5 - c y c l i c "  mechanism) t o  1.27 ( w h i c h  i s  
c l o s e r  t o  t h e  v a l u e  e x p e c t e d  f r o m  t h e  a c i d - c a t a l y z e d  mechanism 
due t o  d e a c t i v a t i o n  o f  t h e  m e t a l l i c  f u n c t i o n ) .  L i k e  t h e  i s o m e r i z a -  
t i o n  mechanism, t h e  hyd roca rbon  h y d r o g e n o l y s i s  mechanism w i l l  a l s o  

depend on c l e a n  p l a t i n u m  su r faces  o r  p l a t i n u m  s u r f a c e s  c o v e r e d  w i t h  
carbonaceous d e p o s i t s ,  as  i n d i c a t e d  i n  T a b l e  3.4. On d e a c t i v a t e d  
p l a t i n u m ,  h y d r o g e n o l y s i s  r e a c t i o n s  y i e l d  m a i n l y  methane whereas on 
c l e a n  p l a t i n u m  s u r f a c e s  s t a t i s t i c a l  C-C-bond c leavage  i s  observed.  
Perhaps remova l  o f  r e s i d u a l  s u r f a c e  CHx s p e c i e s  b y  h y d r o g e n a t i n g  
them o f f  t h e  s u r f a c e  a l s o  c o ' n t r i b u t e s  t o  enhanced methane y i e l d  

a f t e r  s w i t c h i n g  t o  hydrogen c a r r i e r  gas ( l a s t  row o f  T a b l e  3 .4 ) .  
Such s p e c i e s  may, and do, c o n t r i b u t e  t o  t h e  f o r m a t i o n  o f  carbonace-  
ous r e s i d u e s  ( r e f .  45) .  

To d e r i v e  a s u i t a b l e  r e a c t i o n  scheme f o r  m a t h e m a t i c a l l y  m o d e l i n g  
t h e  p l a t f o r m i n g  p rocess  and t o  d e t e r m i n e  t h e  model pa ramete rs  b y  
use o f  a s e t  o f  c o n s i s t e n t  e x p e r i m e n t a l  d a t a ,  as s t a t e d  above, i t  

i s  necessa ry  t o  o b t a i n  a c o n s t a n t  and r e p r o d u c i b l e  a c t i v i t y  and 
s e l e c t i v i t y  l e v e l  o f  t h e  c a t a l y s t  and t o  e s t a b l i s h  t h a t  t h i s  a c t i -  
v i t y  and s e l e c t i v i t y  l e v e l  i s  t h e  same w i t h  d i f f e r e n t  r e a c t o r  con- 
f i g u r a t i o n s .  F o r  t h i s  a model compound r e a c t i o n  i s  needed w h i c h  i n -  
d i c a t e s  t h e  a c t u a l  a c t i v i t y  and s e l e c t i v i t y  o f  t h e  c a t a l y s t .  I n  t h e  
case o f  t h e  hydrogen - hyd roca rbon  - Pt /A1203 system, m e t h y l c y c l o -  
pentane can be used as a model compound. As t h e  r e s u l t s  p l o t t e d  i n  
F i g .  3.6 r e v e a l ,  i n  t h e  case where p l a t i n u m  c a t a l y z e d  r e a c t i o n s  
m a i n l y  c o n t r i b u t e  t o  t h e  obse rved  p r o d u c t  d i s t r i b u t i o n s ,  s t a t i s t i -  
c a l  c leavage  o f  t h e  r n e t h y l c y c l o p e n t a n e  C-C-bonds i s  obse rved :  i n  
t h e  case where p l a t i n u m  o n l y  d i s p l a y s  ( d e ) - h y d r o g e n a t i o n  a c t i v i t y ,  
r e a c t a n t s  a r e  t r a n s f o r m e d  i n t o  p r o d u c t s  m a i n l y  v i a  a b i f u n c t i o n a l  
mechanism and n-hexane i s  t h e  main  p r o d u c t  o f  m e t h y l c y c l o p e n t a n e  
r i n g  open ing .  On p l a t i n u m ,  w i t h  l a r g e  p l a t i n u m  c r y s t a l l i t e s ,  s e l e c -  
t i v e  m e t h y l c y c l o p e n t a n e  r i n g  open ing  o c c u r s  y i e l d i n g  m a i n l y  m e t h y l -  
pentanes .  W i t h  a p l a t i n u m  s u r f a c e  c o v e r e d  b y  carbonaceous d e p o s i t s ,  
p l a t i n u m  r e a c t i o n s  s t i l l  m a i n l y  c o n t r i b u t e  t o  t h e  obse rved  p r o d u c t  
d i s t r i b u t i o n s .  The main  p r o d u c t  o f  C-C-bond c leavages  i s  methane. 

O b v i o u s l y  m o n i t o r i n g  t h e  a c t i v i t y  and s e l e c t i v i t y  s t a t e  o f  a 
c a t a l y s t  w i l l  n o t  decrease t h e  prob lems connec ted  w i t h  o b t a i n i n g  a 
c o n s t a n t  and r e p r o d u c i b l e  a c t i v i t y  and s e l e c t i v i t y  s t a t e  f o r  t h e  
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F i g .  3.6. C a t a l y t i c  a c t i v i t y  and  s e l e c t i v i t y  o f  0.5 w t X  P t / A 1  03 

m i c r o r e a c t o r ,  c a r r i e r  gas :  H E .  R e p r o d u c e d  w i t h  p e r m i s s i o n  f r o m  
( r e f .  4 4 ) .  

and  P t - b l a c k  i n  m e t h y l c y c l o p e n t a n e  c o n v e r s i o n s .  A p p a r a t u s :  p u  f se 

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

s t a t e  o f  t h e  c a t a l y s t ,  u n d e r  r e a l  r e a c t i o n  c o n d i t i o n s ,  w i l l  b e  o f  
c o n s i d e r a b l e  h e l p  i n  p r o d u c i n g  s u i t a b l e  r u n n i n g - i n  p r o c e d u r e s .  

The e x a m p l e s  p r e s e n t e d  so f a r  show how t o  use  mode l  compound 

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

s i t e s  can a l s o  b e  s t u d i e d  b y  use  o f  mode l  compound r e a c t i o n s  w h i c h  
s h a l l  be e x p r e s s e d  i n  t e r m s  o f  t h e  d i f f e r e n t  r e q u i r e m e n t s  a c a t a -  

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

o f  c h e m i c a l  bonds  b e t w e e n  a toms  o f  t h e  r e a c t a n t  a n d  t h e  c a t a l y s t  
s u r f a c e .  Thus a c h a r a c t e r i z a t i o n  o f  d i f f e r e n t  c a t a l y t i c a l l y  a c t i v e  

c e n t e r s  d i r e c t l y  f o l l o w s  f r o m  t h e  o c c u r e n c e  o r  n o n - o c c u r e n c e  o f  
s u i t a b l e  model  compound r e a c t i o n s .  D i f f i c u l t i e s  w i t h  t h i s  p r o c e d u r e  

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

w h i c h  m i g h t  be e i t h e r  s u r f a c e  a toms  o f  t h e  i n v e s t i g a t e d  c a t a l y t i c  

a c t i v e  phase  o r  s u r f a c e  i m p u r i t i e s .  G r e a t  p r o g r e s s  h a s  been  made, 
however ,  i n  t h e  l a s t  f e w  decades  i n  t h e  p r e p a r a t i o n  and  i d e n t i f i -  

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

The bond  s t r e n g t h  r e q u i r e m e n t  a c c o u n t s  f o r  f o r m a t i o n '  and  r u p t u r e  

The c o o r d i n a t i o n  r e q u i r e m e n t  a c c o u n t s  f o r  c o o r d i n a t i o n  s i t e s  p e r  
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s u r f a c e  atom wh ich  may be c l a s s i f i e d  b y  ’M, 2M, 2MH, ’M. 3MH where 
t h e  s u p e r s c r i p t  i n d i c a t e s  t h e  degree o f  c o o r d i n a t i v e  u n s a t u r a t i o n  
and MH an a c t i v e  c e n t e r ,  where a hydrogen atom i s  adsorbed ( r e f s .  
4 6 , 4 7 ) ,  Scheme 3.11. A c t i v e  c e n t e r s  2MH, 3MH a r e  fo rmed b y  adso rp -  

3M 3MH 

H 

Scheme 3.11 

3 
t i o n  o f  H2 on a c t i v e  c e n t e r s  2M and M f o l l o w e d  b y  t r a n s f e r  o f  a t o -  
m i c  hydrogen t o  an a d j a c e n t  s i t e  o r  t o  t h e  i n t e r i o r  o f  t h e  c r y s t a l ,  
An i n v e s t i g a t i o n  o f  t h e  c o o r d i n a t l v e  u n s a t u r a t i o n  cam be a c c o m p l i s -  
hed b y  c h a r a c t e r i z i n g  a d s o r p t i o n s  o f  p robe  m o l e c u l e s  l i k e  CO, C2H4 

and He ,  and s p e c i f i c  r e a c t i o n s  l i k e  H 2 - D 2 - e q u i l i b r a t i o n ,  a l k e n e  
h y d r o g e n a t i o n  and e t h y l e n e - d e u t e r i u m  exchange r e a c t i o n s  as o u t l i n e d  
i n  T a b l e  3.5 ( r e f .  4 6 ) .  

The ensemble r e q u i r e m e n t  c o n s i d e r s  whe the r  a s i n g l e  s u r f a c e  atom 

o r  an ensemble o f  s e v e r a l  a d j a c e n t  atoms i s  i n v o l v e d  i n  t h e  s u r f a c e  
r e a c t i o n .  A l a r g e  amount o f  work has f o c u s e d  on t h i s  p r i n c i p l e .  

I n d i r e c t  approaches t o  t h e  i n v e s t i g a t i o n  o f  t h i s  r e q u i r e m e n t  a r e  

(i) t h e  d e t e r m i n a t i o n  o f  p a r t i a l  p r e s s u r e  dependenc ies  o f  t h e  r a -  
t e s  o f  model compound r e a c t i o n s ,  as e x e m p l i f i e d  i n  t h e  work  o f  
F r e n n e t  e t  a l .  ( r e f .  4 8 ) .  w i t h  t h e  me thane-deu te r ium exchange 
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TAB L E  3.5 

C h a r a c t e r i z i n g  r e a c t i o n s  f o r  d e t e r m i n i n g  c o o r d i n a t i  v e  u n s a t u r a t i o n  
o f  a c t i v e  s i t e s .  Reproduced  w i t h  p e r m i s s i o n  f r o m  ( r e f .  4 6 ) .  

C h a r a c t e r i z i n g  S u r f a c e  s i t e s  

' M  2~~ 3M MH 
r e a c t i o n  

a d s o r p t i o n  o f  C O  o r  C2H4 t + + + t 

a d s o r p t i o n  o f  H 2  + + + 
H 2 - D 2  e q u i l i b r a t i o n  + 
a l k e n e  h y d r o g e n a t i o n  + t 

C 2 H 4 - D 2  exchange  + + 

- - 
- - - - 
- - - 
- - - 

C 2 H 4 - C 2 D 4  exchange  o r  
- - - a l k e n e  i s o m e r i z a t i o n  + + 

r e a c t i o n  on  r h o d i u m  o r  c o n v e r s i o n  measuremen ts  o f  s p e c i f i c  r e a c t a n t  
m o l e c u l e s  and  (ii) c o m p a r i s o n  o f  o b s e r v e d  and  t h e o r e t i c a l l y  e x p e c -  
t e d  p r o d u c t  d i s t r i b u t i o n s  a s  e x e m p l i f i e d  i n  t h e  w o r k  o f  G a u l t  ( r e f .  
2 9 )  and  Pad1 ( r e f .  4 9 )  w i t h  a l k a n e  c y c l i z a t i o n ,  i s o m e r i z a t i o n  and  
h y d r o g e n o l y s i s  r e a c t i o n s  on  n o b l e  m e t a l s .  A more  d i r e c t  a p p r o a c h  
t o  t h e  s t u d y  o f  ensemb le  r e q u i r e m e n t  i s  t o  d i l u t e  a c a t a l y t i c a l l y  
a c t i v e  m e t a l  s u r f a c e  b y  a l l o y i n g  w i t h  a c h e m i c a l l y  i n e r t  m e t a l  and  
t h e n  o b s e r v i n g  changes  i n  c a t a l y s t  s e l e c t i v i t y  t o w a r d s  c h a r a c t e -  
r i s t i c  r e a c t i o n s  ( r e f s .  50-52). By m e a s u r i n g  a c t u a l  s u r f a c e  compo- 
s i  t i o n s  and  t h e  c o r r e s p o n d i n g  p r o d u c t  d i s t r i b u t i o n s  i n  t h e  g a s e o u s  
phase f o r  s p e c i f i c  model  compound c o n v e r s i o n s ,  s i n g l e  r e a c t i o n s  c a n  
b e  a s s i g n e d  t o  ensemb les  o f  d i f f e r e n t  s f z e  o n  t h e  s u r f a c e .  Thus,  
f o r  e x a m p l e ,  w i t h  h y d r o c a r b o n  r e a c t i o n s  on  P t - A u  a l l o y s  i t  was 
f o u n d  t h a t  o f  h y d r o g e n o l y s i s ,  i s o m e r i z a t i o n  a n d  d e h y d r o c y c l i z a t i o n ,  
h y d r o g e n o l y s i s  r e a c t i o n s  r e q u i r e  t h e  l a r g e s t  ensemb les ,  w h e r e a s  
d i f f e r e n t  r o u t e s  f o r  i s o m e r l z a t i o n  r e a c t i o n s  s h o u l d  e x i s t  r e q u i r i n g  
ensemb les  o f  d i f f e r e n t  s i z e  ( r e f .  5 3 ) .  

To sum up, model  compound r e a c t i o n s  a r e  f e a s i b l e  f o r  t h e  s t u d y  
o f  a l l  t h e  d e t a i l e d  r e q u i r e m e n t s  n e e d e d  f o r  a c e r t a i n  r e a c t i o n  
p a t h  t o  o c c u r .  S p e c t r o s c o p i c  me thods ,  a d a p t e d  t o  t h e  i n v e s t i g a t i o n  
o f  t h e  c o n s t i t u t i o n  and  m o r p h o l o g y  o f  c a t a l y t i c a l l y  a c t i v e  s u r f a -  
ces ,  have  g r e a t l y  i m p r o v e d  t h e  p o s s i b i l i t y  o f  a s s i g n i n g  r e a c t i o n s ,  
o b s e r v e d  i n  t h e  gaseous  phase ,  t o  a c t i v e  c e n t e r s  o n  t h e  c a t a l y s t  
s u r f a c e .  
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3.1.4 Determination of r eac t ion  mechanisms from conversion U8P8U8 
r eac t ion  time a n d  r e l a t e d  da t a  

The s imples t  a n a l y s i s  of concent ra t ion  versus  r eac t ion  time da ta  
from cont inuously operated f ixed  bed r e a c t o r s ,  with r e spec t  t o  o b -  

t a i n i n g  information on underlaying r e a c t i o n  mechanisms, cons iders  
t he  shape of these  curves .  An example i s  given in  Fig.  3.7 where 

F i g .  3.7. Concentration vep8u8 r eac t ion  time da ta  from a cont inu-  
ously operated f ixed  bed r e a c t o r .  

changes in  concent ra t ion  of t h r e e  s t a b l e  spec ie s  i n  t he  f l u i d  reac-  
t i o n  mixture a r e  p l o t t e d  a g a i n s t  r eac t ion  t ime,  t. The concentra-  
t i o n  of component A decreases  t o  a f i n a l  va lue ,  t he  concent ra t ion  
curve o f  B passes  t h r o u g h  a maximum, has a f i n i t e  s lope  a t  the  
o r i g i n  o f  t he  coord ina te  system and reaches a f i n i t e  f i n a l  va lue ,  
whereas the concent ra t ion  curve of component C d i sp l ays  a zero 
s lope  a t  t he  o r i g i n  of the  coord ina te  system b u t  a l s o  f i n a l l y  
reaches a f i n i t e  value.  From the  zero s lope  of the  concent ra t ion  C 
a t  t he  o r i g i n  i t  i s  concluded t h a t  C i s  n o t  d i r e c t l y  formed from A ,  
because in t h i s  case  the  decrease in  concent ra t ion  of A would be 
d i r e c t l y  connected w i t h  an inc rease  i n  concent ra t ion  of C and a 
f i n i t e  Slope O f  t he  COnCentratiOn 0 8 ,  r eac t ton  time curve ,  a t  time 
zero ,  would be expected. T h u s ,  spec ie s  C i s  assumed t o  be formed i n  
a consecut ive r eac t ion .  As a l l  component concen t r a t ions  reach f i n i -  
t e  values  w i t h  i nc reas ing  r eac t ion  t ime,  i t  i s  concluded t h a t  t h e  
r eac t ions  a r e  r eve r s ib l e .  T h e  concent ra t ion  of spec ie s  B passes  
t h r o u g h  a maximum by which spec ie s  B i s  assumed t o  be an interme- 
d i a t e  product and the fol lowing r eac t ion  scheme i s  pos tu l a t ed :  
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A Z B  Z C .  

Be t te r  information on t he  underlying r eac t ion  mechanisms from 
continuously operated f ixed bed r e a c t o r s  fol lows e i t h e r  from an aria- 

l y s i s  of d a t a  obtained with a d i f f e r e n t i a l  o r  an i n t e g r a l  r e a c t o r .  
For a n  idea l  isothermal c a t a l y t i c  flow r e a c t o r ,  the fol lowing 
con t inu i ty  equat ion i s  obtained 

FAodX = r dW ( 3 . 1 )  

where W i s  the weight of c a t a l y s t  ( k g ) ,  FAo t he  molar flow r a t e  
(mole /h) ,  r the  overa l l  r eac t ion  r a t e  and X t he  conversion.  W i t h  
low conversions (under 5-10%) the  c a t a l y t i c  flow reac to r  i s  c a l l e d  
a d i f f e r e n t i a l  r eac to r  and f o r  dynamic modeling the  d i f f e r e n t i a l s  
in eq. 3.1 can be replaced and the  con t inu i ty  equat ion takes  t h e  
following form 

FAo*aX = r.W (3.2) 

where the r a t e s  a r e  obtained d i r e c t l y  from measured feed and p r o -  
duct concent ra t ions .  With c a t a l y t i c  r e a c t i o n s  the  r a t e  express ions  
which a re  the e n t r i e s  i n t o  equat ions  3.1 and 3.2 a r e ,  even f o r  
s ing le  r eac t ions ,  r a t h e r  complicated,  because they account f o r  ad- 
so rp t ion ,  sur face  reac t ion  and desorp t ion .  For example, with t h e  
reac t ion  

A - B  t C 

with the ind iv idua l  s t eps  

A t 1=Al  
A1 -81 + C 

B 1 e B  + 1 

where 1 i s  again a f r e e  a c t i v e  cen te r  on the  c a t a l y s t  s u r f a c e ,  t he  
following r a t e  equat ions  r e s u l t ,  assuming s teady s t a t e  cond i t ions  
a n d  t h a t  the f r e e  enthalpy drop of the  ove ra l l  r eac t ion  i s  nea r ly  
a t t a i n e d  in only one of the  th ree  r eac t ion  s t e p s  (i.e. one of t he  
th ree  s t eps  i s  r a t e  determining)  
( 1 )  adsorpt ion i s  r a t e  determining: 

r = [ k ( P A  - p ~ P c / K ) ] / ( l  + K B P e )  
( 2 )  sur face  r eac t ion  i s  r a t e  determining:  

( 3 . 3 )  

The parameters i n  these  equat ions  a r e  es t imated  e i t h e r  by f i t t i n g  
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equat ion ( 3 . 1 )  t o  conversion V e P S U S  space v e l o c i t y  W/F d a t a ,  o r  
equat ion (3 .2 )  d i r e c t l y  t o  the  r a t e s .  Equations ( 3 . 3 ) - ( 3 . 5 )  can 
a l s o  be used f o r  d i sc r ima t ing  among r i v a l  r e a c t i o n  r a t e  models, 
t h a t  means t o  i d e n t i f y  whether adso rp t ion ,  desorp t ion  or s u r f a c e  
r eac t ions  a r e  r a t e  determining or whether two  su r face  s i t e s  or only 
one a r e  involved i n  t he  su r face  r eac t ions .  

s i s  of the  idea l  r e a c t o r  models, eq.  (3 .1 )  a n d  ( 3 . 2 ) .  w i t h  t he  
r eac t ion  r a t e  models, eq.  ( 3 . 3 ) - ( 3 . 5 )  o r i g i n a t e s  from Yang a n d  
Hougen ( r e f .  5 4 )  who demonstrated t h a t  t he  r eac t ion  r a t e  equat ions  
can be d r a s t i c a l l y  s impl i f i ed  by using i n i t i a l  r eac t ion  r a t e s  a t  
W/F = 0.  W i t h  d i f f e r e n t i a l  r e a c t o r s  t he  i n i t i a l  r a t e s  a r e  obta ined  
d i r e c t l y  because,  in  t h i s  ca se ,  t he  r e a c t i o n  r a t e  i s  assumed t o  be 
cons tan t  over  the  length of the c a t a l y s t  bed. With i n t e g r a l  reac-  
t o r s ,  t he  i n i t i a l  r a t e s  a r e  obtained from the  s lopes  of tangents  t o  
the  conversion versus space v e l o c i t y  da ta  a t  W/F = 0. Considering 
i n i t i a l  r a t e s ,  P o ,  equa t ions  (3 .3 ) - (3 .5 )  reduce t o  

The c l a s s i c  method of eva lua t ing  r e a c t i o n  mechanisms on the  b a -  

ro = k ' .  

From p l o t s  o f  the  i n i t i a l  r a t e s  U e r ~ u s  t he  t o t a l  p re s su re ,  t he  r a t e  
determining s t e p  can be i d e n t i f i e d .  As ind ica t ed  i n  Fig.  3 .8 ,  t he  

rds: adsorption 

'0 

/ 
9 

rdr:ruffaco ncvth  rdr: drsorption 

ro I 

Fig. 3 .8 .  I n i t i a l  r a t e s  a s  func t ion  of t o t a l  p re s su re ,  P t .  

i n i t i a l  r a t e  i s  a l i n e a r  func t ion  of t o t a l  p ressure  i f  t he  adsorp- 
t i o n  i s  r a t e  determining and independent o f  t o t a l  p ressure  i f  de- 
so rp t ion  i s  t he  r a t e  determining s t e p .  I f  t he  su r face  r eac t ion  i s  
the  r a t e  determining s t e p  o f  the  r e a c t i o n  mechanism cons idered ,  t he  
i n i t i a l  r a t e  i nc reases  with inc reas ing  p res su re  u n t i l  a s a t u r a t i o n  
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v a l u e  i s  r e a c h e d .  I n  t h e  c a s e  o f  a d u a l  s i t e  r e a c t i o n  b e i n g  r a t e  
d e t e r m i n i n g ,  t h e  i n i t i a l  r a t e  a s  a f u n c t i o n  o f  t o t a l  p r e s s u r e  w o u l d  
pass  t h r o u g h  a maximum. 

mechanisms o f  h e t e r o g e n e o u s  c a t a l y t i c  r e a c t i o n ,  r e a c t i o n  mechanisms 
a r e  f r e q u e n t l y  e v a l u a t e d  b y  m a t h e m a t i c a l  a n a l y s i s  o f  t h e  c o n v e r s i o n  
~ r 8 ~ 8  space  v e l o c i t y  d a t a .  The p r o c e d u r e  a d o p t e d  i s  a s  f o l l o w s :  

f i r s t  d i f f e r e n t  r e a c t i o n  mechanisms a r e  p o s t u l a t e d  w h i c h  p r o v i d e  
t h e  f r a m e w o r k  f o r  d e r i v i n g  k i n e t i c  r e a c t i o n  m o d e l s .  Then, t h e  mode l  
p a r a m e t e r s  a r e  d e t e r m i n e d  b y  f i t t i n g  t o  e x p e r i m e n t a l  c o n v e r s i o n  
t m ~ U 8  space  v e l o c i t y  d a t a  o r ,  i n  case  o f  d a t a  f r o m  a d i f f e r e n t i a l  
r e a c t o r ,  d i r e c t l y  t o  t h e  r a t e s  a t  d i f f e r e n t  p a r t i a l  p r e s s u r e s .  I n  
t h e  l a s t  s t e p  t h e  "goodness  o f  f i t "  o f  t h e  t h e o r e t i c a l  m o d e l s  t o  
t h e  e x p e r i m e n t a l  d a t a  i s  e v a l u a t e d  b y  s t a t i s t i c a l  m e t h o d s  and  t h e  
t h e o r e t i c a l  model  w h i c h  b e s t  d e s c r i b e s  t h e  e x p e r i m e n t a l  d a t a  i s  
s e l e c t e d  as b e i n g  a d e q u a t e .  The p r o c e d u r e  w i l l  b e  i l l u s t r a t e d  b y  a 
model  d i s c r i m i n a t i o n  f o r  d e h y d r o g e n a t i o n  o f  1 - b u t e n e  i n t o  b u t a d i e n e  
on a c h r o m i u m - a l u m i n a  c a t a l y s t  i n  a d i f f e r e n t j a l  r e a c t o r  as  r e p o r -  

t e d  b y  Dumez and  F r o m e n t  ( r e f s .  55,56). The f o l l o w i n g  f i v e  mecha- 
n i  sms were  p o s t u l a t e d :  

Mechanism 1: a t o m i c  d e h y d r o g e n a t i o n ,  s u r f a c e  r e c o m b i n a t i o n  o f  

r e a c t i o n  s t e p s :  1. B t 1 - S  B 1  

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

h y d r o g e n  

2. 81 t l ' L M 1  t H1 
3. M1 t 1-D l  t H 1  

5 .  2H1 = H21 t 1 
6. H21 = H2 t 1 

where  B = b u t e n e ,  1 = f r e e  a c t i v e  c e n t e r  o f  c a t a l y s t ,  M = h y d r o g e n  

d e f i c i e n t  b u t e n e  - s u r f a c e  comp lex ,  D = b u t a d i e n e .  

Mechanism 2: a t o m i c  d e h y d r o g e n a t i o n ,  g a s  phase  h y d r o g e n  r e c o m b i n a -  
t i o n  

r e a c t i o n  s t e p s :  1 .  B t 1 61 

4 . D 1  = D t 1  

2. B1 t 1=M1 t H 1  
3. M 1  t 1 =D1 t H1 
4 . D 1  * D t 1  
5 .  2H1 H2 t 21. 

Mechanism 3 :  m o l e c u l a r  d e h y d r o g e n a t i o n  
r e a c t i o n  s t e p s .  1 .  B t 1 == 61 
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2. B1 t 1 e D 1  t H21 
3 . D 1  D + 1  

4. H 2 1  = H 2  + 1. 

Mechanism 4: a t o m i c  dehydrogena t ion ,  i n t e r m e d i a t e  complex w i t h  

s h o r t  l i f e t i m e ,  s u r f a c e  r e c o m b i n a t i o n  o f  hyd rogen  
r e a c t i o n  s t e p s :  1 .  B t 1 = B1 

2. B1 t 21 =D1 t 2H1 
3 . 0 1  D + 1  
4. 2H1 =E H21 t 1 
5. H21 H2 + 1.  

Mechanism 5 :  as mechanism 4, b u t  w i th  gas phase hyd rogen  recomb i -  
n a t i o n  

r e a c t i o n  s t e p s :  1. B t 1 == 8 1  
2. B1 t 21 =D1 t 2H1 
3 . D 1  D t 1  
4. 2H1 L_ H2 + 21. 

On t h e  b a s i s  o f  t h e s e  f i v e  mechanisms, r a t e  e q u a t i o n s  a r e  dedu- 
ced under  t h e  assumpt ions  o f  s t e a d y  s t a t e .  T h i s  means t h a t  a l l  t h e  
r e a c t i o n  s t e p s  i n  a sequence p roceed  a t  t h e  same r a t e ,  and one o f  
t h e  i n d i v i d u a l  s t e p s  o f  a sequence i s  r a t e  d e t e r m i n i n g .  The assump- 
t i o n  o f  a r a t e  d e t e r m i n i n g  s t e p  means t h a t  t h e  r a t e  c o n s t a n t  o f  
t h i s  s t e p  i s  much s m a l l e r  t h a n  t h e  r a t e  c o n s t a n t s  o f  t h e  o t h e r  
s t e p s .  The assumpt ion  t h a t  a l l  s t e p s  i n  a sequence p roceed  a t  t h e  
same r a t e  t h e n  s i g n i f i e s  t h a t  t h e  r a t e  d e t e r m i n i n g  s t e p  i s  f a r  f r o m  
thermodynamic e q u i l i b r i u m ,  whereas t h e  o t h e r  s t e p s  a r e  c l o s e  t o  i t ;  
t h i s  can be u n d e r s t o o d  i n  te rms  o f  t h e  r a t e  e x p r e s s i o n s  o f  chemica l  
r e a c t i o n s  ri = k i ( T ) - f ( c i ) .  I f  t h e  ki o f  a s t e p  i s  s m a l l ,  f ( c i )  

must be l a r g e  t o  ensu re  t h a t  t h i s  s t e p  proceeds a t  t h e  same r a t e  as 
t h e  o t h e r s  and v i c e  w e m u .  The s t e p s  wh ich  a r e  n e a r l y  a t  e q u i l i b -  
r i u m  a r e  hand led  as i f  e q u i l i b r i u m  had been ach ieved .  On t h e  b a s i s  
o f  t h e  f i v e  mechanisms, Dumez and Froment d e r i v e d  15 r a t e  e q u a t i o n s  
assuming d i f f e r e n t  a d s o r p t i o n  , s u r f a c e  r e a c t i o n  and d e s o r p t i o n  
s t e p s  as r a t e  d e t e r m i n i n g .  The f o l l o w i n g  r a t e  e q u a t i o n  was f o u n d  t o  
g i v e  t h e  b e s t  f i t  f o r  t h e  e x p e r i m e n t a l  d a t a  

where P i  a r e  p a r t i a l  p r e s s u r e s  o f  hydrogen 

(3 .9 )  

(H) , bu tane  ( 8 )  and bu- 
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t a d i e n e  ( D ) ,  K i  e q u i l i b r i u m  c o n s t a n t s  o f  t h e  i - t h  r e a c t i o n  s t e p ,  

C t ,  t o t a l  c o n c e n t r a t i o n  o f  a c t i v e  s i t e s  and,  kl, t h e  r a t e  c o n s t a n t  
o f  t h e  r a t e  d e t e r m i n i n g  s t e p .  E q u a t i o n  (3.9) was d e r i v e d  f r o m  

mechanism 3 w i t h  t h e  second  r e a c t i o n  s t e p  b e i n g  r a t e  d e t e r m i n i n g .  
The d i s c r i m i n a t i o n  among t h e  15 m o d e l s  n e c e s s a r y  t o  a r r i v e  a t  eq.  

(3.9) was b a s e d  on  a s e q u e n t i a l  d i s c r i m i n a t i o n  p r o c e d u r e  b y  w h i c h  

an o p t i m a l  e x p e r i m e n t a l  d e s i g n  was a c h i e v e d  a n d  a l s o  on  a s t a t i s -  

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

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

d e s i g n  c r i t e r i o n  was u s e d  

(3.10) 

where Di,n i s  t h e  d i v e r g e n c e  b e t w e e n  e s t i m a t e s  o f  t h e  f u n c t i o n ,  i ,  
f o r  each  o f  t h e  m o d e l s ,  k and  1 s t a n d  f o r  t h e  m o d e l s  and  t h e  i n d e x  
i f o r  t h e  g r i d  p o i n t  w h i c h  i s  a c t u a l l y  t e s t e d .  The mode l  a d e q u a c y  

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

e x p e r i m e n t a l  e r r o r  v a r i a n c e  u2 i s  e x a c t l y  known, t a k e s  t h e  f o l l o -  

w i n g  f o r m  ( r e f .  5 7 )  

( 3 . 1 1 )  

where ( n  - pi) r e p r e s e n t s  t h e  d e g r e e s  o f  f reedom,  n t h e  number o f  
2 e x p e r i m e n t s ,  pi t h e  number o f  p a r a m e t e r s  i n  t h e  i - t h  model  a n d  S i  

an u n b i a s e d  e s t i m a t e  o f  t h e  e r r o r  v a r i a n c e .  

A t  f i r s t  g l a n c e  t h e  m a t h e m a t i c a l  a n a l y s i s  o f  e x p e r i m e n t a l  c o n -  
v e r s i o n  uersus  space  v e l o c i t y  d a t a  d e s c r i b e d  so  f a r  seems t o  o f f e r  

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

m o l e c u l a r  l e v e l .  Thus,  i t  w o u l d  be t h e  r e v e r s e  o f  t h e  p r o c e d u r e  

f o r  k i n e t i c  a n a l y s i s  d e s c r i b e d  i n  Scheme 2.2, S e c t i o n  2.3. The 
t h r e e  s t e p s  were  t h e r e :  ( 1 )  i n v e s t i g a t i o n  o f  t h e  n e t w o r k  b y  w h i c h  

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

v i n g  a m a t h e m a t i c a l  model  b a s e d  on  t h e  o b t a i n e d  r e a c t i o n  mechan ism 

and  ( 3 )  p a r a m e t e r  e s t i m a t i o n  b y  f i t t i n g  t o  c o n v e r s i o n  uersus  space  

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

b e  o b t a i n e d .  The a n a l o g y  i s ,  however ,  o n l y  a p p a r e n t .  
C o n v e r s i o n  uersus  space  v e l o c i t y  d a t a  measured  i n  t h e  f l u i d  

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

f a c e  mechanisms a t  a m o l e c u l a r  l e v e l ,  i n d e p e n d e n t  o f  t h e  mathema- 

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

been  p e r f o r m e d .  The r e a s o n s  why t h e s e  i n f o r m a t i o n s  a r e  r e s t r i c t e d  
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comprise t h a t  ( 1 )  u sua l ly  s t e a d y - s t a t e  opera t ion  of the  f ixed  bed 
r e a c t o r  i s  appl ied ;  ( i i )  t he  s impl i fy ing  assumptions a r e  in t rodu-  
ced t o  express  su r face  concen t r a t ions  i n  terms of t he  experimen- 
t a l l y  access ib l e  f l u i d  phase concen t r a t ions  and ( i i i )  t he  complex 
r eac t ion  networks i s  decomposed i n t o  r eac t ion  schemes which can be 
mathematically handled. The s impl i fy ing  assumptions t h a t  a r e  
commonly made a r e  ( 1 )  t h a t  t he  c a t a l y s t  i s  a cons tan t  e n t i t y  over 
the  t o t a l  range of compositions i n  the  gaseous phase,  ( 2 )  t h a t  
t he re  i s  a r a t e  determining s t e p  and ( 3 )  t h a t  t h e r e  i s  a most 
abundant su r face  in te rmedia te .  The not ion of t he  most abundant su r -  
face  in te rmedia te  means t h a t  t h e  concen t r a t ions  of o t h e r  su r face  
spec ie s  can be neglected compared with the  concen t r a t ions  of t he  
most abundant su r face  in te rmedia te .  

With the  l a t t e r  two assumptions Boudart ( r e f .  5 8 )  i l l u s t r a t e d  
the  ambiguity of s impl i f i ed  k i n e t i c s  using an i somer iza t ion  reac-  
t i on  A L - B  which takes  place i n  t h r e e  s t e p s  ( 1 )  adsorp t ion  on an 
empty su r face  s i t e ;  ( 2 )  su r face  r e a c t i o n ;  ( 3 )  desorp t ion  o f  product  
B .  Assuming four  d i f f e r e n t  s i t u a t i o n s  with d i f f e r e n t  r a t e  determi-  
ning s t eps  and d i f f e r e n t  most abundant su r face  in t e rmed ia t e s ,  the  
same r a t e  law 

(which descr ibed the  k i n e t i c s  i n  a l l  t he  fou r  s i t u a t i o n s )  was d e r i -  
ved; however, t he  cons t an t s  k ,  and k 2  h a d  q u i t e  d i f f e r e n t  physical  
meanings. 

The assumption t h a t  t he  c a t a l y s t  i s  a cons tan t  e n t i t y  over the  
t o t a l  range of compositions i s  q u i t e  o f t en  n o t  f u l f i l l e d  and t h i s  
f r equen t ly  r e s t r i c t s  t he  k i n e t i c  a n a l y s i s  t o  cons ider ing  only one 
r eac t ion  t r a j e c t o r y  o n  t he  r eac t ion  hyperplane in  the  composition 
space ,  because s t a r t i n g  with d i f f e r e n t  i n i t i a l  compositions would 
r e s u l t  in  d i f f e r e n t  a c t i v i t y  and s e l e c t i v i t y  l e v e l s  of the c a t a -  
l y s t .  Obviously, t he  k i n e t i c  a n a l y s i s  with r e s p e c t  t o  t he  aims 
discussed in  previous s e c t i o n s  i s  more s u i t a b l e  i f  r eac t ion  t r a j e c -  
t o r i e s  on t he  t o t a l  r eac t ion  hyperplane a r e  considered.  I f  j u s t  one 
r eac t ion  t r a j e c t o r y  i s  used f o r  k i n e t i c  a n a l y s i s  - in  most cases  
as i n i t i a l  composition only the r e a c t a n t  feed  i s  considered in s t ead  
of mixtures conta in ing  a l s o  s t a b l e  in t e rmed ia t e  products  o r  f i n a l  
products - q u i t e  of ten  a l a rge  number of experimental  po in t s  a r e  
measured on t h i s  s i n g l e  r eac t ion  t r a j e c t o r y ;  t h i s ,  however, cannot 
improve the  model d i sc r imina t ion  procedure,  because a s i n g l e  reac-  
t i o n  t r a j e c t o r y  i s  u sua l ly  s u f f i c i e n t l y  determined by a small 
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number o f  e x p e r i m e n t a l  p o i n t s .  

A s  a r e s u l t ,  t h e  m a t h e m a t i c a l  a n a l y s i s  o f  c o m p o s i t i o n  t)ersu8 

space  v e l o c i t y  d a t a ,  w i t h  r e s p e c t  t o  mode l  d i s c r i m i n a t i o n ,  s i m p l y  

v e r i f i e s  t h e  s t a t e m e n t ,  t h a t  Langmuir-Hinshelwood-Hougen-Watson 
m o d e l s  a r e  b e t t e r  s u i t e d  t o  model  t h e  d y n a m i c s  o f  h e t e r o g e n e o u s  

c a t a l y t i c  r e a c t i o n s  t h a n  a r e  p o w e r - l a w - m o d e l s  ( r e f .  5 9 ) .  The m a i n  
use  o f  t h e s e  m o d e l s  i s  t o  p r e d i c t  t h e  d y n a m i c  b e h a v i o u r  o f  t h e  i n -  

v e s t i g a t e d  r e a c t i o n  sys tem.  I f  o n l y  c o m p o s i t i o n  uer8u8 space  v e l o -  
c i t y  d a t a  a r e  a v a i l a b l e  f o r  k i n e t i c  a n a l y s i s ,  w i t h  n o  i n d e p e n d e n t  
i n f o r m a t i o n  a b o u t  t h e  u n d e r l y i n g  r e a c t i o n  n e t w o r k  o r  a b o u t  t h e  i m -  

p o r t a n c e  o f  t h e  r a t e  o f  a d s o r p t i o n / d e s o r p t i o n  s t e p s ,  a d i s c r i m i n a -  
t i o n  among d i f f e r e n t  r i v a l  r a t e  m o d e l s  i s  n e c e s s a r y  i n  o r d e r  t o  

f i n d  t h e  r a t e  model  w h i c h  b e s t  d e s c r i b e s  t h e  e x p e r i m e n t a l  d a t a  o v e r  
t h e  r a n g e  o f  t h e  a p p l i e d  r e a c t i o n  c o n d i t i o n s .  The s t a t i s t i c a l  t e s -  

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

adequacy  o f  t h e  f i n a l  r a t e  model  and  do n o t  p r o v i d e  e v i d e n c e  t h a t  

a c e r t a i n  r e a c t i o n  mechanism o p e r a t e s .  Thus,  t h e  m a t h e m a t i c a l  

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

w i l l  p r o v i d e  a f r a m e w o r k  f o r  d e r i v i n g  a n  a d e q u a t e  d y n a m i c  r a t e  

model .  The p r o b l e m s  o f  i d e n t i f y i n g  t h e  u n d e r l y i n g  r e a c t i o n  mecha- 
n i s m  and  p r o v i n g  how i t  can b e  t r a n s f o r m e d  i n t o  a s i m p l i f i e d  r e a c -  

t i o n  scheme a r e  n o t  t a c k l e d .  

3.1.5 Graph t h e o r y  and  r e a c t i o n  mechanisms 

A f o r m a l  l i n e a r  c o m b i n a t i o n  o f  s p e c i e s  o n  t h e  r e a c t a n t  o r  t h e  

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

6 0 ) ;  i t  i s  c o m p l e t e l y  c h a r a c t e r i z e d  b y  t h e  m - t u p l e  o f  t h e  s t o i c h i o -  

m e t r i c  c o e f f i c i e n t s  o f  t h e  s e t  o f  m s p e c i e s  w h i c h  make up  t h e  

c o m p l e x .  A r e a c t i o n  n e t w o r k  w h i c h  c o n s i s t s  o f  c o m p l e x e s  and  r e a c -  

t i o n s  w h i c h  l i n k  t h e  comp lexes  t o g e t h e r  can  b e  a s s o c i a t e d  w i t h  d i -  

r e c t e d  g r a p h s  ( d i g r a p h s ) ,  where  t h e  nodes  o f  a d i g r a p h  a r e  t h e  
comp lexes  o f  t h e  r e a c t i v e  m a s s - a c t i o n  s y s t e m s  and  t h e  a r c s  a r e  t h e  

" r e a c t s - t o "  r e l a t i o n s  b e t w e e n  t h e  comp lexes .  Based on  s u c h  a 

d e s c r i p t i o n  o f  r e a c t i v e  c h e m i c a l  s y s t e m s ,  H a p p e l  a n d  S e l l e r s  ( r e f .  

6 1 )  d i s c u s s e d  a m e t h o d  f o r  unamb iguous  g e n e r a t i o n  o f  a l l  r e a c t i o n  

mechanisms b y  w h i c h  a s e t  o f  s p e c i e s  i s  l i n k e d  t o g e t h e r ,  g i v i n g  
r i s e  t o  t h e  o b s e r v e d  o v e r a l l  p r o d u c t i o n  and  c o n s u m p t i o n  o f  r e a c -  

t a n t s  and  t e r m i n a l  p r o d u c t s .  Chemica l  r e a c t i v e  s y s t e m s  c a n  b e  

v i e w e d  w i t h i n  t w o  v e c t o r  spaces ,  a n  S - d i m e n s i o n a l  space  o f  t h e  

mechanisms and  a Q - d i m e n s i o n a l  space  o f  t h e  c h e m i c a l  r e a c t i o n s .  The 

mechanisms a r e  l i n e a r  c o m b i n a t i o n s  o f  t h e  s i m p l e s t  k i n d s  o f  mecha- 
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a1 , I t T  
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I t T  - 

nisms, t h e  e l e m e n t a r y  s t e p s  g i v i n g  r i s e  t o  t h e  e l e m e n t a r y  r e a c t i o n s  
wh ich  f o r m  t h e  b a s i s  f o r  t h e  space o f  a l l  r e a c t i o n s .  The t r a n s f o r -  
m a t i o n  o f  mechanisms t o  r e a c t i o n s  i s  l i n e a r  because, i n  a chemica l  
system, t h e  r e a c t i o n s  a r e  a d d i t i v e .  I n  r e a c t i v e  systems two k i n d s  
o f  s p e c i e s  occu r ,  i n t e r m e d i a t e s  and t e r m i n a l  s p e c i e s .  S t e a d y - s t a t e  
mechanisms a r e  t h o s e  whose r e a c t i o n s  o n l y  i n v o l v e  t e r m i n a l  s p e c i e s .  
The s e t  o f  a l l  r e a c t i o n  v e c t o r s ,  wh ich  c o n t a i n  o n l y  t h e s e  t e r m i n a l  
spec ies ,  c o n s t i t u t e s  t h e  o v e r a l l  r e a c t i o n  space. The q u e s t i o n  t o  
be c o n s i d e r e d  now, g i v e n  a s p e c i f i e d  r e a c t i o n  v e c t o r  and a s e t  o f  
p o s s i b l e  e l e m e n t a r y  s t e p s ,  i s  t o  f i n d  a l l  m e c h a n i s t i c  v e c t o r s  wh ich  
produce t h i s  s p e c i f i e d  r e a c t i o n  v e c t o r .  W i t h  t h e  method proposed,  
t h e  S -d imens iona l  space o f  a l l  mechanisms i s  changed t o  a b a s i s  
wh ich  separa tes  t h i s  space i n t o  t h r e e  p a r t s :  a subspace o f  a l l  
c y c l e s  wh ich  a r e  t h e  k e r n e l s  o f  t h e  mechanism space, a subspace o f  
s t e a d y - s t a t e  mechanisms w h i c h  does n o t  y i e l d  c y c l e s  b y  l i n e a r  combi-  
n a t i o n s  and a subspace o f  n o n - s t e a d y - s t a t e  mechanisms wh ich  does 
n o t  y i e l d  s t e a d y - s t a t e  mechanisms b y  l i n e a r  c o m b i n a t i o n s  o f  s i n g l e  
mechanisms, T h i s  i s  o b t a i n e d  f r o m  t h e  d i a g o n a l i z e d  f o r m  o f  an S x A 

m a t r i x  where A i s  t h e  number o f  s p e c i e s  i n  t h e  r e a c t i v e  chemica l  
sys tem and S t h e  d imens ion  o f  t h e  mechanism space, wh ich  d e t e r m i n e s  
t h e  l i n e a r  t r a n s f o r m a t i o n  o f  t h e  mechanism v e c t o r s  t o  t h e  r e a c t i o n  

s2  a21 

ss I: a S 1  

v e c t o r s  

s 1  ra l l  ... alI al,Itl 
a a21 2 , I t l  

a s I  % , I t 1  

... 

where S i  a r e  t h e  - . t h  s t e p s  i n  t..e c..emical sys-em, 

(3 .12)  

- I  t h e  

i n  t h e  e l e -  
number o f  t e r m i n a l  s p e c i e s ,  I t h e  number o f  i n t e r m e d i a t e  s p e c i e s  
and aij  t h e  s t o i c h i o m e t r i c  c o e f f i c i e n t s  o f  s p e c i e s  a 
men ta ry  r e a c t i o n  pi. S i n c e  t h e  o v e r a l l  r e a c t i o n  v e c t o r  i n v o l v e s  
o n l y  t e r m i n a l  spec ies ,  m e c h a n i s t i c  v e c t o r s  have t o  be d e t e r m i n e d  
wh ich  r e c y c l e  a l l  i n t e r m e d i a t e s  i n v o l v e d .  The e x p l i c i t  b a s i s  f o r  
t h e  space o f  o v e r a l l  r e a c t i o n s  can be c h a r a c t e r i z e d  b y  c o r r e s p o n d i n g  
rows i n  t h e  d i a g o n a l i z e d  f o r m  o f  t h e  m a t r i x  ( 3 . 1 2 ) .  The mechanisms 
wh ich  g i v e  r i s e  t o  t h e  s p e c i f i e d  o v e r a l l  r e a c t i o n  a r e  c a l l e d  t h e  
d i r e c t  mechanisms and a r e  d e f i n e d  i n  t h e  sense, t h a t  i f  one s t e p  of  
t h e  mechanism i s  o m i t t e d ,  no mechanism can be  fo rmed  b y  l i n e a r  

,i 
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c o m b i n a t i o n  t o  p r o d u c e  t h e  s p e c i f i e d  o v e r a l l  r e a c t i o n  r a t e .  A c c o r -  

d i n g  t o  Happe l  and  S e l l e r s  ( r e f .  6 1 ) ,  t h e s e  d i r e c t  mechanisms a r e  
o b t a i n e d  b y  d e t e r m i n i n g  t h e  max ima l  c y c l e - f r e e  s u b s y s t e m s  f r o m  t h e  

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

e v a l u a t i n g  t h e  u n i q u e  d i r e c t  mechanism c o n t a i n e d  i n  e a c h  o f  t h e  

c y c l e - f r e e  subsys tems .  The 9 - s t e p  c y c l e - f r e e  s u b s y s t e m s  w h i c h  a r e  
f o r m e d  f r o m  Q l i n e a r l y  i n d e p e n d e n t  r e a c t i o n s  a r e  o b t a i n e d  b y  remo- 

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

where C i s  t h e  d i m e n s i o n  o f  t h e  c y c l e  space ;  i t  c a n  be o b t a i n e d  

f r o m  t h e  d i a g o n a l i z e d  f o r m  o f  m a t r i x  eq.  ( 3 . 1 2 ) .  

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

s e t  o f  known p o s s i b l e  e l e m e n t a r y  r e a c t i o n s .  

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

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

m o l e c u l a r  l e v e l .  U n t i l  now t h i s  a p p r o a c h  h a s  been  c o n f i n e d  t o  c l e a n ,  
f r e q u e n t l y  l o w  p r e s s u r e ,  s y s t e m s  w h i c h  a r e  o p e r a t e d  f a r  removed  

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

can g i v e  i n f o r m a t i o n  on  r e a l  c a t a l y s t s ,  t o o .  T h i s  i s ,  h o w e v e r ,  an 

i n d i r e c t  one. Model  compound r e a c t i o n s  p r e s e n t  a l s o  a n  i n d i r e c t  

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

o b t a i n e d  i n  t h e  gaseous  phase .  However ,  w i t h  s p e c i f i c  compounds, 
e i t h e r  f r o m  t h e i r  s t r u c t u r e  o r  b y  i s o t o p e  l a b e l l i n g  ( r e f s .  2 9 , 4 9 , 6 2 )  

i t  i s  p o s s i b l e  t o  c h e m i c a l l y  c h a r a c t e r i z e  t h e  a c t i v i t y  and  s e l e c -  

t i v i t y  o f  c a t a l y s t s .  W i t h  m a t h e m a t i c a l  e v a l u a t i o n  o f  c o m p o s i t i o n  
m m u 8  space  t i m e  and  r e l a t e d  d a t a  t h e  s i t u a t i o n  r e s e m b l e s  t h e  c a v e  

p a r a b l e  o f  P l a t o n  where ,  t h e  o r i g i n a l  o b j e c t s  h a v e  t o  b e  r e -  

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

me thod  i s  t o  p r o v i d e  a s u i t a b l e  m a t h e m a t i c a l  model  f o r  d e s c r i b i n g  
t h e  a c t u a l  d y n a m i c  b e h a v i o r  and  f o r  p r e d i c t i n g  t h e  b e h a v i o r  o f  a 

s y s t e m  i n  l a r g e r  s c a l e  r e a c t o r s  o r  o t h e r  r e a c t o r  c o n f i g u r a t i o n s  
and  n o t  t o  g a i n  i n s i g h t  i n t o  t h e  m o l e c u l a r  e v e n t s  on  t h e  c a t a l y s t  
s u r f a c e .  The l a s t  me thod  d i s c u s s e d  s t a r t s  t o  f i l l  t h e  gap b e t w e e n  

comp lex  u n d e r l y i n g  r e a c t i o n  mechanisms a n d  much s i m p l e r  r e a c t i o n  
schemes w h i c h  a r e  used  t o  m o d e l 1  t h e  d y n a m i c s  o f  t h e  i n v e s t i g a t e d  

c h e m i c a l  s y s t e m s .  

Thus t h e  m e t h o d  d e s c r i b e d  so  f a r  p r o v i d e s  a p r o c e d u r e  f o r  d e r i -  

D i f f e r e n t  a p p r o a c h e s  have  now been  p r e s e n t e d  t o  e n a b l e  t h e  de -  
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t a ' l y t i c  r e a c t i o n s ,  dynamic modeling p r o v i d e s  a s u i t a b l e  chemica l  
r e a c t i o n  r a t e  model and a r e a c t o r  model. In c a s e s  where t h e . a c t i -  
v i t y  and s e l e c t i v i t y  of s o l i d  c a t a l y s t s  a r e  c h a r a c t e r i z e d  by r a t e  
c o n s t a n t s ,  o b t a i n e d  from c o n v e r s i o n  - s p a c e  v e l o c i t y  d a t a  i n  open 
r e a c t i o n  s y s t e m s ,  o p e r a t i n g  c o n d i t i o n s  a r e  f r e q u e n t l y  chosen i n  
such a way t h a t  the  r e a c t o r  model i s  i d e n t i c a l  w i t h  t h e  chemica l  
r e a c t i o n  r a t e  model,  which c o n s i d e r s  a d s o r p t i o n ,  s u r f a c e  r e a c t i o n  
and d e s o r p t i o n  s t e p s ,  o n l y  t h e  time v a r i a b l e  be ing  r e p l a c e d  by a 
s p a t i a l  one.  For p r o c e s s  o p t i m i z a t i o n  and s c a l e - u p  from l a b o r a t o r y  
r e a c t o r s  t o  i n d u s t r i a l  o n e s ,  a ma themat i ca l  model of  the chemica l  
r e a c t o r  i s  needed t o  a c c o u n t  f o r  t h e  concur rence  of  mass ,  h e a t  and 
momentum t r a n s p o r t  p r o c e s s e s  w i t h  a d s o r p t i o n ,  s u r f a c e  r e a c t i o n  and 
d e s o r p t i o n  of  r e a c t i v e  s p e c i e s  on the  c a t a l y s t .  As we a r e  d e a l i n g  
w i t h  open r e a c t i v e  sys tems f a r  from thermodynamic e q u i l i b r i u m ,  t h e  
r e g i o n s  o v e r  which mass,  h e a t  and momentum b a l a n c e s  a r e  formed a r e  
u s u a l l y  d i f f e r e n t i a l  volumes f o r  which t h e  ma themat i ca l  models a r e  
s e t s  of  l i n e a r  o r  n o n l i n e a r  d i f f e r e n t i a l  e q u a t i o n s .  

W i t h i n  t h e  framework of l a b o r a t o r y  s t u d i e s  of  he t e rogeneous  ca -  

3 .2 .1  Rate models of he t e rogeneous  c a t a l y t i c  r e a c t i o n s  

by a s e t  of s t o i c h i o m e t r i c  c o e f f i c i e n t s ,  p r o v i d e  t h e  f rame f o r  
dynamic modeling of  t h e  o b s e r v a b l e  r a t e  of change of  the compos i t ion  
of the  m i x t u r e ,  t h e  f i r s t  s t e p  i n  d e r i v i n g  r a t e  models o f  h e t e r o -  
geneous c a t a l y t i c  r e a c t i o n s  i s  the e v a l u a t i o n  of t h e  u n d e r l y i n g  
r e a c t i o n  mechanism. Typ ica l  r e a c t i o n  mechanisms f o r  a c i d - c a t a l y z e d  
and p l a t i n u m - c a t a l y z e d  hydrocarbon i s o m e r i z a t i o n  a r e  o u t l i n e d  i n  
Schemes 3.12 and 3.13. The r e a c t i v e  i n t e r m e d i a t e s  i n  t h e s e  two 
examples a r e  d i f f e r e n t  c a r b o c a t i o n s  bound t o  the s u r f a c e  o f  a c i d i c  
metal  o x i d e s .  Adsorp t ion  and d e s o r p t i o n  s t e p s  which l e a d  t o  forma- 
t i o n  of  t h e  s u r f a c e  complexes and r e - f o r m a t i o n  of a c t i v e  c e n t e r s  
on t h e  c a t a l y s t  s u r f a c e  a r e  i n c o r p o r a t e d  w i t h i n  t h e  network o f  
e l emen ta ry  r e a c t i o n s  which c o n t r i b u t e  t o  t h e  obse rved  p r o d u c t  d i s t -  
r i  b u t i  ons .  

w i th  u n d e r l y i n g  r e a c t i o n  mechanisms, a s  p l o t t e d  i n  Schemes 3.12 
and 3 .13 ,  i s  comple t e ly  c o n s i s t e n t  w i t h  the  r e q u i r e m e n t s  of  thermo- 
dynamics and s t o i c h i o m e t r y  i f  t h e  f o l l o w i n g  c o n d i t i o n s  a r e  s a t i s -  
f i e d :  
( 1 )  t h e  c a t a l y s t  i s  a c o n s t a n t  e n t i t y  ove r  t h e  t o t a l  r ange  of com- 

According t o  t h e  concep t  of  e l e m e n t a r y  r e a c t i o n s  which, weighted  

The k i n e t i c  d e s c r i p t i o n  of  chemica l  r e a c t i o n s  i n  c l o s e d  sys t ems  
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p o s i t i o n ,  o n l y  one t y p e  o f  a c t i v e  c e n t e r  c o n t r i b u t e s  t o  chemi- 
c a l  c o n v e r s i o n s  and t h e  r a t e  pa ramete rs  a r e  i n d e p e n d e n t  o f  t h e  
c o n c e n t r a t i o n s  o f  r e a c t i n g  spec ies ;  

mass a c t i o n  fo rm;  
( 2 )  each e l e m e n t a r y  r e a c t i o n  g i v e s  r i s e  t o  a r a t e  f u n c t i o n  o f  t h e  

( 3 )  t h e  mass i s  conse rved  i n  each e l e m e n t a r y  r e a c t i o n ;  
( 4 )  t h e  r a t e  c o n s t a n t s  i n  t h e  r a t e  f u n c t i o n s  a r e  c o n s t r a i n e d  b y  t h e  

( 5 )  t h e  s t o i c h i o m e t r i c  c o e f f i c i e n t s  a r e  n o n - n e g a t i v e  i n t e g e r s .  
By r e l a x i n g  c o n d i t i o n  ( 3 ) ,  Horn  and Jackson ( r e f .  60) showed 

t h a t  open r e a c t i o n  systems can a l s o  be  d e s c r i b e d  w i t h i n  t h e  f o r m a l  
s t r u c t u r e  o f  mass a c t i o n  k i n e t i c s .  To a c h i e v e  t h i s ,  f u r t h e r  pseudo- 
-e lemen ta ry  r e a c t i o n s  a r e  added t o  t h e  s e t  o f  e l e m e n t a r y  r e a c t i o n s  
wh ich  accoun t  f o r  s u p p l y i n g  s p e c i e s  t o  and remov ing  them f r o m  t h e  
r e a c t o r .  I f ,  f o r  i n s t a n c e ,  a s p e c i e s  i s  s u p p l i e d  t o  t h e  r e a c t o r  a t  

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

0 -+ Ai and Ai * 0 a r e  added t o  t h e  s e t  o f  e l e m e n t a r y  r e a c t i o n s .  
A p p a r e n t l y ,  w i t h  t h e s e  r e a c t i o n s  t h e  mass i s  n o t  conserved.  I f ,  f o r  
example, a r e a c t i o n  A 1  + A2 t a k e s  p l a c e  i n  a c o n t i n u o u s l y  o p e r a t e d  
s t i r r e d  t a n k  r e a c t o r ,  t h e  u n d e r l y i n g  r e a c t i o n  n e t w o r k  i s  

p r i n c i p l e  o f  d e t a i l e d  b a l a n c i n g ;  

where k i s  t h e  r a t e  c o n s t a n t ,  v t h e  f l o w  r a t e  p e r  u n i t  volume and 
aO1 and aO2 t i m e  i n v a r i a n t  c o n c e n t r a t i o n s  o f  s p e c i e s  A1 and A2  i n  

t h e  feed .  
Chemical  r e a c t i o n s  can be v i s u a l i z e d  as t r a n s f o r m a t i o n s  o f  

r e a c t i o n  v e c t o r s  w i t h  t i m e  i n  t h e  c o m p o s i t i o n  space. F o l l o w i n g  
F e i n b e r g  and Horn ( r e f .  6 3 ) ,  mechanisms a r e  c l a s s i f i e d  a c c o r d i n g  t o  
t h e i r  number o f  complexes, and l i n k a g e  c l a s s e s ,  t h e  d imens ion  o f  
t h e  s t o i c h i o m e t r i c  subspace, t h e  d e f i c i e n c i e s  o f  t h e  mechanisms and 
t h e i r  weak r e v e r s i b i l i t y .  I n  T a b l e  3.6 some examples of  r e a c t i o n  
mechanisms a r e  shown. Complexes a r e  t h e  e n t i t i e s  wh ich  appear  b e f o r e  
and a f t e r  a r rows  i n  t h e  mechanism. F o r  example,  t h e  complexes i n  
mechanism 7 ,  Tab le  3 . 6 ,  a r e  A,, 2 A 1 ,  A1  t A2,  2A2, A2,  0 and i n  
mechanism 8, Tab le  3.6, 0, A1, A1 t A * ,  A J  t A4,  A 3  t A2,  A 4  t A s ,  
A 4  t As ,  A 7  t As.  The number o f  complexes i s  deno ted  b y  n. L i n k a g e  
c l a s s e s  i n  a mechanism, deno ted  b y  2 ,  a r e  s e t s  i n  t h e  mechanism, 

where complexes a r e  d i r e c t l y  o r  i n d i r e c t l y  l i n e d  t o  a l l  o t h e r  comp- 
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l e x e s  o f  t h i s  s e t  and  n o t  l i n k e d  t o  o t h e r  c o m p l e x e s  o f  t h e  mecha- 
n i s m  o u t s i d e  t h i s  s e t .  Hence, f o r  mechan ism 5, t h e  l i n k a g e  c l a s s e s  

a r e  { A z ,  A 4 ) ,  { A 1  t A 3 ,  A 5  t A 6 1  and  12A , A z  t Aj ,  A 7 1  a n d  f o r  
mechanism 8,  T a b l e  3.6, (0, A l l ,  {A l  t A z ,  A 3  t A41,  { A 3  t A z ,  
A 4  t A 5 1  and  { A 4  t A s ,  A 7  t A s ) .  F o r  a m a t h e m a t i c a l  d e s c r i p t i o n  o f  

t h e  mechanisms a s p e c i e s  s p a c e  V = Rm ips i n t r o d u c e d  w h i c h  i s  an  

M - d i m e n s i o n a l  v e c t o r  space  w i t h  b a s i s  Eel, e z . . . e m l  where  
el = { l ,  0, O...Ol , e2 = (0, 1,  0, 0 ... 0) e t c .  Complexes a r e  
r e p r e s e n t e d  i n  t h e  s p e c i e s  space  b y  c o r r e s p o n d i n g  s p e c i e s  b a s i s  

v e c t o r s .  Hence, f o r  mechanism 6 t h e  c o m p l e x  v e c t o r s  a r e  el, 2 e z ,  e 3  
e 3  t e4,  e5  and  e 6  t e7.  R e a c t i o n s  a r e  r e p r e s e n t e d  i n  t h e  s p e c i e s  
space  b y  s u b t r a c t i n g  t h e  v e c t o r  o f  t h e  r e a c t a n t  c o m p l e x  f r o m  t h e  

c o r r e s p o n d i n g  p r o d u c t  c o m p l e x  v e c t o r .  F o r  mechan ism 6, f o r  e x a m p l e ,  
t h e  s e t  o f  r e a c t i o n  v e c t o r s  i s  g i v e n  b y  Eel - 2e2,  e 3  - 2ez ,  

e 5  - ( e 3  t e 4 ) ,  e6  t e 7  - ( e 3  t e 4 ) ,  e5  - ( e 6  t e 7 ) ,  e6  t e 7  - e51 .  
The s t o i c h i o m e t r i c  subspace  f o r  a mechan ism w i t h  a d i m e n s i o n  deno-  

t e d  b y  s i s  spanned  b y  i t s  s e t  o f  r e a c t i o n  v e c t o r s .  F o r  d e t e r m i n a -  
t i o n  o f  s, use  i s  made o f  an  e q u i v a l e n t  s t a t e m e n t  w h i c h  d e f i n e s  s 
as t h e  number o f  e l e m e n t s  o f  t h e  l a r g e s t  l i n e a r l y  i n d e p e n d e n t  s e t  

f o r m e d  f r o m  t h e  r e a c t i o n  v e c t o r s  o f  t h e  r e a c t i o n  mechanism. Hence,  
s i s  o b t a i n e d  b y  d e t e r m i n i n g  t h e  r a n k  o f  an  r x M m a t r i x  composed 
o f  t h e  r e a c t i o n  v e c t o r s ,  where  r i s  t h e  number o f  r e a c t i o n s  i n  t h e  
mechanism and  M t h e  d i m e n s i o n  o f  t h e  s p e c i e s  space .  

A f u r t h e r  c h a r a c t e r i s t i c  o f  r e a c t i o n  mechanisms i s  t h e i r  r e -  
v e r s i b i l i t y  w h i c h ,  i n  some c a s e s ,  i s  weak. A r e a c t i o n  mechan ism i s  

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

mechanism i s  w e a k l y  r e v e r s i b l e  i f ,  f o r  a n y  p a i r  o f  c o m p l e x e s  w h i c h  
a r e  c o n n e c t e d  b y  a d i r e c t e d  a r r o w  p a t h w a y ,  t h e r e  e x i s t s  a f u r t h e r  

d i r e c t e d  p a t h w a y  c o n s i s t i n g  o f  one o r  m o r e  d i r e c t e d  a r r o w s  l e a d i n g  
b a c k  f.rom t h e  p r o d u c t  c o m p l e x  t o  t h e  r e a c t a n t  c o m p l e x .  Hence t h e  
mechanism 

i s  n o t  w e a k l y  r e v e r s i b l e  b e c a u s e  t h e r e  e x i s t s  a d i r e c t e d  a r r o w  f r o m  
A Z  t o  A1 b u t  no  p a t h w a y  b a c k  f r o m  A1 t o  Az ;  w h e r e a s  t h e  mechan ism 



86 

TABLE 3.6 

Examples and classification of reaction mechanisms. After (ref. 6 3 ) ;  
for denotions, see text. Copyright 1974,  Pergamon Journals Ltd. 

Mechanism n 1 S 6 

A l t A 3  - A4 

V J  
A2tA5 

6 )  A1 - 2A2 - A 3  
A 3 + A 4  4 A 5  

\ A 6 t A 7  & 

7) (Lotka-mechanism) 
A1 - 2A1 
A1 +A2- 2A2 
A 2  - 0 

8 )  (Glycolysis-mechanism) 
0 ----c A1 
A1 tA2+ A3tAq 

A t A2+ A +A5 
A 4+A6-, A, +A6 

3 1 2 0 

3 1 2 0 

3 1 2 0 

5 2 3 0 

7 3 4 

6 2 4 

6 3 2 

1 0  4 5 

0 

0 

1 

1 
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TABLE 3.6 ( c o n t i n u e d )  

~~ 

Mechanism n z S 6 

9 )  ( B r u s s e l a t o r )  
0 G== A1 - A 2  
2 A 1 t A 2  - 3A1 

5 2 2 1 

i s  weak ly  r e v e r s i b l e  because f o r  e v e r y  d i r e c t e d  a r r o w  pathway t h e r e  
i s  a d i r e c t e d  pathway l e a d i n g  back t o  t h e  r e a c t a n t  complex. 

From t h e  number o f  complexes, t h e  number o f  l i n k a g e  c l a s s e s  and 
t h e  d imenston  o f  t h e  s t o i c h i o m e t r i c  subspace, t h e  d e f i c i e n c y  ( r e f .  
6 3 )  o f  t h e  mechanism under  c o n s i d e r a t i o n  i s  g i v e n  b y  

& = n - t - s .  

U s u a l l y  t h e  c h a r a c t e r i s t i c s  o f  t h e  dynamic b e h a v i o u r  o f  r e a c t i v e  
systems a r e  a n a l y s e d  i n  te rms o f  t h e  s t a b i l i t y  o f  t h e  s o l u t i o n s  o f  
t h e  s e t  o f  d i f f e r e n t i a l  e q u a t i o n s  wh ich  d e s c r i b e  t h e  r e a c t i v e  
system m a t h e m a t i c a l l y .  As  these  d i f f e r e n t i a l  e q u a t i o n s  a r e  d e r i v e d  
f rom t h e  u n d e r l y i n g  r e a c t i o n  mechanism, t h e  dynamic b e h a v i o u r  o f  
r e a c t i v e  systems s h o u l d  a l s o  be q u a l i t a t i v e l y  p r e d i c t e d  b y  t h e  
f ramework o f  t h e  s t r u c t u r e  o f  t h e  r e a c t i o n  ne twork .  F e i n b e r g  and 
Horn ( r e f s .  6 0 , 6 3 , 6 4 )  suggested  t h e  " z e r o - d e f i c i e n c y " - t h e o r e m ,  
which, f o r  mechanisms w i t h  d e f i c i e n c y  z e r o  s t a t e s  t h a t  
( 1 )  f o r  mechanism n o t  weak ly  r e v e r s i b l e  w i th  a r b i t r a r y  k i n e t i c s ,  

t h e  dynamic e q u a t i o n s  cannot  g i v e  r i s e  t o  an e q u i l i b r i u m  p o i n t  

i n  t h e  p o s i t i v e  o r t h a n t  o f  t h e  s p e c i e s  space; 
( 2 )  f o r  mechanisms n o t  weak ly  r e v e r s i b l e  w i t h  a r b i t r a r y  k i n e t i c s ,  

t h e  c o r r e s p o n d i n g  dynamic e q u a t i o n s  canno t  g i v e  r i s e  t o  a 
c y c l i c  c o m p o s i t i o n  t r a j e c t o r y  wh ich  passes t h r o u g h  a composi-  
t i o n  p o i n t  i n  t h e  p o s i t i v e  o r t h a n t  o f  t h e  s p e c i e s  space V'; 

( 3 )  f o r  weak ly  r e v e r s i b l e  mechanisms w i t h  mass a c t i o n  k i n e t i c s ,  
t h e  i nduced  dynamic e q u a t i o n s  canno t  g i v e  r i s e  t o  c o m p o s i t i o n  
c y c l e s  i n  t h e  p o s i t i v e  o r t h a n t  o f  t h e  s p e c i e s  space and, w i t h  
any c h o i c e  o f  p o s i t i v e  r a t e  c o n s t a n t s  i n  each s t o i c h i o m e t r i c  
c o m p a t i b i l i t y  c l a s s  i n  V', t h e r e  e x i s t s  one a s y m p t o t i c a l l y  
s t a b l e  e q u i l i b r i u m  c o m p o s i t i o n .  

