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ABSTRACT

Ethylene-D ^, *^C -ethylene and tr it iu m  have heen used as  

tr a c e r  m o lecu les in  a study o f  th e  nature and r e a c t iv i t y  o f  

adsorbed sp e c ie s  on se v e r a l d i f f e r e n t  n ic k e l c a ta ly s t s .  

R eaction s have heen ca rr ied  out on alum ina- and s i l i c a -  

supported m etal c a ta ly s t s  a t n ic k e l co n cen tra tio n s o f  0 .1  and 

5#, a n ic k e l powder c a t a ly s t ,  and a n ic k e l c a ta ly s t  p a r t ia l ly  

poisoned  by n ic k e l phosphide in  an attem pt to  determ ine th e  

e f f e c t  o f  the form o f  th e  m etal on th e  c a ta ly s t  r e a c t iv i t y .

As w e ll a s th e  m etal c a t a ly s t s ,  th e  support m a te r ia ls  them­

s e lv e s  have formed part o f  th e  study.

The c a ta ly s t s  were con ta ined  in  a m ic r o c a ta ly t ic  r ea c to r  

which foim ed part o f  a f lo w  system and th e  r e a c t io n  g a ses  

were in je c te d  onto th e  c a ta ly s t s  a f t e r  red u ctio n . C a ta ly st  

tem peratures ranged from 20°C to  400°C and a f t e r  sep ara tion  

o f  th e  products by gas chromatography, r e a c tio n  components 

were e ith e r  d e tec ted  by a gas p rop ortion a l counter or analysed  

by mass sp ectrom etry, a s ap p rop ria te .

U sing tr it iu m , i t  has been found th a t a t the tem perature  

o f  red u ctio n  o f  th e  supported c a ta ly s t s  the alum ina support 

i s  i t s e l f  a c t iv e  in  exchange w ith  gas phase hydrogen ( a t  400°C) 

whereas th e  s i l i c a  support i s  n o t. The x>resence o f  n ic k e l  

was found to  i n i t i a t e  th e  exchange r e a c tio n  on s i l i c a  a t  th e  

same tem perature but to  d ecrease  th e  amount o f  exchange 

observed w ith alum ina. A sm a ller  ex ten t o f  r e a c tio n  o f



tr it iu m  w ith the n ic k e l cu tc ily st i s  in lo r p r c ta te d  in  terms o.i 

th e  absence o f  p a r t ic ip a t io n  o f  a support medium.

The r e a c t iv i t y  o f  th e  c a t a ly s t s  t r i t i a t e d  a f t e r  red u ction , 

tow ards gas phase e th y len e  has been in v e s t ig a te d . In  g e n e ra l, 

tr it iu m  d id  not appear in  th e  e th y len e  component o f  th e  

r e a c tio n  products although as the c a ta ly s t  tem perature was 

r a ise d  the a c t iv i t y  o f  the ethane and methane fr a c t io n s  was 

found to  in c r e a se . In  c o n tra s t  to  th e  r e a c tio n  o f  hydrogen 

w ith th e  alumina support, th e  presen ce o f  m etal was n ecessary  

fo r  th e  r e a c tio n  o f  e th y len e  w ith preadsorbed tr it iu m .

The r e a c tio n s  o f  two e th y len e  tr a c e r  m o lecu les , la b e l le d  

in  d i f f e r e n t  h a lv e s  o f  th e  m o lecu le , have shown th a t the  

carbonaceous p art o f  i n i t i a l l y  adsorbed eth y len e  i s  re ta in ed  

by th e  c a ta ly s t  a s  an unreactive^and stro n g ly  adsorbed s p e c ie s ,  

whereas th e  hydrogen from d is s o c ia te d  eth y len e  exchanges more 

r e a d ily  w ith  fu r th e r  e th y len e  in j e c t io n s .  The p a r t ia l ly  

poisoned  n ic k e l c a ta ly s t  has behaved d if f e r e n t ly  from the  

o th er  c a ta ly s t s  in  th a t  m olecu lar exchange o f  preadsorbed  

eth y len e  w ith gas phase e th y len e  was observed to  take p la c e  

r e a d ily  a t  room tem perature. The r e s u l t s  are d iscu ssed  in  

term s o f  th e  l i k e l y  su rface  sp e c ie s  formed by eth y len e  

chem isorption  a t  d if f e r e n t  tem peratures and th e  p o s s ib i l i t y  

o f  th e  form ation o f  a d if f e r e n t  type o f  su rface  sp e c ie s  on 

th e  n ic k e l  /n ic k  e l  phosphide c a ta ly s t  i s  proposed.
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CHAPTER 1. INTRODUCTION

S e c t io n  1 .1  P r i n c i p l e s  o f  C a t a l y s i s .

I t  i s  found by exper im en t  t h a t  some s u b s ta n c e s  i n c r e a s e  

the  r a t e  a t  which a  chem ica l  r e a c t i o n  a t t a i n s  e q u i l i b r i u m  

and y e t  do n o t  a p p e a r  i n  t h e  s t o i c h o m e t r i c  e q u a t io n  o f  t h e  

r e a c t i o n .  Such s u b s ta n c e s  a r e  known a s  c a t a l y s t s ,  and 

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

There a re  many r e a c t i o n s  whose v e l o c i t i e s  a r e  immeasure- 

a b ly  slow i n  g a seo u s  o r  l i q u i d  s o l u t i o n s ,  bu t  which go 

q u i t e  s w i f t l y  i f  a  s u i t a b l e  s o l i d  s u r f a c e  i s  a v a i l a b l e .  

Heterogeneous  c a t a l y s i s  d e s c r i b e s  th e  enhancement in  th e  r a t e  

of a chem ica l  r e a c t i o n  b rough t  abou t  by the  p re s e n c e  o f  an 

i n t e r f a c e ,  between two p h a ses .  Fo r  exam ple , when hydrogen 

gas  e s c a p e s  from a  c y l i n d e r  i n t o  th e  a i r ,  no change i s  

o b se rved .  I f  t h e  e s c a p in g  hydrogen i s  ’d i r e c t e d  a t  f i n e l y  

d i v id e d  p la t inum  i t  i s  ob se rv ed  t h a t  the  p la t in um  glows 

and e v e n t u a l l y  i g n i t e s  t h e  hydrogen.  In t h e  absence  o f  

p la t inu m  th e  r e a c t i o n  r a t e  i s  to o  sm a l l  to  ob se rv e .

When c a t a l y s t  and r e a c t a n t s  a r e  p r e s e n t  i n  th e  same 

phase th e  p r o c e s s  i s  known a s  homogeneous c a t a l y s i s .

Examples of  g a seo u s  c a t a l y s e d  homogeneous r e a c t i o n s  a r e  n o t  

ve ry  common; one of th e  b e s t  known i s  th e  decom posi t ion  

of  etht. r s  and a ld e h y d es  i n  th e  p re s e n c e  of  io d in e  a s  a 

c a t a l y s t .  The c a t a l y s t  a c t s  by p r o v i d in g  a mechanism 

f o r  t h e  decom p os i t io n  t h a t  h a s  a  c o n s i d e r a b l y  low er  a c t i v a t i o n



energy  th a n  t h e  u n c a t a l y s e d  r e a c t i o n .  Most examples o f  

homogeneous c a t a l y s i s  have been s t u d i e d  i n  l i q u i d  s o l u t i o n s  

and pe rhaps  th e  most im p o r ta n t  o f  t h e s e  a r e  th o se  g e n e r a l l y  

i n c lu d e d  u n d e r  the  t i t l e  a c i d - b a s e  c a t a l y s i s .  The r a t e s  

f  a g r e a t  number of o rg an ic  r e a c t i o n s  and many o f  th e  

p r o c e s s e s  of  p h y s i o l o g i c a l  c h e m is t r y  a r e  governed by a c i d -  

base  c a t a l y s t s .

The s u c c e s s  of  c a t a l y s t s  d e v i s e d  by man to  a c c e l e r a t e  

chem ica l  r e a c t i o n  r a t e s  ap p ea r  i n s i g n i f i c a n t  compared w i th  

t h e  c a t a l y t i c  a c t i v i t y  o f  enzymes i n  b i o l o g i c a l  sys tem s.  

Enzymes a r e  s p e c i f i c ,  c o l l o i d a l  c a t a l y s t s  and have p a r t i c l e
o

d ia m e te r s  i n  the  r a n g e ,  100 t o  1000A. Enzyme c a t a l y s i s  

i s  t h e r e f o r e  midway between homogeneous and h e te ro g e n e o u s  

c a t a l y s i s  and i s  sometimes c a l i e d  m ic ro h e te ro g e n e o u s .

P e p s in  i n  th e  g a s t r i c  j u i c e  and p t y a l i n  i n  t h e  s a l i v a  a re  

examples.  P t y a l i n  i s  t h e  c a t a l y s t  which a c c e l e r a t e s  t h e  

c o n v e r s io n  o f  s t a r c h  t o  su ga r .  Al though s t a r c h  w i l l  r e a c t  

v.i t h  w a te r  to  foira s u g a r ,  i t  t a k e s  s e v e r a l  weeks f o r  the  

c o n v e r s io n  t o  occur .  A t r a c e  of  p t y a l i n  i s  enough to  make 

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

Since  3e r z e l i u s ^  i n  18 36 c o in e d  th e  word »c a t a l y s i s 1 

and used  i t  t o  d e s c r i b e  a  number o f  o b s e r v a t i o n s  a l r e a d y  

r e c o r d e d  i n  th e  l i t e r a t u r e ,  i t  h a s  become r e c o g n i s e d  t h a t  

th e  r e a c t i n g  components  in  c a t a l y t i c  r e c c t ’ons a re  h e ld  t o  

th e  s u r f a c e  o r  ab so rbed  d u r in g  th e  p e r io d  in  which th e y  a re  

r e a c t i n g .
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As the p ro cess o f attachm ent i s  o f g rea t im portance in  

c a t a l y s i s ,  i t  i s  im perative th a t the c h a r a c t e r is t ic s  o f  

;.cl sor_! t i o n  are fu l_ y  a p - r e c i - s t e d .

S e c t 'on 1 .2  A d so rp t io n ,

The a c t i v i t y  of  a  h e te ro g e n e o u s  c a t a l y s t  r e s i d e s  a t  t h e  

i n t e r f a c e  of  th e  s o l i d  and th e  l e s s  dense phase.  An atom 

a t  th e  s u r f a c e  of  a  s o l i d  i s  hound to  o t h e r  atoms i n  t h e  same 

p lan e  and below i t ,  hu t  t h e r e  a r e  of  c o u rs e  no atoms above 

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

d i r e c t i o n  o f  th e  bulk  ( s e e  F i g .  1 ) .  When a f r e s h  s u r f a c e  

i s  exposed to  a  gas  a  h i g h e r  c o n c e n t r a t i o n  o f  gas  m o le cu le s  

w i l l  r e s u l t  on th e  s u r f a c e  compared w i th  t h a t  in  th e  gas  

phase .  T h is  p r e f e r e n t i a l  c o n c e n t r a t i o n  o f  gas  m o le c u le s  a t  • 

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

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

f o r  many y e a r s . ^>3 langm uir^  proposed  t h a t  th e  f o r c e s  by 

which m o le c u le s  o r  atoms may be h e ld  on a s u r f a c e  shou ld  

show, f o r  d i f f e r e n t  s u b s t a n c e s ,  ' a s  g r e a t  a range of  i n t e n s i t y  

a s  i s  o b se rv ed  in  th e  c a se  of f o r c e s  a c t i n g  i n s i d e  o f  s o l i d  

b od ies .  ' lie c o n s id e r e d  th e  a d s o r p t i o n  of  g a se s  by a c t i v e  

a d s o r b e n t s ,  such a s  m e t a l s ,  due t o  p r im ary  v a le n ce  f o r c e s .

I t  i s  now e s t a b l i s h e d  t h a t  a l t h o u g h  th e  s t r e n g t h  and e x t e n t  

of  a d s o r p t i o n  may v a ry  w ide ly  from system to  sys tem, i t  i s  

p o s s i b l e  t o  d i v id e  a l l  a d s o r p t i o n s  i n t o  two main t y p e s ;  

p h y s i c a l  a d s o r p t i o n  and chem ica l  a d s o r p t i o n .  The l a t t e r  i s  

termed c h e m is o r p t io n .



-  4 -

S e c t io n  1 . 3  Thermodynamics o f  A dso rp t io n .

I n  a d s o r p t i o n  t h e  f r e e  energy o f  t h e  system d e c r e a s e s  

a s  t h e  s u r f a c e  v a l e n c i e s  become s a t u r a t e d .  The e n th a lp y  

change f o r  t h e  p r o c e s s  i s  AH^AG — TAS. In  a l l  c a s e s  o f  

p h y s i c a l  a d s o r p t i o n ,  where on ly  weak m o le c u la r  f o r c e s  a r e  

in v o lv e d ,  t h e  p r o c e s s  i s  s i m i l a r  to  s im p le  c o n d e n sa t io n :  th e -

m o le c u le s  have l e s s  freedom on t h e  s u r f a c e ,  and AS i s  n e g a t i v e .  

I n  t h e  c a s e  o f  c h e m is o r p t io n ,  chem ical  bonds a r e  i n v o lv e d ,  

and an ad so rbed  m o le cu le  can become d i s s o c i a t e d .  In  a l l  

bu t  a v e ry  small  number o f  c a s e s  such d i s s o c i a t i o n  i s  

i n s u f f i c i e n t  to  r e n d e r  t h e  o v e r a l l  en t ropy  change p o s i t i v e .

I t  can t h u s  be s t a t e d  t h a t  a l l  a d s o r p t i o n s  w i th  n e g a t i v e  

e n t ropy  change, which com prise  a l l  p h y s i c a l  and t h e  g r e a t  

m a j o r i t y  o f  chem ica l  a d s o r p t i o n s  a r e  exo therm ic .

S e c t io n  1 . 4  P h y s i c a l  A d so rp t io n  and Chem isorp t ion .

There  a r e  d i f f e r e n c e s  i n  t h e  p r o p e r t i e s  o f  t h e  two k i n d s  

o f  a d s o r p t i o n ,  which can be u sed  a s  e x p e r im e n ta l  c r i t e r i a  f o r  

d e c id in g  t h e  a d s o r p t i o n  ty p e .  P robab ly  t h e  b e s t  s i n g l e  

c r i t e r i o n  i s  t h e  m agni tude  o f  th e  h e a t  o f  a d s o r p t i o n ,  

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

ad so rbed  i s  g e n e r a l l y  i n  t h e  r e g io n  o f  2 -  6 lccal ,  

seldom does t h e  h e a t  o f  p h y s i c a l  a d s o r p t i o n  exceed th e  h e a t  

o f  l i q u e f a c t i o n  o f  t h e  g a s  i n  q u e s t i o n  by more t h a n  a f a c t o r  

o f  two o r  t h r e e .  During c h e m is o rp t io n  l a r g e r  v a lu e s  f o r  

th e  h e a t  o f  a d s o r p t i o n  a r e  g e n e r a l l y  en co u n te re d  and a r e  

r a  e ly  l e s s  t h a n  2 0  k c a l ^ ’^ m o le -1 .
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C h e m iso rp t io n ,  l i k e  o t h e r  chem ica l  r e a c t i o n s ,  i s  o f t e n  

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

l i q u e f a c t i o n ,  th en  i t  shou ld ,  l i k e  l i q u e f a c t i o n ,  r e q u i r e  no 

a c t i v a t i o n  and t h e r e f o r e  occu r  v e ry  r a p i d l y .  i n  g e n e r a l  

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

e x c e p t i o n s  such a s  t h e  a d s o r p t i o n  o f  hydrogen on a t u n g s t e n  

f i l a m e n t  a t  a low tem p era tu re .

Another  c o n t r a s t  between p h y s i c a l  a d s o r p t i o n  and 

c h e m is o r p t io n  i s  p rov ided  by t h e  t h i c k n e s s  o f  t h e  adso rb ed  

l a y e r ;  c h e m is o r p t io n  i s  c o n f in e d  to  a s i n g l e  a tomic  o r  

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

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

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

i t  i s  h i g h ly  s p e c i f i c ;  hydrogen ,  f o r  example ,  i s  chem isorbed

by t u n g s t e n  o r  n i c k e l  bu t  n o t  by go ld  o r  copper .  P h y s ic a l

a d s o r p t i o n  on th e  o t h e r  hand i s  e s s e n t i a l l y  non s p e c i f i c  and
*

t h e  amount o f  gas  which i s  a d so rbed  i s  a f u n c t i o n  of c o n -  

d e n s i b i l i t y  and n o t  o f  i t s  chem ica l  p r o p e r t i e s .

S e c t i o n  1 .5  p o t e n t i a l  Energy Diagram f o r  A dso rp t io n .

Ienna . rd -Jones  made a c l e a r  d i s t i n c t i o n  between p h y s i c a l  

a d s o r p t i o n  and c h e m is o r p t io n  w i th  ihe  h e lp  of  p o t e n t i a l  energy  

c u rv e s .  The diagram ( s e e  P ig .  2) shows th e  v a r i a t i o n  of  

i -o tent ia . l  energy  w i th  d i s t a n c e  from th e  s u r f a c e  f o r  t h e  i n t e r ­

a c t i o n  of .  a d ia tom ic  m olecu le  A0 w i th  a m e ta l  p.  Curve (a )  

i s  obse rved  w i th  . h y s i c a l  a d s o r  't on, The p o t e n t i a l  energy 

she., s a b road  and sha l low  minimum a t  a  d i s t a n c e  o f  a bou t  4?*
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away from t h e  s u r f a c e .  - A J ^ i s  th e  h e a t  of  p h y s i c a l  a d s o r p t i o n  

and t h e  v a lu e  i s  sm all  a s  on ly  weak f o r c e s  a r e  involved.*

The minimum energy d i s t a n c e  from th e  s u r f a c e  i s  a p p ro x im a te ly  

t h e  sum o f  th e  c o v a l e n t  r a d i i  o f  t h e  m e ta l  and A p lu s  t h e  

a d d i t i o n a l  t h i c k n e s s  o f  t h e  two van d e r  7/aals e n v e lo p es .

The p o t e n t i a l  energy  cu rv e  f o r  c h e m is o r p t io n  ( c u r v e . ( h )  

i n  P i g .  1 .2 )  d i f f e r s  from t h a t  f o r  p h y s i c a l  a d s o r p t i o n  i n  

t h a t  a  deep and narrow minimum i s  obse rved  q u i t e  c lo s e  t o  

t h e  s u r f a c e .  The minimum energy d i s t a n c e  from t h e  s u r f a c e
o

i s  a p p ro x im a te ly  2A and c o r r e s p o n d s  t o  th e  sum o f  t h e  c o v a l e n t  

r a d i i  o f  th e  m e ta l  and A. ' The dep th  o f  th e  t ro u g h  i s  a 

measure o f  -Aib,* ^he b e a t  o f  c h e m is o r p t io n ,  and D i s  t h e  

d i s s o c i a t i o n  energy  of th e  m olecu le  a toms.

S e c t io n  1 .6  A d s o rp t io n  I so th e rm s .

A d so rp t io n  i s  most g e n e r a l l y  d e s c r i b e d  i n  te rm s  of  

i s o th e rm s  which show t h e  r e l a t i o n s h i p  between th e  p r e s s u r e  

of t h e  a d s o r b a t e  g a s  and t h e  amount ad so rbed  a t  a  c o n s t a n t  

t e m p e r a tu re .

( i )  l an g m u i r  Tsoiherra . In 1916 Tangmuir^ a p p l i e d  a 

s im ple  k i n e t i c  t h e o r y  to  t h e  a d s o r p t i o n  e q u i l i b r i a .  Three  

im p o r ta n t  a ssu m p t io n s  were made in  th e  d e r i v a t i o n  of  th e  

l a n g m u i r  a d s o r p t i o n  i so th e rm .  These were a s  fo l lo w s :  

a) t h e  adso rb ed  e n t i t i e s  a r e ' a t t a c h e d  on the  s u r f a c e  of  t h e  

a d s o r b e n t  a t  d e f i n i t e ,  l o c a l i s e d  s i t e s .  b) each s i t e  can 

accommodate on ly  one a d so rb ed  e n t i t y .  c) t h e  energy o f
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t h e  adso rbed  e n t i t y  i s  t h e  same a t  a l l  s i t e s  on t h e  s u r f a c e ,  

and i s  in dep en d en t  o f  t h e  p re s e n c e  o r  absence  o f  o t h e r  . 

ad so rbed  e n t i t i e s  a t  n e ig h b o u r in g  s i t e s .  I f  we c o n s i d e r  a 

gas  a t  p r e s s u r e  p i n  e q u i l i b r iu m  w i th  a s u r f a c e  th e n  t h e  number 

o f  c o l l i s i o n s  o f  ga s  m o le cu le s  w ith  u n i t  a r e a  o f  t h e  s u r f a c e  

i s  p r o p o r t i o n a l  to  p,  by th e  k i n e t i c  th e o ry  o f  g a s e s .  I f  

t h i s  number i n  u n i t  t im e  i s  k^p and 9 i s  t h e  f r a c t i o n  o f  th e  

s u r f a c e  which i s  covered  by adsorbed  m o le cu le s  t h e n  th e  r a t e  

0 1  c o n d e n s a t io n  o f  t h e  gas  on t h e  c r y s t a l  i s © C ( l -  9 ) k^p 

where oL i s  t h e  p r o b a b i l i t y  t h a t  a  m o le cu le  w i l l  ad so rb  when 

i t  s t r i k e s  a b a re  s i t e .  I f  t h e  r a t e  o f  d e s o r p t io n  i s  k_}_ 

th e n  a t  e q u i l i b r i u m  t h e  two r a t e s  must be equa l .  Hence 

( 1 - 9 )  k . j p a  whence, i f  b =  k-j_/k_-p 9 — bp/( l-*-bp)

At low gas  p r e s s u r e  t h e  a d s o r p t i o n  i s  p r o p o r t i o n a l  to  t h e  

gas  p r e s s u r e ,  and a t  h igh  p r e s s u r e s  a l i m i t  i s  r each ed  when 

t h e  s u r f a c e  becomes s a t u r a t e d  w i th  9 - 1 ,  The f u l l  k i n e t i c  

d e r i v a t i o n  i s  d i s c u s s e d  by T r a p n e l l .  ^  The Pangmuir  i s o ­

therm, g iv e n  by t h e  above e q u a t io n  when m o le c u la r  a d s o r p t i o n  

o c c u r s  t a k e s  a d i f f e r e n t  form when t h e  adsorbed  m olecu le  i s  

d i s s o c i a t e d ,  a s  vr t h  hydrogen ad so rbed  on t u n g s t e n .  J.angmuir-^ 

t r e a t e d  t h e  problem a s  f o l lo w s ,  l o t  © be th e  f r a c t i o n  o f

t h e  s u r f a c e  covered  by adso rbed  atoms.  For  a m o lecu le

a p p ro a ch in g  t h e  s u r f a c e  to  become a d so rb ed ,  two a d j a c e n t  

spaces  must be v a c a n t .  The chance o f  one be ing  va ca n t  i s

( 1 -  © ) and o f  bo th  be ing  v a c a n t  ( 1 -  © ) 2. The r a t e  o f
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t h e  number o f  m o le cu le s  c o l l i d i n g  w i th  u n i t  a r e a  o f  s u r f a c e

a c o l l i s i o n  o f  a m o lecu le  w ith  a  v a c a n t  space  h av ing  an 

an - r o p r i a t e  n e ig h b o u r in g  v a c a n t  space .  E v a p o ra t io n  o n ly  

o c c u r s  when ad so rbed  atoms a r e  i n  a d j a c e n t  sp a c e s ,  and th e  

p r o b a b i l i t y  t h a t  a  g iv en  space  i s  occup ied  by an atom i s  © . 

T h e re fo re  th e  chance t h a t  atoms s h a l l  be i n  a d j a c e n t  sp a ce s  

i s  p r o p o r t i o n a l  to  9  ^ and t h e  r a t e  o f  e v a p o r a t io n  o f  m o le cu le s
O

from t h e  s u r f a c e  i s  k_ 2  9  > where k _ 2  i s  t h e  r a t e  o f  evapor­

a t i o n  from a c o m p le te ly  covered  s u r f a c e ,  Fo r  e q u i l i b r iu m

T his  e q u a t io n  i s  t h e  l a n g m u i r  a d s o r p t i o n  e q u a t io n  f o r  a

d i s s o c i a t i v e  c h e m is o r p t io n  i n  which two s i m i l a r  f r ag m en ts

a r e  formed, and t h e  e q u a t io n  i s  o f t e n  used  i n  t h i s  form.

( i i )  Change i n  h e a t  o f  a d s o r p t i o n  w ith  coverage .  I f

t h e  l a n g m u i r  t h e o r y  were u n i v e r s a l l y  V a lid , we. should  exp ec t

t h e  h e a t  o f  a d s o r p t i o n  to  remain  c o n s t a n t  w i th  i n c r e a s i n g

v a l u e s  o f  t h e  coverage  © , However, i n  many c a s e s ,  t h e  h e a t

o f  a d s o r n t i o n  i s  obse rved  to  d e c r e a s e  w ith  i n c r e a s i n g  s u r f a c e

coverage  and t h e  p o s s i b l e  e x p l a n a t i o n s  have been d i s c u s s e d
15by Gundry and Tomkins. F i r s t ,  t h e  d e c r e a s e  may be due to  •

In u n i t  t im e ,  and i s  no?/ th e  p r o b a b i l i t y  o f  a idso rp t ion  a t

( I - © ) 2 k^p -  k Q© 2 whence, i f  a =  oLlz^ /k  0
c\ i— , C-
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s u r f a c e  h e t e r o g e n e i t y ,  K, S. T a y lo r1 ^ in  1925 advanced 

th e  h y p o t h e s i s  t h a t  on th e  s u r f a c e  of  a  m e t a l l i c  c a t a l y s t  

t h e r e  w^uld he o c c a s i o n a l  g roups  of  atoms f i x e d  i n  m e t a c t a h l e  

p o s i t i o n s  a s s o c i a t e d  w ith  h ig h  energy and chem ica l  u n s a t u r a t i o n  

r e l a t i v e  t o  th e  atoms i n  t h e  r e g u l a r  l a t t i c e  below ( s e e  P ig ,  3) ,  

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

p r e f e r e n t i a l  a d s o r p t i o n  on t h e  " a c t i v e 11 s i t e s  e i t h e r  because  

th e  r a t e  o f  a d s o r p t i o n  on such s i t e s  i s  g r e a t e r  t h a n  on l e s s  

" a c t i v e "  s i t e s  o r  i f  t h e  a d s o r p t i o n  i s  m obile  because  t h e  

ad so rbed  s p e c i e s  w i l l  m ig r a t e  to  th e  s i t e s  o f  h i g h e s t  energy .  

Subsequent  gas  a d d i t i o n s  w i l l  be ad so rbed  on s i t e s  of p ro ­

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

d e c r e a s e .  Regions o f  t h e  s u r f a c e  where th e  h e a t  of  chemi­

s o r p t i o n  i s  l i k e l y  t o  be d i f f e r e n t  from t h a t  a t  smooth p a r t s  

o f  t h e  s u r f a c e  a r e :  ( i )  t h e  p o i n t s  o f  emergence o f  screw and

edge d i s l o c a t i o n s  ( i i )  p o i n t  d e f e c t s ,  such a s  F re n k e l  and 

S cho t tky  d e f e c t s ,  s i t u a t e d  i n  th e  o u te rm o s t  l a y e r s  o f  t h e  

s o l i d  ( i i i )  m e t a l l i c  snd non m e t a l l i c  imv.urity c e n t r e s ,

A second e x p l a n a t i o n ,  due to  R o b e r t s -1- ^  i s  t h a t  f a l l i n g  

h e a t s  o f  a d s o r p t i o n  a r e  due to  f o r c e s  o f  r c  pul si. on between 

o r i e n t e d  d i p o l e s  o f  m o le cu le s  in  th e  adsorbed  l a y e r .  Quan­

t i t a t i v e  c a l c u l a t i o n s  have shown t h a t  t h e  s i z e  o f  t h e  h e a t  

d e c rea se  t o  be e x p ec ted  on th e  b a s i s  of d i p o le  moments of  t h e  

k ind  n o rm a l ly  found i s  q u i t e  i n s u f f i c i e n t  to  f i t  t h e  o b s e r ­

v a t i o n s .

The t h i r d  e x p l a n a t i o n ,  due to  E le y ^6  and Schwab1? ,  i S
» • ’

based on t h e  c o n c e r t  of  work f u n c t i o n .  I f  i t  i s  assumed
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t h a t  in  the  fo rm a t io n  of  a  chemisorbed l a y e r ,  e l e c t r o n s  a r e  

e x t r a c t e d  from the  s o l i d ,  t h e n ,  a s  c o v erag e  i n c r e a s e s ,  more 

energy w i l l  he expended i n  form ing  th e  chem ica l  bond s in c e  e x t r a  

work w i l l  have to  he done a g a i n s t  t h e  - p r o g r e s s iv e ly  i n c r e a s i n g  

work f u n c t i o n .  I f  on th e  o t h e r  hand an e l e c t r o n  i s  donated  

by t h e  gas  o r  a cova lency  i s  formed, e l e c t r o n s  from t h e  gas  

e n t e r  th e  s o l i d .  S ince  i n  c r y s t a l s  t h e s e  a r e  hands o f  

p e r m i t t e d  e l e c t r o n  e n e r g i e s ,  the  f i r s t  e l e c t r o n  wi3,l e n t e r  

th e  lo w e s t  unoccup ied  l e v e l  o f  th e  hand system and th e n  

h i g h e r  and h i g h e r  l e v e l s  w i l l  be used  a s  a d s o r p t i o n  p ro ce ed s .  

Again t h e  h e a t  w i l l  f a l l .  Although t h i s  e f f e c t  may be s i g ­

n i f i c a n t  i n  h y d ro g en -m e ta l  sys tem s ,  th e  c o r r e l a t i o n  between 

c a l c u l a t e d  and obse rved  f a l l s  i s  f r e q u e n t l y  poor .

( i i i )  F r e u n d l i c h  I so th e rm .  I n  e a r l y  s t u d i e s  o f  a d s o r ­

p t i o n  i t . became c l e a r  t h a t  many e x p e r im e n ta l  d a t a  d id  n o t  obey 

th e  l a n g m u i r  i so th e rm .  An a l t e r n a t i v e  i s o th e r m ,  which was ' 

em pir ic  a t  t h e  t ime o f  i t s  p r o p o s a l ,  was su g g e s te d  by 

F r e u n d l i c h ^ .  T i t o f f 1^ had found t h a t  th e  amount o f  g a s ,

x,  ad so rb ed -b y  c h a r c o a l  V ar ied  w i th  t h e  e q u i l i b r i u m  gas
V-n.

p r e s s u r e  p a c c o rd in g  t o  th e  e q u a t io n  x — kp where k and n 

a r e  c o n s t a n t s ;  u s u a l l y  n i s  between 1 andoo and i s  c h a r a c t e r ­

i s t i c  o f  the  p a r t i c u l a r  system which i s  s t u d i e d .  S ince  th e  

amount o f  gas. adsor'i  ed i s  p r o p o r t i o n a l  to  a f r a c t i o n a l  power 

o f  t h e  p r e s s u r e ,  th e  Freundlich i so th e rm  i s  o f t e n  obeyed ove r  

wide r a n g e s  o f  a dso rbed  amount, and a r s o  by sys tems ..n ich do not.
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obey the  Tangmuir i so th e rm .  I n  s p i t e  o f  i t s  o r i g i n a l  

em p ir ic i sm ,  t h e  F r e u n d l ic h  e q u a t io n  may be d e r iv e d  i f  t h e  

fo l lo w in g  a ssu m p t io n s  a r e  made: ( a )  t h e  h e a t  of  a d s o r p t i o n

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

d e c r e a s e  i n  h e a t  i s  due to  h e t e r o g e n e i t y  r a t h e r  th a n  to  

r e p u l s i v e  f o r c e s  between a d j a c e n t l y  ad so rbed  s p e o ie s .  Two 

such d e r i v a t i o n s  have been made, one of  which u s e s  a  thermo­

dynamic a p i r o a c h ^ 0 , th e  o t h e r  a k i n e t i c  a p p r o a c h #

(IV) The Tempkin I so th e rm .  A t h i r d  form of  a d s o r p t i o n  

iso the rm  was d e r iv e d  t h e o r e t i c a l l y  by S ly g in  and F r u m k i n ^
Oand p o p u l a r i s e d  by Tempkin and Fyzhev1--' i n  t h e i r  i n t e r p r e ­

t a t i o n  o f  t h e  decom pos i t ion  o f  ammonia on p l a t i n iu m  and 

t u n g s t e n .  This  i so th e rm  i s  based on t h e  a ssum pt ion  t h a t  

t h e  h e a t  of  a d s o r p t i o n  f a l l s  l i n e a r l y  w i th  s u r f a c e  co verag e .  

The e q u a t io n  may be w r i t t e n  s imply a s  0 * ( 1 )  In  ( a 0 p) where 

1 end a 0  a r e  both  c o n s t a n t  a t  a g iv en  t e m p e r a tu r e .  T h is  

e x p re s s io n  i s  expec ted  only  t o  h o ld  in  t h e  m iddle  range  o f  

coverage  ( 9  from 0 . 2  t o  0 . 8 ) owing to  t h e  s i m p l i f y i n g  

a ssu m p t io n s  made i n  i t s  d e r i v a t i o n .

S e c t io n  1 .7  Metal  C a t a l y s t s .

C a t a l y s t s  can be d iv id e d  i n t o  two main c a t e g o r i e s  (a)  

forms c o n t a i n i n g  only  one component,  t h e  m e t a l ,  and ( b) 

f onus  c o n t a i n i n g  one o r  more components in  a d d i t i o n  to  th e  

m e ta l .  I n t o  c a t e g o r y  ( a )  come unsup. o r t e d  m eta l  powders,
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c o l lo id a l  m eta ls , evaporated m etal f i lm s , w ires and f o i l s ;

in to  ca tegory  ( b) come a v a r ie ty  o f  supported and promoted

m etal c a t a ly s t s .  M etals which chem isorb m o lecu les  and a lso

d isp la y  c a t a ly t ic  a c t iv i t y  are prone to  contam ination and

m etal su r fa c es  which are exposed to  a ir  are covered  e ith e r  by

a la y e r  o f  adsorbed oxygen or a th in  la y e r  o f m etal o x id e ,

and th e se  may render the su r fa ces  in e f f e c t iv e  as c a t a ly s t s .

The natu re and ex ten t o f  any c a ta ly s t  c le a n in g  p rocess depends

on th e  use to  which the m a ter ia l w i l l  subseq uently  be put.

A d is t in c t io n  Can be made between (a )  the prep aration  and

c le a n in g  o f  su r fa c e s  to  be used in  fundamental s tu d ie s  o f

ad sorp tion  ( b) th e  c le a n in g  o f su r fa c es  to be used as c a t a ly s t s .

In th e  study o f ch em isorp tion  and i t s  r o le  in  c a t a ly s i s  two

extreme approaches are p o s s ib le .  One i s  to  take the s o l id
»

su rfa ce  in  the c o n d itio n  known to be c a t a l y t i c a l l y  a c t iv e  and 

study gas a d so rp tio n s on such a su r fa c e . The approach i s  

e s s e n t ia l ly  em p ir ica l and th e  dangers a r e 'th a t  ou tgassed , 

c lea n  and rep rod u cib le  su r fa c es  are not employed. The o th er  

extreme i s  to  s t r iv e  to  produce s tr in g e n t ly  c le a n  su r fa c es  

and to  study th e  in tersec tio n  o f sim ple m o lecu les w ith such 

su r fa c e s . The l im ita t io n  here i s  th a t  th ere  i s  a tendency  

to  reced e fa r th e r  a way from the problems o f  primary concern  

.in heterogen eou s c a t a ly s i s  and move towards ever  more sim ple  

system s.

( i )  F ilm s. The advent o f u l t r a  high vacuum tech n iq u es  

has made i t  p o s s ib le  to  keep m etal su r fa c es  c le a n  fo r  a
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r e a s o n a b l e  t im e  and much work h as  been done i n  r e c e n t  y e a r s  

on t h e  p r e p a r a t i o n  of  c l e a n  m e ta l  s u r f a c e s .  The m e ta l  i s  

e v a p o ra te d  i n  vacuum from a wire* which i s  e l e c t r i c a l l y  

h e a t e d ,  on to  a s u b s t r a t e ,  which i s  u s u a l l y  c l a s s ,  but  some­

t im es  a n o t h e r  m e t a l ,  o r  t h e  c le a v e d  f a c e  o f  a  c r y s t a l .  The 

wire  i s  a t  f i r s t  o u tg a s se d  by h e a t i n g  i n  vacuum w i th  c o n t in u o u s  

pumping, a t  a s  h ig h  a t e m p e ra tu re  a s  p o s s i b l e  w i th o u t  s i g ­

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

m e ta l  i s  more s t r o n g l y  h e a t e d  to  e v a p o ra te  i t  on to  t h e  i n n e r  

wall  o f  i t s  c o n t a i n i n g  v e s s e l .  T h is  p roduces  an e v ap o ra te d  

m e ta l  f i l m .  C hem ica l ly  s i g n i f i c a n t  work w i th  such f i l m s  

was c a r r i e d  ou t  a s  e a r l y  a s  1935 by 0. I .  Beypunsky bu t  t h e  

w idesp read  u se  of  t h e s e  f i l m s  in  c a t a l y t i c  r e s e a r c h  foil lowed 

a p a p e r  by 0. Beek, A. E, Smith and A. Wheeler .

( i.i) powders. W h i l s t  e v a p o r a t io n  y i e l d s  a  f i lm  a lm o s t  

c o m p le te ly  f r e e  from c o n ta m in a n ts ,  m e ta l  powders can on ly  be 

o b t a in e d  i n  a  1 c l e a n 1 form w i th  c o n s i d e r a b l e  d i f f i c u l t y .

