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summary

The a d s o r p t i o n  and  h y d r o g e n a t i o n  o f  a r o m a t i c  h y d ro 

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

p a l l a d i u m  c a t a l y s t s ,  h a s  been  s t u d i e d  i n  t h e  t e m p e r a t u r e  

r a n g e  1 0 0 ° -  335°C, u s i n g  a  m i c r o c a t a l y t i c  r e a c t o r  f lo w  

m ethod ,  w i t h  h e l i u m  and h y d ro g en  c a r r i e r  g a s .

The a d s o r p t i o n  an d  h y d r o g e n a t i o n  o f  b enzene  and t o l u e n e

on a l l  t h e  c a t a l y s t s  e xam ined ,  i n d i c a t e s  t h a t  t h e  r e l a t i v e  

s p e c i f i c  a c t i v i t i e s  o f  t h e  m e t a l s  f o r  ea ch  r e a c t i o n  i s  i n  

t h e  o r d e r  p l a t i n u m  > p a l l a d i u m .

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

t h a t  t h e  h y d r o c a r b o n s  were  a d s o r b e d  d i s s o c i a t i v e l y :  a t  250°C

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

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

M ethane  and  b e n z e n e  were  t h e  o n l y  p r o d u c t s  o f  c a r b o n - c a r b o n

bond f i s s i o n  o b s e r v e d .  A f u r t h e r  i n v e s t i g a t i o n  o f  t h e
14r e t a i n e d  s p e c i e s ,  u s i n g  C - l a b e l l e d  b e n z e n e ,  showed t h a t  

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

g e n a t i o n .  An a s s o c i a t i v e l y  o r  ir-bonded b enzene  s p e c i e s  

i s  u n l i k e l y  to  be r e s p o n s i b l e  f o r  t h e  r e t e n t i o n  i n  v iew  o f  

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

h y d r o c a r b o n .

I n  t h e  r e a c t i o n  o f  b en zen e  and t o l u e n e  w i t h  h y d ro g e n  

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

p r o d u c t s  were  c y c l o h e x a n e  and m e t h y l c y c l o h e x a n e  r e s p e c t i v e l y .  

No c r a c k i n g  p r o d u c t s  were  d e t e c t e d ,  i n d i c a t i n g  t h a t  b o t h



p l a t i n u m  and  p a l l a d i u m  e x h i b i t  no a c t i v i t y  f o r  t h e  h y d r o -  

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

u s e d  i n  t h e  p r e s e n t  s t u d y .

W e l l - d e f i n e d  a c t i v i t y  maxima b e tw een  1 4 0 ° -  220°C were 

fo u n d  f o r  b e n z e n e  and  t o l u e n e  w i t h  a l l  t h e  c a t a l y s t s  

e x am in ed .  The maxima a p p e a r  t o  have  t h e i r  o r i g i n s  i n  k i n e t i c  

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

t h e  th e r m o d y n a m ic s  o f  t h e  r e a c t i o n  sy s te m .

The h y d r o g e n a t i o n  o f  t o l u e n e  was fo u n d  to  be g r e a t e r  

t h a n  b e n z e n e  when i t  was h y d r o g e n a t e d  s e p a r a t e l y  o r  i n  a 

m i x t u r e  1 : 1  ( v : v )  o f  b e n zen e  and t o l u e n e  on a l u m i n a -  and 

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

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

p r e t e d  i n  t e r m s  o f  a s s o c i a t i v e l y  a d s o r b e d  s p e c i e s .  The 

c h e m i s o r b e d  h y d r o c a r b o n  i s  r e g a r d e d  a s  a 7t -co m p le x ,  w h ich  i s  

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

r e a c t i o n .  The h y d ro g en  a c t s  a s  a  c o v e r  o f  t h e  c a t a l y t i c  

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

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

c o n s e q u e n c e  t h e  h y d r o g e n a t i o n  o f  b e n z en e  and t o l u e n e .

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

t h a t  o f  b e n z e n e ,  t o g e t h e r  w i t h  t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  

maxima i n  t h e  a c t i v i t y - t e m p e r a t u r e  c u r v e s  i s  i n t e r p r e t e d  i n  

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

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



CHAPTER ONE

AN INTRODUCTION

1 . 1  I n t r o d u c t i o n

The d e v e lo p m e n t  o f  modern  c o n c e p t s  i n  h e t e r o g e n e o u s  

c a t a l y s i s  began  i n  1913 w i t h  S a b a t i e r ,  who was t h e  f i r s t  t o  

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

i n t e r m e d i a t e  compound on t h e  c a t a l y s t  s u r f a c e  ( l ) .  T h i s  

i d e a  was n o t  e x t e n s i v e l y  d e v e l o p e d  a t  t h e  t i m e ,  l a r g e l y  due 

t o  t h e  f a c t  t h a t  t h e  m o l e c u l a r  o r g a n o m e t a l l i c  compounds w h ich  

were  c a n d i d a t e s  a s  c a t a l y t i c  i n t e r m e d i a t e s  were unknown to  

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

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

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

c h e m i s t s  ( s i n c e  1950)  i n  t h e  s y n t h e s i s  o f  a n a l o g o u s  o r g a n o 

m e t a l l i c  compounds.

The c o n c e p t  o f  " a c t i v e  c e n t r e s "  i n  c a t a l y s i s  was i n t r o 

du ced  i n  1925 by T a y l o r  ( 2 ) ,  who r e a s o n e d  t h a t  c a t a l y t i c  

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

o f  s p e c i f i c  s i t e s  on t h e  s u r f a c e  r a t h e r  t h a n  to  a l l  a v a i l a b l e  

s i t e s *  T a y l o r  c o n c e i v e d  t h e  s u r f a c e  a s  b e in g  nonhomogeneous 

by v i r t u e  o f  t h e  p r e s e n c e  o f  a  d i s t r i b u t i o n  o f  s u b s t r a t e  

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

s u b s t r a t e  a to m s ;  a  c a t a l y t i c  s u r f a c e  was n o t  a  p e r f e c t  

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

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



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

made, b u t  t h e  e f f e c t  o f  t h i s  h e t e r o g e n e i t y  on c a t a l y t i c  

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

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

b e tw een  t h e  g e o m e t r i c  and  e l e c t r o n i c  f a c t o r  i n  c a t a l y s i s .

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

h a s  r e s u l t e d  i n  c o r r e l a t i o n  b e tw een  c a t a l y t i c  a c t i v i t y  and 

l a t t i c e  s p a c i n g  on t h e  one h an d ,  and b e tw een  c a t a l y t i c  

a c t i v i t y  and  e l e c t r o n i c  c h a r a c t e r  on t h e  o t h e r  hand  ( 3 ) .  I t  

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

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

a t t e m p t s  t o  s e p a r a t e  t h e  two can  be m i s l e a d i n g *

R e c e n t  d e v e l o p m e n t s  i n  c a t a l y s i s  seem t o  be r e t u r n i n g  

t o  t h e  c o n c e p t  o r i g i n a l l y  i n t r o d u c e d  by S a b a t i e r ,  r a t h e r  th a n  

c o n c e n t r a t i n g  on t h e  g e n e r a l  e l e c t r o n i c  and  g e o m e t r i c  

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

i s  c o n c e r n e d  w i t h  p r o p e r t i e s  o f  a tom s  and c o m p lex es  a t  s u r 

f a c e s *  The l a s t  f ew  y e a r s  have  s e e n  t h e  d e v e lo p m e n t  o f  new 

e x p e r i m e n t a l  t e c h n i q u e s  s u c h  a s  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  

(AES) and  l o w - e n e r g y  e l e c t r o n  d i f f r a c t i o n  (LEED) f o r  t h e  

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

s i n g l e  c r y s t a l  s u r f a c e s ,  a s  r e c e n t l y  r e v i e w e d  by Thomson (4)  

an d  S o m o r j a i  (5 )*  The r e s u l t  h a s  been  an a d v an ce  i n  t h e  

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

new i m p e t u s  f o r  s t u d i e s  o f  h e t e r o g e n e o u s  c a t a l y s i s *
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1 . 2  A d s o r p t i o n

Atoms o r  g r o u p s  o f  a to m s  w h ic h  l i e  i n  t h e  s u r f a c e  o f  a 

p h a s e  d i f f e r  f u n d a m e n t a l l y  f rom t h o s e  w i t h i n  t h e  b u lk  o f  t h e  

p h a s e .  They c a n n o t  i n t e r a c t  s y m m e t r i c a l l y  w i t h  n e i g h b o u r i n g  

a to m s  an d  t h e i r  e f f e c t  i s  u n b a l a n c e d .  F o r  t h i s  r e a s o n  t h e y  

f r e q u e n t l y  e x h i b i t  u n s a t u r a t e d  v a l e n c i e s ,  w h ich  a r e  c a p a b l e  

o f  forming a  bond  w i t h  f o r e i g n  a to m s  o r  m o l e c u l e s  on t h e  s u r 

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

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

r e a c t i o n  t a k e s  p l a c e  a t  t h e  i n t e r f a c e  b e tw ee n  t h e  c a t a l y s t  

and  t h e  l e s s  d e n s e  p h a s e .

Two t y p e s  o f  a d s o r p t i o n  have  b e en  r e c o g n i z e d ,  p h y s i c a l  

a d s o r p t i o n  a n d  c h e m i s o r p t i o n .  P h y s i c a l  a d s o r p t i o n  ca n ,  i n  

p r i n c i p l e ,  o c c u r  b e tw e e n  a l l  g a s e s  a n d  a l l  s o l i d s ,  no new 

c h e m i c a l  b o n d s  a r e  f o rm ed ,  t h e  f o r c e s  i n v o l v e d  b e i n g  weak 

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

p r o p e r t i e s  o f  l i q u i d s ,  n am e ly  Van d e r  V a a l s  f o r c e s .  T h i s  

t y p e  o f  a d s o r p t i o n  h a s  been  u s e d  i n  t h e  m easu rem en t  o f  s u r 

f a c e  a r e a s  a n d  p u r e  s i z e  d i s t r i b u t i o n  o f  c a t a l y s t s .  Chemi- 

s o r p t i o n ,  h o w e v e r ,  i n v o l v e s  s t r o n g  f o r c e s  and new c h e m ic a l  

b o n d s ,  o f  s i m i l a r  s t r e n g t h  to  t h o s e  fo rm e d  be tw een  a tom s i n  

m o l e c u l e s ,  a r e  fo rm ed  b e tw een  t h e  a d s o r b i n g  atom o r  m o le c u le  

an d  t h e  s u r f a c e .  C h e m i s o r p t i o n  i s  a  s p o n ta n e o u s  p r o c e s s  and 

i s  a c c o m p a n ie d  by a  d e c r e a s e  i n  t h e  G ib b s  f r e e  e n e r g y  ch an g e .  

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

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

AG = AH-TAS, a d s o r p t i o n  w i l l  be e x o t h e r m i c .  M easu rem en ts  o f



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

t h e  n a t u r e  o f  t h e  a d s o r b e d  s t a t e .  Prom t h e  m a g n i tu d e  o f  t h e  

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

h a s  i n d e e d  o c c u r r e d ,  a n d  f rom  t h e  v a r i a t i o n  o f  t h e  h e a t  o f  

a d s o r p t i o n  w i t h  t h e  e x t e n t  o f  s u r f a c e  c o v e r a g e  ( 0 ) ,  ded u c 

t i o n s  can  be made a b o u t  t h e  t y p e  o f  c h e m i s o r p t i o n  ( 6 ) .  I t  

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

i n c r e a s i n g  s u r f a c e  c o v e r a g e .  T h i s  d e c r e a s e  may be e x p l a i n e d  

i n  t e r m s  o f  ( a )  t h e  h e t e r o g e n e o u s  n a t u r e  o f  t h e  a d s o r b e n t  

s u r f a c e ,  (b )  r e p u l s i o n s  b e tw e e n  a d j a c e n t l y  a d s o r b e d  m o l e c u l e s  

becoming more i m p o r t a n t  a s  (0 )  i n c r e a s e s ,  and  ( c )  e l e c t r o n  

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

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

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

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

C a t a l y t i c  s o l i d s  h av e  b e en  shown, i n  many e x p e r i m e n t s  

and  by a  v a r i e t y  o f  t e c h n i q u e s ,  t o  be h e t e r o g e n e o u s  w i t h  

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

s o u r c e s  o f  t h i s  h e t e r o g e n e i t y  a r e  t h e  s u b j e c t s  o f  much 

p u b l i s h e d  work and  an  a t t e m p t  i s  made i n  t h i s  c h a p t e r  t o  

summarise  and  e v a l u a t e  t h e  o b s e r v a t i o n s  made, w i t h  p a r t i c u l a r  

e m p h a s is  on h y d r o c a r b o n  a d s o r p t i o n  on t r a n s i t i o n  m e t a l s .

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

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

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

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

a  d i r e c t  b e a r i n g  upon t h e  m echan ism .  On t h e  o t h e r  h an d ,  t h e



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

whose c h a r a c t e r i s t i c s  d epend  on t h e  s u b s t r a t e  s t r u c t u r e ,  t h e  

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

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

on a  c a t a l y s t  s u r f a c e  h a s  been  d e m o n s t r a t e d  by s t o i c h e i o -  

m e t r i c  b a l a n c e  ( 7 , 8 )  and  by t h e  u s e  o f  r a d i o a c t i v e  t r a c e r s  

( 9 ,  1 0 ) ,  I n f r a r e d  s p e c t r o s c o p i c  s t u d i e s  have  shown t h a t  oh 

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

a d s o r b e d ,  t h e r e b y  f o rm in g  h y d r o g e n - d e f i c i e n t  r e s i d u e s  and 

p o s s i b l y  a l s o  s u r f a c e  p o l y m e r s  ( 1 1 ,  12 ,  1 3 ) .  D i s s o c i a t i v e  

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

b e e n  d e m o n s t r a t e d  by f i e l d - e m i s s i o n  m i c r o s c o p y  (14)  and  low -  

e n e r g y  e l e c t r o n  d i f f r a c t i o n  ( 5 ) .  I r r e v e r s i b l e  a d s o r p t i o n  

may be d e m o n s t r a t e d  i n  a  s im p le  d e s o r p t i o n  e x p e r i m e n t .

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

o f  even  a  s m a l l  amount o f  i r r e v e r s i b l e  a d s o r p t i o n .  M oreover ,  

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

i r r e v e r s i b l y  a d s o r b e d  s p e c i e s ,  A number  o f  s t u d i e s  have been 

made t o  e l u c i d a t e  t h e  n a t u r e  o f  t h e  a d s o r b e d  s t a t e  by d i r e c t  

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

s p e c i e s .

A l t h o u g h  c o n v e n t i o n a l  v o l u m e t r i c  m e a s u re m e n ts  o f  

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

S i C ^ / A ^ O ^  a t  t e m p e r a t u r e s  known t o  be e f f e c t i v e  f o r  c r a c k i n g ,  

M a c i v e r ,  Emmett and  F r a n k  (15)  s u c c e e d e d  i n  d e t e c t i n g  0*003 

m l / g  o f  a d s o r b e d  i - b u t a n e  a t  150°C by u s i n g  ^ C - l a b e l l e d  

i s o b u t a n e i  L a r s o n  and H a l l  (16)  c l a s s i f i e d  t h e  a d s o r b e d

i - b u t a n e  on S i 0 2 / A l 2 0 ^ i n t o  t h r e e  f o r m s ,  a s  f o l l o w s :
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( a )  r e m o v a b le  by e v a c u a t i o n  a t  150°C,  (b )  un rem o v ab le  by 

e v a c u a t i o n  b u t  d i s p l a c e a b l e  w i t h  g a s  p h a s e  i - b u t a n e ,  ( c )  

u n d i  s p l a c  e a b l e .

In o u e  and  Y asum ori  (1 7 )  c l a s s i f i e d  a d s o r b e d  a c e t y l e n e  

on c o l d  w orked  Pd f o i l  a t  27°C i n t o  f o u r  t y p e s :  ( a )  which

u n d e r g o e s  d e s o r p t i o n  on e v a c u a t i o n ,  (b )  w h ich  i s  removed 

from t h e  s u r f a c e  d u r i n g  h y d r o g e n a t i o n  a t  2 7 ° C, ( c )  w hich  i s  

n o t  removed d u r i n g  h y d r o g e n a t i o n ,  b u t  i s  removed by t r e a t 

ment  w i t h  h y d r o g e n  a t  150°C,  and  ( d ) ,  w h ich  r e m a in s  on t h e  

s u r f a c e  a f t e r  r e d u c t i o n  a t  150°C. I t  was c o n s i d e r e d  t h a t  

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

g e n a t i o n  an d  t h a t  t h e s e  s p e c i e s  can  occu p y  two k i n d s  o f  

s i t e  ( I )  and  ( I I ) .  S i t e  ( I )  can  be i d e n t i f i e d  w i t h  l a t t i c e  

i m p e r f e c t i o n s  i n  t h e  ( l l O )  c r y s t a l  p l a n e  w hich  d i s a p p e a r  on 

a n n e a l i n g  a t  t e m p e r a t u r e s  b e tw e e n  200 and  3 0 0 ° C, S i t e  ( IX) 

c a n  be c o r r e l a t e d  w i t h  t h e  l a t t i c e  p l a n e s  o r  b o u n d a r i e s  

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

o f  t h e  (110)  p l a n e  and  t h e  g r o w t h  o f  ( i l l )  p l a n e s  a t  

a n n e a l i n g  t e m p e r a t u r e s  o f  a r o u n d  6 0 0 ° C,

S y s t e m a t i c  s t u d i e s  o f  r e t e n t i o n  o f  h y d r o c a r b o n s  were 

made u s i n g  two d i f f e r e n t  a p p r o a c h e s  by T a y l o r  e t  a l .  (18 )  

and  by Cormack e t  a l ,  ( 1 9 ) .  T a y l o r  e t  a l ,  (18)  u s i n g  a 

m i c r o c a t a l y t i c  r e a c t o r  ex am in ed  t h e  a d s o r p t i o n  o f  CH^, 0 2 ^ ,

C^Hg, ^2 ^4 * ^ 3 ^ 6 '  ^ 2 ^ 2  a n ^ cy c ^ 0 ,“ ^ 3 ^ 6  011 P d / A ^ O ^  i n  t h e  

t e m p e r a t u r e  r a n g e  20° t o  2 0 0 ° C. The p e r c e n t a g e  r e t e n t i o n  o f  

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

c y c l o p r o p a n e  < a l k e n e s  < a c e t y l e n e .  D i s s o c i a t i v e  a d s o r p t i o n  

o c c u r r e d  and  c a r b o n - c a r b o n  bond r u p t u r e  a p p e a r s  t o  be
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u n i m p o r t a n t ,  e x c e p t  a t  2 0 0 ° C, They a l s o  p o i n t  o u t  t h a t  t h e  

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

h e t e r o g e n e i t y  d e p e n d i n g  upon t h e  a d s o r b a t e  h y d r o c a r b o n .

Thus ,  f o r  e x a m p le ,  t h e  r e t e n t i o n  f o r  p r o p y l e n e  and  f o r  e t h y 

l e n e  w ere  d i s s i m i l a r .

I n  a n  a l t e r n a t i v e  a p p r o a c h  t o  r e t e n t i o n  and  i n t e r a c t i o n  

o f  h y d r o c a r b o n s  w i t h  m e t a l s ,  Cormack e t  a l .  (19 )  exam ined  

t h e  i n t e r a c t i o n  o f  ^ C - e t h y l e n e  a t  a m b ie n t  t e m p e r a t u r e  w i t h  

a  r a n g e  o f  m e t a l s  s u p p o r t e d  on a l u m i n a .  When ^ C - e t h y l e n e  

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

rh o d iu m ,  p a l l a d i u m ,  i r i d i u m ,  o r  p l a t i n u m ,  i t  was o b s e r v e d  

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

be rem oved  by h y d r o g e n a t i o n ,  by m o l e c u l a r  ex ch an g e  w i t h  non

r a d i o a c t i v e  e t h y l e n e ,  o r  by e v a c u a t i o n .  They g av e  t h e  

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

u n r e m o v a b le  f rom  m e t a l s :

Pd  > m  Ci Rh > I r  > P t  

63*5 24 22*5 16 6*5

The a u t h o r s  p o i n t e d  o u t  t h a t  t h e  s u r f a c e s  s t u d i e d  were  h e t e r o 

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

b o n d in g  c o u l d  be r e c o g n i s e d .  The s p e c i e s  r e t a i n e d  was 

d i s s o c i a t i v e l y  b onded  e t h y l e n e ,  w h e r e a s  t h e  s p e c i e s  removed

d u r i n g  h y d r o g e n a t i o n  was a s s o c i a t i v e l y  bonded .
. . 14 14C h e m i s o r p t i o n  o f  C - e t h y l e n e  and C - p r o p y l e n e  b e tw een

20° an d  35P°C on P t / A ^ O ^  and  P t / S i C ^  was s t u d i e d  by Altham 

and Webb ( 2 0 ) ,  A m i c r o c a t a l y t i c  r e a c t o r  was u s e d  i n  t h e s e



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

c a t a l y s t s  a l l o w e d  q u a n t i t a t i v e  d a t a  t o  be o b t a i n e d  r e g a r d i n g  

t h e  e x t e n t  o f  a d s o r p t i o n .  I t  was o b s e r v e d  t h a t  t h e  r e t e n t i o n  

o f  e t h y l e n e  was g r e a t e r  t h a n  t h a t  o f  p r o p y l e n e  u n d e r  t h e  same 

c o n d i t i o n s .  Mixed a d s o r p t i o n  s t u d i e s  y i e l d e d  i n t e r e s t i n g  

i n f o r m a t i o n .  When i n a c t i v e  e t h y l e n e  was i n j e c t e d  on P t / A ^ O ^
14

w h ic h  was p r e c o v e r e d  w i t h  C - p r o p y l e n e ,  e t h y l e n e  a d s o r p t i o n  

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

t h a n  a  ’’c l e a n "  s u r f a c e .  At 200°C a n d  b e lo w ,  no r a d i o a c t i v i t y  

was d i s p l a c e d  from t h e  s u r f a c e  b u t  a t  350°C i n j e c t i o n s  o f  

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

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

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

w ere  i n v o l v e d  i n  t h e  r e t e n t i o n  o f  e t h y l e n e  and p r o p y l e n e ,

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

h e t e r o g e n e i t y  d e p e n d i n g  upon t h e  a d s o r b a t e  h y d r o c a r b o n .

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

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

a d s o r p t i o n  and  a s  was p o i n t e d  o u t  by Vebb (21)  t h e  d e g r e e  o f

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

on t h e  a d s o r b a t e  m o l e c u l e .

1 . 3  C h e m i s o r p t i o n  o f  Benzene

The i n t e r a c t i o n  o f  b e n z e n e  on m e t a l s  h a s  b een  s t u d i e d  

a l m o s t  a s  e x h a u s t i v e l y  a s  h a s  e t h y l e n e .  I t  i s  an u n s a t u r a t e d  

h y d r o c a r b o n ,  and  a s  such  i t  may u n d e rg o  a s s o c i a t i v e  ch em i-  

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

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



c h e m i s o r b e d  w i t h  no i n t e r a c t i o n  o f  t h e  i r - e l e c t r o n  sys tem  

w i t h  t h e  s u r f a c e ,  i n  w h ic h  c a s e  t h e  b a s i c  r e a c t i v i t y  i s  i n  

p r i n c i p l e  s i m i l a r  t o  t h a t  e x h i b i t e d  by t h e  a l k a n e s .

The c h e m i s o r p t i o n  o f  b en ze n e  h a s  been  r e v i e w e d  by 

Bond (2 2 )  a n d ,  more r e c e n t l y ,  by Moyes and  V e i l s  ( 2 3 ) ,  

w h i l s t  G a r n e t t  (2 4 )  h a s  g i v e n  a  u s e f u l  a c c o u n t  o f  b en zen e  

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

7C-complexes a s  i n t e r m e d i a t e s  i n  c a t a l y t i c  p r o c e s s e s .

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

o f  b e n z e n e ,  due t o  t h e  i m p o r t a n t  r o l e  o f  t h i s  p r o c e s s  i n  t h e  

c a t a l y t i c  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  o f  s ix -m em b e red  

h y d r o c a r b o n  r i n g s .  I n  an  e a r l y  i n v e s t i g a t i o n  by t h e  low 

f r e q u e n c y  A,C# p e r m e a t e r  m e thod  ( 2 5 ) ,  i t  was shown t h a t  ben 

zene c h e m i s o r b e d  on s i l i c a - s u p p o r t e d  n i c k e l  a t  150°C was taken  

up p r i m a r i l y  by f o r m a t i o n  o f  s i x  a d s o r b a t e - s u r f a c e  b o n d s .

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

r i n g  p a r a l l e l  t o  t h e  n i c k e l  s u r f a c e .  A s u b s e q u e n t  exam ina 

t i o n  o f  t h i s  s y s t e m  by S i l v e n t  and Selwood (26)  c o n f i r m e d  

t h a t  a p p r o x i m a t e l y  s i x  m e t a l - a d s o r b a t e  bonds  a r e  fo rm ed  on 

c h e m i s o r p t i o n  o f  b e n z e n e  a t  120°C and  t h a t  a s  t h e  a d s o r p t i o n  

t e m p e r a t u r e  i s  r a i s e d  f u r t h e r ,  t h e  number  o f  bonds  fo rm ed  

i n c r e a s e s  r a p i d l y ,  r e a c h i n g  a b o u t  e i g h t e e n  a t  200°C.  I t  i s  

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

on t h e  number  o f  b o n d s  fo rm ed  p e r  m o l e c u l e  o f  a d s o r b e d  

b e n z e n e .  The r e s u l t s  were  i n t e r p r e t e d  a s  a s s o c i a t i v e  

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

t u r e s .  S i x  bon d s  fo rm e d  by b e n ze n e  s u g g e s t  t h a t  t h e  m o l e c u l e  

l i e s  f l a t ;  more t h a n  s i x  bonds  s u g g e s t s  n o t  o n l y  d i s s o c i a t i o n



o f  h y d r o g e n  b u t  some d e g r e e  o f  c a r b o n - c a r b o n  r u p t u r e .  I t  

was a l s o  o b s e r v e d  t h a t ,  i f  h y d r o g e n  i s  a l l o w e d  t o  f l o w  o v e r  

p r e a d s o r b e d  b e n z e n e  a t  100°C,  i t  i s  p o s s i b l e  to  r e c o v e r  m ost  

o f  t h e  o r i g i n a l  a d s o r b a t e  i n  t h e  fo rm  o f  c y c l o h e x a n e .  But

i f  t h e  a d s o r p t i o n  i s  c o n d u c t e d  a t  2 0 0 ° C, t h e  e f f l u e n t  v a p o u r

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

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

i s  s t i l l  f o rm ed .