I f  e v e r y  r e a c t i o n  i n  t h e  r e a c t i o n  ne twork  I s  a s s i g n e d  w i t h  a 
s c a l a r - v a l u e d  r a t e  f u n c t i o n  ri,,, which  o n l y  t a k e s  n o n - n e g a t i v e  
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va lues ,  a d e s c r i p t i o n  o f  t h e  dynamic b e h a v i o r  o f  t h e  n e t w o r k  i s  
ob ta ined .  The k i n e t i c s  a r e  te rmed "mass -ac t i on "  i f  t h e  i n d i v i d u a l  
r a t e  f u n c t i o n s  a r e  of  t h e  f o r m  

(3 .13)  

where kij i s  a p o s i t i v e  r a t e  z o n s t a n t  and a t  t h e  m o l a r  c o n c e n t r a -  
t i o n  o f  s p e c i e s  A Z .  The a c t u a l  s t a t e  o f  t h e  r e a c t i o n  m i x t u r e  i n  t h e  
s p e c i e s  space i s  r e p r e s e n t e d  b y  t h e  v e c t o r  a( t )  wh ich  i s  d e f i n e d  by  

a ( t )  = a , ( t )  e, .I- a 2 ( t )  e2  t ... a M ( t )  eM. (3.14) 

The t i m e  d e r i v a t i v e  of a ( t ) ,  & ( t )  exp resses  v e c t o r i a l l y  t h e  r a t e  o f  
change o f  c o m p o s i t i o n  o f  t h e  r e a c t i v e  m i x t u r e  and i s  d e f i n e d  b y  

& ( t )  = i ( t )  el t i 2 ( t )  e2 t ... i M ( t )  e,,,. ( 3 .15 )  

Fo r  i s o t h e r m a l  c l o s e d  r e a c t i v e  sys tems,  i t  i s  g e n e r a l l y  assumed 
t h a t  & ( t )  i s  c o m p l e t e l y  d e t e r m i n e d  b y  a ( t ) .  wh ich  means t h a t  

& ( t )  = r ( a ( t ) )  (3 .16 )  

where r ( a ( t ) )  i s  t h e  o v e r a l l  r a t e  f u n c t i o n  and i s  c o n s t r u c t e d  by  
t a k i n g  a l i n e a r  c o m b i n a t i o n  o f  a l l  r e a c t i o n  v e c t o r s  o f  t h e  mecha- 
nism, each m u l t i p l i e d  b y  t h e  c o r r e s p o n d i n g  i n d i v i d u a l  r a t e  f u n c t i o n .  
Fo r  example, f o r  t h e  f o l l o w i n g  n e t w o r k  ( r e f .  6 4 )  

/ -\ 
- A2 

r3 

r4  
%+A4 - 

t h e  o v e r a l l  r a t e  f u n c t i o n  i s  

r ( a ( t ) )  r, [2el - ( e 3  t e 4 ) 1  t r2 [ e 2  - 2e11 t 
t r3 [ e 2  - ( e 3  t e 4 ) 1  t r4  [ e 3  t e 4  - e21 (3 .17 )  

o r  i n  component f o r m  
i, ( t )  = 2 r 2  - 2 r l  
i2 (t)  - r, t r3 - r4 
i, ( t )  = r4 - r3 - r2 

(3 .18 )  
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2 where rl = kl al , r2 = k 2  a3  a4,  r3 = k 3  a3  a4  a n d  r4 = k 4  a 2  and  

kl, k p ,  k 3  and  k 4  a r e  p o s i t i v e  r a t e  c o n s t a n t s .  C o m p o s i t i o n  t r a j e c -  

t o r i e s  c a n n o t  wander  a r b i t r a r i l y  w i t h  t i m e  t h r o u g h  t h e  s p e c i e s  
space.  They a r e  c o n s t r a i n e d  t o  r e m a i n  i n  p a r a l l e l s  o f  t h e  s t o i c h i o -  

m e t r i c  subspace .  T h i s  can  b e  r e a l i z e d  i n  t h e  f o l l o w i n g  way 

( r e f .  6 4 ) :  I f  t h e  s e t  o f  v e c t o r s  r e p r e s e n t i n g  t h e  c o m p l e x e s  i n  t h e  

mechanism u n d e r  c o n s i d e r a t i o n  i s  d e n o t e d  b y  Iyl ,  y 2 ,  . . . , y21 a n d  

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

j - t h  comp lexes  a r e  d e n o t e d  b y  rij, t h e  o v e r a l l  r a t e  f u n c t i o n  i s  
g i v e n  b y  

n 

i, j = l  
r(a) c rij(a) (yi - y j ) .  ( 3 . 1 9 )  

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

b y  

(3.20) 

The r i g h t - h a n d  s i d e  o f  eq. 3 .20  i s  a l i n e a r  c o m b i n a t i o n  o f  t h e  

r e a c t i o n  v e c t o r s  f r o m  w h i c h  t h e  r e a c t i v e  s y s t e m  i s  b u i l d  up  a n d  
t h e r e f o r e  l i e s  i n  t h e  s t o i c h i o m e t r i c  s u b s p a c e  S o f  t h e  s p e c i e s  

space.  I n t e g r a t i o n  o f  eq. 3.20 y i e l d s  

n t 

i,j=l 0 
a ( t )  = a ( 0 )  + E { ( J  rij ( a )  d t )  (yi - yj) 1 ( 3 . 2 1 )  

where a ( 0 )  i s  t h e  i n i t i a l  c o m p o s i t i o n  a t  t = 0 and  a ( t )  a r e  compo- 
s i t i o n s  on  t h e  c o r r e s p o n d i n g  t r a j e c t o r y .  The s e c o n d  t e r m  o n  t h e  

r i g h t - h a n d  s i d e  o f  eq. 3 .21  i s  an  e l e m e n t  o f  t h e  s t o i c h i o m e t r i c  

subspace  S f o r  t h e  mechanism and  hence  a l l  c o m p o s i t i o n s  o n  a compo- 

s i t i o n  t r a j e c t o r y  a r e  t h e  sum o f  a n  i n i t i a l  c o m p o s i t i o n  and  a t i m e -  
- d e p e n d e n t  v e c t o r  o f  t h e  s t o i c h i o m e t r i c  s u b s p a c e  a n d  t h u s  a r e  c o n -  

f i n e d  t o  p a r a l l e l s  o f  t h e  s t o i c h i o m e t r i _ c  s u b s p a c e  a ( t )  = a ( 0 )  t s .  
I n  o t h e r  words ,  c o m p o s i t i o n s  a ( t )  a r e  t r a n s f o r m e d  i n t o  c o m p o s i t i o n s  
a ( t ' )  o n l y  i n  a manner  c o m p a t i b l e  w i t h  t h e  s t o i c h i o m e t r i c  c o n s t r a -  

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

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

b i l i t y  c l a s s e s  e x e m p l i f i e d  b y  t h e  mechan ism 
k l  

2A1 A A 2  
k-l 

g i v e n  i n  F i g .  3 .9  ( s e e  a l s o  t h e  l a s t  s e c t i o n  o f  C h a p t e r  2 ) .  The 
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i' 
stoichiomelrk compatibility class 

al  

F i g .  3.9. S t o i c h i o m e t r i c  subspace and s t o i c h i o m e t r i c  c o m p a t i b i l i t y  
c l a s s e s  f o r  mechanism 2A1 G= Ap. Reproduced w i t h  p e r m i s s i o n  a f t e r  
( r e f .  63 ) .  

dynamic e q u a t i o n s  i n  component form f o r  t h i s  mechanism a r e  

2 6, = -2k  a t 2k, a2 and 
a2 = kl ' 2  al 1 k-,a2. (3.22) 

So f a r  dynamic e q u a t i o n s  have been d e r i v e d  on t h e  b a s i s  o f  t h e  
u n d e r l y i n g  r e a c t i o n  n e t w o r k s  b y  w h i c h  t h e  s p e c i e s  a r e  l i n k e d  and 
compr ise  t h e  r e a c t i o n  s t e p s  of  r e a c t i v e  i n t e r m e d i a t e s ,  bound t o  t h e  
c a t a l y s t  s u r f a c e ,  r e a c t i o n  s t e p s  b y  w h i c h  t h e  r e a c t i v e  i n t e r m e d i a -  
t e s  on t h e  s u r f a c e  a r e  fo rmed  and t h e  a c t i v e  c e n t e r s  a r e  rep roduced .  
Fu r the rmore ,  i t  has been assumed t h a t  a l l  t h e s e  s t e p s  f o l l o w  mass 
a c t i o n  k i n e t i c s .  Wh i le  t h i s  assumpt ion  i s  w i d e l y  a p p l i e d  when mo- 
d e l i n g  t h e  dynamics o f  homogeneous gaseous phase r e a c t i o n s ,  i n  t h e  
case o f  he terogeneous c a t a l y t i c  g a s - s o l i d  , r e a c t i o n s  i t  i s  i n -  
adequate  f o r  t h e  phenomena o c c u r i n g .  The g e o m e t r i c  and e l e c t r o n i c  
c h a r a c t e r i s t i c s  o f  an a c t i v e  c e n t e r  on  t h e  c a t a l y s t  s u r f a c e  (wh ich ,  
summarized o v e r  a l l  a c t i v e  c e n t e r s ,  d e t e r m i n e  t h e  a c t i v i t y  and 
s e l e c t i v i t y  o f  t h e  c a t a l y s t )  a r e  s t r o n g l y  dependent  on t h e  a c t u a l  
s t a t e  o f  t h e  s o l i d  and a l s o  on a d s o r p t i o n  o f  r e a c t a n t  and p r o d u c t  
mo lecu les  on t h e  s o l i d  s u r f a c e  i n  t h e  v i c i n i t y  o f  t h e  a c t i v e  
c e n t e r s .  Thus, t h e  r a t e  c o n s t a n t s  o f  s u r f a c e  complex f o r m a t i o n ,  

t r a n s f o r m a t i o n  and d e s o r p t i o n  o f  p r o d u c t s  w i l l  u s u a l l y  be  c o n c e n t r a -  
t i o n - d e p e n d e n t ,  t h a t  means t h e  c a t a l y s t  c a n n o t  be  c o n s i d e r e d  as a 
c o n s t a n t  e n t i t y  o v e r  t h e  t o t a l  range  o f  c o m p o s i t i o n .  However, i n  
p r a c t i c e ,  w i t h  i n d u s t r i a l  he te rogeneous  c a t a l y t i c  r e a c t i o n s ,  p a r t i a l  
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p ressu res  o f  r e a c t a n t s  and t o t a l  p r e s s u r e s  a r e  o f t e n  o n l y  v a r i e d  t o  

a s m a l l  e x t e n t  and s t a b l e  r e a c t a n t  and p r o d u c t  mo lecu les  d i s p l a y  a 

s i m i l a r  a d s o r p t i o n  b e h a v i o r ,  b y  wh ich ,  o v e r  a c e r t a i n  range  o f  com- 
p o s i t i o n ,  t h e  c a t a l y s t  can be  assumed t o  be a c o n s t a n t  e n t i t y  and 
t h e  r a t e  c o e f f i c i e n t s  i ndependen t  o f  t h e  amounts o f  r e a c t i n g  spe- 
c i e s .  A l though  t h i s  assumpt ion  i n t r o d u c e s  a model e r r o r ,  model 
p r e d i c t i o n s  and i n v e s t i g a t i o n s  on t h e  s t r u c t u r e  o f  t h e  u n d e r l y i n g  
r e a c t i v e  systems a r e  more e a s i l y  pe r fo rmed  w i t h  systems o f  d i f f e -  
r e n t i a l  e q u a t i o n  h a v i n g  c o n s t a n t  model parameters .  

Complex ne tworks  l i k e  t h o s e  d e p i c t e d  i n  Schemes 3.12 and 3.13 
g i v e  r i s e  t o  m u l t i p a r a m e t e r  systems w i t h  l a r g e l y  v a r y i n g  pa ramete r  
va lues .  Fu r the rmore ,  a k i n e t i c  a n a l y s i s  o f  such ne tworks  presuppo-  
ses knowledge o f  t h e  r a t e  o f  change o f  c o n c e n t r a t i o n  of a l l  s p e c i e s  

i n  t h e  ne twork  wh ich ,  i n  most  cases, i s  n o t  a v a i l a b l e .  Hence t h e  
k i n e t i c  d e s c r i p t i o n  o f  t h e  r e a c t i v e  sys tem i s  n o t  u s u a l l y  based on 
t h e  o r i g i n a l  r e a c t i o n  ne twork ,  b u t  on a s i m p l i f t e d  r e a c t i o n  scheme. 
The r e d u c t i o n  o f  t h e  o r i g i n a l  r e a c t i o n  ne twork  t o  a s i m p l i f i e d  
r e a c t i o n  scheme i s  r e a l i z e d  u s i n g  t h e  s t e a d y - s t a t e  a p p r o x i m a t i o n  
and t h e  assumpt ion  o f  a r a t e  d e t e r m i n i n g  s t e p  i n  r e a c t l o n  sequences. 
The p rocedure  i s  i l l u s t r a t e d  ( r e f ,  6 5 )  w i t h  a b i m o l e c u l a r  r e v e r s i b l e  
r e a c t i o n  

k t  
A t B e  C t D  

k -  

wh ich  i s  assumed t o  p roceed i n  t h e  f o l l o w i n g  sequence; 

s t e p  1: A t 1  = A 1  k l  

(3.23) 

k2 

k-  2 
s t e p  2: B t 1 .L B1 

k3 

k- 3 

k-4 

k-5 

s t e p  3 :  A1 t B1 C1 t D1 

- c  k4 t 1 

e - D t l .  kg 

s t e p  4 :  c1 

s t e p  5: Dl 

( 3 . 2 4 )  
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The s t e a d y - s t a t e  a p p r o x i m a t i o n  s i g n i f i e s  t h a t  t h e  r a t e s  o f  a l l  t h e  
f i v e  s t e p s  o f  t h e  r e a c t i o n  sequence a r e  t h e  same. I f  t h e  b i m o l e c u -  
l a r  s u r f a c e  r e a c t i o n  ( s t e p  3 )  i s  t h e  r a t e - d e t e r m i n i n g  s t e p ,  t h e  
o v e r a l l  r a t e  of  t h e  r e a c t i o n  i s  d e t e r m i n e d  b y  t h e  r a t e  o f  t h i s  s t e p  

r = k a  a ( 3 . 2 5 )  3 A1 B1 - k -3  aClaD1' 

As a l l  t h e  s t e p s  p roceed  a t  t h e  same r a t e ,  s t e p s  1 , 2 ,  4 and 5 must 
be n e a r  t h e  thermodynamic e q u i l i b r i u m  c o m p o s i t i o n  p o i n t s  and i t  i s  
u s u a l l y  assumed f o r  t hese  s t e p s  t h a t  thermodynamic e q u i l i b r i u m  i s  
e s t a b l i s h e d .  T h i s  means t h a t  t h e  r a t i o  o f  p r o d u c t s  and r e a c t a n t s  
o f  t h e s e  s t e p s  i s  t i m e  i n v a r i a n t .  Hence, t h e  s u r f a c e  c o n c e n t r a t i o n s  
wh ich  a r e  t h e  e n t r i e s  t o  t h e  o v e r a l l  r a t e  e q u a t i o n  3 . 2 5  can be 
r e p l a c e d  b y  e x p e r i m e n t a l l y  a c c e s s i b l e  gas phase c o n c e n t r a t i o n s  

K1 
s t e p  1 'A1 = 

aA '1 

K 2  
a B l  s t e p  2 - I  

aB '1 
aC1 s t e p  4 - =  

a C  al K4 

( 3 . 2 6 )  

Kg 
' D l  

aD '1 
s t e p  5 -3 

where K,, K 2 ,  K 4 ,  K 5  a r e  a d s o r p t i o n  e q u i l i b r i u m  c o n s t a n t s .  S u b s t i -  
t u t i n g  t h e  s u r f a c e  c o n c e n t r a t i o n s  i n  eq. 3 . 2 5  b y  eq. 3 . 2 6  t h e  
f o l l o w i n g  r a t e  e q u a t i o n  i s  o b t a i n e d :  

where K 

c e n t r a t i o n  o f  t h e  f r e e  a c t i v e  c e n t e r s  a, ( w h i c h  i s  a l s o  u s u a l l y  
n o t  d i r e c t l y  amenable t o  e x p e r i m e n t a l  d e t e r m i n a t i o n )  can be r e p l a -  
ced i n  t h e  f o l l o w i n g  way: 
The t o t a l  c o n c e n t r a t i o n  o f  a c t i v e  c e n t e r s  alt i s  g i v e n  b y  

= k 3 / k _ 3  i s  t h e  o v e r a l l  e q u i l i b r i u m  c o n s t a n t .  The con- 
eq 

S u b s t i t u t i n g  eq. 3 . 2 6  i n  eq. 3 . 2 8  we f i n d  

alt = al t alK1aA t al K 2  aB t al K4  aC  t al K 5  aD ( 3 . 2 9 )  

o r  
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al t  
al = 1 t K,aA t K2aB t K4aC t K5aD * 

(3 .30 )  

The r a t i o  al/alt i s  t h e  f r a c t i o n  o f  u n o c c u p i e d  a c t i v e  c e n t e r s  

al - 1 - -  
al t  t c Kiai a 

( 3 . 3 1 )  

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

a A l  K1 "A 
= e A = ' I  t C KiaX 

- 
"t 

( 3 . 3 2 )  

R e w r i t i n g  eq. 3.25 i n  t e r m s  o f  f r a c t i o n a l  c o v e r a g e s ,  t h e  f o l l o w i n g  

e q u a t i o n  i s  o b t a i n e d  

r = k i  8 A 8 B  - k - 3  8~ 8 0  ( 3 . 3 3 )  

2 where  k i  = k 3  * alt. S u b s t i t u t i n g  eq.  3.32 i n  eq. 3.33 r e s u l t s  i n  

a A - a B  - a C - a D - K e  . K j K 2 / ( K 4 * K 5 )  
r = k3*K ,  .K2.alt- ( 3 . 3 4 )  

(1  t C Kiai)' 

E q u a t i o n  3 .34  can  b e  f u r t h e r  s i m p l i f i e d  b y  a s s u m i n g  a " m o s t  a b u n -  
d a n t  s u r f a c e  i n t e r m e d i a t e "  ( m a s i ) .  

o f  c o n s e c u t i v e  r e a c t i o n s  can  b e  k i n e t i c a l l y  t r e a t e d  l i k e  o n e - s t e p  

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

gas phase  c o n c e n t r a t i o n s .  I n  t h e  c a s e  o f  h e t e r o g e n e o u s  c a t a l y t i c  
r e a c t i o n s ,  t h i s  r e p l a c e m e n t  i n t r o d u c e s  a number o f  a d s o r p t i o n  e q u i -  

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

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

and m o l e c u l e s  a d s o r b e d  a t  t h e  s o l i d  s u r f a c e .  However ,  t h e y  do 
a c c o u n t  f o r  r e a c t i v e  a d s o r p t i o n / d e s o r p t i o n  o f  r e a c t a n t  m o l e c u l e s  on  

a c t i v e  c e n t e r s ,  w h i c h  a r e  f a r  l e s s  a b u n d a n t  on  t h e  s o l i d  s u r f a c e  
t h a n  a d s o r p t i o n  c e n t e r s .  Hence, t h e s e  a d s o r p t i o n  e q u i l i b r i u m  c o n s -  
t a n t s  c a n n o t  u s u a l l y  be d e t e r m i n e d  b y  i n d e p e n d e n t  a d s o r p t i o n  e x p e -  
r i m e n t s .  They a r e  o b t a i n e d  f r o m  c u r v e - f i t t i n g  p r o c e d u r e s  on  t h e  

b a s i s  o f  e q u a t i o n s  such  as  eq .  3.34. C o m b i n i n g  t h e  c o n s t a n t s ,  w h i c h  
a p p e a r  i n  p r o d u c t s  o f  d i f f e r e n t  c o n s t a n t s  i n  eq .  3.34, i n t o  one 

c o n s t a n t  i n  each  case,  a r a t e  e x p r e s s i o n  r e s u l t s  w h i c h  c a n  b e  d e r i -  

W i t h  t h e  p r o c e d u r e  d e s c r i b e d  so  f a r ,  a r b i t r a r i l y  l o n g  s e q u e n c e s  
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ved f rom d i f f e r e n t  u n d e r l y i n g  r e a c t i o n  mechanisms as d e m o n s t r a t e d  
b y  B o u d a r t  ( r e f .  5 9 ) .  Thus,  i n  r e p l a c i n g  t h e  o r i g i n a l  r e a c t i o n  
mechanism b y  a s i m p l i f i e d  r e a c t i o n  scheme f o r  dynamic  m o d e l i n g ,  an 
a m b i g u i t y  i s  i n t r o d u c e d  i n t o  t h e  d y n a m i c  mode l  e q u a t i o n s  d e r i v e d  
f r o m  t h i s  s i m p l i f i e d  r e a c t i o n  scheme. 

W i t h  t h e  o v e r a l l  r e a c t i o n  g i v e n  i n  eq. 3 .23 a n d  t h e  assumed 
r e a c t i o n  sequence eq. 3 .24,  a l l  s t e p s  t a k e  p l a c e  o n l y  once t o  
p r o d u c e  t h e  o v e r a l l  c o n v e r s i o n  i n d i c a t e d  i n  eq. 3.23 a n d  t h e  r a t i o  
o f  t h e  o v e r a l l  f o r w a r d  t o  o v e r a l l  b a c k w a r d  r a t e  c o n s t a n t  i s  g i v e n  

b y  

k = K  ( 3 . 3 5 )  

where K i s  t h e  t h e r m o d y n a m i c  e q u i l i b r i u m  c o n s t a n t .  I n  r e a c t i o n  se-  
quences  w h e r e  t h e  r a t e  d e t e r m i n i n g  s t e p  m u s t  b e  r e p e a t e d  s e v e r a l  
t i m e s  t o  p r o d u c e  t h e  o v e r a l l  c o n v e r s i o n ,  t h e  r a t i o  o f  t h e  o v e r a l  
f o r w a r d  t o  b a c k w a r d  r a t e  c o n s t a n t  i s  g i v e n  b y  

kt K”sr 
K ( 3 . 3 6  

where  sr i s  t h e  s t o i c h i o m e t r i c  number o f  t h e  r a t e  d e t e r m i n i n g  s t e p .  
T h i s  e q u a t i o n ,  w h i c h  was f i r s t  p r o p o s e d  b y  H o r i u t i  ( r e f .  6 6 ) ,  can  
be  v i s u a l i z e d  i n  t h e  f o l l o w i n g  way ( r e f .  6 7 ) .  I f  a r e a c t i o n ,  0.8.  

ammonia s y n t h e s i s  

N 2  t 3H2 k t  2NH3 

k-  
t a k e s  p l a c e  uiu t h e  f o l l o w i n g  s t e p s :  

( 3 . 3 7 )  

s t e p  2: H2 t 21 k t 2  

k - 2  
5 2 H1 3 

( 3 . 3 8 )  

s t e p  3: N1 t H1 k t 3  NHl 2 
k- 3 

k t 4  

k - 4  
s t e p  4: NHl t H2 c NH3 t 1 2 

t h e n  s t e p  1 t a k e s  p l a c e  once,  s t e p  2 t h r i c e  a n d  s t e p  3 a n d  4 t w i c e  

i n  o r d e r  t o  o b t a i n  t h e  s t o i c h i o m e t r i c  c o n v e r s i o n  g i v e n  b y  eq.  3.37. 
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A t  s t e a d y - s t a t e  t h e  r a t e  o f  t h e  o v e r a l l  r e a c t i o n  can be exp ressed  
i n  te rms o f  each o f  t h e  r a t e s  o f  t h e  i n d i v i d u a l  s t e p s  d i v i d e d  b y  
t h e i r  s t o i c h i o m e t r i c  number. Hence, t h e  o v e r a l l  r e a c t i o n  r a t e  R o f  
r e a c t i o n  3.37 i s  expressed as f o l l o w s :  

where rti and rmi a r e  t h e  f o r w a r d  and backward  r a t e s  o f  t h e  i - t h  
s tep .  A t  e q u i l i b r i u m ,  t h e  p r i n c i p l e  o f  m i c r o s c o p i c  r e v e r s i b i l i t y  i s  
assumed t o  h o l d  and f o r  s t e p  1 f o r  example, t h e  e q u i l i b r i u m  cons -  
t a n t  K1 i s  equa l  t o  ktl/k,l 

where aieq a r e  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n s  and A G ~  t h e  s t a n d a r d  

f r e e  energy  change of t h e  r e a c t i o n  under  s t a n d a r d  c o n d i t i o n s .  Under 
t h e  r e a c t i o n  c o n d i t i o n s  f o r  s t e p  1, 

.-a 

aLN 1 (3.41) g -AG = AGO t RT I n  

where -AG i s  t h e  f r e e  r e a c t i o n  e n t h a l p y .  I n t r o d u c i n g  t h e  e q u i l i b -  
r i u m  c o n s t a n t  i n t o  eq. 3.41 t h e  f o l l o w i n g  e q u a t i o n  i s  o b t a i n e d :  

rtl = -AGO t RT I n  - RT I n  K1 
- 1  

where rtl and rml a r e  t h e  f o r w a r d  and backward  r a t e s  o f  s t e p  1 o f  
eq. 3.38. Fo r  a r e a c t i o n  sequence t h e  t o t a l  f r e e  energy  d r o p  i s  

t h e  sum o f  t h e  f r e e  energy  d i f f e r e n c e s  f o r  each s i n g l e  s t e p  mul- 
t i p l i e d  by  i t s  s t o i c h i o m e t r i c  number. I n  t h e  case where one s t e p  
i s  r a t e - d e t e r m i n i n g ,  t h e  f r e e  energy  change o f  t h e  o v e r a l l  r e a c t i o n  
AG i s  g i v e n  b y  

AG = sr A G ~  o r  AG, = AG/s, (3.43) 

where A G ~  i s  t h e  f r e e  energy  change f o r  t h e  r a t e - d e t e r m i n i n g  s t e p  
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and t h e  o v e r a l l  r a t e  f o l l o w s  f r o m  

R = - 1 (rtr - rmr) = 5 '" [l - exp(AG/sr RT) ] ;  
'r r 

w h i l e  a t  e q u i l i b r i u m ,  

(3 .44 )  

( 3 . 4 5 )  

Hence, t h e  r a t i o  o f  t h e  o v e r a l l  f o r w a r d  and backward  r a t e  c o n s t a n t s  
o f  a r e a c t i o n  sequence i s  equa l  t o  ~ ' " r .  

Wi th  t h e  assumpt ions  d i s c u s s e d  so  f a r ,  r e a c t i o n  sequences can be 
d y n a m i c a l l y  t r e a t e d  1 i k e  one-s tep  r e a c t i o n s .  Ano the r  p r o c e d u r e  f o r  
r e d u c i n g  complex r e a c t i o n  ne tworks  has been proposed b y  Wei and 
Kuo ( r e f s .  68.69) f o r  monomolecu la r  r e a c t i o n  systems. By t h i s  p r o -  
cedure  s p e c i e s  a r e  lumped i n t o  a few groups ;  t h i s  i s  e x e m p l i f i e d  i n  
Scheme 3.14 by  means o f  a four -component  sys tem w h i c h  i s  lumped 

Al- A* 1x1 - i' 
A2 

Scheme 3.14 

i n t o  a two-component one. Wei and Kuo p a r t i t i o n e d  m a t h e m a t i c a l  
l ump ing  i n t o  two c a t e g o r i e s ,  e x a c t  l u m p i n g  and a p p r o x i m a t e  l ump ing .  
Exac t  l ump ing  can be f u r t h e r  d i v i d e d  i n t o  p r o p e r  l ump ing ,  semi-  
p r o p e r  l ump ing  and i m p r o p e r  l ump ing .  W i t h  p r o p e r  l ump ing ,  t h e  che- 
m i c a l  s p e c i e s  o f  t h e  sys tem can be p a r c e l l e d  i n t o  s e v e r a l  i ndepen-  
den t  c l a s s e s ;  w i t h  semip roper  and i m p r o p e r  l ump ing ,  each chemica l  
s p e c i e s  may be long  t o  d i f f e r e n t  l u m p i n g  c l a s s e s  o f  s p e c i e s .  I n  
te rms o f  c o m p o s i t i o n  v e c t o r s ,  l u m p i n g  i s  t h e  t r a n s f o r m a t i o n  o f  an 
n - t u p l e  c o m p o s i t i o n  v e c t o r  a i n t o  an ; - tup le  v e c t o r  & ( w h i c h  has a 

s m a l l e r  d imens ion  t h a n  t h e  o r i g i n a l  c o m p o s i t i o n  v e c t o r ) ,  b y  means 

o f  an 8 x n m a t r i x  M o f  r a n k  fi: 

& = M - a .  ( 3 . 4 6 )  
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M o n o m o l e c u l a r  r e a c t i o n  s y s t e m s ,  w h i c h  g i v e  r i s e  t o  t h e  f o l l o w i n g  

dynamic  e q u a t i o n  

&( t )  = - K  a ( t ) ,  ( 3 . 4 7 )  
., 

a r e  o n l y  e x a c t l y  l u m p a b l e  b y  a m a t r i x  M i f  a m a t r i x  K e x i s t s  s u c h  

t h a t  t h e  k i n e t i c  b e h a v i o r  o f  t h e  l umped  s y s t e m  c a n  b e  d e s c r i b e d  b y  

g = 4. ( 3 . 4 8 )  

The n e c e s s a r y  and  s u f f i c i e n t  c o n d i t i o n  f o r  a r e a c t i o n  s y s t e m  t o  b e  

e x a c t l y  l u m p a b l e  i s  ( r e f .  68)  
I 

M . K = K * M .  ( 3 . 4 9 )  

C o n s i d e r i n g  t h e  consequences  o f  l u m p a b i l i t y  on  t h e  e i g e n v e c t o r s  and  

e i g e n v a l u e s  o f  t h e  s y s t e m ,  b y  t h e  l u m p i n g  p r o c e d u r e  some o f  t h e  
e i g e n v e c t o r s  o f  t h e  c o e f f i c i e n t  m a t r i x  K, eq.  3 .47,  a r e  c r o s s e d  

o f f  and  t h e  r e m a i n i n g  e i g e n v e c t o r s  a r e  p r o j e c t e d  i n t o  a c o r r e s p o n -  

d i n g l y  l o w e r  d i m e n s i o n a l  space .  I f  xi and  hi a r e  t h e  e i g e n v e c t o r s  

and e i g e n v a l u e s  o f  t h e  r a t e  c o n s t a n t  m a t r i x  K t h e n  f o r  n - ti e i g e n -  

v e c t o r s  o f  K ,  t h e  v e c t o r  Mxi v a n i s h e s  and ,  f o r  t h e  r e m a i n i n g  e i g e n -  
v e c t o r s  o f  K, t h e  v e c t o r  Mxi.is an  e i g e n v e c t o r  o f  t h e  r a t e  c o n s t a n t  

m a t r i x  o f  t h e  l umped  s y s t e m  K w i t h  t h e  same e i g e n v a l u e  hi. Hence 

A .  

M = ( X  : 0) X - ’ .  ( 3 . 5 0 )  

Where X i s  t h e  fi x 6 n o n s i n g u l a r  e i g e n v e c t o r  m a t r i x  o f  K and  0 an  

ti - ( n  - A )  n u l l  m a t r i x .  

The e i g e n v e c t o r s  t h a t  r e z a i n ,  u n d e r  m a p p i n g  t h e  o r i g i n a l  A -spe -  

c i e s  space  i n t o  t h e  l umped  A - s p e c i e s ,  a r e  l i n e a r  c o m b i n a t i o n s  o f  

t h e  r o w  v e c t o r s  o f  t h e  m a t r i x  MA. The t h e o r e t i c a l  l u m p i n g  p r o c e d u -  

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

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

t h e  s y s t e m  i s  l u m p a b l e  o r  n o t  can  b e  p e r f o r m e d  u s i n g  e x p e r i m e n t a l  
me thods  b a s e d  on  e i t h e r  t h e  d e f i n i t i o n ,  t h a t  s y s t e m s  a r e  e x a c t l y  
l u m p a b l e  i f  and  o n l y  i f  e a c h  p a i r  o f  M - e q u i v a l e n t  i n i t i a l  v e c t o r s  

r e m a i n s  M - e q u i v a l e n t  u n d e r  m o t i o n  w i t h  t i m e  a l o n g  t h e  r e a c t i o n  
t r a j e c t o r i e s ,  o r  on  t h e  t h e o r e m s  t h a t  t h e  A -subspace  o f  t h e  s p e c i e s  

space  i s  spanned  b y  t h e  r o w  v e c t o r s  o f  t h e  m a t r i x  MA a n d  t h a t  t h e  

i n i t i a l  c o m p o s i t i o n s  i n  t h e  A -space  w i l l  r e m a i n  i n  t h i s  s p a c e  w h i l e  

c o n v e r g i n g  on  t h e  e q u i l i b r i u m  c o m p o s i t i o n .  

I I 

I 

I 
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W i t h  t h e  assumpt ions  and theorems d i s c u s s e d  so  f a r ,  complex 
r e a c t i o n  ne tworks  can be reduced  t o  more s i m p l i f i e d  r e a c t i o n  sche-  
mes, p r o v i d i n g  an adequate  f ramework  f o r  d e r i v i n g  dynamic models.  
These k i n e t i c  models a r e  t h e  e n t r i e s  i n t o  t h e  r e a c t o r  mode ls ,  wh ich  
a r e  c o n s i d e r e d  i n  t h e  f o l l o w i n g  s e c t i o n .  

3.2.2 Reac to r  models 

Systems c o n s i s t  o f  t h e  c o n t e n t s  o f  a d e f i n i t e  r e g i o n  i n  space. 
U s u a l l y  systems a r e  p a r t i t i o n e d  i n t o  (i) i s o l a t e d  systems, t o  o r  

f r o m  w h i c h  no mass, h e a t  o r  work t r a n s f e r  can t a k e  p l a c e ,  ( i i )  
a d i a b a t i c  systems, t o  o r  f r o m  w h i c h  no  h e a t  can be t r a n s f e r r e d ,  
( i i i )  c l o s e d  systems, a c r o s s  t h e  b o u n d a r i e s  o f  wh ich  no  mass t r a n s -  
f e r  can t a k e  p l a c e ,  and ( i v )  open systems w h i c h  a r e  d e f i n e d  as 
r e g i o n s  o f  space t h r o u g h  wh ich  mass, h e a t  o r  work f l o w s .  As  non- 
- i s o l a t e d  systems i n t e r a c t  w i t h  o t h e r  systems i n c l u d i n g  r e s e r v o i r s ,  
t h e  who le  assembly  o f  systems i s  c o n s i d e r e d  as a g l o b a l  one. Reser -  

v o i r s  a r e  i d e a l i z e d  e n v i r o n m e n t s  o f  t h e  systems, assumed t o  be 
s u f f i c i e n t l y  l a r g e  so t h a t  changes i n  a l l  i n t e n s i v e  p r o p e r t i e s ,  
caused b y  i n t e r a c t i o n  w i t h  t h e  system, a r e  n e g l i g i b l e .  Systems may 
be e i t h e r  a t  an e q u i l i b r i u m  s t a t e ,  a s t e a d y - s t a t e  o r  a non -s teady  
s t a t e .  

Themodynamic e q u i l i b r i u m  systems a r e  d e s c r i b e d  u s i n g  s t a t e  
f u n c t i o n s ,  d e f i n e d  as p r o p e r t i e s  w h i c h  u n e q u i v o c a l l y  d e t e r m i n e  t h e  
s t a t e  o f  t h e  system, i n d e p e n d e n t  o f  t h e  way i n  w h i c h  t h e  e q u i l i b -  
r i u m  s t a t e  i s  a t t a i n e d .  The s t a t e  f u n c t i o n s  a r e  r e l a t e d  t o  each 
o t h e r  b y  an e q u a t i o n  o f  s t a t e  w h i c h  d e f i n e s  a h y p e r p l a n e  i n  t h e  
c o o r d i n a t e  sys tem o f  t h e  s t a t e  f u n c t i o n s  t o  wh ich  a l l  p o s s i b l e  
e q u i l i b r i u m  s t a t e s  a r e  r e s t r i c t e d .  Thermodynamic p rocesses  have 
t a k e n  p l a c e  i f ,  between two t i m e s ,  a t  l e a s t  one o f  t h e  p r o p e r t i e s  
o f  t h e  sys tem has changed. U s u a l l y  t h e y  a r e  c o n s i d e r e d  t o  t a k e  
p l a c e  under  r e v e r s i b l e  c o n d i t i o n s ,  i . 6 .  an i n f i n i t e s i m a l  change o f  
d r i v i n g  f o r c e  w i l l  r e v e r s e  t h e  d i r e c t i o n  o f  t h e  p rocess .  The t h e o -  
r e t i c a l  model f o r  p e r f o r m i n g  thermodynamic  p rocesses  b y  p a s s i n g  a t  
e v e r y  s t a g e  t h r o u g h  e q u i l i b r i u m  s t a t e s  d r a s t i c a l l y  s i m p l i f i e s  t h e i r  
ma themat i ca l  d e s c r i p t i o n  because t h e  s t a t e  v e c t o r  i s  r e s t r i c t e d  t o  
t h e  h y p e r p l a n e  d e f i n e d  b y  t h e  e q u a t i o n  o f  s t a t e .  

I n d u s t r i a l  chemica l  r e a c t i o n s  a r e  m o s t l y  accomp l i shed  i n  open 
systems w i t h  a c o n t i n u o u s  exchange o f  mass and e n e r g y  w i t h  t h e  
env i ronmen t .  There  a r e  two l i m i t i n g  r e a c t o r  t ypes ,  t h e  c o n t i n u o u s l y  
o p e r a t e d  s t i r r e d - t a n k  r e a c t o r  (CSTR) and t h e  p l u g - f l o w  r e a c t o r .  I n  
t h e  f o l l o w i n g ,  o n l y  f i x e d  bed r e a c t o r s  a r e  c o n s i d e r e d  and these ,  i n  
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t h e i r  i d e a l i z e d  v e r s i o n ,  a r e  m a t h e m a t i c a l l y  modeled l i k e  p l u g - f l o w  
r e a c t o r s ,  because most he terogeneous c a t a l y t . i c  r e a c t i o n s  a r e  
c a r r i e d  o u t  i n  t h i s  t y p e  o f  r e a c t o r . T h e r e  a r e  a l s o  f l u i d i z e d  bed  
and t r i c k l e  bed processes .  The ma themat i ca l  d e s c r i p t i o n  o f  t h e s e  
r e a c t i o n  systems, however, i s  ach ieved  i n  t h e  same way as t h o s e  o f  
f i x e d  bed r e a c t o r s .  I n  d e r i v i n g  t h e  ma themat i ca l  models t h e  v a r i a b -  
l e s ,  b y  wh ich  t h e  p rocess  under  c o n s i d e r a t i o n  i s  d e s c r i b e d ,  must  
be known and an e q u a t i o n  f o r m u l a t e d  f o r  each dependent v a r i a b l e .  

F o r  example, w i t h  s t e a d y - s t a t e  gaseous f l o w  t h r o u g h  a channe l ,  t h e  
f o u r  dependent v a r i a b l e s  a r e  t h e  p r e s s u r e  p, t h e  d e n s i t y  p,  t h e  
tempera tu re  T and t h e  f l o w  v e l o c i t y  u: t h e  i ndependen t  v a r i a b l e  i s  
t h e  a rea  A o f  t h e  c r o s s - s e c t i o n  o f  t h e  channe l .  The model e q u a t i o n s  
a r e  : 
mass f l u x  ba lance  

(3.51) dm = A p 0 u = c o n s t .  

f o r c e  ba lance  

-Adp - A p UdU - A * p gdz - dFw 0 (3.52) 

ene rgy  ba lance  

(3.53) 

and t h e  e q u a t i o n  o f  s t a t e  o f  t h e  gas 

p p * RT. (3.54) 

The ba lances  a r e  fo rmed o v e r  a d i f f e r e n t i a l  volume e lement .  The 
terms i n  t h e  f o r c e  ba lance  accoun t  f o r  t h e  r e s u l t i n g  p r e s s u r e  f o r c e  
on t h e  volume e lement ,  t h e  r e s u l t i n g  i n e r t i a  f o r c e ,  t h e  a x i a l  com- 
ponent  o f  g r a v i t y  f o r c e  and t h e  r e s u l t i n g  r e s i s t a n c e  f o r c e .  The 
te rms i n  t h e  energy  ba lance ,  where U i s  t h e  i n t e r n a l  ene rgy  o f  t h e  
volume e lement ,  accoun t  f o r  t h e  i n c r e a s e  i n  i n t e r n a l  e n e r g y  w i t h  
t i m e  i n  t h e  volume e lement ,  t h e  r e s u l t i n g  energy  f l u x  a g a i n s t  t h e  
p r e s s u r e  f o r c e ,  t h e  r e s u l t i n g  k i n e t i c  e n e r g y  f l u x ,  t h e  i n c r e a s e  o f  
p o t e n t i a l  energy  w i t h  t i m e  and t h e  e x t e r n a l  s u p p l i e d  energy  f l u x .  
Equa t ions  3.51 t o  3.54 d e s c r i b e  gaseous dynamic p rocesses  and, i n  
g e n e r a l ,  a l s o  d e s c r i b e  thermodynamic p rocesses  w i t h o u t  any assump- 
t i o n s  c o n c e r n i n g  t h e  manner i n  wh ich  t h e s e  p rocesses  t a k e  p l a c e .  

I n  t h e  case o f  a l l  chemica l  r e a c t o r s ,  chemica l  r e a c t i o n s  must  
a l s o  be c o n s i d e r e d  w i t h i n  t h e  model e q u a t i o n s .  T h i s ,  however, does 
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n o t  change t h e  s e t  o f  model e q u a t i o n s .  These a r e  o n l y  ex tended  b y  
te rms wh ich  accoun t  f o r  t h e  chemica l  r e a c t i o n s .  The b a l a n c e s  o v e r  
d i f f e r e n t i a l  volume e lemen ts  dV i n  case o f  o n c e - t h r o u g h - f l o w  r e a c -  
t o r s  ( o r  o v e r  f i n i t e  volumes AV i n  case o f  systems where t h e  s t a t e  
f u n c t i o n s  a r e  space i n v a r i a n t )  a lways  t a k e  t h e  f o l l o w i n g  f o r m  as 
spec i f ied , .  f o r  example, f o r  t h e  mass b a l a n c e  f o r  a s p e c i e s  i ,  where 

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

- r a t e  o f  a c c u m u l a t i o n  
- o f  i i n  w i t h i n  dV. 

(3.55) 

The f l u x  o f  i i n t o  o r  o u t  o f  t h e  volume e lemen t  may be caused b y  
c o n v e c t i v e  o r  d i f f u s i v e  f l u x e s .  I n  case o f  c o n v e c t i v e  f l u x e s ,  t h e  
r a t e  o f  a c c u m u l a t i o n  o f  i ' i n  dV, F i g .  3.10, e q u a l s  t h e  d i f f e r e n c e s  

I 7  

X 

F i g .  3.10. D e r i v a t i o n  o f  t h e  mass ba lance .  

o f  t h e  f l u x e s  i n  t h e  d i r e c t i o n s  a l o n g  t h e  axes o f  t h e  s p a t i a l  c o o r -  
d i n a t e  system i n  and o u t  o f  t h e  volume e lemen t .  

where u i s  t h e  f l o w  r a t e  and a t h e  c o n c e n t r a t i o n .  The c o n v e c t i v e  
f l u x e s  t h r o u g h  t h e  p l a n e s  a t  x t d x ,  y+dy and z t d z  a r e  expanded i n t o  
T a y l o r  s e r i e s  a round x,  y and z and, as we dea l  w i t h  d i f f e r e n t i a l  
volume e lements  dV, a l l  d e r i v a t i o n s  o f  second and h i g h e r  o r d e r  a r e  
n e g l e c t e d .  Hence t h e  te rms  uxa lx+dx ,  u a /  

r e p l a c e d  b y  
and u z a l z + d z  can be Y Y+dY 



dydz  ( u x a  

dxdz  ( u  a 

d x d y  (u,a 

Y 

1 0 1  

(3 .57 )  

C o m b i n i n g  eq.  3.56 and  3.57 and  i n t r o d u c i n g  

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

g i v e n  b y  

- -  a a  - - v ( u . a ) .  (3 .58 )  a t  

C o r r e s p o n d i n g l y  t h e  d i f f u s i v e  f l u x  t h r o u g h  t h e  v o l u m e  e l e m e n t  i s  

g i v e n  b y  

2 a t  dxdydz  = dydz  (Ix - I x + d x )  t dxdz  (Iy - Iytdy I +  
( 3 . 5 9 )  

' dxdy ( ' z  - I z t d Z )  

where I i s  t h e  d i f f u s i v e  f l u x  d e f i n e d  b y  F i c k ' s  l a w  

da xi- ( 3 . 6 0 )  I = - D  

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

a1 X 
I x t d x  = I, t ax dx  and  so  on,  

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

where D i s  t h e  d i f f u s i o n  c o e f f i c i e n t .  Hence, t h e  o v e r a l l  r a t e  o f  
a c c u m u l a t i o n  o f  s p e c i e s  i i n  t h e  vo lume e l e m e n t ,  c a u s e d  b y  c o n v e c -  

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

f o l l o w s  f r o m  eq.  3 .61 and  3.58 

2 + = - v ( u . a )  t D v a. ( 3 . 6 2 )  
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I n  t h e  case o f  r e a c t i v e  systems, a f u r t h e r  t e r m  i s  added t o  equa- 
t i o n  3.62, wh ich  c o n s i d e r s  t h e  r a t e  o f  change o f  c o n c e n t r a t i o n  o f  
s p e c i e s  i b y  chemica l  r e a c t i o n .  

( r e f .  56 ) .  The pseudo-homogeneous mode ls  do n o t  a c c o u n t  f o r  t h e  
F i x e d  bed r e a c t o r  mode ls  a r e  c l a s s i f i e d  as shown i n  T a b l e  3.7 

TABLE 3.7 
C l a s s i f i c a t i o n  o f  f i x e d  bed r e a c t o r  models 

Pseudo-homogeneous Heterogeneous models 
models 

One-d imens iona l  p l u g  f l o w  r e a c t o r  p l u g  f l o w  model 
t i n t e r f a c i a l  g r a d i e n t s  model 

t a x i a l  m i x i n g  t i n t r a p a r t i c l e  g r a d i e n t s  
Two-d imens iona l  t r a d i a l  m i x i n g  t r a d i a l  m i x i n g  

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

d e r e d  w i t h  he te rogeneous  models,  where s e p a r a t e  c o n s e r v a t i o n  equa- 
t i o n s  a r e  d e r i v e d  f o r  t h e  f l u i d  phase and t h e  s o l i d  phase. W i t h  
t h e  b a s i c  r e a c t o r  model, t h e  f l u x  o f  t h e  f l u i d  t h r o u g h  t h e  r e a c t o r  
i s  assumed as a p l u g  f l o w  b y  wh ich  a l l  e n t e r i n g  m o l e c u l e s  w i l l  
r e s i d e  i n  t h e  r e a c t o r  f o r  t h e  same r e s i d e n c e  o r  c o n t a c t  t i m e .  I f  
t h e  r e a c t i o n  c o n d i t i o n s  a r e  a d j u s t e d  i n  such a way t h a t  i s o t h e r m a l  
p l u g  f l o w  p r e v a i l s  i n  t h e  r e a c t o r ,  t h e  a n a l y s i s  o f  c o n v e r s i o n  
W m U 8  c o n t a c t  t i m e  d a t a  w i t h  r e s p e c t  t o  e v a l u a t i n g  t h e  k i n e t i c s  

o f  t h e  chemica l  r e a c t i o n s  i s  l a r g e l y  s i m p l i f i e d  and t h i s  i s  t h e  
r e a s o n  why t h e  b a s i c  r e a c t o r  model has  been used u n t i l  now i n  most 

o f  t h e  l a b o r a t o r y  s t u d i e s  o f  he te rogeneous  c a t a l y t i c  p rocesses .  
I f  a x i a l  m i x i n g  and a d i f f u s i v e  f l u x  a r e  super imposed on  t h e  

c o n v e c t i v e  p l u g  f l o w ,  a d i s p e r s i o n  t e r m  i s  c o n s i d e r e d  w i t h i n  t h e  
r e a c t o r  model.  Two-d imens iona l  models a c c o u n t  f o r  r a d i a l  g r a d i e n t s  
o f  c o n c e n t r a t i o n  and t e m p e r a t u r e  i n  t h e  r e a c t o r  and t h e  mass and 
energy  f l u x e s  c o u p l e d  w i t h  t h e s e  g r a d i e n t s .  W i th  t h e  b a s i c  h e t e r o -  
geneous model t h e  f l u x  o f  t h e  f l u i d  phase i s  assumed t o  be p l u g  
f l o w  b u t  d i f f e r e n t  t e m p e r a t u r e s  and c o n c e n t r a t i o n s  a r e  d i s t i n g u i s -  
hed i n  t h e  f l u i d  and s o l i d  phase. More complex he te rogeneous  mode ls  
c o n s i d e r  i n t e r f a c i a l  and i n t r a p a r t i c l e  g r a d i e n t s  and n o n i d e a l  f l o w  
o f  t h e  f l u i d  phase. I n  t h e  f o l l o w i n g  some f i x e d  bed r e a c t o r  models 
a r e  d e l i n e a t e d .  

- s t a t e  and i s o t h e r m a l  c o n d i t i o n s  and a l s o  u n d e r  c o n d i t i o n s  where 

The i d e a l  t u b u l a r - f l o w  r e a c t o r  i s  u s u a l l y  o p e r a t e d  u n d e r  s t e a d y -  
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F i g .  3.11. Mass ba lance  f o r  t h e  i d e a l  p l u g  f l o w  r e a c t o r .  

any p r e s s u r e  d rop  o v e r  t h e  l e n g t h  o f  t h e  r e a c t o r  can be n e g l e c t e d .  
S t e a d y - s t a t e  c o n d i t i o n s  s i g n i f y  t h a t  t h e  s t a t e  f u n c t i o n s  a r e  t i m e -  
- i n v a r i a n t  a t  any p o s i t i o n  w i t h i n  t h e  r e a c t o r .  A p p l y i n g  eq. 3.55 t o  

these  o p e r a t i n g  c o n d i t i o n s ,  t h e  f o l l o w i n g  e q u a t i o n  i s  o b t a i n e d  
( F i g .  3.11):  

FA - (FA t dFA) t rAdV = 0 (3.63) 

where FA i s  t h e  m o l a r  f l u x  o f  s p e c i e s  A (mo l / sec ) ,  rA t h e  r a t e  o f  
t h e  r e a c t i o n  based on volume o f  f l u i d  and X A  t h e  f r a c t i o n  o f  r e a c -  
t a n t  A c o n v e r t e d  i n t o  p r o d u c t .  I n t r o d u c i n g  

e q u a t i o n  3.63 can be r e w r i t t e n  

FA0 dXA ( - r A ) d V  

o r  

V dv ' A f  dXA 
0 I F - =  A0 ; (-PA)' (3.64) 

I n  most o f  t h e  l a b o r a t o r y  s t u d i e s  o f  he terogeneous c a t a l y t i c  p r o -  
cesses t h i s  i s  used f o r  e v a l u a t i n g  t h e  k i n e t i c s  o f  t h e  u n d e r l y i n g  
r e a c t i o n  mechanisms based on e i t h e r  t h e  d i f f e r e n t i a l  method o f  k i -  

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

t h e  l e n g t h  o f  t h e  r e a c t o r  have t o  be accoun ted  f o r ,  b e s i d e s  t h e  

I f  t h e  r e a c t i o n  system i s  n o t  i s o t h e r m a l  and p r e s s u r e  d r o p s  o v e r  
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mass ba lance,  e.q. 3 . 6 3 ,  an energy  and a momentum b a l a n c e  4 s  d e r i -  
ved o v e r  t h e  d i f f e r e n t i a l  volume e lemen t  and t h e  f o l l o w i n g  s e t  o f  
d i f f e r e n t i a l  e q u a t i o n s  i s  used f o r  r e a c t o r  s i m u l a t i o n :  
mass ba lance  

daA -u = oc ' r A  

ene rgy  b a l a n c e  

dT - - ( A H ) p c  rA - 
u'Pg'cP = - 

momentum b a l a n c e  
2 f P  

where u i s  t h e  l i n e a r  v e l o c i t y ,  z t h e  

( 3 . 6 5 )  

( 3 . 6 6 )  

( 3 . 6 7 )  

l e n g t h  v a r i a b l e  o f  t h e  r e a c -  

t o r  tube,  pc and P 
f i c  h e a t  of  t h e  f l u i d  phase dt and d 
p a r t i c l e  d iamete r ,  f t h e  f r i c t i o n  f a c t o r  and U an o v e r a l l  h e a t  
t r a n s f e r  c o e f f i c i e n t  f o r  t h e  h e a t  t r a n s f e r  f rom o u t s i d e  t h e  r e a c t o r  
t u b e  i n t o  t h e  c a t a l y s t  bed. u = - t where ai and au a r e  t h e  

ai 
h e a t  t r a n s f e r  c o e f f i c i e n t s  o u t s i d e  and i n s i d e  t h e  tube ,  d t h e  
t h i c k n e s s  of  t h e  t u b e  w a l l  and A. t h e  h e a t  c o n d u c t i v i t y  o f  t h e  w a l l  
m a t e r i a l .  The i n i t i a l  c o n d i t i o n s  o f  eq. 3 . 6 5 - 3 . 6 7  a r e  aA = aAo, 
T = T o  and p = po a t  z = 0. 

model e q u a t i o n  3 . 6 4  (i.e. t o  a s i t u a t i o n ,  where t h e  r e a c t o r  model 
and t h e  r e a c t i o n  r a t e  model a r e  q u a s i - i d e n t i c a l )  a r e  f r e q u e n t l y  
a p p l i e d  t o  e v a l u a t e  t h e  k i n e t i c s  o f  he te rogeneous  c a t a l y t i c  r e a c -  
t i o n s  i n  o r d e r  t o  a n a l y z e  u n d e r l y i n g  r e a c t i o n  mechanisms i.e. t o  
i d e n t i f y i n g  t h e  r e a c t i o n  n e t w o r k  and r a t e  d e t e r m i n i n g  s t e p s  i n  t h a t  
ne twork .  The s e t  o f  model e q u a t i o n s  3 . 6 5 - 3 . 6 7 ,  on t h e  o t h e r  hand, 
i s  used f o r  r e a c t o r  s i m u l a t i o n ,  i.e. f o r  answer ing  q u e s t i o n s  c o n c e r -  
n i n g  t h e  l e n g t h  o f  t h e  r e a c t o r ,  t o  o b t a i n  a c e r t a i n  c o n v e r s i o n ,  
p r e s s u r e  d rops  , w a l l  t e m p e r a t u r e s  o f  t h e  r e a c t o r  t u b e  , t h e  d e t e r m i  - 
n a t i o n  o f  runaway c r i t e r i a  o f  t h e  r e a c t i v e  sys tem o r  p r o c e s s  o p t i -  
m i  z a t i  on. 

ge g r a d i e n t s  e x i s t  i n  t h e  g e n e r a l i z e d  f o r c e s  between t h e  phase 
b o u n d a r i e s  o r  w i t h i n  t h e  s i n g l e  phases ( w h i c h  g i v e  r i s e  t o  mass, 
ene rgy  and momentum f l u x e s ) ,  a d d i t i o n a l  t e rms  a r e  added t o  t h e  s e t  
o f  d i f f e r e n t i a l  e q u a t i o n s  3 . 6 5 - 3 . 6 7 ;  a l t e r n a t i v e l y  t h e  s e t  o f  d i f f e -  

t h e  c a t a l y s t  and t h e  gas d e n s i t y ,  c 
9 P 

P 

t h e  s p e c i -  
t h e  t u b e  and t h e  c a t a l y s t  

1 1  d 1  t 

O p e r a t i o n  c o n d i t i o n s  o f  f i x e d - b e d  r e a c t o r s  wh ich  g i v e  r i s e  t o  

I f  t h e  f l o w  p a t t e r n s  i n  t h e  r e a c t o r  a r e  more c o m p l i c a t e d ,  o r  l a r -  
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r e n t i a l  equat ions i s  enlarged t o  account f o r  these  e f f e c t s .  I n  
cases where the flow pa t t e rn  dev ia t e s  from idea l  plug flow a x i a l  
and/or  r ad ia l  d i spers ion  i s  considered.  The model equat ions  f o r  
s i t u a t i o n s  with neg l ig ib l e  pressure  drop along the  length of the  
r eac to r  then take the  following form f o r  s t e a d y - s t a t e  cond i t ions :  
mass balance 

2 
a A  daA 

E - D a  - u - pC * rA = 0 

energy balance 

- ( T  - T r )  = 0 
dT 2 

ha 5 - p g . u - d p  t ( - ~ H ) p ~ . r ~  

(3.68) 

(3.69) 

with the  boundary condi t ions  

d a A  
"a E- a t  z = 0 : u ( a A O  - a ) = E * A 

(3.70) dT Pg * UcP ( T o  - T )  = -ha z 

a n d  a t  z = L : a y - = z = o  d a A  d T  

where T r  i s  the temperature of sur roundings ,  E i s  t he  bed po ros i ty  
(void  f r a c t i o n  of packing) ,  ha the e f f e c t i v e  thermal conduc t iv i ty  
in the packed bed in  the  ax ia l  d i r e c t i o n  a n d  Da t he  ax ia l  d i spe r -  
sion c o e f f i c i e n t ,  which accounts f o r  a x i a l  d i f f u s i o n  a n d  a x i a l  
mixing due t o  nonideal flow. Model equat ions  3.68 and 3.69 p r e d i c t  
uniform concent ra t ions  and temperatures  in  a c ros s - sec t ion  o f  the  
r eac to r  tube.  I f  r eac t ions  with pronounced hea t  e f f e c t s  a r e  invo l -  
ved, t h i s  may be t o o  much of a s i m p l i f i c a t i o n  and terms which con- 
s i d e r  r ad ia l  hea t  a n d  mass f luxes  a r e  incorpora ted  i n  t he  model 
equat ions  3.68 and 3.69. Detai led a n a l y s i s  of t h i s  i s  ou t s ide  the  
scope of the present  book. Various approximations have been sugges- 
ted b u t ,  as pointed out  by Paterson and Carberry ( r e f .  70)  they 
of ten  r e s u l t  i n  p o o r  agreement between theory and experiment.  These 
authors  a l s o  consider  ax ia l  hea t  d i spe r s ion  because r a d i a l  hea t  
conduct iv i ty  i s  n o t  cons tan t  along the  r e a c t o r  bed. S i m i l a r l y ,  t he  
r a t i o  of tube diameter t o  p a r t i c l e  diameter should be taken i n t o  
account in order  t o  ob ta in  a b e t t e r  f i t  t o  experimental  da t a .  

models of  f i xed  bed r eac to r s  t he  d i f f e r e n t i a l  volume over which 
mass, energy and momentum balances a r e  der ived i s  p a r t i t i o n e d  i n t o  

I n  c o n t r a s t  t o  the  pseudo-homogeneous models, i n  heterogeneous 
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a f l u i d  and a s o l i d  phase and mass a n d  e n e r g y  f l u x e s ,  t h r o u g h  t h e  
phase boundary  and w i t h i n  t h e  s i n g l e  phases, a r e  a l s o  c o n s i d e r e d .  
The c o u p l i n g  o f  c o n c e n t r a t i o n s  i n  t h e  f l u i d  and t h e  s o l i d  phase i s  
pe r fo rmed  b y  e i t h e r  use o f  t h e  c o n c e n t r a t i o n  g r a d i e n t  i n  t h e  s o l i d  
phase boundary  o r  b y  use o f  t h e  c o n c e n t r a t i o n  g r a d i e n t  t h r o u g h  t h e  
boundary  l a y e r  a round t h e  s o l i d  p a r t i c l e s .  Under s t e a d y - s t a t e  con- 
d i t i o n s ,  t h e  mass t r a n s p o r t  r a t e  t h r o u g h  t h e  boundary  l a y e r s  a round  
t h e  c a t a l y s t  p a r t i c l e s  e q u a l s  t h e  r a t e  o f  chemica l  r e a c t i o n s  w i t h -  
i n  t h e  c a t a l y s t  p a r t i c l e s  and, w i t h  t h e  same assumpt ions  f o r  t h e  
b a s i c  pseudohomogeneous model,  model e q u a t i o n s  f o r  t h e  b a s i c  h e t e -  
rogeneous model a r e  g i v e n  by :  

f l u i d  phase 

- u s  dz daA = k A ( a A  - a i )  
g "  

s o l i d  phase 

p e a r A  = k .A  (aA  - aA)  S 
9 v  

(3 .71 )  

(3 .72)  

(3.73) 

(3.74) 

boundary  c o n d i t i o n s  

and T = To aA = a A O  a t z = O  

where k 

n a l  c a t a l y s t  p a r t i c l e  s u r f a c e  a r e a  p e r  u n i t  c a t a l y s t  mass, h f  t h e  
h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  h e a t  t r a n s f e r  t h r o u g h  t h e  boun-  
d a r y  l a y e r  a round t h e  s o l i d  p a r t i c l e s ,  a:, t h e  m o l a r  c o n c e n t r a t i o n  
o f  f l u i d  r e a c t a n t  i n  f r o n t  o f  t h e  c a t a l y s t  p a r t i c l e s  and T S  t h e  
t e m p e r a t u r e  a t  t h e  s o l i d  s u r f a c e .  

( a A  - a:) and h f  * A, ( T s  - T) f o l l o w  f r o m  t h e  9 v  
f i l m  model f o r  mass and h e a t  t r a n s f e r  f r o m  t h e  f l u i d  t o  t h e  s o l i d  
phase, where c o n c e n t r a t i o n  and t e m p e r a t u r e  g r a d i e n t s  a r e  r e s t r i c t e d  
t o  a boundary  l a y e r  a round  t h e  s o l i d .  Mass and h e a t  t r a n s f e r  t h r o u g h  
t h e  boundary  l a y e r  a r e  d e s c r i b e d  b y  F i c k ' s  law,  r e s p e c t i v e l y :  

i s  t h e  gas phase mass t r a n s f e r  c o e f f i c i e n t ,  A, t h e  e x t e r -  
9 

The te rms  k A 

dT 
-XAv as; I = - D . A v  da and Q = (3 .75 )  

where x i s  t h e  d i s t a n c e  c o o r d i n a t e  t h r o u g h  t h e  boundary  l a y e r .  
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Rep lac ing  t h e  d i f f e r e n t i a l s  da /dx  and dT/dx b y  Aa/AX and AT/Ax, 

and compressing. D/Ax t o  kg  and W a x  t o  h f  t h e  te rms  g i v e n  above a r e  
ob t a  i ned. 

have t o  be c o n s i d e r e d  and t h e  r e a c t i o n  r a t e  i s  n o t  u n i f o r m  
t h r o u g h o u t  t h e  c a t a l y s t  p a r t i c l e ,  t h e  s e t  o f  r e a c t o r  model equa- 
t i o n s  t a k e s  t h e  f o l l o w i n g  fo rm:  
f l u i d  phase 

I f  mass and h e a t  t r a n s f e r  r a t e s  i n s i d e  t h e  c a t a l y s t  p a r t i c l e  

daA -u dz = k A (aA - a;) 
9 v  

dT 4u (T - Tr )  u.Pg cP = h * A  (Ts  - T) - f v  

(3.76) 

(3.27) 

= o  (3.78) 

T) = O (3.79) 

(3.80) 

(3.81) 

(3.82) 

where D e f f  and heff a r e  r e s p e c t i v e l y  t h e  e f f e c t i v e  d i f f u s i o n  c o e f f i -  

c i e n t  and t h e  e f f e c t i v e  the rma l  c o n d u c t i v i t y  i n  t h e  c a t a l y s t ,  R t h e  
r a d i u s  o f  t h e  c a t a l y s t  p a r t i c l e ,  r t h e  r a d i a l  c o o r d i n a t e  i n  t h e  ca- 

t a l y s t  p e l l e t  and Z and T c o n c e n t r a t i o n  and t e m p e r a t u r e  w i t h i n  t h e  
c a t a l y s t  p a r t i c l e .  

I n  t h e  model e q u a t i o n s  3.76-3.82 h e a t  and mass t r a n s f e r  r a t e s  
i n s i d e  t h e  c a t a l y s t  p e l l e t  and a t  t h e  s o l i d / f l u i d  phase boundary  
a r e  cons ide red .  Q u i t e  o f t e n ,  even w i t h  s t r o n g l y  e x o t h e r m i c  
r e a c t i o n s ,  t h e  c a t a l y s t  p a r t i c l e s  a r e  p r a c t i c a l l y  i s o t h e r m a l  due. t o  
t h e  c o m p a r a t i v e l y  l a r g e  h e a t  c o n d u c t i v i t y  o f  s o l i d s ,  whereas tem- 
p e r a t u r e  g r a d i e n t s  o c c u r  a t  t h e  phase boundary  between s o l i d  p a r -  
t i c l e s  and f l u i d .  On t h e  o t h e r  hand, e f f e c t i v e  d i f f u s i v i t i e s  o f  
s p e c i e s  i n  porous  media a r e  much s m a l l e r  t h a n  c o r r e s p o n d i n g  b u l k  
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d i f f u s i v i t i e s  t h r o u g h  t h e  boundary  l a y e r  a round  t h e  c a t a l y s t  p a r -  
t i c l e s .  Hence, c o n c e n t r a t i o n  g r a d i e n t s  a r e  e x p e c t e d  i n s i d e  t h e  ca- 
t a l y s t  p a r t i c l e s  w i t h  o n l y  s m a l l  c o n c e n t r a t i o n  g r a d i e n t s  i n  t h e  

boundary  l a y e r  a round  them. 

been used fo r .  t h e  i n t e r s t i t i a l  f l u i d .  I n  t h e  case o f  pseudo-homo- 
geneous models t h e  c a t a l y s t  p a r t i c l e s  have been assumed t o  be s m a l l  
enough t o  ensu re  t h a t  t h e  c o n c e n t r a t i o n  and t e m p e r a t u r e  f i e l d s  a 

w i t h  wh ich  t h e  p a r t i c l e s  i n t e r a c t ,  a r e  u n i f o r m .  I n  t h e  case o f  he-  
te rogeneous models f o r  f l u i d  and s o l i d  phase, con t inuum models have 
been a p p l i e d  and c o n c e n t r a t i o n s  and t e m p e r a t u r e s  i n  b o t h  f i e l d s  a r e  
coup led  by  t h e  mass and energy  f l u x e s  t h r o u g h  t h e  phase b o u n d a r i e s .  

I n  c o n t r a s t  t o  t h e s e  models,  w i t h  t h e  s o - c a l l e d  c e l l  models t h e  
i n t e r s t i t i a l  f l u i d  i s  d e s c r i b e d  b y  connec ted  c e l l s  i n  each o f  w h i c h  
t h e  f l u i d  has u n i f o r m  p r o p e r t i e s .  The c e l l s  may o n l y  be connec ted  
a x i a l l y .  I f  r a d i a l  f l u x e s  i n  t h e  r e a c t o r  t u b e  have t o  be  c o n s i d e r e d ,  
t h e  c e l l s  a r e  a l s o  connec ted  i n  a r a d i a l  d i r e c t i o n .  F u r t h e r m o r e ,  
feed-back  mechanisms can be i n c o r p o r a t e d  i n  t h e  models.  

The c e l l  models a r e  compared w i t h  a c o n t i n u o u s  model,  s a t i s f y i n g  
t h e  e x p e r i m e n t a l l y  v e r i f i e d  c o n d i t i o n s  t h a t  i n  a f i x e d  bed  t h e r e  i s  

p r a c t i c a l l y  no b a c k m i x i n g  and t h a t  s i g n a l  p r o p a g a t i o n  speed i s  
f i n i t e  ( r e f .  71) .  A l t h o u g h  a s o l u t i o n  o f  t h e  c o n t i n u o u s  h y p e r b o l i c  
e q u a t i o n ,  s a t i s f y i n g  t h e  p h y s i c a l l y  e x a c t  i n l e t  boundary  c o n d i t i o n s ,  
can be o b t a i n e d ,  i t  has been p o i n t e d  o u t  ( r e f .  71) t h a t  f o r  d e s i g n  
purposes ,  no one model has an o u t s t a n d i n g  advan tage  o v e r  any o t h e r .  
S O ,  t h e  s i m p l e r  " s t a n d a r d  d i s p e r s i o n  model"  , w i t h  t h e  o b v i o u s l y  
i n c o r r e c t  c o n d i t i o n s  o f  b a c k m i x i n g  and i n f i n i t e  s i g n a l  p r o p a g a t i o n  
speed, can be  used f o r  r e a c t o r  d e s i g n  w i t h  an  a c c u r a c y  s u f f i c i e n t  
f o r  p r a c t i c a l  purposes  p r o v i d e d  one keeps i n  mind i t s  i nadequacy  
when f i n e  s t r u c t u r e s  ( e . g .  , a c c u r a t e  c o n c e n t r a t i o n  a t  a s p e c i f i e d  
p o i n t )  a r e  t o  be de te rm ined .  The common c h a r a c t e r i s t i c  o f  a l l  t h e  
models p r e s e n t e d  so f a r ,  e x c e p t  t h e  s t e a d y - s t a t e  c e l l  mode ls ,  i s  
t h a t  t h e y  c o n s i s t  o f  a s e t  o f  o r d i n a r y  o r  p a r t i a l  n o n l i n e a r  o r  
l i n e a r  d i f f e r e n t i a l  e q u a t i o n s .  The a p p l i c a t i o n s  o f  t hese  r e a c t o r  
models,  however, a r e  q u i t e  d i f f e r e n t .  

t o  u n d e r s t a n d  t h e  space- t ime  s t r u c t u r e  o f  r e a l  c a t a l y t i c  r e a c t i v e  
systems and f o r  t h i s  t h e  e x i s t e n c e  and s t a b i l i t y  o f  s o l u t i o n s  o f  
t h e  s e t  o f  d i f f e r e n t i a l  e q u a t i o n s  i s  i n v e s t i g a t e d .  

q u a n t i t a t i v e l y  compare t h e  a c t i v i t y ,  s e l e c t i v i t y  and l o n g - t i m e  s t a -  

W i t h  t h e  r e a c t o r  models d i s c u s s e d  so  f a r ,  con t i nuum models have 

I n  t h e  e p i s t o m o l o g i c a l  a p p l i c a t i o n  o f  dynamic models t h e  a i m  i s  

I n  t h e  i n d u s t r i a l  a p p l i c a t i o n  o f  dynamic models t h e  aims a r e  t o  
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b i l i t y  o f  c a t a l y s t s  and  t o  s i m u l a t e  c h e m i c a l  r e a c t o r s  w i t h  r e s p e c t  

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

z e  c h e m i c a l  p r o c e s s e s  and  t o  i n v e s t i g a t e  t h e  s t a b i l i t y  o f  t h e  c h e -  

m i c a l  r e a c t o r s .  F o r  t h e s e  l a t t e r  a i m s  t h e  model  p a r a m e t e r s  h a v e  t o  

be d e t e r m i n e d  b y  f i t t i n g  t o  s u i t a b l e  e x p e r i m e n t a l  d a t a  and,  u s i n g  

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

p a r a m e t e r s  m u s t  b e  e v a l u a t e d .  U s u a l l y  t h e  mode l  p a r a m e t e r s  c a n n o t  
b e  d e t e r m i n e d  b y  p e r f o r m i n g  i n d e p e n d e n t  e x p e r i m e n t s  o r  c a l c u l a t e d  
w i t h  s u i t a b l e  c o r r e l a t i o n s .  Once t h e  mode l  p a r a m e t e r s  h a v e  b e e n  

e v a l u a t e d ,  q u a n t i t a t i v e  mode l  p r e d i c t i o n s  a r e  f e a s i b l e .  I n  t h e  

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

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

3.2.3 L i n e a r  s y s t e m s  

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

assumed t o  b e  c o n s t a n t .  Thus an  au tonomous  s y s t e m  o f  d i f f e r e n t i a l  

e q u a t i o n s  o f  t h e  f o r m  

U s u a l l y  i n  k i n e t i c  i n v e s t i g a t i o n s  t h e  t e m p e r a t u r e  i s  k e p t  c o n s -  

i = f (ai) ( 3 . 8 3 )  

i s  o b t a i n e d .  

c a l l y  m o d e l l e d  u s i n g  t h e  h y p e r b o l i c  Langmuir-Hinshelwood-Hougen- 
-Watson (LHHW)-models 

H e t e r o g e n e o u s  c a t a l y t i c  r e a c t i o n  s y s t e m s  a r e  f r e q u e n t l y  k i n e t i -  

2 - p  
m .  0' ' 

[ l  t c Kiaizl 

( 3 . 8 4 )  

W i t h  h y p e r b o l i c  r e a c t i o n  r a t e  m o d e l s ,  t w o  s i t u a t i o n s  may a r i s e :  i n  
t h e  f i r s t  t h e  d e n o m i n a t o r  o f  t h e  LHHW-model i s  t h e  same f o r  a l l  

r a t e  e q u a t i o n s  and  c a n  b e  f a c t o r i z e d  t o  y i e l d  pseudo  mass a c t i o n  
r a t e  e q u a t i o n s .  I n  t h e  case  o f  p s e u d o m o n o m o l e c u l a r  s y s t e m s ,  e q u a t i o n  
3.84 t h e n  t a k e s  t h e  f o r m  

dai 
= cp[ -  C k . .  ai t c kij a j l  ( 3 . 8 5 )  

j 3 %  j 
where Q, i s  a f u n c t i o n  o f  c o m p o s i t i o n  a n d  t i m e ,  w h i c h  i s  t h e  same 

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

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

k i n e t i c s  have  been  d i s c u s s e d  i n  p r e v i o u s  s e c t i o n s .  

I f  t h e  d e n o n i m a t o r s  a r e  n o t  t h e  same, i n  t h e  i n d i v i d u a l  r a t e  
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e q u a t i o n s  t h e y  can be compressed w i t h  t h e  r e a c t i o n  t i m e  and t h e  
s e l e c t i v i t y  b e h a v i o r  o f  t h e  c a t a l y s t  f o l l o w i n g  f r o m  pseudo mass- 
- a c t i o n  r a t e  e q u a t i o n s .  Fo r  t h i s  a n a l y s i s ,  wh ich  has been p roposed  
by  Kugelmann e t  a l .  ( r e f .  72) and Ramage e t  a l .  ( r e f .  7 3 ) ,  e q u a t i o n  
3.85 may be r e w r i t t e n  u s i n g  m a t r i x  and v e c t o r  n o t a t i o n .  We p u t  

and 

K: = 

n 

k n l  kn2 - j = l  k j n  

and o b t a i n  & ( t )  = @ a  ktm* K ' a ( t ) ,  ( 3 .86 )  

, P t h e  t o t a l  p r e s s u r e ,  g a row v e c t o r  w i t h  1 where @= 

e lemen ts  gi, gi t h e  a d s o r p t i o n  i s o t h e r m  f o r  t h e  i - t h  Spec ies ,  kzm 
t h e  Zm-th e lemen t  i n  t h e  r a t e  c o n s t a n t  m a t r i x  K and K = kzm9K' .  
I n t r o d u c i n g  a f i c t i t i o u s  t i m e  s c a l e  d e f i n e d  b y  

1 t P . g T . a ( t )  

d-c = I k z m *  d t  
1 t P * g T * a ( t )  

e q u a t i o n  3.86 can be r e w r i t t e n  

d a  = K ' - a ( t ) .  

(3 .87)  

(3 .88 )  

From t h e  s o l u t i o n  o f  e q u a t i o n  3 .88  t h e  s e l e c t i v i t y  b e h a v i o r  o f  t h e  
r e a c t i o n  sys tem i s  o b t a i n e d  i n  te rms o f  r e l a t i v e  r a t e  c o n s t a n t s  
f o r  t h e  i n d i v i d u a l  r e a c t i o n s .  I f  t h e  c o n v e r s i o n  i n  t h e  r e a c t o r  i s  
t o  be de te rm ined ,  a b s o l u t e  r a t e  c o n s t a n t s  and t h e  te rms  gi must  be 
known and t h e s e  a r e  o b t a i n e d  b y  i n t e g r a t i o n  o f  e q u a t i o n . 3 . 8 7 .  

I f  t h e  k i n e t i c  a n a l y s i s  i s  pe r fo rmed  w i t h  a f i x e d  bed  r e a c t o r ,  
o p e r a t e d  under  s t e a d y - s t a t e  and i s o t h e r m a l  c o n d i t i o n s  w l t h  p l u g  
f l o w  o f  t h e  f l u i d  phase, t h e  t i m e  v a r i a b l e  i n  e q u a t i o n  3.86 i s  r e p -  
l a c e d  b y  t h e  l i q u i d  h o u r l y  space v e l o c i t y  S L H ,  d e f i n e d  as  volume 
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l iqu id  feed/volume c a t a l y s t  time and equat ion 3.86 t akes  the  f o l l o -  
wing form 

(3.89) 

where p1 a n d  pS a r e  the  l i q u i d  a n d  bulk c a t a l y s t  d e n s i t i e s ,  r e s -  
pec t ive ly  and M f  the  molecular weight o f  the  feed.  Again in t roduc-  
cing a f i c t i t i o u s  time T' 

(3.90) 

1 
equat ion 3.89 becomes monomolecular w i t h  r e spec t  t o  T' 

& = K'.a. (3 .91 )  

Now the  s e l e c t i v i t y  behavior of the  c a t a l y t i c  systems i s  descr ibed  
by the  so lu t ion  of equat ion 3.91 and the a c t i v i t y  behavior  by i n -  
t e g r a t i o n  of equat ion 3.90. 

terogeneous c a t a l y t i c  r e a c t i o n s ,  pseudomonomolecular systems play 
an important p a r t .  The well-known general  so lu t ion  t o  a system of 
coupled l i n e a r  f i r s t  o rder  d i f f e r e n t i a l  equat ions  (eq.  3 .91)  i s  

The cons idera t ions  presented s o  f a r  i n d i c a t e  t h a t ,  even with he- 

-A1 t - A n t  
e '1 n a l  = c l l  e t ... 

-A1 t - A n t  
an = 'nl + ... 'nn (3.92) 

where c . .  and hi a r e  cons tan t  parameters r e l a t e d  t o  the  r a t e  cons- 
t a n t s  k i j .  Using this  form o f  the  general  so lu t ion  f o r  e s t ima t ing  
the  r a t e  cons tan ts  of the ind iv idua l  "elementary r eac t ions"  from 
experimental  d a t a ,  d i f f i c u l t i e s  a r i s e  f i r s t l y  from the curve 
f i t t i n g  techniques by which a s e t  o f  model parameters (c i j ,  hi) i s  
determined from a s e t  o f  experimental  d a t a ,  and secondly i n  d e r i -  
ving the  r a t e  cons tan ts  k i j  from the  model parameters (cii ,  hi). 

