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Summary

The r e a c t i o n s  o f  h y d r o c a r b o n s  w i t h  s t e a m  o v e r  a 75% 

w/w n i c k e l  s u p p o r t e d  on a l u m i n a  c a t a l y s t  a t  4 7 5 °C h a v e  b e e n  

i n v e s t i g a t e d  u s i n g  a  p u l s e d - 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  

s y s t e m  an d  r a d i o t r a c e r s .

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

h y d r o c a r b o n  u s e d ,  when no s t e a m  was p r e s e n t  a n d  a t  low a n d  

h i g h  s t e a m  t o  h y d r o c a r b o n  r a t i o s .  C a r b o n - 1 4  l a b e l l e d  

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

e l u c i d a t e  t h e  r e a c t i o n  m e ch a n i sm .  [ ^ C ] C a r b o n  m onox ide  

a nd  [ ^ C ] c a r b o n  d i o x i d e  h a v e  b e e n  u s e d ,  u n d e r  v a r i o u s  c o n ­

d i t i o n s ,  t o  p r o b e  t h e  r e a c t i o n  p a t h w a y s .  B o th  c a r b o n  

m on o x id e  an d  c a r b o n  d i o x i d e  h a v e  b e e n  f o u n d  t o  d e p o s i t  c a r b o n  

d u r i n g  a  r e a c t i o n  and  an y  r a d i o a c t i v e  l a b e l  i n t r o d u c e d  i n t o  

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

p r o d u c t s .  [ ^ C j B e n z e n e  and  [ ^ ^ C ] m e t h y l - t o l u e n e  h a v e  a l s o  

b e e n  u s e d  t o  ex am in e  t h e  s t e a m - r e f o r m i n g  m e c h a n i s m .

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

n i c k e l  c a t a l y s t  can  be  i d e n t i f i e d :

a )  c a r b o n  f i l a m e n t s ,

b )  a h y d ro  c a r b o n a c e o u s  p o l y m e r i c  r e s i d u e ,

c )  r e a c t i v e  c a r b o n ,

d )  p e r m a n e n t l y  r e t a i n e d  " c a r b o n " .



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

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

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

f ro m  t h e  s u r f a c e ,  h a s  b e e n  e x a m in e d  d i r e c t l y  b y  i n f r a - r e d  

s p e c t r o s c o p y  and  by  l a s e r - R a m a n  s p e c t r o s c o p y  o f  t h e  c a t a l y s t  

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

i t s  s o l u t i o n  and  by  mass  s p e c t r o m e t r y .  The p o l y m e r i c  s p e c i e s  

h a s  b e e n  f o u n d  t o  b e  a -  C30> -CH ^-  b a c k b o n e d  p o l y m e r

w i t h  two a l d e h y d e  g r o u p i n g s ;  one  a l k y l  t h e  o t h e r  c o n j u g a t e d .  

The r e a c t i v e  c a r b o n  was s t u d i e d  i n  s i t u  by  c h e m i c a l  p r o b e s ,  

w h i l e  t h e  p e r m a n e n t l y  r e t a i n e d  " c a r b o n "  was e x a m i n e d  by  

m ic r o  a n a l y s i s .

C a rb o n  m onox ide  a d s o r p t i o n  h a s  b e e n  u s e d  t o  d e t e r m i n e  

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

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

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

a r o u n d  3% o f  t h a t  o f  an  u n u s e d  c a t a l y s t ,  t h e  a c t i v i t y  o f  t h e  

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

c o n s t a n t .

A r e a c t i o n  mechanism i s  p r o p o s e d  and  d i s c u s s e d  i n  t e r m s  

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

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

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

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

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



CONTENTS

Page

C h a p t e r  1 . I n t r o d u c t i o n

1 . 1 .  H i s t o r i c a l  A s p e c t s  o f  t h e
S te a m - R e f o r m i n g  o f  H y d r o c a r b o n s  1

1 . 2 .  S t e a m - R e f o r m i n g  C a t a l y s t s  2

1 . 3 .  R e a c t i o n s  u n d e r  S t e a m - R e f o r m i n g
C o n d i t i o n s  4

1 . 4 .  The Loss  o f  C a t a l y t i c  A c t i v i t y  6

1 . 4 . 1 .  S i n t e r i n g  6

1 . 4 . 2 .  S u l p h u r  P o i s o n i n g  9

1 . 4 . 3 .  P o i s o n i n g  due t o  C a r b o n a c e o u s
D e p o s i t i o n  10

C h a p t e r  2 .  O b j e c t s  o f  t h e  P r e s e n t  Work

2 . 1 .  O b j e c t s  o f  t h e  P r e s e n t  Work 14

C h a p t e r  3 . E x p e r i m e n t a l

3 . 1 .  The M i c r o c a t a l y t i c  R e a c t o r  S y s tem  16

3 . 2 .  The C h r o m a t o g r a p h i c  S y s t e m  18

3 . 3 .  The Vacuum S a m p l in g  Sys tem .  19

3 . 4 .  The R a d i o c h e m i c a l  D e t e c t i o n  S y s te m  20

3 . 5 .  C a t a l y s t  21

3 . 6 .  M a t e r i a l s  22

C h a p t e r  4 . R e s u l t s  and  D i s c u s s i o n

4 . 1 .  R e a c t i o n s  i n  t h e  A b se n c e  o f  S team  25

4 . 1 * 1 .  R e a c t i o n s  o f  H y d r o c a r b o n s  25



Page

4 . 1 . 2 .  R e a c t i o n  o f  C arb o n  Monoxide  28

4 . 1 . 3 .  R e a c t i o n  o f  Benzene  w i t h  H y d ro g e n  29

4 . 2 .  R e a c t i o n s  i n v o l v i n g  a Low S te a m  t o
H y d r o c a r b o n  R a t i o  30

4 . 3 .  R e a c t i o n s  i n v o l v i n g  a H igh  S team  t o
H y d r o c a r b o n  R a t i o  36

4 . 4 .  C a t a l y s t  R e g e n e r a t i o n  and  Removal
o f  C a r b o n a c e o u s  D e p o s i t s  46

4 . 5 .  C arbon  Monoxide  A d s o r p t i o n s  50

C h a n t e r  5 . C o n c l u s i o n s

5 . 1 .  C o n c l u s i o n  57

5 . 1 . 1 .  The P r o p o s e d  M echanism 57

5 . 1 . 2 .  A n a l y s i s  o f  t h e  A p p ro a c h  64

5 . 2 .  F u t u r e  Vork  70

R e f e r e n c e s



CHAPTER 1

INTRODUCTION

1*1* H i s t o r i c a l  A s p e c t s  o f  t h e  S t e a m - R e f o r m i n g  o f  

Hydro c a r b o n s

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

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

b e e n  c a r r i e d  o u t  i n  t h e  U n i t e d  Kingdom by I . C . I .  L t d .  and 

B r i t i s h  Gas.  A f t e r  t h e  s e c o n d  World War ,  B r i t i s h  Gas 

w e re  s e e k i n g  an  a l t e r n a t i v e  t o  p r o d u c i n g  town gas  ( p r i m a ­

r i l y  CO/H^) f rom  c o a l ,  t h e r e f o r e  r e s e a r c h  was i n s t i t u t e d  

i n t o  p r o d u c i n g  town gas  f rom  o i l  ( l ) .  I . C . I .  L t d .  w ere  

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

m e th a f to l  s y n t h e s i s .  As c a r b o n  m onox ide  i s  a l s o  u s e d  i n  

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

t o  g i v e  a  gas  w h ic h  was r i c h  i n  c a r b o n  m onox ide  an d  h y d r o g e n  

was i n v e s t i g a t e d .

I n  1962 D en t  and  c o - w o r k e r s  ( 2 )  f o r m u l a t e d  an  a l u m i n a -  

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

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

c a r b o n  m o n o x id e ,  c a r b o n  d i o x i d e ,  m e th a n e  and  h y d r o g e n .

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

s t i t u t e  f o r  tow n  gas  a t  low t e m p e r a t u r e s  ( 4 0 0 - 5 0 0 ° C )  and  

h i g h  p r e s s u r e s  (15 —30 a t m ) ,  t h e  p r o c e s s  l a t e r  became known 

a s  t h e  C a t a l y t i c  R ich  Gas ( C . R . G . ) p r o c e s s .



I n  t h e  C .R .G .  p r o c e s s  t h e  p r o d u c t  g a s e s  a r e  i n  

th e rm o d y n a m ic  e q u i l i b r i u m  d e t e r m i n e d  by  t h e  t e m p e r a t u r e ,  

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

s t o c k  ( 3 ) : -

(CO + H O = 7;,:■■.,■■■■> H, + C0o 
a .  C H + b .  H O --------------->  ( 2 2 2

x  y  *  (CO + 3H ,> CH + H O2 ^  4 2

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

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

" r i c h "  g a s ,  r i c h  i n  m e th a n e  ( 3 , 4 ) .  F o r  p r o d u c t i o n  o f  a ,  

S u b s t i t u t e  N a t u r a l  Gas ( S .N .G .  ) ,  t h e  n o rm a l  o p e r a t i n g  

c o n d i t i o n s  f o r  t h e  C .R .G .  p r o c e s s  a r e  a r e l a t i v e l y  low  

t e m p e r a t u r e  ( 4 5 0 ° C ) ,  a h i g h  p r e s s u r e  (25 a tm )  and  a s t e a m  

t o  h y d r o c a r b o n  m o l a r  r a t i o  o f  a p p r o x i m a t e l y  1 0 : 1 .

1 . 2 .  S t e a m - R e f o r m i n g  C a t a l y s t s

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

u p o n  n i c k e l  s u p p o r t e d  on y - a l u m i n a  ( t a b l e  1 . 1 ) .  The c h o i c e  

o f  m e t a l  i s  l i m i t e d  t o  t h e  e l e m e n t s  o f  Group V I I I  o f  t h e  

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

t h e  m e t a l  m u s t  be s t a b l e  i n  t h e  p r e s e n c e  o f  s t e a m .  R o s t r u p -  

N i e l s e h  ( 6 )  h a s  r e p o r t e d  t h a t  t h 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  o f  Group V I I I  a r e  i n  t h e  o r d e r :

Rh, Ru >  N i ,  P d ,  P t  >  Re >  (N ig  ^ )  >  Co

A l t h o u g h  n o t  t h e  m os t  a c t i v e ,  n i c k e l  i s  t h e  m o s t  commonly



TABLE 1 , 1

COMPOSITION OF STEAM-REFORMING CATALYSTS ( 5 )

C a t a l y s t  W eigh t  % o f  Components

NiO Al^O^ O t h e r  o x i d e s

I . C . I .  57 -1  32 54 CaO 14%; S i 0 2 0 .1%

I . C . I .  4 6 -1  21 32 K20 7%; MgO 13%

CaO 11%; S i 0 2 16%

H a ld o r -T o p s% e  ( a )  28 57 MgO 15%
( b )  29 15 MgO 56%

C .R .G .  79 20 K20 1%

N i c k e l - U r a n i a  16 74 I^O 0.15%; ^ 3^8



4 .

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

econom ic  g r o u n d s .  The s u p p o r t  i s  u s u a l l y  a l u m i n a ,  t o  w h ic h  

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

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

p r e s s u r e s  o f  s t e a m .  Of t h e  o t h e r  m a t e r i a l s  commonly u s e d  

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

r e f o r m i n g  c o n d i t i o n s  and h e n c e  u n s u i t a b l e .  C a lc iu m  o x i d e ,  

m agnes ium  o x i d e  and  u r a n i a  a r e  a l l  u s e d  i n  s m a l l  c o n c e n ­

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

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

t o  r e d u c e  t h e i r  l o s s  due to  r e a c t i o n  w i t h  t h e  s t e a m .

1 , 3 .  R e a c t i o n s  u n d e r  S t e a m - R e f o r m i n g  C o n d i t i o n s

The p o s s i b l e  r e a c t i o n s  w h ic h  may o c c u r  d u r i n g  s t e a m -

r e f o r m i n g  a r e : -

C H. + nH 0 —  n 2n+2 2
nCO + ( 2 n + l ) H 2 ( i )

C H + n 1HJ) - 
n  2n+2 ^ — 2

(3n+ l)C H  + ( n - l ) C O .  
4 ^ 4

( 2 )

C H . 0 + 2nH 0 -  n 2n+2 2
------> nC02 + ( 3 n + l ) H 2 ( 3 )

co + h 2o ^ ---- N. C°2 + H2 ( 4 )

S . ch4 + h 2o ( 5 )CO + 3*12 ^ -----
s . c o 2 +  C ( 6 )2CO ■■

ch4 S C + 2H2 ( 7 )

0 0 2 + 4-H2 ^ — CH. + 2H.0 4 2 ( 8 )



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

u n d e r  r e a c t i o n  c o n d i t i o n s , t h e y  may n o t  a t t a i n  t h e r m o d y n a m ic  

e q u i l i b r i u m .  I t  can a l s o  be s e e n  t h a t  c h a n g i n g  one com­

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

s e q u e n t l y ,  any  a t t e m p t  to  e l u c i d a t e  a m echan ism  i s  h a m p e r e d  

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

i s o l a t i o n .

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

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

p r o p a n e  o v e r  a C .R .G .  c a t a l y s t  and  f o u n d  c o m p l e t e  b r e a k d o w n  

o f  t h e  h y d r o c a r b o n  s k e l e t o n  t o  m ono ca rb o n  s p e c i e s  on t h e  

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

t h e n  m echanism  A may a p p l y : -

Mechanism A ( m o d i f i e d  f rom  ( 5 ) )

CnH2n+2 ( *> ---------- >
C H ( a d s )  (w h e re  m <  2n+2)  n m (A. 1

C H ( a d s )  ---------- >n m
nCH ( a d s )

X
( A . 2

H20 ( g )  ---------- > H (a d s  ) + OH ( ad s  ) (A. 3

H ( a d s )  + CH ^(ads) -------> CH4 ( g ) (A. 4

O H (ads)  + C H ^(ads) —— > CH O ( a d s ) ( A . 5

CH20 ( a d s )  - -------> C O (ads)  + H2 ( g ) (A . 6

CO(ads) --------> C 0 (g ) ( A . 7

CO( a d s ) + O H (a d s ) - -------> CO H ( a d s ) (A . 8

C02H ( a d s ) ------ > C02 ( g )  + H ( a d s ) (A.  9



H o w ev e r ,  a n o t h e r  p o s s i b l e  mechanism w o u ld  be  one i n  w h ic h  

t h e  r e v e r s e  o f  t h e  F i s c h e r —T r o p sc h  s y n t h e s i s  o c c u r s : —

Mechanism B ( ( 5 ) ,  m o d i f i e d  f rom  ( 8 ) )

RCH2CH3 ( g )  ------- - >  E C H ^-C H fd iads )  ( B . l
+H 0

RCH2- C H ( d i a d s  ) - p £ r  RCH2- C 0 H ( d i a d s  ) (B . 2

+H~0
ECH2- C H ( d i a d s ) | ~ R - C O H ( d i a d s )  + HCOH(diads)  (B .3

The d i a d s o r b e d  s p e c i e s  R-COH c o n t i n u e s  t o  r e a c t  i n  a s t e p w i s  

m an n er  as  p e r  e q u a t i o n  (B .3 . ) .  The d i a d s o r b e d  s p e c i e s  HCOH 

c o n t i n u e s  t o  r e a c t ,  a s  i n  m echan ism  A, v i a  e q u a t i o n s  ( A , 6 * ) ,  

( A . 7 . ) ,  ( A . 8 . )  and  ( A . 9 . ) .

1 * 4 .  The L o ss  o f  C a t a l y t i c  A c t i v i t y

*  /

D u r i n g  t h e  c o u r s e  o f  a s t e a m —r e f o r m i n g  r e a c t i o n  t h e r e

i s  an a p p r e c i a b l e  l o s s  o f  c a t a l y t i c  a c t i v i t y .  T h r e e  m a in

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

a c t i v i t y ,  n a m e l y : -

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

b )  s u l p h u r  p o i s o n i n g ;

c )  p o i s o n i n g  due t o  d e p o s i t i o n  o f  c a r b o n a c e o u s  r e s i d u e s  on 

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

1 # 4 . 1 .  S i n t e r i n g

A s t u d y  o f  t h e  l o s s  o f  a c t i v i t y  o f  a C .R .G .  c a t a l y s t  

b y  s i n t e r i n g  h a s  b e e n  c a r r i e d  o u t  by W i l l i a m s ,  B u t l e r  and



Hammonds 1 9 ) .  I n  t h i s  s t u d y  t h e  s i n t e r i n g  e f f e c t  o f  s t e a m  

a n d / o r  h y d r o g e n  was c o n s i d e r e d .  I t  was fo u n d  t h a t  i n  t h e  

i n i t i a l  0 -1 0 0  h o u r s  p e r i o d  o f  t r e a t m e n t  w i t h  s t e a m  a n d / o r  

h y d r o g e n  t h e  d r o p  i n  s p e c i f i c  a r e a  was l a r g e  ( f i g u r e s  1 . 1  

and  1 . 2 ) ;  t h e  s u b s e q u e n t  d e c r e a s e  was f a r  l e s s .  I t  was 

a l s o  shown t h a t  t h e  e x t e n t  o f  s i n t e r i n g  i n c r e a s e s  w i t h  

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

( t a b l e  1 . 2 .  ) : —

TABLE 1 . 2  

EFFECT OF STEAM : HYDROGEN RATIO

C o n d i t i o n s :  250 h o u r s  a t  25 a tm p r e s s u r e  and  500°C

s t e a m  : h y d r o g e n  ( v / v )  0 : 0  1 : 2  1 : 1  2 : 1  9 : 1

S p e c i f i c  s u r f a c e  a r e a  (m^) 95 79 76 65 52
*

S p e c i f i c  n i c k e l  a r e a  (m ) 27 22 22 15 13

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

a d s o r p t i o n  i s o t h e r m  a t  -1 9 6 °C  and t h e  s p e c i f i c  n i c k e l  a r e a  

was e s t i m a t e d  f rom  t h e  amount o f  h y d r o g e n  a d s o r b e d  a t  20°C. 