Metal powders may be p r e p a r e d  by t h e  r e d u c t i o n  of  s u i t a b l e  

compounds, u s u a l l y  o x id es  o r  c h l o r i d e s  in  a  s t ream of  r e d u c in g  

gas .  Hydrogen i s  th e  gas  g e n e r a l l y  used  and l e a v e s  no 

u n d e s i r a b l e  r e s i d u e s  on t h e  s u r f a c e  a s  do, f o r  example, 

carbon  monoxide and formic  a c i d .  I t  h a s  been shown by 

R o be r ts  and S y k e s 2 ^ t h a t  by s u b j e c t i n g  n i c k e l  powder to  p r o ­

longed r e d u c t i o n  in  p u r i f i e d  hydrogen t h a t  s u r f a c e s  were 

produced which i n  p a r t  s im u la te d  t h e  behav io u r  o f  e v ap o ra te d
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, n i c k e l  f i l m s  a s  judged by t h e  a c t i v i t y  w i th  which th e  s u r f a c e  

chem isorbed  hydrogen  a t  -  I83°C. Another  method of  p r e p a r i n g  

n i c k e l  powders i s  t h e  the rm a l  decom pos i t ion  of  m e ta l  s a l t s  of  

o rg an ic  a c i d s ;  v e ry  o f t e n  th e  fo rm a te  i s  u sed .  N icke l  

powders have been p r e p a re d  hy th e  decom pos i t ion  o f  n i c k e l  

c a rb o n y l  but  t h e  c a t a l y t i c  a c t i v i t y  i s  l i m i t e d  by t r a c e s  o f  

ad so rb ed  ca rbon  monoxide which r e m a i n . 27

( i i i )  Suppor ted  P e t a l s .  Suppor ted  m e ta l  c a t a l y s t s  a r e  

examples o f  c a t a l y s t s  c o n t a i n i n g  a component o t h e r  th an  th e  

m e ta l  i t s e l f .  U s u a l ly  su p p o r te d  c a t a l y s t s  c o n t a i n  l e s s  

' th an  20 p e r  c e n t  by weight  o f  t h e  m e t a l .  I t  h a s  g e n e r a l l y  

been th o u g h t  t h a t  t h e r e  i s  no chemical  i n t e r a c t i o n  between 

th e  m e ta l  and t h e  c a r r i e r  i n  sup-ported m e t a l s .  However, 

t h e r e  i s  a  growing body o f  ev idence  t o  su g g e s t  t h a t  some of  

th e  d i f f e r e n c e s  between suppor ted  and u nsu p p o r te d  m e t a l s  may 

be a t t r i b u t e d  to  t h e  su p p o r t .  Three methods o f  p r e p a r a t i o n  

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

( i )  im p re g n a t io n  ( i i )  c o - p r e c i p i t a t i o n  and ( i i i )  d e p o s i t i o n .  

The f i r s t  o f  t h e s e  i s  t h e  most commonly u sed  and i n v o lv e s  

soak ing  th e  c a r r i e r  i n  a s o l u t i o n  o f  t h e  m e ta l  s a l t .  The 

m a t e r i a l  i s  t h e n  d r i e d  and reduced to  t h e  m e ta l  by hydrogen 

a t  t h e  a p p r o p r i a t e  t e m p e r a tu re .  In  th e  c o - p r e c i p i t a t i o n  

method th e  s im u l ta n eo u s  p r e c i p i t a t i o n  of m e ta l  and c a r r i e r  

from s o l u t i o n  i s  induced .  Fo r  example, w i th  n i c k e l ,  s i l i c a
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s u p p o r te d  c a t a l y s t s  a r e  o b ta in e d  from a  s o l u t i o n  o f  th e  m e ta l  

n i t r a t e  and sodium m e t a - s i l i c a t e .  In  th e  d e p o s i t io n  method 

th e  m e ta l ,  o r  one of i t s  compounds, i s  d e p o s i te d  from suspen­

s io n  onto  a  su sp en s io n  o f  th e  c a r r i e r .  F o r  example, when 

hydrogen  > s p a sse d  th ro u g h  a s o l u t io n  o*f p a llad iu m  n i t r a t e  

in  which a c t i v a t e d  c h a r c o a l  i s  suspended th e  reduced  m e ta l  

d e p o s i t s  on t h e  c h a r c o a l .  C a t a l y s t s  produced  by th e  impreg­

n a t i o n  o r  d e p o s i t i o n  method hi ve th e  a c t i v e  component a v a i l a b l e  

a t  t h e  s u r f a c e  o f  th e  c a r r i e r .  In  c o - p r e c i p i t a t e d  c a t a l y s t ?  

some o f  th e  a c t i v e  m a t e r i a l  may be embedded w i th in  t h e  c a r r i e r .  

N i c k e l - s i l i c a  c a t a l y s t  system s have been s t u d i e d 28 - 2 9  i n

r e l a t i o n  to  c a t a l y s t  p r e p a r a t i o n  and th e  r e s u l t s  have shown 

t h a t  some r e v i s i o n  o f  th e  r o l e  o f  th e  c a r r i e r s  may be c a l l e d  

f o r .  The e f f e c t  of t h e  n a tu r e  o f  th e  su p p o r t  and o f  

c r y s t a l l i t e  s i z e  on s p e c i f i c  a c t i v i t y  has  been found f o r  

n i c k e l  su p p o r te d  on s i l i c a - a l u m i n a .  The h y d ro g e n o ly s is  

o f  e th a n e  to  m ethane f a l l s  a s  th e  c r y s t a l l i t e  s i z e  i n c r e a s e s . ^  

The s p e c l . i ic  a c t i v i t y  f o r  t h i s  r e a c t i o n  o f  n i c k e l  su p p o r te d  

on s i l i c a ,  a lum ina  and s i l i c a - a l u m i n a  changes a s  th e  su p p o r t  

ch an g e s ,  be ing  h ig h e s t  f o r  s i l i c a  and lo w e s t  f o r  s i l i c a - -
•7

:u  umina.

S e c t io n  1 .6  B i f u n c t io n a l  C a t a l y s t s .

When th e  m e ta l  i s  su p p o r te d  on a second component which 

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

c a t a l y s t  i s  form ed. For example, p la t in iu m  on s i j  i c a - a lu i  .i.na



can  be a b i f u n c t io n a l  c a t a l y s t  f o r  hydroca rbo n  r e a c t i o n s .

The p la t in um  a c t s  a s  a  deh y d ro g en a tin g  c a t a l y s t ,  and an o l e f i n  

formed can  be c o n v e r te d  by p ro to n  a d d i t i o n  to  a  carbonium  

io n  a t  an a c id  s i t e  on th e  s i l i c a - a l u m i n a  s u r f a c e .  The 

carbonium  io n  can  th en  iso m e r is e  by rea rran g e m en t  o f  th e  carbo n  

s k e l e to n ,  a f t e r  which a  p ro to n  i s  r e l e a s e d .  In  t h i s  way 

m ethy l c y c lo p e n ta n e  can  be c o n v e r te d  to  cyc lo hexene  which 

may be f u r t h e r  dehydrogenated  on a p la t inum  s i t e  to  benzene. 

These c a t a l y s t s  have been review ed by J .  II. S i n f e l t .

S e c t io n  1 .9  E x p er im en ta l  A spec ts  o f  A d so rp tio n .

( i )  Measurement o f  h e a t s  o f  a d s o r p t io n .  The s t r e n g th  

o f  an a d s o r p t io n  bond i s  r e f l e c t e d  in  th e  m agnitude  o f  th e  

h e a t  o f  a d s o r p t io n :  t h e  g r e a t e r  t h e  amount o f  h e a t  l i b e r a t e d

p e r  mole a d so rb e d , th e  s t r o n g e r  i s  th e  bond. I f  th e  h e a t  o f  

a d s o r p t io n ,  Q, i s  l a r g e  f o r  a  g iv e n  s p e c i e s ,  c a t a l y s i s  may 

be h in d e re d  p r e c i s e l y  because  t h a t  s p e c ie s  i s  too  t i g h t l y  

h e ld  a t  th e  s u r f a c e .  I f ,  on th e  o t h e r  hand, Q i s  low, th e  

s p e c ie s  racy n o t  bo ad so rb ed  on th e  c a t a l y s t  s u r f a c e  f o r  a  

tim e  lo n g  enough to  f a c i l i t a t e  r e a c t i o n .  I t  a p p e a rs  t h a t  

c a t a l y s i s  r e q u i r e s  a  s i t u a t i o n  where th e  h e a t  o f  a d s o r p t io n  

i s  n o t  too  l a r g e  to  canoe d e s o r p t io n  problem s and n o t  to o  

small to  h in d e r  rea r ran g e m en t in  t h e  ad so rbed  phase .

I le a ts  o f  a d s o r p t io n  may be de te rm in ed  e x p e r im e n ta l ly  

by d i r e c t  c a l o r i m e t r i c  m easurem ent. O a lo r im e t r ic  m easu re ­

m ents a r e  o f  two k in d s .  F i r s t  t h e  h e a t  l i b e r a t e d  by a d s o r p t ­

ion  may be u se d  to  c au se  a  phase change in  a  su rro u n d in g
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s o l i d  o r  l i q u i d  and a s  t h e  h e a t  c a u s e s  th e  volume change in  

th e  su r ro u n d in g  su b s ta n c e  th e  measurement i s  i s o th e r m a l .

Second, th e  e scape  of h e a t  from th e  a d so rb e n t  may be p re v e n te d ,  

end th e  h e a t  de te rm in ed  from th e  r i s e  in  th e  a d s o rb e n t  tem­

p e r a tu r e .  These m easurem ents a re  a d a b i a t i c .  Both m ethods 

msy be u sed  when th e  a d so rb e n t  i.s i n  powder form a lth o u g h  

th e  low s u r f a c e  a r e a  o f  ev ap o ra te d  m e ta l  f i lm s  r e q u i r e s  t h e  

u se  o f  an a d a b i a t i c  c a l o r im e te r .  The c a l o r im e te r  o f  Beeck33 

and c o -w o rk e rs  i s  shown in  P ig .  4 and a  s i m i l a r  ty p e  o f  c a l o r i ­

m e te r  h a s  been u sed  by Brennan^^'>^  e t  a l .  and S t o n e ^  f o r  

m easu ring  th e  h e a t s  o f  a d s o r p t io n  o f  oxygen and hydrogen on 

a v a r i e t y  o f  e v a p o ra te d  m e ta l  f i lm s .  E s s e n t i a l l y  th e  a p p a r ­

a tu s  c o n s i s t s  o f  two c o n c e n t r i c  tu b e s .  The c a l o r im e te r  p ro p e r  

i s  th e  lo w e r  p o r t i o n  o f  th e  i n n e r  tu b e  and i s  made from v e ry  

t h i n  g l a s s ;  above i t  i s  a  c o n s t r i c t i o n  to  m in im ise  h e a t  l o s s e s  

to  th e  u p p e r  p a r t  o f  th e  system . P in e  p la t inu m  w ire  i s  

wound a round  th e  c a l o r i m e t e r  to  form a r e s i s t a n c e  therm om eter. 

The m e ta l  f i l a m e n t  i s  d e p o s i te d  on th e  i n s i d e  o f  th e  e g g s h e l l  

tu b e  from a h e a te d  f i l a m e n t  and d u rin g  th e  p ro c e s s  c o o l in g  

w a te r  i s  c i r c u l a t e d  th rou gh  th e  o u t e r  j a c k e t  to  p re v e n t  s o f t ­

en ing  and c o l l a p s e  o f  th e  t h i n  g l a s s .  The o u t e r  j a c k e t  i s  

ev acu a ted  to  p roduce  a  vacuum c a l o r im e te r  and th e  te m p e ra tu re  

r i s e  accompanying th e  ad m iss io n  o f  v e ry  sm all q u a n t i t i e s  o f  

gas  i s  th e n  o b ta in e d .
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( i i )  Measurements o f  work fu n c t io n  changes. The 

e l e c t r o n  work f u n c t i o n  o f  a s o l i d ,  e / ,  i s  d e f in e d  a s  th e  energy  

r e q u i r e d  to  remove an e l e c t r o n  from th e  h ig h e s t  o ccup ied  l e v e l  

i n s i d e  th e  s o l i d  i n to  a vacuum o u t s id e  i t s  s u r f a c e .  S in c e ,

in g e n e r a l ,  th e  e l e c t r o n e g a t i v i t i e s  o f  th e  ad so r  oat e and

a d s o rb e n t  a r e  d i f f e r e n t ,  a d s o r p t io n  in v o lv e s  e l e c t r o n  d o n a tio n  

to  o r  from th e  a d so rb e n t  s u r f a c e  and d ip o le s  a r e  th u s  formed 

in  th e  a d so rb ed  l a y e r .  I f  th e  n e g a t iv e  end o f  th e  d ip o le

in  th e  a d so rb ed  l a y e r  p o i n t s  away from th e  s u r f a c e ,  th en  t h e

p o t e n t i a l  b a r r i e r  th ro u g h  which th e  e l e c t r o n s  e sca p in g  from 

th e  s o l i d  must p a s s  w i l l  be i n c r e a s e d ,  so t h a t  e^ i s  in c r e a s e d .  

C o n v e rse ly ,  i f  th e  n e g a t iv e  end o f  th e  d ip o le  i s  d i r e c t e d  

tow ards  th e  s u r f a c e  th e  v a lu e  o f  th e  e l e c t r o n  work f u n c t io n  

o f  th e  s o l i d  w i l l  be d e c re a se d .  iYhen th e  e l e c t r o n e g a t i v i t y  

d i f f e r e n c e  between th e  a d s o rb a te  and a d so rb e n t  i s  sm all th e  

d ip o le  moment c r e a t e d  w i l l  be sm all and th e  bond can  th e n  be 

d e s c r ib e d  a s  e s s e n t i a l l y  c o v a le n t ;  i f  t h e  e l e c t r o n e g a t i v i t y  

d i f f e r e n c e  i s  l a r g e ,  th e  d ip o le  moment w il l  c o r r e s p o n d in g ly  

be l a r g e  and th e  bond i s  th e n  e s s e n t i a l l y  i o n i c .  The 

d e te r m in a t io n  o f  th e  d ip o le  moment o f  a  c h e m is o rp t io n  bond 

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

I f  th e  a d so rb ed  l a y e r  i s  t r e a t e d  a s  a  p a r a l l e l  p l a t e

c o n d e n se r ,  th e  c tenac ity  o f  such a c o n d en se r  i s  g iv e n  by
A /

C» ~4tt a where A i s  th e  a re a  o f  th e  p l a t e  and d i s  th e  d i s ­

ta n c e  o f  s e p a r a t io n .  The v o l ta g e  a c r o s s  t h e  c o n d e n se r
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\/«A3naQ fesV
i s  t h e r e f o r e :  V ^ . F o r  th e  ad so rb ed  l a y e r !*  / e q u a ls

th e  p ro d u c t  o f  th e  d ip o le  moment [jju) and th e  number o f  a d s o r ­

bed s p e c ie s  ( n s © ) ,  where n i s  th e  number o f  s i t e s  p e r  dm?

The p o t e n t i a l  drop a c r o s s  t h e  ad so rb ed  l a y e r  i s  t h e r e f o r e  

AV =  4 irn s ©^

e AV i s  a  m easure o f  th e  change o f  energy  r e q u i r e d  to  remove 

an e l e c t r o n  from t h e  s o l i d  a f t e r  a d s o r p t io n  and th u s  e AV= 

e and t h e r e f o r e  A$ ^  4 /n'ns L̂i/

where i s  th e  change in  work f u n c t io n  on a d s o r p t io n .  -  A$  

i s  term ed th e  s u r f a c e  p o t e n t i a l  o f  th e  l a y e r .  The s i g n i f i ­

cance  o f  t h i s  e q u a t io n  i s  t h a t  i t  e n a b le s  th e  d ip o le  moment 

o f  th e  a d s o r p t io n  bond to  be c a l c u l a t e d  from measurement o f  

th e  s u r f a c e  p o t e n t i a l .  From th e  v a lu e  o f  i t  i s  p o s s ib l e  

to  deduce w hether  th e  s u r f a c e  bonding i s  p red o m in an tly  

c o v a le n t ,  io n ic  o r  p h y s ic a l .

An im p o r ta n t  a p p l i c a t i o n  o f  changes in  work f u n c t io n

fo l lo w in g  a d s o r p t io n  i s  th e  f i e l d  em iss io n  m ic ro scope . The
37m ic roscop e  was f i r s t  deve loped  by E. W. I 'u l l e r  and l a t e l y  

i t  h a s  been u se d  by G o m e r^ ’ ^  and P ecker^0 n o t  on ly  f o r  th e  

pu rpose  o f  m easu ring  work fu n c t io n  changes b u t  to  o b se rv e  th e  

s u r f a c e  d i f f u s i o n  o f  a d so rb ed  s p e c i e s . '  The s u r f a c e  u n d e r  

s tu dy  i s  in  t h e  form o f  a  m inu te  t i p  ( s e e  F ig .  5) th e  r a d iu s
o

of c u r v a tu r e  o f  which i s  around 1 ,0 0 0 A raid i s  su rrou nded  by 

a c o n d u c t in g  f l u o r e s c e n t  s c re e n .  S ince  th e  r a d i u s  o f  th e  

t i p  i s  ex trem e ly  si . a l l  compared w ith  th e  r a d i u s  o f  th e  s p h e r i c a l



-  20 -

anode f i e l d  s t r e n g t h s  o f  th e  o r d e r  o f  10^-. 10^ V cm”-1- a r e  

r e a d i l y  a t t a i n e d .  The p re se n c e  o f  a  h i g h ‘e x te r n a l  f i e l d  

can red u ce  th e  w id th  o f  th e  p o t e n t i a l  b a r r i e r  a t  a  m e ta l  

s u r f a c e  to  such an e x te n t  t h a t  e l e c t r o n s  ap p ro a ch in g  th e  

s u r f a c e  may tu n n e l  th ro u g h  th e  h a r r i e r  and he e m it te d .  The 

e m it te d  e l e c t r o n s  have v e ry  l i t t l e  k i n e t i c  energy  and t h e r e ­

f o r e  fo llow , th e  l i n e s  o f  f o r c e  which d iv e rg e  r a d i a l l y  from 

th e  t i p .  The r e s u l t i n g  f l u o r e s c e n t  p a t t e r n  d i s p la y e d  on th e  

s c re e n  g iv e s  a  m a g n if ie d  image o f  th e  em iss ion  from th e  s o l i d  

and a s  th e  i n t e n s i t y  o f  f lu o r e s c e n c e  a t  any p o in t  depends on 

th e  number o f  im pinging  e l e c t r o n s  a t  t h a t  p o in t  a  m easure  o f  

th e  work f u n c t i o n  a t  t h e  c o r re sp o n d in g  p o in t  on th e  s o l i d  

s u r f a c e  i s  o b ta in e d .  T he*etched  t i p  u sed  i n  th e  m ic ro ­

scope i s  u s u a l l y  a  s i n g l e  c r y s t a l  and s in c e  th e  sharp  end 

i s  h e m is p h e r ic a l  many d i f f e r e n t  c r y s t a l  p la n e s  a r e  exposed . 

Changes in  th e  work f u n c t i o n  o f  t h e  v a r io u s  c r y s t a l  f a c e s  

.hen  a  gas  i s  a d m it te d  can  th en  be fo l lo w ed  v i s u a l l y .  The 

changes in  i n t e n s i t y  w ith  t im e  p e rm it  th e  c a l c u l a t i o n  o f  th e  

r e l a t i v e  r a t e s  o f  a d s o r p t io n  on d i f f e r e n t  cr^ s t a l  f a c e s  and, 

by h e a t in g  th e  m e ta l  t i p ,  r a t e s  o f  d e s o r p t io n  can  be s tu d ie d .

The r e s o l u t i o n  o f  th e  f i e l d  em iss io n  m icro scop e  i s  l i m i t e d  to
o

a co u t  20A. The f i e l d  io n  m icro sco pe  was developed  from th e  

f i e l d  e m iss io n  m ic ro scop e  by E. V.r. M u l l e r ^ - and may be d i s c u s s e d  

a t  t h i s  p o i n t ,  n o t  because  o f  i t s  re levc .ncc  to  t h e  m easure­

ment o f  work f u n c t i o n ,  b u t  becau se  o f  th e  s i m i l a r i t y  o f  th e
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te c h n iq u e  to  f i e l d  em iss ion  m icroscopy . The g e n e ra l  exper­

im e n ta l  s e t  up i s  v e ry  much th e  same in  l o t h  t e c h n iq u e s  excep t 

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

a p p l i e d  to  th e  f i n e  t i p  and an im aging  g a s ,  u s u a l ly  he lu im ,

i s  p r e s e n t  a t  a  p r e s s u r e  o f  a round 10“ ^ t o r r .  When* a  f i e l d  
8  1o f  abou t 10 V cm“ i s  a p p l i e d  he lium  atoms a r e  a t t r a c t e d  to  

th e  t i p  by p o l a r i s a t i o n  f o r c e s  and i o n i s a t i o n - t a k e s  p l a c e . 42 

ifoe i o n s  a r e  th e n  a c c e l e r a t e d  r a d i a l l y  o u tw ard s  and im pinge 

upon th e  p h o spho r  where th ey  form a p r o j e c t i o n  image o f  th e  

end o i  th e  t i p .  The p a t t e r n  produced  i s  s i m i l a r  to  t h a t  

o b ta in e d  in  f i e l d  em iss io n  m icroscopy , but w ith  t h e  ad v an tag e  

t h a t  th e  R e s o lu t io n  i s  in c r e a s e d  to  3A. As th e  p r o b a b i l i t y  

o f  i o n i z a t i o n  o f  t h e  he lium  depends upon th e  l o c a l  geogra^-iy 

>f -fejne - s u r f a c e  o f  th e  end o f  th e  t i p ,  th e  image on th e  s c re e n  

r e f l e c t s  th e  f i n e  d e t a i l s  o f  t h i s  a tom ic s t r u c t u r e .  An 

im p o r ta n t  f e a t u r e  which a r i s e s  from f i e l d  em iss ion  a d s o r p t io n  

s t u d i e s  i s  t h a t  th e  f r e e  energy o f  a d s o r p t io n  d i f f e r s  a c c o rd ­

in g  to  th e  n lane  on which a d s o r p t io n  t a l e s  p la c e .  B e c k e r ^  

h a s  found f o r  t h e  t u n g s te n  oxygen  system t h a t  (211) f a c e s  

t a k e  up oxygen f i r s t ,  fo l lo w e d  by (1 1 3 ) ,  th e n  (1 0 0 ) .

( i i i )  E l e c t r i c a l  m easurem ents . A nother method which 

i s  u se d  to  s tu d y  th e  n a tu r e  o f  th e  bonding between a d s o rb e n t  

and a d s o r b a te  d e te rm in e s  th e  change in  r e s i s t a n c e  o f  a  m e ta l  

f i lm  d e p o s i te d  in  vacuum when a gas  i s  a d so rb ed  onto  th e  

f i lm  s u r f a c e .  The u n d e r ly in g  p r i n c i p l e  i s  t h a t  i f  c o n d u c t io n
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e le c tr o n s  are diawn from the  m etal and an e le c tr o n e g a t iv e  la y e r  

i s  formed then the c o n d u ct iv ity  d ecreases .  S im ila r ly  entry  

of e le c tr o n s  in to  the m etal should in c re a se  the c o n d u c t iv ity  

i f  th e  added e le c tr o n s  co n tr ib u te  to . e l e c t r i c a l  conduction .

The metal i s  evaporated onto the w a lls  o f  a v e s s e l  c o n ta in ­

ing  two platinum c o n ta c ts  and the  f i lm  r e s i s ta n c e  between them 

i s  measured. The f i lm  should be annealed above the  adsorption  

temperature as  t h e ir  r e s i s ta n c e  may o therw ise  slow ly  a l t e r  

with tim e. In c a lc u la t in g  the change in  th e  number o f  e l e c t ­

rons per adsorbed atom the doubtful assumption i s  made th a t  

g ra in  boundary r e s i s t a n c e  i s  n e g l ig i b l e  and th a t  the  on ly  

e f f e c t  o f  chem isorption  i s  to change the number o f  conduction  

e le c tr o n s .  Gases with h igh h e a ts  o f  ad sorp tion , such as  

oxygen, are known to cause f i lm  s in te r in g  even a f t e r  anneal­

i n g ^  and t h i s  cou ld  w e ll  have an e f f e c t  on the conduction  

p r o p e r t ie s  o f  the  f i lm .  S a c h t l e r ^  has shown th a t  the  

v a r ia t io n  in  c o n d u c t iv ity  when hydrogen i s  adsorbed by a 

n ic k e l  f i lm  i s  dependent on the i n i t i a l  c l e a n l in e s s  o f  the  

su rfa ce . C on du ctiv ity  d ecreases  are found when n ic k e l  f i lm s

arc "re;ared under r igorou s vacuum c o n d it io n s  and an op o s i t e
—6e f f e c t  r e s u l t s  when a vacuum o f  10 mm Kg .is employed.

( iv )  Magnetic measurements. Chemi sorp tion  o f t e n  in ­

v o lv e s  the unpaired e le c tr o n s  in  s o l i d s ,  with a consequent 

change in  t h e i r  magnetic p r o p e r t ie s .  Substances which 

p o sse ss  unpaired e le c tr o n s  have a p o s i t i v e  va lue  o f  magnetic



s u s c e p t i b i l i t y  and a r e ,  by d e f i n i t i o n ,  p a ra m ag n e tic .  As th e

m agnetic  p r o p e r t i e s  a r e  bu lk  and n o t  s u r f a c e  p r o p e r t i e s  t h e

su rfa c e /v o lu m e  r a t i o  must be h ig h ,  o th e rw is e  th e  e f f e c t  o f

a d s o r p t io n  i s  n o t  d e t e c t a b l e ;  m agne tic  m easurem ents a r e

t h e r e f o r e  u s u a l ly  c a r r i e d  o u t  on f i n e  powder sam ples. An

e x p e r im e n ta l  measurement o f  s u s c e p t i b i l i t y  can be made w ith

a  m agn e tic  b a la n c e .  The specimen i s  suspended  from a b a la n c e

beam so t h a t  i t  i s  h a l f  i n s i d e  and h a l f  o u t s id e  th e  r e g io n

between th e  p o le s  o f  a  s t r o n g  magnet (a b o u t  5000 g a u s s ) .

When th e  f i e l d  i s  a p p l i e d  a  pa ram agne tic  sample i s  drawn

in to  t h e  r e g io n  and th e  f o r c e  n e c e s s a ry  to  r e s t o r e  th e  o r i g i n a l
U l  -  X2 ) 2

ba lance  p o in t  i s  g iv e n  by mgr ■ ■«■ ■ —  AH . where A i s  th e
2

c ro s s  s e c t i o n a l  a r e a  o f  th e  specim en, ,X-j_ i s  i t s  s u s c e p t i b i l i t y  

and i s  th e  s u s c e p t i b i l i t y  o f  th e  su rro u n d in g  a tm osphere .

When a  f e r ro m a g n e t ic  m a t e r i a l ,  such a s  n i c k e l ,  i s  b e ing  s tud i 'ed  

i t  i s  b e s t  to  m easure  th e  s p e c i f i c  m a g n e t i s a t io n ,  XH(where H 

i s  t h e  f i e l d  s t r e n g th )  b e ca u se ,  f o r  f  e r ro m a g n e t ic s ,f th e  

s u s c e p t i b i l i t y  i s  l a r g e  and dependent upon f i e l d  s t r e n g th .  

D i f f i c u l t i e s  i n  measurement a r i s e  when fe r ro m a g n e t ic  m a t e r i a l s  

a r e  s t u d i e d  in  a f i n e  s t a t e  o f  s u b d iv i s io n .  When th e
• o

: a r t i c l e  s i z e  i s  in  th e  r e g io n  100 -  300A, th e  m agnetic  

b e h av io u r  o f  f e r ro m a g n e t ic  s u b s ta n c e s  d i f f e r s  from th a t '  o f  

fe r ro m a g n e t ic  su b s ta n c e s  i n  bu lk  i n  t h a t ,  w ith  sm all p a r t i c l e s ,  

m a g n e t i s a t io n  i s  dependent on f i e l d  s t r e n g th  and te m p e ra tu re  

in  a  s i m i l a r  manner to  pa ram agn e tic  s u b s ta n c e s .  As su p p o r te d
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c a t a l y s t s  have th e  m eta l  i n  a  f i n e  s t a t e  o f  s u b d iv i s io n  a

low freq u e n cy  a . c .  p e n n e a te r  method o f  m easuring  s u s c e p t i b i l i t y  
ARi s  employed.

The r e s u l t s  o f  Selwood and h i s  co-work‘e r s  a r e  most 

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

One o f  th e  L es t  known examples o f  th e  u se  o f  t h e  te c h n iq u e  

c o n ce rn s  th e  a c t i o n  o f  th e  c a t a l y s t  p o iso n ,  d im e th y l s u lp h id e ,  

on n i c k e l .  When a p l o t  o f  AM (where M is .  th e  i n t e n s i t y  o f  

m a g n e t i s a t io n )  i s  made a g a i n s t  th e  volume o f  d im e thy l s u lp h id e  

chem isorbed  a  s lo p e  equal to  t h a t  i n  th e  hydrogen on n i c k e l  

c a se  i-s o b ta in e d .  T h is  would su g g e s t  t h a t  s u lp h u r  i s  bonded 

to  two n i c k e l  atom s a s  fo l lo w s :

CH, CH,

 lTi ^ — ^  Mi------

AM
F o r  hydrogen  su lp h id e  on n ic k e l  th e  ”17 p l o t  g iv e s  a  

s lo p e  tw ic e  t h a t  o f  hydrogen; t h i s  i s  c o n s i s t e n t  w ith  th e  

fo l io w in g  s u r f a c e  f r a g m c n ts :

H /S. E
i /  \  i

—  i; i —  —  Mi---Iv i —  —  Ni—

E th y le n e  b e h a v io u r  on "supported  nicked h a s  been found to  

vary  s i g n i f i c a n t l y  w ith  te m p e ra tu re .  At 0°C th e  m a g n e t i s a t io n  

change caused  bp one m o lecu le  o f  e th y le n e  i s  t h e  some a s  t h a t



caused  by one m o lecu le  o f  hydrogen. T h is  can  be i n t e r p r e -  

t a t e d  i n  te rm s o f  a s s o c i a t i v e  bonding:

c n -  c h 2

_ ; fi

As th e  te m p e ra tu re  of a d s o r p t io n  i s  i n c r e a s e d  to  28°C t h e  

number o f  bonds formed p e r  m o lecu le  i n c r e a s e s  to  3* th e n  to  

8 .4  a t  100°C. T h is  means t h a t  d i s s o c i a t i o n  i s  t a k in g  p la c e  

and t h i s  i s  v e r i f i e d  by re c o v e ry  o f  methane from th e  system .

(v ) The i n f r a r e d  s p e c t r a  o f  ad so rbed  g a s e s .  I n t e r e s t  

i n  t h e  s tudy  o f  ad so rbed  m o le cu le s  and a d s o r p t io n  complexes

on m e ta ls  by i n f r a r e d  sp e c tro sc o p y  h as  in c r e a s e d  s t e a d i l y

s in c e  abou t 1950. E i s c h e n s ^ * ^  and h i s  co -w orkers  have 

c o n t r i b u t e d  g r e a t l y  to  th e 'd e v e lo p m e n t  o f  th e  t e c h n iq u e  and 

have  s tu d ie d  s e v e r a l  im p o r ta n t  g a s -m e ta l  system s o f  i n t e r e s t  

in  th e  f i e l d  o f  c a t a l y s i s .

h o s t  o f  t h e  e x p e r im e n ta l  work h a s  been c a r r i e d  o u t  on

su p p o r te d  m e ta l  c a t a l y s t s ;  s i l i c a  and a lum ina  have been u sed

a s  c a r r i e r s ,  w ith  p a r t i c l e  s i z e s  p r e f e r a b l y  i n  t h e  ran g e  150- 

200A to  re d u c e  r a d i a t i o n  l o s s e s  by s c a t t e r i n g .  h e t a l  p a r t i c l  

o f  s i z e  ^  loOA a re  n e c e s s a ry  to  o b ta in  m easu rab le  a d s o r p t io n  

by t ra n s m is :  io n  th ro u g h  th e  a d s o rb e n t .  The i n f r a r e d  spectrum  

o f  th e  g as  a d so rb ed  on th e  s i l i c a  o r  a lum ina  su p p o r t  i s  

o b se rv ed  end compared w ith  t h a t  o f  th e  same system w ith  t h e
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a d d i t i o n  o f  m e ta l  p a r t i c l e s .  .

E th y len e  a d s o r p t io n  h a s  “been e x te n s iv e ly  s tu d ie d  on 

su p p o r te d  n i c k e l .  E isch e n s  and p l i s k i n ^ 8 have shown t h a t  

th e  ty p e  o f  c h e m iso rp t io n  depends on th e  p r e t r e a tm e n t  o f  th e  

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

s o c i a t i v e  a c c o rd in g  to  th e  te m p e ra tu re  o f  th e  a d s o r p t io n  

and t h e  p re s e n c e  o r  ab sen ce  o f  p rea d so rb e d  hydrogen . The 

a s s o c i a t i v e  ty p e  o f  a d s o r p t io n  i s  fav ou red  when th e  o l e f i n  

i s  ad so rb ed  on n ic k e l  which h a s  a  p rea d so rb e d  l a y e r  o f  hydrogen . 

7/hen th e  hydrogen  i s  removed from th e  c a t a l y s t  s u r f a c e ,  by 

o u tg a s s in g ,  b e fo re  a d m i t t in g  th e  o l e f i n ,  d i s s o c i a t i v e  a d s o r ­

p t i o n  p re d o m in a te s .  Admission o f  hydrogen to  th e  a s s o c i a t -  

i v e l y  bonded s p e c ie s  p ro d u ces  s p e c t r a  i n d i c a t i v e  o f  e th y l
i * «

group fo rm a t io n  011 t h e  su rface*  th e s e  a r e  l i k e l y  i n t e r ­

m e d ia te s  i n  e th y le n e  h y d ro g e n a t io n .

One o f  th e  most d e t a i l e d  s t u d i e s  h a s  been on t h e  a d so r ­

p t i o n  o f  ca rb o n  monoxide on_m etal c a t a l y s t s .  In  t h e  ca.se o f  

n i c k e l ,  Y a te s  and G a r l a n d ^  have concluded  t h a t  t h e r e  a r e  

f i v e  d i s t i n c t  s p e c ie s  o f  carbon  monoxide ad so rb ed  ( s e e  F ig . 6 ) .  

The e f f e c t  o f  t h e  su p p o r t  on th e  i n f r a r e d  s p e c t r a  o f  carbon  

monoxide adsorbed 011 platinum 8̂ and n ic k e l^0 has boen found 

to  be s i g n i f i c a n t .  E isch en s  and p l i s k i n ^ 0 found t h a t  th e  

r a t i o  o f  t h e  c o n c e n t r a t i o n s  o f  b r id g e d  to  l i n e a r  form s was 

much l a r g e r  when e la t ln u m  was su p p o r te d  on s i l i c a  th a n  when
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i t  was su p p o r te d  on a lum ina . 0 1 N e i l l  and Y a t e s ^ O  showed 

t h a t  no t  on ly  d id  th e  r e l a t i v e  numhers o f  th e  two s u r f a c e  

s p e c ie s  d i f f e r  "but a l s o  th e  s t r e n g th  o f  th e  two ty p e s  o f  

a d s o r p t io n  v a r i e d  w ith  t h e  n a tu r e  o f  th e  su p p o r t .

The i n f r a r e d  te c h n iq u e  h as  a l s o  heen a p p l i e d  to  m e ta l  

f i lm s ,  'H arrod , R o b e r ts  and R issm a n n ^  have  o b se rv ed  th e  

spectrum  o f  ca rbon  monoxide ad so rbed  on ev ap o ra te d  t h i n  f i lm s  

o f  rhodium, p la t in u m  and i r id iu m  by t r a n s m is s io n  o f  i n f r a r e d  

r a y s  th ro u g h  s e v e r a l  v e ry  t h i n  f i lm s  i n  s e r i e s .  The f i lm s  

were p re p a re d  in  u l t r a  h ig h  vacuum and c o n s id e re d  to  be 

a to m ic a l ly  c le a n .  D i f f e r e n c e s  between th e  s p e c t r a  o f  carbon  

monoxide on c le a n  and c o n tam in a ted  s u r f a c e s  were a t t r i b u t e d  

to  th e  u n u su a l  s t r i c t u r e  o f  th e  c le a n  f±_.i..s, which were 

u n s i n t e r e d .

I n f r a r e d  sp e c tro m e try  i s  p ro v in g  to  be a v e ry  u s e f u l  t o o l  

in  o b ta in in g  d e t a i l e d  in fo rm a t io n  a s  to th e  n a tu r e  o f  chem- 

i s o r b e d  s« e c i e s .  I t  must be remembered, however, t h a t  th e  

s p e c i e s  which t h i s  t e c h n iq u e ,  and th e  o t h e r  e x p e r im e n ta l  

methods to o ,  i d e n t i f i e s  may n o t  be one o f  im p ortan ce  i n  a 

c a t a l y t i c  p r o c e s s .  The s p e c ie s  may be p r e s e n t  in  l a r g e  

(.mount b u t  be u n r c a c t i v e ,  w hereas an im p o r ta n t  r e a c t i v e  

c a t a l y t i c  i n t e r m e d i a t e  may be p r e s e n t  i n  too  sm all  an amount 

to  be d e te c t e d .
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S e c t io n  1 ,1 0  The A p p l ic a t io n  o f  T ra c e r  M olecu les  to  S tu d ie s

o f  A d so rp tio n  and C a t a l y s i s .

(1 ) R a d io a c t iv e  i s o to p e s .

Burnett and h i s  c o - w o r k e r s ^ > 5 3 , 5 4 , 5 5  ilaVe a p p l i e d  th e  

ra d io c h e m ic a l  t e c h n iq u e  to  t h e i r  i n v e s t i g a t i o n s  o f  th e  

mechanism o f  th e  F is c h e r -T ro p s c h  s y n th e s i s  o f  hy d ro ca rb o n s  

from hydrogen and ca rb o n  monoxide. I r o n  o r  c o b a l t  c a t a l y s t s  

a r e  u sed  a t  200 to  300°C to  p roduce  h yd ro ca rb o n s  r a n g in g  

from C-̂  to  A mechanism which ap p ea red  p l a u s i b l e  i n ­

vo lved  a  m e t a l l i c  c a r b id e  a s  an in te r m e d ia te ;

2Fe +  2C0—-----> Fe2C +  C02

and
2Fe C +  2H  -------- > C H -f Fe

2 2 2 4

T his mechanism was e x a m i n e d ^  *by fo rm ing  F e ^ ^ C  on th e  s u r f a c e  

o f  tin i r o n  c a t a l y s t  by exposing  i t  to  r a d i o a c t i v e  carbon  

monoxide. The l a b e l l e d  i r o n  c a t a l y s t  was th e n  exT)osed to  a  

m ix tu re  o f  i n a c t i v e  carbon  monoxide and hydrogen . Burnett 

found t h a t  o n ly  #ab o u t 10?$ o f  th e  r a d i o a c t i v i t y  had been 

t r a n s f e r r e d  from th e  s u r f a c e  to  th e  gas  phase . T h is  showed 

t h a t  a  c a r b id e  mechanism was no t th e  p r i n c i p a l  p a th .  A nother 

P o s s ib le  pathway was th ro u g h  th e  fo rm a t io n  o f  ca rb o n -h y d ro g en -  

oxygen complexes on th e  c a t a l y s t .  These complexes co u ld  a c t  

as  n u c l e i  f o r  th e  c o n s t r u c t i o n  o f  h ig h e r  h yd ro ca rb o n s  by th e  

a d d i t i o n  o f  f u r t h e r  m o le cu le s  o f  carbon  monoxide. F u r th e r  

i n v e s t i g a t i o n s ^ * ' ^  w ith  l e d  to  t h e  c o n c lu s io n  t h a t



prim ary  and secondary  a lc o h o l s  were in v o lv e d  a s  p r i n c i p a l  

i n t e r m e d ia t e s  o v e r  F is c h e r -T ro p sc h  c a t a l y s t s .  By l a b e l l i n g  

d i f f e r e n t  carbon  atoms o f  th e  a lc o h o l  i t  wa s shown t h a t  th e  

growth o f  c h a in s  occu red  a t  t h e  carb on  atom to  which t h e  

h y d rox y l group was a t t a c h e d .