I t  i s  well k n o w n ,  however, from the  bas i c  theory  of l i n e a r  
d i f f e r e n t i a l  equat ions  t h a t  t he  system o f  coupled l i n e a r  d i f f e r e n -  
t i a l  equat ions 3.91 can be transformed i n t o  an uncoupled system, 
the so lu t ion  o f  which e a s i l y  allows the determinat ion of t he  d e s i -  
red r a t e  cons tan t  matrix K .  F o r  t h i s  purpose,  we in t roduce  new 

3 %  
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f u n c t i o n s  

n 

j =1 
ai(t) = c xij b j ( t )  i = 1 ... n 

o r ,  a g a i n  u s i n g  m a t r i x  a n d  v e c t o r  n o t a t i o n .  

where  

x :  = 

a ( t )  = X * B ( t )  

and B ( t ) :  = I  

(3 .93)  

The c o e f f i c i e n t s  x i n  eq.  3.92 a r e  chosen i n  s u c h  a way t h a t  t h e  

o r i g i n a l  c o u p l e d  s y s t e m  o f  d i f f e r e n t i a l  e q u a t i o n s  3.90 i s  t r a n s f o r -  

med i n t o  t h e  f o l l o w i n g  u n c o u p l e d  s e t  

i j  

6, ( t )  = -Al bl ( t )  

b J t )  = - A n  b,(t) 

B ( t )  = - M ( t )  

o r ,  a g a i n  i n  m a t r i x  and v e c t o r  n o t a t i o n ,  

( 3 . 9 4 )  

( 3 . 9 5 )  

where  A i s  t h e  d i a g o n a l  m a t r i x  

A d  

F o r  p r o p e r  d e t e r m i n a t i o n  o f  t h e  p a r a m e t e r s  xij we d i f f e r e n t i a t e  

eq. 3 .93 

& ( t )  = X . b ( t ) .  ( 3 . 9 6 )  

I n t r o d u c i n g  eq. 3.93 a n d  eq.  3.96 i n t o  eq.  3.91 we o b t a i n e d  

X . b ( t )  = K * X * B ( t ) .  (3 .97)  

M u l t i p l y i n g  f r o m  t h e  l e f t  b y  Xml* t h e  i n v e r s e  o f  X r e s u l t s  i n  

b ( t )  = Xml* K - X * B ( t ) .  (3.98) 



1 1 3  

Eq. 3.98 and  eq. 3 .95 a r e  i d e n t i c a l  p r o v i d e d  X-'- K * X  r e p r e s e n t s  a 

d i a g o n a l  m a t r i x ,  i . e .  X m u s t  be c h o s e n  i n  s u c h  a way, t h a t  K i s  

d i a g o n a l i z e d .  From m a t r i x  c a l c u l u s  ( r e f .  74 )  we know t h a t  e a c h  

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

-A  = -Diag(hi) 

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

e i g e n v e c t o r s  o f  t h e  m a t r i x ,  w h i c h  i m m e d i a t e l y  f o l l o w s  f r o m  t h e  
e i g e n v a l u e  e q u a t i o n s .  Hence, i f  t h e  c o n d i t i o n  i s  s a t i s f i e d  t h a t  K 

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

m a t r i x  X m u s t  be f o r m e d  f r o m  t h e  n e i g e n v e c t o r s  o f  K t o  d i a g o n a l i z e  

K. The p r o o f  t h a t  t h i s  c o n d i t i o n  h o l d s  was g i v e n  b y  Wei and  P r a t e r  
( r e f .  7 5 )  f o r  n -componen t  r e v e r s i b l e  m o n o m o l e c u l a r  r e a c t i o n  s y s t e m s .  

In t h e  case  o f  r e a c t i o n  sys tems  w i t h  i r r e v e r s i b l e  a n d  r e v e r s i b l e  
r e a c t i o n  s t e p s  i t  i s  n o t  a l w a y s  p o s s i b l e  t o  d i a g o n a l i z e  K. 
S o l u t i o n s  t o  eq.  3.94 a r e  e a s i l y  o b t a i n e d :  

-A1 t 
b l ( t )  = C1 e 

b n ( t  

I n t r o d u c i n g  eq.  3.99 i n t o  
t o  t h e  s y s t e m  o f  l i n e a r  d 

( 3 . 9 9 )  
-Ant  

= Cn e 

eq. 3 .91  we o b t a i n  t h e  g e n e r a l  s o l u t i o n  
f f e r e n t i a l  eq. 3 .91  

( 3 . 1 0 0 )  
-A1 t - A v t  

a n ( t )  = c, X n l  e + ... C, xnn e 

R e w r i t i n g  eq. 3.100 i n  v e c t o r  and  m a t r i x  n o t a t i o n  y i e l d s  

a ( t )  = x e-At c ( 3 . 1 0 1 )  

where t h e  v e c t o r  C can  be d e t e r m i n e d  f r o m  t h e  i n i t i a l  v a l u e  o f  a a t  
t = O  

a 
hence 

a 

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

C o m b i n i n g  a l l  t h e  
s o l u t i o n  t o  eq .  3.91. 

e i g e n v a l u e  e q u a t i o n s  

( 3 . 1 0 2 )  
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(3.103) 

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

K.X = -XA (3.104) 

f r o m  wh ich  t h e  r a t e  c o n s t a n t  m a t r i x  K can be o b t a i n e d  b y  m u l t i p l y -  
i n g  w i t h  t h e  i n v e r s e  o f  X f r o m  t h e  r i g h t  

K = -XAX”, ( 3.105) 

Hence, t h e  r a t e  c o n s t a n t  m a t r i x  can e a s i l y  be computed as  l o n g  as 
t h e  e i g e n v e c t o r s  and e i g e n v a l u e s  o f  t h e  r a t e  c o n s t a n t  m a t r i x  a r e  

known. I n  t h e  f o l l o w i n g  s e c t i o n  some p rocedures  a r e  d e s c r i b e d  wh ich  
e n a b l e  t h e  d e t e r m i n a t i o n  o f  t h e  e i g e n v e c t o r s  and e i g e n v a l u e s  o f  t h e  
r a t e  c o n s t a n t  m a t r i x .  

3.2.4 Parameter  e s t i m a t i o n  p r o c e d u r e s  w i t h  l i n e a r  d i f f e r e n t i a l  
equa t i  ons 

E s t i m a t i o n  o f  t h e  p a r a m e t e r  m a t r i x  i n  t h e  m a t h e m a t i c a l  mode ls  o f  
open r e a c t i v e  systems i s  now u s u a l l y  p e r f o r m e d  u s i n g  computer  p r o g -  
rams wh ich  c o n t a i n  pa ramete r  e s t i m a t i o n  p r o c e d u r e s  v i a  o p t i m i z a t i o n  

o f  s u i t a b l e  o b j e c t i v e  f u n c t i o n s  and s t a t i s t i c a l  t e s t i n g  p rocedures  
wh ich  i n d i c a t e  t h e  r e l i a b i l i t y  o f  t h e  o b t a i n e d  s e t  o f  model p a r a -  
me te rs .  W i t h  r e a c t i v e  systems, wh ich  can be k i n e t i c a l l y  d e s c r i b e d  
by  a s e t  o f  l i n e a r  d i f f e r e n t i a l  e q u a t i o n s ,  o t h e r  p r o c e d u r e s  a r e  
f e a s i b l e .  A s  d i s c u s s e d  s o  f a r  t h e  a c t i o n  o f  t h e  r a t e  c o n s t a n t  
m a t r i x  on t h e  s t a t e  v e c t o r  a ( t ) ,  w h i c h  compr i ses  t h e  c o n c e n t r a t i o n s  
o f  t h e  i n d i v i d u a l  spec ies ,  causes i n  most cases  a r o t a t i o n  and a 

v a r i a t i o n  i n  l e n g t h  o f  t h e  s t a t e  v e c t o r .  There  a r e  d i r e c t i o n s  o f  
t h e  s t a t e  v e c t o r ,  however, i n  t h e  c o m p o s i t i o n  space where t h e  ac -  
t i o n  o f  t h e  r a t e  c o n s t a n t  m a t r i x  o n l y  causes a v a r i a t i o n  i n  l e n g t h  
o f  t h e  s t a t e  v e c t o r .  I f  t h e s e  d i r e c t i o n s  a r e  deno ted  b y  xi t h e  
f o l l o w i n g  e q u a t i o n  h o l d s :  

K-xi -Aj.)(.. z ( 3.106) 

The v e c t o r s  xi a r e  t h e  e i g e n v e c t o r s  and t h e  s c a l a r  c o n s t a n t s  -Aj 
t h e  e i g e n v a l u e s  o f  t h e  m a t r i x  K. E q u a t i o n  3.106 i m p l i e s  t h a t  t h e  
model parameters  can be o b t a i n e d  by  s i m p l e  m a t r i x  o p e r a t i o n s  a s  
l o n g  as t h e  e i g e n v e c t o r s  and e i g e n v a l u e s  o f  t h e  pa ramete r  m a t r i x  
a r e  known. The e i g e n v e c t o r s  and e i g e n v a l u e s  o f  t h e  r a t e  c o n s t a n t  
m a t r i x  K can be d e t e r m i n e d  f r o m  e q u a t i o n  3.102, o r  by  use o f  p r o c e -  
du res  proposed b y  Gava las  ( r e f .  76) and Wei and P r a t e r  ( r e f .  7 5 ) .  
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( i )  Two-point-method. T h i s  method uses t h e  g e n e r a l  s o l u t i o n  t o  
systems o f  l i n e a r  d i f f e r e n t i a l  e q u a t i o n s .  I R  o r d e r  t o  use eq. 3.102 
f o r  d e t e r m i n i n g  t h e  e i g e n v e c t o r s  and e i g e n v a l u e s  o f  K, we must  

r e w r i t e  t h i s  e q u a t i o n .  Eq. 3.102 s t i l l  h o l d s  i f  we r e p l a c e  t h e  
s i n g l e  c o m p o s i t i o n  v e c t o r s  a (  t )  and a(0 )  b y  c o n c e n t r a t i o n  m a t r i c e s  
A(T)  and A(O), fo rmed f rom a s e t  o f  c o m p o s i t i o n  v e c t o r s  ai (0)  and 

a i ( t )  

(3.107) 

To o b t a i n  i n v e r t i b l e  m a t r i c e s ,  t h e  number n o f  t h e  compos i t ' i on  

v e c t o r s  i n  A (0 )  and t h e  c o r r e s p o n d i n g  m a t r i x  A ( t )  must  equa l  t h e  
number n o f  t h e  components i n  t h e  s t a t e  v e c t o r  a and t h e  i n i t i a l  
v e c t o r s  ai(0) must be l i n e a r l y  independent .  I f  a l a r g e r  number m>n 
o f  exper imen ts  i s  used f o r  t h e  k i n e t i c  a n a l y s i s ,  t h e  m a t r i c e s  A ( t )  
and A ( 0 )  w i l l  have t o  be m u l t i p l i e d  b y  t h e  t r a n s p o s e  o f  t h e  m a t r i x  
A ( t )  ( r e f .  77) .  S u b s t i t u t i n g  A ( t )  and A(0) f o r  a(t) and a(0) i n  
eq. 3.102 and m u l t i p l y i n g  by  A(0) ' l  and X we o b t a i n  

[ A ( t )  A ( 0 ) ' l l  X = X e'At (3.108) 

showing t h a t  t h e  m a t r i x  [ A ( t )  A(0) "  I has e i g e n v e c t o r s  xi, wh ich  
a re ,  a t  t h e  same t i m e ,  t h e  e i g e n v e c t o r s  o f  t h e  r a t e  c o n s t a n t  m a t r i x  
K, and e i g e n v a l u e s  e"i t ,  f r o m  wh ich  t h e  e i g e n v a l u e s  -Ai o f  t h e  
r a t e  c o n s t a n t  m a t r i x  can e a s i l y  be c a l c u l a t e d .  F o r  t h i s  c a l c u l a t i o n ,  
however, t h e  s t a t e  v e c t o r s  ai(t) must a l l  be o b t a i n e d  a t  t h e  same 
t i m e  t. I f  t h e  exper imen ts  a r e  pe r fo rmed  i n  a b a t c h - o p e r a t e d  
s t i r r e d  t a n k  r e a c t o r  o r  i n  a c o n t i n u o u s l y  o p e r a t e d  f i x e d  bed r e a c -  
t o r ,  t h i s  means t h a t  t h e  c o m p o s i t i o n  v e c t o r s  ai(t) must be o b t a i n e d  
a t  equa l  r e a c t i o n  t i m e s  o r  space v e l o c i t i e s ,  r e s p e c t i v e l y .  To c i r -  
cumvent t h i s  e x p r e r i m e n t a l  d i f f i c u l t y ,  c o n c e n t r a t i o n  U B ~ B U B  r e a c -  
t i o n  t i m e  o r  space v e l o c i t y  d a t a  a r e  measured and f r o m  t h e  r e s u l -  
t i n g  graphs  i n i t i a l  c o n c e n t r a t i o n  v e c t o r s  and s t a t e  v e c t o r s  a t  a 
c e r t a i n  r e a c t i o n  t i m e  o r  space v e l o c i t y  a r e  de termined.  

The f o r e g o i n g  a n a l y s i s  i n d i c a t e s  t h a t  two c o m p o s i t i o n  p o i n t s  on 
d i f f e r e n t  l i n e a r l y  i ndependen t  r e a c t i o n  t r a j e c t o r i e s  i n  t h e  rompo- 

s i t i o n  space a r e  a lways  needed t o  d e t e r m i n e  t h e  r a t e  c o n s t a n t  mat-  
r i x .  The a n a l y s i s  can a l s o  be a p p l i e d  t o  l i n e a r  d i f f u s i o n - r e a c t i o n  
systems as, f o r  example, i n  t h e  e v a l u a t i o n  o f  e x p e r i m e n t a l  d a t a  
from t h e  d i f f u s i o n  r e a c t o r  ( r e f .  78) wh ich  i s  d e s c r i b e d  i n  more 

d e t a i l  i n  Chapter  4.  I n  t h i s  case t h e  change o f  c o m p o s i t i o n  w i t h  
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t i m e  i s  d e s c r i b e d  by  t h e  f o l l o w i n g  s e t  o f  d 

V 2 a  - [ ( L 2 A )  0-' K I  a = 0 

where a i s  a g a i n  t h e  c o m p o s i t i o n  v e c t o r ,  L 

f f e r e n t i a l  e q u a t i o n s  

(3.109) 

he l e n g t h  o f  t h e  c a t a -  

l y s t  p e l l e t ,  A t h e  c a t a l y t i c a l l y  a c t i v e  a r e a  p e r  u n i t  volume o f  
p e l l e t  and'D t h e  d i a g o n a l  m a t r i x  o f  t h e  e f f e c t i v e  d i f f u s i v i t i e s  o f  
t h e  s p e c i e s  i n  t h e  porous  p e l l e t .  W i t h  t h e  boundary  c o n d i t i o n s  

va = 0 a t  0 ' 1  

a = a(1) a t  11 = 0 
and 

where O i s  a dimensionle,ss p o s i t i o n  v a r i a b l e  t h r o u g h  t h e  p e l l e t ,  
t h e  s o l u t i o n  i s  

a ( 0 )  = X [ l / c o s h  ( h A ) l  X - l a ( 1 )  (3.110) 

where X and hA a r e  t h e  e i g e n v e c t o r s  and t h e  e i g e n v a l u e s  o f  t h e  
m a t r i x  [ ( L  A )  O ' l K ] .  I n t r o d u c i n g  a g a i n  c o n c e n t r a t i o n  m a t r i c e s  A ( l )  
and A ( 0 )  formed from c o r r e s p o n d i n g  b u l k  and c e n t e r p l a n e  c o n c e n t r a -  
t i o n  column v e c t o r s ,  and m u l t i p l y i n g  by  t h e  i n v e r s e  o f  A ( l )  and 
t h e  e i g e n v e c t o r  m a t r i x  X, t h e  f o l l o w i n g  e q u a t i o n  i s  o b t a i n e d  

2 

[ A ( O )  A ( l ) - ' I  X = X [ l / c o s h  ( h A ) l .  (3 .111)  

Hence, f r o m  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  m a t r i x  [ A ( O )  A ( l  )-l I ,  
e i g e n v e c t o r s  and e i g e n v a l u e s  a r e  computed b y  wh ich  t h e  e i g e n v e c t o r  
m a t r i x  X and - a f t e r  c a l c u l a t i o n  o f  [ l / c o s h  ( h A ) 1  - t h e  e i g e n v a -  
l u e  m a t r i x  o f  t h e  o r i g i n a l  m a t r i x  [ ( L 2 A )  D - l  K 1  a r e  o b t a i n e d .  The 

r a t e  c o n s t a n t  and d i f f u s i v i t y  m a t r i x  can be s e p a r a t e d  b y  mak ing  use 

o f  t h e  r e a c t i o n  r a t e s  i n  t h e  b u l k  phase measured s i m u l t a n e o u s l y  
w i t h  c o r r e s p o n d i n g  s e t s  o f  b u l k  and c e n t e r p l a n e  c o n c e n t r a t i o n s .  

c o n v e r t s  t h e  t w o - p o i n t  boundary  v a l u e  p rob lem i n t o  an i n i t i a l  v a l u e  
one. I t  i s  c l a i m e d  t h a t  t h e  pe r fo rmance  o f  t h e  method i s  e q u i v a l e n t  
t o  t h a t  o f  t h e  t w o - p o i n t  method. The t r a n s f o r m a t i o n s  a r e  p r e s e n t e d  
f o r  t h r e e  t y p e s  o f  Langmui r -H inshe lwood e q u a t i o n s  (cf. Eq. 3.84 i n  
t h e  s i m p l e s t  cases when i = l  o r  2 and a l s o ,  f o r  t h e  case when t h e  
denominator  i s  r a i s e d  t o  t h e  n - t h  power ) .  S imp le  power l a w  r a t e  
e q u a t i o n s  and a u t o c a t a l y s i s  a r e  a l s o  t a c k l e d  ( r e f .  79) .  

(ii) The method o f  Gavalas.  I n  c o n t r a s t  t o  t h e  " t w o - p o i n t "  met -  
hod d e s c r i b e d  so  f a r ,  Gavalas ( r e f .  7 6 )  gave a n o t h e r  approach f o r  
e s t i m a t i n g  t h e  m a t r i x  i n  l i n e a r  systems w i t h  c o n s t a n t  c o e f f i c i e n t s  

R e c e n t l y  an i n i t i a l  v a l u e  approach has been sugges ted  wh ich  
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and  r e a l  e i g e n v a l u e s  i n  w h i c h  an  a r b i t r a r y  number o f  m e a s u r e d  com- 
p o s i t i o n s  a l o n g  r e a c t i o n  t r a j e c t o r i e s  a r e  t a k e n  i n t o  a c c o u n t .  The 

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

j e c t o r i e s ,  a t  t h e  same r e a c t i o n  t i m e s  o r  space  v e l o c i t i e s ,  a r e  

needed.  G a v a l a s  b e g i n s  w i t h  t h e  g e n e r a l  s o l u t i o n  t o  s y s t e m s  o f  li- 
n e a r  d i f f e r e n t i a l  e q u a t i o n s ,  eq. 3.102. A f t e r  some r e a r r a n g e m e n t s  

o f  . t h i s  e q u a t i o n  t h e  f o l l o w i n g  e x p r e s s i o n  i s  o b t a i n e d .  

(3.1 1 2 )  

where y ( j )  i s  t h e  j - t h  r o w  o f  t h e  i n v e r s e  o f  t h e  e i g e n v e c t o r  m a t r i x  
X - l ,  k = 1 ... N ( N  = number o f  measuremen t  t i m e s ) ,  B = 1 ... m ( m  = 

= number o f  i n i t i a l  s t a t e s ) ,  I = 1 ... n ( n  = number o f  componen ts  
i n  t h e  s t a t e  v e c t o r ) .  The f o r m  o f  eq .  3 .112 c o r r e s p o n d s  t o  l e a s t  

s q u a r e  p r o b l e m s ,  w h i c h  b e l o n g  t o  t h e  c l a s s i c  a p p l i c a t i o n s  o f  sym- 

m e t r i c  m a t r i c e s  ( r e f .  80) a n d  t h u s  s u g g e s t s  t h e  f o r m u l a t i o n  o f  a 

sum f o r  e r r o r  s q u a r e s  

J = C X C y Z ( a Z ( k , B )  - a Z ( l , B )  e -Atk]2 (3 .113 )  

where A i s  now a v a r i a b l e .  Eq. 3.113 can  be r e w r i t t e n  i n  q u a d r a t i c  
f o r m  

J = yT W ( A ) y  ( 3 . 1 1 4 )  

k = l  B=1 z=1 n l  
where W(A) i s  a s y m m e t r i c  m a t r i x  and  J i s  a s c a l a r .  The q u a d r a t i c  
f o r m  i s  p o s i t i v e  d e f i n i t e  f o r  a l l  A 8 Aj  a n d  p o s i t i v e  s e m i d e f i n i t e  

f o r  A A The p r o o f  t h a t  J ( h )  i s  p o s i t i v e  s e m i d e f i n i t e  f o r  a l l  

A = A .  f o l l o w s  d i r e c t l y  f r o m  Eq. 3.113. F o r  y , ( j )  = 0, t h e  b r a c k e t  

amounts t o  z e r o  f o r  A = A .  and f r o m  t h i s  J ( h )  = 0. F o r  a n y  g i v e n  A ,  

t h e  min imum u(A) o f  t h e  q u a d r a t i c  f o r m  w i t h  r e s p e c t  t o  A and  y i s  

t h e  s m a l l e s t  e i g e n v a l u e  o f  W(A) w h i c h  can  be p r o v e d  b y  

j ' 

3 

3 

- - 
I 

u(A) m i n  y T  W ( h ) y  = m i n  W(X) fi = m i n  .* , (3 .115)  
I v l = 1  Y Y t O  Y Y 

i n t r o d u c i n g  a new v a r i a b l e  y =  y o  + tc ,  where  IeRn a n d  tER.  A f u n c -  
t i o n  

i s  o b t a i n e d  w h i c h  r e a c h e s  a min imum a t  t = 0 a n d  c a n  b e  d i f f e r e n t i a -  
t e d  t o  y i e l d  
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( 3 . 1 1 7 )  

r e a r r a n g i n g  y i e l d s  

( 3 . 1 1 8 )  

W(h)YO - 1 L ( ~ ) Y 0  = 0. ( 3 . 1 1 9 )  

The f u n c t i o n  ~ ( h )  r e a c h e s  m in imum v a l u e s  a t  p o i n t s  A,, ... , An, 
w h i c h  a r e  t h e  e i g e n v a l u e s  o f  t h e  m a t r i x  K. The c o r r e s p o n d i n g  
v e c t o r s  ~ ( h , ) ,  ..., ~(h,) a r e  t h e  r o w s  o f  t h e  m a t r i x  X - '  a n d  t h e  
r a t e  c o n s t a n t  m a t r i x  i s  a g a i n  c a l c u l a t e d  b y  

K = XAX-'. ( 3 . 1 2 0 )  

The p r o c e d u r e  f o r  d e t e r m i n i n g  t h e  r a t e  c o n s t a n t  m a t r i x  i s  t h e  
f o l l o w i n g :  s t a r t i n g  f r o m  a number o f  i n i t i a l  s t a t e s  w h i c h  m u s t  span  
t h e  r e a c t i o n  space ,  p a t h s  i n  t h e  c o m p o s i t i o n  s p a c e  a r e  m e a s u r e d  a t  
e q u a l  r e a c t i o n  t i m e s .  F rom t h i s  d a t a  t h e  m a t r i x  W(h)  i s  c o m p u t e d  
f o r  a n y  g i v e n  A. W i t h  s t a n d a r d  r o u t i n e s  l i k e  t h e  H o u s e h o l d e r - G i v e n s  
me thod ,  t h e  s m a l l e s t  e i g e n v a l u e  o f  ~ ( h )  i s  c a l c u l a t e d .  Then  h i s  
v a r i e d  o v e r  a s p e c i a l  r a n g e  a n d  f o r  e a c h  h t h e  s m a l l e s t  e i g e n v a l u e  
i s  compu ted .  A p l o t  o f  t h e  s m a l l e s t  e i g e n v a l u e s  o f  W(h)  a g a i n s t  h 

y i e l d s  a g r a p h  w h i c h  h a s  l o c a l  m i n i m a  a t  h , ,  . .. , An. T h i s  i s  de -  
m o n s t r a t e d  i n  F i g .  3 .12 f o r  t h e  r e a c t i o n  n e t w o r k  o f  Scheme 3.15 
( r e f .  4 2 ) .  The o r i g i n a l  p r o b l e m  o f  e s t i m a t i n g  a s e t  o f  p a r a m e t e r s  
f r o m  e x p e r i m e n t a l  d a t a  i s  t h u s  r e p l a c e d  b y  a o n e - d i m e n s i o n a l  com- 
p u t e r  s e a r c h .  

Scheme 3.15 
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F i g .  3 .12.  E v a l u a t i o n  o f  e i g e n v a l u e s  o f  t h e  r a t e  c o n s t a n t  m a t r i x  
f o r  a r e v e r s i b l e  f i v e - c o m p o n e n t  s y s t e m  w i t h  t h e  m e t h o d  o f  G a v a l a s .  
Reproduced  w i t h  p e r m i s s i o n  f r o m  ( r e f .  4 2 ) ,  p. 174,  b y  c o u r t e s y  o f  
M a r c e l  Dekke r ,  I n c .  

(iii) The method  o f  Wei and  P r a t e r .  U n l i k e  t h e  t w o  methods  d i s -  
c u s s e d  s o  f a r ,  Wei and  P r a t e r  ( r e f .  75 )  d e s c r i b e d  a n  e x p e r i m e n t a l  
p r o c e d u r e  o f  d e t e r m i n i n g  t h e  e i g e n v e c t o r s  and  e i g e n v a l u e s  o f  t h e  
p a r a m e t e r  m a t r i x  K i n  eq. 3 .91.  I n  t h e i r  a p p r o a c h  t h e y  c o n s i d e r  a 
c l a s s  o f  r e a c t i o n  mechanisms where  a l l  s p e c i e s  a r e  l i n k e d  t o g e t h e r  
b y  r e v e r s i b l e  o r  i r r e v e r s i b l e  m o n o m o l e c u l a r  r e a c t i o n s .  I n  t h e  c a s e  
o f  r e v e r s i b l e  r e a c t i o n  s y s t e m s  t h e y  p r o v e d  t h a t  t h e  r a t e  c o n s t a n t  
m a t r i x  K p o s s e s s e s  r e a l  e i g e n v a l u e s ,  w h i c h  a r e  a l l  n o n - p o s i t i v e ,  
and  t h a t  t h e r e  e x i s t s  a b a s i s  o f  e i g e n v e c t o r s  o f  K. These  p r o p e r -  
t i e s  o f  t h e  r a t e  c o n s t a n t  m a t r i x  K f o l l o w e d  d i r e c t l y  f r o m  a t r a n s -  
f o r m a t i o n  o f  t h e  o r i g i n a l  r a t e  c o n s t a n t  m a t r i x  i n t o  a s y m m e t r i c  
m a t r i x  b y  m a k i n g  use o f  t h e  p r i n c i p l e  o f  d e t a i l e d  b a l a n c i n g :  
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k . . a . *  = k . .a . *  
3 2  2 23 3 

o r  w i t h  m a t r i x  n o t a t i o n  ( K D ) T  = K D  ( 3 . 1 2 1 )  

where  ai* and  a.* a r e  e q u i l i b r i u m  c o n c e n t r a t i o n s  a n d  D i s  t h e  d i a -  
g o n a l  m a t r i x  o f  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n s .  The r e a l  n o n p o s i t i -  
v e  e i g e n v a l u e s  o f  t h e  r a t e  c o n s t a n t  m a t r i x  i m p l y  t h a t  c o m p o s i t i o n s  
on  t h e  r e a c t i o n  h y p e r p l a n e  do n o t  o s c i l l a t e  a b o u t  t h e  e q u i l i b r i u m  
p o i n t .  As s t a t e d  above ,  t h e  a c t i o n  o f  t h e  r a t e  c o n s t a n t  m a t r i x  on 
c o m p o s i t i o n  v e c t o r s  i n  t h e  c o m p o s i t i o n  s p a c e  c a u s e s  a r o t a t i o n  and  
a change  i n  l e n g t h  o f  t h e  c o m p o s i t i o n  v e c t o r s ,  e x c e p t  t h o s e  compo- 
s i t i o n  v e c t o r s  i n  t h e  d i r e c t i o n  o f  t h e  e i g e n v e c t o r s  o f  t h e  r a t e  
c o n s t a n t  m a t r i x .  These l a t t e r  o n e s  do  n o t  u n d e r g o  r o t a t i o n .  The  
f u r t h e r  d e v e l o p m e n t  o f  t h e  m e t h o d  i s  d e m o n s t r a t e d  w i t h  t h e  c l a s s  o f  
r e a c t i o n  mechanisms w h e r e  a l l  s p e c i e s  a r e  l i n k e d  t o g e t h e r  b y  r e v e r -  

s i b l e  m o n o m o l e c u l a r  r e a c t i o n s .  I n  s u c h  s y s t e m s  a l l  c o m p o s i t i o n  
v e c t o r s  a r e  f i x e d  t o  a [ I  .1 ,1, ... ] - h y p e r p l a n e  i n  t h e  c o m p o s i t i o n  

space  due t o  t h e  l a w s  o f  c o n s e r v a t i o n  o f  mass: ai = 1, a n d  no  

n e g a t i v e  amounts can  a r i s e :  ai ’= 0. S t a r t i n g  w i t h  a r b i t r a r y  i n i t i a l  

c o m p o s i t i o n s ,  w i t h  p r o g r e s s  i n  r e a c t i o n  t i m e  a l l  r e a c t i o n  p a t h s  
a ( t )  move t o w a r d s  e q u i l i b r i u m .  The e q u i l i b r i u m  c o m p o s i t i o n  m u s t  b e  
one o f  t h e  c h a r a c t e r i s t i c  d i r e c t i o n s  b e c a u s e  t h e  a c t i o n  o f  t h e  r a t e  
c o n s t a n t  m a t r i x  o n  t h i s  c o m p o s i t i o n  n e i t h e r  c a u s e s  a r o t a t i o n  n o r  
a change  i n  l e n g t h .  As a l l  t h e  mass o f  t h e  r e a c t i o n  s y s t e m  i s  c o n -  
t a i n e d  i n  t h e  e q u i  1 i b r i  um v e c t o r  , t h e  o t h e r  e i g e n v e c t o r s  m u s t  c o n -  

t a i n  a l s o  n e g a t i v e  amoun ts  and  t h u s  do n o t  r e p r e s e n t  r e a l i z a b l e  com- 
p o s i t i o n s .  Wei a n d  P r a t e r  d e m o n s t r a t e d ,  h o w e v e r ,  t h a t  c o m p o s i t i o n  
v e c t o r s  a ( t )  l o c a t e d  on a p l a n e  spanned  b y  t h e  e q u i l i b r i u m  v e c t o r  
and  one o f  t h e  o t h e r  e i g e n v e c t o r s  w i l l  r e m a i n  on  t h i s  p l a n e  w h i l e  
m o v i n g  - w i t h  p r o g r e s s  i n  r e a c t i o n  t i m e  - t o  t h e  e q u i l i b r i u m  v e c t o r ,  

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

s t r a i g h t  l i n e - r e a c t i o n  p a t h  o n  t h e  edge  o f  t h e  r e a c t i o n  h y p e r p l a n e  

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

w i l l  b e  o u t l i n e d  f o r  a r e v e r s i b l e  t h r e e - c o m p o n e n t  s y s t e m  a n d  f o r  
r e v e r s i b l e  and  i r r e v e r s i b l e  n -componen t  s y s t e m s  w h i c h  c o n t a i n  o n l y  
one l i n k a g e  c l a s s .  I n  t h e  c a s e  o f  r e v e r s i b l e  t h r e e - c o m p o n e n t  s y s -  
tems t h e  p r o c e d u r e  i s  s t r a i g h t f o r w a r d .  The r e a c t i o n  p a t h s  i n  t h e  

c o m p o s i t i o n  p l a n e  o f  a r e v e r s i b l e  t h r e e - c o m p o n e n t  s y s t e m  h a v e  b e e n  
p l o t t e d  i n  F i g .  2 .4  ( C h a p t e r  2 ) .  A l l  r e a c t i o n  t r a j e c t o r i e s  a p p r o a c h  
t h e  e q u i l i b r i u m  c o m p o s i t i o n  w i t h  p r o g r e s s  i n  r e a c t i o n  t i m e ,  t h e r e b y  

3 

n 
c 

i = l  
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a s y m p t o t i c a l l y  j o i n i n g  t h e  second e i g e n v e c t o r .  Hence, t h e  second 
e i g e n v e c t o r  can be e x p e r i m e n t a l l y  de t e rmined  by r e p e a t e d l y  t a k i n g  
i n t e r s e c t i n g  p o i n t s  of t h e  t a n g e n t s  t o  t h e  r e a c t i o n  p a t h s  n e a r  the 
e q u i l i b r i u m  compos i t ion ,  w i th  t h e  edges  of  t h e  compos i t ion  t r i a n g l e  
a s  new i n i t i a l  compos i t ions ,  u n t i l  t h e  s t r a i g h t - l i n e  r e a c t i o n  pa th  
i s  l o c a t e d .  The t h i r d  e i g e n v e c t o r  i s  o b t a i n e d  from o r t h o g o n a l i t y  
r e l a t i o n s  between t h e  c h a r a c t e r i s t i c  v e c t o r s .  

can be de termined  from any curved  r e a c t i o n  pa th  on the r e a c t i o n  
s implex .  Measured composi t ions  a ( t )  of such a r e a c t i o n  p a t h  a r e  
t ransformed i n t o  t h e  composi t ion  B ( t )  o f  t h e  h y p o t h e t i c a l  sys tem by 
B = X-l .a , 
has been computed by c o n v e n t i o n a l  methods ,  and B i s  t h e  v e c t o r  of 
c o n c e n t r a t i o n s  of  t h e  h y p o t h e t i c a l  s p e c i e s  

The r a t e  c o n s t a n t  m a t r i x  f o r  t h e  c h a r a c t e r i s t i c  s p e c i e s  sys t em 

where X - l ,  t h e  i n v e r s e  of the e i g e n v e c t o r  m a t r i x  X ,  

P l o t t i n g  I n  b Versus  t h e  r e a c t i o n  time, s t r a i g h t  l i n e s  a r e  o b t a i -  
ned and from t h e i r  s l o p e s  t h e  e i g e n v a l u e s  -hi can be de te rmined .  
I f  the  r e a c t i o n  t ime  i s  no t  a v a i l a b l e ,  r e l a t i v e  r a t e  c o n s t a n t s  o f  
t h e  change i n  composi t ion  of  t h e  c h a r a c t e r i s t i c  s p e c i e s  can be de- 
te rmined  from g r a p h s  I n  b i  uersus I n  b 

s t r a i g h t  l i n e s  a r e  t h e  r a t i o s  hi/h 

xylene i s o m e r i z a t i o n .  When o n l y  t h e  i n t e r c o n v e r s i o n  of  t h e  t h r e e  
xylene  i somers  i s  t o  be c o n s i d e r e d ,  t h e  r e a c t i o n s  can  be d e s c r i b e d  
by t h e  f o l l o w i n g  t r i a n g u l a r  scheme: 

j 

The s l o p e s  of  t h e  o b t a i n e d  
j' 

i' 
The method of Wei -P ra t e r  w i l l  be i l l u s t r a t e d  by t h e  example o f  

o -xv lene  

'13/31 '1\1 

k 2 3  p-xylene  y m-xylene 
k32 

The a c t u a l  r a t e  c o e f f i c i e n t s  a r e  ve ry  s t r o n g l y  c a t a l y s t - d e p e n d e n t .  
Data c a l c u l a t e d  by t h e  Wei-Pra te r  t e c h n i q u e  a r e  shown i n  Tab le  3 . 8  

c o n v e r s i o n )  i s  n e g l i g i b l e  o v e r  La Y and amorphous s i l i c a - a l u m i n a  
b u t  i m p o r t a n t  on ZSM-5. T h i s  r e s u l t s  i n  Wei-Pra te r  d iagrams where 
t h e r e  i s  very  l i t t l e  d i f f e r e n c e  between the a c t u a l  r e a c t i o n  p a t h s ,  

( r e f .  81) .  The r e l a t i v e  impor tance  of 1.3-methyl s h i f t s  ( 0  P 
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TA'BLE 3 . 8  

R e l a t i v e  r a t e  c o n s t a n t s  f o r  x y l e n e  i s o m e r i z a t i o n  c a l c u l a t e d  b y  t h e  

W e i - P r a t e r  t e c h n i q u e .  Reproduced w i t h  p e r m i s s i o n  f r o m  ( r e f .  8 1 ) .  

Rate 
C a t a l y s t  

La Y H-ISM-5 S i  1 i c a - A l u m i n a  
6 2 3  K 5 2 3  K ( r e f .  8 3 )  

1 0 . 9  2 . 1 5  2 1 . 2  
4 . 7 9  0 . 8 2  1 3 . 0  
8 . 0 8  3 . 2 7  3 7 . 1  
3 . 6 1  1 . 4 3  1 7 . 3  
1 .oo 1 .oo 1 .oo 
1 . 0 2  1 . 1 5  1 . 0 3  

k21 
kl 2 
k 2 3  
k 3 2  
kl 3 
k31  

s t a r t i n g  f r o m  p u r e  i somers ,  and t h e  ones o b t a i n e d  b y  assuming t h a t  
x y l e n e  p r o d u c t s  a r e  fo rmed  i n  e q u i l i b r i u m  r a t i o s  f r o m  t h e  p u r e  
r e a c t a n t  ( F i g .  3 . 1 3 ) .  On t h e  o t h e r  hand, w i t h  s e l e c t i v e  c a t a l y s t s ,  

ortho 

F'g. 3 . 1 3 .  W e i - P r a t e r  d i a g r a m  f o r  x y l e n e  i s o m e r i z a t i o n  a t  5 2 3  K 
w i t h  a ZSM-5 c a t a l y s t s .  E q u i l i b r i u m  l i n e  r e s u l t s  i f  p r o d u c t s  w i t h i n  
a p o r e  a r e  i n  e q u i l i b r i u m  r e g a r d l e s s  o f  t o t a l  c o n v e r s i o n ;  c a l c u l a -  
t e d  c u r v e  i s  o b t a i n e d  u s i n g  W e i - P r a t e r  r a t e  c o e f f i c i e n t s  ( T a b l e  
3 . 8 ) .  Reproduced w i t h  p e r m i s s i o n  f r o m  ( r e f .  81). 
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l i k e  La Y ( r e f .  82 ) ,  s i l i c a - a l u m i n a  ( r e f .  83) o r  f e r r i e r i t e  ( a  t e n -  
- r i n g  window z e o l i t e )  ( r e f .  84)  v e r y  marked c u r v a t u r e  i s  seen i n  
t h e  r e a c t i o n  p a t h s .  The enhanced p a r a - s e l e c t i v i t y  o f  t h e  f e r r i e r i t e  
c a t a l y s t  i s  e s p e c i a l l y  f a v o r a b l e  f r o m  a p r a c t i c a l  p o i n t  o v i e w  
(see  Chapter  1 ) .  The q u e s t i o n  may a r i s e  whether  f o r m a t i o n  o f  an 
i somer  i n  amounts g r e a t e r  t h a n  e q u i l i b r i u m  i s ,  i n  p r i n c i p  e, p o s s i b -  
l e  o r  a v i o l a t i o n  o f  thermodynamics.  I t  can be shown t h a t  r e a c t i o n  
r a t e  c o e f f i c i e n t s  a r e  s t r i c t l y  coup led  b y  t h e  e q u i l i b r i u m  c o n s t a n t  
i n  two-component systems o n l y ;  i n  mu l t i componen t  systems, t h e  o n l y  
thermodynamic c o n s t r a i n t  i s  t h a t  t h e  o v e r a l l  f r e e  energy  o f  t h e  
sys tem must decrease ( r e f .  85).  I f  thermodynamlc c o n t o u r s  a r e  
p l o t t e d  around t h e  e q u i l i b r i u m  p o i n t  i n  t h e  We i -P ra te r  d iag ram o f  
xy lenes ,  i t  can be seen t h a t  t h e  c u r v e d  pathway o f  m-xy lene isome- 
r i z a t i o n ,  g i v i n g  excess pa ra - i somer ,  i n  f a c t  f u l f i l s  t h i s  c o n d i -  
t i o n .  O f  course ,  a t  t h e  e q u i l i b r i u m  p o i n t ,  where a l l  t h r e e  i somers  
a r e  i n  e q u i l i b r i u m ,  no o t h e r  c o m p o s i t i o n  i s  p o s s i b l e  ( F i g .  3.14). 

100% oJnlrnr 

F i g .  3.14. Free  e 
between pu re  m-xy 
i s  f o r  m-xy lene i 
a t  v a r i o u s -  space 
( r e f .  85 ) .  

ne rgy  c o n t o u r s  f o r  x y l e n e  isomers  i n  t h e  r e g i o n  
, l ene  and t h e  e q u i l i b r i u m  a t  723 K. P l o t t e d  cou rse  
s o m e r i z a t i o n  o v e r  f e r r i e r i  t e  c a t a l y s t ,  d e t e r m i n e d  
v e l o c i t i e s .  Reproduced w i t h  p e r m i s s i o n  f r o m  

Such b e h a v i o u r  can be i n t e r p r e t e d  i n  te rms o f  ''shape s e l e c t i v i t y " ,  
namely t h a t  t h e  i n t e r m e d i a t e  f o r  p - x y l e n e  i s  f o rmed  more e a s i l y  i n  
t h e  z e o l i t e  channe l  t h a n  t h a t  f o r  o -xy lene .  A l so ,  t h e  r e l a t i v e  
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d i f fus ion  r a t e  f o r  t h e  p-xylene molecule ( w i t h  sma l l e r  c ros s  sec-  
t i o n )  i s  h igher .  Therefore  i t  i s  easy t o  s ee  t h a t  xylene l o s s  
(which i s  observed exper imenta l ly)  would consume f i r s t  of a l l  o-xy- 
lene isomers o r  t h e i r  p recursors  by, f o r  example, coking or d i s -  
p ropor t i  onat ion r eac t ions .  

With a decaying r e v e r s i b l e  three-component system, Scheme 3.16, 
t he  experimental  determinat ion of the  e igenvec tors  i s  more compli- 

Scheme 3.16 

ca ted .  In t h i s  case a l l  r eac t ion  paths  move towards the  o r i g i n  f o r -  
ming  thereby a s e t  of curves which envelops the  only s t r a i g h t  l i n e  
r eac t ion  p a t h  loca ted  in  the  p o s i t i v e  o r t h a n t ,  Fig.  3.15 (Ref. 8 6 ) ;  
t h i s  has been c a l l e d  the  ray vec to r ,  x r ,  by P r a t e r  st a t .  ( r e f .  8 7 ) .  
The o t h e r  two c h a r a c t e r i s t i c  v e c t o r s ,  x, and x 2 ,  do not d i r e c t l y  
correspond t o  observable  s t r a i g h t  1 ine  r eac t ion  pa ths .  Composition 
vec tors  a x ( t ) ,  however, l oca t ed  i n  a plane encompassed by one cha- 
r a c t e r i s t i c  vec to r  a n d  t h e  ray  vec to r  will remain i n  t h i s  plane 
while decaying t o  zero according t o  the  fol lowing equat ion ( r e f .  88) 

a,(t) = b r ( t )  x r  + b i W  Xi' 

In t h i s  equat ion bi and b r  a r e  amouhts  of t h e  c h a r a c t e r i s t i c  spe-  
c i e s  Bi  in t he  transformed coord ina te  system. A pro jec t ion  of t h i s  
composition vec tor  onto the  t r i a n g l e  plane y i e l d s  a n  " a r t i f i c i a l  
s t r a i g h t  l i n e  r eac t ion  path" which can be loca ted  exper imenta l ly .  
Hence, the  procedure f o r  eva lua t ing  the  r a t e  cons tan t  matr ix  r e s u l t s  
in  the  fol lowing:  the  end po in t  of t he  ray vec tor  on the  r e v e r s i b l e  
reac t ion  simplex and the  end p o i n t  of an a r t i f i c i a l  s t r a i g h t  l i n e  
r eac t ion  pa th ,  loca ted  on an edge o f  the  r eac t ion  s implex,  a r e  de- 
termined exper imenta l ly .  By l i n e a r  combination of t h i s  composition 
vec tor  a n d  the  ray vec tor  

(3 .122)  
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reaction scheme: 0- A-B -0  

D 
xr. x,, x2 : characteristic vectors - : reaction path - - - - : parallel projected reaction path 

Fig. 3.15. Reaction simplex of a three-component system conta in ing  
r eve r s ib l e  a n d  i r r e v e r s i b l e  r eac t ion  s t eps .  Reproduced with 
permission from ( r e f .  8 6 ) .  

x1 = a x l ( 0 )  - y x r  (3.123) 

a n d  t he  or thogonal i ty  r e l a t i o n  between the  two c h a r a c t e r i s t i c  vec- 
t o r s  

x: D-l x, = 0 ,  (3 .124)  

a second e igenvec tor  i s  obtained.  In t h i s  equat ion x: i s  t he  t r a n s -  
posed ray vec to r ,  D'l, a diagonal matrix from the  rec iproca l  equ i -  
l ibr ium concent ra t ions  (without  i r r e v e r s i b l e  s t e p s )  a n d  y i s  a sca-  
l a r  which i s  obtained from equat ions  3.123 and 3.124 
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(3 .125)  

The t h i r d  e igenvec tor  i s  computed again from an o r thogona l i ty  r e l a -  
t i o n .  Following the  eva lua t ion  of the  e igenvec to r s ,  the  e igenvalues  
a r e  determined from any curved r eac t ion  p a t h  a s  i n  the  r e v e r s i b l e  
three-component system. 

Applying the  foregoing procedure t o  n-component systems , d i f f i -  
c u l t i e s  a r i s e  in  l o c a t i n g  the  (n-1)  requi red  s t r a i g h t - l i n e  r eac t ion  
pa ths ;  t h i s  can be demonstrated with an n-component r e v e r s i b l e  reac-  
t i on  system containing one l inkage  c l a s s .  In t h i s  case the  general  
so lu t ion  of the s e t  of l i n e a r  d i f f e r e n t i a l  equa t ions ,  by which the  
dynamics o f  the  r e a c t i v e  system i s  desc r ibed ,  i s  given by 

-A1 t - A 2 t  
a ( t )  = C1 xo  t C2 x le  + C3 x2e t I . .  (3 .126)  

where O < A 1 < A 2 < .  . . , x i € R n ,  C i € R .  The assumption of O<hl<X2<. . . holds 
f o r  r eac t ion  systems with d i f f e r e n t  r a t e  cons t an t s .  

With progress  i n  r eac t ion  time a l l  r eac t ion  paths  a ( t )  a r e  mo- 
ving asymptot ica l ly  
by jo in ing  the  second e igenvec tor  x , .  This can be demonstrated by 

t o  the  equ i l ib r ium composition vec to r  x o ,  t he re -  

-A1 t 0 1  - A 2 ) t  6 ( t )  e ( - A l  C 2  x1 - h2 C 3  x 2  e - , . .)  (3.127) 

-A1 t 
with t +- &(t)  rq - A l C 2  x1 e 

a n d  

(3.128) 

( 3 . 1 2 9 )  

This means, t h a t  s t a r t i n g  w i t h  a r b i t r a r y  i n i t i a l  composi t ions,  t he  
same s t r a i g h t - l i n e  r eac t ion  path on the  r eac t ion  hyperplane w i l l  
always be found. Hence, with r e v e r s i b l e  systems the  equ i l ib r ium 
vec tor  and one f u r t h e r  e igenvec to r  can be exper imenta l ly  loca t ed .  
I n  t he  case of pseudomonomolecular n-component systems conta in ing  
one l inkage  c l a s s  and r e v e r s i b l e  and i r r e v e r s i b l e  r eac t ion  s t e p s  
the  general  s o l u t i o n  i s  given by 

- A r t  -A1 t 
a ( t )  = C, x r  e t C2 x1 e + ... cntl x n  

I n  a r eac t ion  system l i k e  t h i s ,  s t a r t i n g  w i t h  a rb  
composi t ions,  a l l  r eac t ion  pa ths  move towards the  
enveloping the  only d i r e c t l y  observable  s t r a i g h t -  

- A n t  
e . (3 .130)  

t r a r y  i n i t i a l  
o r i g i n  thereby  
i n e  r e a c t i o n  path 
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xr. I n  t h i s  case t h e  p rocedure  f o r  e x p e r i m e n t a l l y  l o c a t i n g  t h e  
r e q u i r e d  a r t i f i c i a l  s t r a i g h t  l i n e  r e a c t i o n  pa ths  i s  t h e  f o l l o w i n g  
( r e f s .  89.90). F i r s t l y ,  t h e  r a y  v e c t o r  i s  d e t e r m i n e d  s t a r t i n g  w i t h  
d i f f e r e n t  i n i t i a l  compos i t i ons  on t h e  r e a c t i o n  p l a n e  o f  t h e  r e v e r -  
s i b l e  system, n e a r , t h e  f o o t  p o i n t  o f  t h e  r a y  v e c t o r .  The second 
e i g e n v e c t o r  i s  de te rm ined  b y  a p r o j e c t i o n  of measured'  c o m p o s i t i o n  
p a t h s  p a r a l l e l  t o  t h e  r a y  v e c t o r  o n t o  t h e  r e a c t i o n  p l a n e  o f  t h e  
r e v e r s i b l e  n-component system. A l l  r e a c t i o n  p a t h s  on t h i s  r e a c t i o n  
p l a n e  w i l l  a s y m p t o t i c a l l y  j o i n  t h e  second e i g e n v e c t o r  x, w h i l e  
b e i n g  t r a n s f o r m e d  t o  t h e  f o o t  p o i n t  o f  t h e  r a y  v e c t o r  on t h t s  p l a n e  
w i t h  p r o g r e s s  i n  r e a c t i o n  t i m e ,  wh ich  can t h u s  be l o c a t e d  b y  repea-  
t e d l y  t a k i n g  i n t e r s e c t i n g  p o i n t s  o f  t a n g e n t s  t o  t h e  r e a c t i o n  t r a -  
j e c t o r i e s ,  nea r  t h e  r a y  v e c t o r  c o m p o s i t i o n ,  w i t h  t h e  edges o f  t h e  
r e a c t i o n  p l a n e  as new i n i t i a l  compos i t i ons .  

by  p u r g i n g  t h e  i n i t i a l  c o m p o s i t i o n s  and a l l  f u r t h e r  c o m p o s i t i o n s  
a l o n g  t h e  maasured r e a c t i o n  t r a j e c t o r i e s  o f  p o r t i o n s  o f  a l r e a d y  de- 
t e r m i n e d  e i g e n v e c t o r s .  By t h i s  p r o c e d u r e  t h e  r e a c t i o n  t r a j e c t o r i e s  
a r e  p r o j e c t e d  o n t o  r e a c t i o n  p l a n e s  i n  t h e  c o m p o s i t i o n  space on  
wh ich  t h e  e i g e n v e c t o r s  w i t h  t h e  s m a l l e s t  e i g e n v a l u e ,  a r e  a s y m p t o t i -  
c a l l y  app rox ima ted  w i t h  p r o g r e s s  i n  r e a c t i o n  t ime .  M a t h e m a t i c a l l y  
t h i s  p rocedure  may be d e s c r i b e d  i n  t h e  f o l l o w i n g  way 

F u r t h e r  c h a r a c t e r i s t i c  d i r e c t i o n s  a r e  d e t e r m i n e d  i n  t h e  same way, 

4, t -h2t 
= 6 ( t )  = C 3  x 2  e a ( t )  - C1 xr - C2 x, e t 

- A 3 t  -Ant 
t C 4  x 3  e t ... t Cn,l xn e (3.131) 

where 6 ( t )  i s  a r e a c t i o n  p a t h  on t h e  r e a c t i o n  p l a n e  i n  t h e  n-dimen- 
s i o n a l  s p e c i e s  space pu rged  o f  p o r t i o n s  o f  t h e  e i g e n v e c t o r s  xr and 

x1 - 
I n  t h e  f o r e g o i n g  t h r e e  pa ramete r  e s t i m a t i o n  p rocedures  have been 

d e s c r i b e d  wh ich  can be a p p l i e d  t o  l i n e a r  systems. I n  Chapter  4 some 
examples w i l l  be g i v e n  o f  t h e  use o f  t h e s e  methods f o r  d a t a  e v a l u a -  
t i o n  i n  s u i t a b l e  e x p e r i m e n t a l  se t -ups  f o r  t h e  i n v e s t i g a t i o n  o f  t h e  
dynamics o f  pseudomonomolecular r e a c t i v e  systems. Bes ides  t h e s e  
methods, l i b r a r y  parameter  e s t i m a t i o n  computer programs can a l s o  be 
used f o r  d a t a  e v a l u a t i o n .  U s u a l l y  w i t h  l i b r a r y  programs t h e  e x p e r i -  
menta l  p a r t  and t h e  pa ramete r  e s t i m a t i o n  p a r t  may be s e p a r a t e d  and 
c a r r i e d  o u t  i n d e p e n d e n t l y  o f  each o t h e r ;  t h i s  i s  n o t  t h e  case, 
however, i f  s e q u e n t i a l  e x p e r i m e n t a l  d e s i g n s  a r e  used  f o r  pa ramete r  
e s t i m a t i o n .  
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The method proposed by Li ( r e f .  91) may r ep resen t  a t r a n s i t i o n  
t o  op t imiza t ion  methods t r e a t e d  i n  t he  next Sec t ion .  I t  i s ,  howe- 
ver ,  mentioned here because i t  i s  based on searching  na tu ra l  
s t r a i g h t - l i n e  r eac t ion  paths  ( N S L R P )  and a r t i f i c i a l  s t r a i g h t  l i n e  
r eac t ion  paths  ( A S L R P )  by a computer op t imiza t ion  process .  The 
so lu t ion  i s  presented f o r  f i r s t - o r d e r  n-component r eac t ion  systems 
with r e v e r s i b l e  and/or  i r r e v e r s i b l e  s t e p s .  Any r eac t ion  p a t h  can 
be obtained by l i n e a r  combination of n- reac t ion  pa ths  with l i n e a r l y  
independent i n i t i a l  compositions;  i n  p r i n c i p l e ,  they  need n o t  be 
loca ted  i n  t he  p o s i t i v e  o r t h a n t  of t he  composition space.  The cur -  
va ture  of these  a r b i t r a r y  r eac t ion  pa ths  i s  cha rac t e r i zed  by the  
area between them and the  s t r a i g h t - l i n e  r eac t ion  pa ths .  Thus, t h e  
s t r a i g h t - l i n e  paths  a r e  s o u g h t  by minimizing the  a rea  between them 
and the  a r b i t r a r y  r eac t ion  pa ths .  The a reas  a r e  p ro jec t ed  on the  
two-dimensional coord ina te  planes and eva lua ted  by numerical i n t eg -  
r a t i o n .  Then an opt imiza t ion  process  i s  c a r r i e d  ou t .  I f  the  N S L R P  
i s  n o t  surrounded by a r b i t r a r y  r eac t ion  pa ths ,  t he  e r r o r  of compu- 
t i n g  w i l l  be l a r g e r  than the  experimental  e r r o r .  This  can occur i f  
the  NSLRP has n o  segment i n  t he  p o s i t i v e  o r t h a n t .  Then ASLRP-s a r e  
produced by p ro jec t ion  w i t h  f i n i t e  segments i n  the p o s i t i v e  
o r than t .  These wi l l  be surrounded by a r t i f i c i a l  r eac t ion  paths  a n d ,  
hence, can be ca l cu la t ed  accu ra t e ly .  I n  add i t ion  t o  the  r e v e r s i b l e  
t r i a n g u l a r  r eac t ion  and the  i r r e v e r s i b l e  sequence 

t h r e e  o the r  networks shown in  Scheme 3.17 have been eva lua ted  
( r e f .  91) .  

Scheme 3.17 

3.2.5 Parameter es t imat ion  v i a  opt imiza t ion  of o b j e c t i v e  func t ions  
A s  opposed t o  the  methods d iscussed  so f a r ,  parameter e s t ima t ion  

v i a  opt imiza t ion  of ob jec t ive  func t ions  can be performed with models 
which have l i n e a r  or nonl inear  parameters.  The mathematical model 



129 

r e l a t e s  t h e  o b s e r v e d  v a r i a b l e s ,  w h i c h  a r e  a c t u a l l y  m e a s u r e d  i n  
each e x p e r i m e n t ,  t o  i n d e p e n d e n t  v a r i a b l e s ,  w h i c h  a r e  known f o r  

each  e x p e r i m e n t ,  and  t h e  p a r a m e t e r s .  F o r  examp le ,  i n  a c h e m i c a l  

r e a c t i o n  t h e  r a t e  o f  r e a c t i o n  may be t h e  o b s e r v e d  v a r i a b l e ,  t h e  

r e a c t a n t  c o n c e n t r a t i o n s  t h e  i n d e p e n d e n t  v a r i a b l e s  and  t h e  r a t e  

c o n s t a n t s  t h e  p a r a m e t e r s .  I n  i m p l i c i t  f o r m  t h e  mode l  can  b e  w r i t t e n  

as 

9 ( Y u '  au, e )  = 0 ( 3 . 1 3 2 )  

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

yu i s  t h e  v e c t o r  o f  o b s e r v e d  v a r i a b l e s  f o r  t h e  u - t h  e x p e r i m e n t ,  a 

i s  t h e  v e c t o r  o f  i n d e p e n d e n t  v a r i a b l e s  f o r  t h e  u - t h  e x p e r i m e n t  a n d  

8 t h e  v e c t o r  o f  model  p a r a m e t e r s .  R e w r i t i n g  eq.  3.132 we o b t a i n  
e x p l i c i t  e q u a t i o n s  

Y, = f (aU,  el .  ( 3 . 1 3 3 )  

The a i m  i s  now t o  f i n d  v a l u e s  o f  8 t h a t  w i l l  s a t i s f y  e x a c t l y  e q u a -  

t i o n  3.133. However ,  due t o  e x p e r i m e n t a l ,  mode l  a n d  c o m p u t a t i o n a l  
e r r o r ,  i t  w i l l  n o t  be p o s s i b l e  t o  d e t e r m i n e  v a l u e s  o f  8 t h a t  

e x a c t l y  f i t  e q u a t i o n  3.133.  F o r  t h i s  p u r p o s e ,  e q u a t i o n  3 .133  i s  

r e w r i t t e n  i n  t h e  f o r m  

uu = Yu - f ( a u '  e )  (3 .134 )  

where uu a r e  v e c t o r s ,  r e p r e s e n t i n g  t h e  d i f f e r e n c e  b e t w e e n  o b s e r v e d  
and  p r e d i c t e d  v a l u e s  a t  t h e  u - t h  e x p e r i m e n t ,  c a l l e d  r e s i d u a l s .  W i t h  

a p p r o p r i a t e  p a r a m e t e r  e s t i m a t i o n  p r o c e d u r e s  v a l u e s  o f  8 have  t o  b e  

f o u n d  w h i c h  m i n i m i z e  o r  m a x i m i z e  s u i t a b l e  f u n c t i o n s  o f  t h e  r e s i -  

d u a l s .  The mos t  commonly e m p l o y e d  f u n c t i o n s  a r e  l e a s t  s q u a r e s  where  

( 3 . 1 3 5 )  2 n 

u=l 
S = c [ yu  - f (au, e)l  

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

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

'm ' '1 
'm '2m ' "2 

y1 = el al, + e2 a12 + ... 
y2 = el aZ1 + e2 a Z 2  + ... 

( 3 .136 )  

t e2 an2 + ... em an,,, + un . Yn = '1 a n i  
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u -  

A p p l y i n g  t h e  l e a s t  squares  p r i n c i p l e ,  t h e  sum o f  squares  o f  t h e  
unobservab le  e r r o r s  i s  m i n i m i z e d  w i t h  r e s p e c t  t o  t h e  pa ramete rs  

u1 

u2 

'n 

n n e 
s(e) c u: = c (y, - f(a,, e l l 2  +' Min .  (3 .137)  

~ = l  u=l 

Us ing  m a t r i x  n o t a t i o n ,  e q u a t i o n  3.137 can be  r e w r i t t e n ,  w i t h  

Y l  
y 2  

Yn 

y =  

t o  o b t a i n  Y = A*e t U. (3.138) 

The l e a s t  square  e s t i m a t e s  o f  t h e  ei f o r  eq. 3.137, compu t ing  

= 0, become 
68,: 

e = ( ~ ~ ~ 1 - l  A ~ - Y .  (3.139) 

Many k i n e t i c  model e q u a t i o n s  can be l i n e a r i z e d  i n  t h e  f o r m  o f  equa- 
t i o n  3.136. F o r  example,  f o r  a he te rogeneous  c a t a l y t i c  r e a c t i o n  
A1 - A 2  t A 3  w i t h  t h e  s t e p s  

s t e p  1: a d s o r p t i o n  o f  A1 

s t e p  2: s u r f a c e  r e a c t i o n  

A1 t 1 - A,1 

A l l +  1 - A21 t A31 k2  

s t e p  3 :  d e s o r p t i o n  o f  A2  A21 - A2 t 1 

s t e p  4: d e s o r p t i o n  o f  A 3  A31 - A3 t 1,  

assuming t h a t  t h e  s u r f a c e  r e a c t i o n  i s  t h e  r a t e  d e t e r m i n i n g  s t e p ,  
t h e  f o l l o w i n g  r a t e  e x p r e s s i o n  i s  o b t a i n e d  
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. k * K  ( P  - P P / K )  
r =  A 1  A1 A 2  A 3  (3.140) 

( 1  + K A ~ P A ,  + K A ~ P A ~  + K P l7 
A 3  A 3  

where K i s  t h e  o v e r a l l  e q u i l i b r i u m  c o n s t a n t ,  KAi t h e  a d s o r p t i o n  

e q u i l i b r i u m  c o n s t a n t s ,  k = k2.  L t h e  g l o b a l  r a t e  c o e f f i c i e n t  and 
P t h e  p a r t i a l  p ressu res .  L i n e a r i z i n g  eq. 3.140, t h e  f o l l o w i n g  

e q u a t i o n  i s  o b t a i n e d :  

(3.141) 

I n  cases where some o f  t h e  obse rved  v a r i a b l e s  a r e  known w i t h  l e s s  
r e 1  i a b i l  i t y  t h a n  o t h e r s  o r  where t h e  obse rved  v a r i a b l e s  a r e  measu- 
r e d  on d i f f e r e n t  s c a l e s  o r  r e p r e s e n t  e n t i t i e s  w i t h  d i f f e r e n t  p h y s i -  
c a l  d imens ions ,  w e i g h t e d  l e a s t  squares  a r e  used f o r  t h e  e s t i m a t i o n  
o f  t h e  model parameters  b y  a s s i g n i n g  a non -nega t i ve  w e i g h t  f a c t o r ,  
bi, t o  each u and m i n i m i z i n g  t h e  w e i g h t e d  sum o f  squares  

Many models a r e  n o n l i n e a r  i n  t h e i r  parameters .  I n  t h e s e  cases t o o ,  
o b j e c t i v e  f u n c t i o n s  l i k e  l e a s t  squares  a r e  m in im ized .  The pa ramete r  
e s t i m a t i o n  p rocedure  now, however, i s  an  i t e r a t i v e  p r o c e d u r e  due 
t o  t h e  n o n - l i n e a r  pa ramete r  su r face  i n  t h e  pa ramete r  space. For t h e  
i t e r a t i v e  p rocess  i n i t i a l  e s t i m a t e s  o f  t h e  model pa ramete rs  a r e  
needed and an e f f i c i e n t  o p t i m i z a t i o n  s t r a t e g y  i s  r e q u i r e d .  Compl i -  
c a t i o n s  may a r i s e  i f  t h e  l e a s t - s q u a r e s  s u r f a c e  c o n t a i n s  m u l t i p l e  o r  
f l a t  minima. A t y p i c a l  example o f  a sum-o f - l eas t - squares  s u r f a c e  i s  
g i v e n  i n  F ig .3 .16  ( r e f .  9 2 )  f o r  t h e  f o l l o w i n g  r a t e  e q u a t i o n  f o r  i s 0  
oc tene  h y d r o g e n a t i o n  a t  f i x e d  v a l u e s  o f  Ks and KU 

k .  KH K u * P H . P U  
r =  (3.143) 

( 1  t K H * P H  t K U * P u  t K 6 * P 6 ) Z  

Here k i s  t h e  f o r w a r d  r a t e  c o n s t a n t  o f  i s o o c t e n e  h y d r o g e n a t i o n  and 

KH t h e  hydrogen a d s o r p t i o n  c o n s t a n t .  
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1.1 - 
1.2 - KH 

1;o - 
0.8 - 
0.6 - 1 

1.ox 10'' 

5.0 x lo4 

1.ox 
7 . 0 ~ 1 0 ~  

5.0 x 10'. 
7 . 0 ~  10-4 

forward rate constant [ 9- moles / g  catalp1 - hwr] 

F i g .  3.16. C o n t o u r  o f  sums o f  l e a s t  s u a r e s  o f  r e s i d u a l  r a t e s  f o r  
i s o o c t e n e  h y d r o g e n a t i o n .  Reproduced w ? t h  p e r m i s s i o n  f r o m  ( r e f .  9 2 ) .  

T h e r e  a r e  t h r e e  b a s i c  t y p e s  o f  o p t i m i z a t i o n  methods  ( r e f s .  
9 2 - 9 5 ) .  With t h e  l i n e a r i z a t i o n  m e t h o d  t h e  n o n - l i n e a r  mode l  e q u a -  
t i o n s  a r e  l i n e a r i z e d  i n  T a y l o r  s e r i e s  a r o u n d  t h e  i n i t i a l  e s t i m a t e s  
f o r  t h e  p a r a m e t e r s ,  n e g l e c t i n g  a l l  d e r i v a t i v e s  o f  s e c o n d  a n d  h i g h e r  
o r d e r .  The i t e r a t i o n  p r o c e d u r e  i n v o l v e s  r e p e t i t i v e  e v a l u a t i o n  
( r e f .  6 3 )  o f  

( 3 . 1 4 4 )  

( 3 . 1 4 5 )  

Atit, = ( J i  T Ji)-'Ji Ui 

titl = t i  + Ati-1 
u n t i l  c o n v e r g e n c e  i s  a c h i e v e d  where  

and 

i s  a v e c t o r  o f  r e s i d u a l s  y - f ( a ,  ti) w i t h  r e s p e c t  t o  t h e  ( i  t 1 ) -  
- t h  i t e r a t i o n  and ti a r e  e s t i m a t e s  o f  e i .  

ui = y - f ( a ,  ti) 



1 3 3  

W i t h  t h e  s t e e p e s t - d e s c e n t  me thod  a f i r s t - o r d e r  d e s i g n  i n  t h e  p a -  

r a m e t e r  space  i s  s e t  up  a b o u t  t h e  i n i t i a l  e s t i m a t e s  o f  t h e  pa rame-  
t e r s .  C a l c u l a t i n g  t h e  sum o f  s q u a r e s  a t  each  p o i n t ,  t h e  d i r e c t i o n  

o f  t h e  s t e e p e s t - d e s c e n t  i s  d e t e r m i n e d  a n d  i n  t h i s  d i r e c t i o n  o f  t h e  
p a r a m e t e r  space  a new s e t  o f  p a r a m e t e r s  i s  s e l e c t e d  and  t h e  t o t a l  
p r o c e d u r e  r e p e a t e d  u n t i l  t h e  sums o f  s q u a r e s  s t a r t  t o  i n c r e a s e .  

W i t h  a second  o r d e r  d e s i g n  t h e  p r e c i s e  l o c a t i o n  o f  t h e  m in imum i s  
t h e n  d e t e r m i n e d .  

S t e e p e s t - d e s c e n t  me thods  a r e  v e r y  s t a b l e  f o r  i n i t i a l  i t e r a t i o n s  
b u t  may c o n v e r g e  s l o w l y  f o r  m u l t i p a r a m e t e r  s y s t e m s ,  w h i l e  l i n e a r i -  

z a t i o n  me thods  a r e  more e f f i c i e n t  f o r  t h e  f i n a l  i t e r a t i o n s  ( r e f .  

92 ) .  Hence, compromise  me thods  have  b e e n  s u g g e s t e d  w h i c h  use  
s t e e p e s t - d e s c e n t  p r o c e d u r e s  f o r  i n i t i a l  i t e r a t i o n s  a n d  t h e  1 i n e a r i -  

z a t i o n  me thod  i n  t h e  f i n a l  s t a g e s .  W i t h  t h e s e  p r o c e d u r e s  t h e  c o r r e c  
t i o n s  o f  t h e  p a r a m e t e r s  a r e  c a l c u l a t e d  by means o f  

( 3 . 1 4 6 )  

where I i s  a m a t r i x  o f  u n i t y  d i a g o n a l  t e r m s  and  z e r o  o f f - d i a g o n a l  

t e r m s ,  Ji  ui t h e  v e c t o r  o f  s t e e p e s t - d e s c e n t  a n d  Ai i s  a L a g r a n g e  
m u l t i p l i e r  w h i c h  c o n t i n u a l l y  d e c r e a s e s  w i t h  an i n c r e a s i n g  number  o f  

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

o n l y  when t h e  samp le  s i z e  a p p r o a c h e s  i n f i n i t y .  R a t k o w s k y  ( r e f .  9 6 )  
a d v i s e d  a " c l o s e - t o - l i n e a r "  mode l  where  a good  f i t  can  a l s o  b e  o b -  
t a i n e d  w i t h  s m a l l  samp les ,  Thus,  t h e  g e n e r a l  Hougen-Watson e q u a t i o n  
can be r e - w r i t t e n  i n  such  a way t h a t  a l l  8 p a r a m e t e r  e s t i m a t o r s  a r e  

p l a c e d  i n  t h e  d e n o m i n a t o r  o f  e q u a t i o n s  l i k e  Eq. 3 .143.  These e s t i -  
m a t o r s  a r e  c l a i m e d  t o  b e  much c l o s e r  t o  l i n e a r i t y  t h a n  t h o s e  d i s t -  

r i b u t e d  i n  t h e  n u m e r a t o r  and  d e n o m i n a t o r .  S i x  c a t a l y t i c  k i n e t i c  
sys tems  a r e  e v a l u a t e d ,  a l l  h a v i n g  d i f f e r e n t  f o r m s  o f  r a t e  e q u a t i o n ,  
i n c l u d i n g  i s o m e r i z a t i o n  o f  p e n t a n e ,  h y d r o g e n a t i o n  o f  i s o o c t e n e s  

e t c .  

T 

Once t h e  o p t i m i z a t i o n  p r o c e d u r e  h a s  b e e n  p e r f o r m e d  and  t h e  model  
p a r a m e t e r s  have been  e s t i m a t e d ,  i n f o r m a t i o n  a b o u t  t h e  p r e c i s i o n  o f  
t h e  e s t i m a t e s  i s  r e q u i r e d .  I f  t h e  e r r o r s  i n  t h e  d e p e n d e n t  v a r i a b l e  
have  c o n s t a n t  v a r i a n c e  a*, a n d  a r e  n o r m a l l y  and  i n d e p e n d e n t l y  d i s t -  
r i b u t e d ,  t i s  an u n b i a s e d  e s t i m a t e  o f  8 and  t h e  v a r i a n c e - c o v a r i a n c e  
m a t r i x  i s  g i v e n  b y  

V ( t )  = ( A T  A ) - l  u2. ( 3 . 1 4 7 )  
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F o r  l i n e a r  models t h e  (1 - a) 100% c o n f i d e n c e  i n t e r v a l s  f o r  t h e  i n -  

d i v i d u a l  pa ramete rs  ti a r e  g i v e n  b y  

(3.148)  

where t ( n  - p, 1 - a/2) i s  t h e  a/2 p e r c e n t a g e  p o i n t  o f  t h e  t - d i s t -  
r i b u t i o n  w i t h  ( n  - p)  degrees  o f  f reedom and v(t i)  t h e  i - t h  d i a g o -  
n a l  e lemen t  o f  t h e  v a r i a n c e - c o v a r i a n c e  m a t r i x  V ( t ) .  From t h e  o f f -  
d i a g o n a l  t e rms  o f  t h e  v a r i a n c e - c o v a r i a n c e  m a t r i x ,  t h e  c o r r e l a t i o n  
among t h e  pa ramete r  e s t i m a t e s  i s  de te rm ined ;  i t  i s  u s u a l l y  h i g h  f o r  

h y p e r b o l i c  models. T h i s  l e a d s  t o  j o i n t  c o n f i d e n c e  r e g i o n s  o f  t h e  
e s t i m a t e s  ti wh ich  e n c l o s e  t h e  r e g i o n  o f  j o i n t  p a r a m e t e r  u n c e r -  
t a i n t y .  The j o i n t  con f i dence  r e g i o n ,  wh ich  r e p r e s e n t s  a p - d i m e n s i o -  
n a l  e l l i p s o i d  i n  t h e  p a r a m e t e r  space, i s  d e f i n e d  b y  

( t  - elT ( e  - t) = s 2  p F ( p ,  n - p)  ( 3 . 1 4 9 )  

where s 2  i s  an i ndependen t  e s t i m a t e  o f  t h e  e x p e r i m e n t a l  e r r o r  va-  
r i a n c e  6 wh ich ,  i n  t h e  case o f  adequate  mode ls ,  can be c a l c u l a t e d  
b y  t h e  minimum r e s i d u a l  sum o f  squares  d i v i d e d  b y  t h e  c o r r e s p o n d i n g  
number o f  degrees  o f  f reedom, p i s  t h e  number o f  pa ramete rs  and 
F ( p ,  n - p )  i s  t h e  (1-a) 100% p o i n t  o f  t h e  F - d i s t r i b u t i o n .  F o r  t h e  
r e l i a b i l i t y  a n a l y s i s  o f  pa ramete rs  i n  n o n - l i n e a r  mode ls ,  t h e  non- 
- l i n e a r  models a r e  l i n e a r i z e d  b y  a T a y l o r  e x p a n s i o n  n e g l e c t i n g  se-  
cond and h i g h e r  o r d e r  d e r i v a t i v e s  and t h e  s t a t i s t i c a l  t e s t i n g  p r o -  
cedures ,  d i s c u s s e d  so  f a r ,  a p p l i e d .  

i ndependen t  v a r i a b l e s  b u t  a l s o  d e r i v a t i v e s  o f  t h e  dependent v a r i a b -  
l e s  w i t h  r e s p e c t  t o  t h e  i ndependen t  v a r i a b l e s .  F o r  pa ramete r  e s t i -  
m a t i o n  i n  d i f f e r e n t i a l  e q u a t i o n s ,  f o r  w h i c h  no  a n a l y t i c a l  s o l u t i o n  

can be o b t a i n e d ,  t h e  c a l c u l a t i o n  o f  t h e  r e s i d u a l s  f o r  t h e  s i n g l e  
o b s e r v a t i o n s  r e q u i r e s  n u m e r i c a l  i n t e g r a t i o n  o f  t h e  s e t  o f  model 
e q u a t i o n s .  Problems w i t h  pa ramete r  e s t i m a t i o n  i n  d i f f e r e n t i a l  equa- 
t i o n s  may a r i s e  when t h e  n a t u r e  o f  t h e  s o l u t i o n s  t o  a g i v e n  s e t  o f  
e q u a t i o n s  changes w i t h  t h e  v a l u e s  o f  t h e  pa ramete rs .  The s o l u t i o n s  

may be s t a b l e  and converge t o  e q u i l i b r i u m  p o i n t s  o r  u n s t a b l e  and 
d i v e r g e  t o  i n f i n i t y :  t h e y  may e n t e r  i n t o  s t a b l e  l i m i t  c y c l e s  o r  
s p i r a l  away f r o m  l i m i t  c y c l e s  o r  o s c i l l a t e  a round  e q u i l i b r i u m  
p o i n t s .  F u r t h e r m o r e  s t e a d y  s t a t e s  o f  t h e  s t a t e  v a r i a b l e s  may be 
a t t a i n e d  wh ich  a r e  i n d e p e n d e n t  o f  some o f  t h e  pa ramete rs .  