From f i g u r e  1 . 1  i t  can  be  s e e n  t h a t  t h e  n a t u r e  o f  t h e  a tm o ­

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

and  t e m p e r a t u r e  o f  t h e  a t m o s p h e r e .  I t  was n o t e d  t h a t  s t e a m  

p l a y s  an i m p o r t a n t  p a r t  i n  t h e  s i n t e r i n g  o f  a C .R .G .  c a t a l y s t  

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

t o  a - a l u m i n a .  T h i s  p r o c e s s  i s  known to  be  a c c e l e r a t e d  

u n d e r  h y d r o t h e r m a l  c o n d i t i o n s  ( 1 0 , 1 1 )  and  t h a t  t h e  minimum
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t e m p e r a t u r e ,  a t  w h ic h  c t - a lu m in a  i s  fo rm ed  i s  l o w e r e d  f ro m  

1000°C to  400°C ( 1 2 ) .  H ow ever ,  i n  t h e  p r e p a r a t i o n  o f  t h e  

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

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

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

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

i n i t i a l  d r o p ,  i s  s lo w  u n d e r  no rm a l  r e a c t i o n  c o n d i t i o n s  

( s e c t i o n  1 . 1 )  and h e n c e  t h e  c o n t r i b u t i o n  t h a t  s i n t e r i n g  

makes t o  t h e  l o s s  o f  a c t i v i t y  i s  s m a l l .

M o ay e r i  and  Trimm C13)  h a v e  i n v e s t i g a t e d  t h e  r e o r g a n i s ­

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

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

was t r e a t e d  w i t h  s t e a m ,  h y d r o g e n  o r  p r o p y l e n e .  H y d ro g e n  

t r e a t m e n t  a t  572°C r e s u l t e d  i n  r a p i d  s i n t e r i n g ,  w h i l e  

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

i s  i n  c o n f l i c t  w i t h  t h e  f i n d i n g s  o f  Hammonds e t  a l .  ( 9 ) ,  

a l t h o u g h  t h e  d i f f e r e n t  b e h a v i o u r  may be  a t t r i b u t a b l e  t o  t h e -  

d i f f e r e n c e  i n  s u p p o r t  ( s i l i c a  c . f .  Y - a l u m i n a ) .  When 

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

t e n d e d  to  s t a b i l i s e  t h e  n i c k e l .  When no c a r b o n  d e p o s i t i o n  

was o b s e r v e d  t h e  s i n t e r i n g  a p p e a r e d  t o  be  d e p e n d e n t  on t h e  

q u a n t i t y  o f  h y d r o g e n  p r e s e n t .  I t  i s  n o t  s t a t e d  w h e t h e r  t h e  

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

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

c o n t a i n i n g  c a r b o n - c a r b o n  d o u b l e  bonds  g i v e  r i s e  t o  c a r b o n



f i l a m e n t s  v e r y  r a p i d l y  on n i c k e l  ( 1 4 , 1 5 ) ,  i t  m i g h t  be  

e x p e c t e d  t h a t  t h e r e  w ou ld  be v e r y  l i t t l e  s i n t e r i n g  c a u s e d  

b y  t h e  p r o p y l e n e ,  as t h e  n i c k e l  may be  uf i x e d ” i n  s m a l l  

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

1 . 4 . 2 .  S u l p h u r  P o i s o n i n g

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

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

c a r b o n s  were  p a s s e d  o v e r  t h e  c a t a l y s t .  R o s t r u p - N i e l s e n  ( l 6 

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

r e d u c e d  n i c k e l  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  550 - 6 4 5 °C, 

a  s u r f a c e  l a y e r  o f  s u l j ) h i d e  i s  fo rm ed  w h ich  i n h i b i t s  t h e  

s t e a m  r e f o r m i n g  r e a c t i o n .  However ,  by  v a r y i n g  t h e  p^ 3 /p j j  

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

be  s l o w l y  removed ( I T ) .  I n  t h e  i n d u s t r i a l  s i t u a t i o n ,  

s u l p h u r - c o n t a i n i n g  compounds a r e  removed f rom  t h e  f e e d s t o c k  

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

N i c k e l  m o l y b d a t e  and z i n c  o x i d e  c a t a l y s t s  a r e  u s e d  i n d u s ­

t r i a l l y  a t  t e m p e r a t u r e s  i n  t h e  r a n g e  o f  300 -400°C  and  t h e s e  

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

1 ppm w/w. On a s m a l l e r  s c a l e  P h i l l i p s  e t  a l .  ( 3 ) h a v e  

rem oved  s u l p h u r - c o n t a i n i n g  compounds f rom  t h e i r  f e e d s t o c k  by 

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



1 • 4 • 3 .  P o i s o n i n g  due t o  C a r b o n a c e o u s  D e p o s i t i o n

Th e l o s s  o f  a c t i v i t y  o f  s t e a m - r e f o r m i n g  c a t a l y s t s  by 

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

p u b l i c a t i o n s  ( 1 8 , 1 9 , 2 0 , 2 1 , 2 2 , 2 3 )  b u t  t h e r e  h a v e  b e e n  few 

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

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

and  Vood ( 1 8 )  h a v e  s t u d i e d  t h e  o v e r a l l  d e a c t i v a t i o n  - o f  a 

C .R .G .  c a t a l y s t .  T h i s  s t u d y  was c a r r i e d  o u t  u s i n g  a h i g h  

p r e s s u r e  (25 a t m ) ,  c o n t i n u o u s  f l o w  r e a c t o r  s y s t e m  a t  450°C ,  

w i t h  c a t a l y s t  bed  l e n g t h s  o f  38-92cm i n  a 0 .44cm  i . d .  t u b e ,  

and  w i t h  n - h e p t a n e  as t h e  s t a n d a r d  f e e d s t o c k .  As t h e  

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

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

b e d  ( f i g u r e  1 . 3 . ) .  I n  f i g u r e  1 . 3 .  t h e  s t e a m - h y d r o  c a r b o n  

m i x t u r e  e n t e r s  t h e  c a t a l y s t  b e d  a t  450°C and as  t h e  h y d r o ­

c a r b o n  d e c o m p o s e s ,  and  r e a c t i o n  w i t h  t h e  s t ea m  b e g i n s ,  t h e  

t e m p e r a t u r e  d e c r e a s e s .  The r e a c t i o n s  may be c o n s i d e r e d  a s : -

C J L ,  + 7H.0  ---------->  7 CO + 15H. ( l )
7 16 2 £

CO + 3H v CH4 + H20 ( 2 )

CO 2 + H2 V , CO + H20 ( 3 )

R e a c t i o n  ( l )  i s  e n d o t h e r m i c  and  t h e  e q u i l i b r i u m  l i e s  w e l l

t o  t h e  l e f t  i n  r e a c t i o n s  ( 2 )  and  ( 3 ) .  As t h e  d e c o m p o s i t i o n  

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

r e a c t i o n  t o  fo rm  m e th a n e  i n c r e a s e s .  The t e m p e r a t u r e
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" t h e r e f o r e  i n c r e a s e s  as t h e  f o r m a t i o n  o f  m e th a n e  f ro m  

r e a c t i o n  ( 2 ) i s  h i g h l y  e x o t h e r m i c .  F i n a l l y ,  a t e m p e r a t u r e  

o f  520°C ,  70°C i n  e x c e s s  o f  t h e  i n i t i a l  t e m p e r a t u r e ,  i s  

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

i s  c o m p l e t e .

H y d r o c a r b o n s  o f  a s i m i l a r  m o l e c u l a r  w e i g h t  w e re  c om pared  

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

t h e  m o s t  d e a c t i v a t i o n  o f  t h e  c a t a l y s t  b e d ;  t h i s  was done  

by  a d d i n g  q u a n t i t i e s  o f  e ac h  t o  t h e  s t a n d a r d  n ~ h e p t a n e  

f e e d s t o c k .  I t  was fo u n d  t h a t  t h e  o r d e r  o f  d e a c t i v a t i o n  was 

a r o m a t i c s  >  c y c l i c s  >  a l k e n e s  >  a l k a n e s  

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

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

d e a c t i v a t i o n .  The e f f e c t  o f  t e m p e r a t u r e  on d e a c t i v a t i o n  

was a l s o  s t u d i e d  and i t  was r e p o r t e d  t h a t ,  as  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 i n c r e a s e d  f rom  425°C up to  500°C,  t h e  

d e a c t i v a t i o n  o f  t h e  c a t a l y s t  d e c r e a s e d .  H ow ever ,  a t  5 0 0 °C 

a n d  a b o v e ,  t h e r e  was m a s s i v e  c a r b o n  d e p o s i t i o n .  By v a r y i n g  

t h e  s t ea m  to  h y d r o c a r b o n  r a t i o  i t  p r o v e d ,  p o s s i b l e  t o  show 

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

t h e  t i m e  b e f o r e  d e a c t i v a t i o n  o c c u r r e d .  C o n s i d e r a t i o n  was 

a l s o  g i v e n  t o  t h e  e f f e c t  o f  c a t a l y s t  p a r t i c l e  s i z e  ( f i g u r e  1 . 4 )

a n d  i t  can  be  s e e n  t h a t  t h e  l a r g e r  t h e  p a r t i c l e  s i z e  t h e
1

l o n g e r  t h e  c a t a l y s t  r e m a in s  a c t i v e .
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R o s t r u p - N i e l s e n  ( 2 3 )  h a s  s t u d i e d  c a r b o n  d e p o s i t i o n  on 

H a l d o r - T o p s ^ e  s t e a m - r e f o r m i n g  c a t a l y s t s  ( s e c t i o n  1 . 2 ) .  The 

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

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

s u s p e n d e d  f rom an e l e c t r o - m i c r o b a l a n c e .  The t e m p e r a t u r e s  

u s e d  i n  t h i s  s t u d y  were  ^  500°C.  As n o t e d  i n  t h e  p a p e r  i t  

i s  d i f f i c u l t  t o  draw c o m p a r i s o n s  b e tw e e n  t h i s  work  and  s t u d i e s  

c a r r i e d  o u t  a t  t e m p e r a t u r e s  u n d e r  500°C,  s i n c e  t h e r e  a p p e a r s  

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

o f  d e p o s i t i o n .  Below 500°C t h e  d e p o s i t  may w e l l  c o n t a i n  

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

n a p h t h a l e n e  ( 2 4 ) ;  t h e  B o u d o u a rd  r e a c t i o n  (2C0 -> c o 2 + c )  

i s  n o t  c o n s i d e r e d  t o  c o n t r i b u t e  to  t h e  d e p o s i t i o n  ( 1 8 ) .

Above 500°C, t h e  d e p o s i t  may h a v e  a v e r y  h i g h  c a r b o n  t o  

h y d r o g e n  r a t i o  o r  i t  may be  a s p e c i e s  s u c h  as  n i c k e l  c a r b i d e  

o r  g r a p h i t i c  c a r b o n .  The- B o u d o u ard  r e a c t i o n  i s  c o n s i d e r e d  

to  p l a y  an i m p o r t a n t  r o l e  above  500°C, t o g e t h e r  w i t h  t h e  

c r a c k i n g  and  p y r o l y s i s  o f  t h e  h y d r o c a r b o n .  Hence  d e p o s i t i o n  

a b o v e  500°C i s  more r i g h t l y  a s c r i b e d  t o  f o r m a t i o n  o f  coke  and  

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

R o s t r u p - N i e l s e n  and Trimm ( 2 5 )  h a v e  r e p o r t e d  k i n e t i c s  

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

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

d e p o s i t  may be  i d e n t i f i e d ; -  w e l l - o r d e r e d  g r a p h i t i c  d e p o s i t s
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( 2 6 , 2 7 , 2 8 ) ,  c a r b o n  w h i s k e r s  ( 1 4 , 2 2 * 2 8 ) ,  n o n - o r i e n t a t e d  

d e p o s i t s  ( 2 7 )  and v a r i o u s  c a r b i d e s  ( e . g .  Kri 0C) ( 2 9 , 3 0 ) .  

However  no e v i d e n c e  c o u ld  be f o u n d  f o r  n o n —o r i e n t a t e d  

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

n o n - o r i e n t a t e d  d e p o s i t s  h av e  b e e n  i d e n t i f i e d  i n  o t h e r  

p a p e r s  ( 1 4 , 1 5 ) .  A l s o ,  no m e n t i o n  was made o f  t h e  s t u d y  

by  B h a t t a  and Dixon  ( 2 4 ) ,  w here  a n t h r a c e n e ,  p y r e n e  and 

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

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

a n d  D ixon  (2 4 )  c o n s i d e r e d  t h e  s t e a m - r e f o r m i n g  r e a c t i o n  

u s i n g  a 1 5 f °  n i c k e l  s u p p o r t e d  on a l u m i n a  c a t a l y s t ,  a t  h i g h  

p r e s s u r e  ( 2 5 - 3 0  a tm )  and  low t e m p e r a t u r e  ( 4 5 0 ° C ) ,  i n  a 

c o n t i n u o u s  f lo w  s y s t e m ,  w i t h  n - b u t a n e  as  t h e  f e e d s t o c k .

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

n a p h t h a l e n e  were  a l l  i d e n t i f i e d  by gas  c h r o m a t o g r a p h y  as  

s u r f a c e  s p e c i e s  fo rm ed  d u r i n g  t h e  r e a c t i o n .  I t  was a l s o  

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

t o  a p p r o x i m a t e l y  i t s  o r i g i n a l  v a l u e  by t r e a t m e n t  w i t h  

h y d r o g e n ,  a t  500°C, f o r  .16 h o u r s .

I t  i s  i m p o r t a n t  t o  n o t e  t h a t  v a r i o u s  s t u d i e s  h a v e  

c o n s i d e r e d  c a r b o n a c e o u s  d e p o s i t i o n .  H ow ever ,  t h e  c o n ­

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

s h o u l d  n o t  be drawn due t o  t h e  e x t r e m e  v a r i a t i o n  i n  d e p o s i t ­

i o n ,  w h ic h  i s  d e p e n d e n t  on p a r a m e t e r s  s u c h  as  t h e  s t e a m  t o  

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

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



CHAPTER 2 

OBJECTS OF THE PRESENT WORK

2*1• O b j e c t s  o f  t h e  P r e s e n t  Work

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

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

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

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

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

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

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

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

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

The o b j e c t s  o f  t h e  p r e s e n t  work  w e re  an i n v e s t i g a t i o n  

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

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

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

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

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

r e a c t a n t s ,  r e a c t i o n  i n t e r m e d i a t e s  o r  p r o d u c t s  w e re  i n t r o ­

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

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



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

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

o f  t h e  d e p o s i t  and

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

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

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

to  be  i n v e s t i g a t e d  u s i n g  i n f r a - r e d  and l a s e r  Raman 

s p e c t r o s c o p y ,  mass s p e c t r o m e t r y  and  e l e c t r o n  m i c r o s c o p y .
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CHAPTER 3 

EXPERIMENTAL

3 . 1 .  The Mi c r o c a t a l y t i c  R e a c t o r  S y s tem

A p u l s e d - 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  s y s t e m  c o u p l e d  t o  

a  gas  c h r o m a t o g r a p h  was u s e d  t h r o u g h o u t  t h i s  s t u d y .  I t .  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 .

The r e a c t o r  i t s e l f  ( f i g u r e  3 . 2 . )  c o n s i s t e d  o f  a 

p i p e t t e - s h a p e d  P y r e x  g l a s s  v e s s e l  f i t t e d  w i t h  a c o a r s e  g l a s s  

s i n t e r  (No. 1 . )  upon  w h ich  t h e  c a t a l y s t ,  t y p i c a l l y  0 . 5 g ,  was 

p l a c e d .  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  b e d  was m a i n t a i n e d  

a t  t h e  d e s i r e d  v a l u e  by  means o f  an e l e c t r i c  f u r n a c e ,  which, 

s u r r o u n d e d  t h e  r e a c t o r  v e s s e l  an d  whose o u t p u t  was c o n t r o l l e d  

b y  a V e s t  96 c o n t r o l l e r  ( 0 - 6 0 0 ° C ) .  The t e m p e r a t u r e  was 

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

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

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

The r e a c t o r  was c o n n e c t e d  by  g l a s s - m e t a l  (K o v a r )  s e a l s  

t o  t h e  gas  f l o w  l i n e ,  w h ic h  was c o n s t r u c t e d  f rom  3mm i . d .  

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

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

a p p r o x i m a t e l y  200°C by  u s e  o f  H o t f o i l  f l a t  e l e m e n t  h e a t i n g  

t a p e  ( t y p e  G . V . ) and  h i g h  t e m p e r a t u r e  i n s u l a t i n g  t a p e  

( R e f r a s i l )•
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Gas f l o w  r a t e s  t h r o u g h  t h e  s y s t e m  were  c o n t r o l l e d  by 

f i n e  m e t e r i n g  v a l v e s  (N u p ro ,  Co, I n c . )  and  were  m e a s u r e d  

b y  c a l i b r a t e d  R o t a m e t e r s  ( G . E . C , - E l l i o t ,  s e r i e s  1 1 0 0 ) .  

D r a l l i m  s w i t c h  v a l v e s  were  u s e d  t o  c o n t r o l  t h e  d i r e c t i o n  o f  

f l o w  o f  t h e  c a r r i e r  g a s .