I n  s a t u r a t i o n  m a g n e t i z a t i o n  m e a s u re m e n t s  M a r t i n  and  

I m e l i k  ( 2 7 ,  28) f o u n d  e i g h t  a d s o r b a t e - s u r f a c e  bonds  when 

b e n z e n e  was  a d s o r b e d  on n i c k e l  s u p p o r t e d  on s i l i c a  a t  room 

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

bond b u t  a  C-C bond r u p t u r e .  At 150°C,  25 bonds  were 

fo rm ed  c o r r e s p o n d i n g  t o  c o m p le t e  d i s s o c i a t i o n  t o  H and C.

The r e s u l t s  a t  room t e m p e r a t u r e  were  i n t e r p r e t e d  by M a r t i n  

an d  I m e l i k  a s  b e i n g  due t o  ’’edge o n ” d i s s o c i a t i v e  a d s o r p t i o n ,  

g i v i n g  a  bond number  o f  8. At 150°C,  b e n ze n e  i s  c o m p l e t e l y

>  .Ni w i  Ni Ni

c r a c k e d  w i t h  f o r m a t i o n  o f  Ni^C and NiH.

F l a s h - f i l a m e n t  s t u d i e s  have  b e en  em ployed  by C r a t t y  

and  H ansen  (29 )  t o  s t u d y  b e n z en e  c h e m i s o r p t i o n  on t u n g s t e n .

I t  was o b s e r v e d  t h a t  b en ze n e  i s  a d s o r b e d  r a p i d l y  and
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i r r e v e r s i b l y  on s u c h  s u r f a c e s .  D i s p l a c e m e n t  s t o i c h i o m e t r i e s  

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

t i v e  a d s o r p t i o n  model  ((Jr-bonded p h e n y l  g ro u p )  f o r  t h i s  

p r o c e s s .  The i r r e v e r s i b l y  c h e m i s o r b e d  ben zen e  u n d e r g o e s  

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

p h a s e  h y d r o g e n ,  a n d  i s  t h e r e f o r e  n o t  an i m p o r t a n t  i n t e r 

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

Broden  e t  a l ,  (30 )  u s i n g  U V -p h o to e m is s io n  i n  c o n ju n c t io n  

w i t h  LEED/Auger s p e c t r o s c o p y  s t u d i e d  t h e  c h e m i s o r p t i o n  and  

t h e  m o l e c u l a r  s t r u c t u r e  o f  b e n z e n e  on t h e  I r ( lO O )  s u r f a c e .  

E v id e n c e  was  o b t a i n e d  t h a t  t h e  a d s o r p t i o n  o f  b en ze n e  a t  150K 

d o e s  n o t  c a u s e  a n y  chan g e  i n  t h e  g e o m e t r y  o f  t h e  ( 5 x  l )  LEED 

p a t t e r n .  A t  550K d e c o m p o s i t i o n  o f  t h e  ben zen e  m o l e c u l e  

o c c u r s ,  a s s o c i a t e d  w i t h  t h e  o c c u r r e n c e  o f  a h y d ro g en  t h e r m a l  

d e s o r p t i o n  p e a k  o b s e r v e d  on t h e  m ass  s p e c t r o g r a p h .  I t  was 

assum ed t h a t  t h e  b e n z e n e  m o l e c u l e  was bound f l a t  w i t h  t h e  

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

v i a  7E-bond f o r m a t i o n .  I t  was a l s o  fo u n d  t h a t  t h e  b e n zen e  

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

s t r a t e  g e o m e t r y .  I t  a d s o r b s  a t  low t e m p e r a t u r e  w i t h  l i t t l e  

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

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

n e a r  t h e  d e h y d r o g e n a t i o n  t e m p e r a t u r e .

F i s c h e r  e t  a l .  (31 )  s t u d i e d  t h e  c h e m i s o r p t i o n  o f  ben

zene  on P t ( lO O )  by Auger  e l e c t r o n  s p e c t r o s c o p y ,  u l t r a v i o l e t  

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

A d s o r p t i o n  o f  b e n z e n e  c a u s e d  a  d e c r e a s e  i n  t h e  work f u n c t i o n  

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



moment o f  1*5D# T h i s  i m p l i e s  t h a t  t h e  b en z en e  m o l e c u l e  i s  

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

i n d i c a t e d  7t - b o n d i n g  f o r  b e n zen e  a d s o r p t i o n .  The a u t h o r s  

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

and  n i c k e l ,  c o n c l u d e d  t h a t  t h e  i n t e r a c t i o n  o f  b e n z en e  w i t h  

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

C u r r e n t  k n o w le d g e  o f  a p p l i c a t i o n  o f  LEED t o  c h e m is o r p 

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

r e v i e w e d  by S o m o r j a i  ( 5 ) .  I n f r a r e d  s p e c t r o s c o p y  h a s  found  

a p p l i c a t i o n  i n  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 p e c i e s  fo rm ed 

upon a d s o r p t i o n  o f  d i f f e r e n t  g a s e s  and v a p o u r s  on s u p p o r t e d  

m e t a l s .  The i n f r a r e d  s p e c t ru m  o f  b e n z e n e  a d s o r b e d  on a 

P t / A ^ O ^  sam p le  was o b s e r v e d  by Shopov e t  a l .  ( 3 2 ) .  A 

c o m p a r i s o n  w i t h  t h e  s p e c t r a  o f  some b u l k  c o o r d i n a t i o n  com

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

71- c o m p le x  f o r m a t i o n .  S u b s e q u e n t l y ,  P a l a z o v  (33 )  examined 

t h e  t h e r m a l  s t a b i l i t y  and  b e h a v i o u r  o f  t h e  a d s o r b e d  b enzene  

com plex  d u r i n g  t h e  i n t e r a c t i o n  w i t h  v a r i o u s  g a s e s  and v a p o u r s  

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

a t  3050 cm"^ was  s u g g e s t e d  a s  b e i n g  i n  a c c o r d  w i t h  t h e  f o r 

m a t i o n  o f  71— a d s o r b e d  b e n z en e  on t h e  p l a t i n u m  s u r f a c e .  T h i s  

band  i s  c h a r a c t e r i s t i c  f o r  " sa n d w ic h "  co m p le x e s  o f  t r a n s i t i o n  

m e t a l s .  The p r e s e n c e  o f  t h e  1390 cm“ ^ band  i n  t h e  IR 

s p e c t ru m  a l s o  gav e  e v i d e n c e  f o r  71- c o m p le x  f o r m a t i o n  on t h e  

c a t a l y s t  s u r f a c e .  The s u r f a c e  71- c o m p le x  fo rm ed  a f t e r  

a d s o r p t i o n  on t h e  P t / A ^ O ^  sample  had  a  c o n s i d e r a b l e  t h e r m a l  

s t a b i l i t y - ,  b u t  r e a c t e d  r e a d i l y  w i t h  h y d ro g e n  and  was removed 

by c a r b o n  m onox ide  s u b s e q u e n t l y  a d s o r b e d  on t h e  same sample .
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I n f r a r e d  s t u d i e s  h av e  b een  employed  by P r i m e t  e t  a l .  

(34 )  an d  B a s s e t  e t  a l ,  (3 5 )  t o  s t u d y  c a r b o n  monoxide 

a d s o r p t i o n  an d  b e n z e n e  chemi s o r p t i o n  on P t / A ^ O ^ .  When CO 

i s  a d s o r b e d  on p l a t i n u m ,  two t y p e s  o f  b o n d in g  a r e  fo rm ed :  a 

CT-bond and a  Tt-bond o b t a i n e d  by b a c k - b o n d i n g  o f  m e t a l  "d" 

e l e c t r o n s  t o  an a n t i b o n d i n g  o r b i t a l  o f  C0# T h i s  model t a k e s  

i n t o  a c c o u n t  m o s t  o f  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  when 

CO i s  a d s o r b e d  on p l a t i n u m .  V a r i o u s  g a s e s  h a v in g  e l e c t r o n  

d o n o r  o r  e l e c t r o n  a c c e p t o r  p r o p e r t i e s  were  a d s o r b e d  on 

p l a t i n u m  p r e v i o u s l y  c o v e r e d  ( s u r f a c e  c o v e r a g e  0 = 0»2) by 

CO. C h e m i s o r p t i o n  o f  L e w is  b a s e s  i n c r e a s e s  t h e  e l e c t r o n i c  

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

w h ic h  r e s u l t s  i n  a  s h i f t  o f  t h e  v(CO) f r e q u e n c y  to w a r d  low 

wave n u m b e r s .  The f i x a t i o n  o f  e l e c t r o n  a c c e p t o r  e l e m e n t s  

such  a s  c h l o r i n e  o r  oxygen d e c r e a s e s  t h e  e l e c t r o n i c  d e n s i t y  

o f  t h e  m e t a l ,  t h e  b ac k  d o n a t i o n  i s  l o w e r e d  r e s u l t i n g  i n  a 

s h i f t  o f  t h e  v(CO) f r e q u e n c y  t o w a r d  h i g h  wave num bers .  When 

b e n z en e  was a d s o r b e d  on p l a t i n u m ,  t h e  s h i f t  o b s e r v e d  

i n d i c a t e d  a  n e t  ’’f l o w  o f  c h a r g e "  f rom  b e n zen e  t o  p l a t i n u m .  

T h i s  was c l a i m e d  by t h e  a u t h o r s  t o  be p r o o f  o f  t h e  e x i s t e n c e  

o f  a  71-complex b e tw e e n  b e n z en e  and  p l a t i n u m  and a s  an  i n t e r 

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

b e n z e n e .  The 71— com plex  w h ic h  was s u g g e s t e d  was assumed t o  

be a  k i n d  o f  weak a d s o r p t i o n  o f  b e n z e n e .  I n  f a c t  back  

b o n d in g  f rom  t h e  m e t a l  d o r b i t a l s  t o  t h e  ben zen e  71* o r b i t a l s  

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

b e n z e n e .  - I t  would  be a " s u r f a c e  com plex"  v e r y  c l o s e  to



u - a r e n e  c o m p le x e s -  The i n t e r a c t i o n  be tw een  a d s o r b e d  b e n zen e  

and  CO w o u ld  p r o c e e d  t h r o u g h  t h e  l a t t i c e  a s  shown b e low :

_ P t --------------------------P t -

14The c h e m i s o r p t i o n  o f  C -b en zen e  on n i c k e l ,  p l a t i n u m ,  

c o p p e r  (36 )  an d  c o b a l t  (37 )  have  been  exam ined  by T e t e n y i  

and  B a b e r n i c s  u s i n g  a  f l o w  r e a c t o r  sys tem .  N i c k e l  was 

exam ined  i n  t h e  g r e a t e s t  d e t a i l  and t h e  sy s tem  was o p e r a t e d  

a t  a t m o s p h e r i c  p r e s s u r e  i n  t h e  t e m p e r a t u r e  r a n g e  1 0 0 - 3 0 0 ° C. 

I n  t h i s  s t u d y  t h e  a c t i v e  compounds were  e l u t e d ,  c o n d e n s e d  

i n  i n a c t i v e  b e n z e n e ,  a n d  c o u n t e d  i n  a  s c i n t i l l a t i o n  c o u n t e r .  

I t  was o b s e r v e d  t h a t ,  t h e  q u a n t i t y  c h e m is o r b e d  d ep e n d ed  on 

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

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

maximum a t  1 4 0 ° - 1 6 0 ° C  f o r  a l l  t h e  n i c k e l  c a t a l y s t s  exam ined  

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

t h e  maximum p o s s i b l y  a p p e a r s  a t  t e m p e r a t u r e s  be low  100°C.

The c o v e r a g e  o f  t h e  s u r f a c e  w i t h  c h e m is o r b e d  b e n z e n e  was 

c a l c u l a t e d  t o  be 2 3 - 6 3 $  d e p e n d in g  on t h e  c a t a l y s t  u s e d .  I n  

t h e  r a n g e  o f  2 5 0 ° - 3 0 0 ° C ,  t h e  t e m p e r a t u r e  a t  w h ich  c y c l o 

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



b e n z e n e  was o n l y  2—10$. The q u a n t i t y  o f  ben zen e  a d s o r b e d  

was s m a l l e r  i n  a l l  c a s e s  t h a n  t h e  maximum amount o f  a d s o r b e d  

h y d ro g e n -  The b e n z e n e  c o v e r a g e s  were  a  h a l f  t o  one f i f t h  

o f  t h o s e  o b s e r v e d  f o r  h y d r o g e n .

The r e a c t i v i t y  o f  t h e  a d s o r b e d  s p e c i e s  was examined 

u s i n g  u n l a b e l l e d  b e n z e n e  o r  h y d r o g e n .  The c h e m is o r b e d  ben

zene  c o u l d  be f u l l y  removed o n l y  w i t h  h y d r o g e n ,  ben zen e  

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

two k i n d s  o f  a d s o r p t i o n  w h ich  t h e y  o b s e r v e d  on n i c k e l  was 

b a s e d  on an  a s s o c i a t i v e l y  a d s o r b e d  f o rm ,  %- o r  C -bonded ,  

w h ic h  c an  be d i s p l a c e d  by b e n z e n e  i t s e l f ,  and  a  d i s s o c i a t i -  

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

r e m o v a l .

The a b s e n c e  o f  a d s o r p t i o n  on c o p p e r  and  a  low s u r f a c e  

c o v e r a g e  com pared  w i t h  h y d r o g e n  on p l a t i n u m ,  were  a l s o  

o b s e r v e d  i n  t h e s e  s t u d i e s .

B a b e r n i c  and  T e t e n y i  (37)  u s i n g  a  c h r o m a t o g r a p h i c  

method  com bined  w i t h  t h e  r a d i o a c t i v e  t r a c e r  m ethod  examined 

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

t u r e  r a n g e  3 5 ° -2 0 0 ° C .  I t  was fo u n d  t h a t  be low  100°C, t h e  

whole  s u r f a c e  o f  t h e  c a t a l y s t  became s a t u r a t e d  w i t h  r e v e r -  

s i b l y  bound b e n z e n e .  T h i s  a d s o r p t i o n  was c o n s i d e r e d  to  be 

e n t i r e l y  p h y s i c a l  i n  n a t u r e .  Above 100°C,  s i m u l t a n e o u s  

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

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

o c c u r r e d .  I n  t h e  r a n g e  1 6 0 ° -2 0 0 °C  o n l y  1 0 -1 2 $  o f  t h e  c o v e r 

age  r e p r e s e n t e d  r e v e r s i b l y  a d s o r b e d  s p e c i e s .  The u s e  o f  
14 C -b e n z e n e  showed t h a t  a b o u t  h a l f  o f  t h e  b en zen e  a d s o r b e d
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a t  200°C was  i r r e v e r s i b l y  chemi sorbetd a t  t h e  s u r f a c e  and was 

o n l y  r e m o v a b le  by h y d r o g e n  t r e a t m e n t  a t  360°C. A c c o r d in g  to  

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

and  c o b a l t  f o r  b e n z e n e  h y d r o g e n a t i o n  a r e  n o t  i n  d i r e c t  

c o r r e l a t i o n  w i t h  t h e i r  c h e m i s o r p t i o n  c a p a c i t y  a s  shown by 

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

c a t a l y t i c  a c t i v i t y :  P t  > Ni > Co

c h e m i s o r p t i o n  c a p a c i t y :  Ni > P t  > Co > Cu 0.

R e c e n t l y  t h e  a d s o r p t i o n  o f  ^ ^ C - l a b e l l e d  b e n z e n e  on 

r a n e y  n i c k e l  a t  room t e m p e r a t u r e  h a s  been  s t u d i e d  by Candy 

and  F o u i l l o u x  (38 )  u s i n g  a  S a r t o r i u s  b a l a n c e  c o u p l e d  t o  a 

r a d i o m a n o m e te r .  I t  was  e s t a b l i s h e d  t h a t  b e n zen e  was a d s o r b e d  

i n  b o t h  a  r e v e r s i b l e  and an  i r r e v e r s i b l e  fo rm.  The o b s e r v e d  

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

and  was o b t a i n e d  a t  24° C f o r  p r e s s u r e  l e s s  t h a n  1 t o r r .  I t  

was a l s o  o b s e r v e d  t h a t ,  f o r  e v e r y  b e n ze n e  m o l e c u l e  i r r e v e r 

s i b l y  a d s o r b e d ,  5*7 h y d r o g e n  m o l e c u l e s  were  removed from t h e  

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

f o r  two t y p e s  o f  c h e m i s o r b e d  b e n z e n e  s p e c i e s  on t h e  s u r f a c e ,  

b o t h  o f  w h ic h  c an  be h y d r o g e n a t e d ,  one due t o  a  s i n g l e  

h y d r o c a r b o n —m e t a l  i n t e r a c t i o n  a s  a  n -co m p le x  and t h e  s eco n d  

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

c a r b o n - h y d r o g e n  bon d s  o f  t h e  b e n z e n e  r i n g .
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1 . 4  H y d r o g e n a t i o n  o f  Benzene

C o n s i d e r a b l e  a t t e n t i o n  h a s  been  g i v e n  i n  t h e  p a s t  t o  

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

g r o u p  V I I I  t r a n s i t i o n  m e t a l  c a t a l y s t s .  I n  g e n e r a l ,  c y c l o -  

h exane  h a s  b e en  f o u n d  t o  be t h e  s o l e  p r o d u c t ,  u n l e s s  

e l e v a t e d  t e m p e r a t u r e s  ( a b o v e  350°C) a r e  em ployed ,  when c r a c k 

i n g  and  r e a r r a n g e m e n t  i n t o  a  v a r i e t y  o f  p r o d u c t s  o c c u r s .  F o r  

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

been  made u s i n g  n i c k e l  ( 3 9 - 4 5 ) ,  p l a t i n u m  ( 4 6 - 5 1 )  and  o t h e r  

g ro u p  V I I I  t r a n s i t i o n  m e t a l  c a t a l y s t s  ( 5 2 - 5 3 ) ,

A l t h o u g h  much work h a s  been  done  on t h e  k i n e t i c s  o f  

b e n ze n e  h y d r o g e n a t i o n  m a i n l y  on n i c k e l ,  t h e r e  i s  s t i l l  no 

c o n s e n s u s  o f  o p i n i o n .  The r e s u l t s  o f  t h e  k i n e t i c s  s t u d i e s  

show some d i s c r e p a n c i e s .  F o r  ex am p le ,  m o s t  s t u d i e s  o f  t h e  

r e a c t i o n  a t  t e m p e r a t u r e s  be low  100°C h av e  shown t h a t  t h e  

h y d r o g e n a t i o n  i s  z e r o  o r d e r  w i t h  r e s p e c t  t o  b en ze n e  and  e i t h e r  

f i r s t  o r  one—h a l f  o r d e r  w i t h  r e s p e c t  t o  h y d ro g e n  ( 5 0 ,  54, 55, 

5 6 ) .  N i c o l a i  e t  a l .  ( 3 9 ) ,  have  f o u n d  t h e  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  h y d r o g e n  t o  v a r y  w i t h  t h e  t e m p e r a t u r e .  Germain e t  

a l .  (42)  showed t h a t  e l e v a t i o n  o f  t h e  t e m p e r a t u r e  from 120° 

t o  192°C c h a n g e s  t h e  o r d e r  w i t h  r e s p e c t  t o  b en ze n e  f rom 0»2 

t o  0*48 ,  a n d  t h e  o r d e r  w i t h  r e s p e c t  t o  h y d ro g e n  from 0*45 t o

2 - 5 .  An i n h i b i t i n g  e f f e c t  o f  c y c l o h e x a n e  h a s  been  r e p o r t e d  

by some a u t h o r s  ( 4 2 ,  57) and  h a s  b een  r e f u t e d  by o t h e r s  ( 3 9 ,  

4 3 ) .  M ost  a u t h o r s  a ck n o w led g e  t h a t  t h e s e  r e a c t i o n s  p r o c e e d  

by s e v e r a l  s e q u e n c e s  on t h e  c a t a l y s t  s u r f a c e ,  b u t  t h e r e  i s  no 

a g r e e m e n t  on t h e i r  number and n a t u r e .
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B a l a n d i n * s  m u l t i p l e t  t h e o r y  ( 5 8 ) ,  p r e d i c t s  a  p l a n a r  

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

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

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

b a s i s  T r a p n e l l  ( 5 9 ) ,  p r o p o s e d  t h e  f o r m a t i o n  o f  s i x  c o v a l e n t  

c a r b o n - m e t a l  bon d s  on t h e  s u r f a c e ,  f o l l o w e d  by t h e  s im u l 

t a n e o u s  a d d i t i o n  o f  a l l  s i x  h y d r o g e n  a tom s  w i t h  no f o r m a t i o n  

o f  i n t e r m e d i a t e s  b e tw e e n  b e n z e n e  and  c y c l o h e x a n e .

The p o s t u l a t i o n  o f  t h e  Tt-complex a d s o r p t i o n  o f  t h e  

a r o m a t i c  r i n g  ( 2 2 ,  60 ,  61 ,  62) o f f e r e d  a  more r e a l i s t i c  

e x p l a n a t i o n  o f  t h e  p l a n a r  b e n z e n e  a d s o r p t i o n ,  a s su m in g  t h a t  

t h e  7 t - e l e c t r o n  s e x t e t  may i n t e r a c t  w i t h  t h e  m e t a l  s u r f a c e  

f o rm in g  s p e c i e s  c o p l a n a r  w i t h  t h e  s u r f a c e .  The a d s o r p t i o n  

o f  b e n ze n e  i n  t h i s  way h a s  b e e n  p o s t u l a t e d  by s e v e r a l  a u t h o r s  

i n  t h e  h y d r o g e n a t i o n  o f  b e n z e n e .  A c c o r d i n g  t o  Rooney (62)  

h y d r o g e n a t i o n  t a k e s  p l a c e  v i a  i n t e r m e d i a t e  s p e c i e s  Tt-bonded 

t o  t h e  s u r f a c e  a s  c y c l o h e x a d i e n y l  and  c y c l o h e x e n y l  Tt-complexes. 

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

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

(63 )  t h e i r  p r e s e n c e  w ould  be d i f f i c u l t  t o  d e t e c t .

The p u r p o s e  o f  t h e  s t u d i e s  o f  T e t e n y i  and c o - w o r k e r s  (64)  

was t o  i n v e s t i g a t e  t h e  r e a c t i v i t y  o f  b e n z e n e  and c y c l o o l e f i n s ,  

u n d e r  c i r c u m s t a n c e s  w here  t h e y  w ere  a d m i t t e d  t o  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 ,  by m aking  u s e  o f  t h e  s e n s i t i v i t y  o f  d e t e c t i o n  

o f  r a d i o t r a c e r s .  I n  t h e  h y d r o g e n a t i o n  s tu d y  a  m i x t u r e  o f  

r a d i o a c t i v e  s t a r t i n g  m a t e r i a l  ( ^ C - b e n z e n e )  w i t h  an i n a c t i v e  

form o f  t h e  s u p p o s e d  i n t e r m e d i a t e  ( c y c l o h e x a - 1 , 3 d ie n e )  was
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i n t r o d u c e d  i n  a  p u l s e  t y p e  m i c r o r e a c t o r  i n  t h e  p r e s e n c e  o f

F e ,  N i ,  Ru, Rh, P d ,  Os ,  I r ,  P t  and  Re c a t a l y s t s .  The a u t h o r s
14shoved  t h a t  v h e n  C - b e n z e n e  and  i n a c t i v e  c y c l o h e x a d i e n e  

r e a c t e d  t o g e t h e r  v i t h  h y d r o g e n  a t  low c o n v e r s i o n ,  t h e  r a d i o 

a c t i v i t y  a p p e a r e d  i n  t h e  c y c l o h e x e n e  and c y c l o h e x a n e .  I n  t h e  

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

d i e n e  was  r a d i o a c t i v e .  The a p p e a r a n c e  o f  r a d i o a c t i v i t y  i n  

t h e  i n t e r m e d i a t e  c y c l o h e x e n e  i n d i c a t e s  t h a t  some o f  t h e  ben

zene  was b e i n g  h y d r o g e n a t e d  by a  s t e p w i s e  p r o c e s s :

Prom r a d i o t r a c e r  d a t a ,  i t  was o b v i o u s  t h a t  r a d i o a c t i v e  

p r o d u c t s  c o u l d  be fo rm e d  o n l y  f rom b e n z e n e .  T e t e n y i  and  

P a a l  (6 5 )  e v a l u a t e d  t h e  d i f f e r e n t  a p p a r e n t  r o l e  o f  c y c l o 

h exene  i n  t h e  low  and  h i g h  c o n v e r s i o n  o f  b e n z en e  t o  d e c i d e  

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

r o u t e  ( schem e  A) o r  w h e t h e r  " d i r e c t ” and  " s t e p w i s e "  

m echanisms  t a k e  p l a c e  s i m u l t a n e o u s l y  ( scheme B ) .

The r e a c t i o n  c o n d i t i o n s  were  c h o s e n  such  t h a t  t h e  

c o n v e r s i o n  p r o c e e d e d  o n l y  t o  a  s m a l l  e x t e n t .  Under  t h i s  

c o n d i t i o n  i t  was  p o s s i b l e  t o  examine t h e  s p e c i f i c  r a d i o 

a c t i v i t i e s  o f  c y c l o h e x a n e  ( a )  and  c y c l o h e x e n e  ((3),  and  to  

draw c o n c l u s i o n s  a b o u t  t h e  v a l i d i t y  o f  t h e  two schem es.
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Scheme B

I n  scheme A, p ^  a  . I n  B, p < a  , S i n c e  p / a  v a l u e s  

r a n g e d  b e tw e e n  0*01 an d  0 - 2 7  o v e r  a l l  t h e  c a t a l y s t s  exam ined ,  

t h e  a u t h o r s  c o n c l u d e d  t h a t  scheme B was v a l i d .
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b e n z e n e  ---------------------------> c y c l o h e x a n e

c y c l o h e x e n e

The two a p p a r e n t  r o u t e s  i n  t h e  t r i a n g u l a r  scheme were  

a t t r i b u t e d  t o  a  s i n g l e  m echan ism  w h ich  i n v o l v e s  t h e  7t-complex 

a d s o r p t i o n  o f  t h e  b e n z e n e  r i n g  f o l l o w e d  by e i t h e r  random o r  

" d i r e c t e d ” a d d i t i o n  o f  h y d r o g e n  a to m s .
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CHAPTER TWO 

THE OBJECT OF THE PRESENT WORK

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

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

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

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

a t  low t e m p e r a t u r e s ,  w h i l e  a t  h i g h e r  t e m p e r a t u r e  c h e m ic a l  

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

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

f a c e  o f  t h e  m e t a l s  makes t h e  q u a n t i t a t i v e  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  d i f f i c u l t .  I n  c o n s e q u e n c e ,  o n l y  a  v e r y  few 

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

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

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

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

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

w h ich  i n v o l v e d  r e a c t i o n ,  r e t e n t i o n ,  d e a c t i v a t i o n  and r e g e n e 

r a t i o n .  I n  o r d e r  t o  o b t a i n  t h i s  i n f o r m a t i o n  t h e  f o l l o w i n g  

i n v e s t i g a t i o n s  w ere  c a r r i e d  o u t :

( a )  The e v a l u a t i o n  o f  t h e  amount  r e t a i n e d  w i t h  

t y p e  o f  h y d r o c a r b o n .