2 

Q u i t e  o f t e n  t h e  model e q u a t i o n s  c o n t a i n  n o t  only dependent  and 
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been d i s c u s s e d .  I n  t h e  case o f  p a r a m e t e r  e s t i m a t i o n  i n  n o n l i n e a r  
d i f f e r e n t i a l  e q u a t i o n s ,  w h i c h  c a n n o t  be  a n a l y t i c a l l y  i n t e g r a t e d ,  
t h e  o p t i m i z a t i o n  o f  a p p r o p r i a t e  o b j e c t i v e  f u n c t i o n s  r e q u i r e s  nume- 
r i c a l  s o l u t i o n  o f  t h e  model d i f f e r e n t i a l  e q u a t i o n s .  To-day ,  w i t h  
t h e  c o m p u t e r  f a c i l i t i e s  a v a i l a b l e  n u m e r i c a l  s o l u t i o n s  o f  any  s o l -  

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

A l t h o u g h  an a n a l y t i c a l  s o l u t i o n  has r e c e n t l y  been p r o p o s e d  ( r e f .  
9 7 )  f o r  some s i m p l e  cases ,  l i k e  a power l a w  t y p e  c h e m i c a l  r e a c t i o n  
i n  a c a t a l y s t  p e l l e t  o r  a L a n g m u i r - H i n s h e l w o o d  t y p e  r e a c t i o n ,  n u -  
m e r i c a l  a p p r o x i m a t i o n s  o f  t h e  s o l u t i o n s  s t i l l  p r e v a i l  i n  p r e s e n t  
day c a l c u l a t i o n s .  These a r e  f r e q u e n t l y  b a s e d  on R u n g e - K u t t a - p r o c e -  

d u r e s  o r  on f i n i t e  d i f f e r e n c e  methods.  Once t h e  model  p a r a m e t e r s  
have been d e t e r m i n e d ,  model p r e d i c t i o n s  can b e  r e a l i z e d .  Q u i t e  o f -  
t e n ,  however ,  i f  s p a c e - t i m e  s t r u c t u r e s  o f  r e a c t i v e  s y s t e m s  a r e  i n -  
v e s t i g a t e d ,  t h e  q u e s t i o n s  u n d e r  c o n s i d e r a t i o n  can b e  a n s w e r e d  f r o m  
d e s c r i p t i v e  p r o p e r t i e s  o f  t h e  s o l u t i o n s  such a s  s t a b i l i t y  o r  p e r i o -  
d i c i t y ,  i.e. f r o m  q u a l i t a t i v e  i n v e s t i g a t i o n s  o f  d i f f e r e n t i a l  equa-  
t i o n s  w i t h o u t  a c t u a l l y  s o l v i n g  them. T h i s  p r o c e d u r e  can b e  d e l i n e a -  
t e d  w i t h  t h e  f o l l o w i n g  s y s t e m  

I n  t h e  f o r e g o i n g  s e c t i o n s  p a r a m e t e r  e s t i m a t i o n  p r o c e d u r e s  have 

(3.150)  

where f and g a r e  f u n c t i o n s  p o s s e s s i n g  c o n t i n u o u s  f i r s t  p a r t i a l  de-  
r i v a t i v e s .  As t h e  i n d e p e n d e n t  v a r i a b l e  does  n o t  a p p e a r  e x p l i c i t l y  
i n  f and g, t h e  s y s t e m  3.150 i s  s a i d  t o  b e  autonomous.  The x1x2- 
- p l a n e  i s  c a l l e d  t h e  phase p l a n e  and t h e  a r c  d e f i n e d  p a r a m e t r i c a l l y  

b y  a n y  s o l u t i o n  x1 = x1 ( t )  and x2 = x 2 ( t )  i s  c a l l e d  a t r a j e c t o r y  
o r  o r b i t  o f  eq. 3.150. The x lx2-equat ion  o f  t h e  t r a j e c t o r i e s  t h r o u g h  
a p o i n t  (x:, x i )  c a n  be  f o u n d  b y  e l i m i n a t i n g  t h e  i n d e p e n d e n t  v a r i a b -  
l e  f r o m  t h e  s y s t e m  eq. 3 .150 b y  d i v i d i n g  t h e  t w o  e q u a t i o n s  b y  one 
a n o t h e r  

dx2  f ( X 1 '  x 2 )  q s T I - q 7 q *  (3 .151)  

Eq. 3.151 r e p r e s e n t s  t h e  s l o p e  o f  t h e  t r a j e c t o r y  a t  t h e  p o i n t  
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(xl, x 2 ) .  I f ,  a t  a g i v e n  p o i n t ,  f (x,, x 2 )  a n d  g (xl,  x2)  a r e  s i -  
m u l t a n e o u s l y  z e r o ,  t h e  s l o p e  i s  i n d e t e r m i n a t e ,  a n d  s u c h  a p o i n t  i s  
s a i d  t o  be  an e q u i l i b r i u m  p o i n t  o r  c r i t i c a l  o r  s i n g u l a r  p o i n t .  Iso- 
l a t e d  e q u i l i b r i u m  p o i n t s  have t h e  p r o p e r t y  t h a t  t h e r e  e x i s t s  a 
c i r c l e  a r o u n d  t h i s  p o i n t  w h i c h  o n l y  c o n t a i n s  t h i s  e q u i l i b r i u m  p o i n t  
and n o  o t h e r .  A q u a l i t a t i v e  a n a l y s i s  o f  t h e  s o l u t i o n s  o f  eq.  3 .150 

d e s c r i b e s  t h e  n a t u r e  o f  t r a j e c t o r i e s  i n  t h e  v i c i n i t y  o f  e q u i l i b r i u m  
p o i n t s .  F o r  a t w o - d i m e n s i o n a l  l i n e a r  homogeneous s y s t e m  eq.  3.150 
t a k e s  t h e  f o l l o w i n g  f o r m  

d X l  x- = a11 x1 + a12 x 2  

x- = a21 x1 + a22 x 2  
dx 

(3.152)  

where  all a12, a2, and a22 a r e  r e a l  c o n s t a n t s .  Assuming t h a t  

(3 .153)  

t h e  o n l y  e q u i l i b r i u m  p o i n t  o f  t h e  s y s t e m  eq. 3.152 i s  (0 ,O) .  Eq. 
3.152 can b e  r e w r i t t e n  i n  m a t r i x  n o t a t i o n  

; = A X .  ( 3 . 1 5 4 )  
W i t h  c o n s t a n t  c o e f f i c i e n t s ,  aik, t h e  s o l u t i o n  t o  eq .  3 .154 i s  g i v e n  

b y  
( 3 . 1 5 5 )  A t  x = c e  . 

I n t r o d u c i n g  eq. 3.155 i n t o  eq.  3 .154 t h e  f o l l o w i n g  e q u a t i o n  i s  ob-  
t a i  n e d  

(A  - A I )  x = 0. ( 3 . 1 5 6 )  

N o n t r i v i a l  s o l u t i o n s  f o r  eq. 3.156 a r e  o b t a i n e d  u n d e r  t h e  c o n d i t i o n  

d e t  ( A  - AI) = 0. ( 3 . 1 5 7 )  

Hence, t h e  c h a r a c t e r i s t i c  e q u a t i o n  o f  t h e  c o e f f i c i e n t  m a t r i x  s i m u l -  
t a n e o u s l y  r e p r e s e n t s  t h e  c h a r a c t e r i s t i c  e q u a t i o n  o f  t h e  s y s t e m  equa-  
t i o n  3.152. I f  A = A; i s  a c h a r a c t e r i s t i c  r o o t ,  t h e n  e q u a t i o n  3.156 
has n o n - t r i v i a l  s o l u t i o n s  w h i c h  a r e  t h e  components  o f  c h a r a c t e r i s -  
t i c  v e c t o r s  c o r r e s p o n d i n g  t o  t h a t  c h a r a c t e r i s t i c  r o o t .  The c h a r a c -  
t e r i s t i c  r o o t s  a r e  o b t a i n e d  from t h e  c h a r a c t e r i s t i c  e q u a t i o n  o f  t h e  
c o e f f i c i e n t  m a t r i x  A 
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(3.158)  

The c h a r a c t e r i s t i c  roots  determine the  form of the  s o l u t i o n s  f o r  
x1 a n d  x 2  a n d ,  hence, the  na ture  of the  t r a j e c t o r i e s  of the  system 
3.152. 

Five cases can be i d e n t i f i e d  and a r e  presented in  Fig. 3.17 
( r e f .  9 8 ) .  The arrows along the  t r a j e c t o r i e s  i n d i c a t e  the  d i r e c t i o n  

A < O  A > O  

II. 

A < o  A > O  
111. 

hl = d + i p  
A, = d  - ip c i <  0 ,  L’O 

Fig. 3 . 1 7 .  Typical t r a j e c t o r i e s  around the  equi l ibr ium poin t  o f  the  
l i n e a r  system d x l / d t  = a l l x l  t a 1 2 x 2 ,  d x 2 / d t  = aZ1x1 t a 2 2 ~ 2  whose 
c h a r a c t e r i s t i c  equat ion i s  A2 - ( a z 1  t aZ2)A + (a11a22 - a 1 2 a 2 1 )  

0. Reproduced w i t h  permission from ( r e f .  98), p .  128, by cour tesy  
of Marcel Dekker, Inc.  

of increas ing  t ime. In Case I t he  c h a r a c t e r i s t i c  r o o t s  a r e  r e a l ,  
unequal and of l i k e  s ign .  The equi l ibr ium poin t  i s  c a l l e d  a node 
which i s  asymptot ica l ly  s t a b l e  f o r  negat ive eigenvalues  a n d  unstab-  
l e  f o r  pos i t i ve  e igenvalues ;  t h i s  means t h a t  every t r a j e c t o r y  which 
i s  s u f f i c i e n t l y  c lose  t o  the equi l ibr ium poin t  a c t u a l l y  approaches.  
I n  Case I1 the c h a r a c t e r i s t i c  roo t s  a r e  r ea l  and equal .  With nega t i -  
ve eigenvalues  the  node i s  asymptot ica l ly  s t a b l e  and w i t h  p o s i t i v e  
eigenvalues  uns tab le .  I n  Case I11 the  eigenvalues  a r e  r ea l  and 
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h l  equa l  and t h e  c a n o n i c a l  f o r m  i s  A = l o  h l .  Here t h e  e q u i l i b r i u m  
p o i n t  i s  an a s y m p t o t i c a l l y  s t a b l e  node i f  t h e  r o o t s  a r e  n e g a t i v e ,  
and u n s t a b l e  i f  t h e  r o o t s  a r e  p o s i t i v e .  I n  Case I V  t h e  c h a r a c t e r i s -  
t i c  r o o t s  a r e  r e a l ,  unequa l  and o f  u n l i k e  s i g n .  The e q u i l i b r i u m  
p o i n t  i s  c a l l e d  a s a d d l e  p o i n t ,  wh ich  i s  u n s t a b l e .  I n  Case V t h e  

r o o t s  a r e  complex c o n j u g a t e  numbers hl = a t i B  and h2 = a - i B .  
I f  t h e  r o o t s  a r e  p u r e l y  i m a g i n a r y ,  t h e n  t h e  e q u i l i b r i u m  p o i n t  i s  
c a l l e d  a c e n t e r ,  i.e. i n  t h e  ne ighbourhood  o f  t h e  e q u i l i b r i u m  p o i n t  
t h e r e  e x i s t s  an i n f i n i t e  s e t  o f  c l o s e d  t r a j e c t o r i e s  and t h e  e q u i l i b -  
r i u m  p o i n t  i s  i n  t h e  c e n t e r  o f  them. I f  a f 0 t h e n  t h e  e q u i l i b r i u m  
p o i n t  i s  a s p i r a l  p o i n t  wh ich  i s  a s y m p t o t i c a l l y  s t a b l e  i f  t h e  r e a l  
p a r t  o f  t h e  r o o t  i s  n e g a t i v e  and u n s t a b l e  i f  t h e  r e a l  p a r t  i s  po-  
s i  t i  ve. 

The t r e a t m e n t  o f  n o n l i n e a r  systems w i t h  r e s p e c t  t o  t h e  n a t u r e  
and s t a b i l i t y  o f  s o l u t i o n s  co r responds  t o  t h a t  o f  t h e  l i n e a r  sys tem 
c o n s i d e r e d  so  f a r .  I n  a f i r s t  approach a p p r o x i m a t e l y  l i n e a r  a u t o -  
nomous systems a r e  i n v e s t i g a t e d  w h i c h  can be w r i t t e n  i n  t h e  f o l l o -  
w ing  f o r m  

d X l  

x2  

= a11 x1 + a12 x2 + f ( x p  x2 )  

9 1  x1 + "2 x2 + g (x1  s x2 )  

(3.159) 

- =  
d t  

where t h e  f u n c t i o n s  g and f a r e  n o n l i n e a r  b u t  s m a l l  compared w i t h  
t h e  l i n e a r  te rms.  I f  t h i s  i s  t h e  case t h e  system, i n  s u f f i c i e n t l y  
s m a l l  ne ighbourhoods o f  e q u i l i b r i u m  p o i n t s ,  behaves e s s e n t i a l l y  
l i k e  a l i n e a r  system. I f  f u n c t i o n s  on  t h e  r i g h t - h a n d  s i d e  o f  eq .  
3.159 do n o t  c o n t a i n  l i n e a r  te rms  i n  T a y l o r  expans ions  o f  t h e s e  
f u n c t i o n s  around t h e  e q u i l i b r i u m  p o i n t ,  t h e  sys tem i s  n o t  a p p r o x i -  

m a t e l y  l i n e a r  and q u a l i t a t i v e  d e s c r i p t i o n s  o f  s o l u t i o n s  o f  such 
systems a r e  no l o n g e r  concerned  w i t h  t h e  n a t u r e  o f  t r a j e c t o r i e s  
a round e q u i l i b r i u m  p o i n t s  b u t  w i t h  t h e  s t a b i l i t y  and p e r i o d i c i t y  o f  
s o l u t i o n s ,  i.e. under  what c o n d i t i o n s  s o l u t i o n s  approach  o r  s t a y  
c l o s e  t o  g i v e n  s o l u t i o n s .  F r e q u e n t l y  t h e  a n a l y s i s  o f  s t a b i l i t y  p r o -  
p e r t i e s  o f  a g i v e n  s o l u t i o n  i s  based on  t h e  Lyapunov second method 
( r e f .  98 ) .  F o r  these ,  a d i f f e r e n t i a b l e  f u n c t i o n  V i s  d e f i n e d  

The f u n c t i o n  V i s  s a i d  t o  be p o s i t i v e  d e f i n i t e  on domain S i f  V 
(xl ,  x:) = 0 and i f  V (x,,  x 2 ) > 0  a t  a l l  o t h e r  p o i n t s  o f  S; t o  be 
p o s i t i v e  s e m i d e f i n i t e  on  domain S i f  V ( x y ,  x!) = 0 and i f  

t h r o u g h o u t  a domain S c o n t a i n i n g  t h e  e q u i l i b r i u m  p o i n t  ( x y ,  x 2 ) .  0 

0 
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V (xl, x 2 )  2 0 a t  a l l  o t h e r  p o i n t s  o f  S; t o  be n e g a t i v e  d e f i n i t e  
on S if V (xl , x 2 )  = 0 and i f  V (xl, x 2 ) < 0  a t  a l l  o t h e r  p o i n t s  o f  
S; and f i n a l l y  t o  be n e g a t i v e  s e m i d e f i n i t e  i f  V (x,, x 2 )  = 0 and 
V (xl. x 2 )  5 0 a t  a l l  o t h e r  p o i n t s  o f  S. The Lyapunov theorem s t a -  

t e s  f o r  autonomous systems w i t h  an i s o l a t e d  e q u i l i b r i u m  p o i n t  a t  
t h e  o r i g i n  

0 0  
0 0  

dXl dx2 
= F ( X i  D X2) = G ( X i  D X2) 

i f  t h e  f u n c t i o n s  F and G have c o n t i n u o u s  f i r s t  p a r t i a l  d e r i v a t i v e s  
i n  a domain S c o n t a i n i n g  t h e  e q u i l i b r i u m  p o i n t  and i f  a f u n c t i o n  V ,  
w i t h  c o n t i n u o u s  f i r s t  p a r t i a l  d e r i v a t i v e s ,  e x i s t s  w h i c h  i s  p o s i t i v e  
d e f i n i t e  i n  S, t h a t  t h e  e q u i l i b r i u m  p o i n t  i s  a s y m p t o t i c a l l y  s t a b l e  
i f  t h e  d e r i v a t i v e  o f  V w i t h  r e s p e c t  t o  t h e  g i v e n  sys tem i s  n e g a t i v e  
d e f i n i t e  on S. The e q u i l i b r i u m  p o i n t  i s  a t  l e a s t  s t a b l e  i f  t h e  de- 
r i v a t i v e  o f  V i s  n e g a t i v e  s e m i d e f i n i t e  on domain S. The i s o l a t e d  
e q u i l i b r i u m  p o i n t  i s  u n s t a b l e  i f ,  i n  i t s  ne ighbourhood,  t h e r e  i s  a t  
l e a s t  one p o i n t  where V i s  p o s i t i v e  and t h e  d e r i v a t i v e  o f  V i s  
p o s i t i v e  d e f i n i t e  on S o r  where V i s  n e g a t i v e  and t h e  d e r i v a t i v e  o f  

V i s  n e g a t i v e  d e f i n i t e  on S. A p p l i c a t i o n  o f  t h e  Lyapunov second me- 
t h o d  r e q u i r e s  d e t e r m i n a t i o n  o f  an a p p r o p r i a t e  f u n c t i o n  V w h i c h  i s  
f r e q u e n t l y  d i f f i c u l t  t o  c o n s t r u c t .  

t i o n s  i n f i n i t e l y  many p e r i o d i c  s o l u t i o n s  w i t h  p u r e  i m a g i n a r y  cha-  
r a c t e r i s t i c  r o o t s  a r e  observed. F o r  n o n l i n e a r  autonomous systems, 
on t h e  o t h e r  hand, o n l y  one p e r i o d i c  s o l u t i o n ,  i . 8 .  a l i m i t  c y c l e  
may be observed, wh ich  i s  e i t h e r  approached s p i r a l l y  f r o m  i n s i d e  o r  
f rom o u t s i d e  t h e  l i m i t  c y c l e  b y  t r a j e c t o r i e s  w i t h  i n c r e a s i n g  t i m e .  
A s i m p l e  autonomous system wh ich  e x h i b i t s  such b e h a v i o r  i s  ( r e f .  99 )  

W i th  t h e  l i n e a r  system d i s c u s s e d  above e i t h e r  no  p e r i o d i c  s o l u -  

(3.160) 

O the r  systems where l i m i t  c y c l e s  may o c c u r  a r e  n o n - l i n e a r  second 
o r d e r  d i f f e r e n t i a l  e q u a t i o n s  l i k e  

2 
t k , (x )  $ i. k 2 ( x )  = 0 dtz 
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wh ich  i s  e q u i v a l e n t  t o  t h e  autonomous sys tem o f  f i r s t  o r d e r  d i f f e -  

r e n t i a l  e q u a t i o n s  

dxl ar = x2 (3 .161)  

The e x i s t e n c e  o f  l i m i t  c y c l e s  i s  s t a t e d  b y  t h e  P o i n c a r k - B e n d i x s o n  
theorem f o r  autonomous systems o f  d i f f e r e n t i a l  e q u a t i o n s  

d x l  r = F ( x 1  * 9 )  

dx2 r = G ( x1  s 9 )  

where F und G a r e  c o n t i n u o u s  f u n c t i o n s  and s a t i s f y  l o c a l  L i p s c h i t z  
c o n d i t i o n s .  R e a c t i o n  mechanisms wh ich ,  among o t h e r s ,  g i v e  r i s e  t o  
p e r i o d i c  s o l u t i o n s  o r  l i m i t  c y c l e s  i n c l u d e  t h e  "Lo tka" -mechan ism 
( r e f .  100) 

kl A1 t B + 2A1 

A1 t A2 * k 2  2A2 

A2 :3 D 

(3 .162)  

f o r  wh ich  t h e  dynamic e q u a t i o n s  t a k e  t h e  f o l l o w i n g  f o r m  assum 
t h e  s p e c i e s  c o n c e n t r a t i o n s  B and D a r e  t i m e - i n v a r i a n t  

r = k l a l - k  da1 a a 

da2 = k 2  al a2 - 
2 1 2  

( 3  

k g  a2 '  

ng  

163) 

The t r a j e c t o r i e s  f o r  t h i s  sys tem on t h e  phase p l a n e  a r e  p r e s e n t e d  
i n  F i g .  3.18. The e q u i l i b r i u m  p o i n t  i s  a c e n t e r .  O t h e r  mechanisms 
a r e  g i v e n  i n  eq. 3.164 ( r e f .  1 0 1 ) .  

kl A2 + B + A t  

A1 A2 :2 c (3.164) 

A1 t D :3 2A, t A 3  
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A 

a2 

F i g .  3 .18.  T y p i c a l  t r a j e c t o r i e s  a r o u n d  t h e  c e n t e r  o f  t h e  s y s t e m  
al = klal - k2ala2, a 2  = k2a,a2 - k 3 a 2 -  

A 3  + k g  2A2 

and 3.165 ( r e f .  6 8 )  

( 3 . 1 6 4 )  

( 3 . 1 6 5 )  

A 1 t C  + A 2 + D  

A1 + 
E 

where B, C ,  D and  E a r e  s p e c i e s  c o n c e n t r a t i o n s  w h i c h  a r e  k e p t  c o n s -  

t a n t .  The r e a c t i o n  mechanism eq.  3.164 i s  u s e d  f o r  m o d e l i n g  t h e  

B e l o u s o w - Z h a b o t i n s k y  r e a c t i o n .  The e q u i l i b r i u m  p o i n t  o f  t h i s  s y s t e m  
i s  u n s t a b l e  and,  f o r  c e r t a i n  v a l u e s  o f  t h e  r a t e  c o n s t a n t s ,  p e r i o d i c  
s o l u t i o n s  a r e  o b t a i n e d .  The d y n a m i c  e q u a t i o n s  d e r i v e d  f r o m  mecha-  
n i s m  eq .  3.165 w h i c h  has b e e n  u s e d  f o r  e x t e n s i v e  t h e o r e t i c a l  c o n s i -  
d e r a t i o n s  ( r e f .  1 0 2 ) ,  g i v e  r i s e  t o  an  u n s t a b l e  e q u i l i b r i u m  p o i n t  

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

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

o f  t h e s e  sys tems .  Even more c o m p l e x  s i t u a t i o n s  a r i s e ,  i f  t h e  c h e m i -  

The n o n l i n e a r  r e a c t i v e  s y s t e m s  p r e s e n t e d  so  f a r  h a v e  been  m a i n -  
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c a l  r e a c t i o n s  a r e  c o u p l e d  w i t h  d i f f u s i v e  f l u x e s .  

3.3 M A S S  TRANSPORT I N  POROUS M E D I A  

I n  t h e  f o l l o w i n g  s e c t i o n  some m a t h e m a t i c a l  models o f  d i f f u s i o n  
p rocesses  i n  gaseous systems, w i t h  and w i t h o u t  w a l l s ,  a r e  p resen-  
t e d .  Gaseous d i f f u s i o n  can be e i t h e r  v i s u a l i z e d  i n  t h e  f ramework  
o f  k i n e t i c  t h e o r y  o r  o f  thermodynamics o f  i r r e v e r s i b l e  p rocesses .  
The p resence  o f  w a l l s  i n  gaseous systems g i v e s  r i s e  t o  m o l e c u l e -  
- w a l l  c o l l i s i o n s  and hence, t o  Knudsen and s u r f a c e  d i f f u s i o n  i n  
a d d i t i o n  t o  b u l k  d i f f u s i o n  o r ,  i n  cases  where t h e  m o l e c u l a r  s i z e  i s  
o f  t h e  same o r d e r  o f  magn i tude  as t h e  po re  d i a m e t e r s ,  t o  c o n f i g u -  

r a t i o n a l  d i f f u s i o n .  

3.3.1 D i f f u s i o n  i n  gaseous systems w i t h o u t  w a l l s  

c rease  o f  t h e  g l o b a l  sys tem and a s i m u l t a n e o u s  e x e r g y  dec rease ,  
t h e  r a t e s  o f  b o t h  b e i n g  r e l a t e d  by t h e  f o l l o w i n g  e q u a t i o n  

The c h a r a c t e r i s t i c s  o f  i r r e v e r s i b l e  p rocesses  i s  an e n t r o p y  i n -  

-d  = T s>O (3 .166)  

= d S / d t  

0 

where - &  E - d c / d t  i s  t h e  r a t e  o f  e x e r g y  d i s s i p a t i o n ,  and 
t h e  r a t e  o f  e n t r o p y  c r e a t i o n .  The e x e r g y  o f  a sys tem is t h e  maximum 
u s e f u l  work wh ich  t h e  sys tem can p roduce  a t  c o n s t a n t  t e m p e r a t u r e  
and p r e s s u r e  o f  an i d e a l i z e d  e n v i r o n m e n t  ( r e s e r v o i r )  w i t h o u t  cau- 
s i n g  permanent changes i n  o t h e r  systems. I n  cases where sys tem and 
i d e a l  i zed r e s e r v o i  r have i d e n t i c a l  p r e s s u r e s  and tempera tu res  t h e  
e x e r g y  i s  equa l  t o  t h e  Gibbs  f r e e  energy  f u n c t i o n .  F o r  systems 
wh ich  a r e  n o t  t o o  f a r  f r o m  e q u i l i b r i u m ,  t h e  f l o w s  o f  g i v e n  p r o p e r -  
t i e s  a r e  l i n e a r  f u n c t i o n s  o f  t h e  d r i v i n g  f o r c e s .  The g e n e r a l i z e d  
d r i v i n g  f o r c e  * X i  c o n j u g a t e d  t o  t h e  f l o w  ri o f  a g i v e n  p r o p e r t y  i s  
d e f i n e d  as t h e  r a t e  o f  e n t r o p y  p r o d u c t i o n  due t o  t h e  f l o w  r: 

(3.167) 

Eq. 3.167 h o l d s  f o r  w e l l - d e f i n e d  systems o f  d imens ion  A V .  W i t h  
open f l o w  systems d i f f e r e n t i a l  g e n e r a l i z e d  d r i v i n g  f o r c e s  X i  a r e  
used and d e f i n e d  as 

(3.168) 
= si 

xi - q 
where 2, i s  t h e  r a t e  o f  e n t r o p y  p r o d u c t i o n  p e r  u n i t  volume and Ji  
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Fig. 3.19. Isothermal i n t e r d i f f u s i o n  of idea l  gases  

the flow per un i t  sur face  (amount of  i s - l  or f lux .  For  i s o -  
thermal i n t e r d i f f u s i o n  of two idea l  gases ,  Fig. 3.19, t he  entropy 
change f o r  expansion of the  gaseous spec ie s  A1 a n d  A 2  from p a r t i a l  
p ressures  P i  t o  PIi and P '  t o  PI'  , r e s p e c t i v e l y ,  i s  

A1 A1 A 2  A2 

a; (3.169) a i  
P '  

R I n q +  R I n  7 
2 

where al  and a2  a r e  the concent ra t ions  of spec ies  A, a n d  A2.  Hence, 
the  r a t e  of entropy c rea t ion  due t o  d i f f u s i o n ,  3 , s  f o r  t h i s  sys- 
tem i s  

id = rAIR I n  ai t rA2 R I n  (3.170) 

where rA and rA 
A 2  [mol s - ' I .  Introducing chemical p o t e n t i a l s ,  

a r e  the  molar flows of the  gaseous spec ie s  A1 and 
1 2 

pa = po + R T  I n  a (3.171) 

where po i s  the  s tandard po ten t i a l  which depends on temperature  b u t  
n o t  on concent ra t ion ,  i n t o  eq.  3.170 the  followlng equat ion i s  ob- 
t a ined  

(3.172) 

From eq. 3.167 a n d  3 . 1 7 2  the  genera l ized  fo rce  f o r  the  d i f f u s i o n  of 
the i - t h  component i s  

~ X d , i  ' d , i / r A i  = '"'La ./T (3.173) 
z 

a n d  t he  d i f f e r e n t i a l  genera l ized  d r iv ing  fo rce  
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(3 .174)  

From t h e  c o n t i n u i t y  e q u a t i o n  t h e  s t e a d y  s t a t e  f l u x  i s  g i v e n  b y  

J i  = ui*a.. l. (3 .175)  

I f  t h e  v e l o c i t y  ui i s  p r o p o r t i o n a l  t o  t h e  d r i v i n g  f o r c e  t h e  mob i -  
l i t y  mi, d e f i n e d  as  t h e  r a t i o  o f  v e l o c i t y  and d r i v i n g  f o r c e ,  can 
be i n t r o d u c e d  i n t o  e q u a t i o n  3.175 r e s u l t i n g  i n  

'pa 
Ji = mi-ai ( -  =) (3 .176)  

f o r  t h e  i s o t h e r m a l  d i f f u s i o n  f l u x .  S u b s t i t u t i n g  t h e  c o n c e n t r a t i o n  
f o r  t h e  chemica l  p o t e n t i a l  and i n t r o d u c i n g  t h e  d i f f u s i o n  c o e f f i -  
c i e n t  f o r  mi.R.T, an e x p r e s s i o n  i d e n t i c a l  w i t h  F i c k ' s  d i f f u s i o n  
l aw  i s  o b t a i n e d  

dai 
i d z -  J .  = - D  

l. 
(3 .177 )  

The c o n s i d e r a t i o n s  p r e s e n t e d  so  f a r  do n o t  r e v e a l  a n y t h i n g  a b o u t  
t h e  d i f f u s i o n  c o e f f i c i e n t  Di i t s e l f .  The c o e f f i c i e n t s  a p p e a r i n g  
i n  eq. 3.177 a r e  phenomeno log ica l  and i n  t h e  g e n e r a l  case, where 
t h e  f l u x  o f  a g i v e n  p r o p e r t y  can be p roduced  b y  d i f f e r e n t  k i n d s  

o f  d r i v i n g  fo rces ,  o n l y  a few r e l a t i o n s h i p s  between t h e  t r a n s p o r t  
c o e f f i c i e n t s  can be o b t a i n e d  b y  use o f  t h e  Onsager r e c i p r o c a l  r e -  
l a t i  ons. 

The c o n s i d e r a t i o n s  p r e s e n t e d  so  f a r  p r o v i d e  t h e  b a s i s  f o r  t h e  
e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  d i f f u s i o n  c o e f f i c i e n t s .  F o r  c a l  c u l  a -  
t i o n  and p r e d i c t i o n  o f  t h e  b i n a r y  and m u l t i c o m p o n e n t  d i f f u s i o n  
c o e f f i c i e n t s  t h e  f u n c t i o n a l  dependence o f  t h e s e  c o e f f i c i e n t s  must  
be known; t h i s  can be d e r i v e d  f r o m  t h e  k i n e t i c  t h e o r y .  

The u n d e r l y i n g  t h i n k i n g  model o f  t h e  k i n e t i c  t h e o r y  o f  gases de- 
s c r i b e s  a gaseous medium by  a l a r g e  number o f  spheres  wh ich  move 
a r b i t r a r i l y  and c o l l i d e  w i t h  one a n o t h e r  o r  w i t h  s u r r o u n d i n g  w a l l s .  
From a knowledge o f  t h e  i n s t a n t a n e o u s  v a l u e s  o f  t h e  p o s i t i o n  v e c t o r  
x and momentum v e c t o r  o o f  each o f  t h e  mo lecu les ,  f r o m  wh ich  t h e  
sys tem i s  b u i l t ,  d u r i n g  t h e  cou rse  o f  t i m e  t h e  macroscop ic  p r o p e r -  
t i e s  o f  t h e  system s h o u l d  be c o m p l e t e l y  d e t e r m i n a b l e .  As  systems 
a r e  b u i l t  f r o m  huge numbers o f  m o l e c u l e s  g i v i n g  r i s e  t o  e q u a l l y  
l a r g e  numbers o f  coup led  e q u a t i o n s  o f  m o t i o n ,  d i s t r i b u t i o n  f u n c -  

t i o n s  a r e  used f o r  t h e  m a t h e m a t i c a l  d e s c r i p t i o n ,  and t h e y  exp ress  
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t h e  p r o b a b i l i t y  t h a t  a t  t i m e  t, m o l e c u l e s  w i t h  a momentum d o  a b o u t  

o a r e  i n  c e r t a i n  vo lume e l e m e n t s  o f  t h e  phase  space .  I n t r o d u c i n g  

p r o b a b i l i t i e s ,  t h e  phase  space  i n  t h e  m a t h e m a t i c a l  model  i s  c o n t i -  

nuous.  The d i s t r i b u t i o n  f u n c t i o n s  a r e  f u r t h e r  s i m p l i f i e d  b y  a s s u -  

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

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

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

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

p e r t u r b a t i o n  o f  t h e  e q u i l i b r i u m  s t a t e ,  w h i c h  g i v e s  r i s e  t o  mass, 

momentum o r  h e a t  f l u x e s ,  i s  so  s m a l l  t h a t  t h e  e q u i l i b r i u m  d i s t r i -  

b u t i o n  f u n c t i o n  i s  n o t  a l t e r e d ) ,  o r  f r o m  t h e  s o - c a l l e d  r i g o r o u s  
k i n e t i c  t h e o r y  ( w h e r e  t h e  d i s t r i b u t i o n  f u n c t i o n  o f  a g a s e o u s  s y s -  

tem removed f r o m  e q u i l i b r i u m  i s  d e r i v e d  a n d  t h e  t r a n s p o r t  c o e f f i -  

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

r i b u t i o n  f u n c t i o n ) .  

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

m o d e l l e d  b y  t h e  M a x w e l l - B o l t z m a n n  d i s t r i b u t i o n  f u n c t i o n  F(') 
( r e f .  1 0 3 ) ,  w h i c h  r e l a t e s  t h e  f r a c t i o n  o f  m o l e c u l e s  w i t h  e n e r g y  

E(x,o)  t o  t h e  s p a t i a l  c o o r d i n a t e s  b e t w e e n  x and  x t d x  and  w i t h  

momenta b e t w e e n  o and  o t do. 

Gaseous s y s t e m s  i n  e q u i l i b r i u m  (i.e. s y s t e m s  i n  w h i c h  t h e  s t a t e  

dn  e x p ( - E / k t )  d x  d o  (3 .178)  F( ' ) (X,O) dx  d o  = - n = t- t- 

J ... J e x p ( - E / k t )  dx  d o  
- m  -OD 

where k i s  t h e  B o l t z m a n n  c o n s t a n t .  Assuming  s m a l l  d e v i a t i o n s  f r o m  

t h e  e q u i l i b r i u m  s t a t e  and  t h a t  t h e  mean f r e e  p a t h s  (i.e. t h e  a v e r a -  
ge d i s t a n c e s  b e t w e e n  t w o  s u c c e s s i v e  c o l l i s i o n s ) ,  a r e  o n l y  d e t e r m i -  

ned  b y  m o l e c u l a r  c o l l i s i o n s  i n  t h e  gaseous  phase ,  t h e  n e t - d i f f u s i v e  

f l u x  i n  a g i v e n  d i r e c t i o n  can  b e  d e t e r m i n e d ,  Hence, t h e  m o l e c u l a r  

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

D 1 2  Dzl = 1 / 3  c h (3.1 79 )  

where U i s  t h e  a v e r a g e  v e l o c i t y  o f  t h e  m o l e c u l e s  i n  t h e  s y s t e m  and  

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

O K  2 / 3  R o c  ( 3.1 80) 

where  R i s  t h e  p o r e  r a d i u s .  
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Gaseous systems removed f r o m  e q u i l i b r i u m  can be m a t h e m a t i c a l l y  
d e s c r i b e d  b y  t h e  Bo l tzmann d i s t r i b u t i o n  f u n c t i o n  w h i c h  can be d e r i -  
ved b y  c o n s i d e r i n g  a g roup  o f  m o l e c u l e s  i n  a d i f f e r e n t i a l  volume 
e lemen t  o f  t h e  phase space a t  t i m e s  t and t t d t  and t a k i n g  i n t o  

accoun t  t h e  e f f e c t  o f  c o l l i s i o n s  o f  m o l e c u l e s  w i t h  m o l e c u l e s  o f  t h e  
same o r  a n o t h e r  s p e c i e s .  One a p p r o x i m a t e  s o l u t i o n  t o  t h e  Bo l tzmann 

e q u a t i o n  was g i v e n  b y  Chapman and Enskog ( r e f .  103) ,  who used t h e  
p e r t u r b a t i o n  t e c h n i q u e ,  i.e. t h e y  r e p l a c e d  t h e  d i s t r i b u t i o n  f u n c t i o n  
i n  t h e  Bo l tzmana e q u a t i o n  o f  e v e r y  component b y  t h e  sum o f  t h e  e q u i -  
l i b r f u m  d i s t r i b u t i o n  f u n c t i o n  and a p e r t u r b a t i o n  t e r m  wh ich ,  i n  t h e  
case o f  a s m a l l  p e r t u r b a t i o n ,  was assumed t o  be l i n e a r .  The e x p r e s -  

s i o n  f o r  t h e  f u n c t i o n a l  dependence o f  b i n a r y  d i f f u s i o n  c o e f f i c i e n t s  
o b t a l n e d  f r o m  t h e  Chapman-Enskog t h e o r y  i s  g i v e n  i n  e q u a t i o n  3.181 

D12 = 0.001 8583 (3.181) 
T ~ / ~ ( I  /M, t 1 /~ , )1 /2  

p 4 2  012 
where M1 and M2 a r e  m o l e c u l a r  w e i g h t s  o f  gaseous s p e c i e s  1 and 2, p 
t h e  t o t a l  p r e s s u r e ,  q2 t h e  c o l l i s i o n  d i a m e t e r  f o r  u n l i k e  m o l e c u l e s  
and n t h e  c o l l i s i o n  i n t e g r a l ,  wh ich  has t h e  d imens ion  o f  a r e a  and 
depends on t e m p e r a t u r e  and t h e  i n t e r m o l e c u l a r  p o t e n t i a l .  M u l t i c o m -  

ponent  d i f f u s i v i t i e s  Dm.  can be a p p r o x i m a t e l y  c a l c u l a t e d  f r o m  b i -  
Z J  

n a r y  d i f f u s i o n  c o e f f i c i e n t s  ( r e f .  104)  o r  o b t a i n e d  e x p e r i m e n t a l l y  
u s i n g  t h e  g e n e r a l i z e d  F i c k ' s  l a w  sugges ted  b y  Onsager ( r e f .  105 ) .  

10 - 
moleador diffusion T 

H 
I 2 
3 1.0- 

0.14 i 

0.1 1.0 10 100 

Prossure (otml 

F i g .  3.20. Dependence o f  t h e  s t e a d y - s t a t e  d i f f u s i o n  f l u x  o f  t o t a l  
p r e s s u r e .  
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Acco rd ing  t o  t h e  Chapman-Enskog t h e o r y ,  b i n a r y  d i f f u s i o n  c o e f f i -  
c i e n t s  a r e  independent  o f  compos i t i on ,  i n v e r s e l y  p r o p o r t i o n a l  t o  
t h e  p r e s s u r e  and depend on t h e  t e m p e r a t u r e  a c c o r d i n g  t o  t h e  r e l a -  
t i o n s h i p  T3'2/n12(T). The Knudsen d i f f u s i o n  c o e f f i c i e n t ,  on t h e  
o t h e r  hand, i s  i ndependen t  o f  t h e  sys tem p ressu re .  Hence, t h e  
d i f f u s i o n  f l u x  due t o  K n u d s e n - t r a n s p o r t  i n c r e a s e s  l i n e a r l y  w i t h  

i n c r e a s i n g  p r e s s u r e  whereas t h e  d i f f u s t o n  f l u x  due t o  m o l e c u l a r  
d i f f u s i o n  i s  i ndependen t  o f  t o t a l  p r e s s u r e  (as  F i g .  3.20 r e v e a l s ) .  

3.3.2 D i f f u s i o n  i n  aaseous systems w i t h  w a l l s  
D i f f u s i o n  i n  gaseous systems w i t h  w a l l s  can be f o r m a l l y  t r e a t e d  

l i k e  m o l e c u l a r  d i f f u s i o n  b y  p a s s i n g  two gases under  i s o b a r i c  and 
i s o t h e r m a l  c o n d i t i o n s  p a s t  o p p o s i t e  f a c e s  o f  a c a t a l y s t  p e l l e t  and 
measur ing  t h e  f l u x  o f  one gas i n t o  t h e  o t h e r  and a p p l y i n g  F i c k ' s  
1 aw 

(3.182) 

Hence, an e f f e c t i v e  d i f f u s i v i t y  t h r o u g h  t h e  c a t a l y s t  p e l l e t  i s  de- 
f i n e d  as t h e  r a t i o  o f  t h e  f l u x  t h r o u g h  t h e  t o t a l  c r o s s  s e c t i o n ,  
normal t o  t h e  d i f f u s i o n  d i r e c t i o n ,  t o  t h e  c o n c e n t r a t i o n  g r a d i e n t  
t h r o u g h  t h e  p e l l e t .  D e f f  i s  m e r e l y  phenomeno log ica l  and can .on ly  be 
o b t a i n e d  u s i n g  eq. 3.181. F o r  p r e d i c t i o n  o f  D e f f ,  assumpt ions  a b o u t  
t h e  mass t r a n s p o r t  mechanism and t h e  s t r u c t u r e  o f  t h e  po rous  medium 
have t o  be i n t r o d u c e d .  I n  t h e  s i m p l e s t  case d i f f u s i o n  i s  f i r s t  con- 
s i d e r e d  i n  a c y l i n d r i c a l  po re .  Two t r a n s p o r t  mechanisms a r e  assumed 
t o  o c c u r  i n  s e r i e s :  b u l k  d i f f u s i o n  and Knudsen d i f f u s i o n .  A t  
s t e a d y - s t a t e  t h e  r a t e s  o f  t h e  two f l u x e s  i n  s e r i e s  a r e  equa l  and 
t h e  o v e r a l l  m o l a r  f l u x  can be r e p r e s e n t e d  as  

(3.183) J s - D a j i  dc 

where 
1 
' ' j D k  

(3.184) 

i s  a combined d i f f u s i o n  c o e f f i c i e n t  d e f i n e d  b y  eq. 3.184. Then D i s  
c o n v e r t e d  i n t o  D e f f  by  use o f  g e o m e t r i c a l  models o f  t h e  p o r e  system. 
The g e o m e t r i c a l  models s u i t a b l y  app rox ima te  t h e  v o i d s  i n  t h e  po rous  
media wh ich  can be expressed i n  te rms o f  t h e  p h y s i c a l  p r o p e r t i e s  o f  
t h e  c a t a l y s t  wh ich  a r e  a c c e s s i b l e  t o  e x p e r i m e n t a l  d e t e r m i n a t i o n  
( e . g .  t h e  t o t a l  p o r o s i t y ,  d i s t r i b u t i o n  o f  p o r e  s i z e s  o r  s u r f a c e  
a rea  p e r  gram c a t a l y s t ) .  Some w i d e l y  used models a r e  t h e  p a r a l l e l -  
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-pore model ( r e f .  106) ,  c a p i l l a r y  models ( r e f .  107) ,  o r  random pore 
models ( r e f s .  108-110). 

In the  p a r a l l e l  pore model ,  t he  porous p e l l e t  i s  replaced by a 
two- or three-dimensional p i l e  of p a r a l l e l e p i p e d s  with r ad ius  K 
which i s  t he  mean pore r ad ius  obta ined  from 

(3.185)  

where V i s  the  pore volume of c a t a l y s t  and S t he  pore s u r f a c e  
a rea  of c a t a l y s t  per  u n i t  mass. Expressing the  length  of t he  d i f f u -  
s ion paths  t h r o u g h  the  p e l l e t  by means of a t o r t u o s i t y  f a c t o r  T, 
the  e f f e c t i v e  d i f f u s i v i t y  D e f f  i s  obtained from 

9 9 

(3.186) 

where E i s  t he  po ros i ty  of the  p e l l e t  (vo id  /pore /  volume of par -  
t i c l e l t o t a l  volume of p a r t i c l e ) .  The po ros i ty  can be determined 
from the weight d i f f e rence  of a dry c a t a l y s t  sample and a sample 
immersed i n  a l i q u i d  such a s  water o r  carbon t e t r a c h l o r i d e  o r  by 
using the helium-mercury method ( r e f .  111) .  

Several  up-to-date  methods f o r  c a t a l y s t  c h a r a c t e r i z a t i o n  have 
been summarized i n  a recent  volume ( r e f .  112) .  

The t o r t u o s i t y  f a c t o r ,  which accounts  f o r  e longated  d i f f u s i o n  
d is tances  i n  t he  porous medium a s  well  as  f o r  dead-end pores and 
varying pore s e c t i o n s ,  can be obta ined  from the  r a t e  of replacement 
of a l i q u i d  wi th in  the  void volume of porous p e l l e t s  compared w i t h  
a surrounding l i q u i d ,  where both l i q u i d s  have s i m i l a r  molar volu-  
mes ( r e f .  113) .  In the case o f  d i f f u s i o n  of l i q u i d s  in  porous 
s t r u c t u r e s ,  t he  mean f r e e  pa ths  a r e  usua l ly  small compared with 
pore r a d i i  a n d  t he  combined d i f f u s i v i t y ,  eq.  3.184, i s  replaced by 
the  molecular d i f fus ion  c o e f f i c i e n t .  For the  mole f r a c t i o n  x, of a 
component 1 d i f fus ing  
time t ,  the  fol lowing 
s ion  can be der ived 

X 

o u t  of 
a p p r o x  

I ( x 1 ) -  

an i s o t r o p i c  p e l l e t ,  as  func t ion  of 
mate so lu t ion  t o  nons ta t ionary  d i f f u  

= 2(1 t p )  t / n * o  (3.187 

where ( x , ) ~  i s  t he  equi l ibr ium mole f r a c t i o n  of component 1 ,  B = 
= volume of poreslvolume of  surrounding l i q u i d  a n d  

(3 .188)  R - L  
0 = (m) * +  

R a n d  L a r e  the  rad ius  and the length  of t he  c y l i n d r i c a l  p e l l e t s .  
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The t o r t u o s i t y  f a c t o r  f o l l o w s  f r o m  t h e  i n i t i a l  s l o p e  o f  a p l o t  o f  

x1/(xl)- Uersu8 t, which  i s  d e p i c t e d  i n  F i g .  3.21 f o r  t h e  sys tem 

n-hexane, n -heptane,  20 w t X  N i /A1203 ( r e f .  114) .  

X C' 
oh h m  

F i g .  3.21. D e t e r m i n a t i o n  o f  t h e  t o r t u o s i t y  f a c t o r  f o r  a commerc ia l  
N i /A1203 c a t a l y s t .  Reproduced w i t h  p e r m i s s i o n  from ( r e f .  114 ) .  

Models o f  porous  media, wh ich  a r e  based on t h e  d l s t r i b u t i o n  o f  
po re  s i z e s  a r e  t h e  c a p i l l a r y ,  random p o r e  and ne twork  models.  I n  
t h e  c a p i l l a r y  models,  t he  geomet ry  o f  t h e  porous  medium i s  a p p r o -  

x ima ted  by  randomly  o r i e n t e d  c a p i l l a r i e s  o r  p a r a l l e l  o r i e n t e d  bund- 

l e s  o f  c a p i l l a r i e s  where each c a p i l l a r y  has a u o i f o r m  r a d i u s  and 
t h e  bund le  e x h i b i t s  a d i s t r i b u t i o n  o f  r a d i i .  The model o f  Johnson 
and S t e w a r t  ( r e f .  107) r e s u l t s  i n  t h e  f o l l o w i n g  r e l a t i o n  f o r  t h e  
e f f e c t i v e  d i f f u s i v i t y  

r =m AV 
D e f f  e * C (3 .189 )  

r = O  ( 1 - a1x1)/DI2 + l / D  
K 1  

where p i s  t h e  s o l i d  d e n s i t y ,  a, = 1 t N 2 / N 1 ,  N = m o l a r  f l u x  
[mol me2  , - ' I ,  AV 

The random pore  model o f  Wakao and Smi th  ( r e f s .  108,109) c o n s i d e r s  
d i f f u s i o n  i n  t h e  secondary  p o r e  s t r u c t u r e  ( fo rmed  b y  p r e s s i n g  s m a l l  

t h e  po re  volume f r a c t i o n  and x t h e  mole f r a c t i o n .  
9 
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c r y s t a l l i t e s  i n t o  p e l l e t s ) ,  d i f f u s i o n  i n  t h e  s m a l l  c r y s t a l l i t e s  and 
a s e r i e s  d i f f u s i o n ,  i n v o l v i n g  macro- and m i c r o p o r e s .  The v o i d s  i n  
t h e  p e l l e t  a r e  imag ined  as s h o r t  v o i d  r e g i o n s  s u r r o u n d i n g  and b e t -  
ween i n d i v i d u a l  p a r t i c l e s .  A c c o r d i n g  t o  t h i s  model,  t h e  e f f e c t i v e  
d i f f u s i v i t y  can be p r e d i c t e d  b y  t h e  f o l l o w i n g  r e l a t i o n  

where E~ and E a r e  t h e  v o i d  f r a c t i o n s  o f  macro and m i c r o  r e g i o n s  
ni t h e  m i c r o p o r e  e f f e c t i v e n e s s  f a c t o r ,  D12 t h e  m o l e c u l a r  d i f f u s i o n  
c o e f f i c i e n t  and D and DK t h e  Knudsen d i f f u s i o n  c o e f f i c i e n t s  i n  
macro- and m i c r o p o r e s .  Macpo- and m i c r o r e g i o n s  a r e  r e p r e s e n t e d  as 
s h o r t  s t r a i g h t ,  c y l i n d r i c a l  p o r e s  o f  average r a d i i  K, and Xu. 

as w e l l  as s u r f a c e  d i f f u s i o n  o f  a d s o r b a t e s  can c o n t r i b u t e  t o  t h e  
t r a n s p o r t  o f  a subs tance  t h r o u g h  a s l a b  o f  po rous  s o l i d .  A l l  t h e s e  
p rocesses  can g i v e  a r e s u l t i n g  d i f f u s i v i t y  d e f i n e d  by  A r i s  ( r e f .  
115) as “ a p p a r e n t  d i f f u s i v i t y ”  Da, as opposed t o  “ e f f e c t i v e  d i f f u -  
s i v i t y ”  D e f f  d i s c u s s e d  so  f a r .  The r a t i o  D a / D e f f  i s  p l o t t e d  i n  
( r e f .  115) as a f u n c t i o n  o f  such pa ramete rs  as t h e  r a t i o  o f  p o r e  
d i f f u s i v i t y  t o  s u r f a c e  d i f f u s i v i t y ,  t h e  a d s o r p t i o n  e q u i l i b r i u m  
c o n s t a n t ,  and t h e  r a t i o  o f  a d s o r p t i o n  r a t e  t o  d i f f u s i o n  r a t e .  F o r  
t r a n s p o r t ,  i t  i s  assumed t h a t  t h e  s o r p t i o n  p r o c e s s  i s  n o t  i n  e q u i -  
l i b r i u m ;  e q u i l i b r a t e d  s o r p t i o n  and n o  s u r f a c e  d i f f u s i o n  r e p r e s e n t  
l i m i t i n g  cases. I n  c o n t r a s t  t o  t h e  approach o f  c h a r a c t e r i z i n g  mass 
t r a n s p o r t  t h r o u g h  po rous  media b y  an e f f e c t i v e  d i f f u s i v i t y  D e f f  as 
d i s c u s s e d  so  f a r ,  t h e  dus ty -gas  model c o n s i d e r s  t h e  i n f l u e n c e  o f  
w a l l s  i n  d i f f u s i v e  systems and c l a r i f i e s  t h e  n a t u r e  o f  t h e  o v e r a l l  
d i f f u s i v e  f l u x  and t h e  n a t u r e  o f  t h e  c o u p l i n g  between d i f f u s i v e  and 
v i s c o u s  f l u x e s  i n  po rous  media.  W i t h  t h e  d u s t y - g a s  model t h e  po rous  
medium i s  r e p r e s e n t e d  as an a c c u m u l a t i o n  o f  suspended s p h e r i c a l ,  
u n i f o r m ,  d i s t r i b u t e d  p a r t i c l e s  wh ich  a r e  much h e a v i e r  and l a r g e r  
than t h e  gas m o l e c u l e s  and, hence, a r e  a t  r e s t  and do n o t  c o n t r i b u -  

t e  t o  t h e  t h e r m a l  c o n d u c t i v i t y  and v i s c o s i t y  o f  t h e  gaseous compo- 
n e n t s  ( r e f s .  116, 117 ) .  The o v e r a l l  t r a n s p o r t  i s  d i v i d e d  i n t o  t h r e e  
i ndependen t  t r a n s p o r t  mechanisms: Knudsen f l o w ,  i n  wh ich  t h e  gas 
d e n s i t y  i s  so l o w  t h a t  o n l y  c o l l i s i o n s  o f  gaseous m o l e c u l e s  w i t h  
t h e  w a l l s  c o n t r i b u t e  t o  t h e  mass f l o w ,  m o l e c u l a r  d i f f u s i o n ,  where 
t h e  mass t r a n s p o r t  i s  caused by gaseous m o l e c u l e - m o l e c u l e  c o l l i s i o n s  

and v i s c o u s  f l u x  wh ich  i s  caused b y  a p r e s s u r e  g r a d i e n t .  S u r f a c e  
d i f f u s i o n  i s  n o t  c o n s i d e r e d .  The c o m b i n a t i o n  o f  t h e  d i f f e r e n t  mecha- 

u 

KM 

In a d d i t i o n  t o  d i f f u s i o n ,  f i n i t e  a d s o r p t i o n  and d e s o r p t i o n  r a t e s  
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n i s m s  i s  a c h i e v e d  i n  t h e  f o l l o w i n g  way t h e  p a r t i a l  p r e s s u r e  g r a -  
d i e n t  causes  t h e  m o l e c u l a r - d i f f u s i v e  f u x  t h r o u g h  m o l e c u l e - m o l e c u l e  
c o l l i s i o n s  and  t h e  Knudsen d i f f u s i o n  f u x  t h r o u g h  m o l e c u l e - w a l l  
c o l l i s i o n s  and  hence,  t h e  d r i v i n g  f o r c  f o r  t h e  o v e r a l l  d i f f u s i v e  
f l u x  can  be c o n s i d e r e d  t o  b e  made up  o f  t w o  s e p a r a t e  c o n t r i b u t i o n s .  
The v i s c o u s  f l u x  i s  t h e n  s i m p l y  added  t o  t h e  d i f f u s i v e  f l u x  f o r  
each  s p e c i e s  g i v i n g  

(3 .191 )  

0 where D12 

= e f f e c t i v e  Knudsen d i f f u s i o n  c o e f f i c i e n t ,  D,2 
l e c u l a r  b i n a r y  d i f f u s i o n  c o e f f i c i e n t ,  P = p r e s s u r e ,  Xi = m o l e  f r a c -  
t i o n ,  y = s p a t i a l  c o o r d i n a t e ,  IA = v i s c o s i t y  a n d  B o  = v i s c o u s  f l o w  
p a r a m e t e r .  The f o u r  e f f e c t i v e  p a r a m e t e r s  i n  t h e  mode l  e q u a t i o n  

f f  = D12,ef f -p ,  J1 = m o l a r  f l o w  o f  s p e c i e s  1,  D 
,e Ki , e f f  

f f  = e f f e c t i v e  mo- 
,e 

s D  a n d  B0/v a r e  e x p e r i m e n t a l l y  d e t e r m i n e d  b y  
D 1 2 , e f f *  D ~ l  . e f f  '2 . e f f  
p e r m e a b i l i t y - a n d  i s o b a r i c  c o u n t e r  d i f f u s i o n  measuremen ts .  I n  t h e  
case o f  p e r m e a b i l i t y  measuremen ts  t h e  m o l a r  f l o w  o f  a s i n g l e  
gaseous  s p e c i e s  t h r o u g h  t h e  p o r o u s  medium i s  m o n i t o r e d  a t  d i f f e r e n t  
t o t a l  p r e s s u r e s  a n d  d i f f e r e n t  p r e s s u r e  d r o p s  o v e r  t h e  p e l l e t  a n d  
eq. 3.191 r e d u c e s  t o  

1 dP J = - [ D  K , e f f  + ( B o / I A )  P I  fi 9 

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

JRTL/AP = D K S e f f  + ( B O / I A ) P  

and  B0/v can b e  d e t e r m i n e d  f r o m  t h e  o r d i  i' e '  'K ,e f f  t e  i 

(3 .192)  

(3 .193 )  

t e r c e p t  
and  t h e  s l o p e ,  r e s p e c t i v e l y ,  o f  t h e  s t r a i g h t  l i n e  which i s  o b t a i n e d  
b y  p l o t t i n g  JRTL/AP a g a i n s t  t h e  a v e r a g e  t o t a l  p r e s s u r e  i n  t h e  
p o r o u s  medi  um. 

3.191 r e d u c e s  t o  
I n  t h e  case  o f  i s o b a r i c  c o u n t e r  d i f f u s i o n  measuremen ts ,  eq.  
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wh ich  upon i n t e g r a t i o n  y i e l d s  

I ,el  I 
-D.. 

JRTL 'K1 ,ef, 

(3 .194)  

(3 .195)  

where x l (0) and x , ( l )  a r e  t h e  mole  f r a c t i o n s  o f  s p e c i e s  1 a t  each 

f r o n t  o f  t h e  porous  medium. DIE,eff can be computed b y  means o f  an 
t r i a l  and e r r o r  p rocedure .  The d i f f u s i o n  r e a c t o r  wh ich  w i l l  be p r e -  
s e n t e d  i n  S e c t i o n  4.2 i s  a s u i t a b l e  l a b o r a t o r y  r e a c t o r  f o r  expe-  
r i m e n t a l l y  d e t e r m i n i n g  an e f f e c t i v e  d i f f u s i v i t y  a c c o r d i n g  t o  eq. 

3.192, as w e l l  as an e f f e c t i v e  Knudsen d i f f u s i v i t y  on t h e  b a s i s  of 
p e r m e a b i l i t y  measurements and a l s o  an  e f f e c t i v e  m o l e c u l a r  d i f f u s i -  
v i t y  as d e f i n e d  b y  eq. 3.195. 

porous  medium i s  c o n t a i n e d  b y  t h r e e  pa ramete rs  wh ich  c o r r e s p o n d  t o  
t h e  t h r e e  t r a n s p o r t  mechanisms c o n s i d e r e d :  t h e  p o r o s i t y - t o r t u o s i t y  
f a c t o r  E / T  f o r  m o l e c u l a r  d i f f u s i o n ,  t h e  Knudsen f l o w  pa ramete r  KO 
and t h e  v i s c o u s  f l o w  pa ramete r  Bo. I n  cases where t h e  a c t u a l  s t r u c -  
t u r e  o f  t h e  porous  medium i s  r e p r e s e n t e d  b y  s i m p l e  g e o m e t r i e s ,  t h e  
s t r u c t u r a l  pa ramete rs  a r e  s i m p l y  r e l a t e d  t o  measurab le  p h y s i c a l  
p r o p e r t i e s  o f  t h e  porous  medium. Thus, f o r  a l o n g  c i r c u l a r  c a p i l l a -  

I n  t h e  f o r m u l a t i o n  o f  t h e  d u s t y - g a s  model t h e  s t r u c t u r e  o f  t h e  

r y  o f  r a d i u s  R, 

Kg R/2, Bo = R2/8, E /T  = 1.  

F o r  i s o t r o p i c  media, g e o m e t r i c a l l y  m o d e l l e d  w i t h  bund 
s t r a i g h t  po res  o f  mean r a d i u s  K, 

KO = ( 2 K ~ ) / ( 3 r )  and Bo = - . -$ ' ( W 2  

F o r  g e o m e t r i c  models wh ich  r e p r e s e n t  t h e  a c t u a l  v o i d s  

T 

(3 .196)  

es  o f  

(3.197) 

i n  t h e  po rous  
medium, more r e a l i s t i c  r e l a t i o n s h i p s  f o r  t h e  s t r u c t u r a l  pa ramete rs  
a r e  more c o m p l i c a t e d  o r  d i f f i c u l t  t o  d e r i v e .  I n  t h e s e  cases t h e  pa- 
ramete rs  have t o  be  o b t a i n e d  f r o m  s u i t a b l e  e x p e r i m e n t a l  da ta .  

The s imu l taneous  occu rence  o f  d i f f u s i o n  and chemica l  r e a c t i o n  
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c o m p l i c a t e s  t h e  p i c t u r e ;  e v e n  more so  f o r  cases  o f  m u l t i s t e p  r e a c -  
t i o n s  w h i c h  r e p r e s e n t  t h e  o v e r w h e l m i n g  m a j o r i t y  o f  c a t a l y t i c  p r o -  
cesses .  

The s i m p l e s t  t w o - s t e p  r e a c t i o n s :  

A, - A 2 +  A 3  

and 

were a n a l y z e d  i n  i s o t h e r m a l  s y m m e t r i c a l  c a t a l y s t  p e l l e t s  ( s l a b ,  c y -  
l i n d e r  and s p h e r e )  u s i n g  t h e  d u s t y - g a s  model  ( r e f .  118).  A n a l y t i c a l  

s o l u t i o n  o f  t h e  c o r r e s p o n d i n g  e q u a t i o n s  was p o s s i b l e  f o r  some p a r -  
t i c u l a r  p h y s i c a l  cases  ( e . g . ,  e q u a l  Knudsen a n d / o r  b i n a r y  d i f f u s i -  
v i t i e s  f o r  a l l  components o r  w i t h  i n f i n i t e  Knudsen op b i n a r y  d i f f u -  
s i v i t i e s ) .  T h e o r e t i c a l  c o n c e n t r a t i o n  p r o f i l e s  c a n  t h u s  b e  c a l c u l a -  
t e d .  The method was a p p l i e d  t o  t h e  m e t h a n o l  s y n t h e s i s  r e a c t i o n  w i t h  
two p a r a l l e l  l i n e a r l y - i n d e p e n d e n t  c h e m i c a l  p r o c e s s e s :  

C O  t 2H2 - CH30H 
C02 t 3H2 -.) CH30H t H20 

o c c u r r i n g  on a s p h e r i c a l  c a t a l y s t  p e l l e t  ( r e f .  1 1 9 ) .  A maximum C02 

c o n c e n t r a t i o n  i n s i d e  t h e  p e l l e t  was r e p o r t e d .  

3 .4  CATALYST DEACTIVATION 
The a c t u a l  a c t i v i t y  and s e l e c t i v i t y  o f  a c a t a l y s t  depend o n  t h e  

h i s t o r y  o f  t h e  c a t a l y s t ,  b e g i n n i n g  w i t h  t h e  f i r s t  p r e p a r a t i o n  s t e p  
and as a r u l e  c h a n g i n g  w i t h  t i m e  on s t r e a m .  A new b a t c h  o f  c a t a l y s t  

may r e q u i r e  a " r u n n i n g - i n "  p e r i o d  t o  r e a c h  t h e  d e s i r e d  l e v e l  o f  
a c t i v i t y  and s e l e c t i v i t y .  T h i s  t i m e  i s  o f t e n  r e d u c e d  b y  a d d i t i v e s .  
Two examples  c a n  be  m e n t i o n e d  h e r e :  s u p p o r t e d  Pt /A1203 c a t a l y s t s  o f  
n a p h t h a - r e f o r m i n g  p o s s e s s  e x c e s s  and u n d e s i r a b l e  h y d r o g e n o l y s i s  
a c t i v i t y  i n  t h e i r  f r e s h  s t a t e .  T h i s  c a n  b e  t e m p e r e d  b y  t h e i r  d e l i -  
b e r a t e  p o i s o n i n g  b y  c o n t r o l l e d  d o s i n g  o f  s u l f u r  ( r e f .  1 2 0 )  o r  b y  
t h e  f i r s t  p o r t i o n s  o f  t h e  r e a c t a n t  i t s e l f  c a u s i n g  c a r b o n  a c c u m u l a -  
t i o n  on t h e  s u r f a c e  ( r e f .  1 2 1 ) .  A f t e r  t h i s  p e r i o d ,  a c o n s t a n t  a c t i -  
v i t y  i s  e x p e c t e d  f r o m  p r a c t i c a l  c a t a l y s t s ;  however ,  a d e c r e a s i n g  

a c t i v i t y  i s  u s u a l l y  o b s e r v e d  c a l l e d  c a t a l y s t  d e a c t i v a t i o n .  I t s  t i m e  
s c a l e  v a r i e s  c o n s i d e r a b l y  a n d  may c o r r e s p o n d  t o  t h o s e  of  t h e  d e s i -  
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red chemical su r f ace  r e a c t i o n s  o r  deac t iva t ion  may be very slow 
compared with the  main r e a c t i o n s ,  C a t a l y s t  deac t iva t ion  i s  a 
severe problem in  the  case  of l abora to ry  s t u d i e s  of heterogeneous 
c a t a l y t i c  processes ,  w i t h  r e spec t  t o  c a t a l y s t  s c reen ing ,  sca le -up  
from labora to ry  t o  i n d u s t r i a l  r e a c t o r s  and process  op t imiza t ion .  
For a l l  of these  t a s k s  k i n e t i c  parameters ,  which c h a r a c t e r i z e  the  
a c t i v i t i e s  and s e l e c t i v i t i e s ,  a r e  needed. These a r e  es t imated  by 
using f i t t i n g  procedures ,  s t a r t i n g  w i t h  a s e t  of experimental  com- 
pos i t i on  ver8u8 space v e l o c i t y  d a t a ,  p re fe rab ly  covering the  t o t a l  
r eac t ion  hyperplane in  the  composition space and which a r e  usua l ly  
obtained a t  d i f f e r e n t  temperatures .  

A few yea r s  ago i t  was s t i l l  t r u e  t h a t ,  compared with the  t o t a l  
number of r e l a t e d  s c i e n t i f i c  i n v e s t i g a t i o n s ,  deac t iva t ion  was only 
the s u b j e c t  of a r a t h e r  small number o f  s t u d i e s  ( r e f s .  78,122.123). 
However, i n  t he  1980's  both the  number of papers  and the depth o f  
t rea tment  increased  r a p i d l y  ( r e f s .  124-127).  A s e r i e s  of conferen-  
ces s t a r t e d  i n  Berkeley i n  1978 the  l a t e s t  being organized i n  
Antwerpen, i n  1987. Thei r  proceedings have Been publ ished a s  sepa- 
r a t e  volumes ( r e f s .  127,128).  I t  i s  s t i l l  t r u e ,  however, t h a t  no  
uniform a n d  general  t rea tment  o f  c a t a l y s t  deac t iva t ion  has been 
publ ished.  

Inves t iga t ions  of t he  mechanism of the  deac t iva t ion  processes  
can be assigned t o  c a t a l y t i c  chemis t ry /sur face  sc ience  and t o  a 
r eac t ion  k ine t ics /chemica l  engineer ing  approach. In the  fo l lowing ,  
some deac t iva t ion  mechanisms and p r i n c i p l e s  f o r  de r iv ing  dynamic 
model equat ions  a r e  d iscussed .  

3.4.1 Deact ivat ion mechanisms: chemical models 
Within the  concept o f  a c t i v e  c e n t e r s ,  c a t a l y s t  d e a c t i v a t i o n  can 

be understood e i t h e r  a s  a decrease i n  the  number of a c t i v e  c e n t e r s  
per u n i t  su r f ace  a rea  w i t h  time on s t ream o r  as  a decrease i n  t he  
a b i l i t y  of ind iv idua l  a c t i v e  c e n t e r s  t o  convert  r e a c t a n t  i n t o  p r o -  
duct molecules (i.s. as  a decrease i n  t he  turnover-numbers on ind i -  
vidual a c t i v e  c e n t e r s  per  u n i t  t ime) .  There a r e  many t h e o r e t i c a l l y  
poss ib l e  processes  which may cause d e a c t i v a t i o n  which we s h a l l  not  
cons ider  i n  d e t a i l .  Usually these  a r e  divided i n t o  s eve ra l  main 
c l a s s e s  ( r e f s .  122-124,129): 
( 5 )  S t r u c t u r a l  changes ( r e c o n s t r u c t i o n )  i n  the  c a t a l y s t  and on the  

su r face  of the c a t a l y s t ,  which may be caused, fo r  example by 
s i n t e r i n g  of o r i g i n a l l y  f i n e l y  d i spe r sed  c r y s t a l l i t e s ,  r e s t r u c -  
t u r i n g  of c r y s t a l l i t e  p l anes ,  v o l a t i l i z a t i o n  of su r face  metal 
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atoms, m e t a l - s u p p o r t  i n t e r a c t i o n s ,  a l l o y i n g ,  and s e g r e g a t i o n  o f  
a 1 1 oys . 
a c t i v e  c e n t e r s ;  t h i s  i s  termed p o i s o n i n g .  

m a t e r i a l  fo rmed i n  c o n s e c u t i v e  r e a c t i o n s  f r o m  hyd roca rbon  s u r -  
f a c e  complexes o r  f r o m  o t h e r  r e s i d u e s  b u i l t  up f r o m  f l u i d  phase 
s p e c i e s  on t h e  c a t a l y s t  s u r f a c e ;  t h i s  i s  t e rmed  or fou- 
l i n g .  

( i i  ) S t r o n g  c h e m i s o r p t i o n  o f  r e a c t a n t s ,  p r o d u c t s  o r  i m p u r i t i e s  on 

( i i i )  D e p o s i t i o n  of res idues ;  f o r  example,  l a y e r s  o f  carbonaceous 

A few s e l e c t e d  examples w i l l  now be g i v e n  f o r  a l l  t h r e e  c l a s s e s .  
Sur face  s p e c t r o s c o p i c  methods f o r  s t u d y i n g  a c t i v e  c e n t e r s  and t h e i r  

s u r r o u n d i n g s  on c a t a l y t i c a l l y  a c t i v e  s u r f a c e s ,  under  d e a c t i v a t i n g  
( o r  ana logous)  c o n d i t i o n s ,  w i l l  be men t ioned  here .  Such methods can 
be i ndependen t  o f  k i n e t i c  methods ( r e f .  128)  a l t h o u g h  t h e  r i g i d  
s e p a r a t i o n  o f  t h e  two t y p e s  o f  approach i s  n o t  c o r r e c t .  T o g e t h e r  
w i t h  examples o f  d e a c t i v a t i o n ,  some r u n n i n g - i n  p rocesses  w i l l  he 

t r e a t e d ,  too .  These u s u a l l y  b e l o n g  t o  t h e  f i r s t  two c l a s s e s .  Fou- 
l i n g ,  i n  g e n e r a l ,  p roduces  a d e p o s t t  r e p r e s e n t i n g  a s e p a r a t e  phase 
and i s  beyond t h e  r u n n i n g - i n  p e r i o d  o f  t h e  l i f e  o f  a c a t a l y s t .  
( 1 )  R e c o n s t r u c t i o n .  A l t h o u g h  s t r u c t u r a l  changes may be t h e r m a l l y  
induced,  t h e y  depend m o s t l y  upon t h e  chemica l  e n v i r o n m e n t  on t h e  
s o l i d  s u r f a c e s ,  t h e r e f o r e  f r e q u e n t l y  combined e f f e c t s  a r e  observed.  
Fo r  example, t h e  r e c r y s t a l l i z a t i o n  o f  t h e  P t - w i r e  n e t  used as  a ca- 
t a l y s t  f o r  ammonia o x i d a t i o n  has l o n g  been recogn ized ;  i n  s p i t e  o f  
t h i s ,  t h e  c a t a l y s t  p r e s e r v e s  i t s  a c t i v i t y  u n t i l  a mechan ica l  f a i l u r e  
occurs .  H2S i m p u r i t i e s  may enormous ly  a c c e l e r a t e  t h e  r e c r y s t a l l i z a -  
t i o n  o f  P t  w i r e  used f o r  ammonia o x i d a t i o n  ( r e f .  130) .  A n o t h e r  
example has been p r e s e n t e d  b y  Galwey at a t .  ( r e f .  131) who h e a t e d  
a P t - w i r e  up t o  1800 K i n  O2 u n t i l  t h e  e l e c t r o n  m i c r o g r a p h  showed 
a q u i t e  smooth s u r f a c e .  When t h e  w i r e  was used as a c a t a l y s t  f o r  

C O  o x i d a t i o n  a t  500 K, a m a j o r  f a c e t i n g  o c c u r r e d  e x p o s i n g  s e v e r a l  
sma l l  py ramids  on t h e  s u r f a c e .  Obv ious l y ,  a phenomenon c a l l e d  

" c o r r o s i v e  chemi s o r p t i o n "  o c c u r r e d ,  t h e  c a t a l y s t - a d s o r b a t e  bond 
s t r e n g t h  b e i n g  s o  l a r g e  t h a t  removal  o f  t h e  adspec ies  t o o k  w i t h  i t  

c a t a l y s t  atoms f r o m  t h e i r  o r i g i n a l  p o s i t i o n  t h u s  i n d u c i n g  s u r f a c e  
r e s t r u c t u r i n g .  Somor ja i  ( r e f .  132) i n t e r p r e t e d  t h e  s u l f u r  p o i s o n i n g  
o f  a p l a t i n u m  s u r f a c e  i n  te rms o f  i t s  r e c r y s t a l l i z a t i o n  f r o m  (111) 
symmetry t o  (100)  p l a n e s  and t h e  subsequent  changes i n  s t r u c t u r e  
s e n s i t i v i t y .  The e f f e c t  o f  hydrogen i n  r e c r y s t a l l i z a t i o n  a n d / o r  
s i n t e r i n g  o f  P t  powder has a l s o  been r e p o r t e d  ( r e f .  133) .  
( i i )  Po ison ing .  D e p o s i t i o n  o f  d e e p l y  dehydrogenated  s p e c i e s  on  t o  
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a Pt /A1203 r e f o r m i n g  c a t a l y s t  d u r i n g  t h e  i n i t i a l  s t a g e s  o f  m e t h y l -  
cyclohexane. (MCH) d e h y d r o g e n a t i o n  may be te rmed as  p o i s o n i n g  i n  t h e  
s t r i c t e s t  .sense s i n c e  i t  i s  c o m p l e t e l y  r e v e r s i b l e :  t h e  d e p o s i t  can 
be removed b y  h y d r o g e n a t i o n  ( r e f .  134) .  D u r i n g  t h i s  p e r i o d ,  an 
e q u i l i b r i u m  can be assumed between a c t i v e  and r e v e r s i b l y  d e a c t i v a -  
t e d  s i t e s ,  t h r o u g h  a s i m p l e  d e h y d r o g e n a t i o n  s t e p .  T h i s  p e r i o d  l a s t s  
u n t i l  abou t  20-40% of t h e  o r i g i n a l  a c t i v i t y  i s  l o s t ;  t h e n  a l o n g -  
- t e r m  d e a c t i v a t i o n  f o l l o w s  w h i c h  i s ,  a t  most ,  p a r t l y  r e v e r s i b l e  
and may be te rmed t l fou l ing l l  ( t h e  a u t h o r s ,  i n  f a c t ,  use t h i s  e x p r e s -  
s i o n ) .  I n c r e a s i n g  hydrogen p r e s s u r e  s lowed  down t h i s  p o i s o n i n g .  
K i n e t i c  aspec ts  o f  t h i s  p r o c e s s  w i l l  be d i s c u s s e d  l a t e r .  