S team  was i n t r o d u c e d  i n t o  t h e  c a r r i e r  s t r e a m  by means 

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

t o  t h e  f l o w  l i n e  by  g l a s s  m e t a l  s e a l s .  The s a t u r a t o r  

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

t o  g i v e  t h e  r e q u i r e d  v a p o u r  p r e s s u r e  f o r  t h e  v a r i o u s  s t e a m  

h y d r o c a r b o n  r a t i o s .  The h y d r o c a r b o n s  w ere  i n t r o d u c e d  i n t o  

t h e  gas  f l o w  by i n j e c t i o n ,  u s i n g  a H a m i l t o n  l i q u i d  s y r i n g e  

( t y p e  701NCH), i n t o  an i n j e c t i o n  p o r t  h e a t e d  to  15C°C by  

a  h e a t i n g  e l e m e n t  ( S o l o n ,  t y p e  6 4 0 ) .

The gas  f l o w  was 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  

m agnes ium  p e r c h l o r a t e ,  t o  remove any u n r e a c t e d  s t e a m ,  b e f o r e  

e n t e r i n g  t h e  gas  c h r o m a t o g r a p h i c  s y s t e m .  A s e c o n d  t r a p ,  

c o o l e d  by  e i t h e r  l i q u i d  n i t r o g e n  o r  a c e t o n e / s o l i d  c a r b o n  

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

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

s w i t c h o v e r  f rom  one c h r o m a t o g r a p h i c  co lumn t o  t h e  o t h e r  

( s e c t i o n  3 . 2 ) .
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3 . 2 .  The C h r o m a to g r a p h ic  S y s tem

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

and  t h e  v a r i o u s  h y d r o c a r b o n  f e e d s t o c k s  was a c h i e v e d  by  a 

g a s  c h r o m a t o g r a p h ,  w h ich  was c o u p l e d  d i r e c t l y  t o  t h e  m i c r o -  

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

p r o d u c t s ,  f rom h y d r o g e n  an d  c a r b o n  monoxide  t o  e t h y l  b e n z e n e  

and  x y l e n e s ,  i t  was n o t  p o s s i b l e  t o  u s e  a s i n g l e  column t o  

o b t a i n  c o m p l e t e  s e p a r a t i o n .  Hence two columns (A an d  B) 

m o u n ted  i n  p a r a l l e l ,  t o g e t h e r  w i t h  a c o l d  t r a p  s y s t e m ,  w ere  

u s e d .  On e l u t i o n  f rom  t h e  r e a c t o r  t h e  f l o w  gas  was p a s s e d  

t h r o u g h  t h e  magnesium p e r c h l o r a t e  t r a p  t o  remove u n r e a c t e d  

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

n i t r o g e n  o r  a c e t o n e - s o l i d  c a r b o n  d i o x i d e  t o  c o n d e n s e  o u t  

t h e  h e a v i e r  h y d r o c a r b o n s  ( C^- and a b o v e ) .

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

p r o d u c t s  was d i r e c t e d  t h r o u g h  column A. T h i s  c o n s i s t e d  

o f  a 3m column ( i . d .  6mm) p a c k e d  w i t h  P o r a p a k  Q ( 8 0 - 1 0 0  m esh)  

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

(CO, 0H^, 0 0 ^ ,  C9-  and C^-  g a s e s ) .  F u l l  s e p a r a t i o n  o f  t h e  

c a r b o n  monoxide  and m e th an e  com ponen ts  was f o u n d  t o  be 

i m p o s s i b l e  h o w e v e r ,  due to  t h e  l a r g e  q u a n t i t y  o f  m e th an e  

p r o d u c e d ,  w h ic h  t e n d e d  t o  mask t h e  c a r b o n  m onox ide  p e a k .

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

column B and  t h e  c o l d - t r a p  warmed to  r e l e a s e  t h e  c o n d e n s e d



h y d r o c a r b o n s .  Column B c o n s i s t e d  o f  a lm column ( i . d .  6mm) 

p a c k e d  w i t h  15$ t r i s t r i c r e s y l  p h o s p h a t e  s u p p o r t e d  on 

Chrom osorb  P ( 3O-6O m e s h ) ,  w h ich  was u s e d  a t  40°C t o  e f f e c t  

t h e  s e p a r a t i o n  o f  C^ — and h i g h e r  h y d r o c a r b o n s .

A Gow-Mac K a t h a r o m e t e r  ( t y p e  1 0 - 2 8 5 ) ,  i n  c o n j u n c t i o n  

w i t h  a power  u n i t / b r i d g e  b a l a n c e  c i r c u i t  ( S t i r l i n g  C o n t r o l  

S y s t e m s ) ,  was u s e d  as  t h e  d e t e c t o r ,  w h i l e  h e l i u m  was u s e d  

a s  t h e  c a r r i e r  gas  ( f l o w  r a t e  8 0 c e / m i n ) .

3 * 3 .  The Vacuum S a m p l in g  S ys tem

A vacuum s y s t e m  was c o n s t r u c t e d  to  f a c i l i t a t e  t h e

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

The a p p a r a t u s  c o n s i s t e d  o f  a c o n v e n t i o n a l  h i g h  vacuum s y s t e m
- 4w h ich  c o u ld  be  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  a m e r c u r y  d i f f u s i o n  pump b a c k e d  by  a 

r o t a r y  o i l  pump.

The vacuum s y s t e m  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 .  

T h r e e  two l i t r e  gas  s t o r a g e  v e s s e l s  (A^—A ^ ) ,  e a c h  w i t h  a s m a l l  

s a m p l i n g  r e s e r v o i r  (B ^-B ^)  and a m e r c u r y  m anom ete r  w e re  u s e d .  

S a m p le s  o f  ga s  a t  a t m o s p h e r i c  p r e s s u r e  were  removed f ro m  t h e  

s a m p l i n g  r e s e r v o i r  by a g a s - t i g h t  s y r i n g e  ( H a m i l t o n ,  

t y p e  NCH1001) f o r  i n j e c t i o n  i n t o  t h e  m i c r o c a t a l y t i c  r e a c t o r  

f l o w  s y s t e m .  To e n s u r e  no c o n t a m i n a t i o n  o f  t h e  s a m p l e s  by  

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

p r e s s u r e  ( l . 2  a t m ) .  Ampoules o f  r a d i o a c t i v e  g a s  were  s e a l e d  

o n t o  t h e  vacuum s y s t e m  as  r e q u i r e d .
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3 * 4 .  Th e . . . . R a d i o c h e m i c a l  D e t e c t i o n  S y s t e m

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

d e s c r i b e d  by S c h m i d t ,  B l e e k  and Rowland ( 3 1 )  ( f i g u r e  3 . 5 . )  

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

a s  t h e  c a r r i e r  gas  and m e thane  was added  t o  a c t  a s  t h e  

q u e n c h i n g  g a s .  S u f f i c i e n t  m e thane  was ad d ed  t o  t h e  h e l i u m  

gas  s t r e a m ,  a t  t h e  e x i t  f rom  t h e  c h r o m a t o g r a p h i c  s y s t e m ,  

s u c h  t h a t  t h e  gas  e n t e r i n g  t h e  c o u n t e r  h a d  a h e l i u m  t o  m e th a n e  

r a t i o  o f  1 0 : 1 .  The c o u n t e r  was c a l i b r a t e d  and  was u s e d  f o r  

v a r i o u s  r e a c t i o n s .  I t  was d i s c o v e r e d  h o w e v e r  t h a t  t h e  

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

c a r b o n  m o n o x id e ,  c a u s e d  v a r i a t i o n s  i n  t h e  c o u n t e r  c h a r a c t e r ­

i s t i c s .  On f u r t h e r  i n v e s t i g a t i o n  i t  was f o u n d  t h a t  above  

a c e r t a i n  c o n c e n t r a t i o n  o f  c a r b o n  monoxide  ( a p p r o x i m a t e l y  

4 p l  p e r  200ml o f  c a r r i e r  g a s )  t h e  c o u n t i n g  c h a r a c t e r i s t i c s  

d e p e n d e d  on t h e  q u a n t i t y  o f  c a r b o n  m onox ide  i n  t h e  c o u n t e r  

a t  a  g i v e n  i n s t a n t .  The change  i n  b e h a v i o u r  o f  t h e  c o u n t e r  

was s u c h  t h a t  when t h e  c a r b o n  m onox ide  c o n c e n t r a t i o n  was h i g h ,  

a n  e x c e s s  o f  c o u n t s  was d e t e c t e d .  I n  c o n s e q u e n c e  o f  t h i s  

b e h a v i o u r ,  th e  gas  p r o p o r t i o n a l  c o u n t e r  was r e p l a c e d  b y  a 

s p i r a l  c e l l  f l o w  s c i n t i l l a t i o n  c o u n t e r  (EKCO t y p e  M 5402A-1) ,  

w h i c h ,  a l t h o u g h  l e s s  e f f i c i e n t  f o r  t h e  d e t e c t i o n  o f  c a r b o n - 1 4  

b e t a - p a r t i c l e s  ( n o m i n a l l y  lO O fo  f o r  t h e  gas  p r o p o r t i o n a l  

c o u n t e r  a g a i n s t  a maximum o f  70^  f o r  t h e  s c i n t i l l a t i o n  c o u n t e r ) ,  

i s  n o t  s e n s i t i v e  t o  t h e  ty p e  o r  q u a n t i t y  o f  g a s  p a s s i n g  t h r o u g h  

i t .
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On e l u t i o n  from t h e  gas  c h r o m a t o g r a p h i c  s y s t e m  t h e  

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

d e t e c t o r *  The o u t p u t  from t h e  s c i n t i l l a t i o n  c o u n t e r  was 

f e d  i n t o  a r a t e m e t e r  (EKCO ty p e  M5O5OB) and  h e n c e  i n t o  a 

d i g i t a l  s c a l a r - r a t e m e t e r  (EKCO t y p e  M5183A), w h ic h  was u s e d  

i n  t h e  s c a l a r  mode, and  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  c h a r t  

r e c o r d e r  ( 5mV f u l l  s c a l e  d e f l e c t i o n ) .  The r e c o r d e r  t r a c e  

was u s e d  to  d e t e r m i n e  t h e  t i m e  a t  wh ich  t h e  c o u n t i n g  was 

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

w e re  s -

R a t e m e t e r S c a l a r / R a t e m e t e r

Range -  IK S t o r e  ~ Open

Time C o n s t  -  10s S a m p l in g  Time -  o f f

U p p e r  D is c  -  956 Mode -  S c a l a r

Lower D is c  -  247 A n a lo g u e  -  10

Mode -  D ual D i s c

Scan  -  o f f

D i f f .  j i s  -  1

I n t .  ĵls — 1

G a in  -  50

H.V. -  1 . 4  K.V.

3 . 5 .  C a t a l y s t

The c a t a l y s t  u s e d  c o n t a i n e d  75$ w/w n i c k e l  s u p p o r t e d  on 

Y—a l u m i n a .  The c a t a l y s t  p a s t e  was d r i e d  a t  120 C f o r



24 h o u r s ,  g ro u n d  and  t h e n  s i e v e d  ( 2 0 - 4 0  mesh B . S . S . ) .

The s i e v e d  m a t e r i a l  was c a l c i n e d  i n  a i r  a t  450°G f o r  2 h o u r s  

t h e n  r e d u c e d  i n  a s t r e a jn  o f  h y d r o g e n  ( ~ 1 0 c c / m i n )  a t  450°C 

f o r  a minimum of  16 h o u r s .  T h i s  was c a r r i e d  o u t  f o r  a l l  

f r e s h  s a m p l e s .

3* 6 .  M a t e r i a l s

H e l iu m  (B .O .C .  L t d . )  was u s e d  as  t h e  c a r r i e r  g a s ,  

h y d r o g e n  ( A i r  P r o d u c t s  L t d . )  was u s e d  t o  r e d u c e  t h e  c a t a l y s t  

an d  oxygen  (B .O .C ,  L t d . )  was u s e d  to  c l e a n  t h e  c a t a l y s t .

T h e se  g a s e s  were  u s e d  as s u p p l i e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  

C a r b o n  m onox ide  ( A i r  P r o d u c t s  L t d . ,  p u r i t y  9 9 . 5 $ )  was u s e d  

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

The f o l l o w i n g  a r o m a t i c  and  a l i p h a t i c  h y d r o c a r b o n s  were  

u s e d  as f e e d s t o c k ;  n - h e p t a n e ,  h e p t - l - e n e ,  n - p e n t a n e  ( a l l  

B .D .H .  g e n e r a l  p u r p o s e  r e a g e n t s ) ;  t o l u e n e ,  x y l e n e  ( o r t h o ,  

m e t a ,  p a r a )  ( b o t h  B .D.H.  " A r i s t a r " ) ;  h e x a n e ,  c y c l o h e x a n e  

( b o t h  H opk ins  and  W i l l i a m s  " S p e c t r o s o l " ) ;  e t h y l  b e n z e n e  

( H o p k in s  and W i l l i a m s  "G .P .R .  " )  and  b e n z e n e  (H o p k in s  a n d  

W i l l i a m s  " U l t r a r " ) .  A l l  t h e  a l i p h a t i c  h y d r o c a r b o n s ,  c y c l o ­

h e x a n e  and  e t h y l  b e n z e n e  were  d i s t i l l e d  b e f o r e  u s e  and  

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

remove s u l p h u r - c o n t a i n i n g  compounds and t h e r e b y  r e d u c e  t h e  

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

and  t h e  x y l e n e s  were  a l s o  s t o r e d  o v e r  Raney N i c k e l  b e f o r e  u s e .



Raney N i c k e l  was p r e j j a r e d  by d i g e s t i n g  a q u a n t i t y  o f  

N i - A l  a l l o y  (Murex L t d . )  w i t h  1M sod ium h y d r o x i d e  s o l u t i o n .  

The s o l u t i o n  was h e a t e d  u n t i l  v i g o r o u s  b o i l i n g  was o b s e r v e d  

t h e n  r e f l u x e d  f o r  s e v e r a l  h o u r s .  The s u s p e n s i o n  a f t e r  b e i n g  

c o o l e d  was f i l t e r e d  and  t h e  Raney N i c k e l  w ashed  w i t h  w a t e r ,  

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

h e p t a n e .  The Raney N i c k e l  was p l a c e d  i n  a s t o r a g e  v e s s e l  

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

i n .

( ^ C ) C a r b o n  d i o x i d e  5 9 .1  mCi/mmole,  ( R a d i o c h e m i c a l  

C e n t r e ,  Amersham) was d i l u t e d  t o  t h e  r e q u i r e d  a c t i v i t y  w i t h  

h e l i u m ,  r a t h e r  t h a n  n o n - r a d i o a c t i v e  c a r b o n  d i o x i d e ,  t o
,1 4  .

e n s u r e  t h a t ,  when t h e  (. C ) c a r b o n  d i o x i d e  was ad d ed  t o  t h e  

r e a c t i o n  m i x t u r e ,  t h e r e  would  be  a n e g l i g i b l e  e f f e c t  on any  

e q u i l i b r i u m  r e a c t i o n s .

( ) Ca r bon  monoxide  was p r e p a r e d  by t h e  r e d u c t i o n  o f  

( ) c a r b o n  d i o x i d e  w i t h  m e t a l l i c  z i n c  ( 3 2 ) .  5 0 gm o f  z i n c  

p e l l e t s  (6mm i n  d i a m e t e r )  were  p r e p a r e d  f rom  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 w 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  (D e g u s s a  L t d . ) .  The s i l i c a  was u s e d  t o  g i v e  g r e a t e r  

p o r o s i t y .  The z i n c  p e l l e t s  w ere  d r i e d  a t  110°C f o r  24 h o u r s  

t h e n  p l a c e d  i n  t h e  c o n v e r t e r  ( f i g u r e  3 . 6 . ) ;  t h e y  w ere  

d e g a s s e d  by  h e a t i n g  t o  320°C i n  v acu o  f o r  24 h o u r s .  O ver  

9 9 . 9 $  c o n v e r s i o n  was 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
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( ^ C ) c a r b o n  d i o x i d e  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  

24 h o u r s .  Any u n r e a c t e d  c a r b o n  d i o x i d e  was removed by 

c o n d e n s i n g  w i t h  l i q u i d  n i t r o g e n .  The ( ^ C ) c a r b o n  monoxi 

was t h e n  d i l u t e d  to  t h e  r e q u i r e d  a c t i v i t y  w i t h  h e l i u m .

( ) Be n z e n e , 60 mCi/mmole ,  and ( "^C ) m e t h y l - t o l u e n e , 

20 mCi/mmole ,  ( b o t h  R a d i o c h e m i c a l  C e n t r e ,  Arnersham) w ere  

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

n o n - r a d i o a c t i v e  h y d r o c a r b o n s .



4 . 1 . R e a c t i o n s  i n  t h e  A bs en c e  o f  Steam

4 . 1 . 1 .  R e a c t i o n s  o f  H y d r o c a r b o n s

C s o x S / 1 )
When c e r t a i n  h y d r o c a r b o n s / w e r e  p a s s e d  o v e r  r e d u c e d  

c a t a l y s t s  a t  475°C ,  i n  a s t r e a m  o f  h e l i u m ,  t h e  p r o d u c t s  

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

m e t h a n e .  The p e r c e n t a g e  o f  c a r b o n  d e t e c t e d  as  m e t h a n e ,  i n  

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

was f o u n d  t o  be d e p e n d e n t  upon  t h e  h y d r o c a r b o n  u s e d .  V a l u e s  

o b s e r v e d  w e re  2 2 . 8 fo ( e t h y l  b e n z e n e ) ,  1 0 , 6 $  ( b e n z e n e ) ,  2 7 » l f °  

( h e x a n e )  and  23.9/^ ( c y c l o h e x a n e  ) .