( b )  The e v a l u a t i o n  o f  t h e  amount r e t a i n e d  w i t h  

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

( c )  The e v a l u a t i o n  o f  t h e  amount  r e t a i n e d  w i t h  

d i f f e r e n t  c a r r i e r  g a s e s  and w i t h  d i f f e r e n t  

c a t a l y s t s .
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(d )  The s t u d y  o f  t h e  r e a c t i v i t y  o f  a d s o r b e d -  

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

an d  h y d r o g e n a t i o n ,  u s i n g  ^ C - l a b e l l e d  

h y d r o c a r b o n s .

The r e a c t i o n  o f  a r o m a t i c  h y d r o c a r b o n s  w i t h  h y d ro g en  

was exam ined  w i t h  t h e  f o l l o w i n g  a i m s :

( i )  To s t u d y  t h e  e f f e c t  o f  t h e  t e m p e r a t u r e  on 

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

( i i )  To s t u d y  t h e  r e t e n t i o n  u n d e r  c o n d i t i o n s  

o f  c a t a l y t i c  r e a c t i o n .

( i i i )  To s t u d y  t h e  v a r i a t i o n  o f  h y d r o g e n a t i o n  

w i t h  t h e  t y p e  o f  h y d r o c a r b o n  and w i t h  

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

( i v )  To compare  t h e  c a t a l y t i c  a c t i v i t i e s  o f  t h e  

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

APPARATUS AND EXPERIMENTAL PROCEDURE

3 .1  I n t r o d u c t i o n

The p u l s e - f l o w  m i c r o c a t a l y t i c  r e a c t o r  h a s  been  

e x t e n s i v e l y  u s e d  i n  c a t a l y t i c  r e s e a r c h ,  w here  t h e  s m a l l  

p u l s e  s i z e  e n a b l e s  one t o  s t u d y  i n i t i a l  i n t e r a c t i o n s  be tw een  

s u r f a c e  an d  r e a c t a n t s .  I n  t h i s  way, i n f o r m a t i o n  a b o u t  many 

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

p o i s o n i n g  e f f e c t s  an d  c a t a l y s t  d e a c t i v a t i o n  can  be o b t a i n e d .  

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

b u t i o n s  a r e  t o  be e x am in e d ,  o r  t h e  a c t i v i t y  o f  d i f f e r e n t  

c a t a l y s t s  i s  t o  be com pared .  B o th  s t a b l e  and  r a d i o a c t i v e  

i s o t o p i c  t r a c e r s  may be u s e d ,  com bined  w i t h  m i c r o c a t a l y t i c  

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

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

W ith  t h i s  t e c h n i q u e ,  one ca n  d e t e r m i n e  t h e  f a t e  o f  

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

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

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

s im p le  m a t e r i a l  b a l a n c e  t a k e n  o v e r  t h e  f i r s t  few p u l s e s  can  

be u s e d  t o  d e t e r m i n e  how many m o l e c u l e s  a r e  so r e t a i n e d .  

F u r t h e r m o r e ,  i f  t h e s e  p u l s e s  i n v o l v e d  r a d i o a c t i v e  (^^C,  

t r i t i u m ,  e t c )  l a b e l l e d  m o l e c u l e s ,  t h e  q u a n t i t a t i v e  d e t e r 

m i n a t i o n  o f  r a d i o a c t i v i t y  i n  s u b s e q u e n t ,  non—r a d i o a c t i v e  

p u l s e s ,  i n d i c a t e s  t h e  e x t e n t  o f  e x c h a n g e - a b i l i t y  o f  t h i s
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a d s o r b e d  m a t e r i a l .  I n  some c a s e s  s u r f a c e  compounds a r e  

fo rm ed  w h ic h  can  be decom posed  e i t h e r  t h e r m a l l y  o r  

c h e m i c a l l y ;  t h e s e  may a c t u a l l y  be i n t e r m e d i a t e s  i n  o v e r a l l  

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

By u s e  o f  m i c r o c a t a l y t i c  r e a c t o r s ,  one c a n  g e t  some 

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

p r o c e s s e s .  B o th  t h e  a c t i v i t y  and  s e l e c t i v i t y  f r e q u e n t l y  

change ,  a s  w i t h  c a t a l y s t  u s a g e .  The f l e x i b i l i t y  i n h e r e n t  i n  

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

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

o f  c o n s i d e r a b l e  am o u n ts  o f  d a t a ,  p a r t i c u l a r l y  when u s e d  i n  

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

A b l o c k  d i a g r a m  o f  t h e  f l o w  s y s t e m ,  w h ic h  i s  s i m i l a r  t o  

t h a t  d e s c r i b e d  by K okes ,  T o b in  and  Emmett (66) i s  shown 

t o g e t h e r  w i t h  a s s o c i a t e d  i n s t r u m e n t a t i o n  i n  f i g u r e  3 , 1 ,

3 , 2  The C a t a l y t i c  R e a c t o r  and  C h ro m a to g ra p h

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

a  Beckman GC2A g a s  c h r o m a t o g r a p h ,  w i t h  a  t h e r m a l  c o n d u c t i v i t y  

d e t e c t o r ,  was u s e d  i n  t h i s  s t u d y .

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

shown i n  t h e  f i g u r e  3 , 2 .  The sam ple  l i n e  o f  t h e  c h ro m a to 

g r a p h ,  ^ / 8 - i n c h  d i a m e t e r  c o p p e r  t u b i n g ,  i s  c o n n e c t e d  t o  a 

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

l i n e ,  an d  t h e n  t o  a  " R o t a m e t e r ” g a s  f l o w m e t e r .  T h i s  was 

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

end  o f  t h e  s y s tem .  The " R o t a m e t e r "  was  t h e r e a f t e r  u s e d  t o
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E x h a u s t

P i g .  3 . 2  B l o c k  S c h e m a t i c  Diagram o f  M i c r o c a t a l y t i c  R e a c t o r
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i n d i c a t e  t h e  f l o w  r a t e  o f  t h e  c a r r i e r  g a s  b e f o r e  b l e n d i n g  

a t  t h e  c h r o m a t o g r a p h  e x i t ,  t o  fo rm  a c o u n t i n g  m i x t u r e  

( f i g u r e  3 . 1  an d  s e c t i o n  3 . 7 ) ,  when t h e  p r o p o r t i o n a l  f lo w  

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

r o t a r y  s w i t c h  v a l v e  SV1 ( D r a l l i m  I n d u s t r i e s  L td )  w h e re ,  i f  

n e c e s s a r y ,  t h e  c a r r i e r  g a s  c o u l d  be l e d  d i r e c t l y  back  to  

t h e  c h r o m a t o g r a p h ;  t h e  j u n c t i o n  w i t h  t h e  c h r o m a to g r a p h  was 

i m m e d i a t e l y  b e f o r e  t h e  co lum n.  T h i s  w i l l  be r e f e r r e d  t o  a s  

t h e  c a t a l y s t  by—p a s s  c i r c u i t .

V i t h  SV1 i n  i t s  a l t e r n a t i v e  p o s i t i o n  t h e  c a r r i e r  g a s  

f lo w  was d i r e c t e d  i n t o  t h e  c a t a l y s t  v e s s e l  ( f i g u r e  3 . 3 ) .

The c a t a l y s t  v e s s e l  was made o f  nP y r e x H g l a s s  f i t t e d  a t  

e a ch  end  w i t h  C r a w f o rd  c o n n e c t o r s .  The p i p e t t e - s h a p e d  

P y r e x  g l a s s  k e p t  t h e  d e a d  volume o f  t h e  v e s s e l  t o  a minimum, 

b u t  p e r m i t t e d  q u a n t i t i e s  o f  up t o  one gram o f  c a t a l y s t  t o  

be p l a c e d  on t h e  g l a s s  s i n t e r  w i t h o u t  t h e  c a t a l y s t  bed  

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

I m m e d i a t e l y  above  and  b e lo w  t h e  c a t a l y s t  b u l b  were  s i t u a t e d  

i n j e c t i o n  p o r t s  ( I P )  w h ic h  w ere  s e a l e d  by J —i n c h  serum c a p s .  

These  p e r m i t t e d  h y d r o c a r b o n  s am p le s  t o  be i n t r o d u c e d  i n t o  

t h e  c a r r i e r —g a s  s t r e a m  and  t h e n c e  o n to  t h e  c a t a l y s t ,  o r  

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

p u r p o s e s .

The r e t u r n  o f  t h e  g a s  l i n e  t o  t h e  c h r o m a to g r a p h  was 

made t h r o u g h  a  s p r i n g - l o a d e d  s t o p c o c k  and a  T - p i e c e .  T h i s  

T—p i e c e  w h ic h  j o i n e d  t h e  b y - p a s s  c i r c u i t  and  t h e  m a in  l i n e ,  

was a  " C r a w f o rd  Sw ag lok"  f i t t i n g ,  a s  w ere  a l l  t h e  o t h e r



F i g u r e

\ 1

C
To Copper  C o n n e c to r

C o a r s e  G l a s s  
S i n t e r  -*

T h e rm o v e i l

W
To C opper  C o n n e c to r

3 . 3  The C a t a l y s t  V e s s e l
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c o u p l i n g s  i n  t h e  sy s te m .  The p r o v i s i o n  o f  a  s p r i n g - l o a d e d  

s t o p c o c k  was t o  p e r m i t  e x h a u s t  t o  a t m o s p h e r e  o f  h y d ro g en ,  

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

SY1, a n d  w h ic h  was  u s e d  f o r  t h e  i n  s i t u  r e d u c t i o n  o f  t h e  

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

o f  w h i c h  a r e  f u l l y  d e s c r i b e d  i n  s e c t i o n  3 ,11 , .  t h e  c a r r i e r  

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

s y s te m  v i a  t h e  c a t a l y s t  b y - p a s s  c i r c u i t .

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

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

v e s s e l .  The c u r r e n t  t o  t h e  f u r n a c e  was c o n t r o l l e d  by a  

MV a r i a c M v a r i a b l e  t r a n s f o r m e r  and  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  was m e a s u r e d  u s i n g  a  c h r o m e l / a l u m e l  t h e r m o c o u p le ,  

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

v e s s e l ,  c o n n e c t e d  t o  a  ’’Comark11 e l e c t r o n i c  t h e r m o m e te r  

( t y p e  1 6 0 2 ) ,

3 , 3  H igh  Vacuum System

A c o n v e n t i o n a l  vacuum l i n e  was u s e d  f o r  t h e  s t o r a g e  of  

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

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

g a s e s ,  p u r i f i c a t i o n  by f r a c t i o n a t i o n ,  and  t r a n s f e r  o f  g a s e s  

t o  sam ple  v e s s e l s  a t  m e a s u re d  p r e s s u r e s  g r e a t e r  t h a n  

a t m o s p h e r i c .

The s y s te m  was m a i n t a i n e d  a t  a  p r e s s u r e  o f  10” ^ T o r r  

o r  b e t t e r  by means  o f  an  o i l  d i f f u s i o n  pump b a c k e d  by a 

r o t a r y  pump. The sy s tem  i s  shown s c h e m a t i c a l l y  i n  f i g u r e  

3 , 4 ,
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3 . 4  Gas  and  L i q u i d  S y r i n g e s

Gas t i g h t  s y r i n g e s  o r  l i q u i d  s y r i n g e s  ( H a m i l to n  Co.)  

were u s e d  t o  t r a n s f e r  s a m p l e s  f rom  s t o r a g e  v e s s e l  t o  t h e  

f l o w  s y s t e m .  Vhen Chaney  a d a p t o r s  a r e  f i t t e d  t o  t h e  syringe 

a  r e p r o d u c i b i l i t y  o f  t h e  i n j e c t i o n  s i z e  o f  O '01$ i s  c l a im e d .  

S y r i n g e s  o f  10 j i t  ( l i q u i d s ) ,  1*0 ml an d  10 ml ( g a s e s )  

c a p a c i t y  were  u s e d  i n  t h e  p r e s e n t  s t u d i e s .

3 .5  M a t e r i a l s

( a )  The c a t a l y s t s ,  c o n t a i n i n g  5$ w/w m e t a l  s u p p o r t e d  

on " a e r o s i l ” s i l i c a  ( D e g u s s a  L td )  o r  Y-a l umi n a  (D e g u ssa  L td )  

were  p r e p a r e d  by a d d i n g  an  a q u e o u s  s o l u t i o n  o f  t h e  m e t a l  

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

a q u e o u s  s u s p e n s i o n  o f  t h e  s u p p o r t .  The e x c e s s  w a t e r  was 

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

a i r  oven  a t  150°C.  The s u p p o r t e d  s a l t s  were  r e d u c e d ,  a s  

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

350°C u s i n g  h y d ro g e n  a t  a  f l o w  r a t e  o f  30 m l / m i n .  The

B .E .T .  s u r f a c e  a r e a s  o f  t h e  r e d u c e d  c a t a l y s t s  and t h e  m e t a l  

s u r f a c e  a r e a s  were  d e t e r m i n e d  a s  d e s c r i b e d  i n  s e c t i o n s  3 .9  

and  3 . 1 0 .

(b )  He l ium ,  u s e d  a s  c a r r i e r  g a s  i n  t h e  s t u d i e s  o f  

a d s o r p t i o n  o f  h y d r o c a r b o n s ,  was p a s s e d  t h r o u g h  a  5 A 

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

a  t r a p  c o n t a i n i n g  a  r e d u c e d  1$ p a l l a d i u m  on t u n g s t e n  o x id e  

c a t a l y s t  and  f i n a l l y  d r i e d  by p a s s a g e  o v e r  M g ^ l O ^ ^ .
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Hydrogen ,  u s e d  i n  t h e  r e d u c t i o n / a c t i v a t i o n  o f  t h e  

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

from t h e  B r i t i s h  Oxygen Go, L t d ,  T h i s  v a s  p a s s e d  t h r o u g h  

an " E n g e l h a r d  Deoxo Hydrogen P u r i f i e r 11 v h i c h  had  t h e  e f f e c t  

o f  l o v e r i n g  a n y  oxygen  i m p u r i t y  t o  l e s s  t h a n  1 p , p ,m .  by 

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

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

r e t a i n  t h e  v a p o u r  p r o d u c e d ,  A 5 A m o l e c u l a r  s e i v e  t r a p  

m a i n t a i n e d  a t  - 1 9 5 ° C  v a s  t h e r e f o r e  i n s e r t e d  i n  t h i s  l i n e .  

F i n a l l y  t h e  h y d r o g e n  v a s  p a s s e d  o v e r  a  1$ Pd/VO^ c a t a l y s t  

t o  remove an y  r e m a i n i n g  t r a c e s  o f  oxygen .

M e th a n e ,  u s e d  t o  fo rm  a  c o u n t i n g  m i x t u r e  v i t h  t h e  

h e l i u m ,  v a s  t h e  "CP G rade"  o f  A i r  P r o d u c t s  L t d , , vho q u o t e  

t h e  p u r i t y  a s  g r e a t e r  t h a n  99 $ ,  n i t r o g e n  a t  l e s s  t h a n  

0 - 7 7 $  b e i n g  t h e  p r i n c i p a l  i m p u r i t y .  S i n c e  t h i s  g a s  d i d  n o t  

p a s s  o v e r  t h e  c a t a l y s t  i t s  p u r i t y  v a s  l e s s  c r i t i c a l  and  i t  

v a s  u s e d  a s  s u p p l i e d .

N i t r o g e n  ( B . O . C . , O x y g e n -F re e  Grade)  u s e d  a s  c a r r i e r

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

t h r o u g h  a  t r a p  c o n t a i n i n g  a  1$ p a l l a d i u m  on t u n g s t e n  o x id e

c a t a l y s t ,  t o  remove t r a c e  am oun ts  o f  o xygen ,  an d  t h e n

t h r o u g h  a  m o l e c u l a r  s i e v e  t r a p  ( L in d e  5 A) c o o l e d  t o  80 K

t o  remove t r a c e s  o f  v a t e r  v a p o u r .
/ \ 14( c )  C—c a r b o n  m on o x id e ,  v a s  p r e p a r e d  by t h e  r e d u c t i o n

X4o f  C - c a r b o n  d i o x i d e  ( R a d i o c h e m i c a l  C e n t r e ,  Amersham) v i t h  

m e t a l l i c  z i n c .  The a p p a r a t u s  u s e d  i s  shovn i n  f i g u r e  3 . 5 .

I t  c o n s i s t s  o f  a  s t o r a g e  v e s s e l  and  c o n v e r t e r  v h i c h  v a s
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c o n s t r u c t e d  f rom a  15 cm l e n g t h  o f  P y r e x  t u b i n g  25 mm i n  

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

and  t h e  c o n v e r t e r  v a s  t h e n  p l a c e d  i n  a  f u r n a c e .  50 grams 

o f  z i n c  p e l l e t s  ( a b o u t  6 mm i n  d i a m e t e r )  v e r e  made from a 

m o i s t e n e d  m i x t u r e  c o n t a i n i n g  95$  by v e i g h t  z i n c  d u s t  and 5$ 

a e r o s i l  s i l i c a .  The s i l i c a  v a s  u s e d  i n  o r d e r  t o  g i v e  

g r e a t e r  p o r o s i t y  and  t o  p r e v e n t  c l o g g i n g .  The z i n c  p e l l e t s  

v e r e  d r i e d  a t  110°C f o r  24 h r  b e f o r e  b e i n g  p l a c e d  i n  t h e  

c o n v e r t e r .  They v e r e  d e g a s s e d  by h e a t i n g  t o  320°C u n d e r  

vacuum pumping.  O ver  99*9$  c o n v e r s i o n  v a s  a c c o m p l i s h e d  by 

c i r c u l a t i n g  t h e  ^^C-CO^ t h r o u g h  t h e  c o n v e r t e r  a t  400°C f o r  

36 h r .

(d )  But  - 1 - e n e ,  c i s - b u t - 2 - e n e .  t r a n s - b u t - 2 - e n e  and 

b u t a - 1 : 3 —d i e n e  u s e d  i n  t h e  c h r o m a to g r a p h ic  a n a l y s i s  v e r e  

o b t a i n e d  f rom M a th e so n  Company. T h e se  h y d r o c a r b o n s  contained 

no i m p u r i t i e s  d e t e c t a b l e  by g a s  c h r o m a t o g r a p h y  and  v e r e  

m e r e l y  d e g a s s e d  b e f o r e  u s e .

( e )  N -h e x a n e ,  c y c l o h e x a n e ,  c y c l o h e x e n e ,  b en ze n e  and  

t o l u e n e ,  u l t r a  and  a n a l  a r ,  v e r e  o b t a i n e d  f rom  B.B.H.  L t d . ,  t h e  

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

( f )  ^ C - l a b e l l e d  b e n z e n e  v a s  s u p p l i e d  by t h e  R ad io 

c h e m i c a l  C e n t r e ,  Amersham. The am poule ,  c o n t a i n i n g  50 p,Ci o f  

b e n z e n e  o f  s p e c i f i c  a c t i v i t y  4 0 -6 0  m C i /m m o l ,v as  d i l u t e d  t o  

1600 c o u n t s / jo £  v i t h  n o n - a c t i v e  b e n z e n e  b e f o r e  u s e .
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3 . 6  The Gras C h ro m a to g ra p h y  System

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

c h r o m a t o g r a p h y  u s i n g  a  100 cm 15$ t r i c r e s y l  p h o s p h a t e - o n -  

ch ro m o so rb  P 30-60  mesh co lum n.  The column v a s  o p e r a t e d  a t  

70°C v i t h  h e l iu m  o r  h y d r o g e n  a s  c a r r i e r  g a s  a t  a  f l o v  r a t e  

o f  60 m l /m in  and  a  f i l a m e n t  c u r r e n t  o f  200 mA, The column 

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

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

shovn i n  f i g u r e  3 . 6 .  Q u a n t i t a t i v e  r e s u l t s  v e r e  o b t a i n e d  by 

co m p u t in g  t h e  a r e a  o f  t h e  p e a k s  o b t a i n e d  u s i n g  an  " A l l b r i t "  

f i x e d  arm p l a n i m e t e r .

A c a l i b r a t i o n  v a s  i n c o r p o r a t e d  i n  e v e r y  e x p e r i m e n t  i n  

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

a m b ie n t  and  i n s t r u m e n t a l  c o n d i t i o n s .  I f  t h e  e x p e r i m e n t  v a s  

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

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

o f  r e p l i c a t e  i n j e c t i o n s  o f  t h e  i n i t i a l  r e a c t a n t  d o se  and a l l  

p o s s i b l e  p r o d u c t s ,  f rom  v h i c h  t h e  s e n s i t i v i t y  o f  e ac h  

component  r e l a t i v e  t o  t h e  r e a c t a n t  v a s  d e t e r m i n e d .

3 .7  Gas P r o p o r t i o n a l  C o u n t e r

The u s e  o f  r a d i o t r a c e r s  a l l o v s  one t o  i n v e s t i g a t e  t h e  

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

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

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

o f  S ch m id t—B lee k  and R o v lan d  (67) v a s  u s e d  i n  t h e  r a d i o 

c h e m ic a l  a n a l y s i s ,  v h i c h  c o u l d  e f f i c i e n t l y  d e t e c t
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r a d i o a c t i v i t y  i n  t h e  g a s e s  e l u t e d  from t h e  c h r o m a to g ra p h .

The d e t a i l s  o f  t h e  c o u n t e r  a r e  shown i n  f i g u r e  3 . 7 .

The c o u n t e r  was c o n n e c t e d  t o  t h e  o u t l e t  f rom  t h e  g a s  

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

and  m e th a n e  i n  t h e  r a t i o  ( l O : l )  a t  a  f l o w  r a t e  o f  60 m l /m in .  

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

p l a t e a u  o f  l e n g t h  g r e a t e r  t h a n  200 v o l t s  and s l o p e  l e s s  

t h a n  3 p e r  100 v o l t s  (68). The p r o p o r t i o n  o f  m e thane  was 

a c c u r a t e l y  c o n t r o l l e d  by a  n e e d l e  v a l v e  w h ich  was l o c a t e d  

on t h e  m e th a n e  s u p p l y  l i n e  b e f o r e  t h e  j u n c t i o n  w i t h  t h e  

c h r o m a t o g r a p h  e x h a u s t .

The p r o p o r t i o n a l  c o u n t e r  was c o n n e c t e d  t o  an  Ekco 

M5024B S c a l e r —T im er .  The 5050B R a t e m e t e r  was e q u i p p e d  w i t h  

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

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

( a )  R a t e m e t e r :  R a te  i n f o r m a t i o n  i s  d i s p l a y e d  on a  m e t e r

h a v i n g  a  3 i n c h  s c a l e  c a l i b r a t e d  i n  p u lse

p e r  s ec o n d  ( p p s ) .  The r a t e  r a n g e  i s  3 t o  
610 p p s .  Seven t i m e  c o n s t a n t s  can  be 

s e l e c t e d  f rom 0*1 t o  100 s e c o n d s .

(b )  A m p l i f i e r :  A m p l i f i e r  g a i n  i s  a d j u s t a b l e  i n  s i x

s w i t c h e d  s t e p s  f rom  x 10 up to  x 500  and 

a  r a n g e  o f  i n t e g r a t i n g  and d i f f e r e n t i a t i n g  

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

o f  an y  d e s i r e d  f r e q u e n c y  r e s p o n s e  w i t h i n  

p a s s  band o f  t h e  b a s i c  a m p l i f i e r .
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( c )  P u l s e - H e i g h t  The p u l s e - h e i g h t  a n a l y s e r  (PHA) h a s

A n a l y s e r : t h r e e  modes  o f  o p e r a t i o n *  The d u a l  

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

l i n e a r  g a t e *  The p r o p o r t i o n a l  g a t e  

mode,  w here  t h e  g a t e  w i d t h  i s  p r o 

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

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

e x p e r i m e n t s *

(d )  * Pow er : S t a b i l i s e d  HV p ow er ,  c o n t i n u o u s l y

v a r i a b l e  f rom +10 V t o  +3 kV, was 

c o n n e c t e d  t o  c o u n t e r  e x t e r n a l l y  v i a  a  

c o a x i a l  s o c k e t .

The h i g h  s p e e d  s c a l e r - t i m e r  M5024B (Ekco)  was c o n n e c t e d  

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

100 mV r e c o r d e r  o u t p u t  was  f e d  t o  a  " S e r v o s c r i b e ” p o t e n t i o -  

m e t r i c  r e c o r d e r ,  w here  t h e  a c t i v i t y  i n  t h e  e l u t e d  com ponents  

was d i s p l a y e d  a s  peaks*  From t h e  a r e a  o f  t h e  p e a k s  t h e  

t o t a l  number o f  c o u n t s  i n  t h e  sample  c o u l d  be measured* In  

p r a c t i c e  i t  was more u s u a l  t o  u s e  t h e  r e c o r d e r  t r a c e r  t o  

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

3*8 O p e r a t i o n  o f  t h e  C o u n t e r

I t  had  been  f o u n d  (68) t h a t  t h e  b e s t  c o u n t i n g  c o n d i t i o n s ,  

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

h e l i u m  t o  m e thane  r a t i o  o f  1 0 : 1 ; a s  a  h e l i u m  f lo w  r a t e  o f  

60 m l /m in  had  t o  be m a i n t a i n e d  f o r  c h r o m a t o g r a p h i c  s e p a r a t i o n ,
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t h e  m e th a n e  f l o w  was f i x e d  a t  6 m l /m in ,  The g a s e s  were

b l e n d e d  a t  a  T - p i e c e  j u n c t i o n  o f  t h e  g a s  l i n e s  a t  t h e

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

a t t e n u a t i o n  o f  50 db .  The p u l s e  s h a p in g  c o n t r o l s  o f  d i f f e r 

e n t i a t i o n  an d  i n t e g r a t i o n  were  e ac h  s e t  a t  1*0 p s e c s .  The

r a t e m e t e r  s e t t i n g  was 1000 p p s  w i t h  a  t im e  c o n s t a n t  o f  10
137s e c s .  V i t h  t h e s e  s e t t i n g s  and u s i n g  a  Cs e x t e r n a l  

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

was i n v e s t i g a t e d  f o r  a  h e l i u m  t o  m e thane  r a t i o  o f  1 0 : 1 .  The

p l a t e a u  i s  shown i n  f i g u r e  3 . 8 ,  V i t h  t h e  c o u n t i n g  m i x t u r e  

a  p l a t e a u  o f  l e n g t h  o f  200 v o l t s  was r e g u l a r l y  a c h i e v e d .