The s t r u c t u r e  o f  t h e  carbonaceous o v e r l a y e r s  and t h e i r  e f f e c t  
on t h e  a c t i v i t y  o f  v a r i o u s  s i n g l e  c r y s t a l  f a c e s  has  been s t u d i e d  
e x t e n s i v e l y  b y  Somor ja i  and a s s o c i a t e s  ( r e f .  135).  A comp le te  c a r -  
bonaceous o v e r l a y e r  fo rmed  d u r i n g  t h e  f i r s t  few m i n u t e s  ( o r  even 
seconds) o f  c o n t a c t  w i t h  t h e  r e a c t i o n  m i x t u r e  a t  cyc lohexane  p r e -  
ssu res  as l o w  as T o r r  ( r e f .  136) .  T h i s  d e p o s i t  s e l e c t i v e l y  

cove red  edge and k i n k  s i t e s  and suppressed h y d r o g e n o l y s i s .  Cons tan t  
a c t i v i t y  was obse rved  i n  dehydrogenationldehydrocyclization r e a c -  
t i o n s  i n  t h e  presence o f  0.1 t o  1 mono laye r  o f  t h i s  o v e r l a y e r .  T h i s  
l a y e r  can s t o r e  hydrogen and may show a marked c a t a l y t i c  a c t i v i t y  
i n  hyd rogena t ion /hyd rogen  t r a n s f e r  r e a c t i o n s  ( r e f s .  135,136). 

M u l t i l a y e r  ca rbon  b u i l d u p  and e v e n t u a l  g r a p h i t i z a t i o n ,  w i t h  e x t e n -  
s i v e  d e a c t i v a t i o n ,  t a k e s  p l a c e  above 700 K. R e a c t i n g  [ C J - l a b e l -  
l e d  3-methy lpentane on P t - b l a c k  showed t h a t ,  a t  a s u r f a c e  a t o m i c  
r a t i o  C / P t  = 0 .8 ,  abou t  70% o f  t h e  aromatizing/dehydrogenating ac -  
t i v i t y  remained; a t  t h e  same t i m e ,  o n l y  30% o f  t h e  o r i g i n a l  h y d r o -  
g e n o l y s i s  a c t i v i t y  was obse rved  ( r e f .  137 ) .  T h i s  s e l e c t i v e  p o i s o -  
n i n g  o f  h y d r o g e n o l y s i s  b y  carbonaceous d e p o s i t s  was a l s o  obse rved  

w i t h  Pt/A1203 and Pt-Re/A1203 ( r e f .  1 2 1 ) .  A f r e s h  Pt /A1203 c a t a l y s t  
showed a c o n v e r s i o n  and a methane s e l e c t i v i t y  o f  a b o u t  100%. T h i s  
s i t u a t i o n  p e r s i s t s  i n  a f l o w  r e a c t o r  u s i n g  a n-heptane f e e d  o f  1 
T o r r  i n  1 b a r  H2. I n c r e a s i n g  t h e  n-heptane p r e s s u r e  t o  10  T o r r ,  
methane s e l e c t i v i t y  d rops  t o  be low 10% r a p i d l y ,  w i t h  i n c r e a s i n g  
a r o m a t i c  S e l e c t i v i t y  (up  t o  90%) .  A t  t h i s  p a r t i a l  hyd roca rbon  p r e s s u -  
r e s ,  a c c u m u l a t i o n  o f  carbonaceous d e p o s i t s  must  have been s u f f i c i e n t  
t o  p o i s o n  s i t e s  f o r  e x c e s s i v e  h y d r o g e n o l y s i s :  however,  a r o m a t i z a t i o n  
s i t e s  remained i n t a c t .  I n c r e a s i n g  t h e  heptane p r e s s u r e  t o  56 T o r r ,  
a r o m a t i z a t i o n  a c t i v i t y  s t a r t e d  t o  d rop .  Here  a c c u m u l a t i o n  and m i g r a -  
t i o n  o f  t h e  d e p o s i t s  t o  t h e  s u p p o r t  were c l a i m e d  t o  compete ( r e f .  
4 5 ) .  Here o b v i o u s l y ,  a s e l e c t i v e  p o i s o n i n g  o c c u r r e d  wh ich  i s  r e g a r -  

1 4  
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ded as u s e f u l  because a r o m a t i c s  a r e  v a l u a b l e  p r o d u c t s  f r o m  n - h e p t a -  
ne w h i l e  methane i s  n o t .  I t  i s  c l e a r ,  however, t h a t  " u s e f u l n e s s "  i s  
a q u e s t i o n  o f  economic and n o t  chemica l  d e f i n i t i o n .  

Severa l  exper imen ts  i n d i c a t e  t h a t  a r o m a t i z a t i o n  r e q u i r e s  s m a l l  
Pt-ensembles ( r e f .  138) and i s  p romoted b y  c o n d i t i o n s  when t h e  P t -  
- s u r f a c e  i s  d i v i d e d  b y  a d d i t i v e s  i n t o  s m a l l e r  s e p a r a t e d  a reas .  T h i s  

can be done b y  i n a c t i v e  a l l o y i n g  e lements ;  such as  Cu, Au ( r e f s .  
52,138). Sn o r  Pb ( r e f s .  52,121). Carbonaceous d e p o s i t s  can, t o  
some e x t e n t ,  s u b s t i t u t e  t h e  l a t t e r  t y p e  o f  a d d i t i v e s  and so can t h e  
a d d i t i o n  o f  s u l f u r ,  H y d r o g e n o l y s i s  on n-pentane dropped t o  z e r o  
ove r  a Pt/A1203 w i t h  a s u r f a c e  a t o m i c  r a t i o  S / P t  = 1 ( r e f .  120) .  
T h i s  sample d i d  n o t  chemisorb  hydrogen i n d i c a t i n g  no " f r e e "  P t -  
-atoms on t h e  su r face ;  s t i l l ,  t h e  a c t i v i t y  and s e l e c t i v i t y  f o r  t h e  
n-hexane r e f o r m i n g  r e a c t i o n  was r e t a i n e d .  A s i m i l a r  r e s u l t  can be 
ach ieved  b y  h i g h  tempera tu re  hydrogen p r e t r e a t m e n t  ( r e f .  139).  The 
s u l f u r  t o l e r a n c e  o f  Pt-Re/A1203 i s  much l o w e r :  t h e  s,ame amount o f  
S added r e s u l t e d  i n  an i n i t i a l  a c t i v i t y  o f  a b i m e t a l l i c  c a t a l y s t  
s i x  t i m e s  l o w e r  t h a n  t h a t  o f  t h e  m o n o m e t a l l i c  s u p p o r t e d  P t -samp le  
( r e f .  140) .  S u l f u r  atoms a r e  bound s e l e c t i v e l y  t o  s u r f a c e  Re-atoms, 
t h e  r e s u l t i n g  Re-S s p e c i e s  b e i n g  v e r y  e f f e c t i v e  i n  d i v i d i n g  P t - s u r -  
f aces  i n t o  ensembles f a v o r i n g  a r o m a t i z a t i o n  ( r e f s .  41,135,141). 

S u l f u r  on a P t ( 1 0 0 )  c r y s t a l  f a c e  can c o m p l e t e l y  suppress  t h e  
o x i d a t i o n  o f  C O  b y  NO ( r e f .  142) .  Us ing  A u g e r - e l e c t r o n  s p e c t r o s c o p y  
t o  de te rm ine  t h e  chemica l  c o m p o s i t i o n  o f  t h e  s u r f a c e  and l o w  energy  
e l e c t r o n  d i f f r a c t i o n  t o  a n a l y z e  t h e  s u r f a c e  s t r u c t u r e ,  t h e  fo rma-  
t i o n  o f  s u l f u r  o v e r l a y e r s  when e x p o s i n g  P t ( 1 0 0 )  s u r f a c e s  t o  H2S a t  

T o r r  and t h e  o x i d a t i o n  o f  C O  on c l e a n  and s u l f i d e d  P t - s u r f a -  
ces have been i n v e s t i g a t e d .  Toge the r  w i t h  t h e  s u p p r e s s i o n  o f  CO 
o x i d a t i o n ,  s u l f u r  fo rms c e n t e r e d  ( 2  x 2 )  o r  p r i m i t i v e  ( 2  x 2 )  su-  
p e r l a t t i c e s  on t h e  p l a t i n u m  s u r f a c e .  
( i i i )  F o u l i n g .  As a r u l e ,  t h i s  p rocess ,  i s  accompanied b y  t h e  b u i l d -  

up o f  an o v e r l a y e r  o r  d e p o s i t  r e p r e s e n t i n g  a s e p a r a t e  phase on a 
much l a r g e r  s c a l e  t h a n  p o i s o n s  a t t a c h e d  t o  t h e  c a t a l y s t ,  sometimes 
i n  an a t o m i c a l l y  d i s p e r s e d  s t a t e .  F o u l i n g  i s  observed,  f o r  example,  
i n  t h e  h y d r o d e s u l f u r i z a t i o n  o f  r e s i d u a l  o i l  f e e d s t o c k s  where vana- 
dium and n i c k e l  s u l f i d e s ,  p r e s e n t  i n  a s p h a l t e n e s  and r e s i n s  a r e  
d e p o s i t e d  oia an a u t o c a t a l y t i c  r e a c t i o n  i n  t h e  s u p e r f i c i a l  r e g i o n s  
o f  t h e  c a t a l y s t  p e l l e t s  ( r e f .  143 ) .  Thus t h e  r e g i o n s  i n  t h e  c a t a -  
l y s t  w i t h  m e t a l  d e p o s i t i o n  do n o t  c o n t r i b u t e  t o  r e a c t a n t  c o n v e r s i o n ,  
however, w i t h  m e t a l  d e p o s i t i o n  a f u r t h e r  r e l a t e d  e f f e c t  a l s o  o c c u r s  
w i t h  cok ing .  Due t o  t h e  d e p o s i t i o n  o f  r e s i d u e s  on t h e  i n t e r n a l  sup- 
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f a c e  o f  porous  c a t a l y s t s ,  t h e  p o r e  d i a m e t e r s  change and hence a l s o  
t h e  d i f f u s i v i t i e s .  I n  t h e  case o f  h y d r o d e s u l f u r i z a t i o n ,  w i t h  i n c -  
reased  meta l  s u l f i d e  d e p o s i t s  i n  t h e  s u p e r f i c i a l  r e g i o n s  o f  t h e  
c a t a l y s t  p e l l e t s  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 e l l e t s  become l e s s  
and l e s s  a c c e s s i b l e  t o  t h e  l a r g e  r e a c t a n t  m o l e c u l e s  u n t i l  t h e  p o r e s  
a r e  f u l l y  b l o c k e d  and t h e  a c t i v i t y  r a p i d l y  d e c l i n e s  t o  a l m o s t  z e r o .  
Two p rocesses  a r e  compet ing  h e r e :  t h e  f o r m a t i o n  o f  d e p o s i t s  m a i n l y  
on t h e  o u t e r  s u r f a c e  o f  t h e  p e l l e t s  b y  heavy m e t a l - c o n t a i n i n g  mo- 
l e c u l e s  and s u r f a c e  p o i s o n i n g  w i t h i n  t h e  p o r e s .  I f  t h e  f i r s t  p r o -  
cess i s  more r a p i d ,  t h e  p o r e  mouths w i l l  be p h y s i c a l l y  b l o c k e d  be- 
f o r e  t h e  d e p o s i t s  reach  t h e  c e n t e r  o f  t h e  c a t a l y s t  p e l l e t .  The ac-  
t i v i t y  i s  t h e n  l o s t ,  a l t h o u g h  c a t a l y t i c a l l y  a c t i v e  s u r f a c e s  a r e  
s t i l l  p r e s e n t ,  b u t  i n  a c c e s s i b l e .  A m a t h e m a t i c a l  a n a l y s i s  o f  t h e  
p rocess  (assuming u n i f o r m  p o r e - s i z e  d i s t r i b u t i o n  and f i r s t - o r d e r  
k i n e t i c s  f o r  b o t h  d e m e t a l l i z a t i o n  and d e s u l f u r i z a t i o n )  has been p r e -  
s e n t e d  by  Ahn and Smi th  ( r e f .  144 ) .  A s i m i l a r  c o u p l i n g  w i t h  mass 
t r a n s p o r t  r a t e s  w i t h i n  t h e  po rous  s t r u c t u r e  i s  a l s o  e x p e c t e d  i n  ca- 
ses o f  s t r u c t u r a l  changes i n  t h e  c a t a l y s t .  

3.4.2 K i n e t i c  and chemica l  e n g i n e e r i n g  approach t o  c a t a l y s t  deac- 

I n  te rms o f  t h e  a c t i v e  c e n t e r  concep t ,  d e a c t i v a t i o n  p rocesses  
accompanying s u r f a c e  r e c o n s t r u c t i o n  [ c l a s s  ( i )  I change t h e  e l e c t r o -  

n i c  and g e o m e t r i c  c h a r a c t e r i s t i c s  o f  a c t i v e  c e n t e r s  and t h e i r  en-  
v i ronmen t .  Hence, i t  c a n n o t  be  e x p e c t e d  t h a t  t h e  r a t e s  o f  c o r r e s -  
pond ing  s u r f a c e  r e a c t i o n s  can be m a t h e m a t i c a l l y  m o d e l l e d  w i t h  
d i f f e r e n t i a l  e q u a t i o n s  h a v i n g  c o n s t a n t  c o e f f i c i e n t s ,  i f  i t  i s  n o t  

assumed t h a t ,  f o r  t r a n s f o r m i n g  a c e r t a i n  r e a c t a n t  i n t o  a p r o d u c t ,  
t h e  a c t i v e  c e n t e r s  must be  p r o v i d e d  w i t h  a c e r t a i n  e l e c t r o n i c  and 
g e o m e t r i c  env i ronmen t ;  any  s l i g h t  change o f  t h i s  e n v i r o n m e n t  w i l l  
cause a t o t a l  l o s s  o f  t h e  a b i l i t y  o f  t h e  a c t i v e  c e n t e r  t o  c o n v e r t  
r e a c t a n t s  i n t o  p r o d u c t s .  W i t h  C lass  ( i i )  and ( i i i )  d e a c t i v a t i o n  
p rocesses  ( p o i s o n i n g  and f o u l i n g )  t h e  number o f  a c t i v e  c e n t e r s  i s  
decreased b y  b l o c k i n g  o r  s t r o n g  c h e m i s o r p t i o n .  A d s o r p t i o n  o f  spe- 
c i e s  o f  t h e  f l u i d  phase i n  t h e  v i c i n i t y  o f  a c t i v e  c e n t e r s ,  however,  
w i  1 a l s o  change t h e  e l e c t r o n i c  and g e o m e t r i c  c h a r a c t e r i s t i c s  o f  
ac i v e  c e n t e r s .  

D e a c t i v a t i o n  can be t a k e n  i n t o  a c c o u n t  i n  k i n e t i c  a n a l y s i s  as 
f o  l ows :  

1. D e a c t i v a t i o n  s t e p s  a r e  i n c o r p o r a t e d  i n t o  t h e  r e a c t i o n  n e t w o r k  
and t h e  dynamic model e q u a t i o n s  a r e  d e r i v e d  f r o m  t h e  comp le te  

t i  v a t i o n  
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r e a c t i o n  ne twork .  

v a t i o n  s t e p s  and o t h e r  s u r f a c e  r e a c t i o n s  a t  c o n s t a n t  t empera tu -  
r e  and r e a c t i o n  m i x t u r e  c o m p o s i t i o n  i n  cases where t h e  comp le te  
r a t e  e q u a t i o n  can be s e p a r a t e d  i n t o  a p r o d u c t  o f  a t e r m  d e s c r i -  
b i n g  t h e  p r e s e n t  c o n d i t i o n s  and a t e r m  d e s c r i b i n g  p a s t  h i s t o r y ;  
t h e s e  p r o v i s i o n s  can a l s o  be used t o  d i s c r i m i n a t e  among r i v a l  

d e a c t i v a t i o n  mechanisms on t h e  b a s i s  o f  s i m p l i f i e d  r e a c t i o n  
schemes, where d e a c t i v a t i o n  s t e p s  a r e  i n c o r p o r a t e d .  

3 .  F o l l o w i n g  t h o r o u g h l y  accompl ished r u n n i n g - i n  p rocedures  an a c t i -  

v i t y  and s e l e c t i v i t y  l e v e l  o f  t h e  c a t a l y s t  can be found,  wh ich  
i s  c o n s t a n t  d u r i n g  a s e r i e s  o f  measurements on t h e  same c a t a l y s t  
sample and f o r  d i f f e r e n t  c a t a l y s t  samples. The e x p e r i m e n t a l  d a t a  
r e q u i r e d  t o  de te rm ine  t h e  c o e f f i c i e n t  m a t r i x  i n  t h e  dynamic mo- 

d e l  e q u a t i o n s  a r e  t h e n  o b t a i n e d  a t  t h i s  a c t i v i t y  and s e l e c t i v i -  
t y  l e v e l  o f  t h e  c a t a l y s t  and hence t h e  c o e f f i c i e n t  m a t r i x  o n l y  
c h a r a c t e r i z e s  t h i s  s i n g l e  c a t a l y s t  a c t i v i t y  and s e l e c t i v i t y  l e -  
v e l .  T h i s  may s e v e r e l y  l i m i t  t h e  p o s s i b i l i t y  o f  p r e d i c t i n g  t h e  
a c t i v i t y  and s e l e c t i v i t y  o f  t h e  same c a t a l y s t  i n  o t h e r  l a b o r a -  
t o r y  r e a c t o r  c o n f i g u r a t i o n s  o r  i n  l a r g e r  s c a l e  r e a c t o r s  and 
f u r t h e r  exper imen ts  w i l l  have t o  be pe r fo rmed  t o  examine t h e  
a c t u a l  a c t i v i t y  and s e l e c t i v i t y  l e v e l  of ,  t h e  c a t a l y s t  i n  t h e s e  
d i f f e r e n t  r e a c t o r s .  O b v i o u s l y  t h e  u s e f u l n e s s  o f  such d a t a  i s  
r a t h e r  r e s t r i c t e d .  

4. The s e t  o f  e x p e r i m e n t a l  d a t a  f o r  d e t e r m i n i n g  t h e  c o e f f i c i e n t  
m a t r i x  i s  o b t a i n e d  a t  d i f f e r e n t  c a t a l y s t  a c t i v i t y l s e l e c t i v i t y -  
- l e v e l s .  A c e r t a i n  a c t i v i t y / s e i l e c t i v i t y - l e v e l  o f  t h e  c a t a l y s t  
i s  assumed and a l l  t h e  d a t a  a r e  " c o r r e c t e d "  f o r  t h i s  v a l u e  b y  
use o f  a f u r t h e r  s e t  o f  re fe rence-measurements  made under  s t a n -  
d a r d  c o n d i t i o n s  a t  d i f f e r e n t  t imes-on-s t ream.  I n  t h e  case o f  
nonseparab le  k i n e t i c s ,  t h e  s e t  o f  d a t a  o b t a i n e d  i n  t h i s  way i s  
i n c o n s i s t e n t  and o f  no use i n  t h e  l a b o r a t o r y  s t u d i e s  c l a i m e d  
above. 
O f  t h e  f o u r  cases cons ide red ,  i n  t h e  f i r s t  two, d e a c t i v a t i o n  

r e a c t i o n s  a r e  i n v e s t i g a t e d  and a r e  i n c o r p o r a t e d  i n t o  t h e  r e a c t i o n  
ne twork  on d i f f e r e n t  l e v e l s .  W i t h  t h e  o t h e r  two, d e a c t i v a t i o n  i s  
d e a l t  w i t h  l i k e  a phenomenon wh ich  has t o  be c i r c u m v e n t e d  i n  o r d e r  
t o  o b t a i n  a r e q u i r e d  s e t  o f  e x p e r i m e n t a l  da ta .  The most u s u a l  p r o -  
cedure  f o r  s t u d y i n g  t h e  dynamics o f  r e a c t i v e  c a t a l y t i c  systems i s  
t h a t  d e s c r i b e d  i n  Case 3 .  

2. Exper imen ta l  p r o v i s i o n s  a r e  t a k e n  t o  decoup le  r a t e s  o f  d e a c t i -  

W i t h  t h e  aim o f  m a t h e m a t i c a l l y  m o d e l i n g  t h e  dynamics o f  d e a c t i -  
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v a t i n g  c a t a l y t i c  r e a c t i o n  systems , r e a c t i o n  schemes a r e  r e q u i r e d  
f o r  t h e  f o r m u l a t i o n  o f  t h e  model e q u a t i o n s .  R e a c t i o n  schemes wh ich  
have been f r e q u e n t l y  c o n s i d e r e d  i n  t h e  l i t e r a t u r e  a r e  ( W  i s  t h e  
p o i s o n  d e p o s i t e d  on t h e  c a t a l y s t ) :  
I m p u r i t y  o r  s i d e - b y - s i d e  d e a c t i v a t i o n  

A1 - A2 
P - w. 

P a r a l l e l  s e l f - p o i s o n i n g  

o r  A1-A2 t W A1  - A2 

A1 - W 
S e r i e s  s e l f - p o i s o n i n g  

and t r i a n g u l a r  s e l f - p o i s o n i n g  
A1 --c A2 -C W 

A1 - A2 
1Wd 0 

(3.197) 

(3.198) 

(3 .199)  

(3.200) 

The k i n e t i c s  o f  s e l f - p o i s o n i n g  a l s o  has i t s  e f f e c t  on d e a c t i v a t i o n  
r a t e .  F i r s t - o r d e r  and Langmui r -H inshe lwood k i n e t i c s  have been con- 
s i d e r e d  t o  d e s c r i b e  p a r a l l e l  and s e r i e s  f o u l i n g ,  r e s p e c t i v e l y ,  i n  
a f i x e d - b e d  a d i a b a t i c  c a t a l y t i c  r e a c t o r .  I t  t u r n e d  o u t  t h a t  Lang- 
mu i r -H inshe lwood  f o u l i n g  may be much more seve re  t h a n  when i t  t a k e s  
p l a c e  a c c o r d i n g  t o  f i r s t - o r d e r  k i n e t i c s .  Aga in ,  t h e  t i m e  s c a l e  o f  
f o u l i n g  s h o u l d  be v e r y  l a r g e  compared w i t h  t h a t  o f  t h e  c a t a l y t i c  
r e a c t i o n s ;  s o l u t i o n s  c o u l d  be o b t a i n e d  f o r  t h i s  pseudo-s teady  s t a -  
t e  ( r e f .  145 ) .  

As was s t a t e d  above, i n  man-made c a t a l y t i c  c o n v e r s i o n s  t h e  ma in  
a im i s  t o  o b t a i n  h i g h  space- t ime  y i e l d s  and hence ( u n l i k e  b i o l o g i -  
c a l  systems where i n h i b i t i o n  o f  enzyme a c t i v i t y  i s  a r e g u l a t i n g  
mean f o r  t h e  r a t e  o f  s i n g l e  r e a c t i o n ) ,  w i t h  man-made r e a c t i v e  s y s -  
tems d e a c t i v a t i o n  mechanisms a r e  i n v e s t i g a t e d  i n  o r d e r  t o  r e d u c e  
c o n s i d e r a b l y  o r  s low  down d e a c t i v a t i o n  r e a c t i o n s ,  o r  t o  d i s c o v e r  
p rocedures  f o r  r e g e n e r a t i n g  t h e  o r i g i n a l  a c t i v i t y  and s e l e c t i v i t y  
o f  t h e  c a t a l y s t .  T a b l e  3.9 shows t y p i c a l  s t a b i l i t y  p e r i o d s  and 
f a c t o r s  wh ich  de te rm ine  t h e  l o n g - t e r m  s t a b i l i t y  o f  some i m p o r t a n t  
i n d u s t r i a l  c a t a l y s t s  a c c o r d i n g  t o  Denny and Twigg ( r e f .  146 ) .  The 
r a t e  o f  t h e  " u s e f u l "  r e a c t i o n  and t h a t  o f  c a t a l y s t  d e a c t i v a t i o n  de- 
t e r m i n e s  t h e  o p e r a t i o n a l  s t r a t e g y  t o  be  adob ted  c o m m e r c i a l l y  when 
u s i n g  c a t a l y t i c  p rocesses .  A t  p r e s e n t ,  t h e s e  s t r a t e g i e s  a r e  m o s t l y  
based on e m p i r i c a l  c o r r e l a t i o n s  o f  c a t a l y s t  d e a c t i v a t i o n  r a t h e r  
t h a n  t h e  e x a c t  i n c o r p o r a t i o n  o f  d e a c t i v a t i o n  f u n c t i o n s  i n  t h e  o v e r -  
a l l  k i n e t i c s .  Theory  has s t i l l  a l o n g  way t o  go b e f o r e  a s c i e n t i -  
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TABLE 3.9 

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

s t a b i l i t y  o f  i n d u s t r i a l  c a t a l y s t s  ( r e f .  1 4 5 ) .  

Opera t i on 
c o n d i t i o n s  s t a b i -  on p r o c e s s  

T y p i  c a l  

Catalyst l i t y  p e -  a f f e c t i n g  
r i o d  s t a n d i n g  
[ y e a r s  I t i  me 

D e a c t  i v a t  i - 
R e a c t 1  on 

Ammonia s y n t h e s i s  450-550°C Fe/K20/A1203 5 - 1 0  s l o w  s i n -  
N2t3H2 - 2NH3 200-500 a tm t e r i n g  

Methan a t  i on 250-350°C N i / A 1 2 0 3  5 - 1 0  s l o w  p o i s o -  
C0t3H2--  CH4+H20 30 a tm n i n g  ( S ,  

As-compo- 
u n d s )  

M e t h a n o l  s y n t h e s i s  200-300°C Cu/Zn/A1203 2-8 s l o w  s i n t e -  
C0t2H2 --c CH30H 50 -100  a t m  r i n g  

H y d r o d e s u l  f u r i z a -  300-400°C CoS/MoS2/ 5 - 1 0  s l o w  c o k i n g  
t i  on  35- 70 a t m  /A1203  
1 i g h t p e t r o l  eum 

Heavy p e t r o l e u m ,  340-425'C CoS/MoS2/ 0 .5 -1  f o u l i n g  
r e s i d u a  55 -170  a t m  /A1203  ( m e t a l  s u l -  

f i d e  depo-  
s i t s )  

Ammonia o x i d a t i o n  800-900°C P t - a l l o y  0.1-0.5 l o s s  o f  P t ,  
2NH3+5/202+2N0t3H20 1- 1 0  a t m  gauze  p o i s o n i n g  

C a t a l y t i c  c r a c k i n g  500-560°C Z e o l i t e  0.000002 r a p i d  c o -  
o f  o i l s  2 -  3 a t m  k i n g  ( c o n -  

( f l u i d i z e d  t i n u o u s  r e -  
b e d )  g e n e r a t i  o n )  

Benzene o x i d a t i o n  35OoC V205/Mo02/ 1 - 2  f o r m a t i o n  
t o  m a l e i c  anhyd-  
r i d e  
C6H6 t02+C4H203 phase  

o f  i n a c t i v e  
atm /A1203 v a n a d i  um 

f i c a l l y  b a s e d  s o l u t i o n  can b e  r e a c h e d  ( r e f .  1 4 7 ) .  A l s o ,  t h e  o p e r a -  

t i o n a l  s t r a t e g y  i s  i n f l u e n c e d  b y  t h e  p a r a m e t e r  u s e d  f o r  o p t i m i z a -  
t i o n :  maximum p r o d u c t  o u t p u t ,  minimum o p e r a t i o n a l  c o s t ,  maximum 

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

l a t e d  i n  T a b l e  3.10 a f t e r  K o v a r i k  a n d  B u t t  ( r e f .  1 4 7 ) ;  t h e s e  a u t -  

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

The p r a c t i c a l  s o l u t i o n s  a r e  e s s e n t i a l l y  c i r c u m v e n t i o n s  o f  t h e  p r o b -  
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T A B L E  3.10 

Summary o f  opera t iona l  s t r a t e g i e s  f o r  a r e a c t o r  s u b j e c t  t o  c a t a l y s t  
deac t iva t ion .  Reproduced w i t h  permission from ( r e f .  1 4 6 ) ,  p .  499, 
by cour tesy  o f  Marcel Dekker, Inc.  

1. Vary r e a c t o r  temperature  with t ime t o  maintain a cons t an t  con- 
vers ion w i t h  a cons tan t  r e a c t o r  feed  flow r a t e .  A t y p i c a l  po l -  
i c y  f o r  l a r g e  throughput (10 tonne per y e a r )  and slow d e a c t i -  
va t ion  r a t e s  ( m o n t h s  t o  yea r s  of c a t a l y s t  l i f e ) .  

2 .  Vary throughput o f  t he  r e a c t o r  feed  while  holding the  r e a c t o r  
temperature  and conversion cons t an t .  A p o s s i b l e  po l i cy  f o r  me- 
d ium deac t iva t ion  r a t e s  (weeks t o  months c a t a l y s t  l i f e )  and 
small t o  medium t h r o u g h p u t  (about  1 0  tonne per  y e a r )  systems. 

3. Allow the  conversion t o  f a l l  while holding the  r e a c t o r  feed 
flow r a t e  and r e a c t o r  temperature  cons t an t .  S i m i l a r  a p p l i c a t l -  
ons  as  i n  Item 2.  

and l e t  t he  recyc le  f l o w  inc rease .  S imi l a r  a p p l i c a t i o n  as  i n  
Item 2 .  

5. Use a combination o f  r e a c t o r s  i n  p a r a l l e l  and t h e  p l i c i e s  o f  
Items 1 o r  3. Usual ly ,  with two r e a c t o r s  i n  p a r a l l e l ,  one w i l l  
be o f f - l i n e  f o r  c a t a l y s t  regenera t ion  while t he  o the r  i s  opera 
t i n g .  A t y p i c a l  po l icy  for  l a r g e  throughput  and medium t o  f a s t  
deac t iva t ion  r a t e s  (days t o  months o f  c a t a l y s t  l i f e ) .  

conversion,  t h r o u g h p u t ,  and r e a c t o r  temperature .  A t y p i c a l  po- 
l i c y  f o r  l a rge  throughput ,  r ap id  d e a c t i v a t i o n  systems (hours 
t o  days of c a t a l y s t  l i f e ) .  

6 

5 

4.  Maintain the  f r e s h  feed  r a t e  and r e a c t o r  temperature  cons t an t  

6 .  Continuous c a t a l y s t  regenera t ion  while  maintaining cons t an t  

lems a r i s i n g  from deac t iva t ion .  I t  was along these  l i n e s  of c i r -  
cumventing the  underlying problems of c a t a l y s t  d e a c t i v a t i o n  tha t  
an ingenious feedback cont ro l  po l icy  was developed ( r e f .  148).  Here 
the  i n l e t  temperature  i s  va r i ed  according t o  d e a c t i v a t i o n  while  
d i s regard ing  the  mechanism of  d e a c t i v a t i o n .  The examples shown a r e  
c e r t a i n l y  impressive from a p r a c t i c a l  po in t  o f  view: w i t h  s tepwise  
( r a t h e r  than cont inuous)  feedback,  when conversion of a model reac-  
t i o n  drops from 87 t o  822,  a temperature  j u m p  i s  app l i ed  and t h i s  
procedure i s  repeated u n t i l  the maximum permissible i n l e t  tempera- 
t u r e  i s  reached. Then the  conversion decreases  cont inuous ly  t o  a 
l eve l  when regenera t ion  becomes necessary .  
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3.4.3 Dynamic models o f  d e a c t i v a t i n g  r e a c t i v e  systems 

ous phase r e a c t i o n s  t h e  f o l l o w i n g  f o r m  
When m a t h e m a t i c a l l y  mode l i ng  t h e  dynamics o f  homogeneous gase- 

r = f(T,ci) = k (T) . f (c i )  (3.201) 

i s  u s u a l l y  used, assuming t h a t  t h e  dependence o f  t h e  r a t e  on tem- 
p e r a t u r e  and c o n c e n t r a t i o n  can be s e p a r a t e d  i n t o  a tempera tu re -de -  
pendent  te rm,  

k ( T )  = ko-exp( -AE/RT)  (3.202) 

and a c o n c e n t r a t i o n - d e p e n d e n t  te rm,  wh ich  i s  f o r m u l a t e d  as 
1 ni 

f(Ci) = n ci . 
i = l  

(3.203) 

Based on t h i s  approach SzCpe and L e v e n s p i e l  ( r e f .  149)  d i v i d e d  de- 
a c t i v a t i n g  c a t a l y t i c  r e a c t i o n  systems i n t o  systems where t h e  comp- 
l e t e  r a t e  e q u a t i o n  i s  s e p a r a b l e  and systems where t h e  r a t e  e q u a t i -  
ons a r e  n o t .  The comple te  r a t e  e q u a t i o n  i n  t h e  g e n e r a l  f o r m  i s  g i -  
ven ( r e f .  148) by :  

r = r ( p r e s e n t  c o n d i t i o n s ,  p a s t  h i s t o r y ) .  (3.204) 

I n  t h e  case o f  h y p e r b o l i c  r a t e  e q u a t i o n s  where a t e r m  8, c a l l e d  t h e  
f o u l i n g  f a c t o r ,  has been i n t r o d u c e d  t o  accoun t  f o r  d e c r e a s i n g  ca-  
t a l y s t  a c t i v i t y ,  f o r  example 

t h e  g e n e r a l  f o r m  o f  t h e  comple te  r a t e  e q u a t i o n  can be w r i t t e n  as 

rl ( p r e s e n t  c o n d i t i o n s )  
r =  r21r3 ( p r e s e n t  c o n d i t i o n s l +  r4 ( p a s t  h i s t o r y ) l '  .(3.206) 

The comple te  r a t e  e q u a t i o n  i s  te rmed s e p a r a b l e  i f  t h e  f o l l o w i n g  eq. 
h o l d s  

r = r 0 ( p r e s e n t  c o n d i t i o n s ) - l  ( p a s t  h i s t o r y )  (3.207) 

where i s  t h e  a c t i v i t y  o f  t h e  c a t a l y s t  wh ich  i s  d e f i n e d  as t h e  
r a t i o  o f  t h e  a c t u a l  r a t e  a t  t i m e  t and t h e  i n i t i a l  r a t e  a t  t i m e  
t = O  

(3.208) 



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

r a t e  e q u a t i o n .  A drawback o f  t h i s  d e f i n i t i o n  i s  t h a t  t h e  exper imen-  
t a l  d e t e r m i n a t i o n  o f  t h e  i n i t i a l  a c t i v i t y ,  e s p e c i a l l y  i n  r a p i d l y  
d e a c t i v a t i n g  systems, i s  r a t h e r  d i f f l c u l t .  I n  t h i s  case, a "deac-  
t i v a t i o n  d i s g u i s e d  k i n e t i c s "  i s  observed.  Two examples a r e  p resen-  
t e d  f o r  t h i s  s i t u a t i o n  b y  Kr ishnaswamy and K i t t r e l l  ( r e f .  1 5 0 ) :  ca- 
t a l y t i c  c r a c k i n g  o f  gas o i l  and hydrogen p e r o x i d e  d e c o m p o s i t i o n  b y  
s u p p o r t e d  c a t a l y s e  enzyme. Gas o i l  c r a c k i n g  can e i t h e r  be  d e s c r i b e d  
b y  second-o rde r  c o n v e r s i o n  model and concentration-independent de- 
a c t i v a t i o n  k i n e t i c s  o r  b y  a f i r s t - o r d e r  c o n v e r s i o n  model and con- 
c e n t r a t i o n - d e p e n d e n t  d e a c t i v a t i o n  k i n e t i c s .  The two models o n l y  
d i f f e r  a t  v e r y  h i g h  ( i m p r a c t i c a b l e )  o v e r a l l  c o n v e r s i o n s .  The examp- 
l e  f o r  c a t a l y s i s  i s  w o r t h  m e n t i o n i n g  because i t  demons t ra tes  t h a t  
enzyme c a t a l y s i s  can be d e s c r i b e d  b y  t h e  same m a t h e m a t i c a l  model.  
Here h i g h  p e r o x i d e  c o n c e n t r a t i o n s  d e a c t i v a t e  t h e  enzyme. W i t h  
f i x e d - b e d  r e a c t o r s ,  t h e  same models can be a p p l i e d ,  as i n  t h e  case 
o f  gas o i l  c r a c k i n g .  

a t e s t  f o r  t h e  s e p a r a b i l i t y  o f  t h e  d i f f e r e n t  dependenc ies  i n  t h e  
comple te  r a t e  e q u a t i o n  has t o  be  p e r f o r m e d  f i r s t .  A c c o r d i n g  t o  
Szbpe and L e v e n s p i e l  ( r e f .  144)  and Ltlwe ( r e f .  151 ) ,  t h i s  can be 
a c h i e v e d  by  d e t e r m i n i n g  t h e  i n i t i a l  a c t i v i t y  and t h e  a c t i v i t y  under  
a t  l e a s t  two r e f e r e n c e  c o n d i t i o n s  i n  a t  l e a s t  one f u r t h e r  a c t i v i t y  

s t a t e  o f  t h e  c a t a l y s t .  I n  t h e  case o f  s e p a r a b i l i t y ,  t h e  a c t i v i t y  
o b t a i n e d  must  be i ndependen t  o f  t h e  r e f e r e n c e  c o n d i t i o n s .  The r e -  
q u i r e d  e x a c t  a d j u s t m e n t  o f  t h e  r e f e r e n c e  c o n d i t i o n s  i n  t h e  i n i t i a l  
a c t i v i t y  s t a t e  and t h e  c o r r e s p o n d i n g  s t a t e ,  a f t e r  a c e r t a i n  t i m e  

on s t ream,  can be a t t a i n e d  w i t h  a d i f f e r e n t i a l  e x t e r n a l  r e c y c l e  
r e a c t o r  where, i n  t h e  e x t e r n a l  r e c y c l e ,  t h e  f l o w  o f  i n d i v i d u a l  
components o f  t h e  r e a c t i o n  m i x t u r e  i s  r e g u l a t e d  i n  such a way t h a t  
t h e  c o n c e n t r a t i o n s  i n  t h e  r e a c t o r  a r e  k e p t  t i m e - i n v a r i a n t  
( r e f .  152).  

i n  t h e  f o l l o w i n g  way b y  c o n s i d e r i n g  t h e  r a t e  o f  t h e  o c c u r i n g  che-  
m i c a l  r e a c t i o n s ,  w i t h o u t  d e a c t i v a t i o n  r e a c t i o n s ,  and t h e  r a t e  o f  
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  ( r e f .  153)  

Hence, i n  d e a l i n g  w i t h  dynamic m o d e l i n g  o f  d e a c t i v a t i n g  systems, 

Rate e q u a t i o n s  o f  d e a c t i v a t i n g  c a t a l y t i c  systems a r e  f o r m u l a t e d  

r = f,(T).f2(ci)-f3 ( p r e s e n t  a c t i v i t y  o f  t h e  c a t a l y s t  (3.209) 
p e l l e t )  

rd = f4(T)-f,(ci).fs ( p r e s e n t  s t a t e  o f  t h e  c a t a l y s t  
p e l l e t )  

(3.210) 
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o r  

r = k(T).f2(ci).a (3 .211 )  

rd = k d ( T )  -f5(ci) . a d  ( 3 . 2 1 2 )  

where rd i s  t h e  d e a c t i v a t i o n  r a t e ,  k d  t h e  d e a c t i v a t i o n  r a t e  c o n s -  

t a n t  a n d  d t h e  o r d e r  o f  d e a c t i v a t i o n .  U s i n g  eq. 3.211 a n d  3.212 
f o r  t h e  f o u r  d e a c t i v a t i o n  mechanisms r e p r e s e n t e d  b y  e q u a t i o n s  

3.197-3.200 t h e  f o l l o w i n g  k i n e t i c  e q u a t i o n s  a r e  o b t a i n e d  

= k . a l l  .a' 
Q1 ( 3 . 2 1 3 )  

I m p u r i t y  d e a c t i v a t i o n  

d i  .am.;'. 
( A1 +A2 , P,+W) a'€ r d  = k d  p 

k .an  . a '  
A 1  ( 3 . 2 1 4 )  

-d  
r A l  

P a r a l l e l  s e l f - p o i s o n i n g  

(A l "A2 '  A1"P) rd = kd.a!l.a 

( 3 . 2 1 5 )  

= (k l  t k ) a n  
( 3 . 2 1 6 )  Q1 * A1 

T r i a n g u l a r  s e l f  p o i s o n i n g  

rd = k d ( a A 1  t a )mid. 
A2 

(Ai'A2, A1+P, A2+P) 

I n  m a t h e m a t i c a l l y  m o d e l i n g  d e a c t i v a t i n g  c a t a l y t i c  s y s t e m s  i t  i s  
f r e q u e n t l y  assumed t h a t  t h e  f u n c t i o n  f5(ci), eq. 3.212 

t h e  d e a c t i v a t i o n  r a t e  o f  t h e  c a t a l y s t  i s  no  l o n g e r  c o n c e n t r a t i o n -  
- and t i m e - d e p e n d e n t ,  b u t  o n l y  t i m e - d e p e n d e n t .  Szepe and  L e v e n s p i e l  

( r e f .  1 4 9 )  d e m o n s t r a t e d  t h a t  t h e  f o u r  m a i n  t y p e s  o f  a c t i v i t y  d e c a y  
e q u a t i o n s  r e p o r t e d  i n  t h e  l i t e r a t u r e ,  w h e r e  t h e  a c t i v i t y  d e c r e a s e s  
l i n e a r l y ,  e x p o n e n t i a l l y ,  h y p e r b o l i c a l l y  o r  a c c o r d i n g  t o  a r e c i p -  

r o c a l  power  f u n c t i o n  w i t h  t i m e - o n - s t r e a m ,  can  b e  r e d u c e d  t o  t h e  
s i m p l e s t  s t r u c t u r e  o f  d e a c t i v a t i o n  m o d e l s  w h i c h  a r e  c h a r a c t e r i z e d  
b y  a s e p a r a b l e  c o m p l e t e  r a t e  e q u a t i o n  a n d  a c o n c e n t r a t i o n - i n d e p e n -  
d e n t  a c t i v i t y  d e c a y  o f  t h e  o r d e r  d, b e t w e e n  0 a n d  3:  d s / d t  = 

= k d . i d  ( T a b l e  3 . 1 1 ) .  S e p a r a b l e  d e a c t i v a t i o n  m o d e l s  may b e  e x t r e -  
m e l y  u s e f u l ,  b u t  t h e i r  a p p l i c a b i l i t y  i s  l i m i t e d .  I n  n o n s e p a r a b l e  
cases ,  a " d e a c t i v a t i o n  f u n c t i o n ' '  rY i s  d e f i n e d  w h i c h  i s  a f u n c t i o n  
o f  v a r i o u s  r e a c t i o n  p a r a m e t e r s .  P a r t i c u l a r  c a s e s  f o r  n o n s e p a r a b l e  

d e a c t i v a t i o n  e q u a t i o n s  have  b e e n  l i s t e d  f o r  l i n e a r ,  e x p o n e n t i a l ,  
h y p e r b o l i c ,  and  r e c i p r o c a l  power  c a s e s  o f  d e a c t i v a t i o n  

i s  1 a n d  
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TABLE 3.11 

D e a c t i v a t i o n  e q u a t i o n s  i n  te rms  o f  a c o n c e n t r a t i o n - i n d e p e n d e n t  

d - t h  o r d e r  a c t i v i t y  decay. Reproduced w i t h  p e r m i s s i o n  f r o m  ( r e f .  
149 ) .  C o p y r i g h t  1971 Pergamon. 

Exponent  i n  Type O f  E q u a t i o n  D i f f e r e n t i a l  f o r m  t h e  power law 
v i t y  decay 

- d i / d t  = k d i d  

L i n e a r  H = i 0 - B 1 t  - d g / d t  B1 0 

E x p o n e n t i a l  I = i o e x p ( - B 2 t )  -da’ /dt  = B 2 i  1 

H y p e r b o l i c  l/i = l/io + - d I / d t  = B3S2 2 

+ 8 3 t  

- d i / d t  = (B4+1) /B4 
-B4 I = k * t  R e c i p r o c a l  

power f u n c t i o n  
1 /84” (84+1 ) /B4  

= p4k  a 

(ana logous  t o  t h e  case o f  Tab le  3.11);  i n  a d d i t i o n ,  d e a c t i v a t i o n  
a c c o r d i n g  t o  t h e  e q u a t i o n s  o f  E l o v i c h  and Wo jc iechowsk i  were a l s o  
c o n s i d e r e d  ( r e f .  154 ) .  

The d e f i n i t i o n  o f  Y depends on t h e  model used as t h e  b a s i s  o f  

d e r i v a t i o n .  O f  n e c e s s i t y ,  t h i s  model c o n t a i n s  s i m p l i f i c a t i o n s  s i n c e  
a c o n s i d e r a t i o n  o f  a l l  t h e  p o s s i b l e  f a c t o r s  wou ld  make t h e  e q u a t i -  

ons t o o  c o m p l i c a t e d .  Three approaches have been s e l e c t e d  f r o m  t h e  
l i t e r a t u r e  and w i l l  be p r e s e n t e d  he re .  Bes ides  t h e  r e a c t i o n  sche-  
mes 3.197-3.200, more d e t a i l e d  r e a c t i o n  schemes a r e  employed i n  
wh ich  t h e  f o r m a t i o n  o f  p o i s o n  p r e c u r s o r s  and f r e q u e n t l y  obse rved  
phenomena o f  s i m u l t a n e o u s  r e v e r s i b l e  and i r r e v e r s i b l e  d e a c t i v a t i o n  
r e a c t i o n  s t e p s  a r e  c o n s i d e r e d .  These a r e  used  t o  d e r i v e  dynamic 
model e q u a t i o n s .  F o r  example,  d e a c t i v a t i o n  o f  a P t / y - a l u m i n a  r e -  
f o rm ing  c a t a l y s t  d u r i n g  m e t h y l c y c l o h e x a n e  d e h y d r o g e n a t i o n  has been 
assumed t o  p roceed  uia t h e  f o l l o w i n g  r e a c t i o n  scheme, wh ich  has 
been demons t ra ted  b y  p l o t t i n g  r e l a t i v e  r e a c t i o n  r a t e s  i n  t h e  f l u i d  
phase u8 n o r m a l i z e d  c o n c e n t r a t i o n s  i n  t h e  c e n t e r  o f  a c a t a l y s t  
p e l l e t  and compar ing  t h i s  p l o t  w i t h  t h e o r e t i c a l  s o l u t i o n s  on t h e  
b a s i s  o f  d i f f e r e n t  p o i s o n i n g  mechanisms 
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k l  k 2  k g  

k -1  k-3 
MCH + 1 [MCH-11 - [Tol -11  + 3H2 - To1 + 1 

[ P , - l l  + H e  
(3.217) 

k -5  11 kg  

[ P 2 - l l  + H2 

where t h e  s p e c i e s  i n  b r a c k e t s  a r e  s u r f a c e  complexes, P,-1 i s  a 
p r e c u r s o r  o f  a r e v e r s i b l y  formed P2-1-species and P3 an i r r e v e r -  
s i b l y - f o r m e d  p o i s o n  d e p o s i t e d  on t h e  c a t a l y s t  s u r f a c e .  D e a c t i v a t i n g  
complex r e a c t i o n  systems can a l s o  be modeled b y  a d d i n g  a coke - fo r -  
m a t i o n  r e a c t i o n  t o  t h e  s e t  i n  t h e  r e a c t i o n  ne twork .  C o u p l i n g  o f  t h e  
c o k e - f o r m a t i o n  r e a c t i o n  and t h e  main  r e a c t i o n s  i s  accomp l i shed  b y  
i n t r o d u c i n g  d e a c t i v a t i o n  f u n c t i o n s  i n t o  each o f  t h e  dynamic model 
e q u a t i o n s  f o r  t h e  r a t e  o f  t r a n s f o r m a t i o n  o f  t h e  s i n g l e  components 
( r e f s .  55,155). 

157) t o  d e r i v e  t h e i r  d e a c t i v a t i o n  f u n c t i o n  were: 
The i n i t i a l  assumpt ions  made b y  Beeckman and Froment ( r e f s .  156, 

( i )  b o t h  t h e  main  and c o k i n g  r e a c t i o n s  o c c u r  on one c a t a l y s t  

( i i )  coverage o f  s i t e s  b y  coke o c c u r s  randomly;  
( i i i )  t h e r e  a r e  no c o n c e n t r a t i o n  g r a d i e n t s  o f  r e a c t a n t s  o r  p r o -  

s i t e  wh ich  i s  t h e  same f o r  b o t h  p rocesses ;  

d u c t s  i n s i d e  t h e  c a t a l y s t  p e l l e t .  
Froment and a s s o c i a t e s  ( r e f .  158) c l a i m  t h a t  t h e i r  d e a c t i v a t i o n  
f u n c t i o n  c o n t a i n  parameters  d i r e c t l y  r e l a t e d  t o  t h e  cause o f  deac- 

t i v a t i o n ,  as opposed t o  o t h e r ,  e m p i r i c a l  f o rmu las .  I n  a d d i t i o n  t o  
r e a c t o r  d e a c t i v a t i n g  exper imen ts ,  t h e  amount o f  coke accumu la ted  
was checked u s i n g  a m ic roba lance ;  t hese  two methods, combined w i t h  
t h e o r y ,  gave a s u r p r i s i n g l y  good agreement between t h e  d e a c t i v a t i o n  
f u n c t i o n  and t h e  e x p e r i m e n t a l  r e s u l t s  i n  t h e  case o f  bu tene  dehyd- 
r o g e n a t i o n  ove r  a ch romia -a lum ina  c a t a l y s t .  T h i s  r e a c t i o n  has a l -  
ready  been ment ioned i n  S e c t i o n  3.1.4. Combining d e a c t i v a t i o n  w i t h  
k i n e t i c  da ta ,  t r e a t e d  i n  ( r e f .  55) ,  t h e  e q u a t i o n  f o u n d  t o  g i v e  t h e  
b e s t  f i t  - Eq. (3 .9 )  i n  S e c t i o n  3.1.4 - gave a good s t a t i s t i c a l  
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c o r r e l a t i o n ,  b u t  a n o t h e r  e q u a t i o n  

+ KBPB ' KDPD ' K ~ P ~  
rUB = , ( 3.21 8)  

0 gave an even b e t t e r  f i t .  Here A 
K D ,  K,, a r e  t h e  a d s o r p t i o n  c o e f f i c i e n t s  f o r  bu tene,  b u t a d i e n e  and 
hydrogen, r e s p e c t i v e l y ,  t h e  p -va lues  a r e  t h e  p a r t i a l  p r e s s u r e s  o f  
t h e  same components, see a l s o  under  Eq. (3 .9 ) .  

I n  a d d i t i o n  t o  t h e  above s i n g l e - s i t e  t r e a t m e n t ,  t h e  f o l l o w i n g  
approaches a l s o  c o n s i d e r  d e a c t i v a t i o n  r e a c t i o n s  wh ich  i n v o l v e  more 
than  one a c t i v e  s i t e .  Scheme 3.18 d e p i c t s  t h e  proposed mechanism o f  

i s  t h e  p r e e x p o n e n t i a l  f a c t o r ,  KB,  

r. d.a 

Fouled 

+ I  * 
-1 * 
- - Q * 

* - 
-1 * Q * *  

- -  Fouling reaction 

Main reaction 

- - - - - - -  - - -  

- 1 *I I+ 1 * 

Scheme 3.18 

me thy l cyc lohexane  (MCH) dehydrogena t ion  and concomi tan t  c a t a l y s t  
d e a c t i v a t i o n  on Pt /A1203 ( r e f .  159) .  A f o u l i n g  r e a c t i o n  wou ld  r e p -  
r e s e n t  an i n t e r a c t i o n  o f  t h e  m u l t i p l y  bound C6-ske le ton  w i t h  a gas- 
-phase t o l u e n e  (TOL) mo lecu le  a c c o r d i n g  t o  a R i d e a l - E l e y  mechanism 
t h a t  i n i t i a t e s  a s i t e - c o n s u m i n g  p o l y m e r i z a t i o n  p rocess .  T h i s  i s  t h e  
r a t e - d e t e r m i n i n g  s t e p  i n  Scheme 3.18. The m u l t i p l y  bound s p e c i e s  
wou ld  l o s e  a l l  11 hydrogen atoms i n  t h e  r i n g .  Thus, t h e  f o u l i n g  
p rocess  wou ld  i n v o l v e  t h e  f o l l o w i n g  s t e p s :  
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K g  MCH(g) t 6 ( 1 )  = MCH(1)6 + 1 1 / 2  H 2 ( g )  (3 .219)  

M C H ( l ) ,  t TOL(g)  - F o u l e d  k f  S e x t e t  ( 3 . 2 2 0 )  

dS t = - 6 k f [ M C H ( 1 ) 6 ] S [ T O L ]  = -6k K S 6 [MCHI[TOLl  " [H2111'2 

( 3 . 2 2 1 )  

( 3 . 2 2 2 )  

(Compare t h e  mode l  w i t h  t h a t  shown i n  F i g .  3 .2171)  H e r e  S v  r e p r e -  
s e n t s  t h e  number o f  v a c a n t  s i t e s ,  S t  t h e  number o f  u n f o u l e d  s i t e s ,  
K6 t h e  a d s o r p t i o n  e q u i l i b r i u m  c o n s t a n t  f o r  t h e  f o u l i n g  p r e c u r s o r  
and  k f  t h e  r a t e  c o e f f i c i e n t  f o r  t h e  r . d . s .  o f  f o u l i n g .  S u b s c r i p t  s 

d e n o t e s  s u r f a c e  c o n c e n t r a t i o n .  I n t e g r a t i n g  ( 3 . 2 2 2 ) ,  and  a l s o  i n c o r -  
p o r a t i n g  t h e  e m p i r i c a l  o b s e r v a t i o n  ( r e f .  1 3 4 )  t h a t  i n h i b i t i o n  i s  
p r o p o r t i o n a l  t o  t o l u e n e  t o  t h e  power  - l / 3 :  

S t  = K3Sv[TOL1 1 / 3  

we o b t a i n :  
- 1 / 5  a = (1  + k t )  

where  

30kfK6[MCH] 

K6,[TOL 1 [ H 2  l 1  'I2 
k =  

( 3 . 2 2 3 )  

( 3 . 2 2 4 )  

(3 .225 )  

H e r e  K 3  i s  t h e  a d s o r p t i o n  e q u i l i b r i u m  c o n s t a n t  f o r  t o l u e n e ,  k t h e  
f o u l i n g  p a r a m e t e r  i n  t h e  h y p e r b o l i c  d e c a y  f u n c t i o n  a n d  " a "  i s  t h e  

a c t i v i t y  f u n c t i o n  f o r  t h e  d e h y d r o g e n a t i o n  r e a c t i o n .  P l o t t i n g  t h e  
v a l u e  o f  "au r  as  a f u n c t i o n  o f  l o g a r i t h m i c  f o u l i n g  t i m e ,  a g o o d  ag -  

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

a b o u t  25-30% o f  i t s  i n i t i a l  v a l u e .  The d e v i a t i o n  o f  t h e  d a t a  f r o m  
t h e  model  l e d  t h e  a u t h o r s  t o  p r o p o s e  a " v a r i a b l e  r e a c t i o n  o r d e r  
m o d e l "  ( r e f .  1 6 0 ) :  t h i s  means t h a t  as  f o u l i n g  p r o c e e d s ,  f e w e r  and  
f e w e r  r a n d o m l y  l o c a t e d  v a c a n t  s e x t e t s  w i l l  b e  a v a i l a b l e .  The mul -  
t i p l i c i t y  o f  c o n t i n u o u s  v a c a n t  m u l t i p l e t s ,  t h e r e f o r e ,  w i l l  become 
l e s s  and  l e s s .  Thus ,  f i r s t  s e x t e t s ,  t h e n  q u a d r u p l e t s ,  d o u b l e t s ,  
e t c .  p a r t i c i p a t e  i n  t h e  r e a c t i o n .  On s u l f i d e d  P t -Re /A1203  c a t a l y s t s ,  
e . g . ,  ( r e f .  1 4 0 )  t h e  n e g a t i v e  h y d r o g e n  e x p o n e n t  o f  -1.5 i n d i c a t e s  

t h a t  s m a l l e r  ensemb les ,  p o s s i b l y  d o u b l e t s ,  a r e  i n v o l v e d  i n  t h e  
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r . d . s .  of deac t iva t ion .  

on Pt/A1203 and Pt-Re/A1203 w i t h  empir ica l  r e s u l t s  p l o t t e d  on t h e  
bas i s  of 10 d i f f e r e n t  preceding pub l i ca t ions  ( r e f .  159) .  Figure 
3.22 ( r e f .  160) shows t h e  h igher  i n i t i a l  a c t i v i t y  of Pt/A1203 a l -  

I t  i s  worth comparing the  exper imenta l ly  found deac t iva t ion  da ta  

Fig. 3.22. Typical fou l ing  da ta  f o r  s u l f i d e d  reforming c a t a l y s t s :  
the  c a t a l y s t  a c t i v i t y ,  IIa'I a s  a func t ion  of dimensionless  fou l ing  
t ime, k = t. Shaded symbols mean Pt/A1203, open symbols, 
Pt-Re/Af 03. Dashed l i n e  r ep resen t s  the empir ica l  c o r r e l a t i o n  drawn 
by p l o t t f n  experimental  da t a  from I0 d i f f e r e n t  pub l i ca t ions  a s  r e -  
ported i n  !ref. 159) .  Reproduced w i t h  permission from ( r e f .  160) .  

ready mentioned i n  Sec t ion  3.4.1.  The r . d . s .  f o r  the  d e a c t i v a t i o n  
o f  Pt-Re/Si02 i s  20 t imes sma l l e r .  I t s  curve j o i n s  the  empir ica l  
curve a t  a much l a t e r  p o i n t  on t he  l a t t e r ,  where the  m u l t i p l e t s  
involved i n  the  fou l ing  mechanism are much sma l l e r  than s e x t e t s  
( r e f s .  140,160).  

Based on t he  m u l t i p l e t  d e a c t i v a t i o n  model, an i n t e r p r e t a t i o n  of 
temperature oer8u8 time curves was r e c e n t l y  proposed f o r  deac t iva -  
t i n g  c a t a l y s t  systems. The m u l t i p l e t  model gave much b e t t e r  agree-  
ment w i t h  s e l e c t e d  experimental  da t a  than any single-power law 
( r e f .  161) .  

Froment and a s s o c i a t e s  ( r e f .  162) developed r igorous  models f o r  
deac t iva t ion  f o r  s i n g l e  s i t e  and dual s i t e  "main" a n d  d e a c t i v a t i o n  
r e a c t i o n s ,  assuming var ious  number of a c t i v e  s i t e s  ( 1  t o  5 )  per  
c l u s t e r  of r eac t ion  s i t e s .  The c l u s t e r  i s  def ined *as a s e t  of s i t e s  
on t h e  c a t a l y s t  which a r e  s u f f i c i e n t l y  c l o s e  t o  one another  t o  
form the  m u 1  t i - s i  t e  arrangement f o r  t he  given r eac t ions"  ( r e f .  162) .  
Thei r  t rea tment  a l lows - a t  l e a s t  t h e o r e t i c a l l y  - t he  opt imiza t ion  
of c l u s t e r  s i z e  provided the  s i t e  requirement  of t h e  main and co- 
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k i n g  r e a c t i o n s  a r e  known. 

the  d rop  o f  a c t i v i t y  @@a'@ i n  t i m e  t as f o l l o w s :  
C o r e l l a  and Asua ( r e f .  163) d e r i v e d  a g e n e r a l i z e d  e q u a t i o n  f o r  

d ( k i n e t i c  t e rm)  ( p r e s s u r e  g rad ien t )mth  ( a c t i v i t y  t e rm)  da 
- a € =  ( c h e m i s o r p t i o n  s t r e n g t h  t e r m ) h  

(3.226) 

where m and h a r e  t h e  number o f  a c t i v e  s i t e s  i n v o l v e d  i n  t h e  r .d.s.  

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

c o n s e c u t i v e  s t e p s  l e a d  t o  cok ing .  The f i r s t  s t e p  i s  a d s o r p t i o n  o f  
t h e  s p e c i e s  c a u s i n g  d e a c t i v a t i o n ,  t h e  second s t e p  i s  t h e  f o r m a t i o n  
of coke p r e c u r s o r  and t h e  t h i r d  s t e p  I s  cok ing .  They assumed t h a t  
e i t h e r  s t e p  2 o r  s t e p  3 can be r a t e - d e t e r m i n i n g  and t h a t  t h e  ad- 
s o r p t i o n  i n  t h e  f i r s t  s t e p  may o r  may \Pot be i d e n t i c a l  w i t h  t h a t  

l e a d i n g  t o  t h e  main  r e a c t i o n .  A l so ,  d i f f e r e n t  c o k i n g  mechanisms 
( d e g r a d a t i o n ,  p o l y m e r i z a t i o n ,  c o n d e n s a t i o n )  a r e  cons ide red .  By com- 
b i n i n g  these  i n i t i a l  c o n d i t i o n s ,  s i x  b a s i c  mechanisms were d e r i v e d ,  
f o r  wh ich  t h e  a c t u a l  fo rms o f  d e a c t i v a t i o n  f u n c t i o n s  have been 
found  and t a b u l a t e d ,  

d i s p r o p o r t i o n a t i o n  r e a c t i o n  has t h e  fo rm:  

d = -  mth-'. The i n i t i a l  c o n d i t i o n s  t h e y  assumed were t h h t :  t h r e e  
m 

These d a t a  a l s o  a l l o w e d  e x p e r i m e n t a l  v e r i f i c a t i o n .  The cumene 

2 cumene (C) =2 p - d i i s o p r o p y l b e n z e n e  (D) t benzene (B). (3 .227)  

The r e s u l t s  o b t a i n e d  on a commercial  h y d r o c r a c k i n g  c a t a l y s t  (Co-Mo 
z e o l i t e  embedded i n  an amorphous s i l i c a - a l u m i n a  m a t r i x  ( r e f .  1 6 4 ) )  
were ana lysed  i n  te rms o f  t hese  mechanisms. Four  mechanisms were 
c o n s i d e r e d  ( r e f .  165) .  The case t h a t  t h e  a d s o r p t i o n  o f  t h e  r e a c t a n t  
d u r i n g  t h e  main r e a c t i o n  and d u r i n g  c o k i n g  was d i f f e r e n t  c o u l d  be 
exc luded,  t o g e t h e r  w i t h  t h e  case when t h e  r.d.s. was a coke p r e -  
c u r s o r ,  f o r m a t i o n  and d e a c t i v a t i o n  o c c u r r e d  i n  s e r i e s  w i t h  t h e  main  
r e a c t i o n  i n v o l v i n g  a gaseous p r o d u c t  E f r o m  adsorbed 0: 

D t l i D  1 t H2 
D 1  = E + 1  

E ( 9 )  t D 1 -coke p r e c u r s o r .  

(3.228) 
(3 .229)  
(3 .230)  

Two mechanisms were s e l e c t e d  as b e i n g  c o n s i s t e n t  w i t h  k i n e t i c / d e a c -  
t i v a t i o n  da ta .  I n  one o f  them, (3.228) i s  f o l l o w e d  b y  t h e  r.d.s. 
(3 .231 ) :  
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2 D 1 - coke p r e c u r s o r  (2.231 ) 

i n  t h e  o t h e r ,  d i m e r i z a t i o n  o f  t h e  r e a c t a n t  C and p r o d u c t  D o c c u r s  
i n  a s e r i e s - p a r a l l e l  t y p e  r e a c t i o n .  These two mechanisms c a n n o t  be 
separa ted .  

3.4.4 D e a c t i v a t i o n  i n  t h e  presence o f  d i f f u s i o n  

t i o n  schemes t o  accoun t  f o r  t h e  decay o f  c a t a l y t i c  a c t i v i t y  i n  he-  
te rogeneous c a t a l y t i c  r e a c t i o n s .  These a r e  t h e  e n t r i e s  i n t o  t h e  
c o n s e r v a t i o n  e q u a t i o n s  f o r  s i n g l e  c a t a l y s t  p e l l e t s  o r  f o r  f i x e d - b e d  

r e a c t o r s .  The case o f  c o u p l i n g  d i f f u s i o n  and d e a c t i v a t i n g  r e a c t i v e  
systems was f i r s t  cons id le red  b y  Wheeler ( r e f .  166) and l a t e r ,  i n  
more d e t a i l ,  b y  P e t e r s e n  and co -worke rs  ( r e f .  78) .  Hence, b y  s o l -  
v t n g  t h e  c o n t i n u i t y  e q u a t i o n s  f o r  t h e  d i f f e r e n t  d e a c t i v a t i o n  mecha- 
nisms i n  a porous  c a t a l y s t  p e l l e t ,  where t h e  mass t r a n s p o r t  i s  o n l y  
caused by  d t f f u s i o n  p rocesses  and p l o t t i n g  t h e  r a t i o  o f  t h e  a c t u a l  
r a t e  and t h e  i n i t i a l  r a t e  w i t h  an unpo isoned  p e l l e t  a g a i n s t  t h e  
c o n c e n t r a t i o n  i n  t h e  c e n t e r  o f  t h e  c a t a l y s t  p e l l e t ,  d i f f e r e n t  r e -  
g i o n s  can be r e a l i z e d  wh ich  c o r r e s p o n d  t o  t h e  d i f f e r e n t  p o i s o n i n g  
mechanisms. From a compar ison w i t h  e x p e r i m e n t a l  da ta ,  c o n c l u s i o n s  
r e g a r d i n g  t h e  w o r k i n g  p o i s o n i n g  mechanism can be drawn. 

The a n a l y t i c a l  s o l u t i o n  o f  a f i r s t - o r d e r  c o n c e n t r a t i o n - i n d e p e n -  
d e n t  c a t a l y s t  d e a c t i v a t i o n  i n  a p l u g - f l o w  r e a c t o r  was d e r i v e d  b y  
Krishnaswamy and K i t t r e l l  f o r  t h e  case o f  i n t e r n a l  d i f f u s i o n  l i m i -  
t a t i o n  ( r e f .  167) .  The s o l u t i o n  o b t a i n e d  i s  an a n a l o g y  o f  t h e  Le- 
v e n s p i e l  p l o t s  ( r e f .  153) sugges ted  f o r  t h e  k i n e t i c a l l y  c o n t r o l l e d  
reg ime:  

So f a r  k i n e t i c  e q u a t i o n s  have been d e r i v e d  f r o m  s i m p l i f i e d  r e a c -  

I n  I n  ' - - l n ( A o T )  - KT E (3.232) 

where x i s  t h e  c o n v e r s i o n  o f  t h e  r e a c t a n t ,  A. i s  t h e  pre-exponen-  
t i a l  f a c t o r ,  T t h e  space t i m e .  The s l o p e  of  t h i s  " A r r h e n i u s  p l o t "  
g i v e s  t h e  a c t i v a t i o n  energy .  W i t h  d i f f u s i o n  c o n t r o l ,  t h e  second 
te rm o f  t h e  e q u a t i o n  w i l l  be E I L R T .  S i m i l a r l y ,  i n  t h e  case o f  deac- 
t i v a t i n g  c a t a l y s t ,  

I n  I n  1 = l n ( k p T ) - k  t 
dP 

(3 .233)  

where k 
- d e a c t i v a t i o n  r a t e  c o n s t a n t ,  and t i s  t h e  p rocess  t i m e .  T a b l e  3.12 
r e v e a l s  t h a t  t h e  b e h a v i o r  o f  kdp i s  - a c c o r d i n g  t o  f o r m a l  

i s  t h e  a p p a r e n t  r e a c t i o n  r a t e  c o e f f i c i e n t ,  kdp t h e  pseudo- 
P 
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TABLE 3.12 

A n a l o g o u s  c h a r a c t e r i s t i c s  o f  d i f f u s i o n  f o r  d e a c t i v a t i n g  a n d  n o n d e -  
a c t i v a t i n g  s y s t e m s .  A f t e r  ( r e f s .  167,168) .  Reproduced  b y  p e r m i s s i o n  
o f  A m e r i c a n  I n s t i t u t e  o f  C h e m i c a l  E n g i n e e r i n g .  

C o n d i t i o n  K i n e  t i c  D e a c t i v a t i o n  
a n a l y s i s  a n a l y s i s  

E k d  

-to +O 

S l o p e  w i t h o u t  d i f f u s i o n  

S l o p e  w i t h  s e v e r e  e x t e r n a l  d i f f u s i o n  
Dependence on p a r t i c l e  s i z e  R e c i p r o c a l  R e c i p r o c a l  

S l o p e  w i t h  s e v e r e  i n t e r n a l  d i f f u s i o n a  E l 2  k d / 2  
b 

a I n  t h e  case :  h e x p ( - k d t / 2 )  2 5.0,  where  h i s  t h e  T h i e l e - m o d u l u s ,  
k d  t h e  d e a c t i v a t i o n  r a t e  c o n s t a n t ,  t t h e  p r o c e s s  t i m e .  

t h e  case :  Da y >> 1.0, where  Da i s  t h e  DamkZihler number,  
k / K  a s ,  k b e i n g  t h e  r e a c t i o n  r a t e  c o n s t a n t ,  Km t h e  mass t r a n s f e r  
c o e ? f i c i e n t  and  a s  t h e  e x t e r n a l  s p e c i f i c  s u r f a c e  a r e a  o f  t h e  p a r -  
t i c l e ;  y i s  t h e  f r a c t i o n a l  c a t a l y s t  a c t i v i t y .  

m a t h e m a t h i c s  - a n a l o g o u s  t o  t h a t  o f  t h e  e n e r g y  o f  a c t i v a t i o n  Ea  i n  
k i n e t i c  a n a l y s i s  i n  t h e  case  o f  i n t e r n a l  d i f f u s i o n  l i m i t a t i o n .  S i -  

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

l i m i t a t i o n  ( r e f .  1 6 8 ) .  The l i m i t i n g  c a s e s  f o r  k i n e t i c  a n d  i n t e r n a l  
d i f f u s i o n  L e v e n s p i e l  p l o t s  a r e  a l s o  a n a l o g o u s ,  as  shown i n  T a b l e  
3.13, i n  t e r m s  o f  p s e u d o - r a t e  c o n s t a n t s  a n d  e f f e c t i v e n e s s  f a c t o r s  

TABLE 3.13 
C a t a l y s t  d e a c t i v a t i o n  i n  a p l u g  f l o w  r e a c t o r .  A f t e r  ( r e f s .  167 ,169) .  

Reproduced  b y  p e r m i s s i o n  o f  A m e r i c a n  I n s t i t u t e  o f  C h e m i c a l  

E n g i n e e r i n g .  

E f f e c t i v e n e s s  f a c t o r ,  n 
Modu lus  

K i n e t i c  D e a c t  i v a t  i o n  

h = O  
h e x p ( - k d t / 2 ) > 5  

h e x p ( - k d t / 2 ) > 1  1 1  1 1 
n d ' 7 t 6 h  e x p (  - k  d t / 2  

n = F -  

I n  I n  = I n  k T - k t (Eq.  3 .233 )  where  k i s  t h e  p s e u d o - r e a c -  
t i o n  r a t e  c o n s t a n t  = kn; kdp t h e  p s e u d o - d e a c t i v a t i o n  r a t e  c o n s t a n t ,  

kdnd;n and  nd b e i n g  t h e  e f f e c t i v e n e s s  f a c t o r s ,  k a n d  k d  t h e  t r u e  
r a t e  c o n s t a n t s  f o r  t h e  r e a c t i o n  a n d  d e a c t i v a t i o n ,  r e s p e c t i v e l y .  
F o r  d e n o t i o n s ,  see a l s o  T a b l e  3.12. 