Each  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  and  

h y d r o g e n  ( t a b l e  4 . 1 ) ,  ( 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 ) .  Prom t h e s e  r e s u l t s  i t  was p o s s i b l e  t o  d e d u c e ,  

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

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

H exane  :

H e p t a n e  :

C y c l o h e x a n e  :

B e n z e n e  ;

T o l u e n e  i

C6H14
----- > 3CH4 ( g ) + 3 C (a ) + 2H(a )

V l6 > 3CH4 ( g ) + 4 C (a ) + 4H ( a )

2 C6H12 ~
5CH4 ( g ) + 7 C ( a ) + 4H(a )

C6H6
------> lCH4 ( g ) + 5 C (a ) + 2H(a )

C7H8
----- > lCH4 ( g ) 6C( a ) + 4 H (a )
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T a b le  4 .1

A n a l y s i s  o f  C a t a l y s t s  f o r  Carbon and H ydrogen

H y d r o c a r b o n  % c a r b o n  r e t a i n e d  C : II r a t i o
o f  s u r f a c e  d e n o s  i t

H exane  5 6 .6 9  1 : 0 . 5

C y c l o h e x a n e  5 6 .8 3  1 : 0 . 4

H e p t a n e  6 8 . 7 6  1 : 0 ,9 5

B en z e n e  8 6 . 8  1 : 0 . 6

T o l u e n e  4 9 .5  1 : 0 . 8

E t h y l  B en z e n e  5 2 .8  1 : 0 , 9
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( C( a ) and  H ( a )  may be a s s o c i a t e d ) .

The u s e d  c a t a l y s t s  were  exam ined  by  e l e c t r o n  m i c r o s c o j j y  

u s i n g  a J . E . O . L .  100C e l e c t r o n  m i c r o s c o p e .  On t h e  c a t a l y s t s
(30* 5/JL)

u s e d  w i t h ^ e t h y l  b e n z e n e ,  t o l u e n e ,  b e n z e n e ,  h e p t a n e  and

h e x a n e  as  f e e d s t o c k s ,  c a r b o n  f i l a m e n t s  were  o b s e r v e d ,  a s  c an

be  s e e n  i n  t h e  e l e c t r o n  m i c r o g r a p h s  shown i n  f i g u r e  4 . 1 .
(3Or $/<t)

V h e n ^ c y c l o h e x a n e  was u s e d  as  t h e  f e e d s t o c k ,  no f i l a m e n t a l  

m a t e r i a l  was o b s e r v e d  on t h e  c a t a l y s t .

Sample  c a t a l y s t s  w ere  e x t r a c t e d ,  by b e i n g  r e f l u x e d  w i t h  

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

t h e  c a t a l y s t  e x t r a c t s ,  u s i n g  a P e r k i n  E lm er  t y p e  580 and 

5cm l i q u i d  c e l l s ,  gave s p e c t r a  w i t h  p e a k s  w hich  w e re  a s s i g n e d  

a s  f o l l o w s :

P e a k ,  cm 

925 

1400 

1455

1700

-1 A s s i  gnment 

CH = CH2

CH^ a s y m m e t r i c  d e f o r m a t i o n  a n d / o r  
CH2 s y m m e t r i c  d e f o r m a t i o n .

R^R^C = CHR^, C = C s t r e t c h  a n d / o r  

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

2900

2970

3020

CH^ a s y m m e t r i c  s t r e t c h .

CH^ a sy m m e t r i c  s t r e t c h .

R^R^C -  CHR^, C -  H s t r e t c h  a n d / o r  

p e n t a  s u b s t i t u t e d  a r o m a t i c  C -  II 
s t r e t c h .



Catalyst without filaments

figure 4.1

Catalyst with filaments

scale 1000 A
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Mass s p e c t r o m e t r i c  a n a l y s i s  ( A . E . I .  M . S . 12)  o f  t h e  e x t r a c t  

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

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

o f  t h i s  s p e c i e s  was a p p r o x i m a t e l y  350 a . m . u .  and  t h e  decom po­

s i t i o n  s e q u e n c e  s u g g e s t e d  a — CXI^— b a c k b o n e .  I n f r a - r e d  

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

w i t h  t h e  s p e c t r a  o b t a i n e d  f rom t h e  e x t r a c 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  b e d  was r e c o r d e d  b o t h  

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

c a t a l y s t .  I t  was fo u n d  t h a t  when a h y d r o c a r b o n  a l o n e  was p a s s e d  

o v e r  t h e  c a t a l y s t  a t e m p e r a t u r e  i n c r e a s e ,  o f  b e t w e e n  4°C f o r  

a l i p h a t i c s  and  8°G f o r  a r o m a t i c s ,  was r e c o r d e d  i n d i c a t i n g  

t h e  o c c u r r e n c e  o f  an e x o t h e r m i c  r e a c t i o n .  T h i s  was o b s e r v e d  

w i t h  each  o f  t h e  h y d r o c a r b o n s .

4 . 1 . 2 .  R e a c t i o n  o f  Carbon  Monoxide

1/hen c a r b o n  monoxide  was p a s s e d  o v e r  a r e d u c e d  c a t a l y s t  

a t  475°C i n  t h e  a b s e n c e  o f  s t e a m  t h e  o n l y  p r o d u c t  d e t e c t e d  

was c a r b o n  d i o x i d e .  T h i s  may be e x p l a i n e d  by t h e  o c c u r r e n c e  

o f  a B o u d o u a r d  r e a c t i o n ;

2 CO  ----------------C02 + C

C o n f i r m a t i o n  t h a t  t h i s  r e a c t i o n  h a d  o c c u r r e d  was o b t a i n e d  

when t h e  c a t a l y s t  was s u b j e c t e d  to  an oxygon f l o w  a t  475°C 

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

was 90fo o f  t h e  amount d e t e r m i n e d  from t h e  e x t e n t  o f  c a r b o n



m on o x id e  r e a c t i o n  o v e r  t h e  c a t a l y s t .  When a c a t a l y s t ,  

w h ic h  h a d  b e e n  t r e a t e d  w i t h  54ml o f  c a r b o n  m o n o x id e ,  was 

e x am in ed  by e l e c t r o n  m i c r o s c o p y ,  no f i l a m e n t s  w ere  o b s e r v e d  

( f i g u r e  4 . 2 ) .  However ,  when a c a t a l y s t  was t r e a t e d  w i t h  

600ml o f  c a r b o n  m o n o x id e ,  c a r b o n  f i l a m e n t s  were  o b s e r v e d  

( f i g u r e  4.  2 .  ) .

4 . 1 . 3 .  R e a c t i o n  o f  Benzene  w i t h  Hydrogen

When b e n z e n e  r e a c t e d  o v e r  a r e d u c e d  c a t a l y s t  a t  475°C 

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

c h i o m e t r i c  e q u a t i o n !

C6H6 + 9H2 ------- * 6CIV
50/6 o f  t h e  f e e d s t o c k  c a r b o n  was d e p o s i t e d  and 50fo was 

d e t e c t e d  a s  m e th a n e .  The r a t i o  o f  c a r b o n  t o  h y d r o g e n  i n  

t h e  s u r f a c e  d e p o s i t ,  by  m i c r o a n a l y s i s ,  was 1 : 0 . 4  and  t h e r e ­

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

b e  r e p r e s e n t e d  ( u n u s u a l l y )  a s :

2C6H6 + 18H2  -> 6CH4 + 2C’3H + 11H2

A q u a n t i t y  o f  h y d r o g e n  was d e t e c t e d  c h r o m a t o g r a p h i c a l l y ,  b u t  

t h i s  c o u l d  n o t  be e s t i m a t e d  q u a n t i t a t i v e l y ,  due  t o  t h e  n o n ­

s t a n d a r d  r e s p o n s e  o f  t h e  d e t e c t o r  t o  h y d r o g e n .  S u b s e q u e n t  

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

no f i l a m e n t a l  m a t e r i a l  to  be p r e s e n t .  The u s e d  c a t a l y s t  

was a l s o  e x t r a c t e d  w i t h  c a r b o n  t e t r a c h l o r i d e  and  o n l y  a



Catalyst with filaments

sca le 1000A

Catalyst without filaments

figure 4.2



n e g l i g i b l e  q u a n t i t y  o f  a hyd ro  c a r b o n a c e o u s  d e p o s i t  was 

removed* M i c r o a n a l y s i s  o f  t h i s  c a t a l y s t  a f t e r  e x t r a c t i o n

showed an a p p r e c i a b l e  l o s s  o f  c a r b o n  (~61%) b u t  no c h a n g e  i n  

t h e  amount o f  d e t e c t a b l e  h y d r o g e n .  The l o s s  i n  c a r b o n  was 

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

t h e  c a r b o n  t e t r a c h l o r i d e  a f t e r  e x t r a c t i o n .

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

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

( n o t e  t h e  abse r fce  o f  h y d ro g e n  i n  t h i s  p r e p a r a t i o n )  showed 

t h a t  e x t r a c t i o n  w i th  c a r b o n  t e t r a c h l o r i d e  r e s u l t e d  i n  a 

r e m o v a l  o f  ~ 9 7 o f  t h e  c a r b o n  i n i t i a l l y  p r e s e n t .  However 

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

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

r e m o v a l  o f  some f i l a m e n t s ,  many r e m a i n e d  i n t a c t .

From t h e  above  r e s u l t s  i t  c a n  be d e d u c e d  t h a t  t h e  c a r b o n  

d e p o s i t  j>roduced when h y d r o g e n / h y d r o c a r b o n  f e e d s t o c k s  were  

u s e d ,  was s u c h  t h a t  f i l a m e n t a l  g row th  was c o m p l e t e l y  

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

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

4 . 2 .  R e a c t i o n s  I n v o l v i n g  a Low S team to  H y d r o c a r b o n  R a t i o

When r e a c t i o n s  were  c a r r i e d  o u t  o v e r  a r e d u c e d  c a t a l y s t ,  

a t  475°C ,  u s i n g  a low s t e a m  to  h y d r o c a r b o n  r a t i o  ( t a b l e  4 . 2 . ) ,  

t h e  p r i m a r y  p r o d u c t  was fo u n d  to  be  m e t h a n e ,  a l t h o u g h  c a r b o n  

m onox ide  and c a r b o n  d i o x i d e  w ere  a l s o  p r o d u c e d .  F o r  t h e
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T a b le  4 , 2  

S team to  H y d r o c a r b o n  N o l a r  R a t i o

Hexane H e p tan e  C y c lo h ex a n e  H e p t - l - e n e  B en zen e

S te a m

H y d r o c a r b o n  2 . 1 6  2 . 4 4  1 .7 9  2 . 3 6  1 . 5
R a t i o

T o lu en e  E t h y l  B en zen e  X y l e n e s

S team

H y d r o c a r b o n  1 . 7 6  2 . 0 2  2 . 0

R a t i o

T a b le  4 . 3  

jo  Carbon  d i o x i d e  P r o d u c t i o n  

Hydro  c a r b o n  I n i t i a l  V a lu e s  S t e a d y  S t a t e  V a l u e s

Hexane 1 6 . 4 4 . 3

H e p t a n e 9 . 1 3 .3

C y c l o h e x a n e 8 . 9 8 6 . 5

K e p t - l - e n e 1 5 .3 4 . 7

B e n z e n e 1 1 .8 7 . 0

T o l u e n e 1 1 .3 5 . 5

E t h y l  B enzene 9 . 7 5 . 3

X y l e n e s 8 . 9 5 . 6



r e a s o n s  d i s c u s s e d  e a r l i e r  ( s e c t i o n  3 » 2 . )  i t  was n o t  p o s s i b l e  

t o  o b t a i n  q u a n t i t a t i v e  f i g u r e s  f o r  t h e  c a r b o n  m onoxide  and  

m e th a n e  p r o d u c t i o n .  Q u a n t i t a t i v e  f i g u r e s  f o r  c a r b o n  d i o x i d e  

p r o d u c t i o n  were  o b t a i n e d .  These  showed t h a t ,  i n i t i a l l y ,  t h e  

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

d e c r e a s e d  t o  a s t e a d y  s t a t e  v a l u e  ( t a b l e  4 . 3 . ) .  These  

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

s e q u e n c e ;

M echan ism  C

Hydro  c a r b o n ------- > CH + C + H 
4 ( C . l )

H y d r o c a r b o n  + H^O co + h 2 ( C . 2 )—

2 CO ---------- ----> C°2 + C (C. 3 )

CO + H O  ---------- ----> c o 2 f  h 2 ( C. 4)

CO + 3H2 — > CH„ + H O4 2 (C. 5)

c o 2 4- c — — — > 2 CO ( C . 6 )

(As i t  i s  u n c e r t a i n w h e t h e r t h e  componen ts o f  t h e s e  r e a c t i o n s

a r e  gas  p h a s e ,  a d s o r b e d  o r  b o t h ,  no s p e c i f i c a t i o n  o f  t h e i r  

s t a t e  h a s  b e en  m ade) .

I n i t i a l l y  th e  h y d r o c a r b o n  r e a c t e d  e i t h e r  as  i f  no s t e a m  

was p r e s e n t  ( r e a c t i o n  ( C . l ) )  t o  g i v e  m e t h a n e ,  o r ,  w i t h  t h e  

w a t e r  p r e s e n t  ( r e a c t i o n  ( C . 2 ) )  to  g iv e  c a r b o n  m onox ide  and  

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

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



t h a n  u n i t y  0 , 3 6 ) ,  t h a t  i s ,  t h r e e  c a r b o n  atoms t o  e v e r y  

w a t e r  m o l e c u l e .  Thus i t  a p p e a r e d  t h a t  r e a c t i o n  ( C . l )  was 

t h e  m a j o r  r e a c t i o n  and methane  t h e  m a j o r  p r o d u c t .  I t  h a s  

b e e n  shown ( s e c t i o n  4 . l )  t h a t  i n  t h e  a b s e n c e  o f  s t e a m ,  t h e  

B o u d o u a r d  r e a c t i o n  ( r e a c t i o n  ( C. 3 ) )  was f a v o u r a b l e  and  

a p p r o x i m a t e l y  100/6 c o n v e r s i o n s  of  c a r b o n  monoxide  t o  c a r b o n  

d i o x i d e  and c a r b o n  were o b t a i n e d .  H ence ,  t h e  c a r b o n  m onoxide  

p r o d u c e d  by s t e p  ( C . 2 )  r e a c t e d ,  v i a  a B o udouard  r e a c t i o n  to  

f o r m  c a r b o n  d i o x i d e .  I f  a l l  o f  t h e  w a t e r  was n o t  consumed 

i n  r e a c t i o n  ( C . 2 ) ,  r e a c t i o n  ( C . 4 )  m ig h t  h a v e  o c c u r r e d .

R e a c t i o n  ( C . 5 ) i s  u n l i k e l y  t o  be a m a j o r  r e a c t i o n ,  as  t h e r e  

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

p e r c e n t a g e  o f  c a r b o n  monoxide h y d r o g e n a t i o n .  R e a c t i o n  ( C . 6 )  

w o u ld  n o t  be  a m a j o r  p r o c e s s  i n  t h e  i n i t i a l  s t a g e s  as  t h e r e  

w o u ld  be  l i t t l e  s u r f a c e  c a r b o n  p r e s e n t .  T h e r e f o r e ,  i n  t h e  

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

d i o x i d e ,  r e l a t i v e  to  t h e  maximum p o s s i b l e ,  w o u ld  be e x p e c t e d .

As t h e  amount o f  c a r b o n  on t h e  c a t a l y s t  s u r f a c e  i n c r e a s e d ,  

b o t h  by  d e p o s i t i o n  from t h e  p a r e n t  h y d r o c a r b o n  ( r e a c t i o n  ( C . l ) ) ,  

and  by  c a r b o n  d e p o s i t i o n  from r e a c t i o n  ( C . 3 ) ,  r e a c t i o n  ( C . 6 )  

w o u ld  become i n c r e a s i n g l y  i m p o r t a n t .  H e n ce ,  t h e  r e l a t i v e  

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

an  e q u i l i b r i u m  v a l u e  (an  i n c r e a s e d  amount o f  c a r b o n  m onox ide  

was o b s e r v e d ) .

A sam ple  o f  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  and h y d r o g e n .  The r e s u l t s  a r e  shown i n  t a b l e  4 . 4 .
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Table  4 . 4

—10 ^yd  no gen__ R a t i o  o f  t h e  S u r f a c e  D o p o s l t

Hexane H e p tan e  C y c lo h e x a n e  B enzene

CsH r a t i o  1 : 5 . 5  1 : 1 0 . 3  1 : 2 . 4  1 : 1 . 2

To luene  E t h y l  X y le n e s
Benzene

C:II r a t i o  1 :1  1 :0 ^ 8  1 : 0 . 5

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

p o s i t i o n  i n  t h e  r e a c t o r  bed  f rom w h ich  t h e  c a t a l y s t  sam ple  

was t a k e n :  t h e r e f o r e  an o v e r a l l  p e r c e n t a g e  o f  c a r b o n  d e p o ­

s i t i o n  c o u l d  n o t  be o b t a i n e d .  Even when t h e r e  was a l a r g e  

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

h y d r o c a r b o n  t h e  c a r b o n  t o  h y d r o g e n  r a t i o s  w ere  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  (+ 2 f o ) . The d e p o s i t  from t h e  

a l i p h a t i c  and  a l i c y c l i c  s p e c i e s  h a d  a l o w e r  c a r b o n  to  h y d r o ­

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

( t a b l e  4 . 4 ) .