A nother p o s s i b l e  i n te r m e d ia te  which h a s  been examined i s  

k e te n e ,  CH2=  C =  0 . When k e te n e  was l a b e l l e d  i n  th e  m ethy lene  

p o s i t i o n  and added to  th e  s y n th e s i s  g a s  i t  was ob se rv ed  t h a t  

on c o b a l t  o r  i r o n  c a t a l y s t s  CH2 g roup s  from k e te n e  d id  n o t  

b u i ld  e x te n s iv e ly  in to  th e  h ig h e r  h y d ro ca rb o n s .  I t  was 

deduced t h a t  k e te n e  a c t s  as.  ̂an  i n i t i a t o r  i n  a  s i m i l a r  manner 

to  a l c o h o l s  a s  t h e  r a d i o a c t i v i t y  p e r  m o lecu le  o f  th e  s y n t h e s i s  

p ro d u c ts  was in d ep e n d en t  o f  t h e  number o f  ca rb o n  atoms p e r  

m o le cu le .

The work o f  Campbell and T h o m s o n ^  >^7 p ro v id e s  an example 

o f  th e  a p p l i c a t i o n  o f  r a d i o a c t i v e  i s o to p e s  to  th e  q u e s t io n  

o f  c a t a l y s t  p o is o n in g .  Mercury p o iso n s  th e  a c t i v i t y  o f  a  

n ic k e l  c a t a l y s t  o u rfao e  and , once d e p o s i te d ,  t h e  atoms o f  

m ercury a r c  v i r t u a l l y  im p o s s ib le  to  remove. Campbell and

Thomson, by u s in g  t r i t i a t e d  hydrogen and th e  m ercuiy  i s o t o p e
203Hg, found t h a t  m ercury r e a d i l y  d i s p la c e d  hydrogen from 

n ic k e l  s u r f a c e s  a t  20°C b u t  t h a t  t o t a l  d isp lac em e n t was n o t  

ob se rved  even a f t e r  m u l t i l a y e r  m ercury a d s o r p t io n .  With 

f i lm s  covered  to  e x te n t s  l e s s  th an  50?$ o f  t h e i r  a d s o r p t iv e  

c a p a c i ty ,  hydrogen  c o rre sp o n d in g  to  7f$ o f  t h a t  c a p a c i ty
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co u ld  n o t  be d i s p la c e d .  For f u l l y  cov ered  f i lm s ,  16 ,5#  

was r e t a i n e d .  Cyclopropane and p ro p y len e  were a d so rb ed  on 

Hi f i lm s  and th e  c a t a l y s t s  exposed to  m ercury vapour. The 

a b i l i t y  o f  m ercury to  d i s p l a c e  cy c lo p ro p an e  a s  w ell  a s  hydrogen , 

bu t n o t  p ro p y le n e ,  co rre spon ded  to  th e  a b i l i t y  o f  m ercury  to  

p o iso n  th e  h y d ro g e n a t io n  o f  cy c lo p ro p an e  bu t n o t  t h a t  o f  

p ro p y len e .

, i i )  Use o f  s t a b l e  i s o t o p e s .

i n  1933 deu te rium  became a v a i l a b l e  f o r  c a t a l y t i c  s t u d i e s .  

E a r ly  i n v e s t i g a t o n s  fo l lo w ed  hydrogen  exchange r e a c t i o n s  by 

m easu ring  t h e  d i l u t i o n  o f  deu terium  by hydrogen  by means o f  

th e rm a l  c o n d u c t iv i ty .  P a rk as  and F a rk as^ 8 and Farkas^9  

s tu d ie d  th e  exchange o f  hy d ro ca rb o n s  w ith  deu te rium  on p t  

c a t a l y s t s  i n  t h i s  way. Three m ajo r  p o in t s  were e s t a b l i s h e d  

by t h i s  e a r ly  work ( i )  t h e  exchange o f  h y d ro ca rbo ns  w ith  

deu te r ium  o c c u r s  more r e a d i l y  th an  th e  c ra c k in g  o f  h y d ro ­

c a rb o n s  d e s p i t e  th e  f a c t  t h a t  C-II bonds a r e  s t r o n g e r  th a n  

C-C bonds ( i i )  a  d i s s o c i a t i v e  mechanism i s  p ro b ab ly  in v o lv e d

( i i i )  t h e  ease  o f  exchange depends on th e  hydrocarbon  and th e  

o r d e r  o f  r e a c t i v i t y  i s  ro u g h ly

cyc lo  -  C-II = C H  = C , H  >  C H  > C E ^ C H
o 12 6 14 4 l o  3 8 2 6 4

The ad ven t o f  th e  mass s p e c t ro m e te r  a s  an a n a l y t i c a l  

t o o l  h a s  en ab led  t h e  i n c o r p o r a t i o n  o f  deu te rium  in to  hyd ro ­

ca rb o n s  to  be o b se rv ed  and a  w ea lth  o f  d e t a i l  abou t th e



n a tu r e  o f  r e a c t i o n s  t a k in g  p la c e  on t h e  c a t a l y s t s  h a s  been

o b ta in e d .  One o f  th e  f i r s t  r e a c t i o n s  s tu d ie d ^ 0 b y ' t h i s

te c h n iq u e  was t h e  exchange between CH and CD on a  s i l i c a -
4 4

a lum ina  c a r a l y s t .  I n  1950, T u rk e v i tc h  e t  a l ;  examined 

th e  exchange and d e u te r a t i o n  o f  e th y le n e  on a  n ic k e l  w ire  

and found t h a t  th e  e th ane  which was produced i n i t i a l l y  con­

t a i n e d  a s u b s t a n t i a l  amount o f  C^H • S ince  th e n  much work
2 6

has  been done i n  t h i s  f i e l d ,  e s p e c i a l l y  b y - b o n d ,^  B u r w e l l , ^  

K e m b a l l^ '  and t h e i r  co -w o rk ers .

Some s t u d i e s  have been made o f  t h e  exchange r e a c t i o n s  

between d e u te r a t e d  and non d e u te r a te d  o l e f i n s  i n  th e  ab sen ce  

o f  hydrogen  o r  d e u te r iu m . i n  e a r ly  ex p e r im e n ts ,  no exchange 

was found betw een e th y le n e  and e th y le n e  -  3̂  o v e r  a  n i c k e l  

w ire  a t  76° i n  t im e s  much lo n g e r  th a n  th o se  r e q u i r e d  to* 

e f f e c t  h y d r o g e n a t i o n . ^  ^he f a i l u r e  i n  t h i s  system was a t  

l e a s t  p a r t l y  due to  th e  sm all  s u r f a c e  a re a  u se d ,  f o r  exchange 

between e th y le n e  -  and p ro p y len e  and bu tenes^^  h a s  been 

d e te c t e d  u s in g  n i c k e l  powder a t  45°. Exchange between • 

e th y le n e  and d e u te r a t e d  1 r  bu tene  and 2 -  b u ten e  h a s  a l s o  

been found u s in g  Raney n i c k e l  and pa llad ium  c h a rc o a l  c a t a l y s t s  

a t  l l o ° . ^  E th y le n e  h a s  been found to  exchange w ith  e th y le n e  

-  3^  o v e r  n i c k e l  w ire  and n i c k e l - k i e s « l g u h r  a t  room tem p er­

a tu r e .
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The a p p l i c a t i o n  o f  t r a c e r  t e c h n iq u e s  h a s  been a c c e p te d

a s  a  w e ll  e s t a b l i s h e d  and e le g a n t  method o f  app roach  to  th e

problem s in v o lv e d  i n  th e  study  o f  a d s o r p t io n  and c a t a l y s i s .

I n  th e  p r e s e n t  s tu d y  th e  r a d i o a c t i v e  hydrogen i s o t o p e ,

t r i t i u m ,  h as  been u sed  to  study  th e  r e a c t i v i t y  o f  hydrogen

r e t a i n e d  on a  v a r i e t y  o f  n i c k e l  c a t a l y s t s  a f t e r  r e d u c t io n .

Tn p a r t i c u l a r ,  i t s  b e h av io u r  i n  hydrogen and e th y le n e  exchange

h as  been o b se rv ed .  D i f f e r e n t  ty p e s  o f  n i c k e l  c a t a l y s t  have

been used  to  i n v e s t i g a t e  th e  e f f e c t  o f  th e  c a t a l y s t  form and

c o m po sit io n  on th e  r e a c t i v i t y  o f  th e  m e ta l .

The s t a t e  and r e a c t i v i t y  o f  th e  s u r f a c e  s p e c ie s  a f t e r

e th y le n e  a d s o r p t io n  h a s  been s tu d ie d  by a l lo w in g  th e  n i c k e l

c a t a l y s t s  to  ad so rb  l a b e l l e d  e th y le n e  and th e n  d e te rm in in g  th e

exchange w ith  gas nhase  e th y le n e .  Ey-u s in g  jt and CnD
4  d 4

th e  r e a c t i v i t y  o f  b o th  th e  hydrogen and carbon  o f  th e  e th y le n e  

m o lecu le  i n  th e  exchange r e a c t i o n  h as  been s tu d ie d  s e p a r a t e ly  

to  g iv e  an i n s i g h t  i n t o  th e  exchange mechanism.
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CHAPTER 2 . THE EXPERIMENTAL SYSTEM

The a p p a r a tu s  c o n s i s t e d  o f  a  gas  f low  system which 

c o n ta in e d  th e  c a t a l y s t  r e a c t o r  and in to  which i n j e c t i o n s  o f  

sample g a se s  co u ld  he made, A chrom atography system se p a r ­

a te d  and d e te c te d  t h e  r e a c t i o n  p ro d u c ts  and was l in k e d  to  a  

gas p r o p o r t io n a l  c o u n te r  which a n a ly se d  th e  r a d i o a c t i v e  

samples i n  th e  t r a c e r  exp erim en ts .  The d e s ig n  o f  th e  f lo w

system was based  on th e  d e s ig n  o f  a  m ic r o c a t a l y t i c  r e a c t o r
69o.eveloped by Kokes, Tobin and Burnett.

S e c tio n  2 .1  The C a t a l y t i c  R e ac to r .

The v e s s e l  ( s e e  F ig .  7) was made o f  *pyrex* g l a s s  w ith  

copper-*pyrex*  s e a l s  a t  each end. The m eta l  o f  th e  s e a l s  

had been tu rn e d  down to  to  accommodate *Swagelok* c o u p l in g s  

which u n i t e d  th e  r e a c t i o n  v e s s e l  to  th e  r e s t  o f  th e  m e ta l  

cyst  an. A sm all p i e c e  o f  n y lon  tu b in g  was i n s e r t e d  between 

th e  hydrogen  i n l e t  and th e  sw itch  v a lv e  (SV1) to  m in im ise  

th e  s t r e s s  a t  th e  g l a s s  to  m e ta l  s e a l s  when th e  c o u p lin g s  

were t i g h t e n e d .  A p i p e t t e  shaped v e s s e l  had been chosen  to  

keep th e  dead space  to  a  minimum w hile  a l lo w in g  th e  r e q u i r e d  

q u a n t i t i e s  o f  c a t a l y s t  to  be u sed  w ith o u t  th e  c a t a l y s t  bed 

being  deep enough to  a c t  a s  a ch rom atograph ic  column. The 

c a t a l y s t  was su p p o r te d  by sm all  g l a s s  be’ads r e s t i n g  on a p lu g  

o f  3 i l i c a  wool. The wool had to  be packed in  such a  way 

t h a t  p a r t i c l e s  o f  c a t a l y s t  were n o t  c a r r i e d  th ro ugh  i t ,
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w hile  a t  th e  same t im e  a l lo w in g  an u n r e s t r i c t e d  flow  o f  th e  

helium  c a r r i e r  g a s .  I n j e c t i o n  p o r t s  l p l  and 1P2, f o r  

r e a c t i o n  and c a l i b r a t i o n  i n j e c t i o n s  r e s p e c t i v e l y ,  were s i t ­

u a te d  above and below th e  c a t a l y s t  b u lb .  T h e i r  d ia m e te r  

was such t h a t  a  t i g h t  s e a l  was o b ta in e d  w ith  serum cap s  

(SUBASEAB, ESCO RUBBER CO.) which had both  i n t e r n a l  and e x t e r ­

na l s e a l i n g  edges.

The te m p e ra tu re  o f  th e  c a t a l y s t  was v a r i e d  by a  c y l in d ­

r i c a l  e l e c t r i c  fu rn a c e  su r ro u n d in g  th e  c a t a l y s t  v e s s e l .  The 

c u r r e n t  to  th e  fu rn a c e  was c o n t r o l l e d  by a  *Variac* v a r i a b l e  

t r a n s fo r m e r  and th e  te m p e ra tu re  o f  th e  c a t a l y s t  was re c o rd e d  

by a *Comarlc1 e l e c t r o n i c  therm om eter (Type 1602). The 

therm ocouple  l e a d  ( ch rom el/a lum el)  was i n s e r t e d  in to  th e  w e ll  

in  th e  r e a c t o r  and bound w ith  a s b e s to s  s t r i n g .  A h e a t  s h i e ld ,  

in  th e  form o f  an aluminium p l a t e ,  covered  th e  to p  o f  th e  

fu rn a c e  and d e f l e c t e d  t h e  r i s i n g  h o t  a i r  from th e  su b a se a l  

cap i n  l p l .

S e c t io n  2 .2  The C a ta ly s t  S e c t io n .

The c o n s t r u c t i o n  o f  t h e  c a t a l y s t  s e c t io n  i s  shown i n  

Big. 8 . The f low  o f  t h e  c a r r i e r  g a s ,  he lium , was r e g u la te d  

by a n e e d le  v a lv e  (EDWARDS HIGH VACUUM j.TD.) and m easured by 

a 1 Rotameter* gas f low m eter  which had been c a l i b r a t e d  a g a in s t  

a soap b u bb le  f low m eter  a t  th e  o u t l e t  o f  t h e  system . Prom 

th e  * Rotameter* th e  helium  p assed  th rough  th e  r e f e r e n c e  s id e
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o f  th e  th e rm a l  c o n d u c t iv i ty  c e l l  a s s o c i a t e d  w ith  t h e  ch ro ­

m atograph ic  system ( s e c t i o n  2 . 5 ) .  The r o t a r y  sw itch  v a lv e  

(SVl^ l e d  t h e  gas  e i t h e r  d i r e c t l y  hack th ro u g h  th e  ch ro ­

m atograph and c o u n te r  v i a  l i n e  ( a ) ,  th e  h y -p ass  c i r c u i t ,  o r  

th rough  a  Nupro f i n e  c o n t r o l  v a lv e  o v e r  t h e  c a t a l y s t  s e c t i o n  

( h) and th ro u g h  a  second sw itch  v a lv e  (SV2). The hydrogen 

used f o r  t h e  i n  s i t u  r e d u c t io n  o f  th e  c a t a l y s t s  e n te re d  th e  

s e c t io n  th ro u g h  a  T -p ie c e  a f t e r  SV1 and p assed  o u t  to  th e  

a tm osphere  th ro u g h  SV2. A second huhhle  f low m eter was 

a t t a c h e d  to  t h i s  o u t l e t  to  m easure  th e  r a t e  o f  hydrogen flow  

d u r in g  r e d u c t io n .  I n  t h e  meantime th e  c a r r i e r  g a s  cou ld  

flow  th ro u g h  th e  r e s t  o f  th e  system v i a  t h e  by -p ass  c i r c u i t .

i e c t i o n  2. 5 The Vacuum System.

A vacuum a p p a r a tu s  (P ig .  9) was u sed  to  s t o r e  and p re p a re  

th e  g a se s  f o r  th e  r e a c t i o n  s t u d i e s .  The pumping system 

c o n s i s t e d  o f  a m ercury d i f f u s i o n  pump backed by a  r o t a r y  o i l  

pump and in c lu d e d  t h e  a p p r o p r i a t e  t r a p s .  l a r g e  amounts o f  

gas cou ld  be removed from th e  system v i a  a  by -p ass  w ith o u t  

i n t e r f e r i n g  w ith  t h e  o p e r a t io n  o f  th e  d ' i f f u s io n  pump. Two 

c o n n e c tio n s  were made from th e  main (25 mm) l i n e  to  a  secon­

dary m an ifo ld  (12 mm) which was d iv id e d  by 2 mm t r a p s  and 

connec ted  to  s i x  gas  s to r a g e  r e s e r v o i r s  and th ro e  sample 

v e s s e l s  f i t t e d  w ith  i n j e c t i o n  p o r t s  and scrum caps . An 

o u t l e t  to  a tm osphere  was used  to  f i l l  th e  r e s e r v o i r s  w ith
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th e  i e q u i r e d  g a se s  and t h e i r  p r e s s u r e s ,  r e l a t i v e  to  a tm o sp h e r ic

p r e s s u r e ,  were rea d  on two open ended manometers. A ll  t a p s

and j o i n t s  were l u b r i c a t e d  w ith  !Apiezon N* vacuum g r e a s e ,

A Mcle o d  gauge was f i t t e d  to  th e  system to  m easure  th e

p re s s u re  i n  th e  ev acu a ted  system and th e  r e s i d u a l  p r e s s u r e

o ver  condensed h y d ro ca rb o n s .  The volume o f  th e  gauge bu lb

and c a p i l l a r y  ( 1 5 8 . 9 cc) was c a l c u l a t e d  from th e  amount o f

mercury r e q u i r e d  to  f i l l  th e  gauge to  t h a t  p o in t .  When th e

mercury i n  t h e  open c a p i l l a r y  was l e v e l  w ith  th e  top  o f  th e
a x h^c lo se d  l im b , th e  p r e s s u r e  was g iv en  by ° cm where a  ( t h e
158,9

c ro s s  s e c t i o n a l  a r e a  o f  th e  p r e c i s i o n  bore  c a p i l l a r y )  —

( 3.142) (0 .0 7 5 )  ^cm2 *= O.Ol7 6 7 cm^ and h i s  th e  d i f f e r e n c e  i n0

mercury l e v e l s  i n  cm. The p r e s s u r e  in  th e  system a t  any

time was th u s  g iv e n  by 1 . 1 1  x 1 0 ” ^ x h^cm.0

S e c tio n  2.4- The Gas S y r in g e s .

Gas t i g h t  s y r in g e s  (HAKTJ-TON COMPANY) were u sed  to  t r a n s ­

f e r  sam ples from th e  vacuum s to ra g e  system to  th e  flow  system , 

Y,’hen Chaney a d a p to r s  a r e  f i t t e d  to  t h e  s y r in g e s  a r e p r o d u c i ­

b i l i t y  o f  th e  i n j e c t i o n  s i z e  o f  O.Olf" i s  c la im ed . S y r in g e s  

o f 1 . 0 m l, 2 . 5ml and lom l c a p a c i ty  were used in  t h e  p r e s e n t  

s tu d ie s .  * Cold f lo w 1 o f  th e  t e f l o n  t i p  oceu red  a f t e r  p ro ­

longed u s e  r e s u l t i n g  i n  a  l o s s  o f  t h e i r  g a s - t i g h t n e s s .  T h is  

( was rem edied  by suspend ing  th e  t i p s  o f  th e  p lu n g e r s  o v e r  

b o i l in g  w a te r  f o r  one hou r .
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L ec tion  2 ,5  The Chromatograph.

F or a i l  t h e  hydrocarbon  a n a ly s e s ,  a  4 ' lo n g ,  o .d .

copper column f i l l e d  w ith  40/60 s i l i c a  g e l  was u sed .  The

fyirnace f o r  th e  column was c o n s t r u c te d  from a  1 4 " l e n g th  o f

■pyrex* tu b in g  o f  d ia m e te r  3 " .  30 y a rd s  o f  nichrom e ta p e

( 1 1 . 3 ohm s/yard) were wound onto  th e  tu b e  and en c lo sed  i n

a s b e s to s  p a p e r .  The tu b e  was housed in  an a s b e s to s  p ip e  
« *

u s in g  v .e im ic u l i te  pack ing  a s  a th e rm a l i n s u l a t o r .  The 

W-shaped copper column, was packed in to  th e  h e a t in g  tu b e  

with s t e e l  wool to  improve therm al c o n d u c t iv i ty .  A t h e r ­

mometer in  t h e  s t e e l  wool rec o rd ed  th e  te m p e ra tu re  which was 

r e g u la te d  by a  * V ar iac f v a r i a b l e  t r a n s fo rm e r .  A p re v io u s  

worker?O' had found t h a t  a  column te m p e ra tu re  o f  80°C and a 

flow r a t e  o f  6 oml min”^ f o r  t h e  helium  c a r r i e r  g a s  p ro v id ed  

th e  b e s t  o p e r a t in g  c o n d i t io n s  f o r  th e  s e p a r a t io n  o f  m ethane, 

e thane  and e th y le n e .  However a s  th e  column v/as run  f o r  lo n g  

p e r io d s  a t  80°C, accum m ulation o f  w a te r  i n  th e  s i l i c a  g e l  

reduced th e  r e s o l v i n g  power. Baking th e  column o u t  a t  l 6 o°C 

in  a  slow flow  o f  helium  o v e rn ig h t  r e s t o r e d  t h e  a c t i v i t y  o f  

th e  s i l i c a .  The components o f  th e  r e a c t i o n  e lu a n t  s e p a ra te d  

by th e  chrom atography column were d e te c te d  by a  t h e m a l  con­

d u c t i v i t y  b r id g e  (GOV/ MAC INSTRUMENT CO.) c o n ta in in g  f o u r  

l iien ium -Tungsten  f i l a m e n t s  a r ra n g ed  in  th e  form o f  a  Y/h e a t  s to n e  

b r id g e  ( s e e  F ig .  1 0 ) .  Helium c a r r i e r  gas  v/as passed
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through two o f  th e  b r id g e  f i l a m e n t s  (R-, and R ) b e fo re
u

e n te r in g  t h e  c a t a l y s t  v e s s e l  s e c t io n  and th rou gh  th e  o t h e r  

p a i r  o f  f i l a m e n t s  ( and S^) a t  th e  e x i t  o f  th e  column.

When th e  column was being  baked o u t th e  *Swagelok* c o n n e c t io n s  

to  th e  d e t e c t o r  u n i t  were removed to  avo id  damage to  th e  

f i la m e n t s  by deso rb ed  w a te r .  The chrom atograph was u sed  

with a  f i l a m e n t  c u r r e n t  o f  2 0 0 ma and th e  power supp ly  to  th e  

b r id g e  v;as a  1 2  v o l t  b a t t e r y  which was k e p t  on c o n s ta n t  

charge  when n o t  i n  u s e .  The b r id g e  was coupled  to  a  Honeywell 

-0 .2 5  to  2 .5  mV r e c o r d e r  f i t t e d  w ith  an e le c t ro m e c h a n ic a l  

co n tin u o u s  i n t e g r a t o r  u n i t .  I t  had been p re v io u s ly  f o u n d ^  

t h a t  th e  i n t e g r a t o r  was n o t  p e r f e c t l y  l i n e a r  i n  re sp o n se  

th ro u g h o u t th e  ran g e  o f  t h e  r e c o r d e r ,  d e v ia t i o n s  be ing  

g r e a t e s t  a t  o u tp u ts  l e s s  th a n  7$ f u l l  s c a l e  d e f l e c t i o n .

As th e  o u tp u t  was c o n tin u o u s  th e  i n t e g r a t o r  had to  be rea d  

and ze ro ed  a f t e r  every  peak. The g r e a t e s t  i n a c c u r a c i e s  In  

peal: a r e a  d e te r m in a t io n  by th e  i n t e g r a t o r  were o b ta in e d  w ith  

ve ry  sm all  q u a n t i t i e s  o f  r e a c t i o n  p ro d u c t .  At th e  s t a r t  o f  

each ex p er im en t ,  c a l i b r a t i o n  i n j e c t i o n s  o f  th e  volume o f  g a s e s  

to be u se d  were made to  t e s t  th e  s e n s i t i v i t y  and r e p ro d u c i ­

b i l i t y  o f  th e  e x p e r im e n ta l  c o n d i t io n s .  Day to  day f l u c t u a t ­

io n s  i n  r e t e n t i o n  t im e s  and i n t e g r a t o r  r e a d in g s  f o r  c a l i b r a t ­

io n  d oses  were o b se rv ed  and i f  an experim ent was p a r t i c u l a r l y  

lo ng  th e  c a l i b r a t i o n  p ro ce d u re  was r e p e a te d  a t  f r e q u e n t
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i n t e r v a l s .  To r e l a t e  t h e  a r e a s  o f  r e a c t i o n  e l u a n t  peaks  

w ith  hydro c a r  "bon v o lum es , i n t e g r a t o r  r e a d i n g s  w ere  t a k e n  f o r  

d i f f e r e n t  volum es o f  m eth an e , e th a n e  and e th y l e n e .  When 

p l o t t e d ,  t h e s e  gave  a  good l i n e a r  r e l a t i o n s h i p  ( s e e  P ig .  1 1 ) .  

These d a t a  were u s e d  to  o b t a i n  th e  r e l a t i v e  s e n s i t i v i t y  o f  

th e  d e t e o t o r  system  to  t h e  d i f f e r e n t  h y d ro c a rb o n s .  Prom 

th e  g r a d i e n t s  o f  t h e  g ra p h s  s e n s i t i v i t y  f a c t o r s  were o b t a in e d  

f o r  m ethane  and e th a n e  r e l a t i v e  to  e th y l e n e .  When t h e s e  

f a c t o r s  were m u l t i p l i e d  by t h e  i n t e g r a t o r  c o u n ts  f o r  m ethane  

and e th a n e  i n  r e a c t o r  e l u a n t ,  p ro d u c t  q u a n t i t i e s  c o u ld  be 

c a l c u l a t e d  i n  m l.

The a v e ra g e  r e t e n t i o n  t im e s  and s e n s i t i v i t y  f a c t o r s  

f o r  th e  h y d ro c a rb o n s  on t h e  s i l i c a  solumn a r e  shown i n  T a b le  1 

The d i f f e r e n c e  i n  r e t e n t i o n  t im e s  f o r  i n j e c t i o n s  made above  

and below th e  c a t a l y s t  may be  a t t r i b u t e d  to  a  s l i g h t  ’ c h ro ­

m ato g rap h ic  e f f e c t 1 by th e  c a t a l y s t .  T h is  was m ost n o t i c e ­

a b le  a t  a  c a t a l y s t  t e m p e r a tu r e  o f  25°C.
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S e c t io n  2 .6  M a t e r i a l s .

( i )  V a r io u s  n i c k e l  c a t a l y s t  p r e p a r a t i o n s  v/ere u s e d  i n  

th e  i n v e s t i g a t i o n s .

(a )  The m e ta l  was s u p p o r te d  on * A e r o s i l f s i l i c a  and • $  1 

a lum ina ("both from DEGUSSA LTD.) a t  c o n c e n t r a t i o n s  o f  0*1 and

5fj "by t h e  im p r e g n a t io n  o f  A n a la r  n i c k e l  n i t r a t e  h e x a h y d r a te  o n to  a  

aqueous s l u r r y  o f  t h e  s u p p o r t  m a t e r i a l*  The c a t a l y s t s  were 

f i r s t  d r i e d  a t  110°C o v e r n i g h t ,  c a l c i n e d  a t  450°C f o r  3 

hours  and th e n  re d u c e d  i n  s i t u ,  u s u a l l y  o v e r n i g h t  a t  a  tem p er­

a tu r e  o f  400°C and a  h y d ro g en  f lo w  r a t e  o f  30ml m in” -*-. F o r 

su p p o r t  s t u d i e s  sam p les  o f  a lu m in a  and s i l i c a  were t r e a t e d  i n  

th e  same way.

(b) N ick e l  powder v/as p r e p a r e d  i n  s i t u  by t h e  th e rm a l  decom­

p o s i t i o n  o f  n i c k e l  f o rm a te  w ith  c o n t i n u a l  rem oval o f  t h e  

p ro d u c ts  fo rm ed by m eans o f  a  s tre am  o f  p u re  h y d ro g e n .  A 

p re v io u s  w o r k e r ^  had  fou nd  t h a t  t h e  n i c k e l  fo rm a te  s u p p l i e d  

by th e  LETTISH DRUG HOUSES COMPANY1 was c o n ta m in a te d  w i th  

s a l t s .  To a v o id  t h e  p o s s i b i l i t y  o f  r e a c t i o n  p o i s o n in g  t h e  

fo rm ate  was p ro d u ce d  from A n a la r  r e a g e n t s  a s  d e s c r i b e d  by 

Csuros, G eizy and Szabo

(c) A n i c k e l  p h o sp h o ru s  a l l o y  c a t a l y s t  was p r e p a r e d  a s  d e s ­

c r ib e d  by M orikaw a.*^  N ic k e l  h y d ro x id e  d i s p e r s e d  i n  w a te r  

v/as reduced  w i th  a  sodium h y p o p h o s p h i te  s o l u t i o n  and h e a t e d  

to 90 -l0 0°C . A b la c k  p r e c i p i t a t e  was form ed and h y d ro g e n



was evo lved . The powdery p r e c i p i t a t e  was washed w i th  w a te r  

a t  f i r s t ,  t h e n  w i th  a l c o h o l  and f i n a l l y  w i th  e t h e r ,  and  

a llow ed  to  d ry  i n  a i r  a t  room te m p e r a tu r e .

S u r fa c e  a r e a  d e t e r m i n a t i o n  o f  t h e  s u p p o r te d  metal, c a t a l y s t s  

by n i t r o g e n  a b s o r p t i o n  w ere made by JOHNSON, MATTHEY AND 

COMPANY, LTD. These  r e s u l t s  and t h e  s u r f a c e  a r e a  f i g u r e s  

s u p p l ie d  by DEGUSEA LTD. f o r  t h e  s u p p o r t s  a r e  shown i n t T a b le  2 .

TABLE 2.

NITROGEN SURFACE AREA
(nV1)

100 

124

69

580 ±  40 

455 

462

( i i )  The c a r r i e r  g a s ,  h e l iu m , was o b t a i n e d  from AIR 

PRODUCTS LTD; a  p u r i t y  o f  99.995?$ was c la im e d .  The g a s  

was p a sse d  th r o u g h  a 5A m o le c u la r  s i e v e  m a in ta in e d  a t  -1 9 5 ° c  

Lo Remove any t r a c e  o f  w a te r  v a p o u r  t h a t  m ig h t  u p s e t  t h e  

o p e r a t io n  o f  t h e  p r o p o r t i o n a l  c o u n te r .  As c h ro m a to g ra p h ic  

d e te c t io n  i n  t h e  system  depended  on t h e  d i f f e r e n c e  i n  th e rm a l  

c o n d u c t i v i t i e s  o f  t h e  g a s e s  u s e d  a  co m p a r iso n  o f  t h e  con­

d u c t i v i t y  v a l u e s  r e l a t i v e  to  th e  f lo w  g a s ,  h e l iu m , had  to  be

SAMPLE

a i 2 o 3

0.1?$ Ni on  A lo0 _ 
* 5

5?$ Ni on A1 0 
2  3

S i0 2  

0.1?$ Ni on  S i0 2  

5?$ Ni on S i0 2
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made* I t  can  "be seen  from  T a b le  3 t h a t  b e c a u se  o f  t h e  

s i m i l a r i t y  i n  v a l u e s  f o r  h e liu m  and  hy d ro g en  a c c u r a t e  q u an -  

t i t a v e  m easu rem en ts  o f  h y d rog en  vo lum es w ere n o t  p o s s i b l e .  

Good re s p o n s e  was o b t a i n e d  f o r  m e th an e ,  e th a n e  and e th y l e n e .

TABLE 3.

GAS THERMAL CONDUCTIVITY *
c a l / (  sec )  ( cm2) (°C/cm ) x 10

Helium 36 .03

Hydrogen ' 44*63

Methane 8 .1 8

E thane  5 .1 2

E th y le n e  4 .9 2

N it ro g e n  6 .2 4

( i i i )  Hydrogen was o b t a i n e d  from t h e  BRITISH OXYGEN 

COMPANY, LTD., and b e f o r e  u s e  was p a s s e d  th ro u g h  an  E n g e lh a rd  

Deoxo Hydrogen P u r i f i e r  and  a  5A m o le c u la r  s i e v e  m a in t a in e d  

a t  -195°C.

( i v )  The m ethane  u s e d  to  form a  c o u n t in g  m ix tu r e  w i th  

helium was o b t a i n e d  from AIR PRODUCTS DTD. and was t h e  CP 

grade . The g a s  f lo w  was r e g u l a t e d  w i th  a  n e e d le  v a lv e  

(EDV/ARDS HIGH VACUUM LTD.) and b e f o r e  e n t e r i n g  t h e  c o u n t e r  

passed  th ro u g h  a  slow  f lo w  b u b b le  m e te r  c o n t a i n i n g  co n ce n ­

t r a t e d  s u l p h u r i c  a c i d ;  t h i s  removed any w a te r  v a p o u r  p r e s e n t
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i n  th e  g a s .  The m e te r  was c a l i b r a t e d  a g a i n s t  t h e  b u b b le  

f low m ete r  a t  t h e  o u t l e t  o f  th e  system  and a  good l i n e a r  

r e l a t i o n s h i p  be tw een  t h e  number o f  b u b b le s  and th e  f lo w  r a t e  

was o b ta in e d .  C a l i b r a t i o n  was th u s  i n  t e r m s  o f  g a s  a t  

a tm o sp h e r ic  p r e s s u r e .
*

(v )  E th y le n e  and e th a n e  were o b t a in e d  from t h e  BRITISH 

OXYGEN COMPANY LTD., and  w ere p u r i f i e d  by c o n d e n s in g  and 

d e g ass in g  u n t i l  no im p u r i ty  was r e c o r d e d  on t h e  ch ro m a to g ra p h  

when a  g a s  sam ple  v/as i n j e c t e d  i n t o  t h e  f lo w  sys tem ,

( v i )  1 4 "C- e th y le n e  was s u p p l i e d  by t h e  RADIOCHEMICAB 

CENTRE, AMERSHAM, The am poules  c o n ta in e d  0.5mCi o f  e th y l e n e  

o f  s p e c i f i c  a c t i v i t y  47.9mCi/nM and were a t t a c h e d  to  t h e  g a s  

i n l e t  on t h e  vacuum sy s te m . A f t e r  e v a c u a t io n  t h e  s e a l  was 

broken and t h e  r a d i o a c t i v e  g a s  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  

by th e  t r a n s f e r  o f  i n a c t i v e  e th y l e n e  from a  s t o r a g e  b u lb .

( v i i )  The t r i t i u m  was a l s o  o b ta in e d  from t h e  RADIOCHEMICAL 

CENTRE, A one  c u r i e  sam p le , 0 . 4 cc a t  S. T, P. and o f  9 8 ft 

i s o t o p i c  abundance  was d i l u t e d  to  one  l i t r e  w i th  p u r i f i e d  

hydrogen. The a c t i v i t y  was f u r t h e r  d im in is h e d  by d i l u t i n g  

samples a t  1 cm p r e s s u r e  i n  a  3  l i t r e  b u lb  t o  a tm o s p h e r ic  

p r e s s u r e .  As c a l i b r a t i o n  i n j e c t i o n s  were i n c o r p o r a t e d  i n

each s e r i e s  o f  r e a c t i o n  i n j e c t i o n s ,  no a t t e m p t  was made to  

rep roduce  e x a c t l y  d i l u t i o n s  o f  l a b e l l e d  h y d ro g en  o r  h y d ro ­

carbon from one  ru n  to  t h e  n e x t .
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( v i i i )  E th y le n e -D ^  was o b ta in e d  from MERCK, SHARP 

and DOME LTD., M o n tre a l ,  Canada who c la im e d  an  i s o t o p i c  

p u r i ty  o f  9 9 /*.

( ix )  The c a rb o n  m onoxide u s e d  v/as g r a d e  X from t h e  

LFITISH OXYGEN COMPANY LTD.

S e c t io n  2 .7  The p r o p o r t i o n a l  C o u n te r .

The p r o p o r t i o n a l  c o u n te r  t a k e s  i t s  name from t h e  p r o ­

p o r t i o n a l i t y  be tw een  t h e  o u t p u t  p u l s e  and t h e  i n i t i a l  i o n i s ­

a t i o n ,  The a b s o l u t e  p u l s e  s i z e  p ro d u ced  i n  t h e  p r o p o r t i o n a l  

r e g io n  i s  s m a l l e r  th a n  i n  t h e  G e ig e r  p l a t e a u  r e g i o n  and i n  

c o n t r a s t  to  p u l s e s  from G.M. t u b e s  r e q u i r e  s e v e r a l  s t a g e s  o f  

v a lv e  a m p l i f i c a t i o n .  S t a b l e  and r e p r o d u c i b l e  m easu rem en ts  

and s h o r t  dead  t im e s  a f t e r  each p u l s e  a r e  c h a r a c t e r i s t i c  o f  

p r o p o r t io n a l  c o u n te r s .  The d e s ig n  o f  t h e  c o u n te r  and t h e  

v o l ta g e  a p p l i e d  a r e  suoh t h a t  a  v e ry  h ig h  v o l t a g e  g r a d i e n t  

e x i s t s  i n  t h e  v i c i n i t y  o f  t h e  p o s i t i v e  e l e c t r o d e .  U nder ' 

t h i s  v o l t a g e  g r a d i e n t  t h e  l i b e r a t e d  e l e c t r o n s  undergo  a  h ig h  

a c c e l e r a t i o n ,  and  a r e  c a p a b le  o f  p ro d u c in g  f u r t h e r  i o n i s a t i o n  

by c o l l i s i o n  w i th  g a s  m o le c u le s .  U nder s u i t a b l e  c o n d i t i o n s  

gas m u l t i p l i c a t i o n s  o f  1 , 0 0 0  o r  more a r e  p o s s i b l e ,  t h e  t o t a l  

• 'o n . 'sa t io n  (a n d  lienoe p u l s e  s i z e )  b e in g  p r o p o r t i o n a l  to  th e  

i n i t i a l  i o n i s a t i o n .