P dP 
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( r e f s .  167,169). The i n t e r n a l  d i f f u s i o n  l i m i t a t i o n  case was a l s o  
t h e o r e t i c a l l y  ex tended  f o r  t h e  n - t h  o r d e r  o f  r e a c t i o n  and t o  o t h e r  
t y p e s  o f  r e a c t o r s ,  t o o  ( r e f .  167) .  It was e x p e r i m e n t a l l y  v e r i f i e d  
f o r  t h e  concentration-independent d e r i v a t i o n  o f  t h e  c a t a l y s t  deac- 
t i v a t i o n  o f  hydrogen p e r o x i d e  d e c o m p o s i t i o n  on a f i x e d - b e d  c a t a -  
l y s i s  column, a l r e a d y  d i s c u s s e d  i n  S e c t i o n  3.4.2. 

Wheeler ( r e f .  166) d i s c u s s e d  d i f f e r e n t  modes o f  d e p o s i t i o n  o f  
po i sons  on t h e  i n t e r n a l  c a t a l y s t  s u r f a c e .  I f  a p a r a l l e l  s e l f - p o i s o -  
n i n g  mechanism a p p l i e s ,  w i t h  an e f f e c t i v e n e s s  f a c t o r  o f  1,  t h e  p o i -  

son i s  u n i f o r m l y  d i s t r i b u t e d  t h r o u g h o u t  t h e  p e l l e t :  whereas w i t h  
an e f f e c t i v e n e s s  f a c t o r  <I  t h e  p o i s o n  i s  m a i n l y  d e p o s i t e d  i n  t h e  
s u p e r f i c i a l  r e g i o n s  o f  t h e  c a t a l y s t  p e l l e t s  and t h i s  phenomenon i s  
te rmed pore-mouth  o r  s h e l l  p o i s o n i n g .  I f  a s e r i e s  o f  s e l f - p o i s o n i n g  
mechanisms a p p l i e s  w i t h  an e f f e c t i v e n e s s  f a c t o r  < l ,  i n i t i a l l y  t h e  

p o i s o n  i s  m a i n l y  d e p o s i t e d  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  w h i c h  i s  
te rmed c o r e - p o i s o n i n g  and, if an i m p u r i t y  s e l f - p o i s o n i n g  mechanism 
a p p l i e s  a c c o r d i n g  t o  t h e  r a t e  o f  t h e  p o i s o n  d e p o s i t i o n ,  u n i f o r m  o r  
po re  mouth p o i s o n i n g  i s  expec ted .  The d e a c t i v a t i o n  c u r v e s  o f  MCH 
dehydrogena t ion  o v e r  P t /A1203 p r e s e n t e d  i n  ( r e f .  134)  c o r r e s p o n d  
w e l l  t o  t h e  u n i f o r m  p o i s o n i n g  case ( F i g u r e  3 .23) .  The t i m e  s c a l e  o f  

t h e  f i g u r e  i s  v e r y  n o n l i n e a r .  The v a l u e  o f  <a> = 0.77 i s  a c h i e v e d  

w i t h i n  20 m i n u t e s  w h i l e  some 30 hours  a r e  r e q u i r e d  t o  o b t a i n  t h e  
r e s t  o f  t h e  curve .  

n a n t l y  a t  t h e  o u t e r  ends o f  po res .  The o u t e r  p a r t s  o f  t h e  p o r e s  
w i l l  be d e a c t i v a t e d  and a t h i n  band o f  d e a c t i v a t i o n  r e a c t i o n  zone 
moves f o r w a r d  s e p a r a t i n g  t h e  o u t e r  d e a c t i v a t e d  zone f r o m  t h e  s t i l l  
a c t i v e  i n n e r  zone ( r e f ,  170) .  T h i s  can e v e n t u a l l y  l e a d  t o  p o r e  
p l u g g i n g ,  i.e. t o  t h e  comp le te  b l o c k i n g  o f  t h e  p o r e  b y  t h e  d e a c t i v a -  

t i n g  l a y e r .  
I n  a po rous  c a t a l y s t  where t h e  p o r e s  can be r e p r e s e n t e d  b y  a 

b u n d l e  o f  p a r a l l e l  c y l i n d e r s ,  f o u l a n t  d e p o s i t i o n  and p e n e t r a t i o n  o f  
t h e  f o u l a n t  p r e c u r s o r  deep I n t o  t h e  p o r e  compete. A d i m e n s i o n l e s s  
f o u l i n g  t i m e  t/rF can be de f i ned ,  t h e  v a l u e  o f  wh ich  i s  u n i t y  when 
t h e  t h i c k n e s s  o f  t h e  d e p o s i t  a t  t h e  p o r e  mouth i s  equa l  t o  t h e  p o r e  
d iamete r .  A c c o r d i n g  t o  t h e  v a r i a t i o n  o f  t h e  x o  p e n e t r a t i o n  dep th  as 
a f u n c t i o n  o f  t h i s  f o u l i n g  t i m e ,  f i v e  b a s i c  cases can be  d i s t i n -  
gu i shed ,  as shown i n  F i g .  3.24 ( r e f .  171 ) .  The p r e d o m i n a n t  p o i s o n i n g  

mechanism w i l l  enormous ly  a f f e c t  t h e  o v e r a l l  k i n e t i c s  observed.  F o r  
example,  i n  a s i m p l e  c o n s e c u t i v e  r e a c t i o n  A - B - C  t h e  

Pore-mouth p o i s o n i n g  means t h a t  t h e  p o i s o n  i s  d e p o s i t e d  p redomi -  
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F i g .  3.23. D i a g n o s t i c  d e a c t i v a t i o n  c u r v e s  f o r  MCH dehydro  e n a t i o n  
o v e r  a Pt/A1203 c a t a l y s t  a t  35ZoC, p(MCH) = 23 T o r r ,  p (H  7 = 405 
T o r r .  Data f o r  two d i f f e r e n t  p e l l e t s  a r e  shown, each h a v f n g  a nomi- 
n a l  t h i c k n e s s  o f  0.1 cm and a c a t a l y s t  e f f e c t i v e n e s s  f a c t o r  o f  0.21. 
c a r  = RIR where R i s  t h e  a c t u a l  r e a c t i o n  r a t e ,  Ro t h e  i n i t i a l  r e -  
a c t i o n  ra?e; ~ ( 0 )  and W ( t )  i s  t h e  r a t i o  of  t h e  c e n t e r - p l a n e  r e a c -  
t a n t  c o n c e n t r a t i o n  t o  t h e  b u l k  r e a c t a n t  c o n c e n t r a t i o n  a t  tSme z e r o  
and t, r e s p e c t i v e l y ,  Reproduced w i th  p e r m i s s i o n  f r o m  ( r e f .  134) .  

"po re  y i e l d "  o f  i n t e r m e d i a t e  6 ( t h e  r a t i o  of  i t s  p r o d u c t i o n  f r o m  
t h e  p o r e  t o  t h e  r a t e  o f  consumpt ion  o f  A i n  t h e  p o r e )  i n c r e a s e s  mo- 
n o t o n i c a l l y  w i t h  advanc ing  d e a c t i v a t i o n  i n  t h e  p o i s o n i n g  case b u t  
i t  may decrease i n i t i a l l y  due t o  a y i e l d  l o s s  caused b y  p o r e  mouth 
r e s t r i c t i o n .  When t h e  po re  mouth p l u g s ,  t h e  y i e l d s  o f  B i n c r e a s e  
a b r u p t l y  and t h e r e a f t e r  t h e  who le  r e a c t i o n  s t o p s .  W i t h  ex t reme 
mouth p l u g g i n g ,  a subsequent i n c r e a s e  i n  t h e  y i e l d  o f  B canno t  be 
observed.  The t h e o r y  was t e s t e d  u s i n g  t h e  example o f  cumene 

c r a c k i n g  on a commercial  FCC c a t a l y s t ;  h e r e  benzene r e p r e s e n t s  t h e  
u s e f u l  i n t e r m e d i a t e  B.  A s  F i g u r e  3.25 i l l u s t r a t e s ,  b o t h  cumene con- 
sumpt ion  and benzene y i e l d  0 8 .  f o u l i n g  t i m e  c o n f i r m  t h e  v a l i d i t y  o f  
Model I V ,  o f  F i g u r e  3.24. 

V a r i o u s  models have been p r e s e n t e d  t o  accoun t  f o r  d e a c t i v a t i o n  
i n  porous  systems. F o l l o w i n g  t h e  i n i t i a l  t r e a t m e n t s  o f  Beeckman 
and Froment ( r e f s .  156,157). where d e a c t i v a t i o n  b y  c o k i n g  w i t h  no 
d i f f u s i o n  l i m i t a t i o n  has been d i scussed ,  t h e s e  same a u t h o r s  p r o v i -  
ded t h e o r e t i c a l  e q u a t i o n s  where t h e  r e s t r i c t i o n  o f  no d i f f u s i o n a l  
l i m i t a t i o n  has been dropped ( r e f .  172) .  S i n g l e  pores ,  when d e a c t i -  
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F i g .  3.24. D e p o s i t i o n  o f  f o u l a n t  b y  w e d g e - l a y e r i n g ;  f i v e  i l l u s t r a -  
t i v e  a rche types .  Symbols: xo - p e n e t r a t i o n  dep ths  of f o u l a n t  deP0- 
s i t  i n  a po re ;  L = p o r e  l e n g t h ;  t = t ime-on -s t ream;  - t i  me-on- 
- s t r e a m  r e q u i r e d  t o  p l u g  a p o r e  o f  mean r a d i u s  u; h l F m o u t h  t h i c k -  
ness of  f o u l a n t  d e p o s i t .  Reproduced b y  p e r m i s s i o n  from ( r e f .  171 ) .  
C o p y r i g h t  1985, Pergamon J o u r n a l s  L t d .  

v a t i o n  o c c u r s  b y  s i t e  coverage and /o r  p o r e  b l o c k a g e ,  have been co- 
ve red ;  a l s o  a po re  n e t w o r k  sys tem was c o n s i d e r e d  where d e a c t i v a t i -  
on was caused by  s i t e  coverage o n l y .  A more r e c e n t  s t u d y  b y  t h e  sa-  
me group ( r e f .  158)  a l s o  cove red  p o r e  b l o c k a g e  f o r  a ne twork  o f  
pores .  Here s m a l l  po res  b l o c k e d  i m m e d i a t e l y  a f t e r  coverage,  po res  
t o o  l a r g e  t o  be b l o c k e d  and i n t e r m e d i a t e  ones, wh ich  can be b l o c k e d  
g i v e n  s u f f i c i e n t  t i m e ,  have been d i s t i n g u i s h e d  and s e p a r a t e  d e a c t i -  
v a t i o n  f u n c t i o n s  d e r i v e d  f o r  each c l a s s .  An i n t e r e s t i n g  f e a t u r e  o f  
t h e  d e r i v a t i o n  i n  ( r e f .  172)  i s  a t h e o r e t i c a l  t o r t u o s i t y  f a c t o r  equ- 
a l  t o  4 (as  opposed t o  p r e v i o u s  v a l u e s  between 2 and 3.3). Th is  i s  
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I 0.4 0.6 0.8 1.0 1.2 1.4 16 18 2.0 
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L- - t  1 I 1  I , ,  

1 2 4 7 10 20 40 60 
t , min 

F i g .  3 .25.  C o n v e r s i o n  o f  cumene c r a c k i n g  ( X )  as  a f u n c t i o n  o f  d i -  
m e n s i o n l e s s  f o u l i n g  t i m e ,  t / r F  o v e r  a c o m m e r c i a l  c r a c k i n g  c a t a l y s t  

sup o r t e d  z e o l i t e ,  L = 0 .75  mm, u = 7 2 3 nm, s p e c i f i c  s u r f a c e :  
$0 m! g - 1 ) .  Compar i son  o f  t h e o r y  and  e x p e r i m e n t :  Roman numbers  de -  
n o t e  t h e  v a r i o u s  mode ls  shown i n  F i g u r e  3.24. R e p r o d u c e d  b y  p e r m i s -  
s i o n  f r o m  ( r e f .  1 7 1 ) .  C o p y r i g h t  1985 Pergamon J o u r n a l s  L t d .  

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

b e i n g  b e t w e e n  3 a n d  7. 
Lee ( r e f .  1 7 3 )  p r o p o s e d  an  a p p r o x i m a t e  a p p r o a c h  t o  t h e  d e s i g n  

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

t i o n .  T h i s  uses  a f a c t o r  c a l l e d  p o i n t  e f f e c t i v e n e s s  w h i c h  i s  t h e  
r a t i o  o f  t h e  o b s e r v e d  r e a c t i o n  r a t e  t o  t h e  i n t r i n s i c  r e a c t i o n  r a t e  

u n d e r  b u l k  c o n d i t i o n s  f o r  f r e s h  c a t a l y s t .  A s u b s e q u e n t  a n a l y s i s  o f  
Lee and  B u t t  ( r e f s .  170,174) c o u p l e s  t h i s  f a c t o r  w i t h  c a t a l y s t  

p e l l e t  e f f e c t i v e n e s s ,  E b e i n g  
P '  

o b s e r v e d  r a t e  
E =  p i n t r i n s i c  r a t e  a t  p e l l e t  s u r f a c e  c o n d i t i o n s  ' 

The a c t i v i t y  f a c t o r ,  F i s  

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

( 3 . 2 3 4 )  

( 3 . 2 3 5 )  

These t w o  q u a n t i t i e s  a r e  c o u p l e d  b y  t h e  nf e f f e c t i v e n e s s  f a c t o r  f o r  

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

E~ = o f  F. (3.236 

The e x p r e s s i o n s  f o r  t h e  f r a c t i o n  o f  c a t a l y s t  d e a c t i v a t e d  ( u n d e r  
p s e u d o - s t e a d y - s t a t e  c o n d i t i o n s ,  i.s. when t h e  r a t e  o f  p o i s o n i n g  S 
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much slower than the  r a t e  a t  which the  concent ra t ion  reaches the  
s t e a d y - s t a t e  wi th in  the  p e l l e t )  have been der ived f o r  uniform and 
pore-mouth poisoning,  cons ider ing  p a r a l l e l  (eq .  (3 .198))  and s e r i e s  
(eq.  (3 .199))  poisoning mechanisms. The p e l l e t  e f f e c t i v e n e s s  f a c -  
t o r s  can then be c a l c u l a t e d .  Thei r  comparison w i t h  two s e l e c t e d  re -  
s u l t s  of thiophene poisoning of benzene hydrogenation gave r a t h e r  
good agreement between theory  and experiment.  The combination of 
p e l l e t  e f f e c t i v e n e s s  and r e a c t o r  po in t  e f f e c t i v e n e s s  r e s u l t s  i n  equ- 
a t i o n s  which can be used i n  p r a c t i c a l  r e a c t o r  des ign ,  i n  terms of 
the  p r i n c i p l e s  of commercial r e a c t o r  opera t ion  ( r e f .  147) .  The equ- 
a t i o n s  proposed o f f e r  exac t  q u a n t i f i c a t i o n  of i n t u i t i v e l y  expected 
f a c t s  ( s . g . ,  t h a t  i nc reas ing  r e a c t o r  volume inc reases  t o l e r a n c e  t o  
the  e f f e c t  of d e a c t i v a t i o n ,  s i n c e  the same amount of p o i s o n  i s  d i s t -  
r i bu ted  in  a l a r g e r  volume) and a l s o  of some f a c t s  which cannot be 
s o  e a s i l y  grasped i n t u i t i v e l y .  For example, i n  the case of uniform 
deac t iva t ion  a n d  f i x e d  res idence  time, the  gas temperature  - obser-  
ved i n  a n  exothermic r eac t ion  - decreases  monotonically with t ime,  
t he  c a t a l y s t  t empera ture ,  however, shows a small minimum followed 
by a very marked maximum. The au tho r s  warn about i n c o r r e c t  conclu- 
s ions  based s o l e l y  on t he  behavior  a t  time zero and/or  f o r  f r e s h  
c a t a l y s t .  This  i s  due t o  t he  f a c t  t h a t  t he  deac t iva t ing  spec ie s  can 
be consumed before  reaching the r e a c t o r  o u t l e t  and t o  the  inc rea -  
s ing  r eac t ion  r a t e ,  as  a consequence. 

Another " t r i c k "  of d i f f u s i o n  may be the  sepa ra t ion  of i nd iv idua l  
r eac t ion  pa r tne r s  due t o  t h e i r  d ive r se  r e l a t i v e  d i f f u s i v i t i e s .  Hyd- 
rogen dep le t ion  i n s i d e  a c a t a l y s t  p e l l e t  may cause enhanced coking 
( r e f .  175) .  Also, i n  steam reforming of methane, coking due t o  C O  
d i sp ropor t iona t ion ,  methane decomposition or reverse  water  gas 
r eac t ion  can occur  wi th in  the  p e l l e t  due t o  the  d i f f u s i o n a l  separa-  
t i o n  of r eac t ion  p a r t n e r s  under condi t ions  when compositions a t  
the  p e l l e t  su r f ace  would not  a l low such r eac t ions  thermodynamically 
( r e f .  172) .  Modeling f ixed-bed r e a c t o r s ,  equa t ions  cons ider ing  deac- 
t i v a t i o n  [ l i k e  eq. (3.213) - (3 .216)  or s i m i l a r  ones proposed i n  
t he  l i t e r a t u r e ]  can be used a s  e n t r i e s  i n t o  the  d i f f e r e n t  mathemat- 
h i ca l  r eac to r  models d i scussed  in  Sec t ion  3.2.2.  Care should be t a -  
ken t h a t  the  i n i t i a l  cond i t ions  on which t h e  de r iva t ion  of t hese  
equat ions have been based should correspond t o  those of t he  system 
t o  be modeled. We a r e  f a r  from being ab le  t o  give exac t  o r  c lose -  
- to-exac t  s o l u t i o n s  f o r  the  general  cases  and have t o  be s a t i s f i e d  
with gradual ly  improving the  approximations b o t h  from t h e  t h e o r e t i -  
cal  and the  r e a c t o r  design po in t  of view. 
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C h a p t e r  4 

LABORATORY REACTORS 

F o r  t h e  i m p r o v e m e n t  o f  e x i s t i n g  o r  t h e  i n t r o d u c t f o n  o f  new 

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

i n d u s t r i a l  p l a n t s .  The t a s k s  o f  l a b o r a t o r y  i n v e s t i g a t i o n s  i n c l u d e  
c a t a l y s t  p r e p a r a t i o n ,  c a t a l y s t  s c r e e n i n g ,  s c a l e - u p  f r o m  l a b o r a t o r y  

e q u i p m e n t  t o  p i l o t  and  i n d u s t r i a l  p l a n t s  and  p r o c e s s  s i m u l a t i o n  
and o p t i m i z a t i o n ,  as d e l i n e a t e d  p r e v i o u s l y  i n  Scheme 2.1, f o r  w h i c h  
r e l i a b l e  k i n e t i c  d a t a  m u s t  b e  p r o v i d e d .  These a r e  u s u a l l y  o b t a i n e d  
w i t h  l a b o r a t o r y  r e a c t o r s  w h i c h  m o s t l y  r e p r e s e n t  s m a l l - s c a l e  m o d e l s  

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

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

d i f f u s i o n  r e a c t o r s .  A l l  o f  t h e s e  r e a c t o r s  b e l o n g  t o  t h e  c l a s s  
o f  f l o w  r e a c t o r s  i n  w h i c h  mass and  e n e r g y  a r e  e x c h a n g e d  w i t h  t h e  

e n v i r o n m e n t  o f  t h e  r e a c t i o n  sys tem.  

2 . 2 )  w i t h i n  t h e  f r a m e  s e t  u p  so  f a r ,  however ,  t h e  r e a c t o r  t y p e s  
m e n t i o n e d  show d i f f e r e n t  s u i t a b i l i t i e s .  The m i c r o c a t a l y t i c  p u l s e  
me thod  has s p e c i a l  a d v a n t a g e s  f o r  t h e  i n v e s t i g a t i o n  o f  r e a c t i o n  

mechanisms and  can  be u s e d  f o r  t h e  k i n e t i c  a n a l y s i s  o f  c o m p l e x  

n e t w o r k s  o f  f i r s t - o r d e r  r e a c t i o n s .  Gas c h r o m a t o g r a p h i c  p u l s e  r e a c -  

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

f i x e d - b e d  r e a c t o r s  a r e  w e l l  s u i t e d  f o r  s u p p l y i n g  d a t a  t h a t  a r e  
needed f o r  d e r i v i n g  d y n a m i c  m o d e l s .  D e p e n d i n g  on  t h e  p r o b l e m s  

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

d i t i o n s  and  d i f f e r e n t  r u n n i n g - i n  c o n d i t i o n s ,  t h e  p a r a m e t e r s  i n  t h e  
model  e q u a t i o n s  s h o u l d  b e  d e t e r m i n e d  on  t h e  b a s i s  o f  d a t a  f r o m  

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

L a b o r a t o r y  r e a c t o r s  may b e  c l a s s i f i e d  on  t h e  b a s i s  o f  d i f f e r e n t  
a s p e c t s  s u c h  as  exchange  o r  no  exchange  o f  mass a n d  e n e r g y  w i t h  t h e  

e n v i r o n m e n t  o f  t h e  r e a c t i o n  sys tem,  mode o f  r e s i d e n c e  t i m e  d i s t r i -  

b u t i o n  o f  vo lume e l e m e n t s  o f  t h e  f l u i d  i n  t h e  r e a c t i o n  s y s t e m  o r  

s t a t i o n a r y  o r  n o n - s t a t i o n a r y  o p e r a t i o n .  

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

F o r  p e r f o r m i n g  t h e  i n d i v i d u a l  s t e p s  o f  k i n e t i c  a n a l y s i s  (Scheme 

I n  t h e  f o l l o w i n g  s e c t i o n s ,  t h e  o p e r a t i n g  p r i n c i p l e s  o f  and  measu- 
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s e n t e d .  F i n a l l y ,  a b r i e f  d i s c u s s i o n  i s  g i v e n  o f  t r a n s i e n t  o p e r a t i o n ,  
w h i c h  i s  b e c o m i n g  a p o w e r f u l  m e t h o d  f o r  c l e a r i n g  u p  k i n e t i c  p r o b -  
l ems  i n  l a b o r a t o r y  r e a c t o r s .  

4 .1  MICROPULSE REACTORS 

P u l s e  me thods  h a v e  f o u n d  w i d e  a p p l i c a t i o n s  i n  q u a l i t a t i v e  a n d  
q u a n t i t a t i v e  i n v e s t i g a t i o n s  c,f h e t e r o g e n e o u s  c a t a l y t i c  r e a c t i o n s  
( r e f s .  1 -6 ) .  The u n d e r l y i n g  p r i n c i p l e  o f  m i c r o p u l s e  r e a c t o r s  i s  t h e  
i n j e c t i o n  o f  a r e a c t a n t  p u l s e  i n t o  a c o n t i n u o u s  f l o w  o f  a c a r r i e r  
gas,  w h i c h  i s  t h e n  p a s s e d  t h r o u g h  a c a t a l y t i c  c o l u m n .  Two b a s i c  
t y p e s  o f  m i c r o p u l s e  r e a c t o r s  may b e  d i s t i n g u i s h e d ,  t h e  m i c r o c a t a -  
l y t i c  p u l s e  r e a c t o r  and  t h e  g a s  c h r o m a t o g r a p h i c  r e a c t o r ,  a l t h o u g h  
a l l  t h e  l i t e r a t u r e  d a t a  on  m i c r o p u l s e  r e a c t o r s  does  n o t  n e c e s s a r i l y  
a s s i g n e d  t o  t h e s e  t w o  t y p e s .  A m i c r o c a t a l y t i c  p u l s e  r e a c t o r  s y s t e m  
/ F i g .  4.1 ( r e f .  7 ) /  c o n s i s t s  o f  t w o  c o l u m n s ,  a c a t a l y t i c  c o l u m n  and  
a s e p a r a t i o n  co lumn.  The p u l s e  i s  u s u a l l y  l a r g e  compared  w i t h  t h e  
l e n g t h  o f  t h e  c a t a l y t i c  co lumn,  w h i c h  means t h a t  v a r i a t i o n  o f  t h e  
f l o w - r a t e  o f  t h e  c a r r i e r  gas h a s  a m i n o r  i n f l u e n c e  o n  t h e  c o n v e r -  

s i o n  i n  t h e  c a t a l y t i c  c o l u m n ,  and  c h r o m a t o g r a p h i c  e f f e c t s  d u r i n g  
t h e  passage  o f  t h e  r e a c t a n t  p u l s e  a r e  s m a l l .  The q u a n t i t y  m e a s u r e d  
w i t h  m i c r o c a t a l y t i c  p u l s e  r e a c t o r s  i s  t h e  c o n v e r s i o n  o f  r e a c t a n t s .  
I n  t h e  gas c h r o m a t o g r a p h i c  r e a c t i o n  s y s t e m  / F i g .  4.2 ( r e f .  7 ) / ,  t h e  
c a t a l y t i c  a n d  s e p a r a t i o n  c o l u m n s  a r e  c o m b i n e d  i n t o  one c o l u m n ,  and  

t h e  p u l s e  i s  s m a l l  compared  w i t h  t h e  l e n g t h  o f  t h e  co lumn,  and  
t h e r e f o r e  p r o n o u n c e d  c h r o m a t o g r a p h i c  e f f e c t s  o c c u r .  I n f o r m a t i o n  
a b o u t  i n d i v i d u a l  r a t e s  o f  p h y s i c a l  a n d  c h e m i c a l  p r o c e s s e s  w i t h i n  
t h e  c o l u m n  i s  o b t a i n e d  f r o m  t h e  shape o f  t h e  e l u t i o n  peak  w h i c h  
l e a v e s  t h e  c a t a l y t i c  gas  c h r o m a t o g r a p h i c  co lumn.  

reactant injection i 
1 I 1 - 

carrier gas catalytic column separation column detector 

F i g .  4.1. M i c r o c a t a l  t i c  p u l s e  me thod .  R e p r  d u c e d  w i t h  e m i s s i o n  
f r o m  ( r e f ,  7 ) ,  p. 1 7 f ,  b y  c o u r t e s y  o f  M a r c e q  D e k k e r ,  In!. 
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reactant injection i 
I 

detect or carrier gas catalytichparation column 

F i g .  4.2. Gas ch romatog raph ic  p u l s e  method. Reproduced w i t h  p e r -  
m i s s i o n  f rom ( r e f .  7 ) ,  p. 176, b y  c o u r t e s y  o f  Marce l  Dekker,  I n c .  

4.1.1 M i c r o c a t a l y t i c  p u l s e  method 

M i c r o c a t a l y t i c  p u l s e  t e c h n i q u e s  were i n t r o d u c e d  by  Emmett and 
co-workers  ( re f .$ .  8 -10) .  The main  a p p l i c a t i o n s  o f  t h i s  t e c h n i q u e  
a r e  r a p i d  s c r e e n i n g  o f  c a t a l y s t  a c t i v i t y  and s e l e c t i v i t y  and t h e  
i n v e s t i g a t i o n  o f  u n d e r l y i n g  r e a c t i o n  mechanisms, i.e., w i t h i n  t h e  
f ramework s e t  up f o r  t h e  k i n e t i c  a n a l y s i s  o f  complex r e a c t i o n  
ne tworks ,  t h e  m i c r o c a t a l y t i c  p u l s e  method i s  w e l l  s u i t e d  f o r  t h e  
f i r s t  s tep .  R e a c t i o n  mechanisms a r e  u s u a l l y  i n v e s t i g a t e d  w i t h  m i c r o -  
c a t a l y t i c  p u l s e  r e a c t o r s  by  a n o n - k i n e t i c  method a s  d e s c r i b e d  i n  
S e c t i o n  3.1.3, i n v o l v i n g  t h e  compar ison o f  p r o d u c t  d i s t r i b u t i o n s  
o b t a i n e d  f r o m  t h e  c o n v e r s i o n  o f  model compounds w i t h  p r o d u c t  
d i s t r i b u t i o n s  expec ted  f r o m  t h e o r e t i c a l l y  p o s t u l a t e d  mechanisms. If 
t h e  model compounds do n o t  d e l i v e r  s p e c i f i c  p r o d u c t  d i s t r i b u t i o n s  
t h a t  p e r m i t  a d i s c r i m i n a t i o n  between r i v a l  t h e o r e t i c a l  mechanisms, 
l a b e l l i n g  o f  t h e  r e a c t a n t s  w i t h  r a d i o a c t i v e  ( r e f .  11) o r  s t a b l e  
( r e f .  12)  i s o t o p e s  i s  a u s e f u l  method t h a t  i s  e s p e c i a l l y  advan ta -  
geous w i t h  t h e  m i c r o c a t a l y t i c  p u l s e  t e c h n i q u e  because o n l y  s m a l l  
amounts o f  r e a c t a n t s  a r e  needed. 

o f  r e a c t a n t s  i n  t h e  i n i t i a l  s t a t e  o f  t h e  c a t a l y s t  s u r f a c e ,  f r o m  
wh ich  e x t e n s i v e  i n f o r m a t i o n  on i n i t i a l  s e l e c t i v i t i e s  and c a t a l y s t  
d e a c t i v a t i o n  i s  a v a i l a b l e .  The d i s a d v a n t a g e  o f  t h e  m i c r o c a t a l y t i c  
p u l s e  t e c h n i q u e  a r i s e s  f r o m  t h e  d i f f i c u l t y  i n  d e r i v i n g  q u a n t i t a t i v e  
k i n e t i c  r e s u l t s .  T h i s  i s  caused by  t h e  c o n t i n u o u s l y  chang ing  p a r -  
t i a l  p ressu res  o v e r  t h e  l e n g t h  o f  t h e  c a t a l y t i c  column and b y  
a d s o r p t i o n  on t h e  c a t a l y s t ,  as a r e s u l t  o f  wh ich  c a l c u l a t i o n s  o f  
p a r t i a l  p r e s s u r e s  and c o n t a c t  t i m e s  o f  t h e  r e a c t a n t s  w i t h i n  t h e  
column become u n c e r t a i n .  I n  monomolecu la r  r e a c t i o n s ,  however, t h e  
c o n v e r s i o n  i s  i ndependen t  o f  t h e  p u l s e  shape and i d e n t i c a l  k i n e t i c  
r e s u l t s  a r e  o b t a i n e d  w i t h  t h e  p u l s e  method and t h e  s t a t i o n a r y  f l o w  

Ano the r  m a j o r  b e n e f i t  o f  t h e  p u l s e  t e c h n i q u e  i s  t h e  i n t e r a c t i o n  
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method, as was f i r s t  s t r e s s e d  by. B a s s e t t  and Habgood ( r e f .  1 3 ) .  

be m a t h e m a t i c a l l y  m o d e l l e d  by  mak ing  use o f  a number o f  s i m p l i f y i n g  
assumpt ions  o r  a r rangements ,  Thus t h e  r e a c t a n t  p u l s e  wh ich  e n t e r s  
t h e  c a t a l y t i c  column can be broadened i n  a d i s p e r s i o n  column t o  
such an e x t e n t  t h a t ,  d u r i n g  passage t h r o u g h  t h e  c a t a l y t i c  column, 
no f u r t h e r  b r o a d e n i n g  o f  t h e  e n t r a n c e  p u l s e  occu rs .  The r e s u l t i n g  
s e t  o f  d i f f e r e n t i a l  e q u a t i o n s  may be s o l v e d  a n a l y t i c a l l y  o r  nume- 
r i c a l l y  f o r  d i f f e r e n t  e n t r a n c e  p u l s e  shapes b y  assuming power l a w  
o r  h y p e r b o l i c  r a t e  e q u a t i o n s ,  and c a l c u l a t e d  c o n v e r s i o n s  may be 
compared w i t h  measured c o n v e r s i o n s .  

U n t i l  r e c e n t l y ,  o n l y  s i m p l y  r e v e r s i b l e  o r  i r r e v e r s i b l e  r e a c t i o n s  
had been q u a n t i t a t i v e l y  i n v e s t i g a t e d ,  see, f o r  example ( r e f s .  14-17) .  
The m i c r o c a t a l y t i c  p u l s e  t e c h n i q u e  may, however,  be a p p l i e d  f o r  t h e  

i n v e s t i g a t i o n  o f  a t  l e a s t  t h e  s e l e c t i v i t y  b e h a v i o u r  o f  a c a t a l y s t  
f o r  complex pseudomonomolecular r e a c t i o n  systems. T h i s  i s  demonst ra -  
t e d  w i t h  two examples. I n  each i n s t a n c e  t h e  k i n e t i c s  o f  s i m u l t a n e o u s  
i s o m e r i z a t i o n  and c r a c k i n g  o f  t h e  f i v e  hexane i s o m e r s  on d i f f e r e n t  
P t /A1203 c a t a l y s t s  i s  i n v e s t i g a t e d ,  b u t  d i f f e r e n t  pa ramete r  d e t e r -  
m i n a t i o n  p rocedures  a r e  used. 

L i k e  c a t a l y t i c  f l o w  r e a c t o r s ,  m i c r o c a t a l y t i c  p u l s e  r e a c t o r s  can 

Example 4.1: K i n e t i c  a n a l y s i s  o f  s i m u l t a n e o u s  i s o m e r i z a t i o n  and 
c r a c k i n g  o f  t h e  f i v e  hexane i somers  b y  use o f  t h e  W e i - P r a t e r  
method ( r e f .  1 8 ) .  I n  F i g .  4.3. a f l o w  d iag ram o f  t h e  m i c r o c a t a l y t i c  
r e a c t i o n  sys tem i s  p resen ted .  To  a c h i e v e  i s o t h e r m a l  c o n d i t i o n s ,  t h e  
m i c r o c a t a l y t i c  r e a c t o r  ( I . D .  0.24 cm) i s  h e a t e d  w i t h  a f l u i d i z e d  
sand bed. I n  o r d e r  t o  v a r y  t h e  c o n t a c t  t i m e  o f  t h e  p u l s e  i n  t h e  
c a t a l y t i c  bed by  v a r i a t i o n  o f  t h e  c a r r i e r  gas v e l o c i t y ,  t h e  p u l s e  
w i d t h  must be s m a l l  compared w i t h  t h e  l e n g t h  o f  t h e  c a t a l y t i c  
column. The l e n g t h  o f  t h e  c a t a l y t i c  column canno t  be chosen a r b i -  
t r a r i l y  l o n g ,  however, ow ing  t o  ch romatog raph ic  e f f e c t s  and p r e s s u r e  
d rops .  A m a j o r  d i f f i c u l t y  i n  o p e r a t i n g  m i c r o c a t a l y t i c  r e a c t o r s  i s  
t h e  r e s t r i c t i o n  o f  t h e  r e a c t i o n  c o n d i t i o n s  t o  t h e  o p e r a t i n g  c o n d i -  
t i o n s  o f  t h e  gas chromatograph. U s u a l l y  t h e  two columns a r e  decoup- 
l e d  t h r o u g h  a c o o l i n g  t r a p ,  wh ich  produces  d i f f i c u l t i e s  w i t h  
q u a n t i t a t i v e  samp l ing  o f  t h e  f r o z e n  p r o d u c t s  t o  t h e  gas chromatog-  
raph.  W i t h  t h e  p r e s e n t  r e a c t i o n  sys tem t h i s  p rob lem i s  c i r c u m -  

v e n t e d  by means o f  two r e g u l a t i n g  v a l v e s .  The c a r r i e r  gas v e l o c i t y  
and t h e  t o t a l  p r e s s u r e  o f  t h e  r e a c t i o n  sys tem a r e  adap ted  w i t h  t h e  
p r e s s u r e  d rop  o v e r  t h e  f i r s t  v a l v e  downstream o f  t h e  m i c r o c a t a l y t i c  
p u l s e  r e a c t o r .  A c o n s t a n t  c a r r i e r  gas v e l o c i t y  t h r o u g h  t h e  gas 
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B 

F i g .  4.3. M i c r o c a t a l y t i c  p u l s e  r e a c t o r  s y s t e m  f o r  k i  e t i c  i n v  s t i -  
g a t i o n s  o f  complex  pseudo-mass a c t i o n  sys tems.  Reproauced w i t t  
p e r m i s s i o n  f r o m  ( r e f .  1 8 ) .  

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

c a p i l l a r y  s p l i t t e r .  

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

0.1 - 0.3 mm; c a r r i e r  gas,  h y d r o g e n ;  c a r r i e r  gas v e l o c i t y ,  50 - 500 
m l / m i n  (STP); i n p u t  p u l s e s ,  0.3 ul o f  r e a c t a n t ,  480 mg o f  c a t a l y s t  
(0 .35  w t %  P t / A 1 2 0 3 ) ;  t o t a l  p r e s s u r e ,  1.05 MPa; and t e m p e r a t u r e ,  
40OoC. The p r o d u c t s  were a n a l y z e d  b y  gas c h r o m a t o g r a p h y  w i t h  a 

s q u a l a n e  c a p i l l a r y  co lumn.  

The e f f e c t  o f  p u l s e  s i z e  on 2 . 2 - d i m e t h y l b u t a n e  c o n v e r s i o n  i s  
1 ow 
r e a c t i o n  

o y e d  f o r  

shown i n  F i g .  4.4, w h i c h  i n d i c a t e s  t h a t  t h e  r e a c t i o n s  f o  
pseudomonomolecu la r  k i n e t i c s  w i t h i n  t h e  r a n g e  o f  a p p l i e d  

c o n d i t i o n s .  The W e i - P r a t e r  method can,  t h e r e f o r e ,  b e  emp 
k i n e t i c  a n a l y s i s .  

The d e t e r m i n a t i o n  o f  t h e  s e l e c t i v i t y  b e h a v i o u r  o f  t h e  c a t a l y s t  
Can be a c c o m p l i s h e d  w i t h o u t  e x p l i c i t  c o n s i d e r a t i o n  o f  t h e  r e a c t i o n  
t i m e  b y  means o f  t h e  r e l a t i v e  r a t e  c o n s t a n t s ,  w h i c h  f o l l o w  f r o m  a 

p a r a m e t r i c  r e p r e s e n t a t i o n  o f  t h e  c u r v e d  r e a c t i o n  p a t h s  i n  t e r m s  o f  
b j .  The d i a g o n a l  m a t r i x  o f  t h e  r a t e  c o n s t a n t s  o f  t h e  h y p o t h e t i c a l  
s y s t e m  t a k e s  t h e  f o l l o w i n g  f o r m :  
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l o i  - 0 . 0  1.0 1L 1.0 
p d r  air., PI 

F i a .  4.4. I n f l u e n c e  o f  D u l s e  s i z e  on 2 . 2 - d i m e t h v l b u t a n e  i s o m e r i z a -  
t i 6 n  a n d  c r a c k i n g  c o n v e r s i o n .  Reproduced w i t h  p e r m i s s i o n  f r o m  
( r e f .  18) .  

A '  = 

- 
1 . .. 0 

h2 

O x ;  

kg 
hl 
- 0 ... 

- 
The e q u i l i b r i u m  c o m p o s i t i o n  v e c t o r  a ,  w h i c h  i s  needed f o r  t h e  
t r a n s f o r m a t i o n  o f  t h e  r a t e  c o n s t a n t  m a t r i x  i n t o  an o r t h o g o n a l l y  
s i m i l a r  m a t r i x ,  was c a l c u l a t e d  f r o m  f r e e  e n e r g y  d a t a  t o  b e  

a4000C * 

0.211 n-hexane ::;;;:] 1 - m e t h  2 - m e t h y l p e n t a n e  y I p e n t a n e  ] . 
0.0655 2 , 3 - d i m e t h y l b u t a n e  
0.1226 2 , 2 - d i m e t h y l b u t a n e  

A c c o r d i n g  t o  t h e  p r o c e d u r e  g i v e n  i n  t h e  p r e v i o u s  
v e c t o r  xr, 

'r I 1  0.1425 
0.3196 
0.606 
0.1087 
0.2234 

( 4 . 2 )  

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

( 4 . 3 )  

and t h e  i n i t i a l  c o m p o s i t i o n s  a o f  t h e  a r t i f i c i a l  s t r a i g h t - l i n e  
r e a c t i o n  p a t h s ,  xi 
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a ( 0 )  = 
x1 

0 .1256 a x  ( 0 )  = 
0 , 1 8 5 6  2 

0 
0 . 2 7 1 8  

0 .4169 1 0 
0 . 4 1 0 7  

0 . 1 9 0 8  

'0.1474 1 
0 

0 .0777 
0 .2725 

a r e  d e t e r m i n e d .  A l i n e a r  c o m b i n a t i o n  o f  these c o m p o s i t i o n s  a n d  t h e  
r a y  v e c t o r  u s i n g  o r t h o g o n a l i t y  r e l a t i o n s h i p s  ( a n d  c a l c u l a t i n g  t h e  
f i f t h  e i g e n v e c t o r  f rom o r t h o g o n a l i t y  r e l a t i o n s h i p s  a l s o )  y i e l d s  
t h e  f o l l o w i n g  e i g e n v e c t o r  matrix X :  

x =  0.206 0 .5399 12 .0566 11 .5603 - 8 . 8 2 8  ( 4 . 5 )  

0 .1425 0 , 7 3 3 7  -18 .7398 0.3289 1.9635 
0 . 3 1 9 5  0 .5175 12 .414  -11.9176 22 .8484 

0 . 1 0 8 7  -0 .2108 - 0 . 6 3 0 8  - 1 . 0 7 7 8  -41 .2515 
0 . 2 2 3 4  -0.5804 - 4.0999 2 .1063 30.1946 - 1 

The r e l a t i v e  r a t e  c o n s t a n t  m a t r i x  A '  f o r  the c h a r a c t e r i s t i c  s y s t e m  
i s  o b t a i n e d  f rom a p a r a m e t r i c  d e p i c t i o n  of  t h e  two c u r v e d  r e a c t i o n  
p a t h s  w i t h  i n i t i a l  c o m p o s i t i o n s  

r -1 r o i  
a 1 ( 0 )  = jo.iS 0.002 0.032 1 and a 2 ( o )  =I\ J ( 4 . 6 )  

0 .175  

on t h e  r e a c t i o n  h y p e r p l a n e  o f  t h e  r e v e r s i b l e  r e a c t i o n  s y s t e m  i n  
terms o f  t h e  c h a r a c t e r i s t i c  d i r e c t i o n s :  

1 .  0 
0 2 . 1  

3 . 4  
6 . 4  . 

0 .  , 1 0 . 8  

( 4 . 7 )  

The i n d i v i d u a l  v a l u e s  o f  the  r a t e  c o n s t a n t  m a t r i x  f o r  s i m u l t a -  
n e o u s  i s o m e r i z a t i o n  and  c r a c k i n g  o f  the  hexane  i s o m e r s  a r e  g i v e n  i n  
F i g .  4 .5 .  A p l o t  o f  r e l a t i v e  r e a c t i o n  p a t h s  ( F i g .  4 . 6 )  r e v e a l s  good 
a g r e e m e n t  be tween the  e x p e r i m e n t a l  and  c a l c u l a t e d  ( s o l i d  l i n e s )  
r e a c t i o n  p a t h s .  Further ,  the r a t e  c o n s t a n t s  can  be d i s c u s s e d  w i t h  
r e s p e c t  t o  t h e  u n d e r l y i n g  r e a c t i o n  mechanism.  Assuming t h a t  the  
h e x a n e s  a r e  i n t e r c o n v e r t e d  m a i n l y  via a b i f u n c t i o n a l  mechanism 
where the  s p e c i e s  a r e  ( d e ) h y d r o g e n a t e d  on  the p l a t i n u m  f u n c t i o n  a n d  
s k e l e t a l  r e a r r a n g e m e n t s  on t h e  a c i d i c  func t ion  a r e  t h e  r a t e - d e t e r -  
m i n i n g  s teps ,  the r a t e  c o n s t a n t s  ( F i g .  4 . 5 )  s a t i s f a c t o r i l y  r e f l e c t  
t h e  d i f f e r e n t  r a t e s  a t  w h i c h  t e r t i a r y  c a r b e n i u m  ions a re  r e a r r a n g e d  
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i n t o  t e r t i a r y  o r  secondary  carben ium i o n s ,  secondary  i n t o  secondary  
o r  t e r t i a r y ,  and p r i m a r y  oia p r o t o n a t e d  c y c l o p r o p a n e  r i n g  i n t e r m e -  
d i a t e s  i n t o  p r i m a r y  i o n s .  

0 
3MP 0 2,3 DMB 

2,2 DMB 0.18 

QLS 

F i g .  4.5. R e l a t i v e  r a t e  c o n s t a n t s  f o r  s i m u l t a n e o u s  i s o m e r i z a t i o n  
and c r a c k i n g  o f  t h e  f i v e  hexane i somers .  Reproduced w i t h  p e r m i s s i o n  
f rom ( r e f .  1 8 ) .  

Example 4.2: K i n e t i c  a n a l y s i s  o f  i n t e r c o n v e r s i o n  and c r a c k i n g  o f  

n-hexane and t h e  me thy lpen tanes  b y  use of  t h e  " t w o - p o i n t "  method 
( r e f s .  19,20). I n  t h e  I a t w o - p o i n t "  method, j u s t  two c o m p o s i t i o n s ,  
ai(0) and ai(t)  , on i n d i v i d u a l  r e a c t i o n  t r a j e c t o r i e s  a r e  c o n s i d e r e d  
f o r  d e t e r m i n a t i o n  o f  t h e  r a t e  c o n s t a n t s ,  where ai(0) deno te  i n i t i a l  
c o m p o s i t i o n  v e c t o r s  and ai(t)  c o m p o s i t i o n  v e c t o r s  wh ich  must  a l l  
be o b t a i n e d  a t  t h e  same r e a c t i o n  t i m e  t. T h i s  sugges ts  u s i n g  t h e  
p u l s e  t e c h n i q u e  under  c o n d i t i o n s  o f  c o n s t a n t  c a r r i e r  gas f l o w - r a t e s ,  
l a r g e  p u l s e  s i z e s  compared w i t h  t h e  l e n g t h  o f  t h e  c a t a l y s t  bed and 
t h e  absence o f  ch romatog raph ic  e f f e c t s ,  wh ich  means under  c o n d i t i o n s  
where no b r o a d e n i n g  o f  t h e  e n t r a n c e  peak o c c u r s  on p a s s i n g  t h r o u g h  
t h e  m i c r o c a t a l y t i c  r e a c t o r .  

The p u l s e  m i c r o r e a c t o r  used had an i n n e r  d i a m e t e r  o f  4 mm. The 
r e a c t i o n  c o n d i t i o n s  were as f o l l o w s :  c a t a l y s t ,  commerc ia l  0.5 w t %  
P t / n - A 1 2 0 3 - p l a t f o r m i n g  c a t a l y s t ;  amount o f  c a t a l y s t ,  300 mg; p a r -  
t i c l e  d i a m e t e r ,  0.4 - 0.9 mm; c a r r i e r  gas, H2 ;  c a r r i e r  gas v e l o c i t y ,  
180 ml /min ;  i n p u t  p u l s e s ,  0.1 - 0.2 rrl o f  r e a c t a n t ;  r e a c t i o n  
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Fig. 4 .6 .  Comparison of experimental  a n d  ca l cu la t ed  ( s o l i d  l i n e )  
reac t ion  paths .  Reproduced with permission from ( r e f .  18 ) .  

temperature ,  38OoC; a n d  t o t a l  p re s su re ,  2.8 bar .  Ca ta lys t  samples 
were p re - t r ea t ed  in a flow of hydrogen f o r  12 h a t  500°C and before  
s t a r t i n g  each s e t  of experiments the  c a t a l y s t  was t r e a t e d  with ten  
5-pl pulses  o f  r eac t an t  a t  the  r eac t ion  temperature .  Af te r  t h i s  
t reatment  the  peak a reas  o f  the  i n l e t  and o u t l e t  pu lses  of t he  
mic roca ta ly t i c  r eac to r  no longer  var ied .  A t  the  r eac t ion  temperature 
appl ied only small amounts of dimethylbutanes could be de tec ted  
among the  products a n d  these were included i n t o  amount of hydro- 
cracking products .  

t i on  with concent ra t ions  of  the ind iv idua l  s p e c i e s ,  showing t h a t  
t h e r e  a re  r e v e r s i b l e  r eac t ions  among the  t h r e e  hexane isomers and 
i r r e v e r s i b l e  r eac t ions  f o r  t he  formation of C1-C5  hydrocarbons. 

Scheme 4 . 1  was used f o r  r e l a t i n g  the  r a t e  of change of composi- 
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cracking + cyclization products 

n- hexane 

3- met h y I pen ta ne 

Scheme 4.1 

The r a t e  o f  change o f  c o m p o s i t i o n  i s  g i v e n  by  

a ( t )  = K .  ( 0 )  

1 n -he xane 
a ( t )  = 2 -me thy lpen tane  [ 3-methy lpen tane  

where 

i s  t h e  c o m p o s i t i o n  v e c t o r  and 

k13  

k32 - C  k . .  
j= 1 Jt 

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

a ( t )  = x e - * t  x - l a ( o )  

( 4 . 1 0 )  

4 . 8  i s  

(4 .11 )  

where X i s  t h e  m a t r i x  o f  e i g e n v e c t o r s  and A t h e  d i a g o n a l  m a t r i x  
of t h e  e i g e n v a l u e s  of  K .  R e p l a c i n g  t h e  c o m p o s i t i o n  v e c t o r s  a ( t )  and 
a ( 0 )  b y  c o n c e n t r a t i o n  m a t r i c e s  A ( t )  and A ( O ) ,  wh ich  a r e  fo rmed  f r o m  
a l l  c o m p o s i t i o n  v e c t o r s  used f o r  t h e  d e t e r m i n a t i o n  o f  t h e  c o e f f i -  
c i e n t  m a t r i x ,  and m u l t i p l y i n g  f r o m  t h e  r i g h t  b y  A ( O ) - '  and X ,  we 
o b t a i n  

[ A ( t )  A (0 ) ' ' l  X = X (4 .12)  

The i n i t i a l  c o n c e n t r a t i o n  m a t r i x  and t h e  c o r r e s p o n d i n g  p r o d u c t  
c o n c e n t r a t i o n  m a t r i x  used f o r  t h e  e v a l u a t i o n  o f  t h e  r a t e  c o n s t a n t s  
o f  t h e  r e a c t i v e  sys tem under  c o n s i d e r a t i o n  a r e  g i v e n  i n  eq. 4.13. 
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a l ( o )  a2(0)  a4(0)  a5(0)  a6(0)  
99.22 0.08 0.19 26.78 71.63 26.98 

0.00 99.52 0.54 72.57 27.59 0.66 

0.00 0.30 99.27 0.33 0.17 71.48 
A ( 0 )  = 

Q7(0)  a s ( 0 )  a g ( 0 )  a 1 0 ( 0 )  a l p )  a 1 2 ( 0 )  
67.93 0.58 0.0 51.11 50.07 0.55 

0.40 25.90 72.05 47.71 0.00 47.5 

31.12 73.52 27.95 0.00 49.29 51.23 

a13(0) a14(O) a15(O)  a16 
74.36 16.78 14.11 12 
11.93 66.69 16.98 19 
13.10 16.28 68 .58  66 

(4 .13)  

0) a17(O) a 1 8 ( 0 )  
33 64.23 24.86 
87 11.95 61.77 
35 23.01 13.51 

a 2 ( t )  a 3 ( t )  a4( t )  a5(t) a 6 ( t )  
57.78 11.12 9.07 17.15 36.3 19.43 

13.78 47.77 20.64 29.50 23.38 20.03 
7.87 15.0 49.76 13.37 10.9 36.04 

A ( t )  = 

L 

a7( t )  ag( t )  a l O ( t )  all 
41.13 9.24 10.38 26.48 35 
16.77 28.85 40.37 35.78 15 
21.73 40.48 24.61 8.88 31 

t )  a 1 2 ( t )  
87 8.86 
86 35.42 
82 34.13 

1 a ( t )  a 1 4 ( t )  ~ 1 5 ( t )  ~ 1 6 ( t )  ~ 1 7 ( t )  a 1 8 ( t )  
33.24 15.88 15.46 14.28 40.91 19.37 
19.7 34.41 24.8 26.09 19.87 41.72 
14.41 18.83 38.57 40.63 18.92 18.2 

The c o n c e n t r a t i o n s  i n  eq. 4.6 a r e  g i v e n  i n  molX. F o r  c a l c u l a t i n g  
t h e  r a t e  c o n s t a n t  m a t r i x ,  a t  l e a s t  t h r e e  i n i t i a l  c o m p o s i t i o n  v e c t o r s  
and t h e  c o r r e s p o n d i n g  p r o d u c t  c o m p o s i t i o n s  a r e  needed, w h i c h  fo rm 
3 x 3 s q u a r e  m a t r i c e s  w i t h  t h e  i n d i v i d u a l  c o n c e n t r a t i o n s  as  t h e  
e n t r i e s .  The c o n c e n t r a t i o n  m a t r i c e s  i n  eq. 4.13 a r e  f o r m e d  f r o m  1 8  
i n i t i a l  c o m p o s i t i o n  v e c t o r s  and t h e  c o r r e s p o n d i n g  p r o d u c t  c o n c e n t -  
r a t i o n  v e c t o r s ,  w h i c h  means t h a t  a t o t a l  o f  54 e x p e r i m e n t a l  p o i n t s  
can be c o n s i d e r e d  f o r  c a l c u l a t i n g  t h e  n i n e  r a t e  c o n s t a n t s  w h i c h  a r e  
c o n n e c t e d  w i t h  t h e  r e a c t i o n  Scheme 4.1. The r a t e  c o e f f i c i e n t s ,  i n  
c o n t r a s t  t o  c u r v e - f i t t i n g  p r o c e d u r e s ,  a r e  d i r e c t l y  o b t a i n e d  f r o m  
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t h e  c l o s e d  s o l u t i o n  o f  t h e  s y s t e m  o f  d i f f e r e n t i a l  e q u a t i o n s ,  eq.  

4.8. 

The c a l c u l a t i o n  was p e r f o r m e d  i n  t h e  f o l l o w i n g  way. F i r s t ,  

c o m p o s i t i o n  v e c t o r s  on  t h r e e  r e a c t i o n  t r a j e c t o r i e s  on  t h e  r e a c t i o n  

h y p e r p l a n e  i n  t h e  c o m p o s i t i o n  s p a c e  w e r e  u s e d  f o r  d e t e r m i n i n g  t h e  
r a t e  c o e f f i c i e n t  m a t r i x ,  t h e n ,  i n  s u b s e q u e n t  c a l c u l a t i o n s ,  compo- 

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

added.  Hence, s i x  c a l c u l a t i o n s  w e r e  p e r f o r m e d ,  e a c h  b a s e d  on  a 

l a r g e  amount  o f  e x p e r i m e n t a l  d a t a .  I n  a l l  i n s t a n c e s  w h e r e  t h e  num- 
b e r  o f  c o m p o s i t i o n  v e c t o r s  i n  t h e  c o m p o s i t i o n  m a t r i x  e x c e e d e d  t h e  

number o f  componen ts  i n  t h e  c o m p o s i t i o n  v e c t o r ,  b o t h  c o n c e n t r a t i o n  

m a t r i c e s  A ( 0 )  and  A ( t )  w e r e  m u l t i p l i e d  b y  t h e  t r a n s p o s e  o f  A ( 0 ) .  

The e i g e n v e c t o r s  a n d  e i g e n v a l u e s  o f  t h e  m a t r i x  A ( t )  A ( O ) - '  w e r e  

c a l c u l a t e d  w i t h  a p r o g r a m m a b l e  p o c k e t  c o m p u t e r .  The r e s u l t s  o f  t h e  
c a l c u l a t i o n s  a r e  g i v e n  i n  T a b l e  4.1. 

TABLE 4.1 

R e l a t i v e  r a t e  c o n s t a n t s  o f  s i m u l t a n e o u s  i s o m e r i z a t i o n  a n d  h y d r o g e -  

n o l y s i s  o f  n - h e x a n e  and  t h e  t w o  m e t h y l p e n t a n e s  

R e l a t i v e  r a t e  c o n s t a n t s  
number o f  t r a j e c t o r i e s  

r e a c t i o n  w c o n s i d e r e d  3 6 9 12  15 1 8  

n - h e x a n e  + 2 - m e t h y l p e n t a n e  0.25 

n -hexane  + 3 - m e t h y l p e n t a n e  0.11 

2 - m e t h y l p e n t a n e  + n -hexane  0 . 2  

n -hexane  + C C 1 - C 5  0.21 

2 - m e t h y l p e n t a n e  + 3 - m e t h y l -  
p e n t a n e  0.31 

2 - m e t h y l p e n t a n e  + C C 1 - C 5  0 .32 

3 - m e t h y l p e n t a n e  + n -hexane  0.13 
3 - m e t h y l p e n t a n e  + P - m e t h y l -  

p e n t a n e  0 .42  
3 - m e t h y l p e n t a n e  + C C 1 - C 5  0.21 

0.26 0.29 0.26 0.27 0.27 
0.12 0.13 0.12 0.13 0.12 
0.26 0.25 0.24 0.27 0.26 

0.14 0.15 0.16 0.17 0.16 

0.33 0.33 0.31 0.31 0 .30  
0.45 0.42 0 .38  0.4 0.42 

0.13 0.14 0.13 0.14 0.14 

0.47 0.48 0.45 0.45 0.44 
0.20 0.17 0.18 0.17 0.16 

F o r  some i n d i v i d u a l  r e a c t i o n s  s u c h  as  h y d r o g e n o l y s i s  o f  n - h e x a n e  
and  2 - m e t h y l p e n t a n e  and  i s o m e r i z a t i o n  o f  3 - m e t h y l p e n t a n e ,  r a t e  

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

o r  n i n e  r e a c t i o n  t r a j e c t o r i e s  d i f f e r  b y  up  t o  30%. F u r t h e r  i n c r e a s e s  
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i n  t h e  number o f  c o m p o s i t i o n  v e c t o r s  c o n s i d e r e d  o n l y  c a u s e s  a s m a l l  
v a r i a t i o n  i n  t h e  c a l c u l a t e d  r a t e  c o e f f i c i e n t s ,  w h i c h  j u s t  r e f l e c t  

t h e  e r r o r s  i n  c o n c e n t r a t i o n  measuremen ts  o f  t h e  e x p e r i m e n t a l  

e q u i p m e n t  used.  

d a t a  f r o m  p u l s e  e x p e r i m e n t s  t o  s t e a d y - s t a t e  f l o w  c o n d i t i o n s .  I n  

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

c o n c e n t r a t i o n s  i n  t h e  gaseous  f l o w  change  i n  t i m e  a n d  space.  F o r  

l i n e a r  r e a c t i v e  s y s t e m s  where  t h e  measured  c o n v e r s i o n s  a r e  i n d e -  
p e n d e n t  o f  r e a c t a n t  c o n c e n t r a t i o n s ,  t h i s  means n o  r e s t r i c t f o n .  

P r o b l e m s  a r i s e  when t h e  c a t a l y s t  samp le  i t s e l f  o p e r a t e s  u n d e r  n o n -  

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

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

caused  b y  d i f f e r e n t  phenomena. The r e s t r i c t i o n  t o  t r a n s f e r r i n g  

r e s u l t s  i n  r e a c t i v e  sys tems  l i k e  t h e  p r e s e n t  one  w i l l  b e  m a i n l y  

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

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

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

u n d e r  s t e a d y - s t a t e  o p e r a t i o n .  W i t h  t h e  p u l s e  me thod ,  h o w e v e r ,  where  

t h e  r e a c t a n t s  u s u a l l y  c o n t a c t  a " f r e s h "  c a t a l y s t  s u r f a c e ,  a f r a c -  

t i o n  o f  r e a c t a n t  m o l e c u l e s  w i l l  be a d s o r b e d  on s t r o n g  a d s o r p t i o n  
c e n t e r s  and  s u b s e q u e n t l y  d e s o r b  v e r y  s l o w l y ,  t h u s  c a u s i n g  a d e c r e -  

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

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

T h i s  d i f f i c u l t y  may b e  c i r c u m v e n t e d  w i t h  t h e  p r e s e n t  r e a c t i o n  

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

t i o n  b e h a v i o u r ,  b y  p r e - t r e a t i n g  t h e  c a t a l y s t  s a m p l e  w i t h  a l a r g e  
number o f  r e a c t a n t  p u l s e s .  The s t r o n g  a d s o r p t i o n  s i t e s  w i l l  b e  

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

can b e  a c h i e v e d .  Hence w i t h  t h e  r e a c t i o n  s y s t e m  u n d e r  c o n s i d e r a t i o n  

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

used  t o  p r e d i c t  c a t a l y s t  a c t i v i t y  and  s e l e c t i v i t y  i n  s t e a d y - s t a t e  
f 1 ow r e a c t o r s .  

A q u e s t i o n  t o  be c o n s i d e r e d  i s  t h e  t r a n s f e r r a b i l i t y  o f  k i n e t i c  

4.1.2 Gas c h r o m a t o g r a p h i c  p u l s e  me thod  

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

r e a c t i o n  p r o d u c t (  s ) .  I n  t h i s  way, d i f f e r e n t  c h e m i c a l  e n t i t i e s  
become c h e m i c a l l y  s e p a r a t e d  i n  t h e  co lumn a n d  a l s o  t h e  shape o f  t h e  

e l u t i o n  peaks  may g i v e  s u b s t a n t i a l  i n f o r m a t i o n  on  t h e  r a t e  pa rame-  

t e r s  o f  p h y s i c a l  and  c h e m i c a l  r a t e  p r o c e s s e s .  E a r l i e r  r e s u l t s  h a v e  

S e v e r a l  u n u s u a l  phenomena may a r i s e  f r o m  t h e  f a c t  t h a t  t h e  c a t a -  
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been c r i t i c a l l y  r e v i e w e d  by  Langer  and P a t t o n  ( r e f .  3 ) .  
The gas ch romatog raph ic  p u l s e  method was f i r s t  p roposed  b y  

B a s s e t t  and Habgood ( r e f .  1 3 ) .  Magee ( r e f .  21 )  and R o g i n s k i i ,  
Y a n o v s k i i  and co-workers  ( r e f s .  2 2 . 2 3 ) .  They gave a mathemath i  c a l  
d e s c r i p t i o n  o f  e l e m e n t a r y  p rocesses  f o r  a few s i m p l e  l i m i t i n g  cases 
and a l s o  p r e s e n t e d  e x p e r i m e n t a l  examples u s i n g  d e h y d r o g e n a t i o n  o f  
cyc lohexane as a s i m p l e  model r e a c t i o n  o c c u r r i n g  e s s e n t i a l l y  

w i t h o u t  b y - p r o d u c t s .  The p r o c e d u r e  u s i n g  t h e  gas c h r o m a t o g r a p h i c  
method i s  as  f o l l o w s .  A m a t h e m a t i c a l  model i s  s e t  up wh ich  a c c o u n t s  

f o r  t h e  p rocesses  o c c u r r i n g  d u r i n g  t h e  passage o f  t h e  r e a c t a n t  
p u l s e  t h r o u g h  t h e  ch romatog raph ic  column. I f  a x i a l  c o n v e c t i o n  and 
a x i a l  d i s p e r s i o n  i n  t h e  f l u i d  phase, d i f f u s i o n  i n  t h e  s o l i d  phase 
and a d s o r p t i o n  and d e s o r p t i o n  on and f r o m  t h e  s o l i d  s u r f a c e  a r e  
cons ide red ,  t h e  model i s  d e f i n e d  i n  t h e  f o l l o w i n g  way: 
F l u i d  phase: 

S o l i d  phase: 

(4.14) 

(4.15) 

The two d i f f e r e n t i a l  e q u a t i o n s  a r e  c o u p l e d  t h r o u g h  a mass t r a n s f e r  
t e rm 

(4 .16)  

wh ich  i n d i c a t e s  t h a t  t h e  amount o f  r e a c t a n t  d i f f u s i o n  i n t o  t h e  
p e l l e t  i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  g r a d i e n t  i n  t h e  e x t e r -  
n a l  s u r f a c e  o f  t h e  p e l l e t .  The symbols i n  eqs. 4.14 - 4.16 a r e  
a = c o n c e n t r a t i o n  i n  t h e  f l u i d  phase, X = c o n c e n t r a t i o n  i n  t h e  
p e l l e t ,  u = f l o w  v e l o c i t y ,  t = t i m e  v a r i a b l e ,  z = a x i a l  c o o r d i n a t e  
i n  t h e  column, r = r a d i a l  c o o r d i n a t e  i n  t h e  p e l l e t ,  R = p e l l e t  
r a d i u s ,  Dax  = a x i a l  d i s p e r s i o n  c o e f f i c i e n t ,  D e f f  = e f f e c t i v e  p o r e  
d i f f u s i o n  c o e f f i c i e n t ,  based on t h e  t o t a l  c r o s s - s e c t i o n  normal t o  
t h e  d i r e c t i o n  o f  d i f f u s i o n ,  fl = p e l l e t  p o r o s i t y  and o = f i x e d - b e d  
p o r o s i t y ,  N i s  r e l a t e d  t o  t h e  a d s o r p t i o n  r a t e  t h r o u g h  

N k a  (K - (4 .17)  

where ka  = a d s o r p t i o n  r a t e  c o n s t a n t ,  Ka = a d s o r p t i o n  e q u i l i b r i u m  
c o n s t a n t  and as  = s u r f a c e  c o n c e n t r a t i o n .  The i n i t i a l  and boundary  
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condi t ions  a r e  
aZ/ar = 0 a t  r = 0 f o r  t > 0 
a = a = a  0 f o r  t = 0 a n d  0 2 z 5 L 
a = a o ( t )  f o r  z = 0 and t 2 0 .  

- 
S 

(4 .18)  

The mathematical model, eqs .  ( 4 . 1 4 )  and (4 .15 ) ,  can be extended 
t o  account f o r  chemical r e a c t i o n ,  f i lm  d i f f u s i o n ,  su r f ace  d i f f u s i o n ,  
e t c .  ( r e f s .  2 , 2 4 ) .  Roginskii and co-workers der ived a method f o r  
c a l t u l a t i n g  the  conversion,  r a t e  c o e f f i c i e n t  and a c t i v a t i o n  energy 
f o r  rec tangular  and t r i a n g u l a r  i n p u t  pu lses  f o r  ze ro - ,  f i r s t -  and 
second-order r eac t ions .  Here a l i n e a r  (Henry-type) adsorp t ion  
isotherm was assumed ( r e f .  23 ) .  A t h e o r e t i c a l  de r iva t ion  was a l s o  
p u t  forward f o r  a more general  case where the  su r face  ( se rv ing  
b o t h  a s  a n  adsorbent  a n d  as a c a t a l y s t )  i s  inhomogeneous, b u t  t he  
r e s u l t i n g  equat ions remained l a r g e l y  formal ( r e f .  25) .  

The model parameters can be f i t t e d  e i t h e r  i n  t he  t ime,  the  
Laplace or the Four ie r  domain, o r  by the  method of moments ( r e f .  
2 6 ) .  F i t t i n g  i n  the  Laplace or Four ie r  domain and the  method of 
moments a re  only app l i cab le  f o r  l i n e a r  systems. I f  t he  mathemattcal 
models include severa l  parameters t o  be determined, then f i t t i n g  
in the  t ime,  the  Laplace o r  t he  Four ie r  domain i s  connected w i t h  
the  usual d i f f i c u l t i e s .  With l i n e a r  models t he  method of moments, 
however, permits an independent determinat ion o f  t he  ind iv idua l  
parameters by f i t t i n g  t o  s t r a i g h t  l i n e s .  A s  Kubin ( r e f .  2 7 )  and 
Kucera ( r e f .  28) f i r s t  demonstrated,  t he  exper imenta l ly  measurable 
moments m n  of e l u t i o n  curves a r e  r e l a t e d  t o  the  s o l u t i o n  of t he  
p a r t i a l  d i f f e r e n t i a l  equat ions ,  eqs .  (4.14 - 4 .16) ,  i n  t he  Laplace 
domain : 

(4 .19)  

where i ( s )  i s  t he  transformed concent ra t ion .  The f i r s t  abso lu t e  
moment pl a n d  t he  second cen t r a l  moment a r e  given by 

a n d  (4.20) 

Making use of t he  Dirac func t ion  f o r  t he  shape of t he  en t rance  
pu l se ,  the  moments wi l l  be 
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B (  1 t K a ) l L / u  p l =  [ l t -  1 - E  
E 

4 - 2Dax [ 1 t B(  1 t K a ) 1 2  + (4 .21)  m - 7  E 

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

k a ,  Da, and  D e f f  i n v o l v e s  m e a s u r i n g  t h e  r e t e n t i o n  t i m e  a n d  t h e  
v a r i a n c e  o f  e l u t i o n  c u r v e s  a t  d i f f e r e n t  f l o w - r a t e s  o f  t h e  c a r r i e r  
gas and a t  d i f f e r e n t  p e l l e t  d i a m e t e r s .  The r e t e n t i o n  t i m e s  a r e  t h e n  
p l o t t e d  a g a i n s t  t h e  r e s i d e n c e  t i m e  L / u  and t h e  a d s o r p t i o n  e q u i l i b -  
r i u m  c o n s t a n t  i s  o b t a i n e d  f r o m  t h e  s l o p e  o f  t h e  s t r a i g h t  l i n e .  
P l o t t i n g  p;/(L/u) a g a i n s t  1 /u2 a l s o  g i v e s  a s t r a i g h t  l i n e .  From t h e  

s l o p e  o f  t h i s  l i n e ,  Dax c a n  be  c a l  c u l  a t e d ,  whereas  t h e  i n t e r c e p t  on 
t h e  o r d i n a t e  i n c l u d e s  t h e  q u a n t i t i e s  k, and D e f f .  These t w o  p a r a -  
m e t e r s  can b e  d e t e r m i n e d  b y  p l o t t i n g  t h e  i n t e r c e p t s  on t h e  o r d i n a t e  
a t  d i f f e r e n t  p e l l e t  d i a m e t e r s  a g a i n s t  t h e  s q u a r e s  o f  t h e  p e l l e t  
r a d i i .  A g a i n ,  a s t r a i g h t  l i n e  i s  o b t a i n e d  w h i c h  g i v e s  k, f r o m  t h e  
i n t e r c e p t  o n  t h e  o r d i n a t e  and Def f  f r o m  t h e  s l o p e .  Thus,  f o r  t h e  
d e t e r m i n a t i o n  o f  i n d i v i d u a l  p a r a m e t e r s  o f  t h e  m a t h e m a t i c a l  m o d e l ,  
o n l y  l i n e a r  r e g r e s s i o n  p r o c e d u r e s  a r e  needed.  

use  o f  t h i r d  and f o u r t h  moments f o r  d e s c r i b i n g  s y s t e m s  i n  w h i c h  
t h r e e  d i s t i n c t  r e s i s t a n c e s  t o  mass t r a n s f e r  c a n  b e  d i s t i n g u i s h e d :  
d i f f u s i o n  t h r o u g h  t h e  e x t e r n a l  f l u i d  f i l m ,  t h r o u g h  p e l l e t t  m a c r o -  
p o r e s  and t h r o u g h  t h e  c r y s t a l  m i c r o p o r e s .  W i t h  t h e  i n c r e a s i n g  
i m p o r t a n c e  o f  z e o l i t e  c a t a l y s t s ,  s u c h  methods  c e r t a i n l y  a r e  o f  
i n t e r e s t .  The a u t h o r s  r e p o r t e d  s a t i s f a c t o r y  r e s u l t s  i n  t h e  chroma-  
t o g r a p h y  o f  a r g o n  o n  z e o l i t e s ,  i.s., w i t h  a s y s t e m  s t i l l  f a r  f r o m  
t h o s e  used i n  r e a l  c a t a l y s i s .  

The p h y s i c a l  s e p a r a t i o n  o f  t h e  r e a c t a n t  and p r o d u c t ( s )  a l o n g  
t h e  c a t a l y t i c / c h r o m a t o g r a p h i c  c o l u m n  g i v e s  r i s e  t o  t h e  p o s s i b i l i t y  
o f  r e a c h i n g  c o n v e r s i o n  v a l u e s  f a r  h i g h e r  t h a n  t h o s e  c o r r e s p o n d i n g  
t o  thermodynamic  e q u i l i b r i u m ,  a s  i l l u s t r a t e d  b y  t h e  example  o f  
c y c l o h e x a n e  d e h y d r o g e n a t i o n  ( r e f .  2 2 ) .  D e h y d r o g e n a t i o n  o f  n - b u t e n e s  
t o  b u t a d i e n e  o v e r  c h r o m i a - a l u m i n a  c o u l d  a l s o  b e  r e a l i z e d  w i t h  
y i e l d s  e x c e e d i n g  t h e  e q u i l i b r i u m  v a l u e s  b y  1 . 5 - 2 - f o l d  ( r e f .  30).  

Whereas t h e  above e f f e c t s  a r e  due t o  p h y s i c a l  s e p a r a t i o n  o f  t h e  
components ( w h i c h  a r e ,  t h e r e f o r e ,  a l s o  t h e r m o d y n a m i c a l l y  s e p a r a t e d ) ,  

B o n i f a c e  and R u t h v e n  ( r e f .  2 9 )  d e v e l o p e d  a method i n v o l v i n g  t h e  
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an u n e x p e c t e d  and  y e t  u n e x p l a i n e d  e x c e e d i n g  o f  e q u i l i b r i u m  y i e l d s  
was r e p o r t e d  when c y c l o h e x a n e  p u l s e s  were  i n t r o d u c e d  p e r i o d i c a l l y  

a t  h i g h  f r e q u e n c y  on t o  a P t / A 1 2 0 3  c h r o m a t o g r a p h i c  co lumn ( r e f .  3 1 ) .  
Compar i son  o f  c a l c u l a t i o n  and  e x p e r i m e n t s  l e d  t h e  same a u t h o r s  t o  

t h e  c o n c l u s i o n  t h a t  s e v e r a l  c r u c i a l  p o i n t s  a r i s e  when a c h r o m a t o g -  
r a p h i c  r e a c t o r  i s  s i m u l a t e d  b y  a c o m p u t e r .  A p a r t  f r o m  t h e  " t r a n s i -  
e n t  p r o m o t i n g  e f f e c t "  m e n t i o n e d  ( g i v i n g  r i s e  t o  u n e x p e c t e d l y  h i g h  

y i e l d s ) ,  c o m p e t i t i v e  a d s o r p t i o n  o f  e a c h  s p e c i e s ,  c o r r e c t i o n  o f  t h e  
v o l u m e t r i c  f l o w - r a t e  as  a consequence  o f  c h e m i c a l  e x p a n s i o n  a n d  t h e  
number o f  assumed m i x i n g  c e l l s  have  been  p o i n t e d  o u t  ( r e f .  3 2 ) .  