E a c h  o f  t h e  c a t a l y s t s  was exam ined  by  e l e c t r o n  m i c r o ­

s c o p y .  On t h e  c a t a l y s t s  u s e d  w i t h  x y l e n e s ,  e t h y l  b e n z e n e ,  

b e n z e n e ,  t o l u e n e ,  hexane  and p e n t a n e  as  f e e d s t o c k s  c a r b o n  

f i l a m e n t s  w ere  o b s e r v e d .  No f i l a m e n t s  w ere  f o u n d  on t h e  

c a t a l y s t s  which  had  been  u s e d  w i t h  c y c l o h e x a n e  and  h e p t a n e  

a s  t h e  f e e d s t o c k s .  V a r i o u s  u s e d  c a t a l y s t s  w ere  e x t r a c t e d  

w i t h  c a r b o n  t e t r a c h l o r i d e  and t h e  e x t r a c t s  a n a l y s e d  by 

i n f r a - r e d  s p e c t r o s c o p y .  The p e ak s  f rom  t h e  s p e c t r a  w ere  

a s s i g n e d  as  f o l l o w s :
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A ss i  gnment

CH^ a sy m m e t r i c  s t r e t c h  a n d / o r  C-II 
s t r e t c h  of  C = C -  H.

CH^ sy m m etr ic  s t r e t c h ,  CH s t r e t c h

C-H s t r e t c h  i n  -CHO.

R^CH = CHR^ c i s  s t r e t c h  (C--C) 
a n d / o r  C=0 s t r e t c h  o f  C:=C-C=0.

R -  CHO s k e l e t a l .

R^CH — CIIR^ c i s  d e f o r m a t i o n .

The e x t r a c t e d  m a t e r i a l s  were  t h e n  a n a l y s e d  by mass s p e c t r o ­

m e t r y  an d  a p o l y m e r i c  s p e c i e s  b a s e d  on a -CH -  b a ck b o n e  was 

a g a i n  i d e n t i f i e d .  C o n f i r m a t i o n  o f  a C=C~C=:0 s p e c i e s  was 

o b t a i n e d  by o b s e r v i n g  mass p e ak s  a t  55 a . m . u .  (CH=CH-CH0) ,

42 a . m . u .  (CH-CIIO), 41 a . m . u .  (C—CHO/CH—CO) and 29 a . m . u .  

(CHO). The u s e d  c a t a l y s t s  were  a n a l y s e d  by i n f r a - r e d  

s p e c t r o s c o p y  and t h e  s p e c t r a  o b t a i n e d  were i n  a g r e e m e n t  w i t h  

t h e  s p e c t r a  f rom  t h e  e x t r a c t e d  m a t e r i a l .

T e m p e r a t u r e  changes  i n  t h e  c a t a l y s t  b e d  were  r e c o r d e d  

b e f o r e ,  d u r i n g  and a f t e r  a r e a c t i o n  ( f i g u r e  4 . 3 ) .  I t  c an  

be  s e e n  t h a t  each o f  t h e  a r o m a t i c  s p e c i e s  gave  r i s e  o n l y  t o  

an  e x o t h e r m i c  r e a c t i o n ,  w h e rea s  w i t h  t h e  a l i p h a t i c  f e e d s t o c k s  

( h e x a n e ,  h e p t - l - e n e )  and c y c l o h e x a n e ,  e ach  gave  r i s e  to  b o t h  

an  e x o t h e r m i c  and an e n d o th e r m ic  r e a c t i o n .  H e p t a n e  gave  

o n l y  an  e x o t h e r m i c  r e a c t i o n .

Peak: cm  ̂

3000

2895

2775

1660

1400

625
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4• 3•  R e a c t i o n s  I n v o l v i n g  a High Steam, t o  H y d ro c a rb o n  R a t i o

U s i n g  a h i g h  s teara  t o  h y d r o c a r b o n  r a t i o  ( t a b l e  4 . 5 )  

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

a t  475°C l e d  t o  t h e  p r o d u c t i o n  o f  m e th a n e ,  c a r b o n  m onox ide  

a n d  c a r b o n  d i o x i d e .  V i t h  a l l  t h e  h y d r o c a r b o n s  u s e d  t h e  

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

g r a d u a l l y  i n c r e a s e d  t o  a s t e a d y  s t a t e  v a l u e  ( t a b l e  4 . 6 ) .

The mean s t e a d y  s t a t e  c a r b o n  d i o x i d e  x o ro d u c t io n  f i g u r e s  were  

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

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

[■ ^ 'C jb e n ze n e  and on w h ic h ,  t h e r e f o r e ,  a c a r b o n - 1 4  l a b e l l e d  

s u r f a c e  c a r b o n a c e o u s  r e s i d u e  was d e p o s i t e d ,  was s u b j e c t e d  

t o  i n j e c t i o n s  o f  [ 12C ] c a r b o n  d i o x i d e  i n  t h e  a b s e n c e  o f  s t e a m .  

C a r b o n  was e x ch an g ed  i n  s u c h  a way t h a t  s u r f a c e  c a r b o n —14 

was d e t e c t e d  as  c a r b o n  d i o x i d e .  The o v e r a l l  l o s s  o f  c a r b o n  

t o  t h e  s u r f a c e  from t h e  c a r b o n  d i o x i d e  was 5 9 . 8 $ ,  w h i l e  t h e  

am ount  o f  s u r f a c e  d e p o s i t  removed was 7 . 7 3 $ .  T hese  r e s u l t s  

may be  r a t i o n a l i s e d  i n  t e rm s  o f  t h e  f o l l o w i n g  mechan ism :

M echanism D

1 2 C0 ( g )  ------------ 12C 0(a )  + o ( a )  ( D . l )

1 4 c ( a )  + o ( a )  v  —  1 4 C 0 U )  (D *2 )

1 2 c o ( a ) ^  12C ( a )  + 0 ( a )  ( D -3 )

1 2 C 0 ( a )  + 1 2 C 0 (a )   12C (a )  + 1 2 C02 ( g )  ( D . 4 )

1 4 C0 ( a )  + 1 2 C 0 (a )   >  + 1 4 0 0 2 ( g )  (D*5)
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S team

TabIe  4 .5  

Steam t o  H y d ro c a r b o n  M o la r  R a t io

P e n t a n e  Hexane H e p tan e  B en zen e  T o l u e n e

1 1 . 0Hydro c a r b o n 1 1 .9  1 3 .5  15. 3 9 . 5
R a t i o

C yc lohexane  H e p t - l - e n e E t h y l  Benzene

S team
H y d r o c a r b o n 1 1 .3  1 4 .8 1 2 . 7
R a t i o

T a b le  4 .6

io  Carbon d i o x i d e  P r o d u c t i o n

H y d r o c a r b o n I n i t i a l  V a lu e s S t e a d y  S t a t e

P e n t a n e 4 . 6 3 8 .5 8

Hexane 3 . 0 3 5 . 8 6

H e p ta n e 1 . 3 3 7 .0 3

H e p t - l - e n e 2 .9 3 6 . 9 9

C y c l o h e x a n e 1 3 . 2 4 5 . 9 8

B en z e n e 3 .1 3 6 . 8 0

T o l u e n e 1 . 9 3 6 . 3 5

E t h y l  B en z e n e  6 . 9 3 5 . 5 9

X y l e n e s 2 . 4 3 3 . 3 0

1 2 . 5



A c c o r d i n g l y ,  t h e  d e p o s i t i o n  may be a t t r i b u t e d  t o  c a r b o n  

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

am oun t  o f  c a r b o n  monoxide v a s  d e t e c t e d  i n  t h e  p r o d u c t s .

H o w ev e r ,  t h i s  r e s u l t  i s  n o t  u n e x p e c t e d ,  s i n c e  a CO C02

r e a c t i o n  d i d  o c c u r  as r e s u l t s  ( s e c t i o n  4 . 1 . )  f rom  c a r b o n  

m o n o x id e  e x p e r i m e n t s  showed. When c a r b o n  d i o x i d e  was p a s s e d  

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

33$  v a s  c o n v e r t e d  t o  c a r b o n  m o n o x id e /m e th a n e ,  50$ r e m a i n e d  

a s  c a r b o n  d i o x i d e ,  w h i l e  t h e  r e m a i n i n g  17$  was r e t a i n e d  by 

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

a s  o c c u r r i n g  i n  t h e  a b s e n c e  o f  s team  w ere  s t i l l  o c c u r r i n g ,  

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

r e a c t i o n  scheme i s J

M echanism  E

C02 ( g )  — ---------- >  C 0 (a )  + 0 ( a )  ( E . l )

CO + 3H2 CH4 + H20 ( E . 2 )

CO + H20  ~  C0 2 + H2 ( E . 3 )

2C0 —  C02 + C ( E . 4 )

T h e r e f o r e ,  a s s u m in g  100$ d i s s o c i a t i o n  o i  t h e  c a r b o n  d i o x i d e  

b y  r e a c t i o n  ( E . l ) ,  34$ o f  t h e  c a r b o n  monoxide  p r o d u c e d  

r e a c t e d  v i a  r e a c t i o n  ( E . 4 ) ,  34$ r e a c t e d  v i a  r e a c t i o n  ( E . 3 )  

a n d  33$  was p a r t i t i o n e d  b e tw e e n  c a r b o n  monoxide  and m e th a n e  

i n  r e a c t i o n  ( E . 2 ) .
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nTo be a b l e  t o  f o l l o w  c a r b o n  d i o x i d e  t h r o u g h  i t s  r e a c t i o  

s e q u e n c e ,  u n d e r  no rm a l  r e a c t i o n  c o n d i t i o n s ,  [ 14C ] c a r b o n  

d i o x i d e  was used* Vhen [ 4 C ] c a r b o n  d i o x i d e  was i n j e c t e d  

s i m u l t a n e o u s l y  w i t h  a h y d r o c a r b o n  u n d e r  no rm a l  s t e a m —r e f o r m i n  

c o n d i t i o n s  t h e  r e t e n t i o n  o f  th e  [ ^ 4C ] c a r b o n  d i o x i d e  by t h e  

s u r f a c e  was shown i n  t a b l e  4 . 7 .

Table  4*7

D e p o s i t i o n  o f  [ C]Carbon D io x id e  when R e a c t e d  S i m u l t an e o u s l y

w i t h  a H y d ro c a r b o n  and Steam

14.

Hydro  c a r b o n  

B en zen e  

T o l u e n e  

n - H e p t a n e

of  f 14C1 c a r b o n  d i o x i d e  r e t a i n e d  

1 7 .7  

1 9 .3  

1 . 6

H ence  i t  c an  be s e e n  t h a t  t h e r e  i s  a l a r g e  v a r i a t i o n  i n  t h e
r  1 Aamount o f  [ x rC ] c a r b o n  d i o x i d e  r e t a i n e d  and t h a t  t h i s  d e p e n d s

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

To e l u c i d a t e  t h e  r o l e  o f  c a r b o n  monoxide  i n  b o t h  t h e
* r  1  Tc a r b o n a c e o u s  d e p o s i t i o n  and t h e  r e a c t i o n  m echan ism ,  |_ C J c a r b o n  

m onox ide  was added  w i t h  t h e  h y d r o c a r b o n  u n d e r  no rm a l  s t e a m -  

r e f o r m i n g  c o n d i t i o n s .  T a b le  4 .8  shows t h e  amount o f  

[ 1 4 C ] c a r b o n  monoxide r e t a i n e d  by t h e  s u r f a c e  w i t h  v a r i o u s  

h y d r o c a r b o n s  i n  t h e  f e e d s t o c k .
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Tab le  4 . 8

r 14R e t e n t i o n  o f  1 C~]Carbon Monoxide When R e a c t e d  S i m u l t a n e o u s l y

w i t h  a H y d ro c a r b o n  and S team

Hydro  c a r b o n  jo  o f  j" ^^C1 c a r b o n  monoxide  r e t a i n e d

B e n z e n e  2 3 . 4

T o l u e n e  1 7 .5

n - H e p t a n e  1 . 2

I t  c a n  be  s e e n  t h a t  t h e s e  f i g u r e s  a r e  i n  good a g r e e m e n t  w i t h  

t h e  d e p o s i t i o n  f i g u r e s  o b t a i n e d  when [ ^ C ] c a r b o n  d i o x i d e / s t e a m /  

h y d r o c a r b o n  f e e d s t o c k s  were  u s e d .  T h i s  i s  c o n s i s t e n t  w i t h  

t h e  c a r b o n  m o n o x i d e / c a r b o n  d i o x i d e  mechanisms  (D and E) 

d i s c u s s e d  a b o v e .

To o b t a i n  a m easu re  o f  t h e  amount o f  c a r b o n  d e p o s i t e d  

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

a  c l e a n  c a t a l y s t  u n t i l  a s t e a d y  s t a t e  was a c h i e v e d .  The 

c a t a l y s t  was t h e n  t r e a t e d  w i t h  oxygen  a t  475 °C f o r  30 m in .  

an d  t h e  amount  o f  c a r b o n  d e p o s i t e d  d e t e r m i n e d  f rom t h e  c a r b o n  

d i o x i d e  y i e l d  ( t a b l e  4 . 9 ) .

T a b le  4 .9

$o o f  Carbon R e t a i n e d

P e n t a n e  Hexane H e p tan e C y c l o h e x a n e

% c a r b o n  
r e t a i n e d 2 8 .1  1 6 .0 1 0 .5 9 . 7

Benzene  To luene E t h y l
Benzene

0 r t h  o -X y1 ene

i°  c a r b o n  
r e t a i n e d 2 4 .9  2 1 .6 2 9 .1 2 5 .9
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J

A l l  ohe a r o m a t i c  s p e c i e s  gave a p p r o x i m a t e l y  t h e  same p e r c e n t a g e  

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

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

t h e  [ C j c a r b o n  monoxide and [ ^ C ] c a r b o n  d i o x i d e  d e j j o s i t i o n  

f i g u r e s  ( t a b l e  4 . 8 ;  t a b l e  4 . 7 ) ,  shows good a g r e e m e n t  f o r

b e n z e n e  and t o l u e n e  b u t  n o t  f o r  n—h e p t a n e .  The f o l l o w i n g

m ech a n ism  may be p o s t u l a t e d  to  s a t i s f y  t h e s e  o b s e r v a t i o n s J

M echan ism  F

H y d r o c a r b o n  ---------->  CH^ + C + H ( F . l )

H y d r o c a r b o n  + H^O —  CO + H ( F . 2 )

CO + 3H2  CH4 + H20 ( F . 3 )

CO + H20 C02 + H2 ( P .  4 )

200 ~ ------- CO + C ( F . 5 )

C + H — --------->  C H ( F . 6 )
x y

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

s i m i l a r  t o  t h o s e  from [ 14C ] c a r b o n  monoxide  and  [ 1 4 C ] c a r b o n

d i o x i d e  d e p o s i t i o n s .  From t h e s e  d a t a  and t h e  p r o d u c t

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

r e a c t i o n  f o r  e q u a t i o n s  ( F . l )  to  ( F . 5 )  a b o v e .  F o r  b e n z e n e  

9 4 $  r e a c t e d  by  r e a c t i o n  ( P . 2 ) ,  w h i l e  t h e  r e m a i n i n g  6$ r e a c t e d  

v i a  r e a c t i o n  ( F . l ) ;  o f  t h e  c a r b o n  monoxide  p r o d u c e d  24$ 

r e a c t e d  v i a  r e a c t i o n  ( F . 3 ) , . 13$ by r e a c t i o n  ( F . 4 )  and 47$ 

r e a c t e d  by  r e a c t i o n  ( F . 5 ) ,  t h e  r e m a i n i n g  10$ came t h r o u g h
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u n c h a n g e d .  Tor t o l u e n e  8 9 * 5 ? °  r e a c t e d  v i a  r e a c t i o n  ( F . 2 )  

w h i l e  10„ 5/s r e a c t e a  v i a  r e a c t i o n  ( F . l ) ;  o f  t h e  c a r b o n  m onox ide  

p r o d u c e d  2 2 . 3 $  r e a c t e d  v i a  r e a c t i o n  ( F . 3 ) ,  1 7 . 2 $  by  r e a c t i o n  

( F . 4 )  and  3 8 . 6 $  by r e a c t i o n  ( F . 5 ) ;  t h e  r e m a i n i n g  1 1 . 4 $  came 

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

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

a r o m a t i c  h y d r o c a r b o n .

V i t h  an  a l i p h a t i c  h y d r o c a r b o n  h o w e v e r ,  t h e  [ ^ C ]  c a r b o n  
r 14m o n o x id e  and  L C Jc a rb o n  d i o x i d e  d e p o s i t i o n  f i g u r e s  w ere  

c o n s i d e r a b l y  s m a l l e r  t h a n  t h e  h y d r o c a r b o n  d e x > o s i t io n  f i g u r e s .

F o r  n - h e p t a n e  8 4 . 7 5 $  r e a c t e d  v i a  r e a c t i o n  ( F . l ) ,  w h i l e  t h e  

r e m a i n i n g  1 5 . 2 5 $  r e a c t e d  v i a  r e a c t i o n  ( F . 2 ) ;  t h e r e f o r e  t h e  

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

b y  r e a c t i o n  ( F . l ) ,  R e a c t i o n  (F.  5) was n o t  s i g n i f i c a n t  as  a 

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

r e a c t i o n  c o n d i t i o n s  were  such  t h a t  o n l y  a s m a l l  x^’o p o r t i o n  o f  

c a r b o n  m onox ide  was fo rm ed  and t h a t  t h e  e x c e s s  h y d r o g e n  p r e s e n t  

f a v o u r e d  r e a c t i o n  ( F . 3 )  o v e r  r e a c t i o n  ( F . 5 ) •

R e a c t i o n  ( F . 6 )  r e p r e s e n t s  t h e  f o r m a t i o n  o f  t h e  p o l y m e r i c  

s p e c i e s  on t h e  s u r f a c e  and  by t h i s  r e a c t i o n ,  w h ic h  o c c u r r e d  

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

rem oved  f rom  b e i n g  a v a i l a b l e  f o r  r e a c t i o n  and was i n c o r p o r a t e d  

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

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

i o n  was low and t h e  m e thane  was l a r g e .  s u b s e q u e n t l y  t h e  m e th an e
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p r o d u c t i o n  d e c r e a s e d  and t h e  c a r b o n  d i o x i d e  i n c r e a s e d .