The p e r f o r m a n c e  o f  t h e  c o u n t e r ,  l i k e  t h a t  o f  t h e  

c h r o m a t o g r a p h ,  was d e p e n d e n t  upon day  t o  day  e x p e r i m e n t a l  

c o n d i t i o n s .  C o n s e q u e n t l y  b e f o r e  b e g i n n i n g  t h e  i n j e c t i o n  o f  

l a b e l l e d  compounds o v e r  t h e  c a t a l y s t ,  i t  was n e c e s s a r y  t o  

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

a c t i v i t y  d u r i n g  e a c h  e x p e r i m e n t .  The e f f i c i e n c y  o f  t h e  

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

c e n t r e  o f  t h e  p l a t e a u  an d  s i n c e  1*0 p t  o f  b en ze n e  was a lw ays  

u s e d ,  t h i s  q u a n t i t y  was i n j e c t e d  i n t o  t h e  f lo w  s t r e a m  w i t h  

t h e  e x t e r n a l  s o u r c e  n e a r  t h e  c o u n t e r .  No f a l l  f rom t h e  

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

e x p e c t e d ,  was  o b s e r v e d  d u r i n g  t h e  p a s s a g e  o f  b e n z e n e .  The 

a c t i v i t y  o f  r e a c t a n t  was d e t e r m i n e d  f rom a  number o f  

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

p t  i n  e a c h  i n j e c t i o n  to  be com pared .

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

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

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

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

3 .9  B. E. T. S u r f a c e  A rea

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

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

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

The e s s e n t i a l  f e a t u r e s  o f  t h e  a p p a r a t u s  a r e  shown i n  

t h e  f i g u r e  3 .9 *  T h i s  c o n s i s t e d  o f  two g a s  s t o r a g e  v e s s e l s  

and  a  m e r c u r y  r e s e r v o i r  c o n n e c t e d  t o  a  U - t u b e ,  w h ich  p e r 

m i t t e d  m e a s u r e m e n t s  o f  t h e  v a r i a t i o n  o f  volume o f  g a s  w i t h  

p r e s s u r e .  The c a t a l y s t  whose s u r f a c e  a r e a  was t o  be d e t e r 

m ined  was c o n t a i n e d  i n  t h e  b u l b  B, an d  was k e p t  a t  77 K i n  

l i q u i d  n i t r o g e n  d u r i n g  t h e  m e a s u re m e n t s .

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

e x c e p t  t h o s e  on t h e  g a s  r e s e r v o i r s .  When a  good vacuum was 

o b t a i n e d ,  t h e  t a p s  a t  t h e  t o p  o f  t h e  r i g h t - h a n d  l im b  o f  t h e  

m e r c u r y  U - t u b e  were  c l o s e d  and  t h e n  f o u r  s e t s  o f  m e a s u re 

m en ts  w e re  made a s  f o l l o w s :

1. W i th  vo lum e B e v a c u a t e d ,  t a p  ( l )  c l o s e d  and h e l iu m  i n  

t h e  s y s t e m ,  a  s e t  o f  e i g h t  r e a d i n g s  o f  V and P were t a k e n  by 

a d j u s t i n g  t h e  h e i g h t  o f  t h e  m e r c u ry  l e v e l  i n  t h e  U - t u b e ,  By 

u s i n g  t h e  g a s  l aw s  t h e  volume o f  t h e  d e ad —sp ace  above  t h e  

z e r o  mark  on t h e  b u r e t t e  was o b t a i n e d .

2. The m e a s u r e m e n t s  i n  p a r t  1 were  r e p e a t e d  w i t h  t h e  same 

sample o f  h e l i u m ,  b u t  w i t h  t a p  ( l )  open and l i q u i d  n i t r o g e n
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s u r r o u n d i n g  t h e  b u l b  c o n t a i n i n g  t h e  c a t a l y s t .  The d i f f e r e n c e

b e tw een  t h e  m e a s u re m e n t  and  t h a t  made i n  p a r t  1 a l l o w e d  t h e

d e t e r m i n a t i o n  o f  t h e  e f f e c t i v e  volume o f  s e c t i o n  B, t h a t  i s

t h e  vo lum e w h i c h  i s  n o t  o c c u p i e d  by t h e  s o l i d .  Hel ium was

u s e d  f o r  t h e  c a l i b r a t i o n s  s i n c e  i t  i s  n o t  a d s o r b e d  even  a t
Tl i q u i d  n i t r o g e n  t e m p e r a t u r e s ,  A p l o t  o f  V a g a i n s t  — was
P

c o n s t r u c t e d .

3. The a p p a r a t u s  was e v a c u a t e d  and s t e p  1 was r e p e a t e d

u s i n g  n i t r o g e n  i n s t e a d  o f  h e l i u m .  The same d e a d - s p a c e  volume
*

was o b t a i n e d  w i t h  n i t r o g e n .

4. S t e p  ( 2 )  was r e p e a t e d  w i t h  t h e  same sample o f  n i t r o g e n

a s  was u s e d  i n  s t e p  ( 3 ) ,  The volume a d s o r b e d  a t  any  p a r t i - '

c u l a r  p r e s s u r e  (AV) was d e t e r m i n e d  from t h e  d i f f e r e n c e  between

t h e  vo lum e c o o r d i n a t e s  on t h e  r e f e r e n c e  p l o t  i n  s t e p  (2)  and  
Tt h e  Y v s  — p l o t  o b t a i n e d  i n  s t e p  ( 4 ) .
P

F o l l o w i n g  t h e  B ,E ,T ,  e q u a t i o n :

+ —  • —  ( 3 . 1 )
x ( p ° —p )  C .X  X p*  r  m m r

o

where  x = am ount  a d s o r b e d  a t  p r e s s u r e  p ;

p°  = s a t u r a t i o n  v a p o u r  p r e s s u r e  o f  t h e  g a s  a t

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

xffi = q u a n t i t y  o f  g a s  r e q u i r e d  t o  form a  m o n o la y e r ;

c = a  c o n s t a n t  f o r  any  p a r t i c u l a r  g a s / s o l i d  s y s te m ,

a s t r a i g h t  l i n e  p l o t  o f  — -  a g a i n s t  K  was made. Fromx ( p  - p )  6 p

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

was c a l c u l a t e d  and  t h e n  c o n v e r t e d  t o  an a r e a  by a s su m in g  t h a t
0 2ea ch  n i t r o g e n  m o l e c u l e  o c c u p i e s  16*2A o f  s u r f a c e .
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143 ,1 0  A d s o r p t i o n  o f  C - c a r b o n  Monoxide

The a d s o r p t i o n  o f  c a r b o n  monoxide  h a s  been  u s e d  many- 

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

c a t a l y s t s .  I t  i s  t h o u g h t  t o  a d s o r b  s p e c i f i c a l l y  on t h e  

m e t a l  i n  a  n o n - d i s s o c i a t i v e  form an d  t h e  r e l a t i v e l y  s im p le  

and  v e i l  u n d e r s t o o d  m o l e c u l a r  s t r u c t u r e  a l l o v s  a  good 

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

a to m s .

The a p p a r a t u s  u s e d  f o r  t h e  a d s o r p t i o n  s t u d i e s  i s  shown 

s c h e m a t i c a l l y  i n  f i g u r e  3 . 1 0 .  U s in g  t h i s  s y s t e m ,  t h e  

c a t a l y s t s  c o u l d  be a c t i v a t e d  and t h e n  c o v e r e d  by " ^ C -c a rb o n  

m onoxide  by i n j e c t i n g  p u l s e s  o f  known s i z e  i n t o  a  n i t r o g e n  

c a r r i e r  g a s  s t r e a m  and t h e n c e  on to  t h e  c a t a l y s t .  A d s o r p t i o n s  

were  f o l l o w e d  by a  G e i g e r - M u l l e r  d e t e c t o r  c o u p l e d  t o  a  s c a l e r  

r a t e m e t e r  an d  c h a r t  r e c o r d e r .  A t e m p e r a t u r e  o f  20°C was 

m a i n t a i n e d  by a  c y l i n d r i c a l  e l e c t r i c  f u r n a c e  c o n t r o l l e d  by a 

West G u a r d i a n  t e m p e r a t u r e  program m er .

0 * 3 - 0 « 4 g  o f  t h e  r e d u c e d  c a t a l y s t  was p l a c e d  i n  t h e  

r e a c t o r  b e tw e e n  s i l i c a - w o o l  p l u g s .  P r e t r e a t m e n t  o f  t h e  

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

t o  693 K f o r  l h r  i n  oxygen ,  f o l l o w e d  by f l o w i n g  n i t r o g e n  a t  

693 K f o r  10 min  an d  f i n a l l y  h e a t i n g  i n  a  h y d ro g en  f lo w  f o r  

l h r  a t  653 K. A f t e r  a c t i v a t i o n ,  t h e  c a t a l y s t  was c o o l e d  i n  

h y d ro g e n  t o  a m b i e n t  t e m p e r a t u r e  and t h e n  m a i n t a i n e d  i n  a f low  

o f  n i t r o g e n .

■^C— c a r b o n  monoxide  was p r e p a r e d  by r e d u c t i o n  o f  

■^C—c a r b o n  d i o x i d e  o f  s p e c i f i c  a c t i v i t y  59 mCi/mmol o b t a i n e d
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f rom t h e  E a d i o c h e m i c a l  C e n t r e ,  Amersham. " ^ C - c a r b o n  mono-
3x i d e  was d i l u t e d  i n  a  500 cm r e s e r v o i r  w i t h  n o n - r a d i o a c t i v e  

c a r b o n  m onoxide  t o  a  t o t a l  p r e s s u r e  o f  70 t o r r ,  2*15 cm^ 

s a m p le s ,  a t  a  m e a s u r e d  p r e s s u r e  o f  b e tw een  30 and 50 t o r r ,  

were t h e n  i n j e c t e d  i n t o  t h e  n i t r o g e n  c a r r i e r  g a s  s t r e a m  and
1 i

hence  o n to  t h e  c a t a l y s t .  Amounts  o f  C - c a rb o n  monoxide

a d s o r b e d  on t h e  c a t a l y s t  w ere  d e t e r m i n e d  from t h e  d i f f e r e n c e

b e tw ee n  t h e  c a l i b r a t i o n  p u l s e  p e a k  a r e a  and t h e  peak  a r e a

o b t a i n e d  f o l l o w i n g  t h e  i n j e c t i o n  o f  c o m p a ra b le  s i z e  p u l s e s

on to  t h e  c a t a l y s t .  When a  f r e s h l y  a c t i v a t e d  c a t a l y s t  was

s u b j e c t e d  t o  a  s e r i e s  o f  c a r b o n  m onoxide  p u l s e s  a t  5 min

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

t h e r e a f t e r ,  d e c r e a s i n g  am o u n ts  were  a d s o r b e d  w i t h  e a ch

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

a r e a  o b t a i n e d  f rom the .  G.M# c o u n t e r  was s i m i l a r  t o  t h a t

o b t a i n e d  i n  t h e  c a l i b r a t i o n  p u l s e .  Prom t h e s e  s e r i e s  o f
14a d s o r p t i o n s  t h e  number  o f  C-C0 m o l e c u l e s  a d s o r b e d  p e r  

gramme o f  c a t a l y s t  was c a l c u l a t e d ,  and  a s su m in g  t h a t  1 ml of
p

CO o c c u p ie s  2»39 m (69X 'the s u r fa c e  m eta l a rea  was obta ined .

3 .1 1  E x p e r i m e n t a l  P r o c e d u r e

( a )  S t u d i e s  o f  h y d r o c a r b o n  r e t e n t i o n  by t h e  

p l a t i n u m  and  p a l l a d i u m  c a t a l y s t s .

T h e se  s e r i e s  o f  e x p e r i m e n t s  were  c o n d u c t e d  i n  h e l iu m  a s  

t h e  c a r r i e r  g a s  and  were  d e s i g n e d  t o  i n v e s t i g a t e  t h e  

v a r i a t i o n  i n  t h e  amount o f  a r o m a t i c  h y d ro ca rb o n s  a d s o r b e d  by 

t h e  c a t a l y s t  a t  a  s e r i e s  o f  t e m p e r a t u r e s ,  nam ely  1 0 0 ° C,
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150°C, 200 C a n d  250 C. These  t e m p e r a t u r e s  were  c h o se n  to  

g i v e  a  w id e  r a n g e  i n  w h ic h  a  ch an g e  i n  t h e  mode o f  a d s o r p 

t i o n  o f  a  h y d r o c a r b o n  m i g h t  o c c u r .

A t y p i c a l  e x p e r i m e n t  was c o n d u c t e d  i n  t h e  f o l l o w i n g  

manners

i )  t h e  r e a c t i o n  v e s s e l  was removed f rom t h e  f lo w

sy s tem  a t  t h e  S w ag e lo k  c o n n e c t i o n s .

i i )  0 » l g  c a t a l y s t  was p l a c e d  i n  t h e  b u l b  p o r t i o n  o f  

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

i i i )  t h e  r e a c t i o n  v e s s e l  was r e a s s e m b l e d  i n t o  t h e  f lo w  

s y s tem  a n d  s u r r o u n d e d  by an  e l e c t r i c  f u r n a c e .  H ea t  s h i e l d s  

were a r r a n g e d  a b o v e  t h e  t o p  and  be low  t h e  b o t to m  o f  t h e

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

p r o v i d e d  i n  t h e  v e s s e l  and  new serum c a p s  were  p u t  i n t o  t h e  

i n j e c t i o n  p o r t s .

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

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

c a t a l y s t  a t  30 m l / m i n .  A f t e r  h y d ro g e n  h ad  been  a l l o w e d  to

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

sy s tem  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  was r a i s e d  t o  350°C#

At t h i s  t e m p e r a t u r e  t h e  r e d u c t i o n / a c t i v a t i o n  was c a r r i e d  

o u t  f o r  6 h o u r s .

v )  a t  t h e  end  o f  t h e  r e d u c t i o n  p e r i o d  t h e  f lo w  o f  

h y d ro g e n  was  s t o p p e d  and t h e  s w i t c h  v a l v e  SV1 t u r n e d  t o  

d i r e c t  t h e  He f l o w  o v e r  t h e  c a t a l y s t .  To remove t h e  b u lk  

o f  t h e  ga^s p h a s e  h y d r o g e n  from t h e  sy s tem  and c l e a n  t h e
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c a t a l y s t ,  t h e  h e l i u m  was a l l o w e d  t o  p a s s  t h r o u g h  t h e  

r e a c t o r  a t  t h e  r e d u c t i o n  t e m p e r a t u r e  f o r  30 min and t h e n  

f o r  two h o u r s  a t  r e a c t i o n  t e m p e r a t u r e .  D u r in g  t h i s  p e r i o d ,  

t h e  c h r o m a t o g r a p h  f i l a m e n t  c u r r e n t  was t u r n e d  up t o  200 mA, 

t h e  co lumn t e m p e r a t u r e  was  i n c r e a s e d  t o  t h e  w o rk in g  tem pera 

t u r e  o f  70°C.

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

t e m p e r a t u r e ,  c a l i b r a t i o n  i n j e c t i o n s  o f  1*0 \il were made in to  

IP 2 ,  t h e  c a l i b r a t i o n  p o r t .  U s u a l l y  f o u r  i n j e c t i o n s  were 

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

i o n  t e c h n i q u e  and  d e t e c t i o n  s y s t e m .  S u c c e s s i v e  i n j e c t i o n s  

were t h e n  made o v e r  t h e  c a t a l y s t  a t  e a c h  t e m p e r a t u r e ,  and  

c a l i b r a t i o n  i n j e c t i o n s  w ere  r e p e a t e d  p e r i o d i c a l l y .

( b )  S t u d i e s  i n v o l v i n g  * ^ C -b e n z e n e  a d s o r p t i o n  

on t h e  c a t a l y s t s .

The s e c o n d  s e r i e s  o f  e x p e r i m e n t s  was d e s i g n e d  t o

i n v e s t i g a t e  some o f  t h e  p r o p e r t i e s  o f ,  and  hen ce  o b t a i n

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

r e t a i n e d  by t h e  c a t a l y s t s  when e x p o s e d  t o  ^ C - b e n z e n e .  The

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

t h a t  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n  ( a ) .  The c o u n t e r
137p l a t e a u  and, s t a b i l i t y  were  c h e c k e d  u s i n g  t h e  Cs s o u rc e  

and a  b a c k g r o u n d  d e t e r m i n a t i o n  was made w h i l e  t h e  h e l iu m  

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

t h e  h y d r o c a r b o n  i n j e c t i o n s .  A f t e r  c a l i b r a t i o n ,  i n j e c t i o n s  

o f  ^ C — b e n z e n e  w ere  made u n t i l  s a t u r a t i o n  o f  t h e  c a t a l y s t  

was a c h i e v e d .  T hese  were  f o l l o w e d  by i n j e c t i o n  o f  e i t h e r



i n a c t i v e  b e n z e n e  o r  h y d r o g e n  d e p e n d in g  on t h e  aim o f  t h e  

p a r t i c u l a r  e x p e r i m e n t .

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

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

The r e a c t i o n  o f  a r o m a t i c  h y d r o c a r b o n s  w i t h  h y d ro g en  

was e x am in e d  u s i n g  0*005g  o f  p l a t i n u m  and  0 « l g  p a l l a d i u m  

c a t a l y s t s ,  a t  a  s e r i e s  o f  t e m p e r a t u r e s  b e tw een  105°C and 

335°C. T h e se  e x p e r i m e n t s  were  c o n d u c t e d  i n  h y d ro g e n  w h ich  

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

l y s t  s a m p l e s  w e re  a c t i v a t e d  i m m e d i a t e l y  b e f o r e  u se  a t  350°C 

f o r  1 6 h r  i n  a  s t r e a m  o f  h y d ro g e n  and  t h e n  t h e  sam ples  were  

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

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

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

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

t e m p e r a t u r e .  A t i m e  i n t e r v a l  o f  1 5 -25  min be tw een  i n d i v i 

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

t e m p e r a t u r e .  1*0 \it  o f  h y d r o c a r b o n  was i n j e c t e d  o n to  a 

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

p r o d u c t s  d e t e r m i n e d  f rom  t h e  c h r o m a to g ra p h .  The com ponen ts  

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

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

e x p e r i m e n t .

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

o f  b e n z e n e  an d  t o l u e n e  on t h e  c a t a l y s t s .

I n  t h e s e  s e r i e s  o f  e x p e r i m e n t s  1*0 o f  a  m i x t u r e
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1:1 ( v / v )  o f  b e n z e n e  and  t o l u e n e  was i n j e c t e d  on p l a t i n u m  

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

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

to  t h a t  d e s c r i b e d  i n  t h e  s e c t i o n  ( c ) .
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CHAPTER FOUR 

THE RESULTS

4 . 1  C a t a l y s t  C h a r a c t e r i z a t i o n

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

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

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

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

a rea*  V ery  o f t e n  i n  c a t a l y s i s  r e s e a r c h  i t  i s  e s s e n t i a l  to  

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

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

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

c a r r i e d  o u t  u s i n g  B .E .  T* m e th o d  and a d s o r p t i o n  o f  c a rb o n  

m onoxide .

4 * 1 .1  B .E .T .  S u r f a c e  A re a

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

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

a d s o r b a t e *  I n  a  t y p i c a l  p h y s i c a l  a d s o r p t i o n  e x p e r i m e n t  

0*2 -  0*3 g o f  c a t a l y s t  sam ple  was p l a c e d  i n  a  g l a s s  sample  

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

s e c t i o n  3 .9*  The r e s u l t s  o b t a i n e d  a r e  shown i n  t a b l e s

4 . 1  - 4 * 4 .
„ p , /  a r e  shown i n  t h eP l o t s  o f  —  -------- a g a i n s t  p /  o

x ( p ° - p )
f i g u r e s  4*1 and  4 . 2 .  Each  s t r a i g h t  l i n e  p l o t  was e x t r a 

p o l a t e d  t o  p /pO  = 0* The i n t e r c e p t  o b t a i n e d  from t h i s
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TABLE 4 . 1 A d s o r p t i o n  D a ta  f o r  N i t r o g e n  

P t / S i 0 2 C a t a l y s t  a t  77 K,

on 0 -2 0 7 6 g 5$

Y( cm3 ) p(mmHg) p /  o * P
P 1020

x ( p ° - p )

3 0 -5 2 1 8 -5 2 0 -2 9 0 -1 9

2 9 -5 2 3 6 -0 0 0 -3 1 0 -2 0

in•00CM 2 5 6 -5 2 0 -3 4 0 -2 1

2 7 -5 280-95 0 - 3 7 0 -23

2 6 -0 310 -5 3 0-41 0 - 2 6

2 5-0 3 4 7 -0 6 0 -4 6 0 - 3 0

2 4 - 0 393-33 0- 52 0 -3 5

TABLE 4 . 2 A d s o r p t i o n  D a ta  f o r  N i t r o g e n on 0-2851 g 5fo

P t / A l 20^ C a t a l y s t a t  77 K.

V(cm^) p(mmHg) p /  0n  p
P 1020

x (p °-p )

2 7 -5 217*04 0 -29 0 -2 0

26* 5 2 3 4-40 0-31 0 -22

2 5 -5 2 5 4 -7 8 0 -3 4 0 -2 4

2 5 - 0 279*05 0 -3 7 0 -2 5

in•CM 308-42 0-41 0 -2 8

2 4 - 0 344-71 0 -45 0 -31
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Fig. 4.1 B.K.T. Plots for the Adsorption of Nitrogen at 771 on 
• Pt/Al203 and on 0 Pt/Si0r
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TABLE 4 .  3 A d s o r p t i o n  D a t a  f o r  N i t r o g e n  on 0-2022 g 5$ 

P d / S i 0 2 C a t a l y s t  a t  77 K.

y (  cm3 ) p(mmHg) p /  o P 1020
x ( p ° - p )

3 8 -0 2 1 8 -5 2 0 - 2 9 0 -15

3 5 -0 2 3 6 -0 0 0 - 3 1 0 -1 7

3 2-5 2 5 6 -5 2 0 - 3 4 0 -19

3 0 -0 2 8 0 -9 5 0 - 3 7 0-21

2 7-5 310 -5 3 0 -4 1 0-25

24- 5 347*06 0 - 4 6 0 -3 0

TABLE 4 . 4 A d s o r p t i o n  D a ta  f o r  N i t r o g e n on 0 -3036 g 5$

P d / A l 20^ C a t a l y s t a t  77 K.

V(cm3 ) p(mmHg) p /  o 
* P

P 1020
x ( p ° - p )

2 8 -3 3 2 2 0 -4 0 -2 9 0 -2 0

2 7 -71 2 3 5 -6 0 -3 1 0-21

2 6 -4 6 2 5 8 -4 0 - 3 4 0 -23

25*50 2 8 1-2 0 - 3 7 0-25

24-31 3 1 1 -6 0 -4 1 0 -2 8

2 3 -5 5 3 4 2 -0 0 -4 5 0-31



20x

0* 25

0*2 0-3 0-4 0- 5

Fig. 4.2 B.K.T. Plots for the Adsorption of Nitrogen 
at 77K on • Pd/AljO^ and on 0 Pd/SiO^



-  *i-o -

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

t o  fo rm  a  m o n o l a y e r  a n d  h e n c e  t h e  s u r f a c e  a r e a ,  a s su m in g
o

t h a t  e a c h  n i t r o g e n  m o l e c u l e  o c c u p i e s  1 6 -2  A o f  s u r f a c e .

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

a r e  shown i n  t a b l e  4 , 5 .

TABLE 4 , 5  

B,E#T# S u r f a c e  A r e a s

C a t a l y s t T o t a l  S u r f a c e  A re a  

( » 2/ g )

55  ̂ M / A 1 20 3 162 -2 1

554 P t / A l 20 3 1 6 4 -9 7

554 P d / S i 0 2 197 -0 1

554 P t / S i 0 2 195-09

4 . 1 .  2 A d s o r p t i o n  o f  ~^C— Carbon  Monoxide

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

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

t e c h n i q u e .  C a rb o n  m onox ide  c h e m i s o r p t i o n  i s  commonly u s e d  

a s  a  d i r e c t  q u a n t i t a t i v e  m e th o d .  The b a s i s  o f  t h e  m e th o d  

i s  t h e  e x i s t e n c e  o f  c o n d i t i o n s  w here  C0 w i l l  chemi s o r b  

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

amount  o f  c a r b o n  m onox ide  a d s o r b e d  a t  room t e m p e r a t u r e  i  s
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d e f i n e d  a s  a  MC0 m o n o l a y e r ” an d  c o n s e q u e n t l y  d e f i n e s  t h e  

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

■ ^ C - l a b e l l e d  CO, w h ic h  s p e c i f i c a l l y  a d s o r b e d  on t h e

m e t a l ,  i n  a  n i t r o g e n  f l o w —s t r e a m  was p a s s e d  o v e r  e ac h  o f

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

t h e  a d s o r b a t e  i n  t h e  e f f l u e n t  g a s  was  d e t e r m i n e d  by Gr.M.

c o u n t i n g  a s  d e s c r i b e d  i n  s e c t i o n  3 . 1 0 .  E i s c h e n s  and

P l i s k i n  (7 0 )  f  rom i n f r a r e d  s t u d i e s  h av e  s u g g e s t e d  t h a t ,  on

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

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

n o t  more  t h a n  15$ CO i s  i n  b r i d g e d  fo rm .  A c c o r d in g  to

S c h o l t e n  an d  Yan M o n t f o o r t  ( 7 1 ) ,  t h e  c h e m i s o r p t i o n  o f  CO on

p a l l a d i u m  s u p p o r t e d  on a l u m i n a  o c c u r s  w i t h  50$ i n  t h e

l i n e a r  an d  50$ i n  t h e  b r i d g e d  f o rm .  The i n f r a r e d  r e s u l t s  o f

P a l a z o v  e t  a l  (72 )  r e v e a l e d  t h a t  b o t h  b r i d g e d  and l i n e a r

s p e c i e s  e x i s t  on p a l l a d i u m  s u p p o r t e d  on s i l i c a - c a t a l y s t s .