W i t h i n  t h e  f r a m e w o r k  o f  l a b o r a t o r y  t e s t s  o f  c a t a l y s t  a c t i v i t y  a n d  

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

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

needed  when c o n s t r u c t i n g  s u i t a b l e  d y n a m i c  r e a c t o r  m o d e l s .  The 
e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t ,  t h e  a d s o r p t i o n  r a t e  c o n s t a n t  and  
t h e  a d s o r p t i o n  e q u i l i b r i u m  c o n s t a n t  depend  on t h e  s y s t e m  p r o p e r t i e s  

and  t h e r e f o r e  c a n  be used  f o r  model  p r e d i c t i o n s .  

t a t i o n s  e x i s t .  Some o f  t h e  p a r a m e t e r s ,  s u c h  a s  t h e  a x i a l  d i s p e r s i o n  
c o e f f i c i e n t ,  depend  on t h e  r e a c t o r  c o n f i g u r a t i o n  a n d  c a n n o t  b e  u s e d  

f o r  m o d e l l i n g  o t h e r  r e a c t o r  c o n f i g u r a t i o n s .  I f  t h e  mode l  i s  
i n c o r r e c t ,  t h e  u n i q u e n e s s  o f  t h e  p a r a m e t e r s  i s  a f f e c t e d  and  e v e n  
p a r a m e t e r s  s u c h  a s  t h e  a d s o r p t i o n  r a t e  c o n s t a n t s  , w h i c h  a r e  i n d e -  

p e n d e n t  o f  t h e  r e a c t o r  c o n f i g u r a t i o n ,  c a n n o t  b e  t r a n s f e r r e d .  A 
p r o p e r l y  d e s i g n e d  s y s t e m ,  o n  t h e  o t h e r  hand,  can  s u p p l y  v e r y  
r e l i a b l e  d a t a .  I t  was f o u n d  t h a t  u s i n g  e i t h e r  t h e  moment m e t h o d  o r  

f i t t i n g  i n  t h e  F o u r i e r  doma in  c o u l d  r e s u l t  i n  a c c u r a t e  v a l u e s  o f ,  

f o r  examp le ,  a d s o r p t i o n  e q u i l i b r i u m  c o n s t a n t s  K and  d i s p e r s i o n  

c o e f f i c i e n t s  D; a l s o ,  t h e  e f f e c t i v e  d i f f u s i v i t i e s  a r e  good,  w i t h i n  

t h e  r a n g e  o f  e n g i n e e r i n g  r e q u i r e m e n t s .  Gangwal e t  aZ. ( r e f .  3 3 )  

e x p r e s s e d  an  o p t i m i s t i c  v i e w  o f  t h e  p o s s i b l e  use  o f  c h r o m a t o g r a p h i c  
me thods  f o r  e v a l u a t i o n  o f  t h e  p r o p e r t i e s  o f  f l o w  s y s t e m s ,  e v e n  i f  

r a t e  c o e f f i c i e n t  f o r  p h y s i s o r p t i o n  a n d  mass t r a n s f e r  c o e f f i c i e n t  
c o u l d  n o t  be measured  b y  c h r o m a t o g r a p h i c  t e c h n i q u e s .  

As f a r  as  t h e  a x i a l  d i s p e r s i o n  i s  c o n c e r n e d ,  a n  i n t e r e s t i n g  new 
e x p e r i m e n t a l  s e t u p  was p r o p o s e d  ( r e f .  3 4 ) .  A " p s e u d o - i n f i n i t e  

c y l i n d e r "  was c o n s t r u c t e d  b y  p l a c i n g  c y l i n d r i c a l  p e l l e t s  one a b o v e  

a n o t h e r  i n s t e a d  o f  p a c k i n g  a co lumn i n  a random way. The gas f l o w s  

i n  t h e  a n n u l u s  b e t w e e n  t h e  a d s o r b e n t  p e l l e t s  a n d  t h e  t u b e  w a l l ,  
and h i g h  gas speeds  can be a c h i e v e d .  The a u t h o r s  c l a i m e d  t h a t  t h i s  

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

I n  a d d i t i o n  t o  t h e  r e s t r i c t i o n  t o  l i n e a r  s y s t e m s ,  f u r t h e r  l i m i -  
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between p e l l e t  and w a l l  t h e o r e t i c a l l y  b y  u s i n g  t h e  f i r s t  two 

moments a c c o r d i n g  t o  K u b i n  ( r e f .  2 7 )  and K u t e r a  ( r e f .  28 )  f o r  
e v a l u a t i o n .  

Example 4.3: D e t e r m i n a t i o n  o f  t h e  a d s o r p t i o n  e q u i l i b r i u m  c o n s t a n t ,  
t h e  a x i a l  d i s p e r s i o n  c o e f f i c i e n t  and t h e  e f f e c t i v e  d i f f u s i v i t y  i n  

t h e  sys tem m e t h y l c y c l o p e n t a n e  - P t / A l 2 C 3  u s i n g  t h e  gas chromatog-  
r a p h i c  p u l s e  method ( r e f .  35 ) .  The e x p e r i m e n t s  were p e r f o r m e d  w i t h  
a gas ch romatog raph ic  p u l s e  r e a c t o r  under  t h e  f o l l o w i n g  o p e r a t i n g  
c o n d i t i o n s :  column, 140 mm x 2.5 mm I . D . ;  mean d i a m e t e r s  o f  c a t a -  
l y s t  p a r t i c l e s ,  0.13, 0.21 and 0.3 mm; t e m p e r a t u r e ,  100-200°C; 
c a r r i e r  gas, N2; c a r r i e r  gas v e l o c i t y ,  30-120 m l /m in ;  c a t a l y s t ,  
commercial  0.3 w t %  P t / y -A1203  p l a t f o r m i n g  c a t a l y s t ;  t o t a l  p r e s s u r e ,  
1 b a r ;  p u l s e  s i z e ,  e l  pl;  peak w i d t h  o f  i n l e t  p u l s e ,  e l  s; and 
peak w i d t h  of e l u t i o n  peaks, 20-1000 s. The shapes o f  t h e  i n l e t  
and e l u t i o n  p u l s e s  were m o n i t o r e d  w i t h  e i t h e r  f l a m e  i o n i z a t i o n  o r  
t he rma l  c o n d u c t i v i t y  d e t e c t o r s .  The i n t e g r a l s  needed f o r  t h e  
d e t e r m i n a t i o n  of  t h e  moments o f  t h e  e l u t i o n  c u r v e s  were c a l c u l a t e d  
by  use o f  t h e  Simpson r u l e .  

W i t h  t h e  e x p e r i m e n t a l l y  p r o v e d  assumpt ions  o f  an i s o t h e r m a l  
column, p l u g  f l o w  a t  a l l  c a r r i e r  gas v e l o c i t i e s  and o n l y  s m a l l  con- 
c e n t r a t i o n  g r a d i e n t s  i n  t h e  phase boundary  between t h e  f l u i d  and 
s o l i d  phase, t he  f o l l o w i n g  p rocesses  a r e  c o n s i d e r e d  i n  t h e  mathema- 
t i c a l  model d e s c r i b i n g  t h e  f l o w  o f  r e a c t a n t  p u l s e s  t h r o u g h  t h e  
c a t a l y s t  bed: a x i a l  c o n v e c t i o n  and d i s p e r s i o n  i n  t h e  f l u i d  phase, 
d i f f u s i o n  w i t h i n  t h e  porous  s t r u c t u r e  o f  t h e  s o l i d  phase and ad- 
s o r p t i o n  on and d e s o r p t i o n  f r o m  t h e  s o l i d  s u r f a c e ,  wh ich  

r e s u l t s  i n  t h e  model e q u a t i o n s  eq. 4.14 - 4.18. The a p p l i c a t i o n  o f  
t h e  method o f  moments f o r  t h e  d e t e r m i n a t i o n  o f  t h e  d i f f e r e n t  model 
parameters  r e q u i r e s  t h a t  t h e  assumpt ions  o f  l f n e a r  r a t e  e q u a t i o n s  
f o r  a l l  p rocesses  t h a t  c o n t r i b u t e  t o  b r o a d e n i n g  o f  t h e  r e a c t a n t  
p u l s e  d u r i n g  passage o f  t h e  column a r e  f u l f i l l e d .  The moments o f  
t h e  e l u t i o n  c u r v e s  a r e  i ndependen t  o f  t h e  c o n c e n t r a t i o n  o f  r e a c t a n t  

p u l s e s  w i t h  l i n e a r  p rocesses  and depend on c o n c e n t r a t i o n  w i t h  non- 
- l i n e a r  p rocesses .  The moments pl [sl and pi [s 3 as d e f i n e d  b y  
eq. (4 .20)  a r e  p l o t t e d  i n  F i g .  4.7 and i n d i c a t e  t h a t  t h e  moments 
a r e  i ndependen t  o f  r e a c t a n t  p u l s e  c o n c e n t r a t i o n .  Eq. 4.21 r e l a t e s  
t h e  a d s o r p t i o n  e q u i l i b r i u m  c o n s t a n t  Ka t o  t h e  f i r s t  a b s o l u t e  moment. 
F o r  d i f f e r e n t  p a r t i c l e  d i a m e t e r s  t h e  f i r s t  a b s o l u t e  moment i s  
p l o t t e d  a g a i n s t  t h e  r e s i d e n c e  t i m e  L / u  f o r  4 t e m p e r a t u r e s .  W i t h  

2 
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F i g .  4 . 7 .  Dependence o f  t h e  f i r s t  a b s o l u t e  and t h e  second c e n t r a l  
moment o f  e l u t i o n  peaks on m e t h y l c y c l o  e n t a n e  c o n c e n t r a t i o n  
( e x p r e s s e d  as i n s t r u m e n t  r e a d i n g  i n  m V y .  Reproduced w i t h  p e r m i s s i o n  
from ( r e f .  3 5 ) .  

"I 
d 

prllrt diamrtr 

0 4 3  mm 
x = Q 2  mm 
0=0,13 mm 

7 

F i g .  4 .8 .  Dependence o f  t h e  f i r s t  a b s o l u t e  moment o f  m e t h y l c y c l o -  
pentane  e l u t i o n  peaks on r e s i d e n c e  t i m e  L /u .  Reproduced w i t h  p e r -  
m i s s i o n  from ( r e f .  3 5 ) .  



204 

the  po ros i ty  of t he  s o l i d  mater ia l  13 = 9.65 and the  po ros i ty  o f  
the  f ixed  bed E = 0.48 the  fol lowing values  f o r  t he  adsorp t ion  
equi l ibr ium cons tan t  a r e  obtained (F ig .  4 .8) :  

T [OCI 100 120 146 

Ka 
from which a temperature c o e f f i c i e n t  of the  adsorp t ion  equi l ibr ium 
cons tan t  of 47.5 f 2 . 1  kJ/mol i s  determined. 

6!; + 

1123 f 4 4  603 2 2 2  215 f 7 125 f 3 

0 1 2 3 
103 wu2 Icmlsl-2 

T446OC 

1 2 3 
lo3wl? tcm/s1-* 

Fig. 4 .9 .  Dependence of t he  second c e n t r a l  moment of methylcyclo- 
pentane e l u t i o n  peaks on f low-ra te  a t  two temperatures .  Reproduced 
with permission from ( r e f .  35) .  
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A c c o r d i n g  t o  eq.  4.21, t h e  second  c e n t r a l  moment i s  r e l a t e d  t o  
t h e  a x i a l  d i s p e r s i o n  c o e f f i c i e n t ,  t h e  e f f e c t i v e  d i f f u s i v i t y ,  t h e  

a d s o r p t i o n  r a t e  c o n s t a n t ,  t h e  p o r o s i t i e s  o f  t h e  p e l l e t s  a n d  t h e  
f i x e d  bed  and t h e  f l o w - r a t e .  I n  F i g .  4.9 a and  b l.$/(L/u) i s  

p l o t t e d  a g a i n s t  t h e  r e c i p r o c a l  o f  t h e  s q u a r e  o f  t h e  f l o w - r a t e  f o r  
d i f f e r e n t  p a r t i c l e  d i a m e t e r s  a t  t w o  t e m p e r a t u r e s .  The i n t e r c e p t s  
on t h e  o r d i n a t e  o f  F i g .  4.9. a r e  p l o t t e d  a g a i n s t  t h e  p e l l e t  c r o s s -  
- s e c t i o n s  i n  F i g .  4.10 a a n d  b. F o r  t h e  a x i a l  d i s p e r s i o n  c o e f f i -  
c i e n t s  t h e  f o l l o w i n g  v a l u e s  a r e  o b t a i n e d :  

P e l l e t  d i a m e t e r  [ m m l  0 .13 0.21 0.3 

D,, [ c m 2 / s 1  0.11 f 0.04 0.26 0.1 0.38 0.06 

and  f o r  t h e  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  i n  t h e  p o r o u s  p e l l e t  
D e f f  = 0 .013  f 0.006 cm / s .  From t h e  i n t e r c e p t s  on  t h e  o r d i n a t e  o f  

F i g .  4.10 t h e  f o l l o w i n g  d e s o r p t i o n  r a t e  c o n s t a n t s  a r e  d e t e r m i n e d :  

2 

I s - ’  3 0.5 1.05 4 . 9  8.4 kdes  

T L O C I  100 1 2 0  146 165 

w h i c h  r e s u l t  i n  an  a c t i v a t i o n  e n e r g y  f o r  d e s o r p t i o n  o f  E A  
= 64.1 0 .33  k J / m o l .  

The a d v a n t a g e  o f  e v a l u a t i n g  d a t a  f r o m  c h r o m a t o g r a p h i c  p u l s e  
r e a c t o r  e x p e r i m e n t s  w i t h  t h e  me thod  o f  moments i s  t h a t  t h e  mode l  
p a r a m e t e r s  can  b e  i n d i v i d u a l l y  d e t e r m i n e d  b y  f i t t i n g  t o  s t r a i g h t  
l i n e s .  T h e r e  a r e  some r e s t r i c t i o n s  on  t h e  a p p l i c a b i l i t y  o f  t h e  

method.  A t  l o w  t e m p e r a t u r e s  t h e  r e a c t a n t  p u l s e s  a r e  b r o a d e n e d  t o  a 

l a r g e  e x t e n t  when p a s s i n g  t h r o u g h  t h e  C h r o m a t o g r a p h i c  c o l u m n  a n d  
s t r o n g  t a i l i n g  o f  t h e  e l u t i o n  p e a k s  o c c u r s ,  i n t r o d u c i n g  l a r g e  
e r r o r s  i n t o  t h e  compu ted  moments. W i t h  i n c r e a s i n g  t e m p e r a t u r e  o n l y  
s l i g h t  b r o a d e n i n g  o f  t h e  e l u t i o n  p e a k s  i s  o b s e r v e d ,  so  t h e  r e l i a b l e  

e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  t h e  model  p a r a m e t e r s  i n v o l v e s  s u b s t a n -  
t i a l  d i f f i c u l t i e s .  F o r  e x a m p l e ,  as t h e  r e s u l t s  p l o t t e d  i n  F i g .  4 . 8  
i n d i c a t e ,  t h e  f i r s t  a b s o l u t e  moment i s  410 s a t  a r e s i d e n c e  t i m e  
o f  0.6 and  a t e m p e r a t u r e  o f  100°C whereas  t h e  v a l u e  d e c r e a s e s  t o  
45 s a t  a t e m p e r a t u r e  o f  165OC. A t  2OO0C t h e  f i r s t  a b s o l u t e  moment 
i s  o n l y  1 - 2  s ,  w h i c h  means t h a t  t h e  e l u t i o n  peak  c o i n c i d e s  w i t h  
t h e  e n t r a n c e  peak  and  no  b r o a d e n i n g  i s  o b s e r v e d .  



206 

0' 
0 1 2 

loL f?km2, 

Fig. 4.10. Determination o f  e f f e c t i v e  d i f f u s i v i t i e s  a n d  desorp t ion  
r a t e  cons tan ts  a t  var ious  temperatures .  Reproduced w i t h  permission 
from ( r e f .  35) .  

Semenenko e t  at. ( r e f .  30) repor ted  a maximum value of the peak 
width of butenes and butadiene a t  t he  o u t l e t  of t he  chromia-alumina 
column as  a func t ion  of temperature .  A t  r e a c t o r  tempera tures  
between 25 and 15OoC the  maximum width was repor ted  t o  be a t  65OC. 
The au thors  claimed t h a t  t h i s  would mean t h a t  s t r o n g e s t  chemisorp- 
t ion  takes  place a t  t h i s  temperature .  The y i e l d  o f  butadiene s t a r t s  
t o  become s i g n i f i c a n t  above t h i s  temperature .  
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4 .2  SINGLE-PELLET DIFFUSION REACTORS 

Up t o  now t h e  s i n g l e - p e l l e t  d i f f u s i o n  r e a c t o r  h a s  been  u s e d  t o  
o n l y  a l i m i t e d  e x t e n t  f o r  t h e  k i n e t i c  a n a l y s i s  o f  h e t e r o g e n e o u s  
c a t a l y t i c  r e a c t i o n s .  S i n g l e - p e l l e t  d i f f u s i o n  r e a c t o r s  p e r m i t  c o n -  
c e n t r a t i o n  and  t e m p e r a t u r e  measuremen ts  i n  t h e  f l o w i n g  phase  a n d  
i n  t h e  c e n t r e  o f  t h e  c a t a l y s t  p e l l e t .  T h i s  i s  r e a l i z e d  b y  p a s s i n g  
t h e  f l u i d  a l o n g  one f r o n t  o f  a c y l i n d r i c a l  p e l l e t  a n d  a t t a c h i n g  a 
c l o s e d  chamber t o  t h e  o t h e r  f r o n t  o f  t h e  p e l l e t ,  a s  shown i n  F i g .  
4 .11  ( r e f .  3 6 ) .  L a b o r a t o r y  c o n f i g u r a t i o n s  l i k e  t h e s e  a r e  b a s e d  on  
t h e  t h e o r e t i c a l  w o r k  o f  Z e l d o v i c h  ( r e f .  3 7 )  and  h a v e  been  v e r i f i e d  
e x p e r i m e n t a l l y  b y  R o i t e r  et a t .  ( r e f .  38 )  i n  s u c h  a way t h a 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  p e l l e t  was i n c r e a s e d  u n t i l  t h e  f l o w  o f  
r e a c t a n t  e q u a l l e d  z e r o  i n  t h e  c e n t r e  o f  t h e  p e l l e t .  U n d e r  t h e s e  
c o n d i t i o n s ,  r e a c t i o n  o r d e r s  can  e a s i l y  b e  d e r i v e d  f r o m  t h e  m e a s u r e d  
c o n c e n t r a t i o n s  u n d e r  s i m u l t a n e o u s  d i f f u s i o n  e f f e c t s .  

S m i t h  and  c o - w o r k e r s  d e v e l o p e d  t h r e e  e x p e r i m e n t a l  s e t u p s  a n d  

d i s c u s s e d  t h e  g o v e r n i n g  e q u a t i o n s  f o r  a l l  t h r e e  v e r s i o n s .  They  
d i f f e r  f r o m  each  o t h e r  w i t h  r e s p e c t  t o  t h e  p l a c e  a n d  mode o f  
s a m p l i n g .  The r e a c t o r  d e p i c t e d  i n  F i g .  4.11 - w h i c h  w i l l  b e  u s e d  
f o r  d e t a i l e d  i l l u s t r a t i o n  o f  t h e  m e t h o d  - c o r r e s p o n d s  t o  t h e  d e s i g n  
r e p o r t e d  b y  S u z u k i  a n d  S m i t h  ( r e f .  39) w i t h  a c l o s e d  s t a t i c  chamber  
b e l o w  t h e  p e l l e t .  A n o t h e r  d e s i g n  i n v o l v e s  a c o n s t a n t  c a r r i e r  g a s  
f l o w  i n  t h e  s a m p l i n g  chamber ( r e f .  4 0 ) .  The p u l s e  i s  i n t r o d u c e d  t o  
t h e  u p p e r  f a c e  and  t h e  r e s p o n s e  i s  m e a s u r e d  w i t h  a d e t e c t o r  p l a c e d  
i n  t h e  s t r e a m  l e a v i n g  t h e  l o w e r  f a c e .  T h i s  more r a p i d  m e t h o d  p r o -  
v i d e d  d i f f u s i v i t y  d a t a  f r o m  t h e  f i r s t  moment o n l y .  I t  was n o t  
p o s s i b l e ,  however ,  t o  d e t e r m i n e  b o t h  d i f f u s i v i t y  a n d  a d s o r p t i o n  
r a t e  c o n s t a n t s  f r o m  t h e  same s e t  o f  e x p e r i m e n t s .  I n  t h e  t h i r d  

m e t h o d  ( r e f .  4 1 ) ,  t h e  c y l i n d r i c a l  c a t a l y s t  p e l l e t  i s  e x p o s e d  on  one 
end  f a c e  t o  a s t r e a m  f l o w i n g  t h r o u g h  a chamber a n d  t h e  r e s p o n s e  i s  
measured  f r o m  t h e  e f f l u e n t  o f  t h e  same chamber,  i.e. , o n l y  one 
f a c e  o f  t h e  p e l l e t  i s  used.  The e q u a t i o n s  a r e  s o l v e d  i n  t h e  L a p l a c e  
doma in  and  t h e  f i r s t  t w o  moments a r e  u s e d  f o r  e v a l u a t i o n .  The f i r s t  
moment i s  s i m p l y  t h e  r e s i d e n c e  t i m e  i n  t h e  chamber and i n  t h e  
p o r o u s  p e l l e t ;  t h e  second  moment i n c l u d e s  t h e  d i f f u s i o n  t i m e .  To 
i n c r e a s e  t h e  a c c u r a c y  o f  t h e  d e t e r m i n a t i o n  o f  t h e  l a t t e r ,  a s m a l l  
chamber vo lume a n d  a l o n g  ( I t d e e p " )  p a r t i c l e  s h o u l d  b e  used .  

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

P e t e r s e n  and  c o - w o r k e r s  ( r e f s .  42,43) e x t e n d e d  t h e  a p p l i c a t i o n s  
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center plane chambor for 
kinetic investigations 

F i g .  4.11. S i n g l e - p e l l e t  d i f f u s i o n  r e a c t o r .  Reproduced w i t h  p e r -  
m i s s i o n  f r o m  ( r e f .  36). 

e f f e c t i v e  d i f f u s i v i t i e s  and k i n e t i c  r e a c t i o n  o r d e r s  and i n  d i s t i n -  
q u i s h i n g  between d i f f e r e n t  d e a c t i v a t i o n  mechanisms once t h e  
k i n e t i c s  o f  t h e  chemica l  r e a c t i o n  a r e  known. A c c o r d i n g  t o  Hegedus 
and P e t e r s e n  ( r e f .  42) ,  p h y s i c a l  mass t r a n s p o r t  pa ramete rs  w i t h i n  
t h e  p e l l e t  can be o b t a i n e d  w i t h  a measur ing  i n s t r u c t i o n  based on 
t h e  d u s t y  gas model ( r e f s .  44,45), wh ich  accoun ts  f o r  mass t r a n s -  
p o r t  i n  porous  medla b y  t h r e e  t r a n s p o r t  mechanisms, Knudsen d i f f u -  
s i o n ,  b u l k  d i f f u s i o n  and v i s c o u s  f l o w  wh ich  r e s u l t s  i n  t h e  model 
e q u a t i o n  eq. 3.191. 

I n  p e r m e a b i l i t y  measurements ( F i g .  4.12) , where t h e  m o l a r  f l o w  



209 

Fig.  4 .12 .  Flow diagram of p e r m e a b i l i t y  measurements w i t h  a s i n g l e -  
- p e l l e t  d i f f u s i o n  r e a c t o r .  Reproduced w i t h  pe rmis s ion  from ( r e f .  
3 6 ) .  

of a gaseous  s p e c i e s  th rough t h e  c a t a l y s t  p e l l e t  i s  moni tored  a t  
d i f f e r e n t  t o t a l  p r e s s u r e s  i n  t h e  p e l l e t  and d i f f e r e n t  p r e s s u r e  
drops  ove r  t h e  p e l l e t ,  eq .  3.191 i s  reduced  t o  eq .  3.192, w h i c h  on 
i n t e g r a t i o n  y i e l d s  

J R T L / A P = D K , e f f  + ( B 0 / 4  P (4.22) 

and Co/u a r e  de te rmined  from the s l o p e  and the i n t e r -  im'' ' DK,ef f  
c e p t  on t h e  o r d i n a t e  o f  t h e  s t r a i g h t  l i n e  t h a t  i s  o b t a i n e d  from 
p l o t t i n g  J R T L / P a g a i n s t  t h e  a v e r a g e  t o t a l  p r e s s u r e  i n  the  
pel l e t .  

In c o u n t e r - d i f f u s i o n  measurements ( F i g .  4 . 1 3 ) ,  eq. 3.191 i s  
reduced t o  eq .  3.194. From t h e  i n t e g r a t e d  form of eq. 3.194, eq. 
3.195, t h e  e f f e c t i v e  d i f f u s i v i t y  D 1 2 , e f f  can be c a l c u l a t e d  by means 
of an t r i a l  and e r r o r  p rocedure .  

In a d d i t i o n  t o  t h e  d e t e r m i n a t i o n  of  e f f e c t i v e  d i f f u s i v i t i e s  
Phich a r e  based on phys ica l  c o n c e p t s  of  the u n d e r l y i n g  t r a n s p o r t  
mechanisms, e f f e c t i v e  d i f f u s i v i t i e s  under r e a c t i o n  c o n d i t i o n s  can 
be de te rmined  w i t h  t h e  s i n g l e - p e l l e t  d i f f u s i o n  r e a c t o r  ( F i g .  4 .14 ) .  
F o r  a f i r s t - o r d e r  r e a c t i o n  t h e  expe r imen ta l  p rocedure  f o l l o w s  from 
t h e  m a t e r i a l  b a l a n c e  o v e r  an i so the rma l  c a t a l y s t  p e l l e t :  

(4 .23 )  

W i t h  t h e  boundary c o n d i t i o n s  YA = 1 a t  rl = 0 and d\PA/dn = 0 a t  
o = 1, t h e  s o l u t i o n  t o  t h i s  e q u a t i o n  i s  
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Fig. 4 . 1 3 .  Flow diagram of i sobaric  counter d i f fus ion measurements 
with the s i n g l e - p e l l e t  d i f f u s i o n  reactor .  Reproduced with per- 
mission from ( r e f .  3 6 ) .  

Fig.  4 .14 .  Flow diagram o f  measurements with the s i n g l e - p e l l e t  
d i f f u s i o n  reactor under reaction condtt ions.  Reproduced with 
permission from ( r e f .  3 6 ) .  
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r = .w kaA(0)nR 2 L 

o r  

(4.24) 

where YA i s  a d imens ion less  c o n c e n t r a t i o n ,  R = p e l l e t  r a d i u s ,  L = 
= l e n g t h  o f  p e l l e t ,  aA = c o n c e n t r a t i o n  o f  component A, a A ( l )  = 
= c e n t r e  p l a n e  c o n c e n t r a t i o n ,  r = o v e r a l l  r e a c t i o n  r a t e ,  h = 
= T h i e l e  modulus = Lkl/Deff and rl = y / L .  From a measurement o f  t h e  
c o n c e n t r a t i o n  i n  t h e  b u l k  phase and t h e  c o r r e s p o n d i n g  c e n t r e  p l a n e  
c o n c e n t r a t i o n ,  t h e  T h i e l e  modulus i s  o b t a i n e d .  W i t h  t h e  knowledge 
o f  t h e  o v e r a l l  r e a c t i o n  r a t e  i n  t h e  b u l k  phase, t h e  e f f e c t i v e  

2 2  d i f f u s i o n  c o e f f i c i e n t  D e f f  = L kl/h 
D e f f ,  however, cannot  be compared d i r e c t l y  w i t h  t h e  e f f e c t i v e  

d i f f u s i o n  c o e f f i c i e n t s  de te rm ined  b y  use o f  t h e  d u s t y  gas model.  
D e f f  i s  based on t h e  t o t a l  c r o s s - s e c t i o n  normal  t o  t h e  d i f f u s i o n  
d i r e c t i o n  and i s  d e f i n e d  as t h e  r a t i o  o f  t h e  f l u x  t h r o u g h  t h i s  
c r o s s - s e c t i o n  t o  t h e  c o n c e n t r a t i o n  g r a d i e n t ,  and hence co r responds  

t o  D e f f  o b t a i n e d  f r o m  t h e  gas ch romatog raph ic  method and t o  t h e  
d i f f u s i v i t y ,  wh ich  i s  u s u a l l y  used i n  t h e  concep t  o f  e f f e c t i v e n e s s  
f a c t o r s .  By use o f  t h e  Bosanquet o r  r e l a t e d  e q u a t i o n s  ( r e f .  4 6 ) ,  
e f f e c t i v e  d i f f u s i v i t i e s  o b t a i n e d  w i t h  t h e  p rocedure  c o n s i d e r e d  so  
f a r  under  r e a c t i o n  c o n d i t i o n s  can be compared w i t h  e f f e c t i v e  mole-  
c u l a r  and Knudsen d i f f u s i v i t i e s .  

A f u r t h e r  a p p l i c a t i o n  o f  s i n g l e - p e l l e t  d i f f u s i o n  r e a c t o r s  i s  
t h e  i n v e s t i g a t i o n  o f  d e a c t i v a t i o n  mechanisms. F o r  t h i s ,  a c c o r d i n g  
t o  Hegedus and Pe te rsen  ( r e f .  42) ,  m a t e r i a l  b a l a n c e s  a r e  s o l v e d  
a n a l y t i c a l l y  o r  n u m e r i c a l l y  f o r  d i f f e r e n t  d e a c t i v a t i o n  mechanisms 
such as co re  p o i s o n i n g ,  p o r e  mouth p o i s o n i n g ,  u n i f o r m  p o i s o n i n g  
and s e r i e s ,  p a r a l l e l  o r  t r i a n g l e  s e l f - p o i s o n i n g  and d i f f e r e n t  

T h i e l e  m o d u l i .  The s o l u t i o n s  a r e  p l o t t e d  i n  a d iag ram w i t h  t h e  
r e l a t i v e  r e a c t i o n  r a t e  i n  t h e  b u l k  phase and the  d i m e n s i o n l e s s  
c e n t r e  p l a n e  c o n c e n t r a t i o n  as  o r d i n a t e s .  From a compar ison o f  expe- 
r i m e n t a l  v a l u e s  w i t h  these  s o l u t i o n s ,  i n f o r m a t i o n  on t h e  u n d e r l y i n g  
d e a c t i v a t i o n  mechanism i s  o b t a i n e d .  

Jossens and P e t e r s e n  ( r e f .  47) d e s c r i b e d  a r e a c t o r  s e t u p  t h a t  
p e r m i t s  t h e  d i r e c t  d e t e r m i n a t i o n  o f  d e a c t i v a t i o n  k i n e t i c s .  T h i s  
c o n s i s t s  o f  a d i f f e r e n t i a l  r e c y c l e  r e a c t o r  and a s i n g l e - p e l l e t  

i s  c a l c u l a t e d .  
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r e a c t o r .  The use o f  t h i s  dua l  sys tem p e r m i t s  t h e  i n v e s t i g a t o r  t o  
m a i n t a i n  c o n s t a n t  p r o d u c t  and r e a c t a n t  c o n c e n t r a t i o n s  i n  space and 
t i m e .  One o f  t h e  main  advantages  o f  t h e  sys tem i s  t o  p r e s e n t  deac- 
t i v a t i o n  d a t a  a t  e a r l y  t i m e s  o f  a c a t a l y s t  l i f e .  Most  d a t a  r e p o r t e d  
b y  t h i s  r e s e a r c h  group,  wh ich  were d i s c u s s e d  i n  S e c t i o n  3.4, were 
o b t a i n e d  w i t h  t h i s  se tup ,  

The main  p o t e n t i a l  f o r  s i n g l e - p e l  l e t  d i f f u s i o n  r e a c t o r  a p p l i -  
c a t i o n s  a r i s e s  f r o m  p r o v i n g  t h e o r e t i c a l  concep ts  such as  t h e  i n t e r -  
a c t i o n  o f  e x t e r n a l  and i n t e r n a l  mass t r a n s f e r  r a t e s  w i t h  i s o t h e r m a l  
and n o n - i s o t h e r m a l  c a t a l y s t  p e l l e t s ,  t h e  un iqueness  and s t a b i l i t y  
o f  s t e a d y  s t a t e s  o f  c a t a l y s t  p e l l e t s ,  inhomogeneous c a t a l y s t  
p e l l e t s ,  and so  on. A t  l e a s t  two advantages  o f  s i n g l e - p e l l e t  r e a c -  
t o r s  have been c l a i m e d  o v e r  b a t c h  and f l o w  r e a c t o r s  i n  a n a l y z i n g  
f i r s t - o r d e r  r e a c t i o n  ne tworks  ( r e f .  48) .  One i s  t h a t  t h e  m a t r i x  o f  
t h e  i n t r i n s i c  r a t e  c o n s t a n t s  can be o b t a i n e d  n o n - i t e r a t i v e l y  f r o m  
c o n c e n t r a t i o n  measurements , a1 though  c o n d i t i o n s  o f  n o n - i  t e r a t i v e  
s o l u t i o n  f o r  t h e  o t h e r  r e a c t o r  t y p e s  a l s o  e x i s t .  A n o t h e r  advantage 
i s  t h a t  b o t h  t h e  r a t e  c o n s t a n t s  and t h e  d i f f u s i o n  c o n s t a n t s  can be 
de te rm ined  under  c o n d i t i o n s  where g r a d i e n t l e s s  o p e r a t i o n  i s  n o t  
p o s s i b l e  i n  t h e  o t h e r  two r e a c t o r  t ypes .  

a p p l i c a t i o n  o f  s i n g l e - p e l l e t  d i f f u s i o n  r e a c t o r s  s tem f r o m  t h e  p r e -  
p a r a t i o n  o f  t h e  s i n g l e  p e l l e t s .  S i n g l e  p e l l e t s  a r e  p r e p a r e d  b y  
p r e s s i n g  c a t a l y s t  powder i n t o  a t i t a n i u m  o r  s t a i n l e s s - s t e e l  s u p p o r t  
r i n g .  The s t r u c t u r e  o f  t h e  secondary  p o r e  sys tem depends s t r o n g l y  
on t h e  compress ion  t i m e  and t h e  p r e s s u r e  used i n  t h e  p r e s s  d e v i c e .  
U s u a l l y  t h e  secondary  p o r e  s t r u c t u r e  causes l i m i t a t i o n s  o f  measured 
c o n v e r s i o n s  b y  i n t e r n a l  mass t r a n s f e r  r a t e s  even w i t h  b imoda l  p o r e  
s t r u c t u r e s ,  because t h e  d i f f u s i o n  d i s t a n c e s  i n  t h e  p r i m a r y  p o r e  
sys tem a r e  n o r m a l l y  s m a l l .  A p r e d i c t i o n  o f  e f f e c t i v e  d i f f u s i t i v i e s  
t h e r e f o r e  presupposes a mode o f  p r e p a r a t t o n  o f  t h e  s i n g l e  p e l l e t  
t h a t  ensures  s i m i l a r  p e l  l e t  p o r o s i t i e s  and secondary  p o r e  s t r u c t u -  
r e s  t o  t h o s e  o f  commerc ia l  c a t a l y s t s .  

F o r  p r a c t i c a l  t e s t i n g  o f  commerc ia l  c a t a l y s t s  , drawbacks f o r  t h e  

Example 4.4: K i n e t i c  a n a l y s i s  o f  d i f f u s i o n - d i s g u i s e d  f i r s t - o r d e r  
r e a c t i o n  ne tworks  w i t h  a s i n g l e - p e l l e t  d i f f u s i o n  r e a c t o r .  B e f o r e  
i n v e s t i g a t i n g  t h e  k i n e t i c s  o f  i n t e r c o n v e r s i o n  and c r a c k i n g  o f  
n-hexane and t h e  me thy lpen tanes ,  t h e  q u e s t t o n  was c o n s i d e r e d  o f  
whe the r  d i f f u s i o n  r a t e s  t h r o u g h  t h e  po rous  p e l l e t  and t h e  r a t e s  o f  
s u r f a c e  r e a c t i o n s  w i t h i n  t h e  p e l l e t  can  be o b t a i n e d  i n d e p e n d e n t l y  
w i t h  t h e  s i n g l e - p e l l e t  d i f f u s i o n  r e a c t o r ,  b y  measur ing  e f f e c t i v e  
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d i f f u s i v i t i e s  and r a t e s  o f  n-hexane c o n v e r s i o n s  on Pt/A1203 p e l l e t s  
w i t h  d i f f e r e n t  p o r o s i t i e s .  F i r s t  t h e  o v e r a l l  r e a c t i o n  o r d e r  o f  
n-hexane c o n v e r s i o n  was de te rm ined  b y  s o l v i n g  t h e  c o n t i n u i t y  equa- 
t i o n  f o r  s imu l taneous  d i f f u s i o n  and r e a c t i o n  i n  t h e  c a t a l y s t  p e l l e t ,  
assuming  t h a t  t h e  mass t r a n s p o r t  t h r o u g h  t h e  p e l l e t  i s  caused o n l y  
by  d i f f u s i o n :  

(4.25) 

f o r  d i f f e r e n t  r e a c t i o n  o r d e r s  n and p l o t t i n g  c a l c u l a t e d  c e n t r e  
p l a n e  c o n c e n t r a t i o n s  a g a i n s t  c o n c e n t r a t i o n s  i n  t h e  b u l k  phase. F o r  
f i r s t - o r d e r  r e a c t i o n s  c e n t r e  p l a n e  c o n c e n t r a t i o n s  a r e  i ndependen t  
o f  b u l k  phase c o n c e n t r a t i o n s .  The r e s u l t s  o b t a i n e d  f o r  n-hexane 
c o n v e r s i o n  y i e l d i n g  iso f iexanes and h y d r o g e n o l y s i s  p r o d u c t s  a r e  
g i v e n  i n  F i g .  4.15, i n d i c a t i n g  t h a t  t h e  hyd roca rbon  p a r t i a l  p r e s s u r e  
dependence o f  n-hexane i s o m e r i z a t i o n  and c r a c k i n g  r a t e s  i s  + I .  The 
r e a c t i o n  c o n d i t i o n s  were as f o l l o w s :  r e a c t i o n  tempera tu re ,  436OC; 
t o t a l  p ressu re ,  1050 T o r r ;  n-hexane p a r t i a l  p r e s s u r e ,  10-80 T o r r ;  
c a r r i e r  gas, hydrogen; c a r r i e r  gas v e l o c i t y ,  100 m l /m in  (STP) 
( t h e  f l o w  v e l o c i t i e s  were h i g h  enough t o  ensure  t h a t  f i l m  d i f f u s i o n  
e f f e c t s  d i d  n o t  i n f l u e n c e  t h e  measured e f f e c t i v e  d i f f u s i  t i v i e s )  ; 
c a t a l y s t  p e l l e t ,  1 g o f  c a t a l y s t  powder ( p a r t i c l e  d i a m e t e r  0.2 mm) 
was p ressed  a t  1000 b a r  i n t o  t h e  c y l i n d r i c  p e l l e t  h o l d e r ;  p e l l e t  
d iamete r ,  12.9 mm; l e n g t h  o f  p e l l e t ,  7.2 mm; t e m p e r a t u r e  g r a d i e n t s  
a l o n g  t h e  p e l l e t  d i d  n o t  exceed I o C .  

I n  Tab le  4.2 r a t e  c o n s t a n t s  f o r  n-hexane c o n v e r s i o n ,  wh ich  a r e  
c a l c u l a t e d  from c o n v e r s i o n  measurements i n  t h e  b u l k  phase a t  
d i f f e r e n t  n-hexane p a r t i a l  p r e s s u r e s  and e f f e c t i v e  d i f f u s i v i  t i e s ,  
a r e  p r e s e n t e d  f o r  t h r e e  p e l l e t s  p ressed  a t  500, 1000 and 2000 b a r .  
As t h e  r e s u l t s  r e v e a l ,  w i t h  i n c r e a s i n g  p r e s s  p r e s s u r e  d u r i n g  p r e -  
p a r a t i o n  o f  t h e  p e l l e t  t h e  e f f e c t i v e  d i f f u s i v i t y  decreases  f r o m  
0.029 t o  0.014 cm Is ,  whereas w i t h i n  e x p e r i m e n t a l  e r r o r  t h e  same 
r a t e  c o n s t a n t  f o r  n-hexane c o n v e r s i o n  i s  o b t a i n e d .  The p o r o s i t y  o f  
t he  p e l l e t  decreases  o n l y  s l i g h t l y  w i t h  i n c r e a s i n g  p r e s s  p r e s s u r e .  
Hence, t h e  decrease 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  i s  m a i n l y  caused 
by  an i n c r e a s e  i n  t h e  t o r t u o s i t y  f a c t o r .  

i n t e r c o n v e r s i o n  and h y d r o g e n o l y s i s  o f  n-hexane and me thy lpen tanes  
i s  d e p i c t e d  i n  F i g .  4.16. A hydrogen c a r r i e r  gas f l o w  l o a d e d  w i t h  
r e a c t a n t s  by  o v e r s a t u r a t o r / s a t u r a t o r  systems i s  passed on one s i d e  
o f  t h e  c a t a l y s t  p e l l e t .  To t h e  o p p o s i t e  s i d e  o f  t h e  c y l i n d r i c a l  
p e l l e t ,  a c l o s e d  chamber i s  a t t a c h e d  f r o m  wh ich  s m a l l  samples f o r  

d2 YA/dn2 h 2 n  " 4 A  

2 

The f l o w  d iagram f o r  i n v e s t i g a t i n g  t h e  k i n e t i c s  o f  s i m u l t a n e o u s  
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Fig. 4.15. n-Hexane p a r t i a l  p ressure  dependence o f  i somer iza t ion  
a n d  cracking r a t e s  of n-hexane. Reproduced with permission f rom 
( r e f .  3 6 ) .  

gas chromatographic a n a l y s i s  can be withdrawn with a syr inge  ( F i g .  
4 .11) .  Special  a t t e n t i o n  was paid when drawing these  samples t h a t  
always the same a m o u n t  of gaseous phase from the  cen t r e  Plane 
chamber was sampled. The t h r e e  s a t u r a t o r s  conta ined  n-hexane and 
2- and 3-methylpentane a n d  could be cooled independent ly  of each 
o t h e r ,  so t he  same p a r t i a l  p re s su res  of i nd iv idua l  r e a c t a n t s  an 
r eac t an t  mixtures could be achieved.  By means of a valve system 
the feed flows or the  product flow could be passed t h r o u g h  t he  
sample loop of a gas chromatograph (100-m squalane c a p i l l a r y  co 
flame ion iza t ion  d e t e c t o r ) .  Temperatures were monitored on both 
s ides  o f  t he  c a t a l y s t  pel l e t .  The temperature  g rad ien t s  t h r o u g h  

umn , 

the  
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TABLE 4 . 2  

I n f l u e n c e  o f  p r e s s u r e  i n  t h e  p r e s s  d e v i c e  d u r i n g  p e l l e t  p r e p a r a t i o n  
on e f f e c t i v e  p e l l e t  d i f f u s i v i t i e s  and r a t e  c o n s t a n t s .  Reproduced 
w i t h  p e r m i s s i o n  f r o m  ( r e f .  49 ) .  

p r e s s  w e i g h t  l e n g t h  p o r o -  BET a r e a  r a t e  D e f f  

[ b a r ]  t a n t a  [cm2/s1 
p r e s s u r e  [ g l  [ m m l  s i t y  [m2/g1 cons-  

[ s - l l  

p e l l e t  1 500 1 7.2 0.72 349 0.49 0.029 
p e l l e t  2 1.000 1 6.78 0.7 369 0.47 0.019 
p e l l e t  3 2.000 1 6.29 0.67 36 7 0.44 0.014 

a r e a c t i o n  c o n d i t i o n s :  r e a c t i o n ,  n-hexane * isohexanes + c r a c k i n g  
p r o d u c t s ;  t empera tu re ,  436OC; t o t a l  p r e s s u r e ,  1050 T o r r ;  n-hexane 
p a r t i a l  p r e s s u r e ,  10-80 T o r r ;  c a r r i e r  gas, hydrogen; c a r r i e r  gas 
v e l o c i t y ,  100 m l /m in  [STPI. 

F I g .  4.16. F low d iag ram o f  e x p e r i m e n t a l  s e t - u p  f o r  k i n e t i c  i n v e s -  
t i g a t i o n  o f  t h e  i n t e r c o n v e r s i o n  and h y d r o g e n o l y s i s  o f  n-hexane and 
t h e  me thy lpen tanes .  

p e l l e t  d i d  n o t  exceed l 0 C .  I n t e r c o n v e r s i o n  and h y d r o g e n o l y s l s  o f  
hexane/methy lpentanes  were c a r r i e d  o u t  a t  an a l k a n e  p a r t i a l  
p r e s s u r e  o f  22 T o r r ,  a t o t a l  p r e s s u r e  o f  1050 T o r r  a t  335OC on a 
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A( 1 )  = 

c a t a l y s t  p e l l e t  p r e s s e d  a t  500 b a r  ( p e l l e t  d i a m e t e r  12.9 mm, l e n g t h  
7.2 mm). The change i n  c o m p o s i t i o n  of  n - h e x a n e l m e t h y l p e n t a n e s  o n  

i n t e r c o n v e r s i o n  w i t h  t i m e  i n  a s i n g l e - p e l l e t  d i f f u s i o n  r e a c t o r  can 
be  r e p r e s e n t e d  b y  t h e  s e t  o f  d i f f e r e n t i a l  e q u a t i o n s  eq.  3.109, 
w h i c h  on i n t e g r a t i o n  y i e l d  

a(0) = X [ l / c o s h ( h A ) l  X - l  a ( 1 ) .  ( 4 . 2 6 )  

I n t r o d u c i n g  c o n c e n t r a t i o n  m a t r i c e s  A ( 1 )  a n d  A(0)  f o r m e d  f r o m  
c o r r e s p o n d i n g  b u l k  a n d  c e n t r e  p l a n e  c o n c e n t r a t i o n  co lumn v e c t o r s ,  
t h e  f o l l o w i n g  e q u a t i o n  i s  o b t a i n e d  a f t e r  some r e a r r a n g e m e n t s :  

[A(O) A ( 1 ) " I  X = X [ l / c o s h . ( h A ) l .  (4 .27)  

From t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  m a t r i x  [ A ( O )  A ( 1 ) ' l I  t h e  e i g e n -  
v e c t o r s  and e i g e n v a l u e s  a r e  c a l c u l a t e d .  The m a t r i x  c o n s i s t i n g  o f  
t h e  s i n g l e  b u l k  phase c o m p o s i t i o n  v e c t o r s  a t  t h e  r e a c t o r  e x i t  i s  
g i v e n  b y  

.0125 .0092 .5349 .9553 .3187 ,0091 
,0202 ,9574 .4301 .0103 .0145 ,4395 . (4 .28)  
.9425 ,0098 .0076 .0067 .6431 ,5277 

.0887 . l o 6 4  .3109 .5671 .2044 - 0 8 3 2  
A ( 0 )  = .1567 ,5794 .3617 ,1373 .1311 .3358 

,5067 .0927 .0801 ,0647 ,4367 .3595 
. (4.29)  

M u l t i p l y i n g  b o t h  m a t r i c e s  b y  t h e  t r a n s p o s e  o f  t h e  m a t r i x  [A (1 )1  and 
c a l c u l a t i n g  t h e  e i g e n v e c t o r s  a n d  e i g e n v a l u e s  o f  t h e  m a t r i x  
[A(O) A ( 1 ) ' l I  w i t h  a l i b r a r y  p r o g r a m ,  t h e  f o l l o w i n g  e i g e n v a l u e s  and 
e i g e n v e c t o r s  a r e  o b t a i n e d :  hl = 0.788,  h2 = 0.506, h3 = 0.467. 

X = 

,45690 -.65039 - .45709 
.74591 - .09398 .80729 . 
.48462 ,75376 - .37331 

(4.30)  

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

e i g e n v e c t o r s  a r e  g i v e n  i n  Scheme 4.2. 
C a l c u l a t e d  a n d  e x p e r i m e n t a l  r e a c t i o n  p a t h s  a r e  shown i n  F i g .  

4.17, where  t h e  r e a c t i o n  p a t h s  have b e e n  p r o j e c t e d  on t o  t h e  
r e a c t i o n  p l a n e  o f  t h e  r e v e r s i b l e  t h r e e - c o m p o n e n t  s y s t e m  n-hexane - 
- 2 - m e t h y l p e n t a n e  - 3 - m e t h y l p e n t a n e  i n  t h e  c o o r d i n a t e  s y s t e m  o f  t h e  
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n-hexane 2.113 .L 2 - methy lpentane 

\ J  
Scheme 4.2 

n-Cs 

3-MP 

temperature : 330 O C  

catalyst : 0.35wt O.4 Pt/AI2O3 

2 -MP 

F i g .  4.17. E x p e r i m e n t a l  and c a l c u l a t e d  ( s o l i d  l i n e s )  r e a c t i o n  p a t h s  
p r o j e c t e d  on t h e  (1 ,  1, 1 )  r e a c t i o n  h y p e r p l a n e  o f  t h e  r e v e r s i b l e  
subsystem. Reproduced w i t h  p e r m i s s i o n  f r o m  ( r e f .  49 ) .  

p u r e  components.  T h e r e  i s  good agreement  be tween c a l c u l a t e d  a n d  

measured r e a c t i o n  p a t h s ,  w h i c h  s i g n i f i e s  t h e  a p p l i c a b i l i t y  o f  t h e  
p a r a m e t e r  d e t e r m i n a t i o n  p r o c e d u r e  d e s c r i b e d  so  f a r  a t  l e a s t  w i t h  

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



21 8 

Owing t o  t h e  l o w  r e a c t i o n  t e m p e r a t u r e  a t  wh ich  t h e  r e a c t i o n s  
were per fo rmed,  o n l y  p l a t i n u m  r e a c t i o n s  c o n t r i b u t e  t o  t h e  measured 
p r o d u c t  d i s t r i b u t i o n s .  The a lum ina  c a r r i e r  o f  t h e  c a t a l y s t  used 
d i s p l a y s  no  a c t i v i t y  f o r  s k e l e t a l  rea r rangements  o f  hyd roca rbons  a t  
t h i s  tempera tu re .  H y d r o g e n o l y s i s  r e a c t i o n s  o f  n-hexane and t h e  two 
methy lpen tanes  p roceed  a t  n e a r l y  t h e  same r a t e  (Scheme 4.2).  

A l i m i t a t i o n  t o  t h e  a p p l i c a b i l i t y  o f  t h e  d i f f u s i o n  r e a c t o r  i s  
t h a t  i n  t h e  c l o s e d  c e n t r e  p l a n e  chamber thermodynamic e q u i l i b r i u m  
c o n c e n t r a t i o n s  may be o b t a i n e d  a1 though  s t a r t i n g  f r o m  d i f f e r e n t  
i n i t i a l  c o m p o s i t i o n s  a t  a c e r t a i n  r e a c t i o n  t e m p e r a t u r e .  T h i s  s i t u a -  
t i o n  w i l l  a lways  be f o u n d  w i t h  s m a l l  d i f f u s i v i t i e s  compared w i t h  
c o r r e s p o n d i n g  r e a c t i o n  r a t e  c o n s t a n t s .  I n  t h e s e  i n s t a n c e s  a k i n e t i c  
a n a l y s i s  o f  r e a c t i o n  systems i s  n o t  p o s s i b l e .  M a t h e m a t i c a l l y  t h e  

m a t r i x  [ A ( O ) l  t h e n  has t h e  r a n k  one and t h e r e f o r e  t h e  m a t r i x  
[ A ( O )  A ( i ) - ' ]  a l s o  and a l l  e i g e n v a l u e s  a r e  z e r o  e x c e p t  f o r  one. 
These d i f f i c u l t i e s  can be c i r c u m v e n t e d  b y  l o w e r i n g  t h e  r e a c t i o n  
tempera tu re  o r  by  r e d u c i n g  t h e  t h i c k n e s s  o f  t h e  p e l l e t .  

s u i t a b l e ,  e s p e c i a l l y  w i t h  complex r e a c t i o n  systems, because t h e  
r e a c t i o n  mechanism by  wh ich  t h e  r e a c t a n t s  a r e  t r a n s f o r m e d  i n t o  p r o -  
d u c t s  may change. T h i s  i s  t h e  case w i t h  t h e  p r e s e n t  r e a c t i o n  system. 
Above ca. 43OoC p r o d u c t s  a r e  m a i n l y  fo rmed  via a b i f u n c t i o n a l  mecha- 
nism, where p l a t i n u m  o n l y  d i s p l a y s  ( d e ) h y d r o g e n a t i o n  a c t i v i t y  and 
s k e l e t a l  rea r rangements  o f  t h e  hyd roca rbons  o c c u r  on t h e  a c i d i c  
s i t e s  and l a r g e  amounts o f  d i m e t h y l b u t a n e s  a r e  obse rved  among t h e  
p r o d u c t s .  Below ca. 4OO0C m a i n l y  p l a t i n u m  r e a c t i o n s  c o n t r i b u t e  t o  
t h e  measured p r o d u c t  d i s t r i b u t i o n s .  I n  t h i s  i n s t a n c e  o n l y  s m a l l  
amounts o f  d i m e t h y l b u t a n e s  a r e  obse rved  among t h e  p r o d u c t s  , because 
d i m e t h y l b u t a n e  f o r m a t i o n  f r o m  m e t h y l p e n t a n e s  i n v o l v e s  s l o w  r e a c t i o n s  
on p l a t i n u m .  V a r i a t i o n  o f  t h e  t h i c k n e s s  o f  t h e  c a t a l y s t  p e l l e t  o v e r  
a w ide  range i s  a l s o  r e s t r i c t e d .  

A decrease i n  t h e  r e a c t i o n  t e m p e r a t u r e ,  however,  may n o t  be 

4.3 FIXED-BED REACTORS 

C o n t i n u o u s l y  o p e r a t e d  f i x e d - b e d  r e a c t o r s  a r e  l a b o r a t o r y  d e v i c e s  
t h a t  a r e  most f r e q u e n t l y  used f o r  t e s t i n g  commerc ia l  c a t a l y s t s  w i t h  
t h e  o b j e c t i v e s  s e t  f o r t h  i n  p r e v i o u s  s e c t i o n s  ( r e f s .  50-52) .  The re  
a r e  e s s e n t i a l l y  two modes o f  r u n n i n g  c a t a l y t i c  f i x e d - b e d  r e a c t o r s :  
t h e  d i f f e r e n t i a l  method and t h e  i n t e g r a l  method. W i t h  t h e  d i f f e r e n -  
t i a l  method, c o n v e r s i o n s  a r e  k e p t  be low 5-10%, where t h e  k i n e t i c  
a n a l y s i s  can be based d i r e c t l y  on r a t e s ,  whereas w i t h  t h e  i n t e g r a l  
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method, k i n e t i c  a n a l y s i s  i s  based on c o n v e r s i o n s  v e r s u s  W/FAO d a t a  
( W  = w e i g h t  o f  t h e  c a t a l y s t ,  FA0 = m o l / h )  because t h e  chemica l  
r a t e s  a r e  chang ing  c o n t i n u o u s l y  o v e r  t h e  l e n g t h  o f  t h e  r e a c t o r .  By 
d i f f e r e n t i a t i o n  o f  c o n v e r s i o n  vs. W/FAo da ta ,  r a t e s  can a l s o  be 
o b t a i n e d .  

L a b o r a t o r y  r e a c t o r s  f o r  b o t h  o p e r a t i n g  modes a r e  p r e s e n t e d  i n  
F i g s .  4.18 and 4.19. The f i x e d - b e d  r e a c t o r  d e p i c t e d  i n  F i g .  4.18 i s  
w e l l  s u i t e d  f o r  o p e r a t i o n  as a d i f f e r e n t i a l  r e a c t o r .  A 2-10 g 

amount o f  c a t a l y s t  i s  packed between two l a y e r s  o f  i n e r t  m a t e r i a l .  
To m a i n t a i n  i s o t h e r m a l  c o n d i t i o n s ,  t h e  c a t a l y s t  can be d i l u t e d  w i t h  
i n e r t  m a t e r i a l .  P l u g  f l o w  i s  ach ieved  b y  s u f f i c i e n t l y  h i g h  f l o w  
v e l o c i t i e s  and a tube  t o  p a r t i c l e  d i a m e t e r  r a t i o  o f  a t  l e a s t  10 t o  
p r e v e n t  t o o  much c h a n n e l l i n g  a t  t h e  t u b e  w a l l .  Tempera ture  i s  
measured and c o n t r o l l e d  by  means o f  thermocoup les  o f  0.5 mm diame- 
t e r  wh ich  a r e  i n t r o d u c e d  i n t o  r a d i a l l y  b r a z e d  s t e e l  c a p i l l a r i e s  
o f  1 mm O.D.  A s m a l l  p a r t  o f  t h e  r e a c t a n t  can be  w i t h d r a w n  d i r e c t l y  
a f t e r  t he  c a t a l y s t  s e c t i o n  f o r  a n a l y s i s .  

t o r .  I n  t h i s  i n s t a n c e  a r e a c t i o n  p a t h  i n  t h e  c o m p o s i t i o n  space i s  
o b t a i n e d  by  s t a r t i n g  w i t h  a c e r t a i n  i n i t i a l  c o m p o s i t i o n  and v a r y i n g  
t h e  c o n t a c t  t i m e  f o r  each c o m p o s i t i o n  p o i n t  on t h e  r e a c t i o n  p a t h  
e i t h e r  by  d i f f e r e n t  f l o w - r a t e s  o r  d i f f e r e n t  masses o f  c a t a l y s t ,  o r  
bo th .  

conve rs ions ,  t h e  r e a c t i o n  r a t e  changes o v e r  t h e  l e n g t h  o f  t h e  

r e a c t o r  and f r e q u e n t l y  t e m p e r a t u r e  p r o f i l e s  a r i s e .  I t  i s  t h e r e f o r e  
u s e f u l  t o  e q u i p  i t  w i t h  d e v i c e s  t h a t  a l l o w  one t o  measure concen t -  
r a t i o n  and tempera tu re  p r o f i l e s .  I n  t h e  g i v e n  r e a c t o r  c o n f i g u r a t i o n  
t h i s  i s  ach ieved  by  i n t r o d u c i n g  a s t e e l  c a p i l l a r y  r a d i a l l y  i n t o  t h e  
tube  w a l l .  A j a c k e t e d  thermocoup le  (0 .5  mm d i a m e t e r )  i s  i n s e r t e d  
i n t o  t h e  c a p i l l a r y  up t o  t h e  r e a c t o r  a x i s .  I n  a d d i t i o n ,  a s m a l l  
gaseous f l o w  i s  w i thd rawn  t h r o u g h  t h e  s t e e l  c a p i l l a r y ,  wh ich  i s  
c o n t r o l l e d  by means o f  a r e g u l a t i n g  v a l v e ,  and i s  t h e n  passed 
th rough  a sample l o o p  wh ich  can be c l o s e d  w i t h  two o t h e r  v a l v e s .  
A t  a c e r t a i n  moment a l l  sample l o o p  v a l v e s  a r e  c l o s e d  and t h e  
i n d i v i d u a l  sample l o o p s  a r e  a t t a c h e d  one b y  one t o  t h e  s a m p l i n g  
v a l v e  o f  t h e  gas chromatograph. The advantages  o f  t h e s e  samp l ing  
d e v i c e s  a r e  a p p l  i c a b i  1 i t y  t o  h i g h  r e a c t o r  p r e s s u r e s  , s i m p l e  
i n s t a l l a t i o n ,  no dead volumes and d e t e r m i n a t i o n  o f  c o n c e n t r a t i o n s  
o v e r  t h e  t o t a l  l e n g t h  o f  t h e  r e a c t o r  a t  a c e r t a i n  r e a c t i o n  t i m e .  
Wi th  such an i n t e g r a l  r e a c t o r ,  a t o t a l  r e a c t i o n  p a t h  i n  t h e  

The r e a c t o r  c o n f i g u r a t i o n  can a l s o  be used as  an i n t e g r a l  r e a c -  

F i g .  4.19 shows a t y p i c a l  i n t e g r a l  r e a c t o r .  Owing t o  t h e  l a r g e  
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F i g .  4.18. C a t a l y t i c  f i x e d - b e d  r e a c t o r  f o  d i f f  
i n t e g r a l  o p e r a t i o n .  Reproduced w i t h  p e r m i s s i o n  
p. 191, by  c o u r t e s y  o f  Marce l  Dekker,  I n c .  

r e n t i a l  and 
rom ( r e f .  7 ) ,  

c o m p o s i t i o n  space i s  o b t a i n e d  w i t h  one run .  
K i n e t i c  a n a l y s i s  on t h e  b a s i s  o f  d i f f e r e n t i a l  o r  i n t e g r a l  f i x e d -  

-bed r e a c t o r  d a t a  i s  c o m p l i c a t e d  by  t h e  i n t e r a c t i o n  o f  hyd rodyna-  
mics ,  mass and h e a t  t r a n s f e r ,  see, e . g . ,  ( r e f .  5 3 )  and chemica l  
r e a c t i o n .  Two approaches a r e  p o s s i b l e .  E i t h e r ,  a l l  p o s s i b l e  e f f e c t s  
i n  t h e  ma themat i ca l  r e a c t o r  model a r e  c o n s i d e r e d  o r  t h e  v a r i o u s  
h e a t  and mass t r a n s f e r  r e s i s t a n c e s  a r e  e l i m i n a t e d  b y  s u i t a b l e  
r e a c t i o n  c o n d i t i o n s  by  wh ich  t h e  r e a c t o r  model decomposes i n t o  a 
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Fig. 4 . 1 9 .  C a t a l y t i c  fixed-bed r eac to r  w i t h  devices  f o r  concentra-  
t i o n  a n d  temperature measurements along the  length of the f i x e d  
bed. Reproduced w i t h  permission from ( r e f .  7 ) .  p. 192, by cour tesy  
of Marcel Dekker, Inc.  

k i n e t i c  model. The f i r s t  procedure y i e l d s  unwieldy p a r t i a l  d i f f e -  
r e n t i a l  equat ions with problems in determining the  model parameters ,  
as  a l ready  discussed.  W i t h  t he  second procedure,  s u i t a b l e  r eac t ion  
condi t ions have t o  be adapted t o  e l imina te  d ispers ion  e f f e c t s  in  
the bulk flow a n d  mass a n d  hea t  t r a n s f e r  e f f e c t s  between c a t a l y s t  
p e l l e t s  a n d  the bulk phase a n d  within the  c a t a l y s t  p e l l e t .  
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Example 4.5: I n v e s t i g a t i o n  o f  t o t a l  p r e s s u r e  dependence o f  
n-hexane i s o m e r i z a t i o n  and c r a c k i n g  r a t e s  ( r e f .  54) .  F o r  t h e  
i n t e r p r e t a t i o n  o f  e x p e r i m e n t a l  r e s u l t s  f o r  t h e  t o t a l  p r e s s u r e  
dependences o f  i s o m e r i z a t i o n  and c r a c k i n g  r a t e s  o f  n-hexane, t h e  
mode o f  a d j u s t i n g  t h e  f l o w - r a t e  w i t h i n  t h e  open f i x e d - b e d  r e a c t o r  
i s  i m p o r t a n t ,  because i n c r e a s i n g  t h e  sys tem p r e s s u r e  r e s u l t s  i n  an 
i n c r e a s e d  r e a c t a n t  r e s i d e n c e  t i m e  u n d e r  o t h e r w i s e  c o n s t a n t  r e a c t i o n  
c o n d i t i o n s .  T h i s  can be a n a l y z e d  i n  t h e  f o l l o w i n g  way. Assume t h a t  
t h e  r e a c t i o n  r a t e  o f  t h e  he terogeneous c a t a l y t i c  r e a c t i o n  can be  
d e s c r i b e d  b y  an e q u a t i o n  a c c o r d i n g  t o  t h e  l a w  o f  mass a c t i o n ,  rA = 

= k-a:, and t h a t  t h e  f i x e d - b e d  r e a c t o r  can be  m o d e l l e d  l i k e  an 
i d e a l  p l u g - f l o w  r e a c t o r ,  

where F = m o l a r  f l o w  o f  component A, U = c o n v e r s i o n  and W = w e i g h t  

o f  c a t a l y s t .  F o r  a f i r s t - o r d e r  r e a c t i o n ,  rA = k - a A ;  on i n t e g r a t i o n  
o f  eq. 4.31 t h e  f o l l o w i n g  e q u a t i o n  i s  o b t a i n e d :  

and f o r  a z e r o - o r d e r  r e a c t i o n  

W/F = U/ko 

where k,  and k o  a r e  t h e  r a t e  c o n s t a n t  

(4 .32)  

(4.33) 

f o r  f i r s t -  a d z e r o - o r d e r  
r e a c t i o n s ,  r e s p e c t i v e l y .  Rear rang ing  eqs. 4.32 and 4.33 r e s u l t s  i n  

U = 1 - exp(-kl*aA -W/F) = 1 - e x p ( - k l  W/u) = 1 - exp( -k lpb* t r )  

and 
(4 .34 )  0 

u kO-W/F = ko-W/(u .a  ) = k o m P b * t r / a A o  (4 .35 )  
A O  

where u = v o l u m e t r i c  f l o w - r a t e  under  t h e  r e a c t i o n  c o n d i t i o n s  i n  a 
f i x e d - b e d  r e a c t o r ,  aA = i n i t i a l  c o n c e n t r a t i o n  [ m o l / v o l u m e l ,  pb = 

= d e n s i t y  o f  f i x e d  be9 [g / vo lume]  and tr r e a c t i o n  t i m e  o f  r e a c -  
t a n t s  i n  r e a c t o r .  

Hence, on k e e p i n g  t h e  r e a c t i o n  t i m e  o f  t h e  r e a c t a n t s  i n  t h e  
r e a c t o r  c o n s t a n t  d u r i n g  sys tem p r e s s u r e  v a r i a t i o n ,  f o r  a f i r s t -  
- o r d e r  r e a c t i o n  t h e  c o n v e r s i o n  i s  i n d e p e n d e n t  o f  t h e  t o t a l  sys tem 
p r e s s u r e  whereas f o r  a z e r o - o r d e r  r e a c t i o n  t h e  c o n v e r s i o n  decreases  
h y p e r b o l i c a l l y  w i t h  i n c r e a s i n g  t o t a l  sys tem p r e s s u r e .  
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Fig. 4.20. Flow diagram of the  c a t a l y t i c  fixed-bed r e a c t o r  depic ted  
in Fig.  4.18. 

I f ,  on the  o t h e r  h a n d ,  the  l i q u i d  hourly space v e l o c i t y ,  def ined  
as the  r a t i o  of the  volumetr ic  f low-ra te  of l i q u i d  hydrocarbons a t  
s tandard  temperature and pressure  a n d  t he  r e a c t o r  volume, i s  kept 
cons tan t  d u r i n g  va r i a t ion  of t he  system p res su re ,  f o r  a f i r s t -  
-order  reac t ion  the  conversion inc reases  w i t h  i nc reas ing  t o t a l  
system pressure  whereas f o r  a zero-order  r eac t ion  the  conversion 
i s  independent o f  the system pressure .  Keeping the space v e l o c i t y  
cons t an t ,  a decrease in  conversion with inc reas ing  system pressure  
s i g n i f i e s  a negat ive r eac t ion  order  in the  formal k i n e t i c  r a t e  
equat ion.  The l i q u i d  hourly space v e l o c i t y ,  which i s  d i r e c t l y  pro- 
por t iona l  t o  W/F,  i s  f r equen t ly  used a s  a measure of hydrocarbon 
f low-ra tes  in  open fixed-bed r eac to r s .  

f ixed-bed r eac to r  shown i n  Fig. 4.18. The flow diagram i s  given i n  
Fig. 4 . 2 0 .  The r eac t ion  condi t ions  were a s  fo l lows:  p a r t i c l e  
diameter ,  0.4-0.5 m m ;  c a t a l y s t ,  2-10 g of commercial platforming 
0.36 w t %  Pt/A1203; temperature ,  420-450°C; p re s su re ,  4-54 ba r ;  
hydr0gen:hydrocarbon molar r a t i o ,  10-40; a n d  space v e l o c i t y ,  2-70 
h-’ .  The products were analyzed by gas chromatography w i t h  a 100-m 
squalane c a p i l l a r y  column. The r eac t ions  were performed over 

Isomerizat ion a n d  cracking o f  n-hexane was i n v e s t i g a t e d  i n  the  



224 

Ulrnol V. I 
t . 2 5 0 O C  

t H2/hydrocarbon = 20 
t r  = constant 

total conversion 

o isornerization 

20 

0 I0 20 30 i 0  50 P(bar1 

F i g .  4.21. De endence  of  t o t a l ,  i s o m e r i z a t i o n  and c r a c k i n g  conve r -  
s i o n s  on tota! p r e s s u r e  a t  c o n s t a n t  hydr0gen:hydrocarbon molar 
r a t i o  and c o n s t a n t  r e a c t i o n  t ime t r  ( t h e  t o t a l  c o n v e r s i o n  i n c l u d e s  
dehydroc  c l i z a t i o n  p r o d u c t s ) .  Reproduced w i t h  p e r m i s s i o n  from 
( r e f .  5 4 7 .  

c a t a l y s t s  h e a t e d  o n l y  u p  t o  the r e a c t i o n  t e m p e r a t u r e  chosen and on 
c a t a l y s t  p r e - t r e a t e d  i n  such  a way t h a t  t h e  p l a t i n u m  f u n c t i o n  l o s t  
i t s  i s o m e r i z a t i o n ,  c y c l i z a t i o n  and h y d r o g e n o l y s i s  a c t i v i t y  ( r e f s .  
55 .56) .  In the  f o l l o w i n g  f i g u r e s  the p a r t i a l  and t o t a l  p r e s s u r e  
dependences of i s o m e r i z a t i o n  and c r a c k i n g  r a t e s  o f  n-hexane on 
f r e s h  and p a r t i a l l y  d e a c t i v a t e d  c a t a l y s t s  a r e  p l o t t e d .  F i g s .  4.21 
and 4.22 r e v e a l  t h a t  the  t o t a l  c o n v e r s i o n  and i s o m e r i z a t i o n  and 
c r a c k i n g  c o n v e r s i o n s  d e c r e a s e  w i t h  i n c r e a s i n g  t o t a l  p r e s s u r e ,  which 
v a r i e s  from 5 t o  54 b a r  when the  hydr0gen:hydrocarbon molar  r a t i o  
and t h e  r e a c t i o n  t ime  o r  t h e  s p a c e  v e l o c i t y  [volume of r e a c t a n t  
( S T P  ) / r e a c t  i on vol ume t i  me 1 , re s p e c  t i ve 1 y , a r e  k e p t  cons t a n  t . 
According t o  t h e  c o n s i d e r a t i o n s  d i s c u s s e d  so f a r ,  t h i s  i n d i c a t e s  
t h a t  under the r e a c t i o n  c o n d i t i o n s  used  the  i s o m e r i z a t i o n  and 
c r a c k i n g  r a t e s  of  n-hexane on f r e s h  Pt/A1203 have a n e g a t i v e  
o v e r a l l  r e a c t i o n  o r d e r  w i t h  r e s p e c t  t o  the p a r t i a l  p r e s s u r e s  o f  
hydrogen and hydrocarbon when mode l l ing  t h e s e  r a t e s  by a simple 
power law e x p r e s s i o n :  

r = k . P i c  PH2.  b (4 .36 )  

In  F igs .  4.23 and 4.24 the  i s o m e r i z a t i o n  and c r a c k i n g  r a t e s  o f  

n-hexane a r e  p l o t t e d  a g a i n s t  n-hexane and hydrogen p a r t i a l  p r e s s u -  
r e s  [ t he  r a t e s  were o b t a i n e d  a t  c o n v e r s i o n s  *15% by r = AU/(W/F)l. 
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F i g .  4.22. Dependence o f  t o t a l ,  i s o m e r i z a t i o n  and  c r a c k i n g  c o n v e r -  
s i o n s  on t o t a l  p r e s s u r e  a t  c o n s t a n t  h y d r o g e n : h  d r o c a r b o n  m o l a r  
r a t i o  and  c o n s t a n t  space  v e l o c i t y  W/F [ g . h / m o l f  ( t h e  t o t a l  c o n v e r -  
s i o n  i n c l u d e s  d e h y d r o c y c l i z a t i o n  p r o d u c t s ) .  R e p r o d u c e d  w i t h  p e r -  
m i s s i o n  f r o m  ( r e f .  5 6 ) .  

The r e s u l t s  i n d i c a t e  t h a t  t h e  h y d r o c a r b o n  p a r t i a l  p r e s s u r e  depen-  

dences o f  n -hexane  i s o m e r i z a t i o n  and  c r a c k t n g  r a t e s  a r e  + l a  w h e r e a s  
t h e  h y d r o g e n  p a r t i a l  p r e s s u r e  dependences  a r e  -1.5. The h y d r o g e n  

p a r t i  a1 p r e s s u r e  dependences change o n  t h e  p r e - t r e a t e d  P t / A 1 2 0 3  
c a t a l y s t s  t o  ca. -1 ( F i g ,  4 . 2 5 ) ,  w h e r e a s  t h e  h y d r o c a r b o n  p r e s s u r e  

dependences r e m a i n  + I ,  w h i c h  s i g n i f i e s  t h a t  o n  p r e - t r e a t e d  P t / A 1 2 0 3  

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

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

t o  t h e  measured  p r o d u c t  d i s t r i b u t i o n s .  