H o w ev e r ,  t h e  p r o d u c t i o n  o f  c a r b o n  d i o x i d e  and  methane was 

g o v e r n e d  by  r e a c t i o n s  ( F . 3 )  a n d ( F . 4 )  and  i t  was p r o b a b l e  

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

p r o c e e d e d .  A r a t i o n a l i s a t i o n  o f  t h e  above  r e s u l t s  can  be 

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

was on t h e  m e t a l  and on t h e  a lu m in a  s u p p o r t ,  w i t h  h y d r o x y  

s p e c i e s  r e t a i n e d  by t h e  a lu m in a .  This  would  e f f e c t i v e l y  

remove them from a v a i l a b i l i t y  f o r  r e a c t i o n ;  as t h e  s u p p o r t  

becam e s a t u r a t e d  by hyd roxy  g roups  more s t e a m  became a v a . i l a .b le  

f o r  r e a c t i o n ,  r a t h e r  t h a n  h y d r o g e n .  Hence t h e  o v e r a l l  e f f e c t  

o f  t h e  v a r i a t i o n  i n  h y d ro g e n  and s team  c o n c e n t r a t i o n s  would  

h a v e  b e e n  to  g iv e  t h e  change  i n  c a r b o n  d i o x i d e  and  m e thane  

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

A s a m p le  o f  each  s t e a d y  s t a t e  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  and h y d r o g e n  ( t a .b l e  4 . 1 0 ) .

T a b le  4 .1 0  

C : H R a t i o s  o f  t h e  S u r f a c e  D e p o s i t s

C : H r a t i o

C : H r a t i o

P e n ta n e Hexane H e p tan e H e p t - l - e n e

1 : 9 . 7 1 : 4 . 6 1 : 8 . 8 1 : 0 . 6

Benzene To lu en e E t h y l
Benzene

O r t h o - X y l e n e

1 : 1 . 5 1 : 0 . 9 1 : 2 . 2 1 :1



From t a b l e  4 . 1 0 ,  i t ,  can  be s e e n  t h a t  t h e  d e p o s i t  from t h e  

a l i p h a t i c  h y d r o c a r b o n s  had  a l o v e r  c a r b o n  to  h y d r o g e n  r a t i o  

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

Each  s t e a d y  s t a t e  c a t a l y s t  v a s  exam ined  by  e l e c t r o n  

m i c r o s c o p y .  No c a r b o n  f i l a m e n t s  c o u ld  be o b s e r v e d  on t h e  

c a t a l y s t s  vhen  p e n t a n e ,  hexane  o r  c y c l o h e x a n e  h a d  b e en  u s e d  

a s  r e a c t a n t s .  With t h o s e  c a t a l y s t  s am p le s  v h i c h  h a d  b e e n  

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

x y l e n e s  o r  n - h e p t a n e ,  a v e r y  s m a l l  q u a n t i t y  o f  f i l a m e n t a l  

m a t e r i a l  v a s  o b s e r v e d .  I io v e v e r ,  vhen  h e p t - l - e n e  v a s  u s e d  

a s  r e a c t a n t ,  t h e  c a t a l y s t  vas  c o v e r e d  by f i l a m e n t s .  From 

t a b l e  4 . 1 0  i t  c an  be s e e n  t h a t  h e p t - l - e n e  h a d  t h e  l o v e s t  

h y d r o g e n  to  ca,rbon r a t i o  f o r  t h e  s u r f a c e  d e p o s i t  as  v o u l d  be 

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

Sample  c a t a l y s t s  v e r e  e x t r a c t e d  v i t h  c a r b o n  t e t r a ­

c h l o r i d e  and  t h e  r e s u l t i n g  s o l u t i o n  exam ined  by  i n f r a - r e d  

s p e c t r o s c o p y .  The p e a k s  o b s e r v e d  and t h e i r  a s s i g n a t i o n s  

v e r e  a s  f o l l o v s : -

P e a k s  (cm M A s s ig n m e n t

3010

2 9 6 0 ,  2 9 3 0 ,  2860 

2720

1740

1755

C-H s t r e t c h i n g  i n  C=C-H g r o u p .

C_H s t r e t c h i n g  i n  -CH^, -CH0-  g r o u p s .  

C-H s t r e t c h i n g  i n  -CHO g r o u p .  

U n s p e c i f i e d  C=0 s t r e t c h .

C=0 s t r e t c h  o f  a l k y l  e s t e r .

1710 C=0 s t r e t c h  o f  a l k y l  a l d e h y d e .
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P e a k s  (cm ) A ss ig n m e n t

1670 C—0 s t r e t c h  o f  C=C-CH0.

1620 C=C s t r e t c h  o f  C=C-CH0.

1460 C-H d e f o r m a t i o n s  o f  -C H ^- ,  and
-CH .

1380 -CH^ s y m m e t r i c a l  d e f o r m a t i o n  and
C-CIIO s k e l e t a l ,

920 C-H d e f o r m a t i o n  f o r  -CIIO.

The e x t r a c t e d  s am p les  v e r e  t h e n  a n a l y s e d  by  mass s p e c t r o ­

m e t r y  and  a p o l y m e r i c  s p e c i e s  b a s e d  on a -CH^- b a c k b o n e  v a s  

i d e n t i f i e d  v i t h  an  u p p e r - l i m i t  mass o f  a p p r o x i m a t e l y  400 a . m . u .  

The p e a k s  a t  t h e  l o v e r  end o f  t h e  s p e c t r u m  v e r e  i d e n t i f i e d  as  

f o l i o v s :

P e a k  ( a . m . u . )  A ss ig n m e n t

29 CHO

41 ( s ) C CHO ; ch - co

42 CH -  CHO ; ch2- CO

43 ( s ) ch2 - CHO

44 ch2 - CH^O2

55 ( s ) CH = CH - CHO

56 ch2 - CH - CHO

ch2- ch2- CO

57 ( s ) CV ch2- CHO

68 CH - ch = CH - CHO

69 (s  ) ch2- CH = CH - CHO

70 CH - ch2- C1I2- CHO

71 ( s ) ch2- ch2- c;V CHO



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

l a s e r —Raman s p e c t r o s c o p y , b o t h  o f  v l i i c h  g a v e  s p e c t r a  i n  

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

e x t r a c t s .

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

b e f o r e ,  d u r i n g  a n d  a f t e r  r e a c t i o n  ( f i g u r e  4 . 4 ) .  A l l  t h e  

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

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

e x o t h e r m i c  a n d  e n d o t h e r m i c  r e a c t i o n s  v e r e  o b s e r v e d .  P e n t a n e  

g a v e  o n l y  a n  e x o t h e r m i c  r e a c t i o n  a n d  h e x a n e  an  e n d o t h e r m i c  

r e a c t i o n .

V h e n  a  s t e a m / h e l i u m  s t r e a m  v a s  p a s s e d  o v e r  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  47 5 ° C  a n  e x o t h e r m i c  r e a c t i o n  t o o k  p l a c e  

v h i c h  r e s u l t e d  i n  a  t e m p e r a t u r e  i n c r e a s e  o f  4 - 5 ° C  i n  t h e  

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

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

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

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

1 ° C  v a s  o b s e r v e d  u n d e r  s i m i l a r  c o n d i t i o n s . .

4 . 4 .  C a t a l y s t  R e g e n e r a t i o n  a n d  Re mova l  o f  C a r b o n a c e o u s  

D e n o s  i t s .

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

d e p o s i t s  h a v e  b e e n  i n v e s t i g a t e d .  The f i r s t  m e t h o d  v a s  t o  

s u b j e c t  a  c a t a l y s t ,  v h i c h  h a d  b e e n  u s e d  f o r  s t e a m - r e f o r m i n g ,
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"to a h e l i u m  s t r e a m  c o n t a i n i n g  6.82/^ s t e a m :  t h i s  was a n a l o g o u s

t o  t h e  i n d u s t r i a l  method o f  c l e a n i n g .  When t h e  s t e a m / h e l i u m  

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

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

t r e a t m e n t  w i t h  t h e  s t e a m / h e l i u m  s t r e a m  f o r  a p p r o x i m a t e l y  3 m in .  

No f u r t h e r  r e a c t i o n  was o b s e r v e d  i n  s u b s e q u e n t  t r e a t m e n t s  

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

s u r f a c e  c l e a n i n g  d i d  n o t  remove f i l a m e n t a l  m a t e r i a l  was 

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

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

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

t h e s e  c a t a l y s t s .  As t h e  amount of  d e p o s i t  removed by s t e a m  

c l e a n i n g  was 6.97/^ ,  which i s  i n  good a g r e e m e n t  w i t h  t h e  

amount  o f  d e p o s i t  removed when a u s e d  c a t a l y s t  was t r e a t e d  

w i t h  c a r b o n  d i o x i d e  a lo n e  ( 7 . 7 3 / 0  ( s e c t i o n  4 . 3 ) ,  i t  i s  

p r o b a b l e  t h a t  t h e  s p e c i e s  i n t e r a c t i n g  w i t h  t h e  s t ea m  was t h e  

same s p e c i e s  which  i n t e r a c t e d  w i t h  t h e  c a r b o n  d i o x i d e .  

T h e r e f o r e ,  as  i t  h a s  b e en  shown ( s e c t i o n  4 . 3 )  t h a t  t h e  c a r b o n  

d i o x i d e  r e a c t e d  v i a  a r e v e r s e  Boudouard  r e a c t i o n

(CO^ + C --------->  2CO, Mechanism D),  a c a r b o n  ada tom  may be

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

m ech an ism  t o  be p o s t u l a t e d  f o r  s team  c l e a n i n g :



M echan ism  Cf

HgO OH ( a d s )  + H ( a d s )  ( G . l

C ( a d s )  + OH ( a d s ) — CO(ads)  + H ( a d s )  (G .2

CO ( a d s  ) + OH ( ads  )  C O ^ g )  + H (a d s )  ( 0 . 3

2 H ( a d s )  -------------------------------------------------------------------------- (G .4

CO ( a d s ) -------  — >  CO ( g )  (Cr.5

As no c a r b o n  monoxide i s  d e t e c t e d ,  r e a c t i o n  ( 0 . 5 )  w i l l  be 

s l o w  co m p ared  t o  r e a c t i o n  ( G . 3 ) .

The s e c o n d  method o f  r e g e n e r a t i o n  and  rem ova l  o f  c a r b o n ­

a c e o u s  d e p o s i t s  was t o  s u b j e c t  a u s e d  c a t a l y s t  t o  an oxygen  

f l o w  a t  4 7 5 °C. This  t r e a t m e n t  r e s u l t e d  i n  an e x t r e m e l y  

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

i n c r e a s e d  t o  ~1000°C and t h i s  r e s u l t e d  i n  a 20-257^ l o s s  o f  

c a t a l y s t  mass  due to  i t s  i n c o r p o r a t i o n  i n t o  t h e  w a l l s  o f  t h e  

c a t a l y s t  cham ber .  A l though  t h i s  oxygen t r e a t m e n t  removed a l l  

d e p o s i t e d  c a r b o n ,  ( c o n f i r m 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 )  

i t  r e s u l t e d  i n  a t o t a l  l o s s  of c a t a l y t i c  a c t i v i t y .  When t h e  

c a t a l y s t  was s u b j e c t e d  t o  oxygen t r e a t m e n t  a t  room t e m p e r a t u r e ,  

an  e x o t h e r m i c  r e a c t i o n  o c c u r r e d  which i n c r e a s e d  t h e  t e m p e r ­

a t u r e  i n  t h e  c a t a l y s t  bed  to  45C~500°C. However ,  i t  was 

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

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

c o u l d  be  r e a c t i v a t e d  by a h y d ro g e n  r e d u c t i o n  a t  450°C f o r  

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

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

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

( t a b l e  4 . 1 1 ) .
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Table  4. 11

r i ^o_n___of C a r b o n  D i o x i d e  P r o d u c t i o n  f o r  a F r e s h l y  R e d uc e d  

i t ! f f A  Qf.nd an O x y g e n - C l e a n e d  t h e n  R e d u c e d  C a t a l y s t

C a t a l y s t  Carbon d i o x i d e  -p r o d u c t io n

1 s t  R e a c t i o n  2nd R e a c t i o n  S t e a d y  S t a t e

F r e s h l y  Reduced l e09% 3 ,6 %  3 6 ,S % >

0^ c l e a n e d  
t h e n  r e d u c e d 1 . 8 #  9 . 0 7 #  3 4 . 2 #

S u b j e c t i n g  a u s e d  c a t a l y s t  to  a s t r e a m  of  h y d r o g e n ,  f o r  

16 h o u r s  a t  500°C, v a s  t h e  t h i r d  method o f  r e g e n e r a t i o n  and  

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

c a t a l y s t  h a d  b een  u s e d  f o r  t h e  s t e a m - r e f o r m i n g  o f  [ ^ C j b e n z e n e  

an d  on  i t ,  t h e r e f o r e ,  a c a r b o n - 1 4  l a b e l l e d  s u r f a c e  c a r b o n ­

a c e o u s  r e s i d u e  had  been d e p o s i t e d .  As i t  v a s  known t h a t  

b e n z e n e  d e p o s i t e d  25/^ o f  i t s  c a r b o n  I s e c t i o n  4 . 3 ;  t a b l e  4 . 9 )  

a n y  r e m o v a l  o f  s u r f a c e  c a r b o n  by h y d ro g e n  c o u l d  be d e t e c t e d .  

D u r i n g  t h e  f i r s t  4 h o u r s  o f  th e  t r e a t m e n t ,  t h e  e x i t  gas  v a s  

m o n i t o r e d  f o r  c a r b o n —14 b u t  none va s  d e t e c t e d .  T h e r e f o r e ,  

a t  t h e  end  o f  t h e  16 h o u r  p e r i o d ,  t h e  gas  f l o v  v a s  c h a n g e d  

t o  o x y g e n  and any r e s i d u a l  c a r b o n  v as  removed by an  oxy g en  

t r e a t m e n t  a t  4T5°C. The c a r b o n  removed i rom  t h e  s u r f a c e  

b y  t h e  oxygen  f l o v  v a s  i n  t h e  form o f  c a r b o n  d i o x i d e  and  t h e  

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

w i t h i n  experimental e rr o r ,
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was e q u a l  to  t h e  amount d e p o s i t e d  by t h e  b e n z e n e .  T h e r e f o r e ,  

no c a r b o n  had  b een  removed from t h e  s u r f a c e  by t h e  h y d r o g e n  

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

a s  ab o v e  g a v e ,  when s team  and h y d r o c a r b o n  r e a c t e d  o v e r  i t ,  

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

The f o u r t h  method i n v e s t i g a t e d  was to  s u b j e c t  a u s e d  

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

was i n i t i a l l y  s team  " c l e a n e d ” and t h e n  200 q l  o f  h y d r o g e n  

p e r o x i d e  (100  V o l . ) were i n j e c t e d  o v e r  i t .  I t  was fo u n d  

t h a t  t h i s  method removed c a r b o n  from t h e  s u r f a c e ,  t h e  ce. rbon 

b e i n g  d e t e c t e d  as c a r b o n  d i o x i d e .  T e m p e r a tu r e  c h a n g e s  i n  

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

t e m p e r a t u r e  r i s i n g  by 75°C from 475°C to  550°C. However 

t h e  c a t a l y s t  was fo und  to  be  a c t i v e  a f t e r  s u c h  t r e a t m e n t .

4 . 5 .  C a rb o n  Monoxide A d s o r p t i o n s

C arb o n  monoxide  was u s e d  to  m easu re  t h e  e x t e n t  o f  m e t a l  

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

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

h y d r o c a r b o n  r a t i o s )  and a g a i n  a f t e r  t h e  r e a c t i o n .  T h i s  was 

d o n e  f o r  a l l  t h e  h y d r o c a r b o n s  u s e d .  From t h e  r e s u l t s  shown 

i n  t a b l e  4 .1 2  i t  c an  be s e e n  t h a t  t h e  p e r c e n t a g e  o f  t h e  

s u r f a c e  f r e e  a f t e r  one r e a c t i o n  of  each  h y d r o c a r b o n  ( c o m p a re d  

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

a l t h o u g h  as  shown e a r l i e r  ( s e c t i o n  4 . 3 ) ,  t h e  amount o f  s u r f a c e
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T ab le  4 .1 2

jo o f  F r e e  S u r f a c e  a f t e r  R e a c t io n  o f  Steam and H y d r o c a r b o n

H y d r o c a r b o n

P e n t a n e  

H exane  

H e p t a n e  

C y c l o h e x a n e  

B e n z e n e  

T o l u e n e  

E t h y l  B en z e n e  

O r t h o - X y l e n e

i°  o f  S u r f a c e  
P r e e  a f t e r  
One R e a c t i o n

51 .97  

4 7 .6 1 .  