I n  o r d e r  to  o b t a i n  t h e  h ig h  e l e c t r i c  f i e l d s  r e q u i r e d  to  

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

ta k e s  th e  form o f  a  m e ta l  c y l i n d e r ,  h a v in g  a  f i n e  w i r e ,  

i n s u l a t e d  a t  i t s  ends , s t r e t c h e d  a lo n g  i t s  l e n g t h .
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As t h e  sam p les  a r e  c o m p le te ly  e n c lo s e d  w i t h in  t h e  c o u n t ­

ing  chamber, th e  c o u n te r  i s  v e ry  s e n s i t i v e  t o  s l i g h t l y  

r a d i o a c t i v e  sam p le s .

Carbon -1 4  and t r i t i u m  ( a  v e ry  weak e m i t t e r ,  E max 

0.018 MeV) w ere u se d  i n  t h e  p r e s e n t  work. The c o u n t e r  d e s ig n  

( f i g .  12) f o l lo w s  t h a t  o f  S ch m id t-B leck  and RowlandJ^ m o d i f ie d  

to  accommodate d i f f e r e n t  c o n n e c to r s  f o r  t h e  g a s  i n l e t  and 

high v o l t a g e  su p p ly .  A sc h e m a tic  d iagram  o f  t h e  e l e c t r o n i c  

in s t r u m e n ta t io n  a s s o c i a t e d  w i th  t h e  c o u n te r  i s  shown i n  P ig .  13* 

The r e p r o d u c i b i l i t y  o f  p r o p o r t i o n a l  c o u n te r  m easu rem en ts  i s  

dependent on a  s t a b l e  h ig h  v o l t a g e  su p p ly  and  t h i s  was s u p p l i e d  

by a  D ynatroh  ( t y p e  N103) u n i t ,  t h e  o u tp u t  from which was 

v a r i a b l e  from 300 to  3300 v o l t s .  The a m p l i f i c a t i o n  was 

through a  P y n a t ro n  ( t y p e  50D) p u l s e  a m p l i f i e r ,  c o n s i s t i n g  o f  

h igh g a in  p r e a m p l i f i e r  c o n n e c te d  to  t h e  c o u n t e r  and a  m ain  

a m p l i f i e r  i n  which t h e  g a i n  c o u ld  be a l t e r e d  i n  2  db s t e p s  

in  th e  ran g e  0 -  40db. The o u t p u t  from t h e  a m p l i f i e r  was 

ied  to  an EKCO High sp eed  s c a l a r  ( t y p e  530D), w i th  a  dead  

time o f  5 j ji , s e c ,  and to  an  EKCO N522C r a t e m e t e r  which i n t e ­

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

on m icroam m eter c a l i b r a t e d  d i r e c t l y  i n  p u l s e s  p e r  seco n d .

A * Servo s c r ib e *  p o t e n t ! o w e t r i e  r e c o r d e r  was c o u p le d  to  t h e  

I 'a tem etcr and d i s p l a y e d  th e  o b s e r v a t i o n s  o f  t h e  c o u n t e r  a s  

peaks. T h is  c o n t in u o u s  r e c o r d  a c t e d  a s  an  a i d  i n  d e te r m in ­

ing when to  s t a r t  and s to p  t h e  s c a l a r  c o u n ts .
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S e c tio n  2 .8  O p e r a t io n  o f  t h e  C o u n te r .
71I t  had "been fo u n d ' t h a t  t h e  "best c o u n t in g  c o n d i t i o n s ,  

in  terras o f  p l a t e a u  l e n g t h  and s l o p e ,  were a c h ie v e d  w i th  a  

helium to  m ethane  r a t i o  o f  1 1 :1 .  As a  h e liu m  f lo w  r a t e  o f  

6 0 ml! m in u te  had  to  he m a in ta in e d  f o r  c h ro m a to g ra p h ic  s e p a r ­

a t io n s  th e  m ethane  f lo w  was f i x e d  a t  6 ml^ m in u te .  The g a s e s  

were b lended  a t  a  T - p ie c e  j u n c t i o n  o f  th e  g a s  l i n e s  (£»  O.D. 

copper tu b in g )  a t  t h e  e n t r a n c e  to  t h e  c o u n te r .  The a m p l i f i e r  

was s e t  a t  maximum a t t e n u a t i o n  o f  40 db#) i .  e. minimum g a in .  

The p u ls e  sh a p in g  c o n t r o l s  o f  d i f f e r e n t L a t i o n  and i n t e g r a t i o n  

were s e t  a t  6 , 4  and 0 .1  jJ+ sec  r e s p e c t i v e l y .  With t h e s e  

s e t t i n g s  and using; a  C s-^7  e x t e r n a l  s o u rc e  t h e  v a r i a t i o n  o f  

count r a t e  a g a i n s t  a p p l i e d  v o l t a g e  was i n v e s t i g a t e d  f o r  a  

helium to  m ethane  r a t i o  o f  1 1 :1 .  The p l a t e a u  i s  shown i n  

Fig. 1 4 . With t h i s  c o u n t in g  m ix tu r e  a  p l a t e a u  o f  n e g l i g i b l e  

slope  and l e n g t h  g r e a t e r  th a n  3 0 0  v o l t s  was r e g u l a r l y  a c h ie v e d .

The s c a l a r  and r a t e m e t e r  w ere  b o th  f i t t e d  w i th  v a r i a b l e  

d i s c r im in a to r s  which when s e t  to  a  g iv e n  v a lu e  would a l lo w  

p u lses  o f  a m p l i tu d e  g r e a t e r  t h a n  t h e  s e t  v a l u e  to  p a s s .

A lte r  th e  p l a t e a u  had  been  d e te rm in e d  t h e  e f f e c t  o f  v a r y i n g  

kne d i s c r i m i n a t o r  b i a s  p o t e n t i a l  was found  f o r  b o th  t h e  r a t e -  

^ e te r  and t h e  s c a l a r  u s i n g  t h e  Cs^^7 *0 u r c e .  W ith t h e  

app lied  v o l t a g e  s e t  a t  t h e  c e n t r e  o f  t h e  p l a t e a u  t h e  c o u n t in g  

lu te  was m easu red  a g a i n s t  t h e  b i a s  p o t e n t i a l  ( P i g .  1 5 ) •  I t  

uas found t h a t  f o r  b o th  t h e  s c a l a r  and t h e  r a t e m e t e r  t h ei > •
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p la te a u  had n e g l i g i b l e  s lo p e  and e x te n d ed  o v e r  15mV, The 

b ia s  p o t e n t i a l s  were s e t  a t  15mV. The c o u n te r  was s h i e ld e d  

with l e a d  b r i c k s  and a  background  o f  l - 2 c . p . s .  was n o rm a l ly  

achieved w i th  t h i s  a r ra n g e m e n t .

S ec tion  2 ,9  I n i t i a l  C o u n tin g  E x p e r im e n ts ,

B efo re  b e g in n in g  t h e  i n j e c t i o n  o f  l a b e l l e d  compounds i t  

was n e c e s s a r y  to  i n v e s t i g a t e  t h e  e f f e c t  on t h e  e f f i c i e n c y  o f  

the  c o u n te r  o f  th e  p a s s a g e  o f  g a s  q u a n t i t i e s  e x p e c te d  i n  t h e  

course  o f  an e x p e r im e n t .  S in c e  0 .5m l o f  e th y le n e  and 1 .0m l 

of hydrogen w ere a lm o s t  a lw ay s  u s e d ,  t h e s e  q u a n t i t i e s  were 

i n je c t e d  i n t o  th e  f lo w  s tre am  w i th  th e  e x t e r n a l  s o u rc e  i n  ' 

p o s i t io n .  W ith t h e  a p p l i e d  p o t e n t i a l  s e t  a t  t h e  m id - p l a t e a u  

va lue  a  s l i g h t  lo w e r in g  i n  t h e  c o u n t  r a t e  was o b s e rv e d  f o r  

e th y lene  b u t  t h e r e  was no r e d u c t i o n  i n  t h e  c o u n t  r a t e  a s  t h e  

hydrogen p a s s e d  th ro u g h  t h e  c o u n te r .  D i f f e r e n t  vo lum es o f  t h e  

r a d io a c t iv e  g a s e s  w ere i n j e c t e d  i n t o  t h e  f lo w  system  and t h e  

t o t a l  c o u n ts  r e c o r d e d  on t h e  s c a l a r .  The r e s u l t s  f o r  e th y ­

lene  and t r i t i u m  a r e  shown i n  P ig .  16 and P ig .  17 . S a t i s -  

ia c to ry  q u a n t i t a t i v e  c a l i b r a t i o n s  were o b t a i n e d  f o r  t h e  am ounts 

ueed in  th e  c a t a l y t i c  e x p e r im e n ts .  When 2 ml o f  t r i t i u m  

were i n j e c t e d ,  how ever, two p e a k s  were o b s e rv e d  on t h e  r a t e -  

met e r  t r a c e  and th e  t o t a l  c o u n t  was l e s s  t h a n  t h a t  e x p e c te d  

from a l i n e a r  r e l a t i o n s h i p  be tw een  amount i n j e c t e d  and t h e
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i • *
count recorded,, The q u e s t io n  o f peak tw in n in g  i s  d i s c u s s e d  

in  d e t a i l  i n  t h e  n e x t  s e c t i o n .

S e c tio n  2 .1 0  E x p e r im e n ta l  p r o c e d u re .

The r e a c t i o n  v e s s e l  was removed form t h e  f lo w  system  a t  

th e  ' Sv/agelokT c o n n e c t io n s ,  c le a n e d  w ith  a  'P y r o n e g 1 s o l u t i o n ,  

r in s e d  i n  d i s t i l l e d  w a te r  and th o r o u g h ly  d r i e d ,  A p lu g  o f  

s i l i c a  wool was i n s e r t e d  i n t o  th e ' b u lb  o f  t h e  v e s s e l .  Some 

g l a s s  heads and  0 , 50g o f  t h e  c a t a l y s t  w ere p la c e d  on  to p  o f  

th e  p lu g  and com pacted  Toy t a p p in g  t h e  v e s s e l .  The f u r n a c e  

was s l ip p e d  o v e r  t h e  v e s s e l  and t h e  th e rm o co u p le  i n s e r t e d  

in to  t h e  w e l l  and “bound i n  p o s i t i o n  w ith  a s b e s t o s  s t r i n g .

New serum c a p s  were p u t  i n t o  t h e  i n j e c t i o n  p o r t s ,  t h e  s e c t i o n  

reassem bled  i n t o  t h e  f lo w  system  and th e  h e a t  s h i e l d  a r r a n g e d  

above th e  to p  o f  t h e  f u r n a c e .

The h y d ro g en  l i n e  was c o n n e c te d  to  t h e  c a t a l y s t  s i d e  o f  

the  sw itch  v a l v e s  and hy d ro g en  was p a s s e d  o v e r  t h e  c a t a l y s t  

a t  30ml min“ \  A g a s  b u b b le r  was c o n n e c te d  t o  t h e  e x h a u s t  

from SV2 and t h e  f lo w  r a t e  was r e g u l a t e d  by t h e  f i n e  c o n t r o l  

va lv e  i n  t h e  s e c t i o n .  A f t e r  h y d ro g en  had  been  a l lo w e d  to  

flow f o r  f i f t e e n  m in u te s  to  d i s p l a c e  a i r  from t h e  sys tem  t h e  

tem pera ture  o f  th e  c a t a l y s t  was r a i s e d  to  400°C. At t h i s  

tem p era tu re  t h e  r e d u c t i o n  was c a r r i e d  o u t  o v e r n i g h t .

Towards th e  end o f  th e  r e d u c tio n  p e r io d  th e  f lo w  r a t e s  

° f  helium and m ethane were s e t  a t  6oml min”l  and 6ml min""-1-



r e s p e c t iv  ely. With th e  h e liu m  f lo w in g  roun d  t h e  b y - p a s s  

c i r c u i t ,  t h e  b a t t e r y  was c o n n e c te d  to  t h e  c o n d u c t i v i t y  b r i d g e  

and th e  b r id g e  c u r r e n t  s e t  a t  200 ma. The t e m p e r a tu r e  o f  t h e

chrom atograph ic  column was a d j u s t e d  to  80°C,

The c o u n te r  p l a t e a u  and s t a b i l i t y  were checked  u s i n g  t h e  

C s* ^  so u rc e  and a  back g roun d  d e t e r m i n a t i o n  was made.

The serum c a p s  on th e  sam ple  v e s s e l s  o f  t h e  vacuum

a p p a ra tu s  were renew ed and t h e  system  e v a c u a te d .  Gases

were a d m it te d  to  t h e  sa m p lin g  v e s s e l s  form t h e  s t o r a g e  v e s s e l s  

and condensed  o r  c o n t r a c t e d  to  a  p r e s s u r e  o f  1 , 2  a tm o s p h e re s .

A s u p e r - a tm o s p h e r ic  p r e s s u r e  was r e q u i r e d  to  e n s u re  t h a t  

during th e  g a s  t r a n s f e r  from t h e  sam ple v e s s e l  to  t h e  f lo w  

system no a i r  e n t e r e d  t h e  s y r in g e .  B e fo re  m aking  i n j e c t i o n s  

the s y r in g e  was f l u s h e d  t w i c e  w i th  t h e  a p p r o p r i a t e  g a s .

( i )  The C1 ^ -  e th y le n e  E x p e r im e n ts .

At t h e  end o f  th e  r e d u c t i o n  p e r i o d  th e  f lo w  o f  h y d ro g en  

was s to p p ed  and t h e  s w i tc h  v a lv e  ( SV1) t u r n e d  t o  d i r e c t  t h e  

he flow  o v e r  t h e  c a t a l y s t .  To remove t h e  b u lk  o f  t h e  g a s  

phase hydrogen  from  th e  system  th e  h e l iu m  and h y d ro g en  w ere 

allowed to  e x i t  th ro u g h  t h e  e x h a u s t  f o r  a  few se co n d s .  SV2 

was th e n  t u r n e d  t o  d i v e r t  t h e  h e liu m  f lo w  i n t o  t h e  ch ro m a to ­

graph, As t h e  f lo w  o f  g a s  r e t u r n e d  and t h e  h y d ro g en  c o n te n t  

ln  fhe  he lium  d ro p p ed  t h e  c h ro m a to g ra p h ic  r e c o r d e r  pen  r e t u r n e d  

u0 ^ e  b a s e l i n e .  A s t e a d y  b a s e l i n e  was a lw ay s  a c h ie v e d  

w ithin  one m in u te  o f  t h i s  o p e r a t i o n .  ( As t h e  c a t a l y s t  was
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co o ling  to  t h e  r e q u i r e d  te m p e r a tu re  c a l i b r a t i o n  i n j e c t i o n s  

o f 0 .5m l were made i n t o  1P2 , t h e  c a l i b r a t i o n  p o r t .  U s u a l ly  

th re e  i n j e c t i o n s  were s u f f i c i e n t  t o  i l l u s t r a t e  t h e  r e p r o d u c ­

i b i l i t y  0 1  t h e  i n j e c t i o n  t e c h n iq u e  and th e  d e t e c t i o n  sy s tem .

In  th e  c a s e  o f  an  i n j e c t i o n  o f  r a d i o a c t i v e  m a t e r i a l  c o u n t e r  

c a l i b r a t i o n s  ‘c o u ld  a l s o  be made. S u c c e s s iv e  i n j e c t i o n s  

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

and c a l i b r a t i o n  i n j e c t i o n s  were r e p e a t e d  p e r i o d i c a l l y  below  

the  c a t a l y s t .

( i i )  The E th y le n e  -  D4  E x p e r im e n ts .

The a c t i v i t y  o f  e th y l e n e  h y d ro g en  to w a rd s  e th y l e n e  

exchange was exam ined by u s i n g  f u l l y  d e u t e r a t e d  e th y l e n e  a s  

the l a b e l l e d  m o le c u le .  A p r o c e d u r e  s i m i l a r  to  t h a t  u s e d  i n  

the  *^C -  e th y l e n e  exchange e x p e r im e n ts  was f o l lo w e d .  on ce  

again , i n j e c t i o n s  o f  t h e  l a b e l l e d  e th y le n e  ( 0 . 5ml o f  C^D^) 

were made o v e r  t h e  c a t a l y s t  f i r s t .

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

o b ta in ed  from a  s u b s e q u e n t  i n j e c t i o n  o f  C2 H^. To e n a b le  

se p a ra te  c o l l e c t i o n  o f  t h e  r e a c t i o n  p r o d u c t s  a s  th e y  emerged 

from th e  c h ro m a to g ra p h ic  colum n, t h e  g;as p r o p o r t i o n a l  c o u n te r  

was r e p la c e d  by a  s e r i e s  o f  U - tu b e s  i n t o  which t h e  p r o d u c t  

components w ere  co n d en se d .

( i i i )  The T r i t iu m  E x p e r im e n ts .

The a c t i v i t y  o f  th e  c a t a ly s t  hydrogen, r e ta in e d  a f t e r
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th e  r e d u c t io n  p r o c e s s ,  to w a rd s  hy d ro g en  and e th y le n e  was 

i n v e s t i g a t e d  w i th  th e  a i d  o f  t r i t i u m  a s  a  t r a c e r .  I n i t i a l l y  

a s t a t i c  m ethod o f  exchange was employed to  l a b e l  t h e  s u r f a c e  

hydrogen w ith  t r i t i u m .  At t h e  end of t h e  r e d u c t i o n  p e r i o d ,  

the  hydrogen f lo w  r a t e  was re d u c e d  to  a b o u t  5ml min"^- and 

6inl o f  t r i t i u m  were i n j e c t e d  o v e r  t h e  c a t a l y s t .  The h y d ro g en  

flow was im m e d ia te ly  s to p p e d  and t h e  c a t a l y s t  a l lo w e d  to  

exchange w ith  t h e  t r i t i u m  f o r  3 0  m in u te s  a t  t h e  r e d u c t i o n  

te m p e ra tu re .  At th e  end o f  t h i s  p e r i o d  t h e  h e liu m  f lo w  was 

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

the  r e a c t i o n  v e s s e l  s e c t i o n  was blown th ro u g h  t h e  c o u n te r .

Two peaks a p p e a re d  on t h e  r a t e m e t e r  t r a c e  and t h e  t o t a l  c o u n t  

was re c o rd e d .  P o r  a l l  t h e  n i c k e l  c a t a l y s t s  i n v e s t i g a t e d ,  

background c o u n t in g  was a c h ie v e d  w i t h i n  a  few m in u te s  o f  t h e  

appearance  o f  t h e  second  p e ak .  I t  h a s  been  sh o rn  t h a t  i n  

the  c a se  o f  p a l l a d i u m , ^  t r i t i u m  c o n t in u e d  to  d e s o rb  from  t h e  

c a t a l y s t  f o r  p e r i o d s  o f  up to  11 h o u r s .

To d e te rm in e  t h e  amount o f  t r i t i u m  r e t a i n e d  by t h e  

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

o b ta in  a  c a l i b r a t i o n  c o u n t  f o r  6m ls o f  t r i t i u m .  Two p e a k s  

were o b ta in e d  from t h e  c a l i b r a t i o n  i n j e c t i o n  i n  1P2 and t h e  

t o t a l  c o u n t  was r e c o r d e d .  The c a l i b r a t i o n  c o u n t  and t h e  

c a t a l y s t  e lu a n t  c o u n t  were i n  t h e  r a t i o  o f . 7 :1  ( P i g .  1 8 ) .  

before  making t h e  a s s u m p t io n  t h a t  t h e  d i f f e r e n c e  i n  c o u n t  was 

e n t i r e ly  due to  r e t e n t i o n  by t h e  c a t a l y s t  t h e  p o s s i b i l i t y  o f
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t r i t i u m  a d s o r p t i o n  on t h e  i n n e r  s u r f a c e s  o f  t h e  r e a c t i o n  

v e sse l  was i n v e s t i g a t e d  i n  t h e  f o l lo w in g  way, A p lu g  o f  

s i l i c a  wool and some g l a s s  h e a d s  wore p la c e d  i n  t h e  r e a c t i o n  

v e s s e l ,  w i th o u t  t h e  c a t a l y s t , and th e  r e d u c t i o n  p ro c e d u re  

c a r r ie d  o u t  i n  t h e  norm al way. A f t e r  t h e  h y d ro g en  f lo w  h ad  

teen  s to p p e d  th e  h e l iu m  was d i r e c t e d  th ro u g h  t h e  c a t a l y s t  

v e sse l  d i s p l a c i n g  t h e  h y d ro g en  c o n ta in e d  i n  t h a t  s e c t i o n  

through t h e  column and c o u n te r .  As t h e  hydrogen  p a s se d  

through th e  c o u n te r  a  t r a c e  o f  a c t i v i t y ,  i n  t h e  form o f  a  sm a ll  

peak: a f t e r  one m in u te  and a  second  s i m i l a r  peal: a f t e r  a  f u r t h e r  

minute, a p p e a re d  on th e  r a t e m e t e r  c h a r t .  The s w i tc h  v a l v e s  

were tu r n e d  to  t h e i r  fo rm e r  p o s i t i o n s  so t h a t  h e l iu m  was on ce  

again f lo w in g  a ro u n d  th e  b y - p a s s  c i r c u i t  and h y d ro g e n  was 

passing  th ro u g h  t h e  r e a c t i o n  v e s s e l  which was m a in ta in e d  a t  

400°C. A f t e r  30 m in u te s  when a l l  t h e  h e liu m  h ad  been  d i s ­

placed from t h e  r e a c t i o n  v e s s e l  s e c t i o n ,  th e  h y d ro g e n  f lo w
i i «

r a t e  was re d u c e d  and 6rnl o f  t r i t i u m  w e r e , i n j e c t e d  i n t o  1P1 

over th e  g l a s s  h e a d s  and s i l i c a  p lu g .  The h y d ro g en  f lo w  

was im m e d ia te ly  s to p p e d  and  th e  s e c t i o n  i s o l a t e d  and l e f t
i

*‘or 30  m in u te s .  The h e liu m  f lo w  was th e n  d i r e c t e d  i n t o  t h e  

se c t io n  and t h e  h y d ro g en  and t r i t i u m  blown th ro u g h  th e  c o u n t e r .  

Two peaks v/ere a g a i n  o b s e rv e d ;  one a f t e r  one m in u te  and a 

l a r g e r  pea]: a f t e r  two m in u te s .  The p e a k s  were v e r y  s i m i l a r  

to th o se  o b ta in e d  from t h e  e l u a n t  when a  c a t a l y s t  v/as p r e s e n t  

' (Fig, 1 8 ) .
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The sw itc h  v a lv e s  w ere t u r n e d  to  t h e i r  fo im e r  p o s i t i o n s  

a llow ing  hy d rogen  to  blow th ro u g h  th e  r e a c t i o n  v e s s e l  and 

helium to  f lo w  a ro u n d  t h e  b y - p a s s .  A f t e r  t h e  h e liu m  had 

teen  d i s p l a c e d  from t h e  r e a c t i o n  v e s s e l  s e c t i o n ,  t h e  s e c t i o n  

was i s o l a t e d  and t h e  t e m p e r a tu r e  r a i s e d  t o  430°C. A f t e r  

30 m in u te s  t h e  g a s  i n  t h e  s e c t i o n  was c a r r i e d  th ro u g h  t h e  

coun te r  by t h e  h e l iu m  s t re a m . Once a g a i n ,  two v e r y  sm a ll  

peaks were r e c o r d e d  on  t h e  r a t e m e t e r  c h a r t  and a s  t h e r e  was 

no s i g n i f i c a n t  d i f f e r e n c e  b e tw een  t h e s e  p e a k s  and t h o s e  

ob ta in ed  from t h e  p re v io u s ,  h y d ro g en  d i s p la c e m e n t  i t  was con­

cluded t h a t  t h e  l a r g e  d i f f e r e n c e  be tw een  t h e  r e a c t i o n  e l u a n t  

counts a f t e r  t h e  s t a t i c  exchange  and t h e  c a l i b r a t i o n  c o u n t  

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

on th e  i n t e r i o r  o f  t h e  r e a c t i o n  v e s s e l  s e c t i o n .

When a s t a t i c  method o f  exchange was u se d  t o  d e te rm in e  

the  amount o f  t r i t i u m  a d s o rb e d  o n to  t h e  c a t a l y s t  a t  t h e  end 

o f  th e  r e d u c t i o n  p e r i o d  t h e  a s su m p t io n  had  been  made t h a t  t h e  

ga3 p r o p o r t i o n a l  c o u n t e r  would view, t h e  t r i t i u m  d i s i i l a c e d  

from th e  r e a c t i o n  v e s s e l  s e c t i o n  a f t e r  t h e  exchange  i n  t h e  

same way a s  a  c a l i b r a t i o n  i n j e c t i o n .  I n  t h e  fo rm e r  c a s e  t h e  

t r i t iu m  i n j e c t e d  f o r  exchange p u rp o s e s  v/as c o n s i d e r a b ly  

d i lu te d  w i th  th e  h y d ro g en  re m a in in g  i n  t h e  s e c t i o n  a f t e r  

re d u c t io n  w hereas  a  c a l i b r a t i o n  co u n t  o f  t h e  t r i t i u m  was a  

d i r e c t  i n j e c t i o n  i n t o  t h e  h e l iu m  f lo w . From t h e  r e s u l t  o f
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the  ex p e r im en t i n  which t h e  c a t a l y s t  was n o t  u s e d  i t  was 

ev iden t t h a t  t h e  a s su m p t io n  was i n v a l i d  and t h a t  t h e  l a r g e  

d i f f e r e n c e  be tw een  r e a c t i o n  and c a l i b r a t i o n  c o u n ts  was a  

fu n c t io n  o f  t h e  sy s tem .

I n  an  a t t e m p t  to  e x p la in  t h e  s p l i t t i n g  o f  t h e  t r i t i u m  

peaks, i n j e c t i o n s  w ere  made i n t o  th e  f lo w  system  a t  d i f f e r e n t  

r a t e s .  Helium g a s  was p a s s e d  o v e r  t h e  s i l i c a  p lu g  and g l a s s  

heads, m a in ta in e d  a t  400°C, and 6 ml o f  t r i t i u m  we r e  i n j e c t e d  

quickly  i n t o  1?1 . The i n j e c t i o n  t im e  was 10 se c o n d s .  As 

the t r i t i u m  p a s s e d  th ro u g h  t h e  c o u n te r  a  s p l i t  peak  was 

recorded  on t h e  r a t e m e t e r  t r a c e  ( P ig .  1 9 ) .  6 ml o f  t r i t i u m  

were th e n  i n j e c t e d  i n t o  t h e  h e liu m  s tre a m  o v e r  a  2  m in u te  

period  and a  s i n g l e ,  h u t  w id e r ,  peak was o b ta in e d  on  th e  

re c o rd e r  ( P i g  19)* Prom t h i s  r e s u l t  i t  became a p p a r e n t  t h a t  

the d i l u t i o n  o f  t h e  t r i t i u m  i n  t h e  c a r r i e r  g a s  s tre am  v/as v e ry  

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

passed th ro u g h  t h e  c o u n te r  was t h e  same f o r  b o th  i n j e c t i o n s  

as tne  f lo w  r a t e  was t h e  same. However, i n  t h e  c a s e  of. t h e  

slow i n j e c t i o n  a  much l o n g e r  • s l u g 1 o f  a c t i v e  g a s  was p r e s e n t  

in  th e  he liu m  f lo w . Thus f o r  l a r g e  i n j e c t i o n s ,  t h e  t im e  

taken to  i n j e c t  t h e  t r i t i u m  i n t o  t h e  h e liu m  v/as p r o p o r t i o n a l  

io the  t o t a l  c o u n t .

A ' f u r t h e r  e x p e r im e n t  was c a r r i e d  o u t  to  d e te r m in e  t h e  

e ffec t  on t h e  c o u n t e r  o f  a d d in g  h y d ro g en  to  a  sam ple  o f  known 

a c t iv i t y ,  im i 0 f  t r i t i u m  was i n j e c t e d  from a  1 0 ml s y r i n g e  

’bto th e  b o l l  um s t re a m  and a  s i n g l e  n e a t  waa r e c o r d e d  by t h e
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c o u n te r  ( s e e  Fig# 20) • A second  lm l sam ple o f  t h e  same 

t r i t i u m  was w ith d raw n  and a  f u r t h e r  5ml‘ o f  h y d ro g en  w ithd raw n  

in to  t h e  same s y r i n g e .  The m ix tu r e  was i n j e c t e d  i n t o  t h e  

helium f lo w  and two p e a k s  w ere  r e c o r d e d  ( P i g .  2 0 ) .  The 

count v/as much s m a l l e r  f o r  t h e  6 ml. sam ple  a l t h o u g h  t h e  o v e r ­

a l l  w id th  o f  t h e  r e c o r d i n g s  f o r  l o t h  i n j e c t i o n s  was t h e  same* 

This l e d  to  t h e  c o n c l u s i o n  t h a t  t h e  a d d i t i o n  o f  h y d ro g en  had  

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

cou n te r  and t h a t  t h e  two p e a k s  o b se rv e d  c o r re s p o n d e d  to  t h e  

beg inn ing  and t h e  end o f  t h e  a c t i v e  s lu g ,  V/hen t h e  h u lk  o f  

the  hydro gen  t r i t i u m  p a s se d  th ro u g h  t h e  c o u n te r  t h e  c o u n t in g  

m ixture  v/as d i s t u r b e d  to  such  an  e x t e n t  t h a t  c o u n t in g  s to p p e d  

com ple te ly . I f ,  a s  had  b e en  shown, th e  i n j e c t i o n  was mode 

slowly enough, s u f f i c i e n t  d i l u t i o n  o f  t h e  h y d r o g e n | t r i t i u m  

v/as made to  p r o v id e  a  good c o u n t in g  r e s p o n s e .  A l t e r n a t i v e l y ,  

a r a p id  i n j e c t i o n  r e d u c e d ' t h e  e f f i c i e n c y  o f  t h e  c o u n te r  and 

produced a  s p l i t  p eak  o f  much s m a l l e r  t o t a l  c o u n t .

An e s t im a t e  o f  t h e  volum e o f  h y d ro g e n  n e c e s s a r y  t o  d i s t u r b  

the c o u n t in g  c o n d i t i o n s  w i t h i n  th e  c o u n t e r  was made i n  t h e  

fo llow ing  way. The Cs^37 was p i aC0(i nex t  t o  t h e  c o u n te r  and 

the p l a t e a u  d e te rm in e d  i n  t h e  u s u a l  way. W ith t h e  v o l t a g e  

set mid-way a lo n g  t h e  p l a t e a u  i n j e c t i o n s  o f  h y d ro g e n  were 

made i n to  t h e  h e l iu m  f lo w . I t  was fo u n d  t h a t  a s  l i t t l e  a s  

3m1 o f  h y d rog en  v/ere s u f f i c i e n t  to  r e d u c e  t h e  c o u n t  r a t e  t o  

2oro f o r  a  few s e c o n d s ,  a l th o u g h  a s  s t a t e d  e a r l i e r  an i n j e c t i o n
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of 1 ml d id  n o t  re d u o e  t h e  p l a t e a u  c o u n t  r a t e  ( ^ 2 0 0  c . p .  s , ) 

at a l l#

F u r th e r  3n l  i n j e c t i o n s  were made w ith  e th a n e ,  e th y l e n e ,  

oxygen and n i t r o g e n  and i n  each c a s e  th e  q u a n t i t y  p ro v ed  

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

An a t t e m p t  was made to  e l i m i n a t e  th e  s p l i t t i n g  o f  t h e  

h y d ro g e n / t r i t iu m  p e ak s  by i n s e r t i n g  a  m ix in g  cham ber i n t o  t h e  

helium flow  l i n e .  The cham ber had  a  volume o f  250ml and was 

lo ca ted  a t  t h e  j u n c t i o n  w i th  t h e  m ethane  f lo w  l i n e .  The 

r e s u l t  o f  d i s p l a c i n g  6 ml o f  t r i t i u m  i n  h y d ro g en  from t h e  empty 

re a c t io n  v e s s e l  i s  shown i n  F ig .  21. A lthou gh  d i l u t i o n  o f

the h y d r o g e n / t r i t i u m  i n  t h e  h e liu m  was i n d i c a t e d  by a  much 

longer t im e  f o r  backg roun d  t o  be r e a c h e d  t h e  o v e r a l l  e f f e c t  

on th e  c o u n te r  was th e  same.

A second m ethod o f  exam in ing  t h e  exchange o f  t h e  h y d ro g en  

a s so c ia te d  w i th  th e  c a t a l y s t  a f t e r  r e d u c t i o n  was a d o p te d .

After th e  h e liu m  f lo w  h a d  been  d i r e c t e d  o v e r  t h e  c a t a l y s t  and 

as soon a s  t h e  c o u n te r  h ad  been  c a l i b r a t e d ,  1 ml i n j e c t i o n s  

. of t r i t i u m  w ere made o v e r  t h e  c a t a l y s t  and t h e  e lu a n t  c o u n ts  

recorded. C a l i b r a t i o n  i n j e c t i o n s  w ere made i n t o  1P2 a t  

S equ en t i n t e r v a l s .  A sam ple  s i z e  o f  1ml d id  n o t  s i g n i f i ­

cantly u p s e t  t h e  c o u n t in g  c o n d i t i o n s  and s p l i t t i n g  o f  t h e  

•''Uterneter peak  d id  n o t  o c c u r  f o r  any o f  t h e  i n j e c t i o n s .

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

curing s t a t i c  and f lo w  exchange  p r o c e d u r e s ,  to w a rd s  e th y l e n e ,
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was a n a ly s e d  o v e r  a  r a n g e  o f  t e m p e r a t u r e s .

Sec tion  2 .1 1  p r e s e n t a t i o n  o f  R e s u l t s .

Tlie n a t u r e  and  q u a n t i t y  o f  r e a c t i o n  p r o d u c t s  we r e  

determ ined from t h e i r  c h ro m a to g ra p h ic  r e t e n t i o n  t im e s  and 

from th e  i n t e g r a t o r  c o u n t .  I n  t h e  c a s e  o f  h y d ro c a rb o n  

i n j e c t i o n s  th e  i n t e g r a t o r  c o u n t  was r e l a t e d  to  t h e  c a l i b r a t i o n  

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

me.de to  th e  c o u n ts  r e c o r d e d  f o r  m ethane  and e th a n e  t o  a c c o u n t  

fo r th e  d i f f e r e n c e  i n  d e t e c t o r  s e n s i t i v i t y .  I n  t h i s  way t h e  

volumes o f  t h e  e l u t e d  g a s e s  were c o n v e r te d  i n t o  m i l l i l i t r e s .

An e s t im a te  o f  th e  volum e r e t a i n e d  by t h e  c a t a l y s t  was made 

by s u b t r a c t i n g  t h e  t o t a l  volume e l u t e d  from t h e  amount 

in je c te d .

At t h e  h i g h e r  i n j e c t i o n  t e m p e r a tu r e s  e th y l e n e  was 

cracked by t h e  c a t a l y s t s  and m ethane  a p p e a re d  a s  a  r e a c t i o n  

product. As two m o le c u le s  o f  m e th an e  may be d e r iv e d  from 

one m o lecu le  o f  e th y l e n e ,  t h e  volume o f  m e thane  e l u t e d  was 

halved b e fo r e  s u b t r a c t i o n  from t h e  i n j e c t e d  volum e.

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

hydrocarbons was e x p re s s e d  a s  c o u n ts  p e r  m i l l i l i t r e  ( c p m l) .  

This a c t i v i t y  was o b t a i n e d  by d i v i d i n g  t h e  t o t a l  i n t e g r a t e d  

counts from t h e  p r o p o r t i o n a l  c o u n te r  by t h e  volum e o f  h y d r o -   ̂

carbon a s  d e te rm in e d  by t h e  g a s  ch ro m a to g ra p h .
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CHAPTER 5 THE RESULTS

Section  5 ,1  The Exchange o f  Hydrogen R e ta in e d  hy t h e  

C a t a l y s t  w i th  T r i t iu m .

( i )  S t a t i c  exchange r e a c t i o n s  on S^Ki/AlgO^ and 5#N i/S iO ^ .

The n i c k e l  c a t a l y s t s  w ere  t r e a t e d  w ith  t r i t i u m  a s  d e s ­

cribed  p r e v i o u s l y ,  [ s e e  s e c t i o n  2 .1 0  ( i i i ^  . Prom t h e  

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

when a c a t a l y s t  was p r e s e n t  w i t h in  t h e  c a t a l y s t  v e s s e l  and

the c a l i b r a t i o n  c o u n t  o b t a i n e d  when t h e r e  was no c a t a l y s t  

p resen t, t h e  volum e r e t a i n e d  by th e  c a t a l y s t  c o u ld  be d e t e r ­

mined, At t h e  r e d u c t i o n  t e m p e r a tu r e  o f  400°C, 1 .0  x 10*^ 

m olecules o f  t r i t i u m  were r e t a i n e d  p e r  gram o f  5# Ni/AlpO^ 

c a t a l y s t .  0 . 6  x 1 0 ^  m o le c u le s  were r e t a i n e d  by l g  o f  t h e  

% N i/S iQ 2 c a t a l y s t .

( i i )  P lo w -ex ch an g e  r e a c t i o n s  on v a r i o u s  c a t a l y s t s  and 

supports .

P low -exchange  r e a c t i o n s  were s t u d i e d  u s i n g  A^O-^, S i0 2 >

0.1* K i/A lgO ^ .and  0 .1 #  N i / S i 0 2> 5# H i / A l ^  and  5# N i / S i 0 2>

Ni powder and N i /P  a l l o y .  The e x p e r im e n ta l  t e c h n iq u e  u s e d  

in th e s e  e x p e r im e n ts  h a s  been  d e s c r i b e d  p r e v i o u s l y  (j3ee 

sec tion  2 . 1 0  ( i i i ) J  . 0 . 5 g o f  t h e  c a t a l y s t ,  o r  a  sam ple o f

support m a t e r i a l ,  was re d u c e d  i n  h y d ro g e n  o v e r n i g h t  a t  400°C 

^  i n j e c t i o n s  o f  t r i t i a t e d  h y d ro g e n  commenced a s  soon a s  

p o ss ib le  a f t e r  t h e  h e liu m  f lo w  h ad  been  d i r e c t e d  th r o u g h  t h e
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c a t a l y s t  v e s s e l .  I n  t h e  i n i t i a l  f lo w  exchange  e x p e r im e n ts  

the  c a t a l y s t  was m a in ta in e d  a t  t h e  r e d u c t i o n  t e m p e r a tu r e  o f  

400°C th ro u g h o u t  t h e  s e r i e s  o f  i n j e c t i o n s .  The q u a n t i t y  o f  

t r i t i a t e d  h y d ro g en  which had  exchanged w i th  s u r f a c e  h y d ro g en  

and th u s  been  r e t a i n e d  by t h e  c a t a l y s t  was o b t a i n e d  by sub­

t r a c t i n g  t h e  r e a c t i o n  e l u a n t  c o u n t  from t h e  c a l i b r a t i o n  c o u n t .  