Example 4.6:  K i n e t i c s  o f  i n t e r c o n v e r s i o n  a n d  c r a c k i n g  o f  t h e  f i v e  
hexane  i s o m e r s  on  a b i f u n c t i o n a l  0.35 w t %  Pt/A12g3 c a t a l y s t .  The 

e x p e r i m e n t s  w e r e  p e r f o r m e d  a t  435OC, a t o t a l  p r e s s u r e  o f  10 .5  b a r ,  
a h y d r o  e n : h y d r o c a r b o n  m o l a r  r a t i o  o f  20 and  s p a c e  v e l o c i t i e s  o f  

6 -60  h w i t h  an  i s o t h e r m a l l y  o p e r a t e d  f i x e d - b e d  r e a c t o r  ( F i g .  4.18; 
I . D .  30 mm, l e n g t h  150  mm, 2-16 g o f  c a t a l y s t  p a c k e d  b e t w e e n  t w o  

l a y e r s  o f  i n e r t  m a t e r i a l ,  p a r t i c l e  d i a m e t e r  0.4-0.5 mm). The 

c a t a l y s t  was h e a t e d  t o  45OoC i n  t h e  p r e s e n c e  o f  d r i e d  h y d r o g e n ,  

f o l l o w e d  b y  p r e - c o n v e r s i o n  o f  n -hexane  a t  t h i s  t e m p e r a t u r e  f o r  1 h 

a t  a t o t a l  p r e s s u r e  o f  10.5 b a r ,  a h y d r 0 g e n : h y d r o c a r b o n  p a r t i a l  

- 9  
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nactart: n-hexon 
catalyst: fresh 0.35 Pt+AI2 0, 

T=LW OC 

= 15.8bor 
r =  k.P&.P& 

differential reactor 

F i g .  4 . 2 3 .  Dependence o f  i s o m e r i z a t i o n  and c r a c k i n g  r a t e s  
[ m o l / ( g * h ]  I o f  n-hexane on n-hexane p a r t i a l  p r e s s u r e .  Reproduced 
w i t h  p e r m i s s i o n  f r o m  ( r e f .  5 6 ) .  

p r e s s u r e  r a t i o  o f  2 0  and space v e l o c i t i e s  o f  6 - 2 4  h-’ t o  a c h i e v e  
an a c t i v i t y  and s e l e c t i v i t y  l e v e l  o f  t h e  c a t a l y s t  t h a t  were 
c o n s t a n t  d u r i n g  a s e t  o f  e x p e r i m e n t s  and c o u l d  be r e p r o d u c e d  w i t h  
d i f f e r e n t  c a t a l y s t  samples.  F o r  e v a l u a t i o n  o f  t h e  r a t e  c o n s t a n t s  
connected  w i t h  t h e  r e a c t i o n  scheme g i v e n  e a r l i e r  i n  F i g .  4 . 6 ,  t h e  
W e i - P r a t e r  method ( r e f .  5 7 )  and t h e  method p roposed  b y  Gava las  
( r e f .  58), wh ich  were d e s c r i b e d  i n  d e t a i l  i n  S e c t i o n  3 . 2 . 4 ,  ( i i )  
and ( i i i ) ,  r e s p e c t i v e l y ,  were used because t h e  dynamics o f  t h e  
r e a c t i o n  sys tem can be m o d e l l e d  w i t h  a s e t  o f  f i r s t - o r d e r  d i f f e r e n -  

t i a l  e q u a t i o n s  (see example 4 . 5 ) .  The o p e r a t i n g  c o n d i t i o n s  o f  t h e  
c a t a l y t i c  f i x e d - b e d  r e a c t o r  were chosen i n  such a way t h a t  t h e  
r e a c t o r  model i s  q u a s i - i d e n t i c a l  w i t h  t h e  k i n e t i c  model,  t h e  t i m e  
v a r i a b l e  b e i n g  r e p l a c e d  by a space v a r i a b l e .  Hence, t h e  c o n t i n u i t y  
e q u a t i o n s  f o r  t h e  i d e a l  open i s o t h e r m a l  f i x e d - b e d  r e a c t i o n  a r e  
g i v e n  b y  
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10- 
@ r h C  

h l d g h h d  6-  

4- 

2- 

l- 

Ob- 

0.4 - 
0.21 

reoctont:. n-hoxam 
cotolyst : fresh 0.35 PtlAIz 03 

T= 450 O C  

9 tc=  0.35bor 
r = k.&.& 

ditterentiol reactor 

cracking b= -1.56 

Fiq. 4.24. Dependence of isomerization and cracking rates r 
[mol/(g.h) 1 of n-hexane on hydrogen partial pressure. Reproduced 
with permission from (ref. 5 6 ) .  

dUi 5 5 
c k j i  Pi t c kijPj i = 1 , . . . , 5  (4.37) rn = -j=l j = l  

ri = - 
j#i 

dU, 5 5 
c k j i  Pi t c kijPj i = 1 , . . . , 5  (4.37) 

j = l  
ri = - 

j#i 
which are rewritten with a constant reaction volume and constant 
molar hydr0gen:hydrocarbon ratio as 

5 5 

j=l j=l 
i#i 

ri = - c k j i  Ui t c k i j  uj i = 1 ,  ..., 5 1 (4.38) 

0 where PHc is the initial hydrocarbon partial pressure and U i  the 
conversion of component i. 

use o f  the Wei-Prater method, the procedure given in Section 3.2.4 
(ii) is applied. For the transformation o f  the rate constant matrix 
into an orthogonally similar matrix, the equilibrium composition 
vector for the five-component system n-hexane--2-methylpentane-- 
--3-methylpentane--2,3-dimethylbutane--2,2-dimethylbutane is needed, 
which was calculated from free energy data (API Project 44): 

Determining the coefficient matrix in the model equations by 
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reactant: n-hexane 
catalyst: partially deactivated 0.3!iPtlAi2O3 

1s 450 oc 

& S  O35bar 

f ' kqE 6 
ditterrnthl reactor 

drq, 
bndelgiharl 

-2 

-1 

-0.8 

-a6 

0 - 0.c 
2 ,  , , , ,  1 

6 7 8 9 1 0  "&lbarI 

F i g .  4.25. Dependence of  i s o m e r i z a t i o n  and c r a c k i n g  r a t e s  o f  
n-hexane on hydrogen p a r t i a l  p r e s s u r e .  The 0.35 w t %  Pt/A1203 
c a t a l y s t  was t h e r m a l l y  p r e - t r e a t e d  a t  530OC f o r  12 h f o l l o w e d  b y  
c o n v e r s i o n  o f  n-hexane a t  t h i s  t e m p e r a t u r e  f o r  1 h a t  a t o t a l  
p r e s s u r e  of  10.5 b a r ,  a h d rogen :hyd roca rbon  m o l a r  r a t i o  o f  20 and 
a space v e l o c f t y  o f  15 h-y.  Reproduced w t t h  p e r m i s s i o n  f r o m  ( r e f .  
56) .  

a c a l  cd  = 

0.2201 

0.0639 2 ,3 -d ime thy lbu tane  
0.1115 2 ,2 -d ime thy l  b u t a n e  

2-methy l  pentane 
3 -me thy lpen tane  a t  4 3 5 ' ~ .  (4.39) 

The r a y  v e c t o r  was d e t e r m i n e d  s t a r t i n g  f r o m  t h r e e  i n i t i a l  composi-  
t i o n s  n e a r  t h e  e q u i l i b r i u m  v e c t o r ,  and measur ing  r e a c t i o n  p a t h s  up 
t o  70% c r a c k i n g  c o n v e r s i o n :  

(4.40) 



229 

W i t h  t h e  p r o c e d u r e  p r e s e n t e d  i n  S e c t i o n  3.2.4 ( t i ) .  t h r e e  a r t i f i -  

c i a l  s t r a i g h t - l i n e  r e a c t i o n  p a t h s  were  o b t a i n e d .  The r e s u l t s  a r e  
g i v e n  i n  F i g .  4.26 a -c ,  where ,  on  t h e  b a s i s  o f  ( r e f .  5 7 ) ,  t h e  

c o n c e n t r a t i o n s  o f  f o u r  componen ts  a r e  p l o t t e d  a g a i n s t  t h e  c o r r e s -  
p o n d i n g  t o n c e n t r a t i o n s  o f  t h e  f i f t h  componen t  ( r e f .  5 9 ) .  F o r  

d e t e r m i n a t i o n  o f  t h e  i n i t i a l  c o m p o s i t i o n s  ax ( 0 ) ,  ax (0 )  and  ax ( 0 ) ,  

t h e  a c t u a l  i n i t i a l  c o m p o s i t i o n s  a n d  m e a s u r e d  c o m p o s i t i o n  p o i n t s  o n  
t h e  r e a c t i o n  p a t h s  were  p u r g e d  o f  xr, x r  a n d  x , ,  a n d  x r s  x 1  a n d  x 2 ,  
r e s p e c t i v e l y .  From F i g .  4.26 a - c  t h e  f o l l o w i n g  i n i t i a l  c o m p o s i t i o n  

v e c t o r s  were  o b t a i n e d  b y  a l e a s t - s q u a r e s  f i t  ( l i n e a r  r e g r e s s i o n  
c o e f f i c i e n t s  0 , 9 9 9 ) :  

1 2 3 

ak,(O) = [;it;;! 0.1305 

Ox2 

TO. 21  86 1 1;. 22441 

' ( 0 )  = 0 . 5 4 6 7  . 
ax3 l 0 . 0 6 3  0 .1659  J 

(4 .41 )  

By use  o f  t h e  r e l a t i o n s h i p  xi = ax ( 0 )  t y x r  a n d  t h e  o r t h o g o n a l i t y  

r e l a t i o n s h i p  x: D-'xi = 0 among t h e  e i g e n v e c t o r s ,  f r o m  t h e  i n i t i a l  
c o m p o s i t i o n  v e c t o r s  o f  t h e  a r t i f i c i a l  s t r a i g h t  l i n e s  a x  ( 0 )  t h e  

i 

i 
f o l l o w i n g  

X I  = 

e i g e n v e c t o r s  a r e  c a l c u l a t e d :  

~ 1 . 2 8 2 4 6 1  -2.261 2.38847 2 8  

-4.7075 2.247552 2.0196 

4.29787 -10,76502 0.368 

0.62 ;:;;A 7848 x 3 =  [ i 5 . 1 1 0 7 ]  14.0434 0.32017 . ( 4 . 4 2 )  

The l a s t  e i g e n v e c t o r  x 4  i s  a l s o  c a l c u l a t e d  f r o m  o r t h o g o n a l i t y  
r e l a t i o n s h i p s .  F o r  t h i s  t h e  e i g e n v e c t o r s  a l r e a d y  d e t e r m i n e d  a r e  
t r a n s f o r m e d  i n t o  t h e  o r t h o g o n a l  s y s t e m  b y  m u l t i p l i c a t i o n  b y  D 
and  n o r m a l i z e d :  

- 1/2 
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F i g .  4.26. A r t i f i c i a l  s t r a i g h t - l i n e  r e a c t i o n  p a t h s  p r o j e c t e d  on  t o  
t h e  [ l ,  1 ,  1, 1, 1 1  h y p e r p l a n e  p a r a l l e l  t o  t h e  r a y  v e c t o r .  Com o s i -  
t i o n  p o i n t s  i n  ( b )  a r e  p u r g e d  o f  x i  a n d  i n  ( c )  o f  xl and  x2. T i e  
s o l i d  l i n e s  were  o b t a i n e d  b y  l e a s t - s q u a r e s  f i t s .  R e p r o d u c e d  w i t h  
p e r m i s s i o n  f r o m  ( r e f .  5 9 ) .  C o p y r i g h t  1979  A m e r i c a n  C h e m i c a l  
S o c i e t y .  

- D - 1 / 2  
xi 

= 
xi (4.43)  

( 4 . 4 4 )  

where  'ji, i s  a c h a r a c t e r i s t i c  v e c t o r  i n  t h e  o r t h o g o n a l  s y s t e m ,  Ti 
i s  a n o r m a l i z e d  v e c t o r  and  2; i s  t h e  t r a n s p o s e d  v e c t o r .  The no rma-  
l i z e d  v e c t o r s  i n  t h e  o r t h o g o n a l  s y s t e m  a r e  t h e n  

0.46461 
0 .11234  

( 4 . 4 5 )  

0 .74951 0 .02057  
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x4 i s  c a l c u l a t e d  f r o m  an a r b i t r a r y  v e c t o r  wh ich  i s  s u c c e s s i v e l y  

purged o f  e i g e n v e c t o r s  xr,. . . ,X 3: 

x4 = 0.03943 (4 .46)  
0.84073 76.8696 

63.5082 

From x4  t h e  i n i t i a l  c o m p o s i t i o n s  o f  t h e  f i f t h  a r t i f i c i a l  s t r a i g h t -  
- l i n e  r e a c t i o n  p a t h  a r e  

[1.2866] 0.2288 

0.2228 

[ 0.2177 i . 3591  ] 
0.1836 

a x 4 ( 0 )  = 0.2618 a; ( 0 )  0.2396 . (4 .47 )  

The m a t r i x  o f  t h e  e i g e n v e c t o r s  i s  g i v e n  i n  t h e  f o l l o w i n g  e q u a t i o n :  

0.2213 4.298 -10.765 0.368 - 3.600 
0.3358 1.282 7.281 -15.111 25.362 
0.2468 2.388 7.359 14.043 - 7.401 
0.0715 -2.261 - 0.629 - 0.320 -76.869 
0.1247 -4.708 - 2.248 2.019 63.508 

R a t i o s  o f  t h e  e i g e n v a l u e s  o f  t h e  r a t e  c o n s t a n t  m a t r i x  a r e  o b t a i n e d  
f rom a p a r a m e t r i c  r e p r e s e n t a t i o n  o f  an a r b i t r a r y  r e a c t i o n  pa th ,  f o r  
wh ich  t h e  f o l l o w i n g  i n i t i a l  c o m p o s i t i o n  was chosen: 

a ( 0 )  = [ k] (4.49) 

Wi th  t h i s  r e a c t i o n  pa th ,  +/A,. c o u l d  o n l y  be o b t a i n e d  w i t h  a ' l a r g e  
e r r o r ,  a s  t h i s  r e a c t i o n  p a t h  d i d  n o t  c o n t a i n  s u f f i c i e n t  b,. A 
second cu rved  r e a c t i o n  p a t h  w i t h  t h e  i n i t i a l  c o m p o s i t i o n  

a ( 0 )  = [ (4.50) 

was t h e r e f o r e  used f o r  d e t e r m i n i n g  t h e  e i g e n v a l u e s .  From t h e  s l o p e s  
o f  t h e  p l o t s  i n  F i g .  4.27 a and b, t h e  e i g e n v a l u e s  o b t a i n e d  a r e  
A, = 1, A1 = 2.7, A2 = 4.88, A3 = 8.3 and A4 = 12.7. W i t h  t h e  

r a t i o s  o f  t h e  e i g e n v a l u e s  t h e  r e l a t i v e  r a t e  c o n s t a n t  m a t r i x  i s  
c a l c u l a t e d  u s i n g  K = XA'X- ' ,  where A' i s  t h e  d i a g o n a l  m a t r i x  o f  t h e  
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F i g .  4 . 2 7 .  P a r a m e t r i c  r e p r e s e n t a t i o n  o f  c u r v e d  r e a c t i o n  p a t h s  i n  
te rms o f  t h e  c h a r a c t e r i s t i c  d i r e c t i o n s .  From t h e  s l o p e s  o f  t h e  
p l o t s  o f  I n  b i  v a .  I n  b r  r e l a t i v e  c h a r a c t e r i s t i c  r o o t s  o f  t h e  
c o e f f i c i e n t  m a t r i x  a r e  o b t a i n e d .  Reproduced w i t h  p e r m i s s i o n  f r o m  
( r e f .  5 9 ) .  C o p y r i g h t  1979  b y  American Chemical  S o c i e t y .  
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3-MP T? 23-DMB 

c , - cy  a n-cg 2.53 3j5 

hydrocarbons 
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2-MP 

F i g .  4.28. R e l a t i v e  r a t e  c o n s t a n t s  f o r  i n t e r c o n v e r s i o n  and  c r a c k i n g  
o f  t h e  hexane  i s o m e r s .  R e p r o d u c e d  w i t h  p e r m i s s i o n  f r o m  ( r e f .  59). 
C o p y r i g h t  1979 b y  A m e r i c a n  C h e m i c a l  S o c i e t y .  

e i g e n v a l u e s .  The r e s u l t s  a r e  g i v e n  i n  F i g .  4.28. 

a b s o l u t e  r a t e  c o n s t a n t s  o f  t h e  h y p o t h e t i c a l  s y s t e m  a r e  needed;  
t h e s e  a r e  o b t a i n e d  f r o m  a p l o t  o f  I n  bi v s .  W/F: hr = 0.0065 s - l ,  

A, = 0.0185 s-’, h2 = 0.032 s 
The r e s u l t s  a r e  g i v e n  i n  F i g .  4.29, s h o w i n g  t h a t  t h e  a g r e e m e n t  
b e t w e e n  t h e  measured  and  c a l c u l a t e d  r e a c t i o n  p a t h s  w i t h  t h e  i n i t i a l  
c o m p o s i t i o n  a(0) = [0.4/0/0.3/0/0.31 i s  r a t h e r  good,  i n d i c a t i n g  
t h a t  t h e  b a s i c  a s s u m p t i o n s  i n c o r p o r a t e d  i n  t h e  s i m p l i f i e d  d y n a m i c  
mode l  and  i n  t h e  p a r a m e t e r  d e t e r m i n a t i o n  p r o c e d u r e  a r e  j u s t i f i e d .  

U s i n g  t h e  m e t h o d  p r o p o s e d  b y  G a v a l a s  ( r e f .  58 )  f o r  p a r a m e t e r  
d e t e r m i n a t i o n  - of. S e c t i o n  3.4.2 (iii) - t h e  e x p e r i m e n t a l  r e q u i r e -  
men ts  compared  w i t h  t h e  W e i - P r a t e r  m e t h o d  a r e  l a r g e l y  r e d u c e d .  
R e a c t i o n  p a t h s  s t a r t i n g  w i t h  t h e  f o l l o w i n g  i n i t i a l  c o m p o s i t i o n  

v e c t o r s  w h i c h  span  t h e  s p a c e  w e r e  d e t e r m i n e d :  

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

- 1  -1 , h3 = 0.054 s-’, h4 = 0,083 s . 

(4.51) 
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F i g .  4.29. Comparison o f  e x p e r i m e n t a l  r e a c t i o n  p a t h s  and r e a c t i o n  
pa ths  c a l c u l a t e d  ( s o l i d  l i n e s )  w i t h  t h e  c o e f f i c i e n t  m a t r i x  g i v e n  
i n  F ig .4 .28 .  Dashed l i n e s  were de te rm ined  b y  t h e  use o f  i n i t i a l  
r e a c t i o n  r a t e s .  Reproduced w i t h  p e r m i s s i o n  f r o m  ( r e f .  59 ) .  
C o p y r i g h t  1979 b y  American Chemical  S o c i e t y .  

From t h e  e x p e r i m e n t a l  d a t a  t h e  m a t r i x  W(A) was c a l c u l a t e d .  I n  F i g .  
4.30 t h e  s m a l l e s t  e i g e n v a l u e  o f  W ( A ) ,  w h i c h  was c a l c u l a t e d  w i t h  a 
l i b r a r y  program u s i n g  t h e  Househo lder -Givens  method, i s  p l o t t e d  
a g a i n s t  A. I n  t h e  absence of  measurement e r r o r s  t h e  f u n c t i o n  ~ ( h )  

would  a t t a i n  i t s  minimum v a l u e ,  ze ro ,  a t  t h e  p o i n t s  h l ,  ..., An, 

because i n  t h i s  i n s t a n c e  t h e  m a t r i x  W(A) i s  p o s i t i v e  d e f i n i t e  f o r  
a l l  A, e x c e p t  f o r  Al, ..., A,,, f o r  wh ich  t h e  m a t r i x  i s  p o s i t i v e  semi -  
d e f i n i t e .  As t h e  e x p e r i m e n t a l  d a t a  a r e  s u b j e c t  t o  e r r o r s ,  ~ ( h )  

a t t a i n s  minima a t  p o i n t s  wh ich  o n l y  app rox ima te  t h e  t r u e  A1 ,. . . ,An. 
The lambda v a l u e s  o b t a i n e d  f r o m  t h e  c a l c u l a t i o n  a r e  XI = 0.0061, 
A2 0.0186, A3 = 0.0301, Aq = 0,0591 and A5 = 0.1185. The c o r r e s -  
pond ing  e i g e n v e c t o r s  a r e  g i v e n  i n  eq. 4.52: 

0.4626 -0.3208 -0.4462 0.3711 0.591 

0,4192 0,4096 0,4341 0.4625 0.5041 
-0,249 -0.0396 -0.0271 0.5483 0.7969 

0.0179 -0,6305 -0.7116 -0.1855 0.2472 
-0.0081 0.0705 -0.053 -0.8965 0.4339 x- l  = 
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Ts 4 3 5  ' C 
p: 10.5 bar 
mole ratio m a c a r b o n  5 20 

F i g .  4.30. E v a l u a t i o n  o f  t h e  e i g e n v a l u e s  o f  t h e  r a t e  c o n s t a n t  
m a t r i x  f o r  s i m u l t a n e o u s  i s o m e r i z a t i o n  and c r a c k i n g  o f  t h e  f i v e  
hexane i somers  w i t h  t h e  p r o c e d u r e  proposed b y  Gavalas.  Reproduced 
w i t h  p e r m i s s i o n  f r o m  ( r e f .  6 0 ) .  C o p y r i g h t  1980 American Chemical  
S o c i e t y .  

F i g .  4.31, R e l a t i v e  r a t e  c o n s t a n t s  f o r  i n t e r c o n v e r s i o n  and c r a c k i n g  
o f  t h e  hexane i somers  o b t a i n e d  by use o f  t h e  p r o c e d u r e  p roposed  b y  
Gavalas. Adapted f r o m  ( r e f .  60).  
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The r a t e  c o n s t a n t s  w h i c h  were  c a l c u l a t e d  f r o m  t h e  e i g e n v a l u e s  
and  e i g e n v e c t o r s  b y  u s e  o f  t h e  e q u a t i o n  K = XAX" a r e  g i v e n  i n  

F i g .  4 .31  ( r e f .  4 4 ) .  

c a l c u l a t e d  b y  u s e  o f  t h e  c o e f f i c i e n t  m a t r i x  d e t e r m i n e d  a c c o r d i n g  
t o  t h e  me thod  p r o p o s e d  b y  G a v a l a s  ( r e f .  58)  i s  g i v e n  i n  F i g .  4.32, 

s h o w i n g  r e a s o n a b l e  ag reemen t  b e t w e e n  t h e  e x p e r i m e n t a l  and  compu ted  
r e a c t i o n  p a t h s  ( r e f .  6 0 ) .  

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

m o b  
mdc pammrtrr rs timotin : Gavolor-nuthod fraction 
traction 

reoctant : alo) =lO.6/0.3lO/O31 

T = 635 *C 

m o b  
mdc pammrtrr rs timotin : Gavolor-nuthod fraction 
traction 

reoctant : alo) =lO.6/0.3lO/O31 

T = 635 *C 

F i g .  4.32 
r e a c t i o n  
t h e  me tho  
( r e f .  6 0 )  

. Compar i son  o f  e x p e r i m e n t a l  a n d  c a l c u l a t e d  ( s o l i d  l i n e s )  
p a t h s .  The c o e f f i c i e n t  m a t r i x  was d e t e r m i n e d  a c c o r d i n g  t o  
d p r o p o s e d  b y  Gava las .  R e p r o d u c e d  w i t h  p e r m i s s i o n  f r o m  . C o p y r i g h t  1980  A m e r i c a n  C h e m i c a l  S o c i e t y .  

4.4. RECYCLE R E A C T O R S  

Some s h o r t c o m i n g s  o f  i n t e g r a l  f l o w  r e a c t o r s  ( p o s s i b i l i t y  o f  
c o n c e n t r a t i o n  a n d  t e m p e r a t u r e  g r a d i e n t s  b e t w e e n  s o l i d  c a t a l y s t  a n d  
f l u i d  s t r e a m ,  d i s p e r s i o n  e f f e c t s  i n  t h e  f l u i d  s t r e a m ,  t h e  r a t e s  
o b t a i n e d  a r e  a v e r a g e d  o v e r  a r a n g e  o f  c o n c e n t r a t i o n s )  and  d i f f e r e n -  
t i a l  f l o w  r e a c t o r s  ( c h e m i c a l  a n a l y s i s  a t  l o w  c o n c e n t r a t i o n s )  a r e  
ove rcome w i t h  r e c y c l e  r e a c t o r s ,  where  p e r f e c t  m i x i n g  i s  a c h i e v e d  



by e x t e r n a l  o r  i n t e r n a l  r e c y c l i n g  o f  t h e  gas phase w i t h  r e c y c l e  
r a t i o s  ( r a t i o  o f  r e c y c l e  f l o w  and f e e d  f l o w )  g r e a t e r  t h a n  25.  

E x t e r n a l  c i r c u l a t i o n  i s  impeded b y  mechan ica  r e c y c l e  pumps, wh 
u s u a l l y  r e q u i r e  c o o l i n g  and subsequent  rehea  i n g  o f  t h e  r e c y c l e  
f l o w .  I n t e r n a l  r e c y c l e  r e a c t o r s  a r e  m a i n l y  o f  two t y p e s :  e i t h e r  

ch 

t h e  c a t a l y s t  b a s k e t  i s  r o t a t e d  ( r e f .  61 )  o r  t h e g a s  phase i s  r e c i r -  
c u l a t e d  t h r o u g h  t h e  s t a t i o n a r y  c a t a l y s t  by  means o f  t u r b i n e s  i n c o r -  
p o r a t e d  i n  t h e  r e a c t o r  ( r e f s .  6 2 - 6 4 ) .  The l a t t e r  c o n f i g u r a t i o n  has 
some advantages because t h e  t e m p e r a t u r e  can be e a s i l y  measured 

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

The v i b r a t i n g  p i s t o n  r e a c t o r  r e p r e s e n t s  y e t  a n o t h e r  c o n f i g u r a -  
t i o n .  Here, a c e n t r a l  v i b r a t i n g  p i s t o n  keeps t h e  f l u i d  mov ing  
t h r o u g h  t h e  c a t a l y s t ,  wh ich  i s  p l a c e d  i n  s e v e r a l  t u b e s  a round  t h e  
p i s t o n ,  w i t h  axes p a r a l l e l  t o  t h e  p i s t o n  a x i s .  Such a sys tem was 
used, f o r  example; f o r  d e t e r m i n i n g  t h e  l i k e l y  mechanism o f  methano l  
e t h e r i f i c a t i o n  on an a c i d i c  i on -exchange  c a t a l y s t  f r o m  b o t h  s t e a d y -  

- s t a t e  and t r a n s i e n t  d a t a  ( r e f .  65 ) .  
The b e n e f i t s  o f  r e c y c l e  r e a c t o r s  r e s u l t  f r o m  t h e  p o s s i b i l i t y  o f  

a d j u s t i n g  e x a c t l y  t h e  p h y s i c a l  and chemica l  c o n d i t i o n s  a round  t h e  
c a t a l y s t  i n  a r b i t r a r y  r e g i o n s  o f  l a r g e - s c a l e  t u b u l a r  r e a c t o r s ,  i . e . ,  

o f  r e p r o d u c i n g  t h e  s u r r o u n d i n g s  o f  t h e  c a t a l y s t  o v e r  t h e  l e n g t h  o f  
a l a r g e - s c a l e  t u b u l a r  r e a c t o r  by  an a d j u s t a b l e  s e t  o f  c o n d i t i o n s  
i n  t h e  r e c y c l e  r e a c t o r .  Hence t h e  r e c y c l e  r e a c t o r  s h o u l d  be advan- 
tageous i n  t e s t i n g  c a t a l y s t s  f o r  use i n  e x i s t i n g  l a r g e - s c a l e  
t u b u l a r  r e a c t o r s ,  wh ich ,  however, p resupposes  a knowledge o f  

t empera tu re  and c o n c e n t r a t i o n  p r o f i l e s  w i t h i n  t h e  l a r g e - s c a l e  
f i x e d - b e d  r e a c t o r ,  wh ich  o f t e n  i s  n o t  a v a i l a b l e .  A f u r t h e r  b e n e f i t  
o f  r e c y c l e  r e a c t o r s  i s  t h a t  as a r e s u l t  o f  p e r f e c t  m i x i n g ,  t h e  
m a t e r i a l  ba lances ,  such as  t h o s e  w i t h  CSTR, a r e  m e r e l y  a l g e b r a i c  
e q u a t i o n s  and a r e  g i v e n  b y  eq. 4.53:  

V C &  - vocio [mo le  i] - = ri r ( 4 . 5 3 )  

vo i s  t h e  r a t e  o f  i n l e t  mass f l o w ,  v t h e  r a t e  o f  o u t l e t  mass f l o w  

w i t h  c o n c e n t r a t i o n s  o f  subs tance  i, ct and cio, r e s p e c t i v e l y  as 
i l l u s t r a t e d  by  F i g .  4 .33.  

W i th  t h e  computer f a c i l i t i e s  a v a i l a b l e  nowadays, however,  t h e  
r e s u l t i n g  pa ramete r  e s t i m a t i o n  w i t h  a l g e b r a i c  model e q u a t i o n s  i s  
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F i g .  4.33. Schematic diagram o f  an internal recyc le  r eac to r .  
Reproduced w i t h  permission from ( r e f .  7 ) ,  p .  196, by cour tesy  o f  
Marcel Dekker, Inc.  

apparent ly  of  n o  dec i s ive  advantage o f  c a t a l y s t  t e s t i n g  w i t h  
g rad ien t l e s s  recyc le  r eac to r s  as compared w i t h  c a t a l y s t  t e s t i n g  
w i t h  i n t e g r a l  f l o w  r eac to r s .  

two po ten t i a l  app l i ca t ions  of recycle  r eac to r s .  One app l i ca t ion  
has been demonstrated by Bennet ( r e f .  6 6 ) ,  who operated recyc le  
r eac to r s  w i t h  the  t r a n s i e n t  method by superimposing r eac t ion  
concent ra t ion  pulses  on the  i n l e t  stream of the  recyc le  r e a c t o r ,  
w h i c h  allowed the  determinat ion of r a t e s  o f  ind iv idua l  elementary 
s t eps  o f  s i n g l e  heterogeneous c a t a l y t i c  r eac t ions .  The advantage 
o f  opera t ing  recyc le  r eac to r s  i n  the  t r a n s i e n t  mode stems from the  
f a c t  t h a t ,  i n  c o n t r a s t  t o  t r a n s i e n t  opera t ion  of fixed-bed r e a c t o r s ,  
only ord inary  d i f f e r e n t i a l  equat ions  a r i s e  i n  the  mathematical 
model, a n d  they a r e  more e a s i l y  handled w i t h  r e spec t  t o  parameter 
es t imat ion  than the  corresponding p a r t i  a1 d i f f e r e n t i a l  equat ions  
f o r  fixed-bed r eac to r s  ( see  a l s o  Sec t ion  4 . 5 ) .  

A f u r t h e r  useful app l i ca t ion  was developed by Levenspiel ( r e f .  
6 7 )  and Lowe ( r e f .  68) for  cases  where deac t iva t ion  of the  c a t a l y s t  
proceeds on a s i m i l a r  time s c a l e  t o  t h a t  occur r ing  w i t h  chemical 
r eac t ions .  Then the  ove ra l l  r eac t ion  r a t e  i s  in f luenced  by 
va r i a t ions  i n  t he  concent ra t ions  a n d  changing a c t i v i t y  of the 
c a t a l y s t ,  a n d  the  assignment of the  propor t ions  i n  which the  i n d i -  

v i d u a l  e f f e c t s  con t r ibu te  t o  the  measured r eac t ion  r a t e  i s  compli- 
ca ted .  According t o  Levenspiel ,  the  most useful  r eac to r  conf igura-  
t i o n  f o r  i n v e s t i g a t i n g  r a t e  equat ions  w i t h  n th-order  k i n e t i c s  a n d  
decay i s  t he  recyc le  r e a c t o r ,  where the  concent ra t ions  within the  
r eac to r  a re  kept unchanged w i t h  time by changing the  f low- ra t e s .  

For the inves t iga t ion  of  underlying reac t ion  networks,  t h e r e  a r e  
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The a c t i v i t y  and c o n c e n t r a t i o n  dependences o f  t h e  r a t e  a r e  t h e n  
decoup led  and can be s t u d i e d  s e p a r a t e l y .  

The advantages  o f  r e c y c l e  r e a c t o r s  f o r  t e s t i n g  c a t a l y s t s  t o  
c o n t r o l  t h e  a c t i v i t y  and s e l e c t i v i t y  o f  a c a t a l y s t  under  o p e r a t i o n  
f o r  rep lacemen t ,  t o  s e l e c t  improved  c a t a l y s t s  f o r  e x i s t i n g  
processes  and t o  s e l e c t  c a t a l y s t s  f o r  new p rocesses  under  d e v e l o p -  
ment have been o u t l i n e d  b y  B e r t y  ( r e f .  6 9 ) .  Some c a r e  i n  o p e r a t i n g  
r e c y c l e  r e a c t o r s  i s  necessa ry ,  however, e s p e c i a l l y  i f  t h e  k i n e t i c  
d a t a  a r e  t o  be used t o  p r e d i c t  t h e  pe r fo rmance  o f  c a t a l y s t s  i n  
t u b u l a r  r e a c t o r s .  Owing t o  d i f f e r e n t  r e s i d e n c e  t i m e  d i s t r i b u t i o n s  
i n  b o t h  r e a c t o r  c o n f i g u r a t i o n s ,  r e a c t i o n s  i n  t h e  homogeneous phase 
o f  r e a c t i v e  i n t e r m e d i a t e s  fo rmed on t h e  c a t a l y s t  s u r f a c e  o r  

r e a c t i o n s  o c c u r r i n g  on t h e  r e a c t o r  m a t e r i a l  may c o n t r i b u t e  t o  t h e  
measured p r o d u c t  d i s t r i b u t i o n s  w i t h  t h e  r e c y c l e  r e a c t o r  b u t  can be 
n e g l e c t e d  w i t h  f i x e d - b e d  r e a c t o r s  ( f o r  example,  i n  t h e  gas phase 
o x i d a t i o n  o f  bu tene,  b o t h  r e a c t i o n  p o s s i b i l i t i e s  p r o v e d  t o  be 
i m p o r t a n t  w i t h  r e c y c l e  r e a c t o r s ) .  W i t h  r e s p e c t  t o  t h e  t h r e e  s t e p s  
o f  k i n e t i c  a n a l y s i s  ( i n v e s t i g a t i o n  o f  t h e  u n d e r l y i n g  r e a c t i o n  
ne twork ,  ma themat i ca l  m o d e l l i n g  o f  chemica l  k i n e t i c s  and o f  t h e  
r e a c t o r  and pa ramete r  e s t i m a t i o n  i n  t h e  model e q u a t i o n s ) ,  r e c y c l e  
r e a c t o r s  o f f e r  no s p e c i a l  advantages  o v e r  f i x e d - b e d  r e a c t o r s .  
N e i t h e r  r e a c t o r  c o n f i g u r a t i o n  i s  w e l l  s u i t e d  f o r  i n v e s t i g a t i n g  t h e  
u n d e r l y i n g  r e a c t i o n  ne tworks ,  e s p e c i a l l y  f o r  complex r e a c t i o n s .  On 
t h e  o t h e r  hand, r e a c t o r  m o d e l l i n g  i s  u s u a l l y  e a s i e r  w i t h  r e c y c l e  
r e a c t o r s .  The use o f  k i n e t i c  d a t a  o b t a i n e d  from r e c y c l e  r e a c t i o n s  
t o  p r e d i c t  t h e  pe r fo rmance  o f  c a t a l y s t s  i n  l a r g e - s c a l e  t u b u l a r  
r e a c t o r s  presupposes, however,  t h a t  t h e  a c t i v i t y  and s e l e c t i v i t y  o f  
t h e  c a t a l y s t  a r e  t h e  same i n  b o t h  o p e r a t i o n  modes. I f  t h e  a c t u a l  
a c t i v i t y  and s e l e c t i v i t y  o f  c a t a l y s t s  depend on t h e  h i s t o r y  o f  t h e  
c a t a l y s t ,  t h e r e  a r e  a lways  seve re  r e s t r i c t i o n s  on t h e  v a l i d i t y  o f  
such p r e d i c t i o n s .  

4.5 T R A N S I E N T  RESPONSE METHOD 

S t e a d y - s t a t e  methods o f t e n  do n o t  p r o v i d e  adequate  i n f o r m a t i o n  
on t h e  t r u e  k i n e t i c s  and mechanism o f  complex c a t a l y t i c  p rocesses .  
As a p e r t u r b a t i o n  i s  imposed on t h e  system, t h e  way i n  wh ich  a new 
s t e a d y  s t a t e  i s  reached g i v e s  a d d i t i o n a l  i n f o r m a t i o n  on t h e  c h a r a c -  
t e r  o f  t h e  u n d e r l y i n g  sequence o f  r e a c t i o n  s teps .  T h i s  i s  c a l l e d  
t h e  t r a n s i e n t  response o f  t h e  sys tem and was r e v i e w e d  b y  Kobayashi  
and Kobayash i  ( r e f .  70).  They c l a i m e d  t h a t  t h e  i n f o r m a t i o n  o b t a i n e d  
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t h i s  way s e r v e s  a s  " a  much more sound  b a s i s  r e g a r d i n g  t h e  u n d e r -  
l y i n g  sequence o f  e v e n t s  t h a n  do m o d e l s  d i s c r i m i n a t e d  m e r e l y  
m a t h e m a t h i c a l l y  among many p o s t u l a t e d  m o d e l s "  ( r e f .  7 0 ) .  

F o l l o w i n g  t h e  e a r l i e r  r e v i e w  ( r e f .  7 0 ) .  K o b a y a s h i  ( r e f .  7 1 )  
i n v e s t i g a t e d  t h e  r e s p o n s e  o f  t h e  c o n c e n t r a t i o n  o f  component  Y ( t h e  
p r o d u c t  o f  a r e a c t i o n  X -* Y )  i n  t h e  o u t l e t  gas m i x t u r e  one c a n  
o b t a i n  w i t h  a s t e p - c h a n g e  o f  t h e  c o n c e n t r a t i o n  o f  component  X i n  
t h e  i n l e t  gas s t r e a m .  The b a s i c  t y p e s  o f  r e s p o n s e  c u r v e s  a r e  shown 
i n  F i g .  4 .34  and  t h e  c o r r e s p o n d i n g  r a t e - c o n t r o l l i n g  s t e p s  a r e  g i v e n  
i n  T a b l e  4.3. K o b a y a s h i  d e r i v e d  t h e s e  c u r v e s  b y  c o m p u t e r  m o d e l l i n g  
o f  a f e w  i r r e v e r s i b l e  model  p r o c e s s e s  w i t h  v a r i o u s  a s s u m p t i o n s .  The 
r a t e  c o n s t a n t  s e t s  were  chosen  i n  a way s u c h  t h a t  t h e  r e s p o n s e  t i m e  
w o u l d  be w i t h i n  20 -200  m i n ,  i . e . ,  w i t h i n  p r a c t i c a b l e  l i m i t s .  On 
i n c r e a s i n g  t h e  r a t e  c o e f f i c i e n t s  b y  t w o  o r d e r s  o f  m a g n i t u d e  t h e  
shape o f  t h e  c u r v e s  d i d  n o t  change,  as  d e m o n s t r a t e d  f o r  t y p e  I ,  I 1  
and  111 r e s p o n s e s ,  r e s p e c t i v e l y ,  a l t h o u g h  t h e  new s t e a d y  s t a t e  was 
r e a c h e d  w i t h i n  1 - 2  m i n .  R e v e r s i b l e  r e a c t i o n s  were  d e a l t  w i t h  o n l y  
t a n g e n t i a l l y  i n  K o b a y a s h i ' s  p a p e r ;  i t  was d e m o n s t r a t e d  t h a t  t h e  
r e v e r s i b i l i t y  o f  t h e  r e a c t i o n  i s  r e s p o n s i b l e  f o r  t h e  d e l a y  o f  t h e  
r e s p o n s e  c u r v e  i n  t h e  i n i t i a l  s t a g e  o f  t h e  r e s p o n s e .  

One o f  t h e  mode l  r e a c t i o n s  s t u d i e d  by K o b a y a s h i  was t h e  o x i d a -  
t i o n  o f  e t h y l e n e  on a s i l v e r  c a t a l y s t  i n  a f i x e d - b e d  r e a c t o r  ( r e f .  
7 2 ) .  H e r e  C2H4 and  O 2  were  componen ts  X and  C2H40, H20 and  C02 
were  components Y.  Two t y p e s  o f  s t e p  changes  w e r e  s t u d i e d :  
i n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  one o r  b o t h  componen ts  X f r o m  z e r o  

and  d e c r e a s i n g  them f r o m  a f i x e d  v a l u e  t o  z e r o .  A d e t a i l e d  a n a l y s i s  
o f  h i s  v e r y  t h o r o u g h  s t u d y  w o u l d  b e  b e y o n d  t h e  s c o p e  o f  t h i s  book ;  
i t  i s  s u f f i c i e n t  t o  summar i ze  t h e  r e s u l t s  t h a t  t h e  S-shape r e s p o n s e  
f o r  C02 f o l l o w e d  b y  an o v e r s h o o t  mode was t a k e n  as  an  i n d i c a t i o n  
o f  a s t a b l e  s u r f a c e  i n t e r m e d i a t e .  T h i s  decomposed on  d e c r e a s i n g  t h e  
e t h y l e n e  f e e d  t o  z e r o  w i t h  a f a l s e  s t a r t  r e s p o n s e  and  c o u l d  b e  

d e s o r b e d  as  a c e t i c  a c i d  when t h e  s u r f a c e  was r e d u c e d  w i t h  h y d r o g e n .  
The t r a n s i e n t  d a t a  s u g g e s t e d  t h a t  t h e  i n t e r m e d i a t e  i s  f o r m e d  i n  a 
r e a c t i o n  be tween  a d s o r b e d  monoa tomic  o x y g e n  s p e c i e s  and  e t h y l e n e  
and  decomposed t o  g i v e  C02 a n d  H20. 

R e c e n t  advances  i n  t r a n s i e n t  k i n e t i c s  h a v e  been  s u r v e y e d  i n  a 
symposium p r o c e e d i n g s  ( r e f .  7 3 ) .  H e r e  a l s o  me thods  o t h e r  t h a n  t h e  
c o n c e n t r a t i o n  changes  d e s c r i b e d  b y  K o b a y a s h i  w e r e  d i s c u s s e d ,  s u c h  
as  f o r c e d  f e e d  c y c l i n g ,  i.s., p e r i o d i c  change  o f  f l o w  d i r e c t i o n  i n  
a t u b e  r e a c t o r  ( r e f .  7 4 ) ,  s t e p w i s e  t e m p e r a t u r e  a n d  p r e s s u r e  
changes ( r e f .  7 5 ) ,  e t c .  
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X - Y r asponses 

Type 1. (a,bl 
Instant anew8 rwipon w 

pv li- 0 t 

Type II. ( c - 1 1  
Monotonic response 

~~ ~ 

Type 111. (g,h) 
Overshoot response 

Type IV. ( i l  
S -shape response 

0 t 

Type V. Cjl 
False start response 

Type VI. 
Complex response ( k l  

II* 111 
111 Iv 

py k 

F i g .  4 . 3 4 .  C l a s s i f i c a t i o n  o f  t h e  mode o f  t r a n s i e n t  response cu rves .  
Fo r  e x p l a n a t i o n ,  see Tab le  4 .3 .  Reproduced w i t h  p e r m i s s i o n  f r o m  
( r e f .  71) .  C o p y r i g h t  1982 Pergamon J o u r n a l s  L t d .  

L e t  us c o n s i d e r  f i r s t  t h e  c o n c e n t r a t i o n  p r o f i l e  changes and t h e  
i n f o r m a t i o n  o b t a i n e d  f r o m  t h i s  method. I t  I s  o b v i o u s  t h a t  a sha rp  
q u a s i - D i r a c  s p i k e  w i l l  s u f f e r  tremendous shape changes when i t  
passes t h r o u g h  t h e  c a t a l y s t  column ( r e f .  76). I f ,  however, one 
a p p l i e s  a l o n g  p u l s e ,  t h e s e  changes a r e  n e g l i g i b l e  compared w i t h  
t h e  t o t a l  amount o f  f e e d  i n t r o d u c e d  ( F i g .  4 . 3 5 ) .  

M a r g i t f a l v i  and co-workers  ( r e f s .  77,78) used such " s l u g  p u l s e s "  
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TABLE 4.3 
C l a s s i f i c a t i o n  o f  t h e  mode o f  t r a n s i e n t  response cu rves .  
Reproduced w i t h  p e r m i s s i o n  from ( r e f .  71) .  C o p y r i g h t  1982 Pergamon 
J o u r n a l s  L td .  

Type o f  X - Y  response R a t e - c o n t r o l l i n g  s t e p s  o r  
(see F i g .  4.34) c h a r a c t e r i s t i c s  o f  t h e  r e a c t i o n  

mechanism 

Type 1 ( a )  S u r f a c e  r e a c t o r  
I n s t a n t a n e o u s  response ( b )  A d s o r p t i o n  o f  r e a c t a n t  

Type I 1  ( c )  D e s o r p t i o n  o f  p r o d u c t  
Monoton ic  response ( d )  Combinat Ion  o f  ( a )  and ( c )  

( e )  Comb ina t ion  o f  ( b )  and ( c )  
( f )  Comb ina t ion  o f  ( a )  o r  ( b )  and 

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

Type I 1 1  ( 9 )  Regenera t i on  o f  a c t i v e  s u r f a c e  

Overshoot  response ( h )  C o m p e t i t i v e  a d s o r p t i o n  o f  
s p e c i e s  o r  o f  a c t i v e  s i t e s  

r e a c t i o n  components 

Type I V  

S-shape response 

( i )  Presence o f  some s t a b l e  s u r f a c e  
i n t e  rmed ia  t e s  

Type v ( j )  I n h i b i t i o n  o f  adsorbed r e a c t a n t  

F a l s e - s t a r t  response 
t o  t h e  r e a c t i o n  

Type V I  ( k )  Comb ina t ion  o f  two ( o r  more) 

Complex response ( 1 )  P r o g r e s s  o f  two ( o r  more) r e a c t i o n  
f a c t o r s  o f  t y p e s  I-IV 

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

l a s t i n g  f o r  6 0  s f o r  s t u d y i n g  t h e  c o n v e r s i o n  o f  n-hexane o v e r  
P t /A1203 c a t a l y s t .  The p u l s e  shape was n e a r l y  r e c t a n g u l a r ;  i n  t h i s  
way, t h e  s t a r t  and t h e  end o f  t h e  p u l s e s  co r responded  t o  s t e p  
changes as  d e f i n e d  by  Kobayashi  ( r e f s .  70,71) i n  t h e  i n c r e a s i n g  and 
d e c r e a s i n g  modes o f  o p e r a t i o n ,  r e s p e c t i v e l y .  The responses  o f  
v a r i o u s  p r o d u c t s  s h o u l d  co r respond  t o  t h e  cu rve  shapes shown i n  
F i g .  4.34, and c o n c l u s i o n s  c o u l d  be drawn on t h e i r  p o s s i b l e  
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0 b 

F i g .  4 
i n  t h e  
t h e  u 
1 eve! 
by  t h e  
( r e f .  

.35. P u l s e  shapes i n  t h e  square  ( " s l u  p u l s e  method ( a )  and 
c o n v e n t i o n a l  ( " sp i ke1 ' )  p u l s e  method S o l i d  l i n e s  g i v e  

l s e  shape a f t e r  passage t h r o u g h  t h e  c a t a l y s t  bed. T r i g g e r  
r e f e r s  t o  t h e  p o i n t  a t  wh ich  t h e  p u l s e  d e t e c t o r  i s  t r i g g e r e d  

l e a d f n g  edge o f  t h e  p u l s e .  Re roduced  w i t h  p e r m i s s i o n  f r o m  
7 6 ) .  C o p y r i g h t  1982 American Cgemical  S o c i e t y .  

f o r m a t i o n  pathway. The r e s u l t s  were n o t  i n t e r p r e t e d  i n  te rms  o f  
e x a c t  r a t e  c o e f f i c i e n t s  such as t h o s e  shown i n  F i g .  4.6; i n s t e a d ,  
v a r i o u s  p r o d u c t  c l a s s e s  were s e l e c t e d ,  namely  f ragments ,  i sohexanes ,  
m e t h y l c y c l o p e n t a n e  and benzene. The responses  w i t h  r e s p e c t  t o  t h e s e  
p r o d u c t s  a r e  shown i n  F i g .  4.36. 

p, 

1 k Pol 
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F i g .  4.36. T r a n s i e n t  response mode of f o u r  p r o d u c t  c l a s s e s  i n  
n-hexane t r a n s f o r m a t i o n  o v e r  0.5% Pt /A1203 a t  480OC. I n t r o d u c t i o n  
o f  a r e c t a n g u l a r  " s l u g  p u l s e "  o f  n-hexane (hyd rogen  m i x t u r e ) ,  
p (n-hexane)  = 16.4 kPa, p u l s e  l e n g t h  = 6 0  s .  Reproduced w i t h  p e r -  
m i s s i o n  f r o m  ( r e f .  7 7 ) .  



245 

H y d r o g e n o l y s i s  p r o d u c t s  show an o v e r s h o o t  t y p e  o f  response.  T h i s  
i s  t r u e  a l s o  when i n d i v i d u a l  C,-C5 f ragments  a r e  p l o t t e d ,  i n c l u d i n g  
i s o b u t a n e  and i sopen tane ,  wh ich  must have been p r o d u c t s  o f  complex 
r e a c t i o n s .  T h i s  l a t t e r  response d i f f e r s  f r o m  t h e  mono ton ic  response 
f o r  C6 i somers  (2 -me thy lpen tane  and 3 -me thy lpen tane) .  A t  t h e  s t a r t  
o f  t h e  p u l s e ,  t h e  f o r m a t i o n  o f  m a t h y l c y c l o p e n t a n e  showed a 
monoton ic  i n c r e a s e  and t h a t  o f  benzene an o v e r s h o o t  c h a r a c t e r ;  
b o t h  p r o d u c t s  showed a f a l s e  s t a r t  a t  t h e  end o f  t h e  s l u g  p u l s e .  

response f o r  benzene and h y d r o g e n o l y s i s  t o  c o m p e t i t i o n  o f  s u r f a c e  
s p e c i e s  f o r  a c t i v e  s i t e s  ( T a b l e  4.3). Here p r o d u c t  d e s o r p t i o n  
cannot  be r a t e  c o n t r o l l i n g .  One o f  t h e  s p e c i e s  compet ing  f o r  a c t i v e  
s l t e s  can be hydrogen; as hyd roca rbon  d i s p l a c e s  hydrogen,  t h e  
p r o b a b i l i t y  o f  t h e  f o r m a t i o n  o f  s u r f a c e  s p e c i e s  w i t h  l a r g e  s i t e  
requ i remen ts  is h i g h .  As a s teady  hyd roca rbon  coverage has been 
reached, t h e  f r a c t i o n  o f  a d j a c e n t  f r e e  s i t e s  and hence t h e  
p r o b a b i l i t y  o f  m u l t i - s i t e  i n t e r m e d i a t e s  decrease, and an o v e r s h o o t  
response i s  observed. Both  t y p e s  o f  p r o d u c t s  have d e e p l y  dehydro -  
genated  s u r f a c e  s p e c i e s  a t t a c h e d  t o  s e v e r a l  m e t a l  atoms ( r e f .  7 9 ) ,  
so  t h i s  response i s  n o t  s u r p r i s i n g .  F o r  t h e  d e c r e a s i n g  b ranch ,  t h e  
f a l s e  s t a r t  response o f  benzene o n l y  was i n t e r p r e t e d ,  namely t h a t  
t h e  r a t e - d e t e r m i n i n g  s t e p  i s  a c o m b i n a t i o n  o f  adsorbed hyd rogen  

and deep ly  dehydrogenated  s u r f a c e  p r e c u r s o r s  ( a s  shown a l s o  b y  
TPR s t u d i e s  d i scussed  i n  S e c t i o n  3.1.2). As t h e  amount o f  a v a i l a b l e  
hydrogen i n c r e a s e s  a t  t h e  end o f  t h e  s l u g  p u l s e ,  t h e  appearance o f  
benzene i n  t h e  gas phase w i l l  be enhanced. The r a t e  o f  d e s o r p t i o n  
o f  h y d r o g e n o l y s i s  p r o d u c t s  must be f a s t  and unh indered .  The d e e p l y  
dehydrogenated  c h a r a c t e r  of  t hese  p r e c u r s o r s  i s  i n  accordance w i t h  
t h e i r  response t o  t h e  change i n  t h e  p a r t i a l  p r e s s u r e  o f  hydrogen 
and hydrocarbons ,  b o t h  p r o d u c t  c l a s s e s  showing l o w  s e l e c t i v i t i e s  
a t  h i g h e r  hyd roca rbon  ( r e f s .  7 7 , 7 8 )  and hydrogen ( r e f s .  7 9 , 8 0 )  
p a r t i a l  p r e s s u r e s .  The p o s i t l v e  o r d e r s  o f  m e t h y l c y c l o p e n t a n e  and 
isohexane f o r m a t i o n  and t h e i r  mono ton ic  response i n d i c a t e  a n o t h e r ,  
l e s s  dehydrogenated  s u r f a c e  s p e c i e s  f o r  t hese  r e a c t i o n s .  I t  can be 

suggested  t h a t  t h e  f a l s e  s t a r t  response f o r  m e t h y l c y c l o p e n t a n e  a t  
t h e  end o f  t h e  s l u g  may be a t t r i b u t e d  t o  some dehydrogenated  i n t e r -  
med ia tes  o f  C 5  c y c l i z a t i o n  ( r e f .  81) b e i n g  hyd rogena ted  o f f  t h e  
s u r f  ace. 

overcome i s  f a s t  a n a l y s i s ,  p e r m i t t i n g  one t o  f o l l o w  t h e  response 
f u n c t i o n s  w i t h  as l i t t l e  d e l a y  and d i s t o r t i o n  as p o s s i b l e .  F a s t -  

The a u t h o r s  ( r e f s .  7 7 , 7 8 1  a t t r i b u t e d  t h e  o v e r s h o o t  

It was demonst ra ted  i n  F i g .  4.35 t h a t  one o f  t h e  prob lems t o  be 
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F i g .  4.37. I R  c e l l  r e a c t o r  f o r  t r a n s i e n t  exper imen ts .  Reproduced 
w i t h  p e r m i s s i o n  f r o m  ( r e f .  74).  C o p y r i g h t  1982 American Chemica l  
S o c i e t y .  

- response mass s p e c t r o m e t r y  ( r e f s .  82.83) and v a r i o u s  s p e c t r o s c o p i c  
t e c h n i q u e s  ( r e f s .  74,84,85) have been recommended and used. Wave- 
f r o n t - s h a p e  a n a l y s i s  i s  one o f  t h e  methods s u i t a b l e  fo ' r  o b t a i n i n g  
i n f o r m a t i o n  f rom n o n - i n s t a n t a n e o u s  response  c u r v e s  ( r e f .  86 ) .  T h i s  
method p e r m i t s  one t o  c o n s i d e r  s l o w  s o r p t i o n  a n d / o r  r e a c t i o n  s teps .  

The use o f  f a s t - r e s p o n s e  a n a l y t i c a l  t e c h n i q u e s  i s  e s s e n t i a l  
when comb in ing  t r a n s i e n t  response s t u d i e s  w i t h  n o n - k i n e t i c  methods. 
Severa l  I n f r a r e d  c e l l s  have been deve loped  f o r  t h i s  purpose.  These 
s t u d i e s  u s u a l l y  i n v o l v e d  CO o r  NO as r e a c t a n t  o r  p r o d u c t  m o l e c u l e s  
(see S e c t i o n  3.1.1).  B e n n e t t  ( r e f .  74) d e s c r i b e d  an I R  r e a c t o r  
wh ich  he and co-workers  used f o r  s t u d y  o f  t h e  i n t e r a c t i o n  o f  C O  and 
C02 w i t h  v a r i o u s  c a t a l y s t  s u r f a c e s  ( r e f s .  87.88). The c e l l  ( F i g .  
4.37) o p e r a t e s  i n  t h e  r e f l e c t i o n  mode; t h e  use o f  one sample and 
one r e f e r e n c e  c e l l  r e s u l t s  i n  t h e  c a n c e l l a t i o n  o f  gas phase I R  
bands. The r e a c t o r  c e l l  has  a v e r y  l o w  volume ( 2  m l ) ;  t h e  temper -  
a t u r e  o f  t h e  c a t a l y s t  d i s c  can be c o n t r o l l e d  and t h e  o p t i c a l  window 
can be r o t e c t e d  b y  s e p a r a t e  c o o l i n g .  O p e r a t i o n  a t  a f l o w - r a t e  o f  
2 m l  s-' g i v e s  a r e s i d e n c e  t i m e  o f  1 s; t h e  use o f  5 mg o f  c a t a l y s t  
ensu res  t h a t  t h e  c e l l  s e r v e s  as a d i f f e r e n t i a l  r e a c t o r .  
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Barshad and G u l a r i  ( r e f .  85) p l a c e d  a m o n o l i t h i c  “honeycomb”- 
- s u p p o r t e d  Pd c a t a l y s t  i n  a see - th rough  F o u r i e r - t r a n s f o r m  i n f r a r e d  
(FTIR)  s p e c t r o m e t e r  i n  o r d e r  t o  f o l l o w  t h e  t r a n s i e n t  response i n  
C O  o x i d a t i o n .  T h i s  f a s t - s c a n  t e c h n i q u e  r e v e a l s  d e t a i l s  t h a t  a r e  
n o t  o b s e r v a b l e  w i t h  e x t e r n a l  d e t e c t o r s .  F o r  example,  C O  deso rbs  on 
i n t r o d u c t i o n  o f  oxygen i n t o  a CO-p re - t rea ted  r e a c t o r  and canno t  be 
d e t e c t e d  by  o u t e r  d e t e c t o r s .  A l t h o u g h  t h e  r e s u l t s  were d i f f i c u l t  
t o  i n t e r p r e t  m a t h e m a t h i c a l l y ,  t h e  a u t h o r s  conc luded  t h a t  o x i d a t i o n  
i n v o l v e s  s u r f a c e  r e a c t i o n  between adsorbed C O  and a t o m i c  oxygen, 
t h e  r a t e  b e i n g  a complex f u n c t i o n  o f  s u r f a c e  coverage b y  b o t h  
r e a c t a n t s .  

e l e c t r o n  m ic roscopy  o f  a c t i v e  and f o u l e d  n i c k e l  c a t a l y s t s  t o g e t h e r  
w i t h  t h e i r  t r a n s i e n t  response i n  a c e t y l e n e  h y d r o g e n a t i o n  t o  
e t h y l e n e  and/or  e thane  ( r e f .  8 9 ) .  The rough “moonscape’ p i c t u r e  o f  
t h e  f r e s h  c a t a l y s t  t u r n e d  i n t o  a n e a r l y  f l u i d  appearance a f t e r  
d e a c t i v a t i o n  (seen b y  a m a g n i f i c a t i o n  of  9OOx). F o u l i n g  p r o f o u n d l y  

a l t e r s  t h e  c a t a l y s t  response t o  a s t e p  i n c r e a s e  o r  decrease i n  t h e  
hydrogen c o n c e n t r a t i o n  i n  t h e  f e e d  i n t o  a c o n t i n u o u s  s t i r r e d  t a n k  
r e a c t o r ;  t h e  e t h y l e n e  response was a l m o s t  e l i m i n a t e d  and t h e  
a c e t y l e n e  response was s lowed b y  f o u l i n g  w i t h  an i n c r e a s e  i n  
hydrogen c o n c e n t r a t i o n ,  whereas t h e y  a c c e l e r a t e d  when t h e  hydrogen 
c o n c e n t r a t i o n  was decreased. There i s  a s i n g l e  o v e r s h o o t  response 
c h a r a c t e r  o f  a c e t y l e n e  c o n c e n t r a t i o n .  The a u t h o r s  r e g a r d e d  t h e i r  
r e s u l t s  as a w a r n i n g  t o  a p p l y  s t e a d y - s t a t e  c o n d i t i o n s  and s c a l i n g  
f a c t o r s  when t h e  u n d e r l y i n g  chemica l  phenomena a r e  a p p a r e n t l y  o f  
more complex c h a r a c t e r .  

t h e  a p p l i c a t i o n  o f  t r a n s i e n t  response methods f o r  c o n t i n u o u s  
s t i r r e d  t a n k  r e a c t o r s  (CSTR). Severa l  r e a c t i o n s  have been s t u d i e d  
i n  t h i s  way, s . g . ,  cyc lohexane dehydrogena t ion  on Pt /A1203 ( r e f .  
90) ;  CO o x i d a t i o n  on Cu ( r e f .  91) and Pd/A1203 ( r e f .  85) as w e l l  as  
ammonia s y n t h e s i s  ( r e f s .  92-94) .  Some o t h e r  r e a c t i o n s  have been 

rev iewed  i n  ( r e f .  93 ) .  

cyc lohexane d e h y d r o g e n a t i o n  i n  a B e r t y  r e a c t o r  a t  1.2 b a r  between 

280 and 4OO0C (no  d i  1 uen t added).  The c y c l  ohexane chemi s o r p t i  on 
r a t e  was r e g a r d e d  as r a t e  d e t e r m i n i n g .  Rap id  benzene d e s o r p t i o n  
was c la imed.  The hydrogen produced would,  a c c o r d i n g  t o  t h e  a u t h o r s ,  
compete w i t h  cyc lohexane f o r  s u r f a c e  s i t e s ;  a t  t h e  same t i m e ,  i t  

h e l p s  t o  r e g e n e r a t e  them, wh ich  i s  t h e  reason f o r  an i n c r e a s i n g  

Ano the r  example o f  combin ing  n o n - k i n e t i c  methods used scann ing  

I n  t h e  1980s, numerous s t u d i e s  have been p u b l i s h e d  d e a l i n g  w i t h  

F o r  example, an o v e r s h o o t  o f  benzene c o n c e n t r a t i o n  was f o u n d  i n  
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r a t e  a f t e r  t h e  minimum. 
The t r a n s i e n t  response c u r v e s  f o r  NH3 showed an o v e r s h o o t  

b e h a v i o u r  f o l l o w i n g  a s t e p  change i n  f e e d  c o m p o s i t i o n  ( B e r t y  
r e a c t o r ,  4OO0C, 2.4 MPa) when t h e  m o l a r  f r a c t i o n  o f  hydrogen was 
between 0.1 and 0.5. W i th  h i g h e r  hydrogen c o n c e n t r a t i o n s ,  a mono- 
t o n i c  response was r e p o r t e d  ( r e f s .  92.93). The a u t h o r s  c h a l l e n g e d  
Kobayash i ' s  h y p o t h e s i s  t h a t  t h e  r a t e - c o n t r o l l i n g  s t e p  wou ld  
de te rm ine  t h e  mode o f  response; i n s t e a d ,  t h e y  sugges ted  a s e r i e s  
o f  s teady  s t a t e s  t h r o u g h  wh ich  adso rbed  hydrogen and n i t r o g e n  wou ld  
pass ( r e f .  9 2 ) .  A maximum was obse rved  i n  t h e  r e a c t i o n  r a t e  a t  a 
hydrogen m o l a r  f r a c t i o n  o f  0.70; an o v e r s h o o t  response was r e p o r t e d  
when t h e  i n i t i a l  and f i n a l  hydrogen c o n c e n t r a t i o n s  l a y  on  d i f f e r e n t  
b ranches  o f  t h e  maximum cu rve .  A d e t a i l e d  mechanism has been 
suggested  by  t h e  same g roup  ( r e f .  93 ) .  

The t r a n s i e n t  response o f  a r e c y c l e  r e a c t o r  has been used f o r  
m o d e l l i n g  i t s  k i n e t i c  pa ramete rs  b y  t h e  method o f  moments ( r e f .  
95).  F o l l o w i n g  Suzuk i  and Smi th  ( r e f ,  24) ,  e x p r e s s i o n s  were d e r i v e d  
t o  de te rm ine  i n t r a p a r t i c l e  d i f f u s i o n ,  f i r s t - o r d e r  r e v e r s i b l e  

a d s o r p t i o n  and f i r s t - o r d e r  chemica l  r e a c t i o n .  

example, r e c e n t  s t u d i e s  used t h i s  t e c h n i q u e  t o  i n v e s t i g a t e  
t r a n s p o r t  p r o p e r t i e s  i n  a b imoda l  r e f o r m i n g  c a t a l y s t  i n  a d i f f u s i o n  
c e l l  (cf. S e c t i o n  3.3.2). B i d i s p e r s e  t o r t u o s i t y  f a c t o r s  c o u l d  be 
d e t e r m i n e d  e x p e r i m e n t a l l y  ( r e f s .  96,97). A l s o ,  i n t e r e s t i n g  r e s u l t s  
were r e p o r t e d  f o r  d e t e r m i n a t i o n  o f  r e v e r s i b l e  and i r r e v e r s i b l e  coke 
f o r m a t i o n  on a Pt/A1203 c a t a l y s t  (of. S e c t i o n  3.4) and t h e i r  r o l e  
i n  t h e  i n i t i a l  p e r i o d  o f  c a t a l y s t  o p e r a t i o n  ( r e f .  98 ) .  

T r a n s i e n t  response s t u d i e s  r e v e a l e d  t h a t  " f o r c e d  f e e d  compos i -  
t i o n  c y c l i n g "  gave a b e t t e r  t ime-ave rage  y i e l d  t h a n  s t e a d y - s t a t e  
o p e r a t i o n  ( r e f .  9 4 ) .  T h i s  means a p e r i o d i c  change o f  f e e d  composi-  
t i o n  between s y n t h e s i s  gas and p u r e  hydrogen w i t h  c y c l e  t i m e s  o f  
a few m inu tes .  The b e s t  hyd rogen  m o l a r  f r a c t i o n  i n  t h e  s y n t h e s i s  
gas was 0.375 a t  4OO0C and 2.4 MPa. U s i n g  f o r c e d  f e e d  c o m p o s i t i o n  
c y c l i n g ,  y i e l d s  up t o  30% h i g h e r  t h a n  t h o s e  o b t a i n e d  under  s t e a d y -  

- s t a t e  c o n d i t i o n s  c o u l d  be ach ieved .  T h i s  i n d i c a t e s  t h e  p o s s i b l e  
i n d u s t r i a l  impor tance  o f  n o n - s t e a d y - s t a t e  methods. The p r e s e n t  

s t a t e - o f - a r t  has been r e v i e w e d  b y  M a t r o s  ( r e f s .  99,100). He l i s t e d  
t w e l v e  i n d u s t r i a l l y  i m p o r t a n t  p rocesses ,  i n  wh ich  t r a n s i e n t  methods 
may improve per fo rmance,  i n c l u d i n g  S O 2  o x i d a t i o n ,  o l e f i n  p o l y m e r i -  
z a t i o n ,  e t h a n o l  d e h y d r a t i o n ,  hyd roca rbon  o x i d a t i o n  and c h l o r i n a t i o n .  
C o n c e n t r a t i o n  , space v e l o c i t y  and t e m p e r a t u r e  changes i n  a d d i t i o n  t o  

T r a n s i e n t  response s t u d i e s  become more and more w idespread.  F o r  
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t h e  p e r i o d i c  r e v e r s a l  o f  t h e  f e e d  d i r e c t i o n  on t h e  c a t a l y s t  bed 
have been proposed as means f o r  t h e  g e n e r a t i o n  o f  t r a n s i e n t  pheno- 

mena. The r e s u l t s  expec ted  a r e  h i g h e r  c o n v e r s i o n s  and s e l e c t i v i t i e s  
a t  l o w e r  c o s t  o r  a b e t t e r  d i s t r i b u t i o n  o f  t h e  m o l e c u l a r  mass o f  
po lymers  , 

These examples i l l u s t r a t e  how t r a n s i e n t  response d a t a  can s u p p l y  
i n f o r m a t i o n  wi th  r e s p e c t  t o  l i k e l y  s u r f a c e  spec ies ,  wh ich  can be 
combined w i t h  o t h e r  d a t a  t o  s u p p o r t  one o r  a n o t h e r  r e a c t i o n  scheme. 
The r e a c t i o n s  s e l e c t e d  a r e  c l o s e  t o  those  hyd roca rbon  c o n v e r s i o n s  
t r e a t e d  i n  s e v e r a l  "Examples" i n  t h i s  book; t h e  p r e s e n t  r e s u l t s  may 

be l e s s  q u a n t i t a t i v e  b u t  more i n s t r u c t i v e  as f a r  as t h e  p o s s i b l e  
e l e m e n t a r y  s t e p s  a r e  concerned. We b e l i e v e  t h a t  t h e  c o m b i n a t i o n  o f  
as many methods as p o s s i b l e  and t h e i r  ma themath i ca l  e v a l u a t i o n  must 
be, a f t e r  a l l ,  t h e  b e s t  way t o  o b t a i n  a deeper i n s i g h t  a t  more and 
more s o p h i s t i c a t e d  l e v e l s  i n t o  N a t u r e ' s  phenomena and, a t  t h e  same 
t lme ,  t h i s  wou ld  be a good approach t o  deve lop  b e t t e r  and b e t t e r  
man-made processes .  
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SYMBOLS 

A E  

'i 
'i 
a l  
"t 
bi 

ci 
Co/'.L 

cS 

D ~ ~ e f f  

D 1 2  

Deff  
D K  
DKef f 
Dax 
D 
0- 

F 

FAO 
A G  
h 

A H  
I 

Ji 
J 
K 

k 

K a  
k a  
kdes 
Ki 

k S  
L 
1 
I 
m 
n 

a c t  i va t  i on ene rgy , k J / kmol 
r eac t ing  spec ie s  i n  a r eac t ion  system 
concent ra t ion  i n  the  gas phase,  mol/cm 
concent ra t ion  i n  t he  porous medium, mol/cm 
concent ra t ion  of vacant  a c t i v e  c e n t r e s  
t o t a l  molar concent ra t ion  of a c t i v e  c e n t r e s  
concent ra t ion  of hypothe t ica l  s p e c i e s ,  mol/cm 
cons tan t  
d'Arcy flow parameter ,  cm2/(s-mbar) 
su r f  ace concent ra t ion  
e f f e c t i v e  molecular d i f f u s i o n  c o e f f i c i e n t ,  cm /s; 

molecular d i f f u s i o n  c o e f f i c i e n t ,  cm /s 
2 e f f e c t i v e  d i f f u s i o n  C o e f f i c i e n t ,  cm /s 

Knudsen d i f fus ion  c o e f f i c i e n t ,  cm / s  
e f f e c t i v e  Knudsen d i f f u s i o n  c o e f f i c i e n t ,  cm /s 
a x i a l  d i spe r s ion  c o e f f i c i e n t ,  cm /s 
diagonal matr ix  of equ i l ib r ium concen t r a t ions  
inverse  of D 
t o t a l  molar flow of feed  hydrocarbons,  mol/h 
molar feed ra te  o f  r e a c t a n t s ,  kmol/h 

f r e e  r eac t ion  en tha lpy  
Thie le  modulus; P lanck ' s  cons tan t  
r eac t ion  enthalpy 
u n i t  matr ix  
molar flow of spec ie s  i, mol/(cm2.s) 
s u m  of l e a s t  squares ,  minimization c r i t e r i o n  
r a t e  cons tan t  m a t r i x  
r eac t ion  r a t e  cons t an t ;  Bol tzmann cons tan t  
adsorp t ion  equi l ibr ium cons tan t  
adsorp t ion  r a t e  cons tan t  
desorp t ion  r a t e  cons tan t  
equi l ibr ium cons tan t  
r a t e  cons tan t  of s u r f a c e  r eac t ion  
th ickness  of s i n g l e  p e l l e t ;  l ength  of f i x e d  bed, cm 
a c t i v e  cen t r e  on c a t a l y s t  su r f ace  
l inkage c l a s s  ( see  p .  84)  
number of i n i t i a l  s t a t e s  
number of components in  s t a t e  vec to r  

3 

3 

3 

2 

~ l 2 e f f  ~ 1 2 " ~  2 

2 
2 

2 
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N 
P 

pi 
9 
r 

r a d  
rdes  
R 

S 

S 

'r 
AS 

t 

T 
U 
U 

W 

W(A) 

xi 

X 

X 

Y 
Z 

zAB 
2 

a d s o r p t i o n  t e r m ,  d e f i n e d  b y  eq. 4 .17 
t o t a l  p r e s s u r e ,  b a r ;  e m p i r i c a l  s t e r i c  f a c t o r ,  d e f i n e d  b y  
eq. 2 .3 
p a r t i a l  p r e s s u r e ,  b a r  
mass t r a n s f e r  t e r m ,  d e f i n e d  b y  eq.  4.16 
r e a c t i o n  r a t e ,  mol/(g-h) 
i n i t i a l  r a t e  

a d s o r p t i o n  r a t e  
d e s o r p t i o n  r a t e  
r a d i u s  o f  c a t a l y s t  p e l l e t ,  cm; gas  c o n s t a n t  
s t o i c h i o m e t r i c  s u b s p a c e  
s t o  i c h i  ome t r i  c .number 
s t o i  c h i  ome t r i  c number 
r e a c t i o n  e n t r o p y  
t i m e ,  s 
t e m p e r a t u r e ,  K 
o v e r a l l  h e a t  t r a n s f e r  
f l o w  v e l o c i t y ,  cm/s 
w e i g h t  o f  c a t a l y s t ,  g 

s y m m e t r i c  m a t r i x  

o f  r a t e - d e t e r m i n i n g  s t e p  

c o e f f i c i e n t  

m a t r i x  o f  e i g e n v e c t o r s ;  c o n v e r s i o n  
m o l a r  f r a c t i o n ;  c h a r a c t e r i s t i c  v e c t o r  
d i s t a n c e  
d i s t a n c e  
d i s t a n c e  
number o f  c o l l i s i o n s  b e t w e e n  r e a c t a n t  m o l e c u l e s  

i m p a c t  r a t e ,  number o f  m o l e c u l e s / ( s . c m  ) 2 

GREEK SYMBOLS 

a ( t )  c o m p o s i t i o n  v e c t o r  
a* e q u i l i b r i u m  c o m p o s i t i o n  v e c t o r  
B c o m p o s i t i o n  v e c t o r  i n  t h e  h y p o t h e t i c a l  componen t  s y s t e m  
B p o r o s i t y  o f  c a t a l y s t  
Y s c a l a r ,  d e f i n e d  b y  eq.  3.123 
Y ( i )  j t h  r o w  o f  X 
E p o r o s i t y  o f  f i x e d  b e d  
r\ e f f e c t i v e n e s s  f a c t o r  

A d i a g o n a l  m a t r i x  o f  e i g e n v a l u e s  
u dynamic  v i s c o s i t y  

e i g e n v a l u e  o f  r a t e  c o n s t a n t  m a t r i x  



2 5 4  

P(N smal les t  eigenvalue of  W(A) 
P1 f i r s t  absolute moment 

second central  moment 4 densi ty ,  g/cm 3 
P 
8 surface coverage 
T tortuosi  t y  f a c t o r  

normalized concentration 3 
Other symbols are defined in the t e x t .  
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