5 3 .2 4  

54 .23  

6 0 .1 4

4 8 .9 7  

50 .62  

50 .28

io o f  S u r f a c e  
P r e e  a f t e r  
P o u r  R e a c t i o n s

4 8 .0 3

4 6 . 2

4 6 .9

4 4 .7 9

3 2 .5

4 4 .1

3 1 .8 3

2 3 . 7



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

ran g in g -  f rom  1 0 fo  t o  29% o f  t h e  amount i n j e c t e d .  The d e r i v e d  

o r d e r s  o f  d e p o s i t i o n ,  f o r  v a r i o u s  q u a n t i t i e s ,  can be  s e e n  i n  

t a b l e  4 . 1 3 .  I f  t h e s e  o r d e r s  a r e  compared w i t h  t h e  H : C r a t i o s  

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

c a r b o n s  :

E t h y l  Benzene  O r th o - X y le n e  T o lu en e  B enzene  

H : C r a t i o  1 .2 5  1 .2 5  1 . 1 4  1

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

P e n t a n e  Hexane H ep tan e  C y c lo h ex a n e  

H ; C r a t i o  2 . 4  2 .3 3  2 .2 9  2

H e n c e ,  w i t h i n  each s e r i e s , th e  lo w e r  t h e  H : C r a t i o  t h e  l e s s  

t h e  amount o f  d e p o s i t i o n .  I t  was t h e r e f o r e  n o t  e x p e c t e d  

t h a t  e a c h  o f  t h e  c a t a l y s t s  s h o u l d  show t h e  same p e r c e n t a g e  

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

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

by  a  c a r b o n  monoxide  a d s o r p t i o n .  The r e s u l t s  i n  t a b l e  4 . 1 2  

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

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

c a r b o n s  an d  an o r d e r  o f  • P e n t a n e  > H e p tan e  >  Hexane >  

C y c l o h e x a n e  >  T o lu en e  >  Benzene >  E t h y l  Benzene  >  O r t h o -  

X y le n e  i s  o b t a i n e d .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  

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



exane

53.

o
oH—1 
O 
tJ*

W0
p
tS3
0
PO

V

1-3OM
P
0
P
0

V

«
0
X

V

w
0
►d
d-

B
0

W
d"tr
<<M
w
0
P
N
0
P
0

V

»xJ
0
PC+-
p
p
0

V

o
4
d -P'0
1
XxjH
0
P
0

V

o w K H0 0 O
o p ►d MM N cf P
o 0 d- p 0
p* P PJ p P
0 0 << 0 0
X M •
PP V w V0 0• p4j N0 0 0

P P P
d- 0 d-
P sP p
0 V 0

V o V4c+w P w
0 O 0
X 1 X
P IX p
P p0 H> 0

0
P

V 0 V

w
0

►d
d -

B0
v

V
t-3
oM
P
0
P
0

V

o
oM
O
P*
0
XPPo

V

H
d -P*

w
0
p
N
0
P
0

V

o
4
d -P*0
1pix

<<y->0P
0

V

tP0
P
N
0P
0

V

o
4
P-
0
4
O
H>
UH-
3H-
PH*
to
P*H-
P
(K3
O
0
tPOM
H-
d -H-
O
P

fc*0
4H-
X0

o
4 t-3
Pb P0 CT*
4 1—1
to 0
O
Hj •

h-J
tJ VwO0d
o
to
H*
d-H*O
P



54.

o f  t h e  p e r c e n t a g e  ca rb o n  d e p o s i t i o n  f i g u r e s .  However ,  t h e  

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

r e v e r s e  o f  t h a t  e x p e c t e d  from t h e  p e r c e n t a g e  c a r b o n  d e p o s i t i o n  

d a t a .  T h e r e f o r e ,  when t h e  f r e e  s u r f a c e  i s  m e asu re d  a f t e r  

one  r e a c t i o n ,  a l l  o f  t h e  c a t a l y s t s  e x h i b i t  t h e  same amount 

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

v a r i a t i o n  i s  found  be tw een  t h e  f r e e  s u r f a c e  a v a i l a b l e  on 

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

e a c h  o f  t h e  c a t a l y s t s ,  be tw een  r e a c t i o n s  one and f o u r ,  i s  

c o n s i d e r e d  t h e  o r d e r  -  Hexane < P e n t a n e  < To luene  <  H e p ta n e  <  

C y c l o h e x a n e  < E t h y l  Benzene < O r th o - X y le n e  < Benzene  i s  

o b t a i n e d  ( t a b l e  4 . 1 2 ) .  Vhen t h i s  s e r i e s  i s  compared  w i t h  

t h e  H : C r a t i o s  o f  th e  h y d ro c a r b o n s  i t  i s  fo u n d  t h a t  t h e  

l o w e r  t h e  H j C r a t i o  o f  t h e  h y d r o c a r b o n ,  t h e  g r e a t e r  t h e  

l o s s  i n  f r e e  s u r f a c e  be tw een  r e a c t i o n s  one and f o u r .

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

d e t a i l  f o r  b e n ze n e  ( t a b l e  4 . 1 4 ) ,  where  i t  can  be s e e n  t h a t  

t h e r e  i s  an o r d e r l y  p r o g r e s s i o n  t o  a ’’s t e a d y  s t a t e ” v a l u e  

o f  a p p r o x i m a t e l y  3f° o f  th e  s u r f a c e  f r e e ,  compared w i t h  a 

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

t h a t  a l l  o f  t h e s e  c a t a l y s t s  were  a c t i v e ,  t h a t  i s  t h e y  s t i l l  

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

t h e  s t a g e  when t h e  c a r b o n  monoxide a d s o r p t i o n  m e as u re m e n ts

w e re  made.
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Tab le  4 .1 4  

D e c r e a s e  i n  F r e e  S u r f a c e

B e n z e n e

Number o f  R e a c t io n s  

i  4  12 18 24

fo o f
S u r f a c e  6 0 . 1 4  3 2 .5  1 9 .7  2 .5  3 . 7

F r e e



By c a r b o n  monoxide  a d s o r p t i o n  measurem ents  i t  was 

p o s s i b l e  t o  o b t a i n  a measure  of th e  amount o f  d e p o s i t e d  

m a t e r i a l  r e m o v a b le  by a s team " c l e a n i n g "  t r e a t m e n t  

( s e c t i o n  4 . 4 )  and  how much f r e e  s u r f a c e  was r e g e n e r a t e d  

( t a b l e  4 . 1 5 )  by t h i s  t r e a t m e n t .  The amount o f  d e p o s i t  

r e m o v a b l e  by t h e  s team  " c l e a n i n g "  i s  n o t  l a r g e  (6 .9%) > 

w h i l e  t h e  amount o f  s u r f a c e  exposed  by removal o f  t h e  d e p o s i t  

i s  10 .7% o f  t h e  o r i g i n a l  f r e e  s u r f a c e  o r  15.9% o f  t h e  s u r f a c e  

t h a t  was c o v e r e d .

Table  4.15

% of* S u r f a c e  R e g e n e r a t e d  by a Steam T r e a tm e n t  

B e n z e n e i

A f t e r  f o u r  A f t e r  f o u r  r e a c t i o n s
r e a c t i o n s '  and s t e a m  t r e a t m e n t

% of surface 
free 32.556
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CHAPTER 5 

C o n c lu s io n s

5*1 .  C o n c l u s i o n

I t  i s  now p o s s i b l e  to  t a k e  an o v e r a l l  v iew  o f  t h i s  

r e s e a r c h  and t o  c o r r e l a t e  th e  f i n d i n g s *  The c o n c l u s i o n s  

w i l l  be  p r e s e n t e d  i n  two p a r t s :

( a )  a p r o p o s e d  mechanism, 

and  ( b ) an  a n a l y s i s  o f  t h i s  ap p ro a ch  to  t h e  mechanism 

o f  s t e a m - r e f o r m i n g ,

5 * 1 . 1 .  The P r o p o s e d  Mechanism

A s i n g l e  mechanism may be p o s t u l a t e d  t o  r a t i o n a l i s e  t h e  

r e s u l t s  o b t a i n e d  when t h e  h y d ro c a rb o n s  r e a c t e d  o v e r  t h e  

c a t a l y s t ,  i n  t h e  a b se n c e  of  s t e a m ,  a t  low s t ea m  t o  h y d r o ­

c a r b o n  r a t i o s  ( t a b l e  4 . 2 . )  and a t  h ig h  s team  t o  h y d r o c a r b o n  

r a t i o s  ( t a b l e  4 . 5 . ) : -

Mechanism I

H y d r o c a r b o n

H y d r o c a r b o n  4 H^O

H2°
CO + 3H,

CO + h 2o 

2C0 

C 4  H

C 4 h 2o

> CH, 4 C 4 H 
4

(1.1.
-> CO 4 h2 ( X . 2 .

-> H 4 OH ( 1 . 3 .

CH 4 H O 
4 ^ ( 1 . 4 .

C02 + h2 ( 1 . 5 .

co2 + c ( 1 . 6 .

C H ( 1 . 7 .
x y

CO + H (1.8.



(As t h i s  i s  an o v e r a l l  r e p r e s e n t a t i o n  o f  t h e  m echan ism ,  no 

s p e c i f i c a t i o n  h a s  been  made as to  t h e  s t a t e s  o f  a d s o r p t i o n  

o f  t h e  c o m p o n e n t s ) .  Vhen s team was a b s e n t  o n l y  r e a c t i o n s  

( 1 . 1 . )  a n a  ( 1 . 7 . )  o c c u r  ( s e c t i o n  4 . 1 . ) .  Vhen t h e r e  was a

low s t e a m  to  h y d r o c a r b o n  r a t i o  ( s e c t i o n  4 . 2 . )  o r  a h i g h  

s t e a m  t o  h y d r o c a r b o n  r a t i o  ( s e c t i o n  4 . 3 . ) ,  a l l  e i g h t  r e a c t ­

i o n s  o c c u r r e d ,  b u t  t h e  e x t e n t  to  which  each r e a c t i o n  o c c u r r e d  

wra s  d e p e n d e n t  on t h e  s team  to h y d r o c a r b o n  r a t i o  and on t h e  

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

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

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

t o  d e t e c t  f o u r  t y p e s  o f  c a rb o n aceo u s  d e p o s i t ;

( a )  c a r b o n  f i l a m e n t s ,

( b )  a p o l y m e r i c  s p e c i e s ,

( c )  a  r e a c t i v e  s u r f a c e  c a r b o n ,

( d )  " c a r b o n 11.

The f i l a m e n t a l  m a t e r i a l  was d e t e c t e d  by e l e c t r o n  m i c r o ­

s c o p y  o f  c a t a l y s t s  w h ich  had  been  s u b j e c t e d  t o  r e a c t i o n  w i t h  

h y d r o c a r b o n  a l o n e  a,nd w i t h  s t e a m / h y d r o c a r b o n  a t  low s t e a m  to  

h y d r o c a r b o n  r a t i o s .  Vhen t h e  c a t a l y s t s  which had  b e en  u s e d  

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

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

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

and  h y d r o g e n  i n h i b i t  t h e  growth o f  c a r b o n  f i l a m e n t s .  Once
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f o r m e d ,  t h e  o n l y  t r e a t m e n t  which removed them from the  

s u r f a c e  was an oxygen t r e a t m e n t  a t  475°C.

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

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

s o l u t i o n  by  i n f r a - r e d  s p e c t r o s c o p y ,  by l a s e r —Raman s p e c t r o ­

s c o p y  o f  t h e  c a t a l y s t  s u r f a c e  and by mass s p e c t r o m e t r y .

The d a t a  o b t a i n e d  on t h i s  s p e c i e s  i n d i c a t e d  t h a t  i t  was a 

-C H 2 ~ b a c k b o n e d  p o ly m e r  be tw een  C -  C ^ i n  l e n g t h  w i t h  

p r o b a b l y  two s e p a r a t e  a ld eh y d e  g r o u p i n g s ,  one a l k y l  (R -C H O ) ,  

one c o n j u g a t e d  ( -CH = CH _ CHO) .

I t  was t h o u g h t  t h a t  a r e a c t i v e  c a rb o n  ada tom ,  which  

c o u l d  be removed by t r e a t m e n t  w i t h  s team  ( s e c t i o n  4 . 4 . )  o r  

c a r b o n  d i o x i d e  ( s e c t i o n  4 . 3 . )  a t  475°C, was p r e s e n t  on th e  

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

s p e c i e s .

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

c a t a l y s t s  w h ich  had  no f i l a m e n t a l  g ro w th ,  had been  s t ea m  

c l e a n e d  and  h a d  had  t h e  p o ly m e r i c  s p e c i e s  e x t r a c t e d  from 

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

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

w h i l e  t h e  c a t a l y s t s  u s e d  w i th  a l i p h a t i c  h y d r o c a r b o n s  h a d  no 

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

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

h y d r o  g e n .
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Prom t h e  r e s u l t s  o f  t h e  c a r b o n  monox ide  a d s o r p t i o n  

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

’ f r e e '  s u r f a c e  o f  t h e  c a t a l y s t .  As t h e  amount  o f  f r e e  

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

a c t i v i t y  would  a l s o  d e c r e a s e  p r o p o r t i o n a l l y ;  h o w e v e r ,  i t  

was f o u n d  t h a t  t h e r e  was no c o r r e l a t i o n  b e t w e e n  t h e  a c t i v i t y  

and t h e  amount o f  f r e e  n i c k e l .  I t  h a s  b e e n  r e p o r t e d  

( s e c t i o n  4 . 5 . ;  t a b l e  4 . 1 2 )  t h a t  t h e  l o s s  i n  a r e a  b e tw ee n  

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

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

c a t a l y s t s  u s e d  w i t h  a r o m a t i c  h y d r o c a r b o n s  ( f i g u r e  5 .1*  ) *

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

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

d e p o s i t  t h e  same number o f  c a r b o n  a tom s w o u ld  be  e x p e c t e d  

t o  g i v e  t h e  same l o s s  i n  f r e e  n i c k e l  a r e a .  B en zen e  and  

p e n t a n e  a r e  such  h y d r o c a r b o n s  i n  t h a t  t h e y  d e p o s i t  a p p r o x i ­

m a t e l y  t h e  same number o f  c a r b o n  a t o m s .  When t h e  c a t a l y s t s  

w e r e  co m p ared  i t  was fo u n d  t h a t  b e tw e e n  r e a c t i o n s  one  a n d  

f o u r  t h e  c a t a l y s t  u s e d  w i t h  b e n z e n e  l o s t  2 7 . 6 4 ^  o f  i t s  f r e e  

n i c k e l  a r e a  com pared  w i t h  a l o s s  o f  3 . 9 4 ^  f o r  t h e  c a t a l y s t  

u s e d  w i t h  p e n t a n e .

T u r n i n g  now to  l a t e r  r u n s  when t h e  s u r f a c e  e x p o s e d  o n l y  

3io  n i c k e l ,  when b e n z e n e  was u s e d  a s  t h e  f e e d s t o c k ,  i t  

a p p e a r e d  t h a t  e i t h e r  a l l  t h e  s t e a r n - r e f o r c i n g  r e a c t i o n
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o c c u r r e d  on ~3/£ o f  t h e  n i c k e l  s u r f a c e  o r  r e a c t i o n  o c c u r r e d  

on t h e  c a r b o n a c e o u s  d e p o s i t  ( t a b l e  4 . 1 4 . ) .  How ever ,  i f  

r e a c t i o n  o n l y  t o o k  p l a c e  on t h e  3$ f r e e  n i c k e l  and  t h i s  

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

s t o p  a t  t h e  p o i n t  when 3/  ̂ o f  t h e  s u r f a c e  r e m a i n e d .  I t  was

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

n i c k e l  s u r f a c e  was l e f t  and t h i s  r e s u l t e d  i n  no c h an g e  i n  

t h e  f r e e  n i c k e l  a r e a .  I f  r e a c t i o n  t o o k  p l a c e  on t h e  

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

w o u ld  h a v e  b e e n  no a p p r e c i a b l e  l o s s  i n  a c t i v i t y  f rom  one 

r e a c t i o n  t o  a n o t h e r ,  a l t h o u g h  t h e r e  may h a v e  b e e n  a l a r g e  

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

h y d r o c a r b o n s  u s e d .  S i m i l a r l y ,  when ~3/^ o f  t h e  m e t a l  s u r f a c e  

was f r e e ,  d e p o s i t i o n  c o u l d  c o n t i n u e  w i t h o u t  any  l o s s  o f  t h e  

3°/o o f  t h e  n i c k e l  s u r f a c e  s t i l l  f r e e .

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

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

c o n d i t i o n s  u s e d  ( h i g h  s tea m  t o  h y d r o c a r b o n  r a t i o s )  no f i l a -  

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

p o l y m e r i c  m a t e r i a l  was p r e s e n t  on a l l  o f  t h e  c a t a l y s t s  and  

a  " c a r b o n "  s p e c i e s  was p r e s e n t  on t h e  c a t a l y s t s  u s e d  w i t h  

a r o m a t i c  h y d r o c a r b o n s .  I t  was fo u n d  ( s e c t i o n  4 . 5 .  ) t h a t  

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

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

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



( t a b l e  4 . 1 0 . ) .  T h e r e f o r e  i t  w o u ld  a p p e a r  t h a t  t h e  h i g h e r  

t h e  h y d r o g e n  to  c a r b o n  r a t i  o o f  t h e  p a r e n t  h y d ro  c a r b o n  an d  

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

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

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

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

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

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

o f  t h e  p o l y m e r  and t h e  n i c k e l ,  o r  any  r a t i o  t h e r e o f ,  was 

t h e  same.