From t h e s e  o b s e r v a t i o n s  and  a s s u m in g  t h a t  1 ml o f  c a rb o n
2

m onoxide  o c c u p i e s  2*39 m o f  s u r f a c e ,  t h e  number o f  a c t i v e  

s i t e s  on t h e  c a t a l y s t  were  t h e n  c a l c u l a t e d  and t h e  s u r f a c e  

m e t a l  a r e a s  o f  t h e  c a t a l y s t s  were  o b t a i n e d .  T a b le  4 . 6  shows 

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

4 . 2  S t u d i e s  o f  H y d ro c a rb o n  R e t e n t i o n  by t h e

P l a t i n u m  and P a l l a d i u m  C a t a l y s t s

The a d s o r p t i o n  e x p e r i m e n t s  were  c o n d u c t e d  i n  h e l iu m  a s  

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

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

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

The m e a s u r e m e n t s  w ere  c a r r i e d  o u t  i n  t h e  f l o w  sys tem

h y d r o c a r b o n  t o  0 * l g  c a t a l y s t  was u s e d .  The amount  o f  

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

a r e a  o f  t h e  c h r o m a to g ra m s  o f  t h e  p r o d u c t s  and o f  t h e  h y d ro 

c a r b o n  c a l i b r a t i o n s .

R e s u l t s  o f  t h e  a d s o r p t i o n  s t u d i e s  o f  b e n z e n e  and  t o l u e n e  

are .  g i v e n  i n  t h e  f o l l o w i n g  s e c t i o n s  and  t h e  p r e s e n t a t i o n  

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

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

4 . 2 . 1  B enzene  A d s o r p t i o n  on 5$ F t / A l ^O^

1*0 p t  o f  b e n z e n e  was i n j e c t e d  o n to  a  f r e s h l y  r e d u c e d  

c a t a l y s t  a t  100°,  1 5 0 ° ,  200° and  250°C.  I n  e a c h  c a s e  t h e  

e x t e n t  o f  t h e  r e t e n t i o n ,  by t h e  c a t a l y s t ,  was exam ined  w i t h  

t h e  same sam ple  an d  r e g e n e r a t i o n  o f  t h e  s u r f a c e  was c a r r i e d  

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

i n  a  s t r e a m  o f  h y d r o g e n  a t  350°C f o r  s i x  h o u r s  f o l l o w e d  by 

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

b e n z e n e  was  commenced. The r e s u l t s  o b t a i n e d  a r e  shown i n  

t a b l e  4 . 7 ,

From t h e s e  r e s u l t s  i t  can  be s e e n  t h a t ,  t h e  s a t u r a t i o n  

o f  t h e  s u r f a c e  was a c h i e v e d  a f t e r  one i n j e c t i o n  o f  h y d r o 

c a r b o n .  The amount  r e t a i n e d  on t h e  c a t a l y s t  i s  p r a c t i c a l l y  

c o n s t a n t  i n  t h e  r a n g e  o f  t e m p e r a t u r e  b e tw e e n  100° and  2 5 0 ° C

r e a c t o r  d e s c r i b e d  e a r l i e r  ( 3 . 2 ) ,  and  a  r a t i o  o f  1*0 p t

as '  shown i n  t a b l e  4 . 8 ,  where  t h e  r a t i o
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TABLE 4 # 7

C om ple te  A n a l y s i s  f o r  Benzene  on 5$ P t / A ^ O ^

I n j e c t i o n
No.

Amount o f  Benzene  $  Benzene R e t a i n e d  
R e c o v e re d  ( p t )

A. Benzene I n j  e c t i o n s (1 • 0 p t ) a t 100°C

1. 0- 570 4 3 -0 0
2. 0 -5 7 0 4 3-00
3 . 0 - 5 7 0 4 3 -0 0
4 . 0- 570 4 3 -00
5. 0 -5 7 0 4 3 -0 0

B. Benzene I n j e c t i o n s ( l - 0  p t )  a t 150°C

1. 0- 570 43- 00
2. 0- 570 4 3 -00
3. 0- 570 4 3 -0 0
4. 0- 570 43-00

5. 0- 570 43-00

C. Benzene I n j  e c t i o n s ( l - O  p t )  a t 200°C

1. 0- 560 4 4 - 0 0

2. 0- 560 4 4 -0 0

3. 0 -5 6 0 4 4 -0 0

4. 0-560 4 4 -0 0

5. 0- 560 44-00

D. Benzene I n j  e c t i o n s (1 • 0 p t ) a t 250°C

1. 0 -5 5 0 45 -00

2. 0 -5 5 0 45 -00

3. 0- 550 4 5-00

4 . 0- 550 4 5 -0 0

5. 0- 550 4 5 -0 0
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t h e  num ber  o f  m o l e c u l e s  o f  b e n z en e  a d s o r b e d  p e r  s u r f a c e  

m e t a l  s i t e ,  a s  d e t e r m i n e d  by c a r b o n  monoxide a d s o r p t i o n .

TABLE 4 . 8

T o t a l  R e t e n t i o n  o f  Benzene  by P t / A ^ O ^  C a t a l y s t s

T e m p e r a t u r e
( ° c )

t n“ 4_. £ Benzene M o l e c u l e s  
on C a t a l y s t

N° 6 H6
10 x g C a t a l y s t N s i t e s

' 100° 37*67 2-91  x 1 0 18 0- 340

150° 37*67 2*91 x 1018 0- 340

200° 38* 54 2 -9 8  x 10 18 0- 348

250° 39*42 3*04 x 1018 0 -3 5 6

4 . 2 . 2  B enz ene  A d s o r p t i o n  on 5$ P d / A l ^O-^

The r e t e n t i o n  o f  b e n z e n e  v a s  exam ined  on P d / A ^ O ^  

c a t a l y s t  u n d e r  t h e  same c o n d i t i o n s  a s  t h o s e  u s e d  w i t h  t h e  

P t /A J^ O ^  c a t a l y s t ;  t h e  o b j e c t  b e i n g  t o  compare t h e  a c t i v i t y  

o f  t h e  m e t a l s  i n  a d s o r p t i o n  phenomena o f  b e n z e n e .  The 

r e s u l t s  o b t a i n e d  a r e  shown i n  t a b l e  4 .9#  With  t h i s  c a t a l y s t ,  

a s  w i t h  P t / A ^ O ^ ,  one i n j e c t i o n  was n e c e s s a r y  t o  r e a c h  

r e p r o d u c i b l e  b e h a v i o u r ,  b u t  f rom t h e  d a t a  o b t a i n e d ,  i t  can  

be s e e n  t h a t  t h e  amount  r e t a i n e d  on P d / A ^ O ^  was ^ e s s  ^han 

on P t / A ^ O ^  a t  e a c h  t e m p e r a t u r e .  T a b le  4 . 1 0  shows t h e  

r e s u l t s  o b t a i n e d  f rom  m u l t i p l e  i n j e c t i o n s  o f  b e n z e n e .
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TABLE 4 #9

C om ple te  A n a l y s i s  f o r  Benzene  on 5$ P d / A ^ O ^

I n j e c t i o n  . 
No.

Amount Benzene  R e c o v e r e d  $  Benzene R e t a i n e d  
( y t )

A. Benzene  I n j e c t i o n s ( 1 - 0  *it) a t  100°C

1 0 - 6 4 0 36-00
2 0 - 6 4 0 36-00
3 0 - 6 4 0 36-00
4 0 - 6 4 0 36-00

5 0 - 6 4 0 36-00

B. Benzene  I n j e c t i o n s ( 1 - 0  j i t ) a t  150°C

1 0 - 6 4 0 36-00
2 0 - 6 4 0 36-00

3 0 - 6 4 0 36-00
4 0- 640 36-00

5 0- 640 36-00

c . Benzene  I n j e c t i o n s ( 1 - 0  j i t ) a t  2 0 0 °C

1 0 -6 3 0 37-00
2 0 -6 3 0 37-00

3 0 -6 3 0 37-00

4 0 -6 3 0 37-00

5 0 - 6 3 0 37-00

D. Benzene  I n j e c t i o n s ( 1 - 0  l i t ) a t  250°C

1 0 -6 3 0 37-00

2 0 - 6 3 0 37-00

3 0 -6 3 0 37-00

4 0 -6 3 0 37-00

5 0 - 6 3 0 37-00
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TABLE 4 . 1 0

T o t a l  R e t e n t i o n  o f  Benzene  by P d / A ^ O ^  C a t a l y s t s

NC H

T e m p e r a t u r e  10"~^x M o l e c u l e s  — — -
(°C)  * C a t a l y s t  Qn C a t a l y s t  N s i t e s

100° 3 1 -6 3 2 -4 4  x 1018 0- 315

150° 3 1 -63 2 -4 4  x 1018 0 -315

200° 32-51 2-51  x 1018 0 -3 2 4

250° 32-51 2-51  x 1018 0- 324

4 . 2 . 3  Benzene  A d s o r p t i o n  on 5# P d / S i O ^

The r e t e n t i o n  o f  b e n z e n e  was c a r r i e d  o u t  on Pd s u p p o r t e d  

on s i l i c a  a t  1 0 0 ° ,  1 5 0 ° ,  200° and  250°C. The p r o c e d u r e  i n  

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

i n  t h e  p r e v i o u s  s e c t i o n .  These  s t u d i e s  were c a r r i e d  o u t  t o  

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

o f  b e n z e n e .  The r e s u l t s  o b t a i n e d  a r e  shown i n  t a b l e  4 . 1 1 ,  

Prom t h e  r e s u l t s  o b t a i n e d  on P d / S i 0 2 i t  can  be s e en  t h a t  t h e  

r e p r o d u c i b l e  b e h a v i o u r  was a c h i e v e d  a f t e r  two i n j e c t i o n s  

o v e r  t h e  c a t a l y s t .  The amount r e t a i n e d  by Pd c a t a l y s t  i n  

t h i s  c a s e  was g r e a t e r  t h a n  Pd s u p p o r t e d  on a lu m in a .  T a b le  

4 . 1 2  shows t h e  a n a l y s i s  o f  r e t e n t i o n  o f  ben zen e  by P d / S i 0 2 .
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TABLE 4 . 1 1

C o m p le te  A n a l y s i s  f o r  Benzene  on 5$ P d / S i 0 2

I n j e c t i o n
No.

Amount Benzene  R e c o v e re d  

( |i-t)
fo Benzene  R e t a i n e d

A. Benzene  I n j e c t i o n s ( 1 - 0  \il) a t 100°C

1 0- 560 4 4 -0 0
2 0* 580 4 2 -00
3 0 - 5 8 0 4 2 -0 0
4 0 - 5 8 0 4 2 -0 0
5 0 - 5 8 0 4 2 -0 0

B. Benzene  I n j e c t i o n s ( 1 - 0  \il) a t 150°C

1 0 - 5 5 0 4 5 -0 0
2 0 -5 8 0 4 2 -0 0
3 0 - 5 8 0 4 2 -00
4 0 - 5 8 0 42-00
5 0 - 5 8 0 42 -00

C. Benzene  I n j e c t i o n s ( 1 - 0  \xl) a t 200° C

1 0 - 5 5 0 4 5 -0 0
2 0 - 5 8 0 4 2 . 0 0

3 0 -5 8 0 4 2 -00
4 0 -5 8 0 4 2 -0 0

5 0- 580 4 2 -00

D. Benzene  I n j e c t i o n s ( l - O  \xl) a t 250°C

1 0 -5 5 0 4 5 -00

2 0 - 5 8 0 4 2 -00

3 0 -5 8 0 4 2 -0 0

4 0 -5 8 0 4 2 -00

• 5 0- 580 4 2 -00
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TABLE 4 . 1 2

T o t a l  R e t e n t i o n  o f  Benzene  by P d /S iC ^  C a t a l y s t

Nc  H

T e m p e r a t u r e  10“ ^  x  ^  5 ey ^ ? n e , M o l e c u l e s  — 6__6__
(°C)  g C a t a l y s t  Qn C a t a l y s t  N s i t e s

100° 7 5 - 3 3 5-83 X 1018 0 -759

150° 7 6 -2 1 5-89 X

00i-HofH 0 - 7 6 7

200° 7 6 - 2 1 5-89 X 1018 0 - 7 6 7

250° 7 6 -2 1 5-89 X 1018 0 - 7 6 7

4 , 2 , 4  Summary

The a d s o r p t i o n  r e s u l t s  f rom  b e n z e n e  on P t / A ^ O ^ ,

P d /A ^ O - j  an d  P d / S i C ^  a r e  su m m ar ised  i n  t a b l e  4 , 1 3 .

4 , 2 , 3  T o lu e n e  A d s o r p t i o n  on 3^ P t / A 1 ^0^

The r e t e n t i o n  o f  t o l u e n e  was e x am in ed  on 5$ P t /A J^O ^  a t  

t h e  same t e m p e r a t u r e s  a s  t h o s e  s t u d i e d  -with b e n z e n e ,  1*0 

o f  t o l u e n e  was i n j e c t e d  i n t o  t h e  h e l i u m  s t r e a m  above  0*10 g 

o f  t h e  c a t a l y s t ,  w h ic h  h ad  b e e n  r e d u c e d / r e a c t i v a t e d  a t  350°C 

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

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

o f  b e n z e n e ,  w i t h  t h e  o b j e c t  o f  co m p a r in g  t h e  a d s o r p t i o n  

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

d a t a  o b t a i n e d  a r e  shown i n  t a b l e  4 . 1 4 .  V i t h  t h i s  h y d r o c a r b o n  

two i n j e c t i o n s  were  n e c e s s a r y  b e f o r e  t h e  s a t u r a t i o n  o f  t h e  

s u r f a c e  was a c h i e v e d .  The number  o f  m o l e c u l e s  r e t a i n e d  by
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TABLE 4 . 1 4

C o m p le te  A n a l y s i s  f o r  T o l u e n e  on 5fo P t / A ^ O ^

I n j e c t i o n
No.

A m oun t . T o lu e n e  R e c o v e r e d  

( ^ )

fo T o lu e n e  R e t a i n e d

A. T o lu e n e I n j e c t i o n s ( l - 0  j i t ) a t 100°C

1. 0- 500 50-00
2. 0 - 5 6 0 4 4 -0 0
3. 0- 560 4 4 -0 0
4 . 0 - 5 6 0 4 4 -0 0

5. _ 0 - 5 6 0 4 4 -0 0

B. T o lu e n e I n j  e c t i o n s ( 1 - 0  l i t ) a t 150°C

1. 0 - 4 9 0 51-00
2. 0 - 5 5 0 45-00
3. 0-  550 4 5 -0 0
4. 0-  550 45-00
5. 0-  550 4 5 -00

c . T o lu e n e I n j  e c t i o n s ( 1 - 0  n t ) a t 200°C

1. 0 - 5 1 0 4 9 -0 0

2. 0- 570 43 -00

3. 0-  570 4 3 -0 0
4 . 0- 570 4 3-00

5. 0- 570 4 3 -0 0

D. T o lu e n e I n j e c t i o n s ( l - 0  n t ) a t 250°C

1. 0- 510 4 9 -0 0

2. 0 - 5 7 0 4 3 -0 0

3. 0- 570 4 3 - 0 0

- 4 . 0- 570 4 3 -0 0

5. 0 - 5 7 0 4 3 -00
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t h e  c a t a l y s t  was s i m i l a r  a t  e a c h  t e m p e r a t u r e .  At 250°C a 

v e r y  s m a l l  am ount  o f  b e n z e n e  was o b s e r v e d  i n  t h e  c h ro m a to 

gram.  T a b l e  4 . 1 5  shows t h e  r e s u l t s  o b t a i n e d  f rom m u l t i p l e  

i n j e c t i o n s  o f  t o l u e n e .

TABLE 4 . 1 5  

T o t a l  R e t e n t i o n  o f  T o lu e n e  by P t / A ^ O ^

NC H

T e m p e r a t u r e  10“ ^x  f f i } 11?110., M o l e c u l e s  — 1—0.
(°C)  g C a t a l y s t  on C a t a l y s t  N s i t e s

100° 8 1 -2 4 5-33 X 1018 0 -6 2 2

150° 8 2 -9 7 5-44 X 10 18 0 -6 3 5

200° 7 9 -5 2 5-21 X 1018 0 -609

250° 7 9 -5 2 5-21 X 1018 • 0 -609

4 . 2 . 6  T o lu e n e  A d s o r p t i o n  on 5$ P d / A l ^O^

The a d s o r p t i o n  o f  t o l u e n e ,  m e a s u re d  a t  f o u r  t e m p e r a 

t u r e s  on t h e  same sam ple  o f  c a t a l y s t  i s  p r e s e n t e d  i n  

t a b l e  4 . 1 6 ,  One i n j e c t i o n  o n l y  was n e c e s s a r y  t o  r e a c h  t h e  

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

t h e  amount  r e t a i n e d  by P d / A ^ O ^  w i t h  t e m p e r a t u r e  i s  p r a c t i 

c a l l y  c o n s t a n t  an d  was l e s s  t h a n  t h e  amount r e t a i n e d  by 

P t / A l 20^ u n d e r  t h e  same c o n d i t i o n s .  The r e s u l t s  o b t a i n e d  

from m u l t i p l e  i n j e c t i o n s  o f  t o l u e n e  on P d / A ^ O ^  a r e  shown 

i n  t a b l e  4 , 1 7 .



-  59 -

TABLE 4 . 1 6

C o m p le te  A n a l y s i s  f o r  T o lu e n e  on jfo P d / A ^ O ^

I n j e c t i o n
No.

Amount T o lu e n e  R e c o v e re d  
(l^t)

fo T o lu e n e  R e t a i n e d

A. T o lu e n e I n j  e c t i o n s ( l -  0 j i t ) a t 100°C

1. 0* 570 4 3 -0 0

2. 0- 570 43*00

3. 0* 570 43*00
4. 0- 570 43*00

5. 0- 570 43*00

B. T o l u e n e I n j e c t i o n s ( 1 - 0  \il) a t 150°C

1. 0- 570 43*00

2. 0 - 5 7 0 43*00

3. 0- 570 43*00
4 . 0- 570 43*00

5. 0- 570 43*00

c . T o lu e n e I n j e c t i o n s ( 1 - 0  vL) a t 200 °C

1. 0 -5 8 0 42*00

2. 0 -5 8 0 42*00

3. 0 - 5 8 0 4 2 -0 0

4 . 0- 580 42*00

5. 0- 580 42*00

D. T o lu e n e I n j e c t i o n s (1*0 n t ) a t 250°C

1. 0 -5 8 0 42*00

2. 0 - 5 8 0 42*00

3. 0- 580 42*00

4. 0- 580 42*00

5. 0- 580 42*00
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TABLE 4 . 1 7  

T o t a l  R e t e n t i o n  o f  T o lu e n e  by P d / A ^ O ^

n c„ h.
T e m p e r a t u r e  10- ^ x  K p ° l u f n e . M o l e c u l e s  — — -

(°C )  * C a t a l y s t  Qn C a t a l y s t  N s i t e s

100° 3 7 -2 8 2*44 x lO'*'8 0* 315

150° 3 7 -2 8 2*44 x 1 0 18 0*315

200° 36*41 2*38 x 1018 0*307

250° 36*41 2*38 x 1018 0*307

4 . 2 . 7  T o l u e n e  A d s o r p t i o n  on 5 P d / S i O ^

The r e s u l t s  o b t a i n e d  f o r  a d s o r p t i o n  o f  t o l u e n e  on 

p a l l a d i u m  s u p p o r t e d  on s i l i c a  a t  1 0 0 ° ,  1 5 0 ° ,  200° and 250°C 

a r e  shown i n  t a b l e  4 . 1 8 ,  At 250°C, c a r b o n - c a r b o n  bond 

f i s s i o n  was o b s e r v e d  i n  t h e  f i r s t  i n j e c t i o n  o f  t o l u e n e ;  t h e  

p r o d u c t s  o f  h y d r o g e n o l y s i s  w ere  m e th a n e  and  b en z e n e .  Two 

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

a c h i e v e d .  T a b l e  4 . 1 9  shows t h e  r e s u l t s  o b t a i n e d  f o r  t o t a l  

r e t e n t i o n  o f  t o l u e n e  on 5$ P d / S i C ^ ,
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TABLE 4 . 1 8
C o m p le te  A n a l y s i s  f o r  T o lu e n e  on 5i° P d /S iC ^

I n j  e c t i o n Amount T o lu e n e  R e c o v e re d fo T o lu e n e  R e t a i n e d
No. ( n t )

A. T o lu e n e I n j  e c t i o n s ( 1 - 0  \xl) a t 100°C

1. 0 - 6 3 0 37-00
2. 0- 660 34-00

3. 0- 660 34-00
4 . 0 -6 6 0 34-00

5. 0 -6 6 0 34-00

B. T o lu e n e I n j  e c t i o n s ( 1 - 0 a t 150°C

1. 0- 625 37-50

2. 0 - 6 6 0 34-00

3. 0 - 6 6 0 34-00

4. 0 -6 6 0 34-00

5. 0 - 6 6 0 34-00

c . T o lu e n e I n j e c t i o n s ( 1 - 0  \il) a t 200°C

1. 0 - 6 3 5 36- 50

2. 0 - 6 5 0 3 5 -0 0

3. 0 -6 5 0 35-00

4 . 0 -6 5 0 35-00

5. 0 * 650 35-00

D. T o lu e n e I n j e c t i o n s ( l - O  \il) a t 250°

1. 0 -591 4 0 -9 0

2. 0 -630 37-00

3. 0 - 6 3 0 3 7 -0 0

4. 0 - 6 3 0 37-00

5. 0 -6 3 0 37-00
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TABLE 4 . 1 9  

T o t a l  R e t e n t i o n  o f  T o lu e n e  by P d /S iC ^

T e m p e r a t u r e
( °c)

10“ 4 x
g C a t a l y s t M o l e c u l e s  

on C a t a l y s t

NC H 7 8
N s i t e s

100° 61-49 4 - 0 2  x  1018 0 -5 2 5

150° 61-92 4 - 0 5  x  1 0 18 0- 529

200° 61-92 4 - 0 5  x  1018 0- 529

250° 67*46 4 - 4 1  x  1 0 18 0- 576

4 ,  2 .  8 Summary

The a d s o r p t i o n  r e s u l t s  f o r  t o l u e n e  on P t / A l ^ O ^ ,  P d / A ^ O ^  

and  P d / S i 0 2  a r e  sum m ar ised  i n  t a b l e  4 , 2 0 .

4 . 3  S t u d i e s  I n v o l v i n g  ^ C - B e n z e n e  A d s o r p t i o n  on t h e  C a t a l y s t

T h e se  s e r i e s  o f  e x p e r i m e n t s  d e s c r i b e  a  f u r t h e r  s t u d y  o f  

t h e  a d s o r p t i o n  o f  b e n z en e  on p l a t i n u m  an d  p a l l a d i u m  u s i n g  

c a r b o n —14 a s  t r a c e r  i n  an  a t t e m p t  t o  u n d e r s t a n d  f u r t h e r  t h e  

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

f a c e s .  The p r o c e d u r e ,  d e t a i l e d  i n  s e c t i o n  3 .1 1  i n v o l v e d  f i v e  

i n j e c t i o n s  o f  l a b e l l e d  b en ze n e  o n to  a  f r e s h l y  r e d u c e d  c a t a l y s t  

a t  1 0 0 ° ,  1 5 0 ° ,  200° and  250°C.

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

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

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

g e n a t i o n  r e a c t i o n *

4 * 3 , 1  B e n z e n e  E xchange  on 5$ P t / A ^ O^

1 * 0  \xt o f  h y d r o c a r b o n  v a s  i n j e c t e d  o n to  t h e  c a t a l y s t  a t

a  f i x e d  t e m p e r a t u r e  i n  t h e  r a n g e  100° t o  250°C* The c a t a l y s t
14s u r f a c e  was  f i r s t  s a t u r a t e d  w i t h  C -b e n z e n e  by i n j e c t i n g  

s u c c e s s i v e  p u l s e s  ( u s u a l l y  f i v e )  o f  1 * 0  b en z e n e  o n to  t h e  

c a t a l y s t  u n t i l  r e p r o d u c i b l e  b e h a v i o u r  was a c h ie v e d *  T h i s  

was f o l l o w e d  by f o u r  i n j e c t i o n s  e a c h  o f  1 * 0  o f  i n a c t i v e  

b e n z e n e  o v e r , t h e  c a t a l y s t  and t h e  r e a c t o r  e l u a n t  was 

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

i n  t a b l e  4 . 2 1 ,  I n  t h i s  and t h e  e n s u i n g  t a b l e s ,  t h e  a c t i v i t i e s  

a r e  e x p r e s s e d  a s  c o u n t s  p e r  m i c r o l i t r e .  These  were  o b t a i n e d  

by d i v i d i n g  t h e  t o t a l  i n t e g r a t e d  c o u n t s  f rom t h e  f lo w  c o u n t e r  

by t h e  v o lu m e  o f  h y d r o c a r b o n  a s  d e t e r m i n e d  by t h e  g a s  

c h r o m a t o g r a p h .