C a l i b r a t i o n  i n j e c t i o n s  w ere made a t  f r e q u e n t  i n t e r v a l s  d u r in g  

th e  c o u rs e  o f  an  e x p e r im e n t ,  t o  c o n f  hrm s t a b l e  p e r fo rm a n c e  

of th e  c o u n t in g  sys tem . I n j e c t i o n s  o f  t r i t i a t e d  h y d ro g e n  

were u s u a l l y  c o n t in u e d  u n t i l  e lu a n t  c o u n t  c o r r e s p o n d e d  to  t h e  

c a l i b r a t i o n  c o u n t .  I n  t h e  c a s e  o f  l e n g th y  e x p e r im e n ts ,  

however, t h e  ru n  was s to p p e d  when th e  e l u a n t  c o u n t  had  r i s e n  

to w i th in  1 0 ^  o f  th e  c a l i b r a t i o n  v a lu e .

E x p e r im e n ta l  r e s u l t s  were p l o t t e d  a s  t h e  q u a n t i t y  (ml a t. 

20°C and 7 6 0 mm)of l a b e l l e d  h y d ro g en  i n  t h e  r e a c t i o n  e lu a n t  

a g a in s t  t h e  a p p r o p r i a t e  i n j e c t i o n  number. I t  was foun d  t h a t  

a p lo t  o f  t h e  l o g  ( a c t i v i t y  r e t a i n e d  i n  t h e  n th  i n j e c t i o n  /  

a c t i v i t y  i n j e c t e d )  a g a i n s t  t h e  i n j e c t i o n  number p ro d u ce d  a  

s t r a ig h t  l i n e ,  t h e  g r a d i e n t  o f  which c o u ld  be r e l a t e d  to  t h e  

amount o f  e x c h a n g e a b le  hy d ro g en  on t h e  c a t a l y s t  s u r f a c e .  The 

d e r iv a t io n  o f  t h i s  r e l a t i o n s h i p  i s  shown i n  Appendix I..
2 2  i l l u s t r a t e s  t h e  r i s e  i n  th e  a c t i v i t y  o f  t h e  e l u a n t  

hydrogen d u r in g  a  s e r i e s  o f  i n j e c t i o n s  o n to  0 . 5 g sam p les

of A120 * 0 .1 ^ N i/A lo0 ,  and 5 # N i/A lo0 ,  a t  400°C. A p lo t  o f  .
j  d o  d $
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the lo g  f u n c t i o n  a g a i n s t  i n j e c t i o n  num ber f o r  each  c a s e  i s  

shown i n  P ig .  23. The amount o f  e x c h a n g e a b le  hyd ro gen  on 

each sam ple was c a l c u l a t e d  from g r a d i e n t  m easu rem en ts .

S i m i l a r  f lo w  exchange e x p e r im e n ts  were c a r r i e d  o u t  w i th  

Si02 and Ni s u p p o r te d  on S i0 2  (0 .1 # '  and 5 # ) .  The V a r i a t i o n s  . 

in  e lu a n t  a c t i v i t y  a r e  shown i n  P ig .  24. S i0 2  showed no 

d e te c ta b le  exchange  w i th  t h e  t r i t i a t e d  h y d ro g en , t h e  f i r s t  

eluant c o u n t  b e in g  v e ry  c l o s e  to  t h e  c a l i b r a t i o n  v a lu e .

Exchange was' o b s e r v e d ,  how ever, w i th  t h e  0 .1 # N i / S i 0 2  c a t a l y s t  

and, to  a  g r e a t e r  e x t e n t ,  w i th  t h e  5 # N i /S i0 2  c a t a l y s t .  . The 

ex p o n en tia l  t r e a t m e n t  was a p p l i e d  t o  t h e  m e ta l  on  s i l i c a  

c a t a l y s t s .  The r e s u l t s  a r e  shown i n  P ig .  25.

Samples o f  Ni pow der, p r e p a r e d  by t h e  ' i n  s i t u '  decom­

p o s i t io n  and r e d u c t i o n  o f  t h e  f o r m a te ,  and N i /P  a l l o y  exchanged  

to a l e s s e r  d e g re e  w i th  l a b e l l e d  h y d ro g en  a t  400°C. The 

r e s u l t s  o f  t h e  f lo w  exchange  e x p e r im e n ts  a r e  sum m arised i n  

Table 4 .

TABLE 4.

The Volume (ml a t  2 0 °C and  7 6 0 mm) o f  E x ch a n g ea b le  
Hydrogen D e te rm in e d  by Plow Exchange a t  400°C.

9 .9

S i0 2

0 . 0

0 .1 # N i /A l20 3

9 .6 5

0 .1 # N i / S i 0 2

1.0

N i/P

0 .3 9

5 # N i/A l20 5

4 .4

5 # N i /S i0 2

3 .0

Ni powder 

0 .4 5
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I t  wa& found t h a t ,  in t h e  c a s e  o f  a lu m in a ,  t h e  p r e s e n c e  

of Ni re d u c e d  t h e  amount o f  h y d ro g en  c a p a b le  o f  exchange  a t  

400°C. The r e v e r s e  e f f e c t  was found i n  t h e  c a s e  o f  s i l i c a  

c a t a l y s t s  and t h e  exchange  te n d e d  to  be l e s s  on t h e  s i l i c a  

supported c a t a l y s t s  t h a n  on t h e  a lu m in a - s u p p o r te d  c a t a l y s t s ,

( i i i )  The e f f e c t  o f  f l o w  r a t e  on t h e  exchange  r e a c t i o n .  

A h e liu m  f lo w  r a t e  o f  60ml m in"^ and a  m ethane  f low  

ra te  o f  6 ml min” **- w ere u se d  i n  t h e  a b o v e • e x p e r im e n ts .  To 

determine w h e th e r  o r  n o t  c o m p le te  e q u i l i b r iu m  was b e in g  . 

a t ta in e d  i n  t h e  exchange  r e a c t i o n  th e  flow, r a t e s  o f  h e liu m  

and m ethane were re d u c e d  to  30ml m in“ ^ and -3ml min~^ r e s p e c t ­

ively . With t h e s e  f lo w  r a t e s  a  c o u n t in g  m ix tu r e  o f  t h e  same 

com position a s  b e f o r e  v/as o b t a i n e d .  By r e d u c in g  t h e  f lo w  

ra te  and m a i n t a i n in g  th e  t e m p e r a tu r e  a t  400°C t h e  e f f e c t  o f  

a lo n g er  t im e  o f  i n t e r a c t i o n  o f  th e  l a b e l l e d  h y d ro g e n  s lu g  

with th e  c a t a l y s t  c o u ld  be o b s e r v e d .  The p r e s e n c e  o f  more 

exchange a t  t h e  s lo w e r  f lo w  r a t e  v/ould im p ly  in c o m p le te  

equ ilib rium  a t  t h e  h i g h e r  f lo w  r a t e .

The c a t a l y s t  u s e d  was 0 .5 g  o f  5 ^ N i/A lo0_ and F ig .  2 6  

ahov/s t h e  p l o t  o f  e lu a n t  g a s  a c t i v i t y  a g a i n s t  i n j e c t i o n  

number, w h i le  t h e  s t r a i g h t  l i n e  g rap h  o f  t h e  log function i s  

shown i n  F ig .  27. The amount o f  e x c h a n g e a b le  h y d ro g en  was 

•Lound to  be 4 . 9 ml and was c o m p a rab le  to  t h a t  c a l c u l a t e d  from 

r e s u l t s  o f  t h e  e x p e r im e n t  a t  tv / ic e  t h e  f lo w  r a t e  ( 4 . 4m l) .
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( iv )  The e f f e c t  o f  t e m p e r a tu r e  on t h e  f low  exchange 

r e a c t i o n .

I n  a  f u r t h e r  s e r i e s  o f  f lo w  exchange  e x p e r im e n ts  t h e  tem­

p e ra tu re  o f  t h e  a lu m in a  c a t a l y s t s  was v a r i e d .  The r e s u l t s  

a lready  p r e s e n t e d  f o r  s i l i c a  and a lu m in a  c a t a l y s t s  were o b t a i n e d  

at a t e m p e r a tu r e  o f  400°C. However, t h e  exchange a c t i v i t y  

of th e  hy d rogen  a s s o c i a t e d  w i th  each c a t a l y s t  may v a ry  in d e p ­

endently w i th  t e m p e r a t u r e .  To i n v e s t i g a t e  t h i s ,  exchange 

re a c t io n s  were c a r r i e d  o u t  w i th  t h e  a lu m in a  c a t a l y s t s  a t  t h e  

fo llow ing t e m p e r a t u r e s ;  20°C, 150°C, 250°C and 400°C. The 

c a ta ly s t  was f i r s t  re d u c e d  o v e r n i g h t  a t  400°C and i n j e c t i o n s  

of l a b e l l e d  h y d ro g en  s t a r t e d  a t  t h i s  t e m p e r a tu r e .  The c a t a l y s t  

was th en  re d u c e d  o n c e  a g a in  a t  400°C f o r  2 h o u rs  and a  f u r t h e r  

se r ie s  o f  i n j e c t i o n s  o f  t r i t i a t e d  h y d ro g en  made a t  400°C, Tn 

th is  way t h e  r e p r o d u c i b i l i t y  o f  t h e  r e d u c t i o n  p r o c e d u r e  was 

examined. A f t e r  a  f u r t h e r  r e d u c t i o n  o f  th e  c a t a l y s t  a t  400°C 

to r  2 h o u rs  t h e  t e m p e r a tu r e  was lo w e re d  to  250°C and t h e  

exchange r e a c t i o n  r e p e a t e d  a t  t h i s  t e m p e r a tu r e ,  t h e n  a t  150°C , 

end f i n a l l y  room t e m p e r a t u r e .  Between each s e r i e s  o f  i n ­

jec tio n s  t h e  c a t a l y s t  v/as r e d u c e d  f o r  2 h o u r s  a t  400°C i n  a  

cfcream o f  h y d ro g en  and  th r o u g h o u t  t h e  e x p e r im e n ts  f r e q u e n t  

c a l ib r a t io n  i n j e c t i o n s  were made.

As an i l l u s t r a t i o n  o f  t h e  r e s u l t s ,  t h e  d a t a  o b t a in e d
m

with th e  5j’v'N'i/Alo0„ c a t a l y s t  a r e  p r e s e n t e d  in  T a b le  5. A.s
*

before, t h e  a c t i v i t y  o f  t h e  e l u a n t  h y d ro g en  v/as p l o t t e d
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TABT.E ■ 5

5?5 N i/A l20 3

400°C.
in fec tion  No. E lu a n t  c o u n t C o r r e c te d  Count HT (ml). I,og F u n c t io n

1 2 5 6 8 1433 ' 0 . 0 2 6 - 0 . 0 1 1
2 79 47 6709 0 . 1 2 -0 .0 5 6
3 14079 12841 0 .2 3 - 0 .1 1 4
4' 20073 18835 0 .3 4 - 0 .1 8 0
5 25392 24154 0 . 44 - 0 . 2 4 8 -
6 20929 28691 0 .5 2 - 0 .3 1 6
r-7/ 33523 32285 0 .5 8 - 0 .3 7 8

• 6 37521 36283 0 .6 5 - 0 .4 6 0
o 40146 38908 0 .7 0 - 0 .5 2 4

1 0 42272 41034 0 .7 4 - 0 .5 8 4
1 1  ‘ 45093 43855 0 .7 9 - 0 .6 7 8
1 2 47450 46212 0 .8 3 -0 .7 7 6
13 46142 46904 0 .8 5 - 0 . 8 0 °
14 40885 48647 0 . 8 8 -0 .9 0 6
13 5 0 8 1 8 49580 0 .6 9 - O . ^ l
1 6 32041 50803 0 .9 2 - 1 .0 7 1
17 3 27 38 31500 0 . ° 3 - 1 .1 4 1

Catalyst reduced f o r  2 hours.
a t  400°C, 

Injection No. E lu a n t  count C o r r e c t e d  Count HT (ml). l o g  F u n c t io n
400 C.

1 8254 7222 0 .1 3 0 - 0 . 0 6 1
2 1 4 1 6 6 12928 0 .2 3 - 0 .1 1 5
3 2048 3 19245 0 . 35 - 0 .1 8 5
4 24414 23176 0 .4 2 - 0 .2 3 5
3 26189 26931 0 .4 9 - 0 .2 8 9
ro 31831 30613 0 .5 5 - 0 .  348
n
i 84031 32793 0 .5 0 —0 . ' 8 8
o 838 40 94630 0 . 6 2 -C .42 5
o 40437 38199 0 .7 1 - 0 .506

1 0 42977 41739 0 .7 5 - 0 .605
1 1 44831 43561 0 .7 8 - 0 .6 6 7
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TABLE

Catalyst red u c ed  f o r  2 h o u r s

Injection ' I\To, E lu a n t  Count
250°C.

1 2063
2 6302
3 12518
4 19023
5 26104
6 32135
7 38180
8 42190
9. 45094

10 40  586
11 52746
12 53925
13 57190
14 59790
15 6 0  470
16 • 64155
17 64677
16 65338
19 6 7993

Catalyst red u c ed . a t  400°C f o r

In jec tion  No. E lu a n t  Count
150°C

1 6131
2 11508
3 14947
4 25200
9 2° 58 3 -
6 29 499
7 37601Clo 41010
o 46073

10 47213
11 50759
12 52418
13 54307
14 56381
15 57012
16 57960
17 57751

5 CONTI),

i t  400°C.

C o r r e c te d  Count ST (ml) Bog Functi<

1689 0 .0 2 0 -G .u09
5928 0 .0 7 0 - 0 .0 3 1

12144 0 .1 4 - .0 .061
18648 0 .2 2 - 0 .1 0 7
25696 • 0 . 30 - 0 .1 5 6
31745 0 . 37 - 0 .2 0 3
37 7 7 2 0 .4 4 - 0 .2 5 5
41782 0 .4 9 - 0 .2 9 3  .
44686 0 .5 3 - 0 .3 2 3
49178 0 .5 8 - 0 .3 7 4 '
52338 0 .6 2 - 0 . 4 1 4
53517 0 .7 1 - 0 .5 3 7
56728 0 .7 5 - 0 .6 0 7
59382 0 .7 9 - 0 . 6 7 4
60062 0 .8 0 - 0 .6 9 2
6 3747 0 .8 5 - 0 .8 1 2
64252 0 .8 5 - 0 .8 3 1
64n13 0 .8 6 - r O . 8 5 8

67568 0 .9 0 - 0 .9 8 5

2 h o u r s .

C o r r e c te d  Count IIT(ml) Log Functi<

5761 0 .0 S 3 - 0 .0 3 8
11138 0 .1 6 - 0 .0 7 6
14577 0 .2 1 - 0 .1 0 2
24830 0 . 3 6 - 0 .1 ^ 2
2° 213 0 .4 2 - 0 . 2 3 6
29129 0 .4 2 - 0 .2 3 5
37531 0 .5 4 - 0 .3 3 6
40640 0 .5 8 - 0 .3 8 0
45703 0 .6 6 - 0 .4 7 4
46843 0 .6 7 - 0 .4 8 5
50389 0 .7 2 - 0 .5 5 8
52048 0 .7 5 - 0 .5 9 7
539 37 0 .7 7 - 0  • 6 4 6
56011 0 .8 0 - 0 .7 0 8
56642 0 .8 1 - 0 .7 2 8
57590 0 .8 3 - 0 .7 6 1
57381 0 .8 2 - 0 .7 5 4



TABLE 5 CONTD.

Catalyst re d u c e d  a t  400°C f o r  2 h o u r s .

Co r r e c t  ed Count ET(ml)Injection No. E lu a n t  Count 
20°C.

1 4C070
2 55070
3 . 59712
4 64785
5 66444
6 61 °  33
7 7 6 0  9 9
S 77129
9 . 77869

10 79876
11 78160
12 78100
13 81743

3' '684 0 .4 6 5
54649 0 .6 4 1
59291 0 .6 9 5
64362 0 .7 5 5
66023 0 .7 7 4
6 1 5 1 2 0 .7 2 1
76578 0 . 8 C,8
76708 0 .9 0 0
77448 0 .9 0 8
79455 0 .9  32
77739 0 .9 1 2
77679 0 .9 1 1
81322 0 . ^ 5 4

Log F u n c t io n

- 0 .2 7 2
- 0 . 445 
- 0 .5 1 6  
- 0 .6 1 0  
- 0 . 6  46 
-0 .5 5 5  
- 0 . °92  
- 0 . °98  
- 1 .0 3 8  
- 1 . 1 6 6  
- 1 . 0 5 4  
- 1 .0 5 1  
- 1 . 335
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a g a in s t  t h e  i n j e c t i o n  number. I n  F ig 0 28 th e  s e t  o f  r e s u l t s  

ob ta ined  a t  400°C a f t e r  o v e r n i g h t  r e d u c t i o n ,  and a f t e r  a  

f u r th e r  2 h o u r  r e d u c t i o n  a r e  compared. S l i g h t l y  lo w e r  

exchange was found  w i th  th e  c a t a l y s t  a f t e r  t h e  secon d  and 

sh o r te r  r e d u c t i o n .

The v a r i e t y  o f  exchange  p a t t e r n s  w i th  th e  S ^ N i/A ^ O ^  

c a t a ly s t  a t  t h e  f o u r  r e a c t i o n  t e m p e r a tu r e s  i s  shown i n  F ig .  29. 

By a p p ly in g  th e  e x p o n e n t i a l  t r e a tm e n t  to  t h e s e  r e s u l t s  s t r a i g h t  

l in e  p l o t s  were a g a in  o b ta in e d  ( s e e  F ig .  30). A maximum 

value (8 .3 m l)  o f  e x c h a n g e a b le  h yd rog en  f o r  t h e  5# c a t a l y s t  

was. found a t  250°C and th e  minimum exchange  was o b s e rv e d  a t  

room te m p e r a tu r e  ( 3 .5 m l ) .

R e s u l t s  f o r  t h e  exchange  r e a c t i o n  w i th  0 .1 f 'N i /A lo0 and
^ 3

Al^O^, t r e a t e d  a s  a  c a t a l y s t ,  a r e  p l o t t e d  i n  F i g s .  31 and 32 

r e s p e c t iv e ly .  I n  each  c a s e  t h e  f i g u r e s  f o r  b o th  exchange 

re a c t io n s  a t  400°C a r e  shown. L o g a r i th m ic  p l o t s  ( s e e  F ig ,  33) 

of the  r e s u l t s  a t  400°C f o r  t h e  l a t t e r  c a t a l y s t s  y i e l d  t h e  

fo llow ing am ounts o f  e x c h a n g e a b le  h y d ro g en ;  8 .5 m l f o r  t h e  

0.1?' c a t a l y s t  and 8 .9 m l f o r  t h e  A lo0 „ .  These r e s u l t s  com pare 

favourably  w i th  t h o s e  o b t a i n e d  i n  th e  exchange  r e a c t i o n s  

conducted o n ly  a t  t h e  r e d u c t i o n  t e m p e r a tu r e .

The vo lum es o f  l a b e l l e d  h y d ro g en  r e t a i n e d  i n  t h e  f i r s t  

■̂2 i n j e c t i o n s  by t h e  a lu m in a  c a t a l y s t s  a t  t h e  d i f f e r e n t  

^change t e m p e r a t u r e s  were c a l c u l a t e d .  The amount r e t a i n e d  

wus p l o t t e d  a g a i n s t  t h e  exchange  t e m p e r a tu r e  ( s e e  F ig .  3 4 ) .
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I t  can be s e e n  t h a t  a  maximum v a lu e  i s  o b t a in e d  f o r  t h e  5?̂  

c a t a ly s t  a t  250°C, w * i le  r e t e n t i o n  by t h e  O.lf^ and Al^O^ 

c a t a l y s t s  c o n t i n u e s  to  i n c r e a s e  a s  th e  t e m p e r a tu r e  i s  r a i s e d .

Section 3 .2  The R e a c t i v i t y  o f  t h e  R e ta in e d  T r i t iu m  Towards 

E th y le n e .

C a t a l y s t s  were t r e a t e d  w i th  t r i t i u m  by Loti: t h e  s t a t i c  

and f low  m ethods o f  exchange , [ s e e  S e c t io n  2 ,1 0  ( i i i ) ] .  

I n j e c t i o n s  o f  e t h y l e n e  (0 .5 m l)  were t h e n  made o n to  t h e  c a t a l y s t  

at the  f o l lo w in g  t e m p e r a t u r e s ;  20°C, 50° C, 150°C, 250°C and 

350°C, H y d ro g e n a t io n  o f  t h e  e th y le n e  to  e th a n e  and i n c o r ­

p o ra tio n  o f  t r i t i u m  i n t o  e th y le n e  and e th a n e  were o b s e rv e d .

As t h e  t e m p e r a tu r e  o f  t h e  c a t a l y s t  was b e in g  r a i s e d ,  

peaks were som etim es o b s e rv e d  on th e  c o u n te r  r e c o r d e r  a l t h o u g h  

the ch ro m atog raph  r e c o r d e r  rem a in ed  a t  t h e  b a se  l i n e  l e v e l ,  

even when s e t  a t  t h e  h i g h e s t  s e n s i t i v i t y .  I n  t h e  f lo w  

exchange e x p e r im e n ts  u s i n g  t r i t i u m  t h e r e  was a lw ay s  a  r a p i d  

re tu rn  to  backg ro und  c o u n ts  a f t e r  an i n j e c t i o n  was made o v e r  

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

not o b se rv ed  a s  t h e  t e m p e r a tu r e  o f  th e  c a t a l y s t  was r a i s e d .

This would s u g g e s t  t h a t  t r i t i u m  l a b e l l e d  c a rb o n a c e o u s  s p e c i e s  

were b e in g  d e so rb e d  from t h e  c a t a l y s t  a f t e r  t h e  s u r f a c e  had  

heen dosed  w i th  e t h y l e n e ,  r a t h e r  th a n  t r i t i u m  l a b e l l e d  h y d ro g e n ,

( i )  The r e a c t i o n  o f  e th y l e n e  on c a t a l y s t s  t r e a t e d  by 

t h e  s t a t i c  m ethod o f  t r i t i u m  exchange.

C a t a l y s t s  s t u d i e d  were 0 .1? ' and 5? 'H i/A lo0~, and  0.1?'
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and J^Ni/SiOg# The r e s u l t s  f o r  th e  f i r s t  i n j e c t i o n  o f  

e th y len e  o n to  t h e  c a t a l y s t s  a t  each t e m p e r a tu r e  a r e  shown 

in  Table  6 .-

With t h e  5fo c a t a l y s t s  e th y le n e  and e th a n e  a p p e a re d  a t  

the lo w e r  t e m p e r a t u r e s ,  w h i le  c r a c k in g  commenced a t  250°C 

to p ro d u ce  m e th an e . The p r o d u c t io n  o f  e th a n e ,  te rm ed  t h e  

h y d ro g e n a t io n  a c t i v i t y ,  was g r e a t e r  w i th  t h e  a lu m in a  

c a t a l y s t  th a n  t h e  s i l i c a  c a t a l y s t .  Both c a t a l y s t s  showed 

maximum h y d r o g e n a t io n  a c t i v i t y  a t  250°C, t h e  t e m p e r a t u r e  a t  

which m ethane  a p p e a re d .  The N i /A lo0 ,  c a t a l y s t  a l s o  showed a  

h ig her  c r a c k in g  a c t i v i t y .

The exchange o f  e th y l e n e  w ith  t r i t i u m , c a l l e d  t h e  

exchange a c t i v i t y ,  was n o t  s i g n i f i c a n t  a l th o u g h  i n c o r p o r a t i o n  

of t r i t i u m  i n t o  e th a n e  was g r e a t e r  w i th  th e  a lu m in a - s u p p o r te d  

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

E th y le n e  i n j e c t i o n s  o n to  O.lf.' c a t a l y s t s  p ro d u ce d  no 

h y d ro g en a tio n  a c t i v i t y  and no c r a c k in g  a c t i v i t y .  A sm a ll  

anount o f  e th y le n e  exchange was o b s e rv e d  a t  t h e  h i g h e r  tem ­

p e ra tu r e s .  i t  would a p p e a r  t h a t  t h e  m e ta l  c o n c e n t r a t i o n  h a s  

& g r e a t e r  e f f e c t  on t h e  h y d r o g e n a t io n  and c r a c k i n g  a c t i v i t y  

than i t  does  on t h e  exchange  a c t i v i t y .

( i i )  The r e a c t i o n  o f  e th y l e n e  on c a t a l y s t s  t r e a t e d  by 

t h e  f lo w  m ethod o f  t r i t i u m  exchange .

A120 3 , O .l^N l/A lg O  , '5?*’N i /A l20 5 , 0.1f5ATi / S i 0 2> 5 ^ N i /S i0 2>

Ni/P and Ni pow der c a t a l y s t s  were u s e d .

o
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A p ro c e d u re  s i m i l a r  to  t h a t  above  was a d o p te d  i n  t h e s e  

ex p er im en ts .  I n j e c t i o n s  o f  e th y le n e  (0 .5 m l)  were made o n to  

the  c a t a l y s t s  o v e r  t h e  same ra n g e  o f  t e m p e r a tu r e  a f t e r  a  t r i t ­

ium f low  exchange  e x p e r im e n t  had  been  co m p le ted  a t  400°C.

The c a t a l y s t s  v/ere th e n  c o o le d  to  room te m p e r a tu r e  and i n  t h e  

case o f  t h e  5$ c a t a l y s t s  4 i n j e c t i o n s  o f  e th y l e n e  were made 

a t  each t e m p e r a t u r e .  The r e s u l t s  f o r  t h e  a lu m in a  and s i l i c a -  

sup po rted  c a t a l y s t s  a r e  shown i n  T a b le s  7 and 8 r e s p e c t i v e l y .

The h y d r o g e n a t io n  a c t i v i t y  o f  t h e  5?' c a t a l y s t s  d e c r e a s e d  

with s u c c e s s iv e  i n j e c t i o n s  a t  t h e  lo w e r  t e m p e r a tu r e s .  As 

the t e m p e ra tu re  was r a i s e d  from 20°C to  50°C t h e  p r o d u c t i o n  

of e th a n e  d im in is h e d  b u t  was r e s t o r e d  tsy r a i s i n g  t h e  c a t a l y s t  

t e m p e ra tu re  t o  150°C. At 250°C and 350°C h y d r o g e n a t io n  was 

g r e a t e r  w ith  t h e  s i l i c a  c a t a l y s t  t h a n  th e  a lu m in a  c a t a l y s t  

a lthough  t h i s  was com p ensa ted  by th e  g r e a t e r  c r a c k in g  a c t i v i t y  

of th e  l a t t e r .  S i m i l a r  p a t t e r n s  h ad  been o b s e rv e d  w i th  t h e  

% c a t a l y s t s  t r e a t e d  by t h e  s t a t i c  method o f  t r i t i u m  exchange .

On b o th  i-ic  a lu m in a - s u p  p o r te d  and th e  s i l i c a - s u p p o r t e d  

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

than t h a t  o f  t h e  e th y l e n e .  The a c t i v i t y  o f  t h e  e th a n e  p r o -  

cuced was g r e a t e r  on c a t a l y s t s  s u p p o r te d  on a lu m in a  t h a n  on 

s i l i c a .  The e x t e n t  o f  e th y l e n e  r e t e n t i o n  v/as a l s o  g r e a t e r  

w!.th t h e  a lu m in a  c a t a l y s t .

o
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0 .5 g  sam p les  o f  Ni powder and t h e  a l l o y  o f  Ni and p w ere  

a ls o  t r e a t e d  w ith  t r i t i u m  by f lo w  exchange . The r e s u l t s  o f  

th e  f i r s t  e th y l e n e  i n j e c t i o n  a t  each  t e m p e r a tu r e  a r e  shown i n  

T able  9 .

The e x t e n t  o f  r e t e n t i o n  and h y d ro g e n a t io n  on t h e s e  c a t a l y s t s  

was found  to  be low . The Ni powder c a t a l y s t  e x h i b i t e d  s l i g h t  

c ra c k in g  a c t i v i t y  a t  350°6i A ltho ugh  e th y le n e  exchange  was 

g r e a t e r  w i th  t h e  N i /p  c a t a l y s t  a t  250°C, th e .  h y d r o g e n a t io n

a c t i v i t y  was l e s s  t h a n  t h a t  o f  t h e  Ni c a t a l y s t .

Se c t io n  5 . 3  E th y le n e  Exchange R e a c t io n s .

Two fo rm s o f  i s o  t o p i c a l l y  l a b e l l e d  e th y l e n e  w ere u se d  i n  

the  exchange e x p e r im e n ts :  and As b e f o r e ,  i n ­

j e c t i o n s  o f  l a b e l l e d  m a t e r i a l  were made o v e r  th e  c a t a l y s t s  

a f t e r  r e d u c t i o n ,  f i r s t  a t  room t e m p e r a tu r e ,  th e n  a t  a  ra n g e  o f  

h ig h e r  t e m p e r a t u r e s .  An i n j e c t i o n  o f  i n a c t i v e  e t h y l e n e  was 

wade a f t e r  t h e  l a b e l l i n g  p r o c e s s  a t  each t e m p e r a tu r e .  The 

p ro d u c ts  w ere s e p a r a t e d  by g a s  c h ro m a to g rap h y  and a n a ly s e d  f o r  

exchange by g a s  p r o p o r t i o n a l  c o u n t in g  o r  m ass s p e c t r o m e t r y  a s  

a p p ro p r ia te .

( i )  ( p r e a d s o r b e d )  exchange . O . l ^ N i /A ^ O - ,

^ N i /A l^ c u ,  5$Ni/SiC>2* Ni powder and N i/P  a l l o y  c a t a l y s t s  w ere  

used, P ou r  i n j e c t i o n s  o f  were made a t  each  t e m p e r a tu r e

over t h e  5# Ni c a t a l y s t s .  The r e a c t i v i t y  o f  t h e  r e t a i n e d  

X y l e n e  was s t u d i e d  by i n j e c t i n g  0 .5m l o f  i n a c t i v e  e th y le n e
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i * *

onto th e  t r e a t e d  s u r f a c e  and d e te r m in in g  t h e  r a d i o a c t i v i t y

o f  th e  p r o d u c t s .  The r e s u l t s  a r e  shown i n  T ab le  10 and 1 1 0 

The e x te n t  o f  r e t e n t i o n  w ith  s u c c e s s iv e  i n j e c t i o n s  te n d e d  to

d e c re a se  m ore r a p i d l y  a t  th e  lo w e r  t e m p e r a tu r e s .  The N i /A lo0 ,
£ j

c a t a l y s t  r e t a i n e d  more th a n  t h e  N i / S i 0 2 c a t a l y s t  and t h i s  v/as 

aga in  more e v id e n t  a t  t h e  lo w e r  t e m p e r a t u r e s .  M o le c u la r  

exchange o f  e th y l e n e  v/as n o t  o b s e rv e d  f o r  e i t h e r  c a t a l y s t  a t  

any t e m p e r a tu r e .  M ethane a p p e a re d  i n  t h e  exchange p r o d u c t s  a t  

250°C and 350°C w i th  t h e  A l20^ s u p p o r te d  c a t a l y s t  h u t  o n ly  a t  

the h i g h e r  t e m p e r a tu r e  i n  t h e  c a s e  o f  t h e  S i0 2 s u p p o r te d  Ni,

As i n  t h e  t r i t i u m  e x p e r im e n ts ,  t r a c e  am ounts o f  r a d i o a c t i v e  

sp e c ie s  were a g a in  u e so rh e d  from t h e  c a t a l y s t s  a s  t h e  tem p er­

a tu re  was i n c r e a s e d .  The q u a n t i t i e s  in v o lv e d  w ere to o  sm a ll  

to he d e t e c t e d  hy t h e  c h ro m a to g ra p h . I t  was o b s e rv e d  t h a t

d e s o rp t io n  was c o n s i d e r a b ly  g r e a t e r  from t h e  5f 'N i/A l_0_ c a t a l y s t
2 3

than i t  v/as from t h e  O .l^ N i/A l^ O ^  c a t a l y s t .  D e s o r p t io n  from 

5$N.i/Si02 was s i m i l a r  to  t h a t  from t h e  a lu m in a  c a t a l y s t  o f  t h e  

of th e  same m e ta l  c o n t e n t .  I t  would t h e r e f o r e  a p p e a r  t h a t  

th i s  e f f e c t  i s  more d ep en d e n t  on t h e  m e ta l  c o n c e n t r a t i o n  t h a n  

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

There  i s ,  t h e r e f o r e ,  no e th y l e n e  r e t a i n e d  on t h e  c a t a l y s t  

su rface  i n  a  form t h a t  w i l l  u n d e rg o  s im p le  m o le c u la r  exchange . 

Carbonaceous s p e o i e s  a r e ,  how ever removed a s  t h e  t e m p e r a tu r e  i s  

.raised an d , f u r t h e r m o r e ,  a t  h i g h e r  t e m p e r a t u r e s  s u r f a c e  s p e c i e s
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ap p ea r  a s  p a r t  o f  t h e  m ethane  f r a c t i o n  from  e th y l e n e  c r a c k i n g .

The r e s u l t s  o f  t h e  exchange r e a c t i o n  on  t h e  Ni powder and 

Ni-P a l l o y  c a t a l y s t s  a r e  shown i n  T a b le s  12 and 13 .

The Ni powder c a t a l y s t  showed h y d r o g e n a t io n  a c t i v i t y  a t  

th e  h i g h e r  t e m p e r a t u r e s  an d , to  a  l e s s e r  d e g re e ,  some c r a c k in g  

a c t i v i t y .  Only t r a c e s  o f  e th a n e  were o b s e rv e d  w i th  t h e  N i /P  

c a t a l y s t ,  M o le c u la r  e th y l e n e  exchange was fo u n d , how ever, on 

the  N i/P  c a t a l y s t  a t  room te m p e r a tu r e .  I t  a p p e a r s  t h a t ,  i n  

some way, t h e  p r e s e n c e  o f  p h o sp h o ru s  p o i s o n s  t h e  n i c k e l  to w a rd s  

h y d ro g e n a t io n  o r  c r a c k i n g  b u t  d o e s  n o t  p r o h i b i t  t h e  exchange  

r e a c t io n .

( i i )  C2 ^ 4 / C2'D4  ( p r e a d s o r b e d )  exchange on 5 ^ N i/A l2 0^  

5$ N i / S i 0 2  Ni pow der.

The e x p e r im e n ta l  p ro c e d u r e  u s e d  was s i m i l a r  t o  t h e  r a d i o -  

ch em ica lly  l a b e l l e d  e th y l e n e  exchange  r e a c t i o n  d i s c u s s e d  i n  t h e  

l a s t  s e c t i o n .  The g a s  p r o p o r t i o n a l  c o u n t e r  was n o t ,  o f  c o u r s e ,  

used i n  t h e s e  e x p e r im e n ts  and was r e p l a c e d  by a  s e r i e s  o f  t h r e e  

c a p i l l a r y  U - tu b e  t r a x ;  ' in to  which p r o d u c t s  from t h e  * l i g h t 1 

e th y len e  i n j e c t i o n s  o n to  th e  p r e t r e a t e d  c a t a l y s t s  c o u ld  be
i

condensed u s i n g  l i q u i d  n i t r o g e n .  Once a g a i n ,  r e a c t i o n s  w ere  

s tu d ied  a t  f i v e  t e m p e r a t u r e s , t h e  seq u en c e  o f  i n j e c t i o n s  b e in g  

four d o se s  ( 0 .5 m l)  o f  C2 D4  f o l lo w e d  by one  o f  C^H ( 0 .5 m l ) .

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

with th o s e  employed i n  t h e  ^ 2^  A ( Pr e a ^ s o r ^ e(^ ) / ^ 2 ^ 4  c h a n g e ’•
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i i *

x e a c t io n  t h e  p r o d u c t s  from t h e  p r e t r e a t m e n t  i n j e c t i o n s

were a n a ly s e d  and  compared w i th  t h o s e  o b ta in e d  i n  t h e  r a d i o ­

chem ical p r e t r e a t m e n t  w i th  Very s i m i l a r  r e s u l t s  w ere

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

from t h e  i n j e c t i o n s  o n to  I ^ N i /A ^ O ^  i s  shown i n  T a b le  14 .

D epending on a v a i l a b i l i t y  o f  t h e  i n s t r u m e n t s ,  e i t h e r  an  

A. E. I .  'M .S. 1 0 f o r  'M .S. 12* was u s e d  to  a n a l y s e  t h e  p r o d u c t s  

of t h e  • l i g h t 1 e th y l e n e  i n j e c t i o n s .  Tn each c a s e  an e l e c t r o n  

energy o f  15ev  was u s e d .  With t h i s  low  en e rg y  o n ly  two o r  

th re e  f ra g m e n t  i o n s  were fo rm ed  and s u b s e q u e n t  c a l c u l a t i o n s  

were made r e l a t i v e l y  s im p le .  p r o d u c t  compounds were d i s t i n g u i s h ­

ab le  by t h e  d i f f e r e n t  f ra g m e n t  i o n s  to  which th e y  gave  r i s e  and 

i t  i s  t h e r e f o r e  n e c e s s a r y  to  e s t im a t e  and s u b t r a c t  from t h e  

observed  t o t a l  i o n  c u r r e n t  a t  each  m ass th e  c o n t r i b u t i o n s  o f  a l l  

fragm ent i o n s  t o  t h a t  m ass ,  i n  o r d e r  to  d e r i v e  t h e  c o n t r i b u t i o n  

of t h e  p a r e n t  i o n .  The m ass sp ec trum  o f  each  i n d i v i d u a l  s p e c i e s  

was n o t  known b u t  was o b t a i n e d  by p u r e l y  s t a t i s t i c a l  r e a s o n i n g .

Thia m ethod ig n o r e d  th e  d i f f e r e n c e s  which e x i s t  be tw een  th e  

v a r io u s  ico rn e rs  o f  a  p a r t i c u l a r  m ass and made t h e  a p p ro x im a t io n  

th a t  t h e  rem oval o f  a  h y d ro g en  atom and a  d e u te r iu m  atom was 

sq u a lly  easy  and t h a t  t h e  p r o b a b i l i t y  o f  l o s s  was n o t  d epend­

ent on i s o t o p i c  c o m p o s i t io n .  T h is  m odel p ro v ed  s a t i s f a c t o r y  

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

the l i g h t e s t  p a r e n t  i o n  com pared f a v o u r a b ly  w i th  t h o s e  o b s e r v e d .
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7/ith e th y le n e  sam ples  i o n  c u r r e n t s  were c a l c u l a t e d  a t  m asses  

26 and 27 and w i th  e th a n e s  a t  m asse s  28 and 29« The "break­

down p a t t e r n  o f  r e s e r v o i r  C2H^, ^ 2 ^ 4  and C2Hg was m easu red  

w ith  each l o t  o f  sam p les  so t h a t  a c c u r a t e  f r a g m e n ta t i o n  

f a c t o r s  c o u ld  be a p p l i e d  to  th e  c o m p u ta t io n  o f  t h e  p a r e n t  i o n  

c u r r e n t s .  The p r e s e n c e  o f  n a t u r a l l y  o c c u r r i n g  *^C i n  t h e  

h y d ro c a rb o n s  was a l s o  t a k e n  i n t o  a c c o u n t  i n  t h e  c a l c u l a t i o n s .