Prom t h e  s t u d y  by  M ose ley  e t  a l . ( l 8 ) i t  was c o n c l u d e d  

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

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

a l s o  i n c r e a s e d  d e a c t i v a t i o n .  H ow ever ,  on a n  e q u i  v o 1um e , 

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

f o u n d  t o  g i v e  t h e  s e r i e s  ( t a b l e  4 . 1 3 . )  p e n t a n e  >  h e x a n e  >  

h e p t a n e ,  w i t h  h e p t a n e  g i v i n g  t h e  l e a s t  d e p o s i t i o n .  T h e r e ­

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

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

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

h e p t a n e .  Prom t a b l e  4 . 1 0  i f  can b e  s e e n  t h a t  t h e  c a r b o n  

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

h y d r o c a r b o n s  were  l e s s  t h a n  1 *• 4 ,  w i t h  p e n t a n e  h a v i n g  t h e  

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

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

s e e n  t h a t  t o  form a —CH^— b a c k b o n e d  s p e c i e s ,  c a r b o n  m u s t  

h a v e  b e e n  p r e s e n t  on t h e  s u r f a c e  w i t h  no a t t a c h e d  h y d r o g e n .  

Hence  i t  c a n  be p o s t u l a t e d  t h a t  t h e  c a r b o n  d e p o s i t  f ro m  an  

a r o m a t i c  s p e c i e s  would  be much more c a t a l y t i c a l l y  h a r m f u l  

a s  t h e r e  i s  l e s s  hydrogen,  a s s o c i a t e d  v i t h  i t J  t h i s  i s  i n  

a g r e e m e n t  w i t h  t h e  e m p i r i c a l  r e s u l t s  o f  M o se le y  e t  a l .  ( 1 8 ) .

I n  t h e  same s t u d y  ( 1 8 ) ,  i t  was shown t h a t  o r t h o - x y l e n e  

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

a f e e d s t o c k ,  t h a n  t o l u e n e ,  t h a n  b e n z e n e .  T h i s  can  be 

r a t i o n a l i s e d ,  f o r  n o t  o n l y  do t h e s e  s j> ec ie s  h a v e  a low 

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

c a r b o n  a tom s w i t h  no a s s o c i a t e d  h y d r o g e n ,  t o l u e n e  one  c a r b o n  

a to m ,  w h i l e  a l l  t h e  c a r b o n  atoms i n  b e n z e n e  h a v e  an  a s s o c i ­

a t e d  h y d r o g e n .  T h e r e f o r e ,  t h e  h i g h e r  t h e  number  o f  n o n ­

h y d r o g e n  c o n t a i n i n g  c a r b o n s  i n  t h e  a r o m a t i c  compound t h e  

more  h a r m f u l  t h e  d e p o s i t i o n  t o  t h e  a c t i v i t y .  The 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  w o u ld  a p p e a r  t h e n  to  be r e l a t e d  t o  

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

T h u s ,  i f  t h e  h y d r o c a r b o n ,  on c o n t a c t  w i t h  t h e  s u r f a c e ,  

b r e a k s  down t o  g i v e  com ponen ts  t h e n  a r e a c t i o n  s c h e m e ,  i n  

a g r e e m e n t  w i t h  mechanism I ,  may be as  shown i n  f i g u r e  5 . 2 .
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5 * 1 * 2 .  Ana l y s i s  o f  t h e  Approach.

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

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

two g r o u p s  o f  w o r k e r s  i n d e p e n d e n t l y .  H ansen  and  G a r d n e r  

( 3 3 )  s u g g e s t e d  a- c o n c e r t e d  mechanism f o r  t h e  h y d r o g e n a t i o n  

o f  o l e f i n s  on m e t a l s ,  where  an e t h y l e n e  m o l e c u l e  may 

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

an d  a h y d r o g e n  t r a n s f e r  may t a k e  p l a c e  t h e r m a l l y ,  as  p e r  

t h e  Voodward-Hoffman r u l e s  ( 3 4 ) •  The a c e t y l e n i c  r e s i d u e  

i s  t h e n  h y d r o g e n a t e d  t o  t h e  t r a n s - d i a d s o r b e d  e t h y l e n e  a g a i n  

b y  t h e  a d d i t i o n  o f  h y d r o g e n .  Thomson an d  Webb ( 3 5 ) ,  

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

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

g e n a t i o n  on m e t a l s .  They s u g g e s t e d  t h a t  t h e  a c t i v e  s i t e  

f o r  h y d r o g e n a t i o n  was a M -  s p e c i e s  and  h y d r o g e n  t r a n s f e r

o c c u r r e d  v i a  t h i s  s p e c i e s  to  t h e  a s s o c i a t i v e l y  a d s o r b e d

o l e f i n  on t o p  o f  t h e  M -  C H l a y e r .  H y d ro g e n  t h e n  addsx y
t o  t h e  M -  C H _ s p e c i e s  t o  r e g e n e r a t e  t h e  M - C H .x y - 2  -1 x  y

Tamaru and I c h i k a w a  ( 3 6 )  s t u d i e d  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  o l e f i n s  o v e r  e l e c t r o n  d c n o r - a c c e p t o r  c o m p le x e s  

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

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

d i r e c t  h y d r o g e n  t r a n s f e r  f rom  t h e  o r t h o - d i h y d r o  c o m p le x es  

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



d o u b l e  bond  o f  t h e  o l e f i n .  H a l l  e t  a l . ( 3 7 )  a l s o  f o u n d  

e v i d e n c e  f o r  h j^drogen t r a n s f e r  f rom  c a r b o n a c e o u s  r e s i d u e s  

t o  r e a c t a n t s  on a c i d i c  o x i d e s .

I n  a g r e e m e n t  w i t h  t h e  t h e o r y  p r o p o s e d  by  Thomson an d  

Webb ( 3 5 ) ,  Zuhr  and  Hudson ( 3 8 )  fo u n d  an i n i t i a l  i n t e r a c t i o n  

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

a d s o r p t i o n  on N i ( l l O ) ,  and a s e c o n d a r y  n o n - d i s s o c i a t e d  

a d s o r b e d  p h a s e .  They s u g g e s t e d  t h a t  t h i s  may w e l l  be  t h e  

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

S o m o r j a i  and Nieuwenhuys  ( 3 9 )  s t u d i e d  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  and n - h e p t a n e  d e h y d r o c y c l  i s a t i o n  o v e r  I r  

s i n g l e  c r y s t a l s .  I n  t h e i r  p a p e r  t h e  a u t h o r s  s a y :  "An

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

c o v e r e d  w i t h  a c a r b o n a c e o u s  d e p o s i t " .  They t h e n  co m pared  

t h e  a c t i v i t y  f o r  b e n z e n e  h y d r o g e n a t i o n  o f  an  I r ( l l l )  f a c e  

a n d  a  c a r b i d e d  fo rm o f  I r  v i z .  an  I r ( i l l )  jC (9  x  9 )  f a c e .

No d i f f e r e n c e  was fo u n d  i n  t h e  a c t i v i t y  b e t w e e n  t h e  two 

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

t o  t o l u e n e  was compared  and t h e  same r a t e  was o b t a i n e d  f o r  

b o t h  s u r f a c e s .  I t  can  be  s e e n ,  t h e r e f o r e ,  t h a t  i n  c a t a l y s i s  

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

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

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

s i m i l a r  t o  s t e a m - r e f o r m i n g ,  w here  o x y g e n a t e d  s p e c i e s  a r e
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p r e s e n t ,  can be fo u n d  i n  a p u b l i c a t i o n  by  J o y n e r  ( 4O) on 

t h e  F i s c h e r - T r o p s c h  s y n t h e s i s .  I n  t h i s  s t u d y  J o y n e r  

s u g g e s t s  a C H (ads)  b u i l d i n g  u n i t  o b t a i n e d  f rom  t h e  b r e a k ­

down o f  c a r b o n  m onox ide ;

CO —  *» C + 0

C + H — -------->  CH .

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

a r e  p r o d u c e d .  S i m i l a r l y ,  Ponee  and  B a r n e v e l d  ( 4 1 ) ,  i n  t h e i r
11

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

m onox ide  d i s s o c i a t i o n :  t h e n  t h e y  p r o p o s e

C + xll --------->  CHx

w h i c h  a p p e a r s  t o  be  o f  p r im e  i m p o r t a n c e  i n  t h e i r  m e ch a n ism .

Much work  h a s  b een  c a r r i e d  o u t  on t h e  c a r b o n  m o n o x i d e /  

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

some o f  t h e  r e s u l t s  o b t a i n e d .  S e x t o n  and  S o m o r j a i  ( 4 2 )  

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

rh o d iu m .  They r e p o r t e d  t h a t  t h e  s u r f a c e ,  d u r i n g  t h e  r e a c t i o n  

o f  c a r b o n  monox ide  o r  c a r b o n  d i o x i d e  w i t h  h y d r o g e n ,  was 

c o v e r e d  by  1 - 2  m o n o l a y e r s  o f  c a r b o n  and  y e t  t h e r e  was no 

c h a n g e  i n  t h e  r a t e  o f  h y d r o c a r b o n  f o r m a t i o n .  The c a r b o n  

d e p o s i t  was shown n o t  t o  be c a r b o n  p r e s e n t  a s  c a r b o n  m o n o x id e .  

The a u t h o r s  a l s o  exam ined  t h e  e f f e c t  on t h e  r a t e  o f  m e t h a n ­

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



c a r b o n  m onoxide  o r  a c e ty l e n e ®  1/hen c a r b o n  m onox ide  was 

u s e d  to  p r e t r e a t  t h e  s u r f a c e ,  no change  i n  r a t e  o r  p r o d u c t  

d i s t r i b u t i o n  was o b s e r v e d ,  a s  w ou ld  be e x p e c t e d .  1/hen 

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

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

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

v a l u e ;  so  t h a t  c a r b o n  monoxide  h y d r o g e n a . t i o n  e q u a l l e d  

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

a l s o  c h a n g e d  s u ch  t h a t  t h e  amount o f  and  compounds 

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

P a l m e r  and  Vroom ( 4 3 )  a l s o  i n v o k e  t h e  d i s s o c i a t i o n  o f  

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

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

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

r a t e  o f  d i s p r o p o r t i o n a t i o n  o f  c a r b o n  m o n o x id e .  R abo , R i s c h  

and  P o u t s m a  ( 4 4 )  s t u d i e d  c a r b o n  m onoxide  r e a c t i o n s  o v e r  

n i c k e l  a n d  c o n c l u d e d  t h a t

C ( a ) + 2H2 -------- — >  CH4

i s  f a s t e r  t h a n

C 0 ( a ) + 3H2 --------------->  CH4

and  t h a t  m e t h a n a t i o n  was r e l a t e d  to  c a r b o n  m onox ide  d i s p r o ­

p o r t i o n a t i o n .  By u s e  o f  s p e c t r o s c o p i c  and  m a g n e t i c  m e th o d s  

P r i m e t ,  M a r t i n  and Dalmon ( 4 5 )  s t u d i e d  t h e  r e a c t i o n s  o f  

c a r b o n  monox ide  and  c a r b o n  d i o x i d e  o v e r  a s i l i c a  s u p p o r t e d
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n i c k e l  c a t a l y s t .  They r e p o r t e d  t h a t  t h e  a d s o r b e d  s p e c i e s  

t h a t  u n d e r w e n t  b reak d o w n  was Ni^CO, w i t h  t h e  c a r b o n  w h ic h  

r e m a i n e d  when oxygen was l o s t ,  b o n d e d  to  f o u r  n i c k e l  a tom s 

i n  an  i n t e r s t i t i a l  s i t e .  T h is  s p e c i e s  was d i s t i n g u i s h e d  

f ro m  t h a t  fo r m e d  f rom h y d r o c a r b o n  c r a c k i n g  w he re  a s u r f a c e  

c a r b i d e ,  Ni^C ( s u r f a c e )  was f o r m e d .

M atsumoto  and B e n n e t  ( 4 6 )  u s i n g  t h e  T r a n s i e n t  R es p o n s e  

M ethod  f o u n d  t h a t  t h e  a c t i v e  s p e c i e s  i n  m e t h a n a t i o n  was 

C ( a d s )  and  t h a t  t h i s  was a t r a n s i t o r y  s p e c i e s .  A r a k a i  and  

P o n e c  ( 4 7 )  s t u d i e d  t h e  m e t h a n a t i o n  o f  c a r b o n  m onox ide  o v e r  

n i c k e l  and  n i c k e l / c o p p e r  a l l o y s  by u s e  o f  c a r b o n - 1 3  l a b e l l i n g .  

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

t h a n  m e t h a n a t i o n  (CO + H ^ ) ,  ( b )  i n c r e a s i n g  C ( a d s )  i n c r e a s e d  

t h e  m e t h a n a t i o n  r a t e ,  ( c )  c a r b o n  m onox ide  d i s s o c i a t i o n  and  

c a r b o n  d i o x i d e  p r o d u c t i o n  c an  p r o c e e d  when h y d r o g e n  i s  p r e s e n t  

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

H + C(.ads)  r e a c t i o n .  I t  was a l s o  shown t h a t  t h e  r e a c t i o n  

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

e v i d e n c e  i n  s u p p o r t  o f  t h e i r  m echan ism  a s  i t  i s  known ( 4 8 , 4 9 )  

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

I t  i s  now w o r t h w h i l e  t o  c o n s i d e r  w h e t h e r  t h e  r e s u l t s  

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

r e f o r m i n g .  I t  was s t a t e d  i n  m echanism  P. t h a t  a c a r b o n  

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

( F . 6 . ) )  t o  g i v e  r i s e  t o  t h e  p o l y m e r i c  s u r f a c e  s p e c i e s  and



t h e  r e s u l t s  by J o y n e r  ( 4 0 )  and  P onec  ( 4 1 )  w ou ld  s u p p o r t  t h i s .  

A l so  i n  t h e  d i s c u s s i o n  o f  m echan ism  F .  i t  was s t a t e d  t h a t  

a r o m a t i c  s p e c i e s  r e a c t  p r e f e r e n t i a l l y  t o  g i v e  c a r b o n  m onox ide  

a s  t h e  i n i t i a l  p r o d u c t  and t h e n  dex^os i t  c a r b o n  v i a  a 

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

i n  s e c t i o n  4 . 3 .  t h a t  h y d r o g e n  m us t  add  on t o  t h e  c a r b o n  

d e p o s i t e d  by  t h e  B oudouard  r e a c t i o n :  a g a i n  t h i s  i s  i n  b a s i c

a g r e e m e n t  w i t h  t h e  m e t h a n a t i o n  r e s u l t s  o u t l i n e d  a b o v e .  How­

e v e r ,  r e s u l t s  h a v e  shown t h a t  t h i s  c a r b o n  i s  n o t  r e m o v a b le  

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

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

s t e a m  a n d / o r  h y d r o g e n  i n h i b i t  f i l a m e n t a l  g ro w th  i s  i n  a g r e e m e n t  

w i t h  t h e  H + C ( a d s )  r e a c t i o n  i f  t h e  m echan ism  f o r  t h e  f o r m a t i o n  

o f  f i l a m e n t s  i s  as  p r o p o s e d  by  R o s t r u p - N i e l s e n  and  Trimm ( 2 5 ) .  

I n  t h e i r  m echan ism  i t  i s  p r o p o s e d  t h a t  c a r b o n  a toms d i s s o l v e  

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

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

a n y  h y d r o g e n  o r  o xygen  a s s o c i a t e d  w i t h  t h e  c a r b o n  on t h e  

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

The C ( a d s )  s p e c i e s  w h ich  was fo u n d  t o  be  a c t i v e  i n  

m e t h a n a t i o n  can  m o s t  s a t i s f a c t o r i l y  be  co m p ared  w i t h  t h e  

r e a c t i v e  c a r b o n  ada tom  w h ic h  was d e t e c t e d  b y  s t e a m  and c a r b o n  

d i o x i d e  t r e a t m e n t s  an d  was f o u n d  t o  be  o n l y  ~7/£ o f  t h e  amount 

d e p o s i t e d .  The r e s u l t s  o f  S e x t o n  and S o m o r j a i  ( 4 2 )  w ou ld



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

s p e c i e s  a l l o w s  a s c r a m b l i n g  o f  c a r b o n  m o n o x i d e / c a r b o n  d i o x i d e  

an d  m o d i f i e s  t h e  a c t i v i t y  o f  t h e  C ( a d s )  so  t h a t  f u l l  h y d r o ­

g e n a t i o n  t o  m e th an e  may be l e s s  f a v o u r e d  t h a n  t h e  r o u t e  t o  a 

s u r f a c e  p o l y m e r i c  s p e c i e s .  H en ce ,  t h e  o v e r a l l  scheme shown 

i n  f i g u r e  5 . 2 .  a l l o w s  a g r e e m e n t  b e tw e e n  t h e  r e s u l t s  o b t a i n e d  

i n  t h i s  s t u d y  and  t h e  F i s c h e r - T r o p s c h ,  m e t h a n a t i o n  and  

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

5 . 2 .  F u t u r e  ¥ork.

A l t h o u g h  a good o v e r a l l  p i c t u r e  h a s  b e e n  o b t a i n e d  on 

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

gaps  s t i l l  e x i s t  and t h e  f i n e  d e t a i l s  o f  many o f  t h e  r e a c t i o n s  

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

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

o f  c a r b o n  m onox ide  a d s o r p t i o n  m e a s u r e m e n t s  i n  c o n j u n c t i o n  

w i t h  a c t i v i t y  m e a s u r e m e n t s  when t h e  c a t a l y s t  h a s  b e e n  s u b j e c t e d  

t o  f o r t y ,  f i f t y  and  s i x t y  r e a c t i o n s  w ou ld  g i v e  i n f o r m a t i o n  on 

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

d e p o s i t i o n .  The u s e  o f  c a r b o n - 1 3  l a b e l l i n g  f o r  i d e n t i f i c a t i o n  

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

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

and  f u r t h e r  work on  t h e  r em o v a l  o f  t h e  d e p o s i t s  f rom  th e  

s u r f a c e ,  would  a l l  be  u s e f u l  c o n t i n u a t i o n s  o f  t h e  p r e s e n t  w o rk .
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