4*3*2 H y d r o g e n a t i o n  o f  Benzene R e s i d u e s  on t h e  

P l a t i n u m  C a t a l y s t

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

i n j e c t i o n s  o f  r a d i o a c t i v e  h y d r o c a r b o n  w ere  made o n to  t h e  

s u r f a c e .  T h i s  was f o l l o w e d  f o r  t h r e e  i n j e c t i o n s  o f  5 ml o f  

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

i n  t a b l e  4 * 2 2 .
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TABLE 4 . 2 1

14R a d i o c h e m i c a l  A n a l y s i s  o f  E l u a n t  f rom C-Benzene 

A d s o r p t i o n  on 5$ P t / A ^ O ^

Temp

(°C)
S u b s t a n c e
I n j e c t e d

A d s o r p t i o n
cpji't x 1 (T

ft Benzene 
R e t a i n e d

Exchange  a s  
fo A d s o r p t i o n

M o l e c u l a r Exchang e

1 0 0 ° 1 4 C-C6 H 6
0 - 4 3 0 0 - 4 5 4 3 -0 0 -

1 2 ° - C6 H 6
0 - 4 1 0 0 - 0 0 4 1 -0 0 -

150°
1 4 c- ° 6 H 6

0 - 4 3 0 0 - 45 4 3 -0 0 -  ■

1 2 ° - C6 H 6
0 -4 2 0 0 - 0 0 4 2 -0 0 —

2 0 0 ° 1 4 C-C6 H 6 0 - 4 4 0 0 - 4 3 4 4 -0 0 -

1 2 C-C6 H 6 0 - 4 3 0 0 - 0 0 4 3 -0 0 -

250° 1 4 c - c 6 b 6 0 -4 5 0 0 - 4 2 4 5 -0 0 -

1 2 c" C6 H 6
0 -4 5 0 0 - 0 0 4 5 -00 -



-  66 -

TABLE 4 # 22

R a d i o c h e m i c a l  A n a l y s i s  o f  E l u a n t  f rom  ^^C-Benzene  A d s o r p t i o n  

on 5$ P t / A ^ O - j *  ( S p e c i f i c  A c t i v i t y  1*0 x  10^ c o u n t s / p X )

Temp

(°C)

Sub s t a n c e  
I n j e c t e d

A d s o r p t i o n
v _ 3  

c p p , tx l 0

io Benzene  H y d r o g e n a t i o n  
R e t a i n e d  a s  *fo A d s o r p t i o n  

( c y c l o h e x a n e )

100° 14c -c 6H6 0 - 4 3 0 0 - 4 5 4 3 -0 0 -

H2 (5 ml) — - 3 -00

150° 1 4 c - c 6 h 6 0 - 4 2 0 0 - 4 6 4 2 -0 0

H2 (5  ml) - - 3-00

200° 1 4 ° - C6H6 0 - 4 3 0 0 - 4 5 4 3 -0 0 -

^ ( 5  ml) - - 1 -0 0

250° 1 4 C_C6 H6 0 - 4 4 0 0 - 4 3 4 4 -0 0 -

H2 (5  ml) - - -

i
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4 .  3.  3 Benzene  E xchange  on P d / A l ^O^

The e x ch an g e  r e a c t i o n  on Pd c a t a l y s t  was exam ined  u n d e r  

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

w i t h  t h e  P t  c a t a l y s t .  T a b l e  4 , 2 3  shows t h a t ,  t h e  i n j e c t i o n  

o f  i n a c t i v e  b e n z e n e  o n t o  Pd  c a t a l y s t ,  a f t e r  i t  had  been  

e x p o s e d  t o  " ^ C - b e n z e n e  r e s u l t e d  i n  t h e  r e c o v e r y  o f  i n a c t i v e  

b e n z e n e  o n l y ,  a t  a l l  t e m p e r a t u r e s  u s e d .

TABLE 4 . 2 3
14R a d i o c h e m i c a l  A n a l y s i s  o f  E l u a n t  f ro m  C-Benzene  A d s o r p t i o n

on 51° P d / A l 2 0 3 . ( S p e c i f i c  A c t i v i t y  1*0 x 1 0 3 c o u n t  s / j i t )

Temp S u b s t a n c e A d s o r p t i on fo Benzene Exchange a s

(°C) I n j  e c t e d \il c p p t x l ( T 3 R e t a i n e d ‘fo A d s o r p t i o n

M o l e c u l a r  Exchange

1 0 0 ° 1 4 C-C6 H 6 0 - 3 7 0 - 3 7 37-00 -

1 2 c - c 6 h 6 0 - 3 6 0 - 0 0 36-00 -

150° 1 4 C-C6 h 6 0 - 3 6 0 - 3 5 36-00 -

1 2 c" C6 H 6
0 - 3 4 0 - 0 0 34-00 -

2 0 0 °
1 4 ° - C6 H6

0 - 3 7 0 - 3 7 37-00 -

1 2 c - ° 6 H 6
0 - 3 4 0 - 0 0 3 4 -00 -

2 5 0 ° 1 4 c - c 6 h 6 0 - 3 7 0 - 3 7 37-00 -

12C-C6H6 0 - 3 6 0 - 0 0 36-00 -
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4 s3 .4  H y d r o g e n a t i o n  o f  Benzene  R e s i d u e s  on t h e  

P a l l a d i u m  C a t a l y s t

TABLE 4 # 24
14R a d i o c h e m i c a l  A n a l y s i s  o f  E l u a n t  f rom  C-Benzene A d s o r p t i o n

on 5fo P d / A l 2 0 3 . ( S p e c i f i c  A c t i v i t y  1 * 0  x  1 0 ^ c o u n t s / | i t )

Temp

(°C)

S u b s t a n c e
I n j e c t e d

A d s o r p t i o n
_3

c p j i t  x 1 0

Benzene  H y d r o g e n a t i o n  
R e t a i n e d  a s  $  A d s o r p t i o n  

( c y c l o h e x a n e )

Hydrc> g e n a t io n

1 0 0 ° 1 4 c - c 6 h 6 0 - 3 6  0 -3 5 36-00 -

H2 (5  ml) -  - - -

150° 1 4 C-C6 H 6 0 - 3 7  0 - 3 7 37* 0 0 . -

H2 (5  ml) <*4» — - -

2 0 0 ° 1 4 C-C6 H 6 0 - 3 7  0 - 3 7 37-00 -

H2 (5  ml) -  - - -

250° 1 4 C-C6 H 6 0 - 3 7  0 - 3 7 37-00 -

H2 ( 5  ml) -  - - -
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4 ,  3, 5 H y d r o g e n a t i o n  o f  Benzene  R e s i d u e s  on 

t h e  P a l l a d i u m  S u p p o r t e d  on S i l i c a

H a v in g  e s t a b l i s h e d  a  g e n e r a l  l a c k  o f  r e a c t i v i t y  f o r  t h e  

r e s i d u e s  o f  b e n z e n e  on p l a t i n u m  and  p a l l a d i u m  s u p p o r t e d  on 

a l u m i n a ,  t h e  i n v e s t i g a t i o n  on 5$  P d / S i 0 2  was c o n d u c t e d  l e s s  

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

r e t a i n e d  was  ex a m in ed .  The r e s u l t s  o b t a i n e d  a r e  shown i n  

t a b l e  4 , 2 5 ,

TABLE 4 , 2 5

R a d i o c h e m i c a l  A n a l y s i s  f rom  ^ C - B e n z e n e  A d s o r p t i o n  on 

5fo P d / S i C ^ .  ( S p e c i f i c  A c t i v i t y  9*8 x 10^ c o u n t s / p t )

Temp
(°C)

S u b s t a n c e  
I n j  e c t e d

A d s o r p t i o n  
p t  c p p lx lO

io Benzene  H y d r o g e n a t i o n  
R e t a i n e d  a s  $  A d s o r p t i o n  

( c y c l o h e x a n e )

100° 1 4 C-C6 H 6 0 - 8 6 0 - 8 4 4 3 - 0 0 —

H2 (5 ml) - - 1-00

150° 1 4 c- c 6h6 0 - 8 7 0 -8 5 43- 50 -

H2 (5  ml) - - 0 -5 0

200° 1 4 C-C6 H 6 0 - 8 7 0-8 5 4 3 - 5 0 -

H2 (5  ml) - - 0- 50

250° 14 c- c6h6 0 - 8 7 0 -8 5 4 3 -5 0 -

H2 (5  ml) - - -
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4 . 3 . 6  Summary

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

s e e n  t h a t ,  no e x c h a n g e  o f  r e s i d u e s  o c c u r r e d  when i n a c t i v e

b e n z e n e  was i n j e c t e d  o v e r  a  c a t a l y s t  w h ic h  had  been  d o s e d
14p r e v i o u s l y  w i t h  C - b e n z e n e ,  a l t h o u g h  a d s o r p t i o n  o f  b e n z en e  

s t i l l  o c c u r r e d ,  a s  was  shown i n  t a b l e s  4 . 2 2  -  4 , 2 3 .  Hydrogen 

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

w i t h  ^ C - b e n z e n e ,  r e s u l t e d  i n  t h e  f o r m a t i o n  o f  s m a l l  am oun ts  

o f  r a d i o a c t i v e  c y c l o h e x a n e  b e tw e e n  100°  t o  200°C w i t h  

p l a t i n u m  on a l u m i n a  and  p a l l a d i u m  on s i l i c a  c a t a l y s t s .  

U n f o r t u n a t e l y  t h e  s m a l l  am o u n ts  make q u a n t i t a t i v e  e s t i m a t i o n s  

d i f f i c u l t .

4 , 4  S t u d i e s  I n v o l v i n g  t h e  H y d r o g e n a t i o n  o f

A r o m a t ic  H y d r o c a rb o n s  on t h e  C a t a l y s t s

The r e a c t i o n  o f  a r o m a t i c  h y d r o c a r b o n s  w i t h  h y d ro g e n  was 

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

r e a c t o r  sy s te m  a t  a t m o s p h e r i c  p r e s s u r e .  The e x p e r i m e n t s  w ere  

c o n d u c t e d  i n  h y d r o g e n  a s  c a r r i e r  g a s  and  were d e s i g n e d  t o  

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

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

i n  t h e s e  s e r i e s  o f  e x p e r i m e n t s  was d e t a i l e d  i n  s e c t i o n  3 . 1 1 .C 

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

i n  t h e  f o l l o w i n g  s e c t i o n s .
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4 . 4 . 1  H y d r o g e n a t i o n  o f  Benzene  on P l a t i n u m  C a t a l y s t s

The c a t a l y t i c  h y d r o g e n a t i o n  o f  b e n z e n e  o v e r  p l a t i n u m  

s u p p o r t e d  on s i l i c a  o r  a l u m i n a  was exam ined  u s i n g  0 *0 0 5 g 

c a t a l y s t  i n  t h e  t e m p e r a t u r e  r a n g e  1 0 0 ° t o  3 3 5 °C by t h e  m i c r o 

r e a c t o r  c h r o m a t o g r a p h i c  p u l s e  m e th o d .  The m e a s u re m e n t s  were 

made w i t h  t h e  same sam ple  and a  c o n s t a n t  f l o w  r a t e  o f  60 

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

was t h e  same,  i n d e p e n d e n t  o f  w h e t h e r  t h e  t e m p e r a t u r e  was 

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

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

o f  b e n z e n e  c o n v e r t e d  t o  c y c l o h e x a n e - w a s  o b t a i n e d  a s  a 

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

o b s e r v e d  t h a t ,  t h e  h y d r o g e n a t i o n  o f  b e n z en e  d e p e n d s  on t h e  

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

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

f rom  105^-215°C an d  t h e n  de c r e a s e d  a s  t h e  t e m p e r a t u r e  was 

f u r t h e r  r a i s e d  t o  3 3 5 °C. The c o n v e r s i o n  o f  b e n z e n e  p a s s e d  

t h r o u g h  a  maximum a t  1 6 0 ° -2 4 0 °C  on P t / A ^ O ^  an d  b e tw een  

1 3 0 ° -2 2 0 ° C  on P t / S i 0 2  a s  a r e  shown i n  f i g u r e  4 . 3 .

4 . 4 . 2  H y d r o g e n a t i o n  o f  Benzene on P a l l a d i u m  C a t a l y s t s

I n  t h e  r e a c t i o n  o f  b e n z en e  w i t h  h y d ro g en  o v e r  5f° 

p a l l a d i u m  c a t a l y s t s ,  0 « lg  p a l l a d i u m  s u p p o r t e d  on s i l i c a  o r  

a l u m i n a  was u s e d .  1 * 0  o f  b e n ze n e  was i n j e c t e d  o n to  a 

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

of.  t h e  i n j e c t e d  b e n z e n e  was o b t a i n e d  a s  a  f u n c t i o n  o f  t h e  

t e m p e r a t u r e .  The same phenomenon a s  w i t h  t h e  p l a t i n u m



fc
rc

M
it

ft
 

of 
C

«i
T

tr
ai

oa 90

30

300200100

P i g ,  4 # 3 H y d r o g e n a t i o n  o f  Be nso no  on A l u a i n a -  a n d  S i l i c a -
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c a t a l y s t s  was fo u n d  w i t h  P d / S i 0 2 an d  P d / A ^ O ^ .  The y i e l d  

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

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

The e x t e n t  o f  h y d r o g e n a t i o n  was l e s s  t h a n  t h a t  o v e r  p l a t i n u m  

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

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

maximum i n  t h e  r e g i o n  150o- 2 6 0 ° C ,  F i g u r e  4 , 4  shows t h e  e f f e c t  

o f  t h e  t e m p e r a t u r e  on t h e  c o n v e r s i o n  o f  b e n z e n e  w i t h  t h e  

p a l l a d i u m  c a t a l y s t s .

4 , 4 . 3  H y d r o g e n a t i o n  o f  T o lu e n e  on P l a t i n u m  C a t a l y s t s

The h y d r o g e n a t i o n  o f  t o l u e n e  was exam ined  u s i n g  0*005g 

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

t e m p e r a t u r e s  b e tw ee n  100° t o  335°C. The r u n s  were c o n d u c te d  a t  

a t m o s p h e r i c  p r e s s u r e  and  a  f l o w  r a t e  o f  60 m l /m in .  I n  t h e  

r e a c t i o n  o f  t o l u e n e  w i t h  h y d r o g e n ,  m e t h y l c y c l o h e x a n e  was t h e  

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

was n o t  o b s e r v e d  i n  t h e  t e m p e r a t u r e  r a n g e  u s e d  i n  t h e s e  e x p e r i 

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

h e x a n e  was o b t a i n e d  f rom t h e  c h r o m a t o g r a p h i c  a n a l y s i s  a s  a  

f u n c t i o n  o f  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 .  V i t h  t o l u e n e  

t h e  same phenomena a s  f o r  b e n z e n e  was f o u n d ,  t h e  f o r m a t i o n  o f  

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

1 9 0 ° C a n d  t h e n  d e c r e a s e d  a s  t h e  t e m p e r a t u r e  was r a i s e d  t o  

335°C.  The c o n v e r s i o n  o f  t o l u e n e  p a s s e d  t h r o u g h  a  maximum a t  

1 6 0 °- 2 2 0 °C a s  can  be s een  i n  f i g u r e  4 , 5 .
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4 . 4 . 4  H y d r o g e n a t i o n  o f  T o lu e n e  on P a l l a d i u m  C a t a l y s t s

The c a t a l y t i c  h y d r o g e n a t i o n  o f  t o l u e n e  on 5$ p a l l a d i u m  

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

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

t h e  s e c t i o n  3 . 1 1 . C .  I n  t h e  c a s e  o f  p a l l a d i u m  c a t a l y s t s ,  t h e  

maxima w ere  f o u n d  b e tw e e n  1 8 0 ° -2 4 0 ° C .  I n  f i g u r e  4 . 6  a r e  

shown t h e  e f f e c t s  o f  t h e  t e m p e r a t u r e  on t h e  c o n v e r s i o n  o f  

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

4 . 4 . 5  The T u r n o v e r  Number f o r  Benzene and T o lu en e  

H y d r o g e n a t i o n  o v e r  P l a t i n u m  and P a l l a d i u m  C a t a l y s t s

■| j

The c h e m i s o r p t i o n  o f  C - c a r b o n  m onox ide ,  d e s c r i b e d  i n  

s e c t i o n  4 . 1 . 2 ,  a l l o w e d  t h e  d e t e r m i n a t i o n  o f  t h e  number  o f

a c t i v e  s i t e s  on t h e  

shown i n  t a b l e  4 . 2 6 .

c a t a l y s t s  u s e d  i n  t h e s e  

TABLE 4 . 2 6

s t u d i e s ,  a s

C a t a l y s t Amount o f  C a t a l y s t  
(g )

A c t i v e  S i t e s  
g C a t a l y s t

5/° P t / A l 20 3 0 -0 0 5 4 - 2 7  x  1 0 17

5 P t / S i 0 2 0 -0 0 5 4 -4 9  x  1 0 17

%  P d / A l 20 , 0 -1 0 0 7 - 7 4  x  1018

%  P d / S i 0 2 0 -1 0 0 7 - 6 6  x  lO 18
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C a t a l y s t s  ( 0  = P d / A l 20 3 , •  = P d / S i 0 2 )
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U s i n g  t h e  v a l u e s  g i v e n  i n  t a b l e  4 . 2 6 ,  " T u r n o v e r  Number" 

(Nrp) [ m o l e c u l e s  o f  b e n z e n e  o r  t o l u e n e  t r a n s f o r m e d  i n t o  c y c l o — 

h e x a n e  o r  m e t h y l c y c l o h e x a n e  p e r  a c t i v e  s i t e  p e r  s e c ]  were  

c a l c u l a t e d  f o r  e a c h  h y d r o c a r b o n  a t  e a c h  t e m p e r a t u r e  m ea su re d .  

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

num ber  (N^,) , a r e  g i v e n  i n  t a b l e s  4 . 2 7 - 4 , 3 0 .

TABLE 4 . 2 7

Nqi V a l u e s  o f  Benzene on P l a t i n u m  C a t a l y s t s

t
(°C)

fo C o n v e r s i o n  o f  
B enzene  on P t / A ^ O ^

(N-T) fo C o n v e r s io n  o f  
Benzene  on P t / S i 0 2

(n t )

105° 3 6 -92 5-86 4 4 -8 3 6-77

135° 59-34 9 -4 2 7 2 -5 2 10-95

165° 7 5 - 1 6 1 1 -9 3 83 -07 12-55

190° 8 0 -4 3 1 2 -7 7 84-39 12-75

215° 84-39 1 3 -4 0 77*80 11-75

235° 7 9 -1 1 12- 56 69 -8 8 10- 55

260° 7 5 - 1 6 11-93 60- 65 9 - 1 6

290° 4 8 -7 9 7-75 2 8 -5 8 4 -3 2

315° 1 7 -1 4 2-73 1 2 -25 i-* • 00 U1

33.5° 4 -0 5 0 -6 4 1 -3 6 0 -2 1
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TABLE 4 # 28

Nrp V a l u e s  o f  Benzene  on P a l l a d i u m  C a t a l y s t s

t
(°C)

$  C o n v e r s i o n  o f  
B enzene  on P d / A ^ O ^

( n t ) io C o n v e r s io n  o f  
Benzene  on P d / S i 0 2

( nt )

105° - - 9 -5 3 0 - 0 8 4

135° 8 -17 0 - 0 7 2 15-47 0 - 1 3 7

165° 1 2 -25 0 - 1 0 7 30-33 0 -2 6 8

190° 1 4 -9 7 0 -1 3 1 42-19 0 -3 7 3

215° 1 6 -33 0 - 1 4 3 51-72 0 -4 5 7

235° 1 4 -9 7 0 -1 3 1 53-08 0-469

260° 13-61 0 -119 44-92 0 -3 9 7

290° 1 2 -25 0 - 1 0 7 2 4 -5 0 0 -2 1 7

315° 6-81 0 -0 6 0 13-61 0 -1 2 0

335° 1 -3 5 0 -012 5-63 0 -0 5 0



TABLE 4 # 29

N j  V a l u e s  o f  T o lu e n e  on P l a t i n u m  C a t a l y s t s

t
(°C)

$  C o n v e r s i o n  o f  
T o l u e n e  on P t / A ^ O ^

( n t ) ‘fo C o n v e r s i o n  o f  
T o lu e n e  on P t / S i 0 2

(n t )

105° 56-09 7 -4 5 60-00 7 -5 8

135° 7 8 - 2 3 10-39 81-67 10-32

165° 8 5 -0 3 11-29 88-33 1 1 -16

190° 9 2 - 9 5 12-34* 90 -0 0 11-37

215° 8 9 - 7 4 1 1 -92 8 6-40 10-91

235° 8 3 -3 3 11 -0 6 7 0 -0 0 8 -84

260° 7 1 -1 9 9 -4 5 50-00 6-32

290° 2 7 -2 4 3-62 2 0 -1 0 2 -54

315° 9 - 2 6 1 -23 1 1 -6 7 1 -4 7

335° 4 - 6 3 0-61 - -
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TABLE 4 , 3 0

N̂ p V a l u e s  f o r  T o lu e n e  on P a l l a d i u m  C a t a l y s t s

t
(°C)

$  C o n v e r s i o n  o f  
T o lu e n e  on P d / A ^ O ^

( n t ) io C o n v e r s io n  o f  
T o l u e n e  on P d / S i 0 2

(n t )

105° - - 17-01 0 - 1 2 6

135° 1 6 -6 7 0 -1 2 2 27-21 0-201

165° 2 3 -3 3 0 -1 7 1 56-12 0 -4 1 5

190° 2 5 -0 0 0 -1 8 3 81-63 0 -6 0 4

215° 30 -0 0 0 -2 2 0 83-33 0 -6 1 6

235° 3 1 -6 7 0 - 2 3 2 76-53 0- 566

260° 23-81 0 - 1 7 4 56-12 0 -4 1 5

290° 1 1 -90 0 - 0 8 7 25-51 0-189

315° 5-10 0 -0 3 7 8- 50 0 -0 6 3

335° - . - 1 -70 0 - 0 1 3
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4 . 4 . 6  R e t e n t i o n  o f  A r o m a t ic  H y d r o c a rb o n s  by 

P l a t i n u m  and  P a l l a d i u m  C a t a l y s t s

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

on p l a t i n u m  an d  p a l l a d i u m  c a t a l y s t s ,  a l l o w e d  i n f o r m a t i o n  t o  

be o b t a i n e d  r e g a r d i n g  t h e  r e t e n t i o n  o f  b e n z e n e  and t o l u e n e  

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

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

c a t a l y s t s  u s e d ,  u s i n g  a  C a r l o - E r b a  a u t o m a t i c  C, H. N, A n a l y s e r ,  

The r e s u l t s  o b t a i n e d  w i t h  t h e  two m e th o d s  a r e  i n  a c c o r d a n c e ,

4 . 4 . 7  R e t e n t i o n  o f  Benzene  by P l a t i n u m  S u p p o r t e d --------------- —

on S i l i c a  an d  A lum ina

Vhen a d s o r p t i o n  was c o n d u c t e d  i n  h y d ro g e n  a s  c a r r i e r  

g a s ,  g r e a t e r  l o s s e s  o f  b e n z e n e  were  o b s e r v e d  on p l a t i n u m  

c a t a l y s t s ,  t h a n  t h o s e  f o u n d  when h e l iu m  was u s e d  a s  c a r r i e r  

g a s .  The r e s u l t s  a r e  g i v e n  i n  t a b l e  4 , 3 , 1 ,

4 . 4 . 8  R e t e n t i o n  o f  T o lu e n e  by P l a t i n u m  C a t a l y s t s

L o s s  o f  t o l u e n e  was a l s o  o b s e r v e d  when t h e  e x p e r i m e n t s  

were  c o n d u c t e d  i n  h y d r o g e n  a s  c a r r i e r  g a s .  The r e t e n t i o n  o f  

t o l u e n e  d e c r e a s e d  a s  t h e  t e m p e r a t u r e  was r a i s e d  f rom  105° t o  

190°C,  Above 190°C no r e t e n t i o n  by p l a t i n u m  c a t a l y s t s  was 

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

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

c h ro m a to g ra m s  a s  m e t h y l c y c l o h e x a n e  and u n r e a c t e d  t o l u e n e .  

T a b le  4 , 3 2  shows t h e  r e s u l t s  o b t a i n e d  f o r  t o l u e n e  on p l a t i n u m  

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

r e s i d u e s ;  t h e  f o l l o w i n g  r e s u l t s  f o r  b e n z e n e  and  t o l u e n e  on 

p l a t i n u m  c a t a l y s t s  w ere  o b t a i n e d .

C a t a l y s t  B enzene  M o l e c u l e s  i n - 1 9  T o lu e n e  M o l e c u l e s  i n -1 9  
g C a t a l y s t  g C a t a l y s t

5# P t / A l 20 3 3 -5 4  1 - 2 2

5 $ - P t / S i 0 2 2 - 7 6  1 - 1 8

R e t e n t i o n  o f  b e n z e n e  and  t o l u e n e  was n o t  o b s e r v e d  i n  t h e  

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

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

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

v i e w  o f  t h i s  b e h a v i o u r ,  p a l l a d i u m  s u p p o r t e d  on s i l i c a  was 

s t u d i e d  i n  more  d e t a i l .  10 i n j e c t i o n s  o f  1 -0  e a c h ,  were 

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

c a t a l y s t  was s t u d i e d  a s  f u n c t i o n  o f  number  o f  p u l s e s  a t  f o u r  

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

f i g u r e  4 #7 .  I t  i s  o b s e r v e d  t h a t ,  no 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  o c c u r r e d  a f t e r  s u c c e s s i v e  p u l s e s  o f  h y d r o c a r b o n  a t  

1 6 5 ° ,  2 1 5 ° ,  260° an d  315°C.

4 .  5 C o m p e t i t i v e  H y d r o g e n a t i o n  o f  Benzene  and  T o lu e n e  

on P l a t i n u m  and  P a l l a d i u m  C a t a l y s t s

Vhen a  m i x t u r e  o f  two o r  more compounds a r e  h y d r o g e n a t e d ,
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t h e  r e l a t i v e  r a t e  o f  r e a c t i o n  o f  e a c h  r e f l e c t s  t h e  p r e f e r e n c e  

o f  t h e  s u r f a c e  f o r  t h a t  compound.  From such  s t u d i e s ,  i n f o r 

m a t i o n  a b o u t  t h e  s u r f a c e —a d s o r b a t e  i n t e r a c t i o n  can  som et im es  

be d e d u c e d .  The r e l a t i v e  c o n v e r s i o n  o f  e a c h  compound can  be 

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

m i x t u r e .  The c o m p e t i t i v e  h y d r o g e n a t i o n  o f  b en zen e  and t o l u e n e  

o v e r  p l a t i n u m  and  p a l l a d i u m  c a t a l y s t s  was exam ined ,  i n  t h e  

t e m p e r a t u r e  r a n g e  o f  100° t o  335°C i n  h y d ro g e n  a t  a t m o s p h e r i c  

p r e s s u r e .  The c a t a l y s t s  w ere  s e l e c t i v e  f o r  t h e  r e a c t i o n s :

c a t a l y s t
Benzene  ( g )  + 3H2 ( g )    L c y c l o h e x a n e  (g)

c a t a l y s t
T o lu e n e  (g )  + 3H2 (g )  ■■ „ ■ ■ > m e t h y l c y c l o h e x a n e  (g)

no o t h e r  p r o d u c t s  w ere  o b s e r v e d .

1 -0  |i-t o f  a  m i x t u r e  1 : 1  ( v : v )  , c o r r e s p o n d i n g  a  m o l e c u l a r  

r a t i o  o f  b e n z e n e  t o  t o l u e n e  o f  1 : 0 . 8 4 ;  was i n j e c t e d  o n to  a 

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

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

t h e  c h r o m a t o g r a p h i c  a n a l y s i s .  The f r a c t i o n  o f  b en zen e  and 

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

f u n c t i o n  o f  t h e  t e m p e r a t u r e  a r e  shown i n  f i g u r e s  4 . 8  t o  4 . 1 1 .