S e t s  o f  e q u a t io n s  were u s e d  to  c a l c u l a t e  p a r e n t  io n  

c u r r e n t s  from t h e  m easu red  i o n  i n t e n s i t i e s  o f  t h e  e th y l e n e  

and e th a n e  p r o d u c t s  o f  th e  C2 i n j e c t i o n .  T hese  e q u a t io n s  

a r e  d e r iv e d  i n  A ppendix  I I ,

F o r  t h e  e t h y l e n e s ,

I o n  Mass M easured  I o n  I n t e n s i t y  p a r e n t  Io n  
( C o r r e c t e d  F o r  ^ C )

32 A a

31 B b

30 C c

29 D d

28 E 0

27 0

26 H

th e n  a =  A 

b «■ E

c «  C -  f^ (  0 . 25"b4- a) 

d -  D -  f!(0.75To + 0 .5 o )

e *  e -  f ^ ( 0 . 5c-** 0*75d) -  f 2( a +  0 . 5"b + -0 .17c)
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G — fq(e-t*0*25d)-+ f 2 ( 0 *5 d - f 0 #6 7 c + 0 . 5 h)

H =  f 2( e + O .id - t -  0 ,1 7 c )
+ ^

where h e ig h t  o f  C2 H3  / h e i g h t  o f  0 2R and f 2 =  h e i g h t
T*

o f  C ^I*  / h e i g h t  o f  C2 H^.

F o r  t h e  e th a n e s ,

I o n  H ass 

56

M easured  I o n  I n t e n s i t y  
( C o r r e c t e d  F o r  l^C )

A

p a r e n t

55 B h

54 C c

55 I) d

52 E e

51 G g

• 50 II h

29 J

28 K

t h e  e q u a t io n s  a r e '

56 a  *  A

55 h — B

54 C — c -  f 1 ( a + - l /6 'b )

55 d*=  D -  f x ( 5 / 6 b  +  l / 3 c )

52 e = E  -  f x ( 2 / 3 c +  l / 2 d )  - f 2( a +  X /3b +  l A 5 c )

51 g =  G -  d d A d + 2 / 3 e )  - f 2( 2/ 3 b  +  8 A 5 c  l / 5 d )

50 h =  H -  f x ( l / 3 e  +  5 /6 g )  - f 2( 3 /5 c  +  3 / 5 d + 2 / 5 e )

29 j =  f x d / 6 g - + - i i ) - * - £ 2 ( i / 5 a + 8 A 5 e - t - 4 /6 g )

28 K — f 2( l  A 5  e -*• 2 /6 g  + h )
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where f y =  h e i g h t  o f  0211^*"/ h e i g h t  o f  £>2^61 f g *  h e i g h t  

o f  C2H4  / h e i g h t  o f  CgH^.

The f r a g m e n ta t i o n  r a t i o s ,  f o r  e th y l e n e ,  f-^ and f 2 , were 

a lm o s t  i d e n t i c a l  a t  0 .1 7  and 0 .1 8  r e s p e c t i v e l y .  The r a t i o s  

f o r  t h e  e th a n e s  were fo und  to  he 0 .5  and 2 .5 6  r e s p e c t i v e l y .  

E thane  i s  a  s p e c i a l  c a s e  i n  t h a t  t h e  p r o c e s s

c 2h6  > c 2 h 4  +  V  e~
i s  p a r t i c u l a r l y  f a v o u r e d ,  t h e  a p p e a ra n c e  p o t e n t i a l  o f  

(12 .7eY ) b e in g  o n ly  v e ry  s l i g h t l y  g r e a t e r  t h a n  t h e  i o n i s a t i o n  

p o t e n t i a l  o f  e th a n e  (1 1 .6 e V ) .

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

i n to  a  p e r c e n t a g e  c o m p o s i t io n  and from t h e s e  v a l u e s  t h e  mean 

number o f  d e u te r iu m  a tom s p e r  e th y l e n e  m o le c u le  -  t h e  d e u te r iu m  

number -  was d e r iv e d .  The f u l l y  d e u t e r a t e d  e th y l e n e  u s e d  i n  

th e  e x p e r im e n ts  was known to  c o n t a i n  4$  o f  ( i . e .  a

d eu te r iu m  num ber o f  5*96) and c o n s e q u e n t ly  t h e  p r o d u c t s  from 

th e  1l i g h t *  e th y l e n e  i n j e c t i o n s  c o n ta in e d  l e s s  d e u te r iu m  th a n  

i f  t h i s  im p u r i t y  had  been  a b s e n t .  The a p p r o p r i a t e  c o r r e c t i o n  

v/as made t o  t h e  a p p a r e n t  d e u te r iu m  num bers .

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

S ^K i/A ^O ^i 5 ^ N i/S i0 2  and Ni powder a r e  shown i n  T a b le s  1 4 , 15 

and 16 . The p r o d u c t s  o f  t h e  p r e t r e a t m e n t  i n j e c t i o n s  o f  

onto t h e  N i/A lgO^ c a t a l y s t  a r e  i n c l u d e d  i n  T a b le  14#
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With t h e  5fo K i/A lpO - c a t a l y s t ,  d e u te r iu m  i n c o r p o r a t i o n  

in to  t h e  1l i g h t 1 e th y le n e  was fou nd  a t  th e  lo w e r  t e m p e r a t u r e s .

A h i g h e r  d e u te r iu m  c o n te n t  was o b s e rv e d  i n  t h e  e th a n e s  p ro d u ced  

a t  th e  h i g h e r  t e m p e r a t u r e s ,  A s i m i l a r  p a t t e r n  was o b s e rv e d  

with t h e  5f^Ti /S iO p  c a t a l y s t  a l th o u g h  th e  d e u te r iu m  num bers were 

low er, A p a r t  from a  s l i g h t  i n c o r p o r a t i o n  o f  d e u te r iu m  i n t o  

e th y le n e  a t  250°C th e  n i c b c l  powder c a t a l y s t  p ro d u ced  no exchange. 

At every  t e m p e r a tu r e  t h e  s u p p o r te d  m e ta l  c a t a l y s t s  p re d o m in a n t ly  

y ie ld e d  th e  mo n o - d e u t  c r a t e d  p r o d u c t .  T h is  i s  i l l u s t r a t e d  i n  

Table 17 .

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

in  c o n ju n c t io n  w i th  t h e  r e s u l t s  o f  t h e  ( p r e a d s o r b e d ) /

^2^4 exchange  r e a c t i o n s  ( se e  s e c t i o n  3 # 3 ( i ) l#  F o r  t h e  same 

th ree  c a t a l y s t s  l a b e l l e d  c a rb o n  a tom s were n o t  o b se rv e d  i n  t h e  

p ro d u c ts  o f  t h e  i n j e c t i o n s  o t h e r  th a n  i n  t h e  forra o f

methane. E th y le n e  and e th a n e  p r o d u c t s  o f  t h e  i n 3 a c t i o n s

co n ta in e d  none o f  t h e  a c t i v i t y  o f  t h e  s u r f a c e  c a rb o n  a tom s o v e r  

the e n t i r e  t e m p e r a tu r e  r a n g e .  By l a b e l l i n g  t h e  1 h y d ro g en  p a r t*  

of th e  e th y l e n e  m o le c u le  w i th  d e u te r iu m  i t  h a s  been  shown t h a t  

over t h e  same t e m p e r a tu r e  r a n g e  and u n d e r  r e p r o d u c i b l e  c a t a l y t i c  

c o n d i t io n s  t h e  same f a c t o r s  which g o v e rn  exchange  do n o t  a p p ly  

■fco b o th  p a r t s  o f  t h e  e th y le n e  m o le c u le ,

.Section ^*4. The R e a c t io n  o f  Carbon Monoxide w i th  t h e  C a t a l y s t s .

I n j e c t i o n s  o f  c a rb o n  m onoxide (0 ,4 5 m l)  w ere  made o v e r  

each o f  t h e  c a t a l y s t s ,  p r e v i o u s l y  s t u d i e d .  The same w e ig h t  ( 0 .5 g )
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o f  each  c a t a l y s t  ^ N i / A l ^ O - ,  0 .1 £ N i /A l?0~ , A l2°  , 5?5Ni/Si02 

0 .1 fSN i/S i02 , S1 O2 » Ni powder and N i / ?  a l l o y  v/as u s e d .  A f t e r  

th e  no rm al r e d u c t i o n  p rocedu re , i n j e c t i o n s  o f  CO v/ere made o v e r  

th e  c a t a l y s t s  a t  20°C u n t i l  no f u r t h e r  r e t e n t i o n  v/as o b s e r v e d ,  

a f t e r  w hich  th e  c a t a l y s t  v/as r a i s e d  to  150°C and t h e  p r o c e s s  

r e p e a l e d .  The q u a n t i t y  o f  CO r e t a i n e d  "by t h e  c a t a l y s t  v/as 

c a l c u l a t e d  from t h e  d i f f e r e n c e  i n  c h ro m a to g ra p h ic  c o u n ts  be tw een  

a c a l i b r a t i o n  i n j e c t i o n  and an i n j e c t i o n  o v e r ,  t h e  c a t a l y s t .

The r e s u l t s  a r e  shown i n  t a b l e  16 which a l s o  g iv e  3 t h e  

r a t i o  o f  t h e  t o t a l  number o f  CO m o le c u le s  r e t a i n e d  a t  20°C t o  

th e  t o t a l  number o f  Ni a tom s p r e s e n t .

I n j e c t i o n s  o f  CO v/ere a l s o  made o v e r  t h e  c a t a l y s t  a t  250°C 

and 350°C, At t h e s e  t e m p e r a tu r e s  t h e  5 ^ N i/A l20 ^ ,  5?~Ni/Si02 

and Ni powder c a t a l y s t s  p ro d u ce d  a  p ro d u o t  a l u a n t  m ix tu r e  o f  

carbon  m onoxide end ca rb o n  d io x id e .  The p r o d u c t i o n  o f  c a rb o n  

d io x id e  i n c r e a s e d  i n  t h e  f o l lo w in g  c a t a l y s t  o r d e r ;  Ni pow der, 

5 ^ N i/S i0 2 and 5 £ N i/A l20 y  The d i s p r o p o r t i o n a t i o n  v/as a l s o  

found t o  be  g r e a t e r  a t  t h e  h i g h e r  t e m p e r a tu r e .
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TAl’T'E 17

P e rc e n ta g e  D is t i - j . 'cu t io n  o f  J c n t e r a t o d  p r o d u c t s  f r o n  t h e R e a c t io n

5^Ki/Al 0 
2  3

5^Ki/SiO„

ip(°C)
p r o d u c t d6 d 5 d4 S

d
2 dl d

0

20
C2X4 - - - - 3 .3 1 4 .2 8 2 .5

50
C2X4

- - - - - 1 7 .7 8 2 .3

150 ° 2 X6 - - - - . 8 .7 1 7 .9 7 3 .4

C2X4 - - - - 1 .3 9 .8 8 8 .9

250 C2X6 - — 5 .6 1 0 .1 22 .9 40 .5 2 0 .9

350 C2X6 -  5. 3 9 .9 1 9 .8 1 7 .4 2 2 .4 2 5 .2

20 C2X4 - - - -  - • 3 .7 9 6 .3

50 C2X4 - - - - 5. 5 94. 5

150 C2X6 - - - -  - - -

C2X4
- - - -  - 3. 5 9 o .5

250 C2X6 - - - - 1 5 .6 8 4 .4

°2 X4 - - - - 1 0 .7 8 9 .3

350 C2X6 - - -  1 7 .1 2 8 .4 54 .5
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TAEJ.E 18

The R e te n t i o n  o f  CO (m l

20° C

5£N i/A l20 3 0 .5 2

O .lfJN i/A lgO - 0 .0 5

a i 2o* 0 .0 0

5 £ N i/S i0 2 0 .2 5

0 .1 ^ N i /S i0 2 0 .0 3

SiO. 0 .0 0

Hi powder 0 .0 5

H i/P  0 .0 8

a t  760mm') by t h e  C a t a l y s t s .

150°C CO/HI a t  20°C

0 .1 2  0 .0 5 1

0 .0 0  0 .2 5

0 .0 0

0 .0 2  0 .0 2 2

0 .0 0  0 .1 5

0 .0 0

0 .0 0  0 .2 5  x 10“ 3

0 .0 0  0 .5 6  x 1 0 " 3
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CHAPTER 4 . DISCUSSION

S e c t io n  4 .1  The R e a c t io n  o f  E th y le n e  w i th  t h e  C a t a l y s t s .

I n  th e  r e a c t i o n s  o f  e th y le n e  w i th  t r i t i a t e d  c a t a l y s t s  

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

o f  n i c k e l  c a t a l y s t s  o v e r  a  ra n g e  o f  t e m p e r a t u r e s .  S ix  d i f ­

f e r e n t  n i c k e l  c a t a l y s t s  were u s e d  so t h a t  t h e  e f f e c t  o f  t h e  

c a t a l y s t  form on th e  a c t i v i t y  o f  t h e  m e ta l  c o u ld  he s t u d i e d .

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

th e  e th y le n e  i n f e c t i o n  w i l l  he c o n s id e r e d  i n  a  l a t e r  s e c t i o n .

At t e m p e r a tu r e s  below  250°C e th y le n e  and e th a n e  were t h e  

only  p r o d u c t s  foun d . C ra c k in g  o f  e th y le n e  to  m ethane  and 

h y d ro g e n a t io n  t o  e th a n e  w ere o b s e rv e d  a t  250°C and 350°C w ith  

th e  5£ c a t a l y s t s  and Ni powder. Vpith m e ta l  c o n c e n t r a t i o n s  o f  

O.lfS h y d ro c a rb o n  r e t e n t i o n  was g r e a t l y  re d u c e d  and n e i t h e r  

c ra c k in g  o r  i ry d ro g e n a t io n  was o b s e rv e d .  The a lu m in a  s u p p o r t  

was c o m p le te ly  i n e r t  e x c e p t  f o r  a  sm a ll  amount o f  e th y l e n e  

r e t e n t i o n .

The p r o d u c t i o n  o f  a lk a n e s  v/as a lw ay s  accom panied  by o l e f i n  

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

r e l a t i v e l y  h ig h  a lk a n e  y i e l d  w h i le  l i t t l e  o r  no a lk a n e  p r o d u c t s  

were found  when h y d ro c a rb o n  r e t e n t i o n  was low .

At t h e  lo w e r  t e m p e r a tu r e s  a lk a n e  y i e l d  and r e t e n t i o n  from 

the  f i r s t  i n j e c t i o n  was g r e a t e r  th $ n  f o r  su b s e q u e n t  i n j e c t i o n s .  

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  r e a c h e d  250°C and 350°C,



103

how ever, h y d ro c a rb o n  r e t e n t i o n  and  t h e  y i e l d s  o f  e th a n e  and 

m ethane  te n d e d  to  rem a in  c o n s t a n t .

T hese  r e s u l t s  would s u r e s t  t h a t ,  a t  t h e  lo w e r  te m p e r ­

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

a c t iv i ty .  I f  t h e  p a r t i c . u  a t i o n  o f  h y d rog en  a s s o c i a t e d  w ith  

th e  c a t a l y s t s  a f t e r  r e d u c t i o n  i s  ig n o r e d  ( u n t i l  d i s c u s s e d  l a t e r  

w ith  t h e  t r i t i u m  r e s u l t s )  t h e  a d s o rb e d  s p e c i e s  may p r o v i d e  a  

so u rc e  o f  h y d ro g e n  to  y i e l d  a lk a n e .  E th y le n e  f i r s t  i s  chcm- 

i s o r b e d  d i s s o c i a t i v e l y  f r e e i n g  h y d ro g en  a tom s which re m a in  

a d so rb e d

C2H4 > C2H2( a )  +  2H(a) —  W

The a d s o rb e d  hyd ro gen  th e n  r e a c t s  e i t h e r  w i th  g a s e o u s  e th y l e n e

C2II4 +  2H( a )  > C2H6 ( 2)

o r  w i th  t h e  a d so rb e d  compie::

C2H ( a )  +  4K( a )  ► C2E6  (3 )

The r e s u l t s  o f  t h e  p r e s e n t  system  do n o t  i n d i c a t e  w h e th e r  

r e a c t i o n  (2 )  o r  r e a c t i o n  (3 )  l e a d s  to  a lk a n e  p r o d u c t i o n .

J e n k in s  and  E id e a l^ ^  h av e  shown t h a t ,  o v e r  n i c k e l  f i l m s ,  r e a c t i o n  

(2 ) p ro c e e d s  r a p i d l y  and  (3 )  o n ly  r e l a t i v e l y  s lo w ly .

The d e c r e a s e  i n  t h e  amount o f  h y d ro g e n a te d  p r o d u c t  o v e r  

a s e r i e s  o f  i n j e c t i o n s  c o r r e s p o n d s  t o  t h e  r e d u c t i o n  i n  r e a c t i v e
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s u r f a c e  a r e a  i n  b u lk  h y d r o g e n a t io n  r e a c t i o n s  when e th y l e n e ,

r a t h e r  t h a n  h y d ro g en , i s  a d m i t te d  to  t h e  c a t a l y s t  f i r s t ,
77 >B eech ' n a s  e s t im a te d  t h a t  when e th y le n e  i s  p r c a d s o r b e d  on 

n i c k e l ,  t h e  i n i t i a l  r a t e  o f  h y d r o g e n a t io n  a t  0°C i s  d e c r e a s e d  

by 6Of.'. The p r c t r e a t m e n t  o f  t h e  c a t a l y s t  w ith  o l e f i n  r e s u l t s  

i n  t h e  f o r m a t io n  o f  com plexes which p a r t i c i p a t e  i n  t h e  b u lk  

r e a c t i o n  t o  a  v a r y in g  d e g re e  d e p en d in g  on t h e  m e ta l .  Cormack 

e t  a l .  h av e  shown t h a t  i n  t h e  c a s e  o f  N i,  24f> o f  t h e  i n i t i a l l y  

a d so rb e d  e th y l e n e  was r e t a i n e d  a f t e r  h y d r o g e n a t io n ,  w h i le  t h e  

p e r c e n t a g e  r e t a i n e d  by ? t  was 6 .5 ^

The e x t e n t  o f  e th y le n e  c r a c k in g  to  m ethane  on t h e  c a t a l y s t s  

a t  350°C was found  t o  be g r e a t e s t  w i th  Lac 5f$ N i /A lo0 ,  and 5$ 

N i / S i 0 2 c a t a l y s t s .  No e v id e n c e  o f  m ethane  f o r m a t io n  was 

found  w i th  t h e  O.lfS c a t a l y s t s  o r  t h e  A120^  s u p p o r t .  The 

f a i r l y  c o n s t a n t  c r a c k i n g  a c t i v i t y  o f  t h e  5fS c a t a l y s t s  can  be 

a t t r i b u t e d  to  t h e  e x t e n s i v e  d i s s o c i a t i o n  o f  t h e  e th y l e n e  m ole ­

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

XL o r  fl------- C.
/ ' \  / i \  /  \

Ni. Ni Ni l . i  Ni Ni Ni Ni

The e x p o su re  o f  n i c k e l  c r y s t a l s  t o  e th y le n e  a t  h ig h  

t e m p e r a tu r e s  i s  known to  r e s u l t  i n  c a rb o n  d e p o s i t i o n . ^9

More s e l f  h y d r o g e n a t io n ,  b u t  l e s s  c r a c k i n g ,  was o b s e rv e d  

w ith  5 $ N i /S i0 2 th a n  t h e  5f^Ni/Al20^ c a t a l y s t .  Morrow and



s e l f  h y d r o g e n a t io n  o f  e th y le n e  t a k e s  p l a c e  p t  150°C. At 

t h i s  t e m p e r a tu r e  t h e  i n f r a .—re d  spectrum  o f  th e  a d s o rb e d  s p e c i e s  

was e x tre m e ly  weilc a l th o u g h  a d d i t i o n  o f  h y d ro g en  l e d  to  i n t e n s e  

bands. They c o n c lu d ed  t h a t  a  h y d rogen  d e f i c i e n t  s u r f a c e  

c a r b id e  was fom ied  on t h e  n i c k e l .

Altiiam aad  7/ebb^-*- found t h a t  e th y l e n e  c r a c k in g  o n ly  

becomes arp r e c i a b l e  on 5 ^ ? t / /V l90_ a t  300°C. T h is  r e s u l t  

im p l ie s  t h a t  h i g h e r  t e m p e r a tu r e s  a r e  r e q u i r e d  to  b re a k  c a rb o n  -  

carbon bonds on ? t  th a n  on Ni and t h i s  i s  c o n f irm e d  i n  Shenpard  

work. He o b se rv e d  t h a t  th e  p r o d u c t s  o f  e th y le n e  c h e m is o r p t io n  

on Ni a t  -78°C  were s i m i l a r  to  t h o s e  on P t  a t  4 -?5°C  and t h a t  

the  same p r o d u c t s  a r e  found  to  o c c u r  on b o th  m e t a l s  b u t  o v e r  

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

U s in g  t h e  t e c h n iq u e  o f  m a g n e t i s a t i o n  c h a n g e s ,  Selwood8 ^ 

has shown t h a t  when e th y le n e  i s  chemi so rb e d  on n i c k c l - s i l i c a  

the  e x t e n t  o f  d i s s o c i a t i o n  i n c r e a s e s  a s  t h e  t e m p e r a tu r e  i s  

r a i s e d .  A t r e a t m e n t  o f  t h e  c a t a l y s t  w i th  f lo w in g  e th y le n e  

a t  13o°C c o n v e r t e d  t h e  n i c k e l  t o  a  n o n -m a g n e tic  c a r b i d e ,  

which l i b e r a t e d  v i r t u a l l y  p u re  m ethane  on t h e  a d d i t i o n  o f  

hydrogen.

. At t e m p e r a t u r e s  o f  250°C and 350°C t h e  r e a c t i v i t y  o f  t h e  

% c a t a l y s t s  o v e r  a  s e r i e s  o f  i n j e c t i o n s  was more c o n s t a n t  

"than a t  t h e  lo w e r  t e m p e r a t u r e s .  E x te n s iv e  c a rb o n -c a rb o n  bond 

ru p tu re  v/as e v id e n t  from t h e  l a r g e  m ethane  y i e l d s  and ' t h e
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f o rm a t io n  o f  s u r f a c e  c a r b id e  was i n d i c a t e d  by th e  l a r g e  

q u a n t i ty  e s  r e t a i n e d  by t h e  c a t a l y s t .  The r e a c t i v i t y  o f  t h e  

n i c k e l  i s  n o t  m ark ed ly  a f f e c t e d  by th e  f o r m a t io n  o f  c a r b i d e  

a s  i t  i s  by t h e  p r e s e n c e  o f  s u r f a c e  com plexes  a t  t h e  lo w e r  

t e m p e r a tu r e s .

C a rb id e  fo r m a t io n  a t  an  e l e v a t e d  t e m p e r a tu r e  h a s  a l s o  been  

o b se rv e d  i n  t h e  r e a c t i o n  o f  n i c k e l  w i th  benzene  v a p o u r .

!«?• H o fe r  e t  a l . 8 ^ h av e  shown t h a t  t h e  c a r b i d e  h a s  c o n s i d e r a b l e  

s t a b i l i t y  a t  350°C; an i n d u c t i o n  p e r i o d  o f  a p p ro x .  9  h o u r s  

p r e c e d e s  t h e  d e c o m p o s i t io n  and no d e t e c t a b l e  change  i s  o b s e rv e d  

i n  t h e  c a r b i d e  s t r u c t u r e  d u r in g  t h e  i n d u c t i o n  p e r i o d .  hov/cver
4g

i t  i s  c l e a r  from t h e  i n f r a  r e d  s t u d i e s  and th e  m a g n e t ic  m ea su re ­

m e n t s ^  t h a t  th e  a d d i t i o n  o f  h y d ro g en  can  l i b e r a t e  t h e  s u r f a c e  

carbo n  a s  m eth an e . The mechanism o f  m ethane  p r o d u c t i o n  

c o p io u s ly  o b s e rv e d  i n  t h e  p r e s e n t  work w i l l  be exam ined i n  t h e  

d i s c u s s i o n  o f  t h e  r e s u l t s  o f  e th y le n e  i n j e c t i o n s  o n to  t r i t i u m  

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

A p a r t  from s l i g h t  o l e f i n  r e t e n t i o n  a t  250°C and  350°C 

( s e e  t a b l e  7) t h e  4 - a lu m in a  s u p p o r t  v/as i n e r t  to w a rd s  i n j e c t i o n s  

o f  e th y l e n e .  However, chemi s o r p t i o n  o f  e th y l e n e  h a s  been  

o b se rv ed  by o t h e r  w o rk e rs  a t  room t e m p e r a t u r e .  J u c c h e s i  e t  

w]i0  s t u d i e d  ^ - a l u m i n a ,  o b s e rv e d  t h a t  t h e  i n t e n s i t y  o f  

th e  i n f r a  r e d  sp ec trum  o f  t h e  ch em iso rb ed  e th y le n e  i n c r e a s e d  

s low ly  o v e r  a  p e r i o d  o f  8  d a y s .  D i f f e r e n t  fo rm s o f  s u r f a o e  

s p e c ie s  v/ere o b s e rv e d  w i th  d i f f e r e n t  sa m p le s  o f  7  - a lu m in a .
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( i )  CjJg CII2  Cl-Ig (w here  S d e n o te s

S S S a  s u r f a c e  s i t e )

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

i n  t h e  p r e s e n t  work a t  t e m p e r a tu r e s  u s e d  by o t h e r  w o rk e rs  

cou ld  be  a  co n seq u e n ce  o f  t h e  r e a c t i o n  system  employed here*

Under f lo w  system  c o n d i t i o n s  . th e  t im e  o f  c o n t a c t  o f  e th y l e n e  

w ith  a lu m in a  may n o t  be l o n e  enough to  a l lo w  d e t e c t a b l e  

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

O.lfS and %  h a s  been  shown t o  enhance  t h e  a d s o r p t i o n  o f  e th y le n e  

on a lu m in a  to  t h e  e x te n t  t h a t  t h e  a d s o r p t i o n  can  be m easu red  

u n d e r  f lo w  system  c o n d i t i o n s .  The u s e  o f  s t e a d y  s t a t e  con­

d i t i o n s ,  a s  u s e d  i n  t h e  i n f r a  r e d  s t u d i e s ,  may be n e c e s s a r y  to  

a l lo w  a p p r e c i a b l e  a d s o r p t i o n  on a lu m in a  i t s e l f .

The a c t i v i t i e s  o f  t h e  Ni pov/der C a t a l y s t  , and t h e  H i / ?  

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

m eta l c a t a l y s t s  (5f^). E th an e  was o b s e rv e d  a s  a  r e a c t i o n  

p ro d u c t  a t  each  t e m p e r a tu r e  w i th  t h e  Ni c a t a l y s t ,  b u t  was 

only p ro d u ce d  i n  sm a ll  am ounts a t  250°C and 350°C when H i /p  

vra.s u s e d .  The l a t t e r  c a t a l y s t  was a l s o  i n c a p a b l e  o f  c r a c k ­

ing  e th y l e n e ,  even a t  t h e  h i g h e s t  t e m p e r a tu r e .  T h is  i s  

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

by Iv io rikaw a^  who found  t h a t  t h e  c a t a l y s t  c o u ld  p rom ote  t h e  

d e d u c t io n  o f  b e n z a ld e h y d e  to  b e n z y l  a l c o h o l  i n  good y i e l d  i n  

c o n t r a s t  to  o t h e r  re d u c e d  n i c k e l  c a t a l y s t s  w hich  g iv e  m a in ly  

to lu e n e  and b e n ze n e  u n d e r  s i m i l a r  r e a c t i o n  c o n d i t i o n s .
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S ect .ion A.?., The R e a c t io n  o f  T r i t iu m  w ith  t h e  C a t a l y s t s .

The r e s u l t s  p r e s e n t e d  i n  T ab le  4 show t h e  v a r i a t i o n  i n  

c a t a l y s t  a c t i v i t y  to w a rd s  hyd ro g en  exchange a t  t h e  r e d u c t i o n  

t e m p e r a tu r e  (4 0 0 ° C ) .  The p r e s e n c e  o f  n i c k e l  t e n d e d  t o  d e ­

c r e a s e  t h e  e a s e  o f  t h e  exchange r e a c t i o n  on Al^O^ b u t  to  

i n c r e a s e  t h e  r a t e  on SiC^.

G r e a t e r  q u a n t i t i e s  o f  e x c h a n g e a b le  h y d ro g en  were foun d  

when t h e  c a t a l y s t s  were s u b j e c t e d  t o  f lo w  exchange; t h e  s t a t i c  

method o f  l a b e l l i n g  t h e  s u r f a c e  hy d ro g en  d id  n o t  g iv e  such  a  

h ig h  s u r f a c e  a c t i v i t y  a s  a  s c r i e s  o f  i n j e c t i o n s  f lo w in g  

th ro u g h  t h e  c a t a l y s t .

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

w ith  t h e  number o f  m e ta l  a lom s p r e s e n t  i s  shown i n  T a b le  19*

An e s t i m a t e  o f  th e  t o t a l  number o f  s u r f a c e  a tom s p r e s e n t  on 

th e  s u p p o r te d  m e t a l s  h a s  been  made by d e te rm in in g  t h e  volume 

o f 'c a r b o n  m onoxide r e t a i n e d  by t h e  c a t a l y s t s .  The r a t i o  o f  

ca rb on  m onoxide m o le c u le s  a d so rb e d  to  th e  number o f  Ni a tom s 

was found  to  be l e s s  t h a n  1 .  However, t h e  number o f  t r i t i u m  

atoms r e t a i n e d  p e r  c a rb o n  m onoxide m o le c u le  adso rbed ' i s  con­

s i d e r a b l y  i n  e x c e s s  o f  u n i t y .  Q u a n t i t i e s  o f  h y d ro g en  v e ry  

much g r e a t e r  t h a n  t h o s e  r e q u i r e d  f o r  m o n o la y e r  c o v e ra g e  o f  t h e  

foetal a r e  t h e r e f o r e  r e t a i n e d  by exchange  on some o f  t h e  c a t a l y s t s  

and t h e s e  r e s u l t s  l e a d  t o  t h e  c o n c lu s io n  t h a t  some o f  t h e  

r e t a i n e d  t r i t i u m  i s  a s s o c i a t e d  w i th  t h e  s u p p o r t  r a t h e r  more
9

th an  t h e  m e t a l .
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The ex i s t a n c e  o f  h y d ro x y l  g ro u p s  on t h e  su rfo .ee  o f  

a lu m in a  and s i l i c a  h a s  "been shown by i n f r a  r e d  s p e c t r o c c o p y . ^ , ^ > 

The c o n c e n t r a t i o n s  o f  t h e  h y d ro x y l  c ro u p s  hav e  heen  e s t im a te d  

"by H a l l  e t  a l . ^ j ^ O  u s i n g  a  t e c h n iq u e  b ased  on t h e  exchange  o f  

th e  h y d ro x y l  hydrogen  w i th  d e u te r iu m  a s  t h e  t e m p e r a tu r e  i s  

s lo w ly  and c o n t in u o u s ly  i n c r e a s e d .  C o n c e n t r a t i o n  v a l u e s  o f  

4*4 x 10-^cm~2 a n d q#6 x lO^^cm"^ were o b t a i n e d  f o r  a lu m in a  

and s i l i c a  r e s p e c t i v e l y .

Prom t h e  r e t e n t i o n  m easu rem en ts  and from t h e  1ET a r e a  o f  

th e  a lu m in a  ( lO O ^^ /g )  u s e d  i n  t h e  p r e s e n t  work t h e  num ber o f  

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

c a l c u l a t e d  to  be 9«8 x lO^^cm- ^, T h is  r e s u l t  would s u g g e s t  

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

th e  a3.umina s u p p o r t .

The h y d r o x y l s ’o f  t h e  s i l i c a  ( i n  t h e  a b se n c e  o f  m e ta l )  

were n o t  so r e a d i l y  exchanged and a t  400°C no s i g n i f i c a n t  

i n c o r p o r a t i o n  o f  t r i t i u m  was o b se rv e d  o v e r  a  s e r i e s  o f  i n ­

j e c t i o n s .  T h is  i s  c o n s i s t e n t  w ith  t h e  r e s u l t s  o f  I I s l l  e t
OQ

a l .  - who o b s e rv e d  t h a t  exchange  d id  n o t  tpjee p l a c e  on t h e i r  

s i l i c a  sam p les  u n t i l  a  t e m p e r a tu r e  o f  500°C had been  r e a c h e d .  

Exchange o f  t h e  s u r f a c e  g ro u p s  o f  s i l i c a  h a s ,  how ever, been  

o b se rv ed  a t  room t e m p e r a tu r e  w i th  DgO.®® I n  a  p r e v i o u s  s tu d y s 3* 

s i m i l a r  am ounts o f  t r i t i u m  w ere r e t a i n e d  by b o th  t h e  a lu m in a  

and s i l i c a  s u p p o r t s ,  a s  w e l l  a s  p la t in u m  s u p p o r te d  c a t a l y s t s .

These r e s u l t s  w ere  o b t a i n e d ,  how ever, by a  s t a t i c  m ethod o f
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t r i t i u m  exchange and t h e  s i m i l a r i t y  i n  t h e  d a t a  t h e  p r e v i o u s  

work may h av e  been a  c o n seq u en ce  o f  t h e  r e c u r r i n g  e r r o r  which 

t h i s  t e c h n iq u e  i n t r o d u c e s ,  [ s e e  s e c t i o n  2 .1 0  ( i i i ) ]

The e a se  o f  hydrogen  o '‘change  on a lu m in a  h a s  been shown 

to  v a ry  w i th  t e m p e r a tu r e  ( s e e  P ig .  3 4 ) ,  t h e  q u a n t i t y  o f  exchange­

a b le  h y d ro g en  a v a i l a b l e  i n c r e a s i n g  s h a r p ly  to w a rd s  400°C.

T h is  i s  i n  a c c o rd a n c e  w ith  t h e  vo rk  o f  C a r t e r  ob a l . ^  whp 

found t h a t  t h e  r a t e  o f  exchange i n c r e a s e d  a s  t h e  t e m p e r a tu r e  

was r a i s e d  from 75°C to  250°C. They a l s o  o b s e rv e d  t h a t  t h e  

r a t i o  o f  01) a p p e a ra n c e  on t h e  a lu m in a  s u r f a c e  t o  Oil d i s e n n e a r -  

ance  was e s s e n t i a l l y  u n i t y ,  i n d i c a t i n g  t h a t  t h e  r e a c t i o n  w i th  

d e u te r iu m  was l i m i t e d  to  t h e  exchange , t h e r e  b e in g  no e v id e n c e  

f o r  t h e  a d d i t i o n a l  f o r m a t io n  o f  OD g ro u p s  beyond t h o s e  form ed 

by exchange .

By p l o t t i n g  t h e  p r e s e n t  exchange r e s u l t s  a s  a  l o g a r i t h m i c  

f u n c t i o n  a g a i n s t  i n j e c t i o n  num ber e s t i m a t e s  o f  t h e  amount o f  

hydrogen  c a p a b le  o f  exchange h av e  been  made. The v a l i d i t y  o f  

th e  o r i g i n a l  a s s u m p t io n  ( s e e  A ppendix I )  t h a t  t h e  q u a n ti ty -  

e lu t e d  from  t h e  c a t a l y s t  was eq u a l  t o  t h e  amount o f  h y d ro g en  

i n j e c t e d ,  i . e .  1m l, h a s  been  p ro v ed  by t h e  em ergence o f  s t r a i g h t  

l i n e  g r a p h s  f o r  m ost c a t a l y s t s ;  t h e s e  r e l a t i o n s h i p s  would 

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

had been  t a k i n g  p l a c e  on  t h e  c a t a l y s t s .

F u r t h e r  e v id e n c e  o f  t h e  exchange  o f  a lu m in a  h y d ro x y l  

g ro ups  w i th  d e u te r iu m  g a s  h a s  been p ro d u c e d  by P e r i a n d  Hannan.



These w o rk e rs ,  l i k e  C a r t e r  e t  a l , u  ̂ o b s e rv e d  t h e  e x i s t e n c e  o f  

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

he tw een 250°C and 500°C t h e  r a t e  o f  exchange o f  .hyd ro xy l 

g ro u p s  o c c u re d  a t  a c o n v e n ie n t  r a t e .

The v a r i a t i o n  i n  t h e  r a t e  o f  exchange  w i th  t e m p e r a tu r e  

i s  an i n d i c a t i o n  o f  t h e  non u n i f o r m i t y  o f  th e  alumina, s u r f a c e .  

I f  i t  can  he assum ed t h a t  t h e  s t r e n g t h  o f  t h e  OTT bond d e t e r ­

m ines t h e  r a t e  o f  exchang e , t h e  a b s e n c e  o f  s i l i c a  exchange a t  

400°C i n d i c a t e s  t h a t  th e  t e r m i n a l  h y d ro x y l  g ro u p s  o f  a lu m in a  

a r e  more a c i d i c  a t  t h i s  te m p e ra tu re *  Rapid  e q u i l i b r a t i o n  

o f  a lu m in a  h y d ro g en  may t h e r e f o r e  o c c u r  a t  t e m p e r a t u r e s  whore 

o n ly  a  sm a l l  p o r t i o n  o f  t h e  h y d ro g en  on a  s i l i c a  c a t a l y s t  h a s  

been exchanged .

The p r e s e n c e  o f  n i c k e l  h a s  been  found  to  i n c r e a s e  t h e  r r t e  

o f  h y d ro g e n  exchange  o v e r  s i l i c a ,  a t  400°C. A lth o u g h  t h e  same 

enhancem ent i s  o b s e rv e d  w ith  n i c k e l  on a lu m in a  ( 5f') a t  te m p e r ­

a t u r e s  up t o  250°C a  change i n  t h e  o r d e r  o f  exchange  a c t i v i t y  

i s  o b s e rv e d  a t  400°C ( s e e  P ig .  3 4 ) .  At t h i s  t e m p e r a tu r e  

more exchange  i s  o b s e rv e d  w i th  t h e  A lo0 -  th a n  t h e  5fSNi/AlpO~ 

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

r e a c t i o n  a t  400°C a s  a t  th e  lo w e r  t e m p e r a t u r e s  when t h e  

p r e s e n c e  o f  Ni i n c r e a s e d  th e  amount o f  exchange. I t  i s  t h e r e ­

f o r e  u n l i k e l y  t h a t  t h e  d e c r e a s e  can  be  a t t r i b u t e d  t o  in c o m p le te  

r e d u c t io n  o f  t h e  o a t a l y s t .
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The g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  h y d ro g en  exchange  

r e s u l t s  o f  H a l l  e t  a l , u^ * ^  would, a t  f i r s t  s i g h t ,  a  p e a r  t o  

e x h i b i t  s i m i l a r  f e a t u r e s  to  t h e  v a r i a t i o n  i n  exchange  r a t e s  

w ith  t e m p e r a tu r e  o b se rv e d  i n  t h i s  work ( s e e  P ig .  3 4 ) .  Tn 

th e  exchange  r e a c t i o n s  o f  d e u te r iu m  w ith  s u p p o r t s  and s u p p o r te d  

C a t a l y s t s  s t u d i e d  by H a l l  t h e  t e m p e r a tu r e  o f  t h e  c a t a l y s t  was 

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

th e  p r e s e n t  s tu d y  r e a c t i o n  t e m p e r a t u r e s  were m a in ta in e d  

c o n s t a n t  d u r in g  t h e  c o u rs e  o f  an  exchange  r e a c t i o n , '  As a  

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

c l o s e r  co m p ar iso n  o f  t h e  r e s u l t s  c a n n o t  be made.

S u p p o r t in g  p la t in u m  on a lu m in a  d o e s  n o t  m a t e r i a l l y  lo w e r  

th e  c o n c e n t r a t i o n  o f  s u r f a c e  h y d ro x y l  g r o u p s .0,0 The maximum 

in  r a t e  o f  h y d ro g en  exchange h a s  been  found  to  o c c u r  a t  a  

h ig h e r  t e m p e r a tu re ,  w i th  a  r e d u c e d  p la t in u m  c a t a l y s t  th a n  an  

u n reduced  one a l t h o u g h  t h i s  r e s u l t  h a s  been a t t r i b u t e d  t o  t h e  

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

p r e p a r a t i o n .
07

C a r t e r  e t  a l .  . have  shown t h a t  i n  t h e  t e m p e r a tu r e  

range  75°C to  150°C t h e  r a t e  o f  exchange  o f  d e u te r iu m  w i th  

s u r f a c e  h y d ro g en  h a s  been  i n c r e a s e d  by t h e  im p r e g n a t io n  o f  

p la t in u m . The e x t e n t  o f  exchange  was how ever, n o t  s ig n i  f i c -  

a n t ly  g r e a t e r  on a  2^ ? t  o a t a l y s t  t h a n  i t  was on 0 .6 ^  ? t  a t  

150°C.
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The i n f l u e n c e  o f  Ni on t h e  exchange r e a c t i o n  o f  t h e  

a lu m in a  h y d r o x y l s  i s  t e m p e r a tu r e  d e p e n d e n t ,  t h e  p r e s e n c e  o f  

th e  m e ta l  e f f e c t i v e l y  reduc ing ; th e  t e m p e r a tu r e  r e q u i r e d  f o r  

exchange. At t h e  r e d u c t i o n  t e m p e r a tu r e  o f  4-00°C th e  a lu m in a  

s u p p o r t  i t s e l f  i s  c a p a b le  o f  s i g n i f i c a n t  exchange,

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

0 .1 ^  and 5? 'N i/A lo0„ can he seen  i n  t h e  p r e s e n t  r e s u l t s .  The
- 2

enhancem ent o f  t h e  exchange r a t e  w i th  t r i t i u m  when n i c k e l  i s  

p r e s e n t  on . s i l i c a  i s  a l s o  e v id e n c e  o f  a  c o o p e r a t i v e  e f f e c t  o f  

n i c k e l  on th e  r e a c t i o n .  One p o s s i b i l i t y  i s  t h a t  t h e  m e ta l  

may a c t i v a t e  n e ig h b o u r in g  h y d ro x y l  g ro u p s  o f  t h e  s u p p o r t  by 

i n c r e a s i n g  t h e i r  a c i d i t y  e . g ,  t h e  h y d ro x y l  bond may be weak­

ened by t h e  i n t e r a c t i o n  o f  t h e  n i c k e l  atom w i th  t h e  oxygen o f  

th e  h y d ro x y l  g ro u p .

On t h i s  b a s i s  one  would e x p e c t  t h a t  t h e  g r e a t e r  t h e  m e ta l  

c o n te n t  o f  t h e  c a t a l y s t ,  t h e  g r e a t e r  would be  t h e  exchange , 

A second  p o s s i b i l i t y  i s  t h a t  t h e  n i c k e l  a c t i v a t e s  g a s

way be t h a t  th e  exchange e f f e c t  in v o l v e s  tr a n sp o r t  o f  a c t i v e  

s p e c ie s  between n i c k e l  s i t e s  and s i t e s  on th e  support s u r fa c e .  

The in c r e a s e  in  exchange ob served  on ^ N i/A lg O ^  up to  250°C

H

0 0

Ni *A1

phase  h y d ro g en  to  exchange w i th  t h e  h y d ro x y l  g ro u p s .  T t
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i m p l i e s  t h a t  t h e  exchange i s  an  a c t i v a t e d  p r o c e s s  and t h a t  

i n  come way th e  m e ta l  r e d u c e s  t h e  a c t i v a t i o n  energy  o f  t h e  

r e a c t i o n  l e a d i n g  to  exchange. P e rh a p s  d i s s o c i a t i o n  o f  

hydrogen  o c c u r s  on n i c k e l  s i t e s  and s u b s e q u e n t ly  m i g r a t e s  to  

h y d ro x y l  g ro u p s  on t h e  s u p p o r t  to  exchange .

i .  e. 2 i ' i  -*■ H2 -------------f  2NiH

H iH   > s u p p o r t  H

s u p p o r t  H + OT - >s u p p o r t  T +  OH

s u p p o r t  T ------------* HiT

NiT ♦ N iH ----------► 2Ni f  PIT

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

c a t a l y s t s  can  a c t i v a t e  h y d ro g en  i n  some way, which th e n  

m ig ra te s  to  c e n t r e s  on th e  s u p p o r t  w here f u r t h e r  r e a c t i o n  

ta k e s  p l a c e  h a s  been  p o s t u l a t e d  by o t h e r  w o rk e rs .9 -L,9 2 ,9 3  

Perhaps t h e  b e s t  exam ple o f ’ t h i s  e f f e c t ,  known a s  ’ s p i l l o v e r 1
C)1

i s  t h a t  d e s c r i b e d  b y - S i n f e l t  and  l u c c h e s i .  ' T h e i r  work 

showed t h a t ,  u n d e r  co m p arab le  c o n d i t i o n s ,  t h e  r a t e  o f  e th y l e n e  

h y d ro g e n a t io n  vras much g r e a t e r  when ? t / S i 0 2 was m ixed w i th  

A120 3 th a n  when t h e  s u p p o r te d  m e ta l  was u se d  a lo n e .  As 

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

d i t i o n s  i t  h a s  b een  c o n c lu d e d  t h a t  t h e  enhanced  a c t i v i t y  o f  

the m ix tu r e  i s  due  t o  s p i l l o v e r  o f  a c t i v e  h y d ro g en  from 

platinum  t o  t h e  a lu m in a  s u r f a c e  w here i t  r e a c t s  w i th  c h e m is o r ­

ted e th y le n e #
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Most exam ples hav e  been  o b se rv e d  i n  th e  p r e s e n c e  o f  t h e  

n o b le  m e ta l  p la t in u m  where t h e  im p o r t a n t  c r i t e r i o n  a p p e a r s  t o  

be t h e  d e g re e  t o  which th e  m e ta l  i s  i n  c o n ta c t  w i th  t h e  

s u p p o r t  component i n  t h a t  t h e  g r e a t e r  t h e  i n t e r f a c e  be tw een  

th e  two t h e  g r e a t e r  i s  t h e  a c c e l e r a t i o n  o f  t h e  p r o c e s s .  

R e d u c t io n  i n  t h e  d e g re e  o f  d i s p e r s i o n  o f  t h e  m e ta l  on th e  

s u p p o r t  would t h e r e f o r e  r e t a r d  t h e  m ig r a to r y  p r o c e s s .  T h is  

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

on 5f'Ni/AlpO a t  400°C; a t  t h i s  t e m p e r a tu r e  some s i n t e r i n g  

o f  t h e  m e ta l  may be o c c u r r i n g  which c o u ld  r e d u c e  t h e  i n t e r ­

f a c e  be tw een  m e ta l  and s u p p o r t .

The exchange o f  ga s ph ase tr it iu m  w ith  th e  Ni powder 

and N i/'f  a l lo y  c a t a l y s t s  r e s u lt e d  in  a much sm a lle r  r e t e n t io n  

o f  a c t i v i t y  than  had been ob served  w ith  th e  alum ina support  

or th e  supported m eta l c a t a l y s t s .  In  th e  c a se  o f  th e  un­

supported m eta l c a t a l y s t s  on ly  hydrogen chem isorbed on th e  

m etal a f t e r  r e d u c tio n  and th e  helium  trea tm en t cou ld  p a r t i c i ­

p a te  in  th e  r e a c t io n  w ith  t r i t iu m . Thus in  th e  ab sen ce  o f  

a support medium, exchange p r e c e s s e s ,  which m ight o ccu r  a s  a 

r e s u l t  o f  ’ s p i l l o v e r 1 o f  hydrogen from m eta l onto  a su p p ort, 

cannot ta k e  p la c e .

The p o s s i b i l i t y  o f  in co m p le te  r e d u c tio n  o f  th e  n ic k e l  

o x id e  formed by th e  d eco m p o sitio n  o f  th e  form ate cannot be 

r u led  o u t . A n a ly s is  by e le c tr o n  m icroscop y  found th a t  o x id e  

was p r e se n t  t o  a sm all e x te n t  a lth o u g h  o x id a t io n  c o u ld  have  

occu red  in  t r a n s i t  to  th e  m icrosoop e.
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S e c t io n  4# 5 The Tri t iu m  C o n ten t  o f  t h e  H y d ro c a rb o n s .

The r e s u l t s  o f  e th y le n e  i n j e c t i o n s  o n to  t r i t i a t e d  

c a t a l y s t s  ( s e e  T a b le s  7,<3, and 9) show t h a t  c a t a l y s t  ’ hydrogen* 

was a c t i v e  i n  t h e  f o r m a t io n  o f  h y d r o g e n a t io n  and c r a c k in g  

p r o d u c t s  and to  a  much l e s s e r  e x t e n t  i n  e th y l e n e  exchange .

The r e s u l t s  on a lu m in a  and n i c k e l —a lu m in a  c o n t r a s t  w i th  

t h o s e  o b s e rv e d  f o r  h y d ro g en  exchange  i n  t h a t  t h e  p r e s e n c e  o f  

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

h y d ro c a rb o n  p r o d u c t s .  E th y le n e  r e a c t i o n  on t h e  s i l i c a  

s u p p o r t  was n o t  i n v e s t i g a t e d  t h i s  had been  shown t o  be 

i n e r t  f o r  h y d ro g en  exchange  a t  400°C. The e x t e n t  o f  t r i t i u m  

p a r t i c i p a t i o n  i n  t h e  p r o d u c t i o n  o f  e th a n e  and m ethane  was 

found  to  i n c r e a s e  w i th  t h e  c o n c e n t r a t i o n  o f  m e ta l  f o r  b o th  

s i l i c a  a^d  a lu m in a  c a t a l y s t s .  The same t r e n d  was o b s e rv e d  

in  t h e  h y d ro g e n  exohange r e a c t i o n  w i th  S i 0 2  s u p p o r te d  c a t a l y s t s  

a l th o u g h ,  i n  c o n t r a s t ,  t h e  r e a c t i v i t y  o f  t r i t i u m  on a lu m in a  

to w a rd s  g a s  p h a s e  h y d ro g en  a t  t h e  r e d u c t i o n  t e m p e r a t u r e  was 

found t o  d e c r e a s e  i n  t h e  p r e s e n c e  o f  n i c k e l .

I n j e c t i o n s  o f  e th y l e n e  were made o v e r  t h e  c a t a l y s t s  a t  

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

t r i t i u m  by s t a t i c  o r  f lo w  exchange  a t  t h e  r e d u c t i o n  t e m p e r a t u r e .  

G r e a te r  a c t i v i t y  was a g a in  fou nd  f o r  t h e  5# c a t a l y s t s .

Although th e  maximum amount o f  tr it iu m  was p r e se n t  on th e  

c a t a ly s t s  a f t e r  c o o lin g  to  room tem p era tu re , th e  ethane  

produced from th e  f i r s t  in j e c t i o n s  a t  20°C and 50°C in c lu d e d
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none o f  t h e  s u r f a c e  a c t i v i  t y .  Not u n t i l  t h e  c a i a J y o t  

t e m p e r a tu r e  had been i n c r e a s e d  to  150°C d i d  t h e  t r i t i u m  

a s s o c i a t e d  w i th  th e  c a t a l y s t  p a r t i c i p a t e  i n  e th y l e n e  h y d ro ­

g e n a t io n .  The o b s e r v a t i o n  t h a t  t h e  e th a n e  was n o t  r a d i o ­

a c t i v e  i n d i c a t e d  t h a t  a t  t e m p e r a tu r e s  ^  ^0°C t h e  hydio g e n a t i o n  

p r o c e s s  t a k e s  p l a c e  v i a  a  d i s s o c i a t i v e  mechanism on  t h e  m e ta l .  

As a  r e s u l t  o f  h y d ro g en  exchange  w i th  t h e  5^Ni/A lpO „ c a t a l y s t  

a t  room t e m p e r a tu r e  ( see  P ig .  34) i t  can  be c o n c lu d e d  t h a t  

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

a t  t h i s  t e m p e r a tu r e  a r o s e  from a h i g h e r  a c t i v a t i o n  energ y  

f o r  t h e  r e a c t i o n  o f  c a t a l y s t  ’ h y d ro g e n ’ w ith  e th y l e n e .

I n j e c t i o n s  o f  t r i t i u m  o n t o  t h e  n i c k e l  powder c a t a l y s t  

r e s u l t e d  i n  a  s m a l l e r  u p t a k e  th a n  w i th  t h e  s u p p o r te d  c a t a l y s i s .  

However, i n  c o n t r a s t  to  t h i s  t h e  r e s u l t s  on  s u p p o r te d  n* c k e l  

w ith  e th y l e n e  showed some a c t i v i t y  i n  t h e  e th a n e  p ro d u ce d  by 

th e  pow der a t  room t e m p e r a t u r e .  E th y le n e  s e l f  h y d r o g e n a t io n  

on t h i s  c a t a l y s t  t h e r e f o r e  in v o lv e d  h y d ro g e n ,  l a b e l l e d  by 

f lo w  exchange  w i th  t r i t i u m ,  r e t a i n e d  on t h e  m e ta l  a f t e r  r e d u c t ­

io n .  G r e a t e r  q u a n t i t i e s  o f  e th a n e  a p p e a re d  a t  250°C and 350°C 

bu t c o n ta in e d  much l e s s  a c t i v i t y  t h a n  e i t h e r  t h e  5 # N i /S i0 2 o r

5 ^ N i/A lo0 ,  c a t a l y s t s .
£ 3

T hese  r e s u l t s  l e a d  to  t h e  c o n c lu s io n  t h a t  i n  t h e  a b se n c e  

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

hy d ro g en  s i t e d  on  t h e  m e ta l  a f t e r  r e d u c t i o n .  When t h e
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mctrJL i s  s u p p o r te d  cons.' d c r a b l e  q u a n t i t i e s  o f  s u p p o r t  h y d ro g e n  

a re  made a v a i l a b l e  to  th e  r e a c t i o n  a s  t h e  t e m p e r a tu r e  i s  

r a i s e d .  No e v id e n c e  h a s  "been fo u n d  f o r  t h e  r e a c t i o n  o f  

e th y le n e  w i th  hy d ro g en  r e t a i n e d  by th e  m e ta l  o r  s u p p o r t  o f  

th e  s u p p o r te d  c a t a l y s t s  a t  room t e m p e r a tu r e .

Some o f  t h e  e th a n e  p ro d u ce d  a t  h i g h e r  t e m p e r a tu r e s  may, 

o f c o u r s e ,  p ro c e e d  by t h e  a d d i t i o n  o f  h y d ro gen  from d i s s o c i a t e d  

o l e f i n  t o  o t h e r  e th y le n e  m o le c u le s  b u t  t h e  e x t e n t  o f  t h i s  

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

the  p r o d u c t .

Only s l i g h t  e th y le n e  exchange was o b s e rv e d  w i th  th e  

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

e thane  and m eth an e  f r a c t i o n s  o f  r e a c t i o n .  I t  would a p p e a r ,  

t h e r e f o r e  t h a t  i f  o l e f i n  exchange and  h y d r o g e n a t io n  w i th  

t r i t i u m  p ro c e e d  th ro u g h  a  common i n t e r m e d i a t e ,  i . e .  a d s o rb e d  

a lk y l ,  t h e n  t h e  p r o b a b i l i t y  o f  a d d i t i o n  o f  h y d ro g en  to  y i e l d  

a lk an e  m ust be c o n s i d e r a b ly  i n  e x c e s s  o f  th e  p r o b a b i l i t y  o f  

a lk y l  r e v e r s a l .  Any a d s o rb e d  a l k y l  which i s  p ro d u ced  on 

n ic k e l  m ust r a p i d l y  r e a c t  w i th  h y d r o g e n / t r i t i u m  t o  form 

e thane  r a t h e r  t h a n  u n d e rg o in g  a l k y l  r e v e r s a l  to  y i e l d  exchanged  

o l e f i n .

The a b s e n c e  o f  r e a c t i o n  be tw een  t h e  t r i t i a t e d  a lu m in a  

support and e th y l e n e  would s u g g e s t  t h a t  t h e  r e a c t i o n  o f  t r i t i u m  

with e t h y l e n e  t a k e s  p l a c e  on th e  m e ta l  o f  t h e  s u p p o r te d  

c a t a l y s t s  r a t h e r  t h a n  on t h e  su p p ort.
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The h y d ro g en  r e l e a s e d  by I.he d i s s o c i a t i v e  a d s o r p t i o n  o f  

e th y le n e  may exchange w i th  t h e  r e t a i n e d  t r i t i u m  a s  t h e  c a t a l y s t  

t e m p e r a tu r e  i s  r a i s e d ,

and t h e  t r i t i u m  can  th e n  r e a c t  w i th  a d so rb e d  o l e f i n  t o  y i e l d  

t r i t i a t e d  a lk a n e ,  t h e  r e a c t i o n  o c c u r r i n g  on t h e  m e ta l

i n c r e a s e  i n  a c t i v i t y  o f  e th a n e  end m ethane  w i th  t e m p e r a t u r e .  

With t h e  p r e s e n t  system  i t  h a s  n o t  been p o s s i b l e  t o  d e t e r ­

mine w h e th e r  t h e  r i s e  i n  s p e c i f i c  a c t i v i t y  w i th  i n c r e a s i n g  

t e m p e r a tu r e  can  be a t t r i b u t e d  to  an  i n c r e a s e  i n  th e  number 

o f  m o le c u le s  p a r t i c i p a t i n g  i n  exchange o r  an  i n c r e a s e d  number 

o f  t r i t i u m  a tom s i n  th e  exchange p r o d u c t .  The r e s u l t s  o b t a i n ­

ed w i th  t h e  s u p p o r te d  Ni c a t a l y s t s  (5?$) d i f f e r s  from t h o s e  

w ith  s u p p o r te d  p t  i n  one im p o r t a n t  a s p e c t .  Altham and 

Webb^^ found  t h a t  i n  t h e  r e a c t i o n  o f  e th y le n e  w i th  s u p p o r te d  

P t p r e a d s o r b e d  t r i t i u m  was p r e s e n t  i n  b o th  t h e  e th y l e n e  and
i i

e th a n e  p r o d u c t  f r a c t i o n s  a t  room t e m p e r a t u r e .  T r i t iu m  d id  

no t a p p e a r  i n  t h e  p r o d u c t s  from s u p p o r te d  n i c k e l  u n t i l  t h e  

c a t a l y s t  t e m p e r a tu r e  had  b e en  r a i s e d  t o  150°C a l th o u g h  i n

i . e .  c y y c )

H  a )  -I- OT * T( a )  +  OH

C2H4( a) +  T( a) T I?C 2K4T( a) ♦ C0H,T 2 4  2

The i n c r e a s e  i n  th e  amount o f  d i s s o c i a t e d  h y d ro g e n ,

[nH( &)] a s  th e  t e m p e r a tu r e  i s  r a i s e d  would e x p la in  ike o b se rv e d
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o t h e r  r e s p e c t  ̂ (am oun ts  o f  c a t a l y s t  r e t e n t i o n ,  s e l f  h y d ro ­

g e n a t io n  e t c .  ) t t h e  r e a c t i o n s  o f  e th y l e n e  w i th  su rm oi 'ied  Hi 

and p t  a p p e a r  co m p a rab le .  The a b s e n c e  o f  t r i t i u m  i n  th e  

e th y le n e  and e th a n e  p r o d u c t s  on Ni a t  room t e m p e r a tu r e  v/ould 

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

i s  g r e a t e r  on P t  th a n  on Ni a t  t h i s  t e m p e r a tu r e .  A p o s s i b l e  

e x p la n a t i o n  i s  t h a t ,  on s u p p o r te d  p t ,  h y d ro g en  which i s  

r e l e a s e d  i n  e th y le n e  d i s s o c i a t i o n  may r a p i d l y  exchange w i th  

r e t a i n e d  t r i t i u m ,
] r

i . e .  H( a )  + 0T( a ) --------------- > T( a) -t* 0E( a)

where k i s  l a r g e r  on s u p p o r te d  p t  t h a n  on s u p p o r te d  N i. The 

r e t a i n e d  t r i t i u m  may th e n  r e a c t  w i th  a d so rb e d  h y d ro c a rb o n  

l e a d i n g  to  t r i t i a t e d  e th y l e n e  o r  e th a n e ,
T( a)

i .  e . C2H4( a) +  T( a ) < a ) --------------- * ° 2 H4T2

On s u p p o r te d  Ni ( a t  23°C) a d s o rb e d  e th y l e n e  r e a c t s  o n ly  

w ith  t h e  h y d ro g en  o f  d i s s o c i a t e d  e th y l e n e .

I!( a) .
' i . e .  C2H4( a )  + H (a ) ------------- ^ i C g H ^ a )  ^  ° 2 H6

The a b s e n c e  o f  e th y le n e  exchange a t  h i g h e r  t e m p e r a t u r e s  

i n d i c a t e d  t h a t  i t  i s  an  u n l i k e l y  r e a c t i o n  a t  room t e m p e r a tu r e .

The r e s u l t s  o f  t h e  h y d ro g en  exchange  e x p e r im e n ts  h av e  

shown t h a t  t h e  r e a c t i o n  on a lu m in a  a lo n e  o c c u r s  a t  a  con­

v e n ie n t  r a t e  i f  t h e  t e m p e r a t u r e  i s  r a i s e d  t o  400°C. I t  i s



probo/ble t h e r e f o r e  t h a t  moot o f  t h e  h y d ro g e n  exchanged  i s  

p roduced  by d i r e c t  r e a c t i o n  on t h e  s u p p o r t ,  t h e  e x t e n t  b e in g  

d e te rm in e d  c h ie f ] ,y  by t h e  t e m p e r a tu r e .  I n  t h e  p r e s e n c e  o f  

n i c k e l ,  d i s s o c i a t i o n  o f  h y d ro g en , con t a k e  plo.ee on t h e  m e ta l  

and m i g r a t e  t o  th e  s u p p o r t  and exchange, t h e n  d e s o r b  from t h e  

s u p p o r t  o r  m ig r a te  back to  t h e  m e ta l .  At t e m p e r a t u r e s  up 

to  250°C w here  t h e  exchange r a t e  i s  c o n s id e ra b ] .y  h i g h e r  w i th  

5f’N i/A lpO^ th a n  O . l f ’Ki/AJ^O^ o r  A ^ O ^  i n c r e a s e d  d e s o r p t i o n  

from t h e  m e ta l  can  a c c o u n t  f o r  t h e  r i s e  i n  exchange b u t  a t  

400°C i n c r e a s e d  s t r e n g t h s  o f  m e ta l -h y d ro g e n  c h e m is o r p t io n  

would l o a d  to  a  r e d u c t i o n  i n  t h e  number o f  m e ta l  s i t e s  f o r  

hydrog en  d e s o r p t i o n .

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

i n  m ethane  a t  t e m p e r a t u r e s  above  150°C. When e th y l e n e  

r e a c t s  w i th  u n s u p p o r te d  n i c k e l  i n  a  s t a t i c  s y s t e m ^  m ethane  

h a s  been  o b s e rv e d  a t  6o°C, t h e  c o n c e n t r a t i o n  r:; s i n g  r a p i d l y  

u n t i l  a t  20G°C i t  was t h e  s o l e  r e a c t i o n  p r o d u c t .  The 

p r e s s u r e  o v e r  t h e  p a t a l y s t  rem a in e d  c o n s t a n t  a t  t h i s  tem­

p e r a t u r e  v/hich i n d i c a t e d  t h e  f o l lo w in g  d i s p r o p o r t i o n a t i o n  

r e a c t i o n .

C2 H4  > CV  0

The h ig h  a c t i v i t y  o f  t h e  m ethane  p ro d u ce d  w i th  t h e  %  Ni 

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

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

p r o d u c t s  o f  e th y l e n e  d i s s o c i a t i o n  t a k e s  p l a c e .
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05  .
K ernball ' h a s  shown th t  t  t h e  r e l a t i v e  s t r e n g t h  o f  m ethane  

a d s o r p t i o n  d e c r e a s e s  a lo n g  th e  s e r i e s  

P d ,  P t ,  V/, TTh, Ni 

and t h r.t  t h e  r e a c t i v e  s p e c i e s  i n  m ethane  exchange i s  t h e  

m e th y le n e  g ro u p  i . e .

CHo
/  \s  x s

I n c o r p o r a t i o n  o f  t r i t i u m  ma?, t h e r e f o r e  be o c c u r r i n g  v i a  t h i s  

i n t e r m e d i a t e  i n  t h e  f o l lo w in g  way:

w CT-T rp QTr M..... rpC pj

1 / \ 2 ------------> i K  I  * 7 \
S S S  S S S  S S S

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

t h e  t e m p e r a t u r e  was r a i s e d  can  be e x p la in e d  by t h e  f o r m a t io n  

o f  h y d ro c a rb o n  p o ly m e rs  on t h e  s u r f a c e .  S e lw o o d ^  h a s  shown

t h a t  e th y l e n e  d i s s o c i a t i o n  on a d s o r p t i o n  i n c r e a s e s  w ith  tem­

p e r a t u r e  and  t h a t  afc'100°C each m o le c u le  r e q u i r e s  s i x  s i t e s  

f o r  a d s o r p t i o n .  These  r e s u l t s  and t h o s e  o f  t h e  IB  s t u d i e s ^  

hav e  shown t h a t  p r o c e s s e s  such a s  t h e  f o l lo w in g  c an  be 

e n v is a g e d ;

c0h .  > cii ci: i-r
2 4  / \  / \  + 2 | 

s  s s  s  s

2 ctt— —  ott . re   — c — c ■— ch
/ \  / \   * A  / \  / \  A  +Kg

S S S S  S S  S S  S S  S S
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T h is  m echnnlcm ■o f  o l e f i n  p o l y m e r i s a t i o n  i n v o l v e s  th e

e l i m i n a t i o n  o f  h y d rog en  end i t  i s  o f  i n t e r e s t  t o  n o t e  t h a t

during; t h e  s e r i e s  o f  e thyl, one i n ; j e c t i o n s  o n to  t r i t i a t e d

5 f 'N i/A lo0 „  c o n s i d e r a b l e  n u a n t i t i e s  o f  t r i t i u m  l a b e l l e d  
 ̂ y

s p e c i e s  w ere d e t e c t e d  by th e  - p r o p o r t i o n a l  c o u n te r  a s  t h e  

t e m p e r a tu r e  was r a i s e d  from 150°C to  250°C and a g a i n ,  to  a  

g r e a t e r  e x t e n t ,  be tw een  250°C and 350°C. Ac s i m i l a r  

d e s o r p t i o n s  were n o t  o b se rv e d  i n  th e  h y d ro g en  exchange  ex­

p e r im e n ts  w i th  th e  same c a t a l y s t  a t  d i f f e r e n t  t e m p e r a t u r e s ,  

i t  was o r i g i n a l l y  b e l i e v e d  t h a t  t h e  h y d ro c a rb o n  m a t e r i a l  

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

th a n  t r i t i u m  l a b e l l e d  h y d ro g en . However, i t  i s  p r o b a b le  

t h a t  a t  l e a s t  some o f  t h e  d e so rb e d  m a t e r i a l ,  which was n o t  

d e t e c t e d  by th e  c h ro m a to g ra p h ic  system  i s  i n  f a c t  l a b e l l e d  

hydrogen  w hich o r i g i n a t e d  from a  p o l y m e r i s a t i o n  o r  d i s s o c i a t i o n  

p r o c e s s .  D uring  each  t e m p e r a tu r e  in c re m e n t  a d so rb e d  s p e c i e s  

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

exchange and d e s o r p t i o n .  E th y le n e  i n f e c t i o n s  o n to  t r i t i a t e d  

a lum ina  d id  n o t  p ro d u c e  t h e s e  d e s o r p t i o n s .

Prom the . p r e v i o u s  d i s c u s s i o n ,  i t  seems p r o b a b le  t h a t  

t h e  enhancem ent o f  t h e  h y d rogen  exchange by t h e  n i c k e l  on 

s i l i c a  and a lu m in a  ( < 4 0 0 ° C )  i s  due t o  m ig r a t i o n  o f  h y d ro g en , 

be tw een t h e  m e ta l  and  s u p p o r t .  T r i t iu m  i s  i n c o r p o r a t e d  i n t o  

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

when m e ta l  i s  p r e s e n t  and  o c c u r s  to  a  much g r e a t e r  e x t e n t
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w ith  t h e  ';f* a n 'p o r t e d  c a t a l y  s t s  th a n  t h e  powder c a t r J  y e t .

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

th a n  would he e x p e c te d  from t h e  c o m b in a t io n  o f  r e s u l t n  on 

t h e  s u p p o r t  and t h o s e  on th e  powder. 1 S p i l lo v e r *  o f  t h e  

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

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

t h a n  co u ld  he accommodated on t h e  a v a i l a b l e  m e ta l  c i t e s  i f  

t h e  CO a d s o r p t i o n  m easu rem en ts  a r e  t a k e n  a s ‘a  v a l i d  m easu re  

o f  th e  m e ta l  a r e a .

The p o s s i b i l i t y  o f  d i r e c t  r e a c t i o n  o f  a d so rb e d  e th y l e n e  

on t h e  s u p p o r t  and t r i t i u m  on t h e  s u p p o r t  m ust be c o n s id e r e d  

a s  come e th y l e n e  r e t e n t i o n  was o b se rv e d  on Alo0 a t  250°C 

and  350°C. However, t h e  r e a c t i o n  was o b s e rv e d  to  t a k e  

p l a c e  o n ly  i n  tn c  p r e s e n c e  o f  m e ta l  and p e rh a p s  o n ly  th e  

hy d ro g en  m i g r a t i n g  betw een  t h e  m e ta l  and s u p p o r t  i c  a c t i v e  

i n  th e  r e a c t i o n  w i th  e th y l e n e  on th e  s u p p o r t .

S e c t io n  4 .4  The R e a c t io n  o f  I n a c t i v e  Gas p h ase  E th y le n e  

w ith  P re a d s o rb e d  ^ ^ C -E th y le n e ,

The r e s u l t s  i n  T a b le s  1 0 -1 3  show t h a t  o n ly  one  c a t a l y s t  

-  N i / ?  -  i s  a c t i v e  i n  m o le c u la r  exchange . On th e  o t h e r  

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

p a r t ,  p r e s e n t  i n  a ‘form  i n c a p a b l e  o f  r e a c t i n g  w i th  e th y le n e  

from th e  g a s  p h a se ;  t h i s  i s  a  f u r t h e r  i n d i c a t i o n  t h a t  t h e  

s u r f a c e  s p e c i e s  a r e  h y d ro g en  d e f i c  l e n t .
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Tiie i n j e c t i o n  o f  i n a c t i v e  e th y l e n e  o n to  t h e  h f  c a t a l y s i s

which hi d be?on exposed to  ^ C o F h  J cd t o  t h e  r e c o v e r ^  o f  i n —<-4-
a c t i v e  e t h y l  one and e th a n e ,  Thi s i s i n  ag reem en t w ith  a 

rr.diochcm i c a l  s t u d y  o f  t h e  exchange r e a c t i o n  on n i c k e l  

f i l m s  a t  room tc m y e ra tu .ro  whore exchange betw een  g a s - y h a s e  

e th y le n e  end c h e n i s o r b e d  e th y l e n e  was n e g l i g i b l c .  PpcKo— 

a c t i v c  met]:r.ne wn.s p roduced  by t h e  a lu m in a  c a t a l y s t  a t  ?50°C 

and 550°C b u t  o n ly  on t h e  s i l i c a  c a t a l y s t  a t  t h e  l a t t e r  

t e m p e r a tu r e .

The a b se n c e  o f  c a rb o n -1 4  i n  t h e  p ro d u c t  e th a n e s ,  when 

form ed, i s  an  i n d i c a t i o n  t h a t  th e  f o r m a t io n  o f  e th a n e  d id  

n o t  i n v o l v e  th e  w h o le s a le  p a r t i c i p a t i o n  o f  p re a d s o rb e d  

e th y le n e .  E th an e  p r o d u c t i o n  m u s t ,  t h e r e f o r e ,  r e s u l t  from 

f r e s h l y  a d s o rb e d  e th y l e n e ,  t h e  e x te n t  o f  h y d r o g e n a t io n  b e in g  

d e te rm in e d  by th e  a v a i l a b i l i t y  o f  s u r f a c e  h y d ro g en . i . e .  t h e  

mechaniem fo l lo w e d  i s

1 4 c 2h / c )  » 14C2n2(a )  2H(a)

C2H4( a) -t- 2H( a ) -------------- ► C2H6( c)

r a t h e r  t h a n

1 4 C2H4( g)-------------- > 14C2H4( a ) ------- ----- > 14C2H5( a£)

14C2H5(a )  + C2H4(a )  ------------- 14C2H6 ( c )  +  a)

E th y le n e  exchange  r e a c t i o n  on s u p p o r te d  pt®-*- c a t a l y s t s  

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

e th y le n e  i n  t h e  e th y l e n e  exohange and  h y d i o g e n a t i o n  r e a c t i o n s .
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On t h e  o t h e r  h an d , more c r a c k in g  and a  h i g h e r  a c t i v i t y  i n  t h e  

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

been e v id e n t  f o r  s u p p o r te d  Ni.

S u r f a c e  h y d ro g e n  may a r i s e  from t h e  d i s s o c i a t i o n  o f  

a d so rb e d  e th y l e n e  o r  from h y d rogen  re m a in in g  on th e  c a t a l y s t  

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

have  shown t h a t  c a t a l y s t  ’ h y d ro g e n 1 d o es  n o t  become in v o lv e d  

i n  t h e  p r o c e s s  o f  s e l f  h y d r o g e n a t io n  u n t i l  150°C and t h a t  a t  

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

d i s s o c i a t i o n .

A common f a c t o r  o f  t h e s e  exchange r e s u l t s  and t h o s e  o f  

e th y le n e  on t r i t i a t e d  c a t a l y s t s  i s  t h a t  t h e  maximum amount 

o f  s u r f a c e  a c t i v i t y  a p p e a r s  i n  the  m ethane  f r a c t i o n .  The 

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

m ethane  i s  n o t  fo rm ed by h y d r o - c r a c k i n g  o f  t h e  s a t u r a t e d  

h y d ro c a rb o n  a l t h o u g h  t h i s  r e a c t i o n  i s  known t o  o c c u r  o v e r  

n i c k e l . ^  T here  i c  e v id e n c e ^ * ^ ®  t o  show t h a t  n i c k e l  i s  

h ig h ly  a c t i v e  i n  b r e a k in g  c a r b o n -c a rb o n  bonds and th e  tem­

p e r a t u r e  dep en d en ce  o f  s u r f a c e  r e s i d u e s  o f  e th y l e n e  on n i c k e l  

h a s  b e en  i n v e s t i g a t e d . * ^  M°Kee h a s  c a l c u l a t e d  t h e  o v e r a l l  

c o m p o s i t io n  o f  t h e  a d so rb e d  r e s i d u e s  on th e  s u r f a c e  i n  t h e  

form (CKn ) „  and o b s e rv e d  t h a t  t h e  v a l u e  o f  n d e c r e a s e dII A *
r a p i d l y  w i th  i n c r e a s i n g  t e m p e r a tu r e  u n t i l  a t  200°C t h e  m e ta l  

s u r f a c e  was o b s e rv e d  to  be f r e e  o f  h y d ro g en . S a b a t ie r® ^  

found t h a t  c o m p le te  c a r b o n i s a t i o n  o f  n i c k e l  o c c u r r e d  a t  300°C.
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A p o s s i b l e  r e a c t i o n  seq u en ce  l e a d i n g  to  t h e  f o r m a t io n  

o f  s u r f a c e  c a r b i d e  i s  a s  f o l lo w s ;

[ — T-T
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-If

C2H( a) 

I I

-H
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I I I

CpH2( a) 

I

P o s s i b l e  s t r u c t u r e s  o f  t h e  d i s s o c i a t e d  s p e c i e s  a r e ;
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The s c i s s i o n  o f  c a r b o n -c a r b o n  -bonds l e a d s  t o  t h e  p ro ­

d u c t io n  o f  ruethane.