F i g u r e s  4 . 8  t o  4 . 1 1  show t h a t ,  b en z en e  can  be h y d r o 

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

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

i n c r e a s e d  a s  t h e  t e m p e r a t u r e  was r a i s e d  f rom 100° t o  215°C 

a n d  t h e n  d e c r e a s e d  a s  t h e  t e m p e r a t u r e  was r a i s e d  to  335a C 

( c f  s e c t i o n  4 . 4 ) ,  The maximum c o n v e r s i o n  was o b s e r v e d  a t
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F i g .  4 . 9  H y d r o g e n a t i o n  o f  a  M i x t u r e  1 : 1  ( v ; v )  o f  B e n z e n e  a n d

T o l u e n e  on  0 * 0 0 5 g  P t / S K ^  ( 0  = B e n z e n e ,  § T o l u e n e )
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1 4 0 ° -2 3 0 ° C  i n  t h e  c a s e  o f  p l a t i n u m  c a t a l y s t s  and  b e tw een  

160° a n d  250°C w i t h  p a l l a d i u m  c a t a l y s t s .  I t  can  a l s o  be 

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

t o l u e n e  i s  g r e a t e r  t h a n  t h a t  o f  b e n z e n e  o v e r  t h e  f o u r  

c a t a l y s t s  e x a m in e d .

4 .  5 .1  The " T u r n o v e r  N um bers” o f  Benzene and  T o lu e n e  i n  t h e  

C o m p e t i t i v e  H y d r o g e n a t i o n  on P t  and  Pd C a t a l y s t s

The " T u r n o v e r  Numbers"  o f  b e n z e n e  and  t o l u e n e  i n  t h e  

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

m ined  i n  t h e  t e m p e r a t u r e  r a n g e  100° t o  335°C u n d e r  t h e  same 

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

b e n z e n e  a n d  t o l u e n e .  The r e s u l t s  may be com pared  w i t h  t h o s e  

shown i n  s e c t i o n  4 . 4 . 5  an d ,  i n f o r m a t i o n  o b t a i n e d  r e g a r d i n g  

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

The d a t a  o b t a i n e d  f o r  b e n z e n e  and t o l u e n e  a r e  shown i n  t h e  

t a b l e s  4 . 3 3  a n d  4 . 3 4 .
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TABLE 4 # 33 

N̂ , V a l u e s  o f  Benzene  and  T o lu e n e  o v e r  

P l a t i n u m  C a t a l y s t s

t Nrp ( m o l e c u l e s / s i t e s / s e c )

(°C) Benzene T o lu e n e Benzene To luene
( P t / A l 20 3 ) ( P t / S i 0 2 )

105° 2 -8 2 3 -5 5 2- 51 3*74

135° 4 - 3 3 4 - 6 2 5-24 5*61

165° 4 - 7 9 5-15 5*70 5-98

190° 5-42 5-33 6* 61 6-17

215° 5-20 5-15 6 -15 5*98

235° 4 - 9 8 4 - 9 8 5-70 5-05

260° 4 - 7 7 4*44 4 -7 9 3*74

290° 3 - 4 7 2 -4 5 2 - 2 8 1 -49

315° 1 -9 5 0*89 1 - 3 7 0 -5 6

335° 0 -5 1 - 0 - 2 3 -
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TABLE 4 # 34 

V a l u e s  o f  Benzene  and  T o lu en e  o v e r  

P a l l a d i u m  C a t a l y s t s

t
Nrp ( m o l e c u l e s / s i t e s / s e c )

(°C) Benzene T o lu e n e Benzene T o lu en e
( P d / A l 20 3 ) (Pd /S iO 2)

105° - - 0 - 0 2 7 0 -0 6 3

135° - - 0 - 0 4 7 0 - 1 0 4

165° 0 - 0 2 8 0 -0 7 9 0 -1 1 3 0 -2 0 3

190° 0 -0 3 5 0 - 0 8 7 0 -133 0 -2 9 7

215° 0 - 0 4 3 0 - 1 0 5 0 - 1 8 7 0 -3 0 0

235° 0 - 0 3 5 0 - 1 0 9 0 -2 0 7 0 -2 8 5

260° 0 - 0 2 6 0 -0 8 0 0 -1 6 0 0 -2 1 3

290° 0 - 0 1 8 0 - 0 3 4 0 -1 0 0 0 -0 9 5

315° 0 - 0 1 7 - 0 - 0 6 7 0 -0 3 2

335° - - - -
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CHAPTER FIVE 

DISCUSSION

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

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

l i t e r a t u r e .  R e s u l t s  f rom 4 , 2  ( H y d ro c a r b o n  A d s o r p t i o n  by

t h e  P l a t i n u m  and  P a l l a d i u m  C a t a l y s t s ) ,  4 . 3  ( A d s o r p t i o n  o f
14 \C -B enzene  by t h e  C a t a l y s t s )  a r e  d i s c u s s e d  t o g e t h e r  i n

s e c t i o n  5 . 1 ,  h y d r o g e n a t i o n  o f  a r o m a t i c  h y d r o c a r b o n s  and  

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

c u s s e d  i n  t h e  c o r r e s p o n d i n g  s e c t i o n s  o f  t h e  c h a p t e r  ( 5 . 2  and  

5 . 3 )  a n d  an  i n t e g r a t e d  d i s c u s s i o n  o f  b e n ze n e  a d s o r p t i o n  i s  

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

5 .1  H y d r o c a rb o n  R e t e n t i o n  by P l a t i n u m  

and  P a l l a d i u m  C a t a l y s t s

I n  t h e  e x p e r i m e n t s  o f  t h e  s e c t i o n  4 , 2 ,  t h e  amount o f  

r e t e n t i o n  o f  b e n z e n e  and t o l u e n e  by p l a t i n u m  and p a l l a d i u m  

c a t a l y s t s  was  m e a s u r e d  a t  f o u r  d i f f e r e n t  t e m p e r a t u r e s ,  1 0 0 ° ,  

15 0 ° ,  .200° a n d  250°C. I n  o r d e r  t o  o b t a i n  s i g n i f i c a n c e  and 

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

l a t e  t h e  d a t a  o b t a i n e d  i n  t h e  c h a r a c t e r i z a t i o n  o f  t h e  

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

h y d r o g e n a t i o n  o f  a r o m a t i c  h y d r o c a r b o n s ,
4

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

n i t r o g e n  shown i n  t a b l e  4 , 5  i n d i c a t e d  t h a t ,  i f  t h e  a lu m i n a  

o r  s i l i c a  p a r t i c i p a t e  i n  some way i n  t h e  a d s o r p t i o n  o r
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F i g u r e  5 .1  E l e c t r o n  M i c r o g r a p h s  o f  ( a )  5$ P d /A l^ O ^  and  

(b )  5$ P d / S i 0 2 w i t h  m a g n i f i c a t i o n  x 2 5 0 , 0 0 0 ,
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i t  i s  c l e a r  t h a t  t h e  d i f f e r e n c e s  i n  b e h a v i o u r  o f  t h e  c a t a l y s t s  

a r e  a s s o c i a t e d  w i t h  some c h a r a c t e r i s t i c  o f  t h e  m e t a l ,  and  

t h a t  t h e  s l i g h t  d i f f e r e n c e s  be tw een  t h e  same m e t a l ,  when 

s u p p o r t e d  on s i l i c a  o r  on a l u m i n a ,  a r e  p o s s i b l y  due t o  

s u p p o r t e d  s t r u c t u r e  and  s i z e  o f  h y d r o c a r b o n  ex am in ed .

The a d s o r p t i o n  o f  b e n z en e  and  t o l u e n e  on p l a t i n u m  and

p a l l a d i u m  c a t a l y s t s  was m e a s u re d  i n  a  f l o w  s y s te m  u s i n g  h e l iu m

a s  c a r r i e r  g a s .  S i n c e  t h e  m e a s u re m e n t s  were  made i n  a  f lo w

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

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

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

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

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

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

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

e x p o s e  m a i n l y  low  i n d e x  f a c e s  ( 1 0 0 ) ,  (110)  and  ( i l l ) ,

c a l c u l a t i o n s  f rom  c a r b o n  monoxide a d s o r p t i o n  showed t h a t

8 . 5 3  x 10^® P t  a to m s  p e r  g c a t a l y s t  ( P t / A ^ O ^ )  , 7*74 x 10^®
18Pd a to m s  p e r  g c a t a l y s t  ( P d / A ^ O ^ )  an d  7*66 x 10 Pd a tom s  

p e r  g c a t a l y s t  ( P d / S i 0 2 ) were  e x p o s e d .
18The i n j e c t i o n  s i z e  ( l « 0  j i t )  , c o n t a i n i n g  6*77 x  10

18m o l e c u l e s  o f  b e n z e n e ,  o r  i n  t h e  c a s e  o f  t o l u e n e  5*67 x  10 ,

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

b e n z e n e  an d  t o l u e n e .  A l t h o u g h  i n  1*0 o f  h y d r o c a r b o n  t h e r e  

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

t h e  num ber  o f  a c t i v e  s i t e s  on t h e  c a t a l y s t ,  h y d r o c a r b o n  was 

i n v a r i a b l y  x e c o v e r e d  f rom t h e  f i r s t  i n j e c t i o n  and  no more t h a n
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two i n j e c t i o n s  were  n e c e s s a r y  i n  some cases  b e f o r e  r e p r o d u 

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

r e t a i n e d  by t h e  c a t a l y s t s ,  com pu ted  f rom a  d i f f e r e n c e  i n  t h e  

p e a k  a r e a s  o f  t h e  c a l i b r a t i o n  and  r e a c t i o n  i n j e c t i o n s ,  showed 

good  r e p r o d u c i b i l i t y  i n  t h e  r e s u l t s .

The d a t a  o b t a i n e d  f o r  t h e  a d s o r p t i o n  o f  b e n ze n e  on 5$ 

P t /A J^ O ^  a t  a l l  t e m p e r a t u r e s  s t u d i e d  a r e  shown i n  t a b l e  4 . 7 ,  

i t  c a n  be s e e n  t h a t ,  r e p r o d u c i b l e  b e h a v i o u r  was o b t a i n e d  

a f t e r  one i n j e c t i o n  o f  b e n z e n e .  The p e rc e n ta g e  o f  e a c h  

i n j e c t i o n  r e t a i n e d  by P t / A ^ O ^  i s  p r a c t i c a l l y  c o n s t a n t .  I n  

t a b l e  4 . 8  i t - i s  a l s o  o b s e r v e d  t h a t  t h e  number  o f  m o l e c u l e s  

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

an d  t h e  r a t i o  o f  b en z en e  m o l e c u l e s  a d s o r b e d  t o  m e t a l  s i t e s

e x p o s e d  i s  l e s s  t h a n  o n e , s u g g e s t i n g  t h a t  one m o l e c u l e  o f
°  2b e n z e n e  ( a r e a  41 A ) i s  o c c u p y i n g  more t h a n  one s i t e .  

P i t k e t h l y  and  Goble  (74)  s t u d i e d  t h e  a d s o r p t i o n  o f  b e n zen e  on 

p l a t i n u m  s u p p o r t e d  on a l u m i n a  i n  t h e  t e m p e r a t u r e  r a n g e  26° t o  

470°C.  E v i d e n c e  was o b t a i n e d  f o r  f o u r  t y p e s  o f  a d s o r p t i o n  o f  

b e n z e n e :

( i )  a  r e l a t i v e l y  s m a l l  r e v e r s i b l e  a d s o r p t i o n  ( l e s s  t h a n

5 o f  t h e  t o t a l )  on p l a t i n u m .

( i i )  an  i r r e v e r s i b l e  a d s o r p t i o n ,  i n d e p e n d e n t  o f  b e n z e n e  

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

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

( i i i )  a  f a s t ,  r e v e r s i b l e  a d s o r p t i o n  on t h e  s u p p o r t  be low

200°C.

( i v )  an  ' a d d i t i o n a l  s low a d s o r p t i o n  o r  r e a c t i o n  a s s o c i a t e d

w i t h  t h e  s u p p o r t .
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I t  was a l s o  f o u n d  t h a t  0*22 m o l e c u l e s  o f  b e n z e n e  w ere

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

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

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

t h e  (1 0 0 )  f a c e  e x p o s e d ,  t h e  maximum b e n z en e  a d s o r p t i o n  w i t h
/  °  2Van d e r  V a a l s  s p a c i n g  (41 A p e r  m o l e c u l e )  w ould  be 0*185 

m o l e c u l e s  p e r  s u r f a c e  p l a t i n u m  a tom.  For  a d s o r p t i o n  o f  ben 

zene  on t h e  ( i l l )  p l a n e ,  t h e  maximum r a t i o s  o f  b e n z e n e  t o  

p l a t i n u m  p o s s i b l e  on an  i n f i n i t e  m o n o la y e r  w i t h  v a r i o u s  modes 

o f  a d s o r p t i o n  a r e ,  0*166  m o l e c u l e s  o f  b e n z en e  p e r  s u r f a c e  

p l a t i n u m  atom when t h e  a d s o r p t i o n  i s  p h y s i c a l  i n  n a t u r e ,  0*143 

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

c a r b o n  a to m s  i n  t h e  i n t e r s t i c e s , and p r o v i d e d  no i n t e r f e r e n c e  

b e tw ee n  h y d r o g e n  a t o m s ,  o r  0*333 when d e h y d r o g e n a t i o n  o r  

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

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

o f  0*72 o b s e r v e d  a t  h i g h  t e m p e r a t u r e  was s t a t e d  by t h e  a u t h o r s  

a s  p o s s i b l y  due t o  a  d i f f e r e n t  t y p e  o f  a d s o r p t i o n  i n  w h ic h  one 

b e n z en e  m o l e c u l e  i s  a s s o c i a t e d  w i t h  one atom o f  p l a t i n u m .  

R e c e n t l y  G lan d  and S o m o r j a i  ( 7 5 ) ,  u s i n g  LEED and  work f u n c t i o n  

m e a s u r e m e n t s ,  s t u d i e d  t h e  c h e m i s o r p t i o n  o f  b e n z en e  on P t ( l l l )  

and  P t ( l 0 0 ) - ( 5 x  l )  s u r f a c e s .  A ch an g e  was o b s e r v e d  i n  t h e  

i n i t i a l  s u r f a c e  s t r u c t u r e  fo rm ed  when b e n ze n e  was a d s o r b e d  on 

P t ( l l l )  an d  s i m u l t a n e o u s l y  a  v a r i a t i o n  i n  t h e  work f u n c t i o n  

o c c u r r e d .  The c o r r e l a t i o n  b e tw een  t h e  t r a n s f o r m a t i o n  o f  t h e  

b e n z e n e  s u r f a c e  s t r u c t u r e  and  ch an g e  i n  work f u n c t i o n  s u g g e s t s  

t h a t  t h e  o r i e n t a t i o n  o f  t h e  a d s o r b e d  b en z e n e  m o l e c u l e s  c h a n g e s
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m a r k e d l y  a s  a  f u n c t i o n  o f  i n c r e a s e d  e x p o s u r e .  The work 

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

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

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

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

i n c r e a s i n g  d e n s i t y  acco m p a n ied  by a  d e c r e a s e  i n  work f u n c t i o n  

c a n  o n l y  be e x p l a i n e d  by a s su m in g  t h a t  t h e  a r e a  p e r  a d s o r b e d  

m o l e c u l e  m u s t  be d e c r e a s i n g .  A model  c o n s i s t e n t  w i t h  t h e s e  

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

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

The f i n a l  a d s o r b e d  s t a t e  may i n v o l v e  r e o r i e n t e d  b e n z e n e — -----

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

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

ab o v e  a u t h o r s ,  t h e  b en zen e  t o  p l a t i n u m  r a t i o  i s  l e s s  t h a n  one 

an d  t h e  p r e c i s e  v a l u e  d e p e n d s  on t h e  f a c e  and  model  

c o n s i d e r e d .

On P d / A l 20 3 t h e  same phenomena a s  f o u n d  w i t h  P t / A ^ O ^  

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

t e m p e r a t u r e  ( s e e  t a b l e  4 . 9  and  4 , 1 0 ) .  The number  o f  m o l e c u l e s  

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

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

t h a n  o n e ,  a l t h o u g h  t h e  r e t e n t i o n  o f  b e n z e n e  by p a l l a d i u m  

c a t a l y s t  was  l e s s  t h a n  P t / A ^ O ^ ,  i n d i c a t i n g  t h a t  t h e  c h e m i-  

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

Vhen p a l l a d i u m  was s u p p o r t e d  on s i l i c a ,  two i n j e c t i o n s  

o f  b e n z e n e  w ere  n e c e s s a r y  b e f o r e  r e p r o d u c i b l e  b e h a v i o u r  was 

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

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

I t  h a s  b e en  s e e n  i n  s e c t i o n  4 , 1  t h a t  p a l l a d i u m  s u p p o r t e d  on 

s i l i c a  and  on a l u m i n a  hav e  s i m i l a r  t o t a l  s u r f a c e  a r e a s  and 

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

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

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

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

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

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

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

When t h e  h y d r o c a r b o n  was t o l u e n e , s i m i l a r  phenomena t o  

t h o s e  o b s e r v e d  w i t h  b e n z e n e  w ere  f o u n d .  On P t / A ^ O ^ f  

r e p r o d u c i b l e  b e h a v i o u r  was o b s e r v e d  w i t h  t h e  se co n d  i n j e c t i o n ,  

a s  ca n  be s e e n  i n  t a b l e  4 , 1 4 , an d  t h e  number  o f  m o l e c u l e s  

r e t a i n e d  by t h e  c a t a l y s t  i s  p r a c t i c a l l y  t h e  same i n  t h e  

t e m p e r a t u r e  r a n g e  b e tw e e n  100° a n d  250°C a s  i s  shown i n  

t a b l e  4 , 1 5 .  The r a t i o  o f  t o l u e n e  a d s o r b e d  t o  t h e  number  o f  

a c t i v e  s i t e s  i s ,  a s  w i t h  b e n z e n e ,  l e s s  t h a n  one ,  i n d i c a t i n g  

t h a t  t o l u e n e  o c c u p i e s  more t h a n  one s u r f a c e  s i t e .  When 

t o l u e n e  was a d s o r b e d  on P d / A ^ O ^ ,  one i n j e c t i o n  was n e c e s s a r y  

t o  s a t u r a t e  t h e  s u r f a c e  and  i t  was o b s e r v e d  t h a t ,  t h e  amount 

o f  t o l u e n e  r e t a i n e d  by t h e  c a t a l y s t  was l e s s  t h a n  on P t / A ^ O ^  

u n d e r  t h e  same c o n d i t i o n s .  T h e se  o b s e r v a t i o n s  i n d i c a t e  t h a t  

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

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

on s i l i c a ^  i t  was f o u n d  t h a t ,  t h e  a d s o r p t i o n  o f  t o l u e n e  was
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g r e a t e r  t h a n  on p a l l a d i u m  s u p p o r t e d  on a l u m i n a .  At 250°C 

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

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

T h i s  phenomena was n o t  o b s e r v e d  i n  t h e  s t u d i e s  o f  b en z e n e  

a d s o r p t i o n  i n  t h e  t e m p e r a t u r e  r a n g e  u s e d .  Benzene  and 

m e th a n e  w ere  t h e  o n l y  p r o d u c t s  o f  c a r b o n - c a r b o n  bond f i s s i o n  

o b s e r v e d .

G la n d  an d  S o m o r j a i  (76)  s t u d i e d  t h e  c h e m i s o r p t i o n  o f  

t o l u e n e  on t h e  ( i l l )  and  (100)  c r y s t a l  f a c e s  o f  p l a t i n u m  by 

low  e n e r g y  e l e c t r o n  d i f f r a c t i o n  and work f u n c t i o n  change  

m e a s u r e m e n t s  a t  t e m p e r a t u r e s  b e tw e en  20° an d  300°C. A f t e r  

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

l a y e r  f o rm e d  o r d e r e d  s t r u c t u r e s .  The d i f f r a c t i o n  and  work 

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

t h e  e x p e r i m e n t s ,  t o l u e n e  was c h e m i s o r b e d  w i t h  t h e  b e n zen e  

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

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

a r o m a t i c  7i - e l e c t r o n  and t h e  e l e c t r o n  d e f i c i e n t  m e t a l  s u r f a c e .  

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

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

s u b s t r a t e  t e m p e r a t u r e  t o  150°C w i t h  c o n t i n u e d  e x p o s u r e  

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

w h i l e  i n c r e a s i n g  t h e  s u b s t r a t e  t e m p e r a t u r e  t o  2 5 0 ° -3 0 0 °C  

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

a  d e c r e a s e  i n  t h e  m a g n i tu d e  o f  t h e  work f u n c t i o n  ch an g e  

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

A c o m p a r i s o n  w i t h  t h e  r e s u l t s  o b t a i n e d  f o r  b e n z e n e  by
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t h e .  same a u t h o r s  (75)  i n d i c a t e  some d i f f e r e n c e s  i n  t h e  fo rm  

o f  a d s o r b e d  b e n z e n e  and a d s o r b e d  t o l u e n e  on t h e  ( i l l )  and  

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

i t s  r i n g  a t  some s m a l l  a n g l e  w i t h  t h e  s u r f a c e  and  w h ic h  i s  

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

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

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

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

The a d s o r p t i o n  o f  ^ C - l a b e l l e d  b e n z e n e  was s t u d i e d  on 

t h e  v a r i o u s  c a t a l y s t s  i n  t h e  t e m p e r a t u r e  r a n g e  100° t o  250°C, 

I n  a d d i t i o n  t o  p r o v i d i n g  a  s e n s i t i v e  an d  p o w e r f u l  m e th o d  f o r  

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

a c t i v e l y  l a b e l l e d  s p e c i e s  a l s o  p r o v i d e d  a  means o f  e x a m in in g  

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

m o l e c u l a r  ex change  and  h y d r o g e n a t i o n .

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

a n a l y s i s  o f  t h e  r e a c t o r  e l u a n t ,  d e t a i l e d  i n  t a b l e s  4 . 2 1  and  

4 . 2 3 ,  show t h a t ,  a t  a l l  t e m p e r a t u r e s  s t u d i e d ,  no m o l e c u l a r  

e x c h a n g e  o c c u r r e d  when n o n - r a d i o a c t i v e  b e n ze n e  was a d m i t t e d  

t o  ^ C - b e n z e n e  p r e c o v e r e d  p l a t i n u m  o r  p a l l a d i u m  s u r f a c e s .

I n  e a c h  c a s e  b e n z en e  was r e c o v e r e d  b u t  c o n t a i n e d  no r a d i o 

a c t i v i t y .  Hydrogen t r e a t m e n t  o f  p l a t i n u m - a l u m i n a  o r
14p a l l a d i u m - s i l i c a  c a t a l y s t s ,  p r e v i o u s l y  e x p o s e d  t o  C - b e n z e n e ,  

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

c y c l o h e x a n e  i n  t h e  t e m p e r a t u r e  r a n g e  100° t o  2 0 0 ° C. T o g e t h e r  

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

b ohded  t o ' t h e  s u r f a c e ,  l a r g e l y  a s  a  C ^ - r i n g  e n t i t y ,  and  i t
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may be c o n c l u d e d  t h a t  t h e  r e t a i n e d  s p e c i e s  i s  p r o b a b l y  a  

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

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

r e a c t i v e  a d s o r b e d  s t a t e  i n  h y d r o g e n a t i o n  ( 7 7 ) .  The f o r m a t i o n  

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

t r e a t m e n t  i s  i n  g e n e r a l  a g re e m e n t  w i t h  a  l a r g e  body o f  i n f o r 

m a t i o n  i n  t h e  l i t e r a t u r e  (36 )  s u g g e s t i n g  t h a t  t h e  m a j o r  

p r o d u c t  o f  t h e  r em o v a l  o f  t h e  s t r o n g l y  bonded  b e n z e n e  r e s i d u e  

i s  c y c l o h e x a n e .  I t  i s  s i g n i f i c a n t  t h a t  w i t h  b e n z e n e  no 

c r a c k i n g  p r o d u c t s ,  f o r  example  m e th a n e ,  were  o b s e r v e d  even  

w i t h  p r o l o n g e d  t r e a t m e n t  i n  h y d ro g e n  a t  2 5 0 °G. —

5 .2  The H y d r o g e n a t i o n  o f  Benzene and  T o lu e n e

The r e s u l t s  o b t a i n e d  f o r  t h e  h y d r o g e n a t i o n  o f  b e n z e n e  

an d  t o l u e n e  o v e r  a l u m i n a -  and  s i l i c a - s u p p o r t e d  p l a t i n u m  and  

p a l l a d i u m ,  u s i n g  h y d ro g e n  a s  t h e  c a r r i e r  g a s ,  ^ . re  shown i n  

f i g u r e s  4 , 3  -  4 . 6 .  From t h e s e  i t  can  be s ee n  t h a t ,  o v e r  t h e  

t e m p e r a t u r e  r a n g e  100° t o  335°C, t h e  r e l a t i v e  s p e c i f i c  

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

p l a t i n u m  > p a l l a d i u m .  The s i l i c a - s u p p o r t e d  m e t a l s  w ere  a l s o  

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

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

o b s e r v a t i o n s  hav e  been  made by K u b ic k a  ( 4 9 ) ,  who r e p o r t e d  

t h a t  f o r  b e n z e n e  h y d r o g e n a t i o n  o v e r  a  v a r i e t y  o f  a l u m i n a -  and  

s i l i c a - s u p p o r t e d  m e t a l s ,  i n  t h e  t e m p e r a t u r e  r a n g e  100° t o  

235°C, t h e  r e l a t i v e  a c t i v i t i e s  were  i n  t h e  o r d e r  Ru > P t  >

Te e; Pd > "Re. Amano and P a r r a v a n o  (46)  u s i n g  0*5% m e t a l -  

a l u m i n a  c a t a l y s t s  a l s o  r e p o r t e d  a  b e n z e n e  h y d r o g e n a t i o n
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a c t i v i t y  s e q u e n c e  o f  Rh > Ru > P t  > P d ;  w h i l s t  A n d e r so n  and  

K e m b a l l  (4 7 )  s t a t e d  t h a t  t h e  a c t i v i t y  o f  e v a p o r a t e d  p l a t i n u m  

f i l m s  f o r  b e n z e n e  d e u t e r a t i o n  was g r e a t e r  t h a n  t h a t  o f  

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

p r e s e n t  work a r e ,  t h e r e f o r e ,  i n  a g r e e m e n t  w i t h  t h o s e  r e p o r t e d  

p r e v i o u s l y .

The e f f e c t  o f  t e m p e r a t u r e  upon  t h e  r a t e  o f  h y d r o g e n a t i o n  

o f  b e n z e n e  and  t o l u e n e  can  a l s o  be s e e n  i n  f i g u r e s  4 , 3 — 4 , 6 ,

I t  w a s  o b s e r v e d  t h a t ,  n o t  u n e x p e c t e d l y ,  t h e  e x t e n t  o f  h y d ro 

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

t e m p e r a t u r e  was i n c r e a s e d  f rom 100°C t o  a r o u n d  2 2 0 ° C, However,  

a s  t h e  t e m p e r a t u r e  was f u r t h e r  i n c r e a s e d  t o  335°C, t h e  e x t e n t  

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

a c t i v i t y  maxima were  o b t a i n e d ,  w i t h  a l l  t h e  c a t a l y s t s  exam ined ,  

i n  t h e  r e g i o n  140° t o  220°C,

S i m i l a r  b e h a v i o u r  h a s  b e en  o b s e r v e d  p r e v i o u s l y  w i t h  

n i c k e l  c a t a l y s t s  by Germain  e t  a l ,  ( 4 2 ) ,  N i c o l a i  e t  a l .  (39)  

a n d  v an  M e e r t e n  e t  a l .  ( 4 4 ) .  I n  t h e s e  s t u d i e s  t h e  r e a c t i o n  

r a t e  was  s t a t e d  t o  r e a c h  a  maximum a t  a r o u n d  1 8 0 ° C. A c t i v i t y  

maxima w ere  a l s o  r e p o r t e d  by K u b i c k a  (4 9 )  f o r  b e n z e n e  h y d r o 

g e n a t i o n  o v e r  a  v a r i e t y  o f  m e t a l s ;  t h e  phenomenon may a l s o  be 

o b s e r v e d  i n  t h e  d a t a  o f  T a y l o r  ( 4 8 ) .  V h i l s t  t h e  a c t i v i t y  

maxima h a v e  been  q u a l i t a t i v e l y  a s c r i b e d  a s  due t o  p o i s o n i n g  

(3 9 )  o r  t o  a  d e c r e a s e  i n  r e a c t a n t  a d s o r p t i o n  ( 4 2 ) ,  no f i r m  

m e c h a n i s t i c  e x p l a n a t i o n  h a s  been  p r o p o s e d .

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

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

s u r f a c e  r e s i d u e s .  However,  s e t s  o f  s u c c e s s i v e  m e a s u re m e n t s  

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

y i e l d e d  s i m i l a r  r e s u l t s ,  w i t h  no h y s t e r e s i s  e f f e c t s ,  t h u s  

show ing  t h a t  no i r r e v e r s i b l e  c a t a l y s t  d e a c t i v a t i o n  o c c u r r e d  

a t  t h e  h i g h e r  t e m p e r a t u r e s .  M o re o v e r ,  when t h e  a c t i v i t y  o f  

0 * l g  o f  p a l l a d i u m - s i l i c a  c a t a l y s t s  was exam ined  a s  a  

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

t e m p e r a t u r e s  ( f i g u r e  4 , 7 ) ,  w i t h i n  e x p e r i m e n t a l  e r r o r  no 

d e a c t i v a t i o n  was o b s e r v e d .  F u r t h e r ,  i n  t h e  r e a c t i o n  o f

b e n z e n e  a n d —t o l u e n e  w i t h  h y d r o g e n  u v e r  b o t h  p l a t i n u m  - a n d ---------

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

h ex an e  and  m e t h y l c y c l o h e x a n e  r e s p e c t i v e l y .  No c r a c k i n g  

p r o d u c t s  were  d e t e c t e d  i n  t h e  r e a c t o r  e l u a n t  showing t h a t ,  

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

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

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

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

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

A p p ro ac h  t o  th e rm o d y n a m ic  e q u i l i b r i u m  c o n v e r s i o n  c o u l d  

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

5 ,1  a r e  shown v a l u e s  f o r  t h e  e q u i l i b r i u m  c o n s t a n t  c a l c u l a t e d  

a c c o r d i n g  t o  t h e  d a t a  o f  J a n z  ( 7 8 ) ,  t o g e t h e r  w i t h  e x p e r i 

m e n t a l  v a l u e s  a t  s i m i l a r  t e m p e r a t u r e s .
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Therm odynam ics  o f

TABLE 5 .1  

t h e  R e a c t i o n  -f 3H2 —  C6H12

T e m p e r a t u r e K K1
(°c) ( c a l c u l a t e d ) ( o b s e r v e d )

127° 6-9  x 107 2*64

227° 186 2 -3 2

265° 4 -9 1 -5 4

- 277° 1 -0 0 - 4 0

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

h e x a n e  p l a y e d  no p a r t  i n  o u r  e x p e r i m e n t s  a s  was shown f rom a
14s t u d y  o f  t h e  h y d r o g e n a t i o n  o f  m i x t u r e s  o f  C -b e n z e n e  and 

u n l a b e l l e d  c y c l o h e x a n e .  The r e s u l t s  a r e  shown i n  t a b l e  5 . 2 .

TABLE 5. 2

H y d r o g e n a t i o n  o f  Benzene on 0*005g  P t / A ^ O ^
3

B enzene  S p e c i f i c  A c t i v i t y  2 x 10 c o u n t s  p e r

t
(°c)

B enzene  U n r e a c t e d  
C o u n t s  p e r  o f  Benzene 

I n j e c t e d  S o l e ,  (fo)

Benzene  U n r e a c t e d  
C o u n t s  p e r  \i<l o f  Benzene 
I n j e c t e d  w i t h  C y c lo h ex a n e  (fo)

105° 1153*85 (5 7 -6 9 ) 1141*03 (5 7 -0 5 )

165° 4 28*57 ( 2 1 - 4 3 ) 442*86 (2 2 -1 4 )

190° 283*33 (1 4 -1 7 ) 266* 67 ( 1 3 - 3 3 )

250° 333*33 ( 1 6 - 6 7 ) 333*33 ( 1 6 - 6 7 )

320° 1678*57 ( 8 3 -9 3 ) 1642*86 (8 2 -1 4 )
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Prom t h e s e  r e s u l t s  i t  can  be s e e n  t h a t  t h e  p r e s e n c e  o f  

c y c l o h e x a n e  i n  t h e  m i x t u r e  had  no e f f e c t  upon t h e  s p e c i f i c  

a c t i v i t y  o f  t h e  b e n z e n e ;  t h e  s p e c i f i c  a c t i v i t y  o f  t h e  

u n r e a c t e d  b e n z e n e  a t  e a c h  t e m p e r a t u r e ,  when i t  was i n j e c t e d  

a l o n e  and  when i t  was i n j e c t e d  w i t h  c y c l o h e x a n e ,  i s  p r a c t i 

c a l l y  c o n s t a n t ,  i n d i c a t i n g  t h a t  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  

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

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

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

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

t h e i r  o r i g i n s  i n  k i n e t i c  f a c t o r s  a s s o c i a t e d  w i t h  t h e  r e a c t i o n .

I n  e a r l i e r  s t u d i e s  o f  b e n z e n e  h y d r o g e n a t i o n  by Germain 

e t  a l ,  ( 4 2 ) ,  K u b ic k a  (4 9 )  an d  van  M e e r t e n  e t  a l ,  ( 4 4 ) ,  i t  

h a s  b ee n  s u g g e s t e d  t h a t  t h e  p o s s i b l e  c a u s e  o f  t h e  maximum i n  

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

c o v e r a g e s  o f  t h e  c a t a l y s t  by b e n z e n e  and h y d ro g e n  a t  e l e v a t e d  

t e m p e r a t u r e ,  a l t h o u g h  an  u n e q u i v o c a l  e x p l a n a t i o n  h a s  n o t  b e e n  

g i v e n .  The v a s t ,  b u t  f r a g m e n t a r y ,  k i n e t i c  e v i d e n c e  f rom t h e  

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

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

b e n z e n e  u n d e r g o e s  h y d r o g e n a t i o n ,

A p o s s i b l e  e x p l a n a t i o n  o f  t h e  sh ap e  o f  t h e  a c t i v i t y -  

t e m p e r a t u r e  c u r v e s  i s  t h a t ,  a s  t h e  t e m p e r a t u r e  i s  r a i s e d ,  t h e  

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

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

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

w h ic h  t h e  amount  o f  c h e m i s o r b e d  h y d ro g e n  becomes s u f f i c i e n t l y
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low t h a t  t h e  r e a c t i o n  r a t e  becomes l i m i t e d  by t h e  h y d ro g e n  

a v a i l a b i l i t y .  I n  c o n s e q u e n c e ,  beyond  t h i s  t e m p e r a t u r e ,  t h e  

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

f u r t h e r  i n c r e a s e  i n  t e m p e r a t u r e .  However ,  i n  t h e  a b s e n c e  o f  

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

n o t  p o s s i b l e  t o  e s t i m a t e  e i t h e r  t h e  t e m p e r a t u r e  a t  w h ic h  t h e  

maximum i s  e x p e c t e d  o r  t h e  m a g n i tu d e  o f  t h e  e f f e c t .  A 

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

c o v e r a g e .  C o n s i d e r i n g  t h e  f a t e  o f  an  a d s o r b e d  h y d r o c a r b o n  

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

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

i n c r e a s e  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  an d ,  i n  c o n s e q u e n c e ,  

t h e  l i f e t i m e  o f  t h e  a d s o r b e d  h y d r o c a r b o n ,  w h ic h  w i l l  d ep en d  

upon t h e  a c t i v a t i o n  e n e r g i e s  o f  t h e  two p r o c e s s e s ,  w i l l  

d e c r e a s e  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 .  I f ,  a s  h a s  been  

o b s e r v e d  w i t h  u n s a t u r a t e d  a l i p h a t i c  h y d r o c a r b o n s  ( 7 9 ) ,  t h e  

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  i s  g r e a t e r  t h a n  t h a t  f o r  

h y d r o g e n a t i o n ,  i t  w ou ld  be e x p e c t e d  t h a t  a t  a  c e r t a i n  

t e m p e r a t u r e  t h e  h y d r o c a r b o n  d e s o r p t i o n  w ou ld  become t h e  p r e 

d o m in a n t  p r o c e s s  a n d ,  beyond  t h i s  t e m p e r a t u r e ,  t h e  r a t e  o f  

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

t e m p e r a t u r e .

The e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d  i n  S e c t i o n  4 . 3
14showed a  l a c k  o f  r e a c t i v i t y  o f  p r e - a d s o r b e d  C -b e n z e n e  on a  

’’h y d r o g e n - f r e e ” p l a t i n u m  o r  p a l l a d i u m  s u r f a c e  t o w a r d s  h y d r o 

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

c a t a l y s t .  - T h e s e  r e s u l t s  s u g g e s t ,  a s  was c o n c l u d e d  i n  t h e
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p r e v i o u s  s e c t i o n ,  t h a t  t h e  a d s o r p t i o n  o f  b en z e n e  on a  " c l e a n ” 

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

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

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

Vhen t h e  h y d r o g e n a t i o n  r e a c t i o n  was exam ined  u s i n g  

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

o b s e r v e d  i n  t h e  r e a c t i v i t y  o f  b e n z e n e ,  v a l u e s  o f  a r o u n d  80$ 

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

o b t a i n e d .  T hese  o b s e r v a t i o n s  i n d i c a t e  t h a t  b e n z e n e  a c t i v e  

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

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

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

i n t e r a c t i o n  w i t h  h y d r o g e n  i n  t h e  t e m p e r a t u r e  r a n g e  exam ined .  

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

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

h y d r o g e n a t i o n .  M a r t i n  and I m e l i k  ( 2 8 ) ,  i n  t h e i r  m a g n e t i 

z a t i o n  m e a s u r e m e n t s ,  f o u n d  a  s i m i l a r  b e h a v i o u r  when ben zen e  

o r  h y d r o g e n  i s  a d s o r b e d  f i r s t  on a  n i c k e l  c a t a l y s t .  These  

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

b e tw e e n  t h e  m e t a l  s u r f a c e  and  b e n z e n e ,  t h e r e b y  p r e v e n t i n g  

t h e  h y d r o c a r b o n  c r a c k i n g .

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

a r e  c o n s i s t e n t  w i t h  t h e  v i e w  t h a t  d u r i n g  h y d r o g e n a t i o n  m os t  

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

b e n z e n e  r i n g  a c t s  as  a  d o n o r  o f  e l e c t r o n s  and f o rm s  a  7i-complex 

w i t h  t h e  c a t a l y t i c  s u r f a c e .  T h i s  com plex  i s  t h e n  

s u c c e s s i v e l y  h y d r o g e n a t e d  by a d s o r b e d  h y d r o g e n  a tom s.  The
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m echanism o f  h y d r o g e n a t i o n  i s  t h o u g h t  t o  be a s  p r o p o s e d  by 

Rooney and  Vebb (7 7 )  an d  i s  s*hown i n  t h e  scheme b e lo w :

From t h e  r e s u l t s  shown i n  t a b l e s  4 . 2 7 -  4 , 3 0  a n d  f i g u r e s  

5#2 an d  5 . 3 ,  i t  c a n  be  s e e n  t h a t ,  u n d e r  s i m i l a r  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  e x t e n t  o f  h y d r o g e n a t i o n  o f  t o l u e n e  w as ,  o v e r  

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

b e n z e n e .  T hese  o b s e r v a t i o n s  a r e  i n  c o n t r a s t  w i t h  p r e v i o u s  

r e p o r t s  ( 2 2 ,  80) t h a t  i n c r e a s e d  a l k y l  s u b s t i t u t i o n  r e d u c e s  

t h e  r e l a t i v e  r a t e  o f  h y d r o g e n a t i o n .  Such d e c r e a s e s  have  

been  i n t e r p r e t e d  (2 2 )  a s  b e i n g  a  c o n s e q u e n c e  o f  an  i n c r e a s e

Mechanism  f o r  Benzene  H y d r o g e n a t i o n .



± U J >

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

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

a l t h o u g h  G la n d  and  S o m o r j a i  ( 7 6 ) ,  f rom  LEED and  work 

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

i n  t h e  b e n z e n e  r i n g  o n l y  a f f e c t  t h e  o r d e r i n g  o f  t h e  h y d r o 

c a r b o n  o v e r l a y e r s ;  t h e y  have  no e f f e c t  upon  t h e  s t r e n g t h  o f  

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

V o l t e r  e t  a l ,  (8 0 )  i n t e r p r e t e d  t h e i r  o b s e r v a t i o n s  t h a t ,  o v e r  

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

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

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

They  s u g g e s t e d  t h a t  t h e  a l k y l  b e n z e n e s  u n d e rg o  a c t i v a t e d  

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

be o r i e n t e d  away f rom  t h e  s u r f a c e  and  t h e i r  p r e s e n c e  r e t a r d s  

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

p h a s e .  T h e se  a u t h o r s  d i d  n o t ,  how ever ,  c o n s i d e r  t h e  p o s s i 

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

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

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

I t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  t h e  maximum i n  t h e  

a c t i v i t y - t e m p e r a t u r e  c u r v e s  ( f i g u r e s  5 , 2  and  5 , 3 ) ,  f o r  a  

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

f o r  t o l u e n e  t h a n  f o r  b e n z e n e .  T h i s  may be i n t e r p r e t e d  a s  

show ing  t h a t ,  on h y d r o g e n  p r e c o v e r e d  s u r f a c e s ,  t h e  t o l u e n e  

i s  more  w e a k l y  a d s o r b e d  t h a n  b e n z e n e  an d ,  i n  c o n s e q u e n c e ,  

i s  more  e a s i l y  h y d r o g e n a t e d .  Such a  c o n c l u s i o n  i s  a l s o  

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

c o n d i t i o n s ,  was l e s s  t h a n  t h a t  o b s e r v e d  w i t h  b e n z e n e .

5 . 3  C o m p e t i t i v e  C a t a l y t i c  H y d r o g e n a t i o n  o f

Benzene  and T o lu e n e

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

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

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

a s  c a r r i e r  g a s ,  a r e  shown i n  f i g u r e s  4 . 8 - 4 , 1 1 .  From t h e s e  

i t  c an  be s e e n  t h a t ,  t h e  h y d r o g e n a t i o n  o f  t h e  m i x t u r e  1 :1  

( v : v )  o f  b e n z e n e  an d  t o l u e n e  p a s s  t h r o u g h  a  maxima i n  t h e  

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

h y d r o g e n a t i o n s  o f  b e n z e n e  and  t o l u e n e .  A l th o u g h  b e n z e n e  can  

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

t h e  h y d r o g e n a t i o n  o f  b e n z e n e  i s  a b o u t  5% l e s s  t h a n  when i t  i s  

s e p a r a t e l y  h y d r o g e n a t e d .  T h e se  r e s u l t s  s u g g e s t  t h a t  b e n z e n e  

an d  t o l u e n e  a r e  h y d r o g e n a t e d  on t h e  same k i n d  o f  a c t i v e  s i t e s ,  

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

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

g e n a t i o n  o f  a l k y l b e n z e n e s  i n  l i q u i d  p h a s e  ( 5 2 ) ,  i t  h a s  been  

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

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

r e a d y  a t t a c k  o f  t h e  h y d r o g e n  on t h e  b e n z e n e  n u c l e u s  o r  by 

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

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

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

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

s h o u l d  d e c r e a s e .

I t  h a s  a l s o  b e e n  f o u n d  by R ad e r  and  S m i th  (8 1 )  t h a t  t h e  

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

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

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

a d s o r p t i o n  i s  a  th e rm o d y n am ic  e f f e c t ,  w h ic h  i s  d e t e r m i n e d  by 

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

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

m in ed  by t h e  r e l a t i v e  s t a b i l i t y  o f  t h e  t r a n s i t i o n  s t a t e  o f  

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

may o r  may n o t  a f f e c t  t h e  r e l a t i v e  s t a b i l i t y  o f  t h e  chem i

s o r b e d  s p e c i e s  an d  t h e  t r a n s i t i o n  s t a t e  i n  t h e  same 

d i r e c t i o n .

I n  f i g u r e s  4 . 8  t o  4 . 1 1  i t  can  a l s o  be s e e n  t h a t ,  t h e  

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

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

m e n t i o n e d  i n  s e c t i o n  5 . 2 ,  by c o n s i d e r i n g  t h a t ,  on h y d ro g e n  

p r e c o v e r e d  s u r f a c e s ,  t h e  t o l u e n e  i s  more w e a k ly  a d s o r b e d  

t h a n  b e n z e n e  a n d ,  i n  c o n s e q u e n c e ,  i s  more e a s i l y  

h y d r o g e n a t e d .

The t u r n o v e r  n u m b ers  f o r  b e n z e n e  and t o l u e n e  f rom a 

m i x t u r e  o f  l * 0 | i t ,  c o n t a i n i n g  0* 5 | o f  b e n z e n e  and  ()• 5|i£ o f  

t o l u e n e ,  a r e  shown i n  t a b l e s  4 .3 3 - 4 .3 4 .  From t h e s e  i t  c an  be 

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

e a c h  h y d r o c a r b o n  was  g r e a t e r  t h a n  t h a t  shown by p a l l a d i u m  

c a t a l y s t s , -  (Conf irming  t h e  o r d e r  o f  a c t i v i t i e s  f o u n d  i n  t h e  

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

shown i n  c h a p t e r  f o u r ,  i t  can  be c o n c l u d e d  t h a t  b o t h  

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

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

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

o r d e r  p l a t i n u m  > p a l l a d i u m .

E v i d e n c e  was o b t a i n e d  f o r  d i f f e r e n t  t y p e s  o f  a d s o r p t i o n  

o f  b e n z e n e .  The a d s o r p t i o n  o f  b e n z e n e  i n  t h e  h e l iu m  f lo w  

s y s t e m  h a s  p r o v e d  t o  be t h e  a d s o r p t i o n  o f  a  s p e c i e s  i n a c t i v e  

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

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

c a t a l y s t  p r e v i o u s l y  e x p o s e d  t o  h y d r o c a r b o n  a d s o r p t i o n  and  no 

d e s o r p t i o n  o f  t h e s e  s p e c i e s  was  o b s e r v e d  i n  t h e  c h ro m a to 

g r a p h i c  a n a l y s i s .  T hese  o b s e r v a t i o n s  s u g g e s t  t h a t  b e n zen e  

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

s u r f a c e  and  a r e  n o t  r e m o v a b le  by f l u s h i n g  w i t h  h e l iu m  d u r i n g  

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

ment  a s  e q u i v a l e n t  t o  e v a c u a t i o n ) .  T h i s  i r r e v e r s i b l e  

a d s o r p t i o n  was c o n f i r m e d  by t h e  l a c k  o f  r e a c t i v i t y  o f  t h e  

r e s i d u e s  o f  b e n z e n e  f o u n d  i n  t h e  s t u d i e s  o f  l a b e l l e d  h y d ro 

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

a d s o r p t i o n  i s  s t a b l e  a t  a l l  t e m p e r a t u r e s  exam ined  and  i s  

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

t h e  r e p r o d u c i b l e  b e h a v i o u r  h a s  b e en  r e a c h e d .  T h i s  

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

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

r e t a i n e d  by a l u m i n a  o r  s i l i c a ,  p r e t r e a t e d  i n  t h e  same way a s
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t h e  c a t a l y s t ,  u n d e r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  u s e d  i n  t h e  

p r e s e n t  w ork .

The c o m p l e t e  l a c k  o f  r e a c t i v i t y  o f  b en ze n e  t o w a r d s  

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

r e s i d u e  i s  n o t  p r e s e n t  a s  a r e a c t i v e  fo rm  o f  c h e m i s o r b e d  

b e n z e n e ,  w h ic h  i s  c o n s i d e r e d  t o  be an a s s o c i a t i v e l y  bonded  

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

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

s p e c i e s .

The e f f e c t  o f  t h e  t e m p e r a t u r e  on c h e m i s o r p t i o n  seems 

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

t i o n  b u t ,  t o  some d e g r e e ,  t o  c a u s e  C-C bond r u p t u r e  a s  was 

t h e  c a s e  w i t h  t o l u e n e  a t  250°C,  when s m a l l  am o u n ts  o f  

m e th an e  and  b e n z e n e  w ere  o b t a i n e d .  M a r t i n  and  I m e l i k  ( 2 7 ,  

28) hav e  f o u n d  t h a t ,  i n  t h e  c a s e  o f  b e n z en e  a d s o r p t i o n ,  t h e  

bon d s  fo rm ed  b e t w e e n  n i c k e l  and  t h e  s u b s t r a t e  i n c r e a s e  a s  

t h e  t e m p e r a t u r e  i s  r a i s e d ,  r e a c h i n g  a b o u t  25 bonds  a t  150°C.  

T h i s  i n d i c a t e s  an  e x t e n s i v e  f r a g m e n t a t i o n  a t  t h i s  

t e m p e r a t u r e .

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

r e g e n e r a t i o n  o f  t h e  c a t a l y t i c  s u r f a c e  a t  3 5 0 °C by h y d r o g e n  

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

c y c l o h e x a n e .  More c o n t r o l l e d  t r e a t m e n t ,  h o w ev er ,  o f  

r e s i d u e s  on n i c k e l  (3 6 )  an d  p l a t i n u m  (74)  h a s  i n d i c a t e d  t h a t  

t h e  c a t a l y s t s  w ere  n o t  p o i s o n e d  by b en ze n e  i n  t h e  r e a c t i o n  

w i t h  t h i s  s u b s t r a t e .

When t h e  a d s o r p t i o n  o f  b e n z e n e  was exam ined  i n  t h e
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h y d r o g e n  f l o w  s y s t e m ,  a  r e a c t i v e  a d s o r b e d  s t a t e  o f  b en zen e  

was o b s e r v e d .  T h i s  t y p e  o f  a c t i v e  b e n z e n e  i n  h y d r o g e n a t i o n  

i s  p r o b a b l y  an  a s s o c i a t i v e l y  bonded  s p e c i e s .  A l th o u g h  much 

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

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

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

s i x  Cf-bonds ( w i t h  l o s s  o f  r e s o n a n c e  e n e r g y )  a s  (A) o r  by a  

tc—bond ( w i t h  r e t e n t i o n  o f  r e s o n a n c e  e n e r g y )  a s  (B) ( 8 2 ) .

I n  t h e  p r e s e n t  s t u d i e s ,  b e n z e n e  i s  t h o u g h t  t o  be 

a d s o r b e d  on h y d r o g e n - p r e c o v e r e d  s u r f a c e s  a s  a  Tfr-complex w i t h  

t h e  b e n z e n e  r i n g  a c t i n g  a s  a  d o n o r  o f  e l e c t r o n s .  R e c e n t l y ,  

S h e p p a r d  e t  a l .  ( 8 3 ) ,  u s i n g  t h e  s e n s i t i v e  i n t e r f e r o m e t r y  

t e c h n i q u e ,  h a v e  r e p o r t e d  I . E .  e v i d e n c e  f o r  t h e  e x i s t e n c e  o f  

b o t h  a  1 , 2 - d i - C - b o n d e d  and a  Ti-bonded s p e c i e s  when e t h y l e n e  

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

p a l l a d i u m  and  p l a t i n u m  c a t a l y s t s .  These  w o r k e r s  a l s o  

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

s u r f a c e ,  w i t h  t h e  u -co m p le x  b e i n g  t h e  more  r e a c t i v e  s p e c i e s .

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

t o  be i n f l u e n c e d  m a i n l y  by t h e  medium w h ere  t h e  e x p e r i m e n t s

(A) (B)
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a r e  c o n d u c t e d .  Thus ,  f o r  ex a m p le ,  i n  h e l i u m ,  t h e  d i s s o c i a 

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

o f  t o l u e n e  a t  250°C w ere  f o u n d ,  w h i l e  i n  h y d r o g e n ,  t h e  

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

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

r a n g e  1 0 0 ° - 3 3 5 ° C ,  w ere  o b s e r v e d .  I t  was a l s o - s e e n  t h a t ,  t h e  

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

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

c a r r i e r  g a s .  The same phenomena were fo u n d  i n  t h e  c a s e  o f  

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

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

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

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

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

" f o r e i g n ” a to m s  o r  m o l e c u l e s  w i t h  t h e  m e t a l ,  b u t  f a v o u r i n g  

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

3 . 4  F u t u r e  ¥ o r k

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

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

h y d r o c a r b o n s  h a s  b e e n  o b t a i n e d ,  much work s t i l l  r e m a i n s .  I n  

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

h y d r o c a r b o n s ,  su c h  a s  b e n z e n e  and  t o l u e n e  o r  t o l u e n e  and 

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

w ould  be i n f o r m a t i v e  i n  t h a t  i t  w ou ld  p e r m i t  an  e v a l u a t i o n  

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

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

r e g i o n  o f  t h e  a c t i v i t y - t e m p e r a t u r e  maxima w ou ld  a l s o  be o f  

i n t e r e s t  f rom  t h e  s t a n d p o i n t  o f  i d e n t i f y i n g  t h e  p a r a m e t e r s  

w h ic h  d e t e r m i n e  t h i s  phenomenon.
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