* 211 ____ 4 2H >211 _  *2H
H ~ T ~ i k
SSS SSS

■* 2CJI 
/»\ 
SSS

4 ?H »■ 20H„— iSii.
/ i  2
SS

* 2 CH-
I
S

► 2CII4(g )

P r e a d s o rb e d  c a rb o n  a tom s can  t h e r e f o r e  a p p e a r  i n ’ t h e  

gas p h a se  a s  m ethane , which i c  r e a d i l y  d e s o rb e d  from n i c k e l ,  

and some o f  t h e  h y d ro g en  r e q u i r e d  f o r  th e  f o r m a t io n  o f  m ethane  

a r is e s  from th e  support a s  d is c u s s e d  e a r l i e r .
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The exchange  r e s u l t s  on th e  n i c k e l  c a t a l y s t  p o iso n e d  by 

p h o sp h id e  p o i n t  to  t h e  p r e s e n c e  o f  d i f f e r e n t  surfo .ee  s p e c i e s  

on e th y l e n e  a d s o r p t i o n .  M o le c u la r  exchange  was o b s e rv e d  

w i th  t h i s  c a t a l y s t  a t  room t e m p e r a tu r e  and a g a in  to  a  l e s s e r  

e x t e n t  a t  50°C. I t  i s  l i k e l y  t h a t  th e  d e c r e a s e  i n  m o le c u la r  

exchange a c t i v i t y  w ith  t e m p e r a tu r e  i s due t o  an i n c r e a s e  i n  

t h e  e x t e n t  o f  d i s s o c i a t i o n  o f  t h e  a d so rb e d  s p e c i e s .

M ethane was n o t  p ro d u ce d  on t h e  c a t a l y s t  a t  any te m p e r ­

a t u r e  and  o n ly  t r a c e s  o f  e th a n e  w ere  o b se rv e d  a s  t h e  te m p e r ­

a t u r e  was r a i s e d .  The a b se n c e  o f  s e l f  h y d r o g e n a t io n  a t  room 

t e m p e r a tu r e  m akes d i s s o c i a t i v e  a d s o r p t i o n  u n l i k e l y .  The 

exchange e v id e n c e  i s  t h e r e f o r e  i n d i c a t i v e  o f  a  r e a c t i v e  ty p e  

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

can  exchange  r e a d i l y  w i th  e t j iy le n e  from th e  g a s  p h a se .

The s e l e c t i v 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  t h e  exchange

r e a c t i o n  may be  compared to  i t s  m i ld  a c t i o n  i n  t h e  r e d u c t i o n
7 a

o f  b e n z a ld e h y d e  to  b e n zy l  a l c o h o l  o b s e rv e d  by Morikawa,

I f  t h e  a c t i o n  o f  t h e  p h o sp h id e  can  be a s c r i b e d  to  t h e  b lo c k ­

in g  o f  s p e c i f i c  c r y s t a l  f a c e s  o f  n i c k e l  th e n  t h e  h e t e r o g e n ­

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

e th y l e n e  c h e m is o rp t io n  may w e l l  be g o v e rn ed  by t h e  g eo m e try  

o f  t h e  a v a i l a b l e  c r y s t a l  f a c e s  o f  t h e  n i c k e l .

Work on ph o sp h o ru s  i n t e r a c t i o n  w ith  h y d ro g e n -c o v e re d  

n i c k e l  f i lm s-1-00 h a s  i n d i c a t e d  a t  l e a s t  two d i f f e r e n t  t y p e s  

o f  h y d r o g e n a t io n  r e a c t i o n s .  The p r e s e n c e  o f  p h o sp h o ru s
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p r e v e n te d  t h e  a d s o r p t i o n  o f  h y d ro g en  on t h e  s i t e s  o f  h i g h e r  

r e a c t i v i t y .  The ty p e  o f  e th y le n e  a d s o r p t i o n  which would 

t h e r e f o r e  a p p e a r  m ost l i k e l y  on s. pho co llide  n o iso i led  n i c k e l  

c a t a l y s t  would n o t  r e a d i l y  i n v o lv e  h y d rog en  io n d  f o r m a t io n .

The di s s o c i a t i v e  a d s o r p t i o n  o f  e th y l e n e  ( which i t s e l f  p ro d u c e s  

a d s o rb e d  hy d ro g en )  would be e x p e c te d  to  be d i s c r i m i n a t e d  

a g a i n s t  i n  f a v o u r  o f  a s s o c i a t i v e  a d s o r p t i o n .  The b lo c k in g  

a c t i o n  o f  t h e  p o i s o n  would, a l s o  l i m i t  t h e  number o f  S i t e s  

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

d i s s o c i a t i v e  a d s o r p t i o n .  The exchange o f  g a s  p h a se  e th y le n e  

w ith  a s s o c i r t i v e l y  a d so rb e d  e tlyy len e  would be e x p e c te d  to  

t a k e  p l a c e  more r e a d i l y  th a n  w ith  t h e  d i s s o c i a t i v e  fo rm , 

b e c a u se  i t  can  t a k e  p l a c e  by s im p le  p l a c e  exchange  r a t h e r  

th a n  t h e  r e a r r a n g e m e n t  o f  s e v e r a l  f r a g m e n ts .

S e c t io n  4 , ,5 The R e a c t io n  o f  Gas p h a se  E th y le n e ,  CgJI., w i th
T '

P re a d s o rb e d  G0D,
d 4

I n  t h e  r e a c t i o n  o f  e th y le n e  w i th  p re a d s o rb e d  C2 ^  

s u r f a c e  h y d ro g en  i n  t h e  form o f  d e u te r iu m  was found to  be
i •

more a c t i v e  i n  t h e  exchange w ith  g a s  p h a se  e th y le n e  t h a n  

c a rb o n  atom s d e p o s i t e d  by t h e  same i n j e c t i o n  p r o c e s s .  A 

d i f f e r e n c e  i n  t h e  r e a c t i v i t y  o f  t h e  c a rb o n  and h y d ro g en  com­

p o n e n ts  o f  a d s o rb e d  e th y l e n e  and an  i n c r e a s e  i n  th e  d e u te r iu m  

i n c o r p o r a t i o n  w i th  t e m p e r a tu r e  a r e  f u r t h e r  e v id e n c e  f o r  a  

d i s s o c i a t i v e  mechanism o f  o l e f i n  a d s o r p t i o n s  on s u p p o r te d  

c a t a l y s t s .
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From t h e  " ^ ^ 2 ^ 4 A"2 ^ 4  exchange r e s u l t s  i t  was deduced  

t h n t  e th a n e  p r o d u c t io n  in v o lv e d  t h e  c a rb o n  a tom s o f  f r e s h l y  

a d s o rb e d  e th y l e n e .  At room te m p e r a tu r e  t h e  so u rc e  o f  h y d ro ­

gen  h a s  been shown n o t  t o  be t h e  s u p p o r t  and t h e  C2 V C2 IE4  

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

o l e f i n  raid a l s o  t h a t ,  u n l i k e  o re a d s o rb e d  c a rb o n ,  h y d ro g en  

a l r e a d y  p r e s e n t  011 t h e  c a t a l y s t  i s  a c t i v e  i n  t h e  s e l f  h y d ro ­

g e n a t io n  p r o c e s s .

I n j e c t i o n s  o f  e th y le n e  o n to  t h e  5^ t r i t i a t e d  Ni c a t a l y s t s  

a t  room te m p e r a tu r e  d id  n o t  l e a d  to  t h e  i n c o r p o r a t i o n  o f  

a c t i v i t y  i n t o  t h e  e th y l e n e  and e th a n e  p r o d u c t s .  When th e  

same c a t a l y s t s  were p r e t r e s t e d  w i th  d e u t e r a t e d  e th y l e n e ,  th e  

d e u te r iu m  made a v a i l a b l e  was o b s e iv e d  to  exchange w ith  l i g h t  

e th y l e n e  srid t o  p a r t i c i p a t e  i n  t h e  Ip y d ro g en a t io n  r e a c t i o n .

T h is  e v id e n c e  s u g g e s t s  t h a t  th e  c a t a l y s t  h y d ro g en  ( t r i t i u m )  

and t h e  e th y l e n e  hydro  gen  (d e u te r iu m )  occupy s i t e s  o f  d i f f e r e n t  

r e a c t i v i t i e s  on t h e  c a t a l y s t s .  On t h e  one  h a n d , d e u te r iu m  

p ro d u c e d  by d i s s o c i a t i v e  a d s o r p t i o n  o f  e th y l e n e  can  r e a c t  

r e a d i l y  w ith  l i g h t  e th y l e n e  b e c a u se  i t  i s  p r e s e n t  on t h e  

m e t - l  w hereas  h i g h e r  t e m p e r a t u r e s  a r e  r e q u i r e d  to  a c t i v a t e  

t h e  r e a c t i o n  o f  e th y le n e  w i th  t r i t i u m  which i s  a s s o c i a t e d  

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

The q u e s t i o n  a r i s e s  a s  to  t h e  mechanism o f  t h e  a d d i t i o n  

o f  a d s o rb e d  d e u te r iu m  i n t o  f r e s h l y  added e th y l e n e .  The m ost 

l i k e l y  e x p l a n a t i o n  i s  t h a t  th e  exchange  i s  a  r e s u l t  o f  a s s ­

o c i a t i v e  a d s o r o t i o h  on s i t e s  a d j a c e n t  t o  d i s s o c i a t e d  e th y l e n e



from t h e  i n i t i a l  i n f e c t i o n s  th e r e b y  a l lo w in g  t h e  f o r m a t io n  

and r e v e r s e !  o f  al3-yl g ro u p s .  j.# e.

I " I
S S s

s  s

o r  CHD ^  Jf ( s t a t i s t i c a l l y
i
S f a v o u re d )

The a s s o c i a t i v e  a d s o r p t i o n  o f  e th y le n e  and e v id e n c e  

f o r  e t h y l  g ro u p  f o r m a t io n ,  t h e  ' h a l f  h y d ro g e n a te d  s t a t e 1 , 

on n i c k e l  knov/n to  c o n t a i n  s u r f a c e  h ydrogen  h av e  been  o b s e rv e d  

e l s e w h e re .  ^

The hydro  go?", a t  i o n  a c t i v i t y  o f  t h e  c a t a l y s t s  was, o n c e ’ 

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

i n c r e a s e d  d i s s o c i a t i o n  o f  a d so rb e d  e th y le n e .  The amount o f  

d e u te r iu m  r o s e  to  .a,maximum w ith  t h e  % N i/A l^O ^ c a t a l y s t  a t  

350°C where o n ly  o f  t h e  e th a n e  was f r e e  o f  d e u te r iu m . 

S m a l le r  c o n c e n t r a t i o n s  o f  d e u te r iu m  v/erc fo u n d  i n  t h e  e t l ry le n e  

exchange  f r a c t i o n s  t h a n  i n  t h e  e th a n e  and i t  would a p p e a r  

t h a t  a s  th e  t e m p e r a tu r e  i s  r a i s e d  t h e  i n c r e a s e d  a v a i l a b i l i t y  

o f  s u r f a c e  d e u te r iu m  i n c r e a s e s  t h e  te n d e n c y  o f  a lk s n e  form ­

a t i o n  r a t h e r  t h a n  a l k y l  r e v e r s a l#  T hat i s  t o  sa y ,  k^
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becomes l a r g e r  compared w i th  k-^,

’ " I  l r 9
C H ^ =  CITD t --- —  PTT?  —  CH2 D ---------- 2-----> CH2 D —  CII^D

s

I n  a d o i t i o n  to  t h i s  mechanism t h e r e  a r e  o t h e r  ways i n  

v;hich th e  s u r f a c e  d e u te r iu m  can  add  to  th e  l i g h t  e th y l e n e  

to  p ro d u ce  l a b e l l e d  e th a n e , .

CH2 — C J Io D ^  0II2 —  CH2 D -------------- »  CH2 —  CH2 +  C H g D — CH^D

S S S S (1 )

0 H o —  CHpD . C l i p —  CHp CHp —  CHP CH0 —  CH~
I 2 2 +  I 2 | 2  > | 2 | +  | 2 ^
s  s  s  s  s  s

T)
+  I
. s

C TIpD—  C IU  ( 2 )

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

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

p r e s e n c e  o f  l i g h t  e th a n e  a l th o u g h  p a r t  o f  t h i s  may be due to  

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

h y d ro g en .

S t u d i e s  o f  t h e  exchange r e a c t i o n  be tw een  l i g h t  and 

heavy  e th y le n e  h av e  i n  t h e  p a s t  been  c o n d u c te d  w ith  a 

s im u l ta n e o u s  a d d i t i o n  o f  t h e  e t h y l e n e s  t o  t h e  c a t a l y s t .  i n  

t h e  e x p e r im e n ts  o f  Conn and Twigg^^, who u s e d  a  n i c k e l  w ire  

c a t a l y s t ,  exchange  be tw een  th e  e th y l e n e s  was n o t  o b s e rv e d  

even  a t  t e m p e r a t u r e s  a s  h ig h  a s  300°C and  t h e  r e s u l t s  w ere
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taken-*-^  an a  s t r o n g  nryum ont i n  f a v o u r  o f  t h e  a s c o c i r t i v c  

m echanism o f  e th y l e n e  chemi s o r p t i o n .  I lo re  r e c e n t  work h: s ,  

h ow ev er ,  hecn  i n  ag reem en t vrith t h e  p r e s e n t  f i n d i n g s  and
g o

e v id e n c e  h a s  been  p r e s e n t e d  f o r  exchange on s u p p o r te d  n i c k e l  
102and  n ic l r e l  f i lm  c a t a l y s t s  and i n t e r p r e t e d  i n  tezm s o f  t h e  

d i s s o c i a t i v e  mechanism o f  P a r k a s .



135

1?]- I Q '  RApKy

1 . B e r z e l i u s ,  ,T.J. , A n n ls .  Chim. ph y s . 6 1 ,  1 4 6 (1 8 3 6 ) .

2 . J a n y m u ir ,  I . ,  J e Amer. Cliem. Soc. 38, 2 2 2 1 (1 9 1 6 ) .

5# B e n to n , A. P . , J .  Amer, Chem. Soc. £ 5 ,  8 8 7 (1 9 2 3 ) .

4 . E ^ g le to n ,  A. E . J . ,  and Tomkins, P .O . ,  T ra n s .  F a rad a y  Soc.

,48, 7 3 8 (1 9 5 2 ) .

5. l a n g m u i r ,  L. , j # Chem. Soc. 5 1 1 (1 9 4 0 ) .

6 .  G a m e r ,  W. E. , G ray, T. J .  , and S to n e ,  Fe S. , p ro c .  Roy. Soc.

(London) A197, 2 9 4 (1 9 4 9 ) .

7 .  B osw o rth , R .C .L . , T ra n s ,  F a rad a y  Soc. J35, 3 9 7 (1 9 3 0 ) .

8 .  R o b e r t s ,  J.IC. , P ro c .  Roy. So<... (London) A152,445( 1 935)•

9 . L e n n a rd - J o n e s ,  J . E . , T ra n s .  F a rad ay  Soc, 28 , 3 3 (1 9 3 2 ) .

10 . F o w le r ,  R .H . , P ro c .  Camb. P h i l ,  Soc. ^ 2 ,  1 4 4 (1 9 3 6 ) .

11 . T r a m  e l l ,  B. M. V/. , ,f Chemi s o r p t i o n ” , B u t t e r w o r t h s ,  London, 

1955.

12 . L a n y n u i r ,  T . , J . ' Amer, Chem. Soc, /[£, 1 3 6 1 (1 9 1 8 ) .

13 . Gundry, P. M. , and Tomkins, F .L . , Q u a r t .  .R ev, 14 , 257(1960)*

14. T a y lo r ,  U .S . ,  p ro c .  Roy, Soc. (London) A108, 1 0 5 ( 1 ° 2 5 ) .

15# R o b e r t s ,  J . K . , P ro c .  Roy. Soc. (London) A152, 4 4 5 (1 9 3 5 ) .

16 . E le y ,  P . P . ,  J .  p h y s . Chem. £ 5 ,  1 0 1 7 (1 9 5 1 ) .

17 . Schwab, G.M, , T ra n s ,  F a rad ay  Soc. ^ 2 ,  689(1946)*

18. P r e u n d l i c h ,  H . , " C o l lo id  and C a p i l l a r y  C h e m is t ry " ,

M ethuen, London, 1926.



-  ] •;.(> -

1 ° .  T i t o f f ,  A . ,  Z. physic .C hem . 74 , 6 4 1 (1 9 1 0 ) .

20. R ia e n l ,  E. r .  , " S u r f a c e  C h e m is t r y " , Cam bridge U n i v e r s i t y  

p r e s s ,  Cam bridge, 1930 .

21. H a lse y ,  G . , and T a y lo r ,  H. S. , J .  Chem. Phys. 1 5 ,  6 2 4 (1 9 4 7 ) .

22 . S ly g in ,  A . ,  end Frum kin , A .,  A c ta  p h y s-ch im ; UPSS

7 9 1 (1 9 3 5 ) .

23. Temkin, H . I .  , and p y sh e v , V . , A c ta  p h y s - c h in .  UPSS 12 , 

5 2 7 (1 9 4 0 ) .

24. I-ey pun sk y ,  0 . 1 . ,  A c ta  p h y s-ch im . URSS 2 , 7 3 7 (1 9 3 5 ) .

25. B eeck , 0 . ,  Sm ith , A .E . , and W hee le r , A .,  "Proc.Roy. Soc. 

(Jo n d o n )  A177, 6 2 (1 9 4 0 ) .

26 . R o b e r t s ,  M.W., and Sykes, K. W. , T ra n s ,  Fa.rsd.ay Soc, 5 4 ,

54S(1 9 5 8 ) .

27. Bond, G. C. , and F an n , R. S . , J .  Chem, Soc. 4 7 3 8 (1 9 5 8 ) .

28. S chu .i t ,  G.C. A . , and van Rei.i en , B.B. , Advan. C a ta . ly s i s  1 0 ,

2 4 3 (1 9 5 8 ) .

29. Coenen, J.W. E. , and B in n en , B. G. , " P h y s i c a l  and Chem ical 

A s p e c ts  o f  A d s o rb e n ts  and C a t a l y s t s " ,  Academic p r e s s ,  1 °7 0 .

30. C a r t e r ,  J . B . , Cusamano, J .A ,  , and S i n f e l t ,  J.IT. , J .  Phys. 

Chem. 7 0 , 2 2 5 7 (1 9 6 6 ) .

31. T a y lo r ,  W. E. , Y a te s ,  P . J .C .  , and S i n f e l t ,  J .H .  , J .  p hy s . 

Chem. 6 8 ,  2962(196 1)*

32. S i n f e l t ,  J . H . , Advan. Chem. Engng. 5 ,  3 7 (1 9 6 4 ) .



-  1 ;7 -

33. Becck, 0 , ,  C o le , W. A . , and W hee le r ,  A . ,  D i s c u s s io n s  

F araday  Soc, G, 5 1 4 (1 9 5 0 ) .

34. B rennan , I ) , , Hayward, D. 0 . ,  and T r r .p n e l i ,  B.H.VL, p ro c .  

Roy. Soc. (London) A256, 8 1 (1 9 6 0 ) .

35. B renn an , D . , and H ayes , T ra n s .  F a rad a y  Soc, 6.0, 

5Go(1 9 6 4 ) .

36. K le m p e re r ,  I). F . , and S to n e ,  F. S . , p ro c .  Roy. Soc. (London) 

A243, 3 7 5 (1 9 5 7 ) .

37. P u l l e r ,  E. , Z, ph y s . 106 , 5 4 1 (1 9 3 7 ) .

38. Gomer, R . , “F i e l d  E n ic s io n  and F i e l d  I o n i s a t i o n ” ,

C h a p te r s  2 , 4 ,  H a rv a rd  U n i v e r s i t y  P r e s s ,  Cam bridge, 

M a ss a c h u se t ts , -  1961.

59. Gomer, R , , Advan, C a t a l y s i s  7 ,  9 3 (1 9 5 5 ) .

40. B e c k e r ,  J .A .  , Advan. C a t a l y s i s  7 ,  1 3 6 (1 9 5 5 ) .

41. M u l le r ,  E. W. , “A dvances i n  E l e c t r o n i c s  and E l e c t r o n  

P h y s i c s ” , Academic p r e s s ,  New Y ork , 1J3, 8 3 (1 9 6 0 ) .

42. B randon , D, G , , E ndeavour 25. 9 0 (1 9 6 4 ) .

43. B ren nan , D . , Hayward, D. 0. , and T r a p n e l l ,  1. M. \7 ,, p ro c .  

Roy. Soc, (London) A256, 8 1 (1 9 6 0 ) .

44. S a c h t l e r ,  • W.IT.U., J .  Chem, P hys , 2!£, 7 5 1 (1 9 5 6 ) .

45. Ben B e a te n ,  I . E . ,  Fox, P.G. , and Selwood, P .W ., J ,  Phys.

Chen. 6 6 , 4 5 0 (1 9 6 2 ) .

46. Selwood, P. W., “A d s o rp t io n  and C o l l e c t i v e  p a ra m a g n e tism ” ,

Academic T r e s s ,  London and Now Y ork , 1962 .



-  1 3 8  -

47. E i r c h c n s ,  R. P. , F r a n c i s ,  S. A. , and P l i s h in ,  V / . / , ,  J ,  

r i iy c .  Chen. 6 0 , 1 ° 4 (1 9 5 6 ) ,

48. E is c h c n o ,  R. P . , and  p l i s k i n ,  W. A . , Advrn. Ce.taJ.y s i s  10 > 

1( 1° 68).

49. Y a te s ,  J . T .  , and G a r la n d ,  C. W. , J .  p h y s .  Chem. 6£ ,  617 

( 1 ° 6 1 ) .

50. 0* TYci.l 1 ,  C. ? ,.,  end v c i te s ,  B .J .  C. , J ,  p h y s . Chen. £ 5 ,  9 0 I  

(1 9 6 1 ) .  1

51. P arrod, J . F. . R o b e r t s ,  R. W. , and P i  sera am i, E . I . ,  J .  Phys, 

Chem. 7 1 ,  5 4 5 (1 9 6 7 ) .

52. Rummer, J . T .  , D e w i t t ,  T . , and  B nm ett, P . P . ,  J .  A ner. Chem. 

Soc. JQ , 3 6 3 2 (194 8 ) .

55. Rummer, J .  T . , p o d c u r3 k i ,  H. JT. , S p e n c e r ,  V,r. P . , end B m e t t ,  

P . P . ,  J .  Amer. Chem. Soc. 2%t 5 6 4 (1 9 5 1 ) .

54. Rummer, J .  T. , end B nm ett, P . P . ,  J .  Amer. Chem. Soc. 7 5 . 

5 1 7 7 (1 ° 5 5 ) .

55. B ly h o ld e r ,  G , , and Burnett, P . P . ,  J .  Phys . Chen, 6 5 , °62  

( 1 9 5 9 ) .

56. C am pbe ll ,  K .C . , and Thomson, S . J .  , T ra n s ,  F a rad a y  Soc. 55 . 

5 0 6 (1 9 5 9 ) .

57. C am pbell ,  K.C. , and Thomson, S . J . , T ra n s .  P a ra d a y  Soc. i55, 

° 8 5 ( 1 9 5 9 ) .

58. P ark as, A ., and P arkas, I . . , Trans. Paraday Soc. j55, 917 

( 1 9 3 9 ) .



-  1 39 -

59. P a r k a s ,  A .,  T ra n s .  Paraclay Soc. j j6 f 5 2 . ( 1 9 4 0 ) .

60 . P a r r a v a n o ,  G-., Hamm e l ,  E. P . , and T a y lo r ,  H. S. , J .  Amer. 

Chem. Soc. 70 , 2 2 6 9 (3 9 4 8 ) .

61 . T u r k e v i t c h ,  J , , B onner, P . ,  S c h i s s l e r ,  D. , and 7 s e a ,  A. P . ,  

D ie c u s s io n s  P a rad a y  Soc. 8 ,  35 2 (1 9 5 0 ) .

62 . Pond, G. C. , " C a t a l y s i s  by t o t a l s ” , Academic p r e s s ,  J-ondon, 

1962 .
63 . Bur w e l l , R .7 . . , Chem. Rev. 52 , 8 9 5 (1 9 5 7 ) .

64 . K cm ball,  C . , P ro c .  Chem, Soc, 2 6 4 (1 9 6 0 ) .

65 . Conn, G,K. T, , and Twigg, G. H . , p r o c .  Roy. Soc. ( io n d o n )  

AJ.71, 7 0 (1 9 3 9 ) .

66 . K oidzum i, M ,, J .  Chem, Soc. J a p a n  63 . 1512 , 1 7 1 5 (1 9 4 2 ) ;

64> 23(18 4 3 ) .

67 . Aman, J . ,  P a r k a s ,  A ., and P a r k a s ,  I . . ,  J .  Amer. Chem. Soc, 

2 2 ,  7 2 7 (1 9 4 8 ) .

68 . D o u g la s ,  J .E .  , and R a b in o v i tc h ,  B. S . , J .  Amer, Chem. Soc. 

7 4 , 2 4 8 6 (1 9 5 2 ) .

69 . P o k e s ,  R .J .  , T o b in , JT,, J r . ,  and Emmett, P. II. , J .  Amer,

• Chem. Soc. X L> 5 8 6 0 (1 9 5 5 ) .

70 . Webb. G . , Ph.D . t h e s i s ,  U n i v e r s i t y  o f  H u ll  ( 1 ? 6 4 ) .

71 . T a y lo r ,  G .P . , Ph.D. t h e s i s ,  U n i v e r s i t y  o f  Glasgow ( 1 9 6 7 ) .

7 2 . I 'oody , R . , Ph.D . t h e s i s ,  U n i v e r s i t y  o f  Glasgow;

7 3 . C s u ro s ,  G e izy , and Szabo, A c ta  Chim Acad. S c i .  Hung. 2 , 

3 3 (1 9 5 2 ) .



-  3 . 4 0  -

74 . H orikaw a, I ' . ,  S h i r a s a k i , T,., and Okada, P . ,  Advan.

C a t a l p s i s  20, 131( 1969) ,

75 . S c h n i d t - P l c e k ,  P. and Rowland, P. S . , A nal. Chem, " 6 1 

1 6 9 6 (1 0 6 4 ) .

76 . J e n k i n s ,  G. T ., and R id e a l ,  E .K . , J .  Chem. Soc. 2490, 2496 

( 1 9 5 5 ) .

7 7 . B ceck . 0 . ,  D i s c u s s io n s  F r r a d s y  Soc. G, 13.0(1950).

70 . Cormack, D , , Thomson, S . J . ,  and Webb, G . , J .  C a ta3 .y s is  5, 

2 2 4 (1 9 6 6 ) ,

7 9 . Cunnin; .hari, R. E. , rn d  Gwathmey, A. T. , Advan, C a t a j y s i s  2* 

2 5 (1 9 5 7 ) .

00 . J’o r ro w , B. A . , and S hep p a rd , N . , P ro c ,  Roy. Soc. ( Jo n d o n )

A311, 3 °1 (1 9 6 9 ) .

81 . A ltham , J . A . , and Webb, G . , J .  C a t a l y s i s  1 8 , 133(3 .970).

82 . Selwood, P. W„, J .  Amer, Chem, Soc. Gj?, 2 0 5 3 (1 9 6 1 ) .

83 . S a b a t i e r ,  P . ,  f,C a ta 3 y s i s  i n  O rg a n ic  C h e m is t ry " ,  t r a n s l a t e d  

by R e id ,  P . P . ,  D. Van No s t r a n d  end  C o . ,  Nev/v o r k ,  1932.

8 4 .  K o fe r ,  D..T. E. , Cohn, Ee K. , and P e e b le s ,  W .C., J .  Phys.

Chem, 5_4> 1 1 6 1 (1 9 5 0 ) .

85 . C a r t e r ,  J .T  . , T u c c h e s i ,  P . P . , and Y a te s ,  D . J . C . , J .  p h y s . 

Chem, (63, 1 4 5 1 (1 9 6 2 ) .

86 . P e r i ,  J . B . , and Jlannan, R .B . , J .  P hys . Chem. £ 4 ,  1 5 2 6 (1 9 6 0 ) .

87 . C a r t e r ,  J . I . ,  J .u c c h e s i ,  P . J . , C o m e i l ,  ^ . , Y a t e s ,  D . J . C . ,

and S i n f e l t ,  J . H . , J .  P hys . Chem. 6Q, 307 0 (1 9 6 5 ) .



-  143. -

88 . Davydov, V. Y a . , K i s e l e v ,  A. V. , and Z h u ra v le v ,  I . " 1. ,

T ra n s .  F a raday  Soc. Go, 2 2 5 4 (1 9 6 4 ) .

89 . H a l l ,  W. K. , T -o f t in ,  ]!. P. , C h c s e ls k e ,  J . , nvid 0 1 Pci.].] y , D. P. , 

J .  C eb rO ysio , 2 , 506(3 9 6 3 ) .

90 . H a l l ,  Y/.K., r\nd T -u t in s k i ,  P . P . ,  J .  C n c i l y s i s  2 , 53 8 .(1963).

91 . S i n f e 3 t ,  J . P .  , and Ju cch os i .  P. J ,  , J .  Amer. Chem. Soc. 8 5 , 

3 9 6 5 (1 9 6 3 ) .

92 . C a r t e r ,  J . 7 .  , l u c o J ic s i ,  P. J . ,  end S i n f e l t ,  J .T ! . ,  J .  Amer.

Ch em • So c . 0 6 , 149 4( 19 6 4 ) ,

93 . B o u d a r t ,  p . ; Advan. C a tn 3 .y s is  20 , 153(3 .069).

94. McKco, D.W., «T. Aner. Jnem. Soc. 8 4 ,  13 .09(1°62).

95 . Kcnb.?31, C . , T/r o c .  Roy. Soc, (J.ondon) A217, 3 7 6 (1 9 5 3 ) .

9 6 . Thomson, S . J . ,  and W ish la d e ,  J .T , . ,  T ran s .  F a ra d a y  Soc.

2 0 ,  1 1 7 0 (1 0 6 2 ) .

97 . A n derso n , J .  P . , and B a k e r ,  B0G. , ? r o c .  Roy, Soc. A271, 402 

( 1 9 6 3 ) .

98 . K em boli,  C. . p ro c .  Roy. Soc. A207,5 3 9 (1 9 5 1 ) .

99 . H°Kee, D.W., N a tu re  19,2 , 6 5 4 (1 9 6 1 ) .

100 . C am pbell ,  K .C . , J .  C a t a l y s i s  1972 , i n  p r e s s .

101 . ELey, D .D ., D i s c u s s io n s  F a rad ay  Soc, 8 , 9 9 (1 9 5 0 ) .

102 . i / iy a h r . r a ,  K. , ‘J .  Res. T n s t i t .  C a t . ,  Hokkaido U n iv . ,  14 , 

1 3 4 (1 9 6 6 ) .

103. P a r k a s ,  A . ,  T ra n s .  P a rad a y  Soc. JJg, 9 0 6 (1 9 3 9 ) .



14 2 -

APPENDIX X
The amount o f  r r i t i u m  i n j e c t e d  o n to  t h e  c a t a l y s t s  was

lm l .

l e t  t h e  amount o f  e x c h a n g e a b le  h y d ro g en  on th e  c a t a l y s t  be xml. 

If  the activity of lml tritium is  fl  unit* and there i s  com­
p l e t e  e q u i l i b r a t i o n  be tw een  g a s  p h a se  and s u r f a c e  hy d ro g en  

( i n c l u d i n g  t r ; . t i u m ) f x / l - t - x  u n i t s  w i l l  be r e t a i n e d  on f i r s t  

i n j e c t i o n .  F o r  c o n v e n ie n c e  c e d i  x / l  + x -  r .

1 s t  i n j e c t i o n  1 u n i t  o f  a c t i v i t y

r  u n i t s  r e t a i n e d  ( 1 - r )  u n i t s  e l u t e d

2nd i n j e c t i o n  1 r  u n i t s

r ( H - r )  r e t a i n e d  ( l - r ) ( l + r )  e l u t e d

3rd  i n j e c t i o n  l  + r t l + r )  = l + r + r ^  u n i t s

r ( l + r  + r2 )  r e t a i n e d  ( l - r ) ( l +  r  + r ^ )  e lu t e d  

4 t h  i n j e c t i o n  1 + r (  1 + r  + r ^ )  *  1+* r +  r ^ t
i i

r (  1 r  r ^  r ^ )  r e t a i n e d  

( l - r ) ( l - * - r  + r 2 r ^ )  e l u t e d  

Thus i n  g e n e r a l  f o r  t h e  n th  i n j e c t i o n

amount e l u t e d  — ( 1 - r ) (1+  r + - r ^ ----------  r 11**-*-)

-  ( 1 - r 11) 

amount r e t a i n e d  =? r 31 = y ( say)

y = r 11 i 0g y as n l o g  r

A p l o t  o f  l o g  y £ i . e .  l o g  ( a c t i v i t y  r e t a i n e d / a c t i v i t y  i n j e c t e d ) ]  

a g a i n s t  n  g i v e s  a  s t r a i g h t  l i n e  o f  s lo p e  l o g  r  w here r  *  

x / l +  x a s  d e f i n e d .
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APPENDIX 3T 

The v a r i o u s  i s o t o p i c  e th y le n e s  p o s s i b l e  a r e : -

c 2D4 c 2D3H C2D2H2 CgH^D c2h4

32 31 30 29 28

I .e t  t h e  me a s u re d io n  c u r r e n t s  b e ; -

C2D4 c 2D5n c2^2H2 C2II53) c2h 4

32 31 30 29 28 27 26

A B C D E G H

and t h e  p a r e n t io n  c u r r e n t s  be: -

a b c d e g h

On a  s t a t i s t i c a l  b a s i s  t h e  bre&kdown p a t t e r n  from each 

p a r e n t  io n  i s  a s  fo l lo w s:* -

ION m/e INTENSITY

c2d ; 32 1

c 2D3" 30 %

0 2d; 28 f 2
c2kd ; 31 1

c2d 3; 30 f ^ A 3* 0 . 2 5 ^

c 2hd£ 29 3 f /  4 =  0 . 7 5 i \

°2»2 28 2 / 3 .  3 / 4 f 230 . 5 f 2

CgLH* 27 3 / 4 .2 / 3 f 2- 0 . 5 f 2

a 2H2D2
30 1

c2hd2^ 29 f x /2  * 0 .5 f x

c2h2d * 28 f-j /2  -  0 . 5 ^

w
f 2 /6  =» 0 .1 7 f 2

c 2m + 27 2 /3 ^ 2s  0 .6 7 f 2
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1 OH m /e INTENSITY

c . Cp US  
contci. '

2 6 l / 6 f 2 =  0 . 1 7 f 2

d. C0F ,i;*
c . J

29 1

CQH„i) +2 28 3 /4 1 -1 =  O .Y bfi

c2d h ' 27 f 2 /2  =  0 . 5 f 2

C2H3*" f x / A  =  0 . 2 5 ^
Q it 

2 2 26 0 . 2 5 f 2

c2d ^ 2 6 0 . 2 5 f 2

e. C2H + 28 1

c2h 3 ^ 27 h
C_H * 26 fo2 2 2

The c o n t r i b u t i o n  o f t h e  p a r e n t  i o n  to  each peak

f o r e  be c a l c u l a t e d from t h e  f o l lo w in g  e q u a t io n s :  -

32 a A

31 b — B

30 c = C -  f x ( 0 .2 5 b  +  a)

29 d = D -  f x ( 0 .7 5 b  +  o .5 c )

• 28 e — E -  f]_(0 . 5c -v- 0 .7 5 d )

-  f 2( a  + 0 .5 b * -  0 .1 7 c )

27 G =. f-^  e *• 0 .2 5 d )  

f 2( 0 . 5 d  -t- 0 . 6 7 c >  0 .5 b )

26 H =: f 2( e -t- 0 .5 d  +■ 0 .1 7 c )
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C2D6
56

Tiie v a r i o u s  i s o t o p i c  e th a n e s  p o s s i b l e  a r e : -  

C,IiDK

55
C2:,2I,4

34

c2h3d-

55

C2I!4D2

32

J e t  t h e  m easu red  io n  c u r r e n t s  b e : -

A 1 C D

56 55 54 55

and t h e  p a r e n t  io n  c u r r e n t s  b e : -  

a  b c d

E

52

C ^ D

51

G

51

S

c2h(

50

H

50

h

J

29

J

On a  s t a t i s t i c a l ,  b a s i s  th e  breakdown p a t t e r n  from each

p a r e n t  i o n  i s  a s  f o l lo w s :  -

a .  C2D6 

56 

1

54

fn

b.
c 2in>5

C2HI)5

C2D5*"
c
C„D+2 4
c2n >3

c , hd,< ^ 0

c .

c2h2d4

55

54

55 

52 

51

CbHD

c2h2b

K

28

k

*  C2D4 
52

f 2

c | D f  

OgHD*

1

1 / 6 ^

5 / 6 ^

5 / 6 . 1 / 6 f 2 =  l / 5 . 5 / 6 f 2 =• l / 3 f 2 

4 / 5 . 5 / 6 f 2 =  2 / 3 f ,

C2HDj

c2hd*

C .H B *  
2 2 2



contdiT 2 *
34

o
ro 33

c2h2d; 32

c2d ; 32

• c2i®r 31

c2h2d2 30

d.
^ , C 2E2Dt:

6.

c 9h ,d _  £ 1 0

C2H5D

1

1 / 3 %

2 / 3 %

1 / 5 . 1 / 3 %  =  1 A 5 %  

( 4 / 5 . 1 / 3  +  2 / 5 . 2 / 3 ) %  

3/5  f  2 

C2HD5̂

c2h2d *

8A 5 f .

^  C2 V s <
' d 2 T  d 

■* OnJUjD*

C„II D* 
2 4 2 32 1

c2h 3d2+ 31 2/3 *1

W * 30 1 / 3 %

C„H D+ 
2 2 2 30 3 / 5 . 2 / 3 %  =  2 / 5 %

c2h 3d " 29 ( 2 / 5 . 2 / 3  +  4 / 5 . 1 / 3 ) %

c2h ; 28 1 / 5 . 1 / 3 %  =  l / 1 5 f 2

8 A 5 f .

, c2h4d
c2h 5b

W

^  °2%T------ - >  c2h 4+

C2H5D+ 31 1

C2H4D* 30 5 / 6 %

C2H5" 29 1 /6 %

C ^ D * 29 4 / 5 . 5 /6 %  =  4 /6 %

° 2 V 28 ( 1 / 5 .5 / 6  - 1 - 5 / 6 .1 /6 ) =  2 /6 f ,
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C g i i g  ■ ^  C p i i j  y C 2 I . 4

c 2f 6 v  3 0  1

C0H,-+ 20 fn25 J.
C2H.+ 28 f 2

3 6  a  =  A

35 b =• I

34 c =  C -  f •]_( a  •+• l / 6 b )

33 cl — D -  f 1 ( 5 / 6 t  + X/3o)

52 e =■ E -  ^ ( 2 / 3 0  + X/2d) -  f ^ ( a  "*■ -*-/5l3 ■*" X /l5 c )

5 1  g =  G -  f - j U A d  v  2 /3 e )  -  f 2 ( 2 / 3 b  +  8/X 5c + X/5d)

30 h — K -  f-L( X / 3 e +  5 /6 g )  -  f 2 ( 3 / 5 c +  3 /5 d  ■+ 2 /5 e )

29 J  -  f  (X /6 g  + h) + f 2( X /5 d +  8 /L 5 e  + 4 /6 g )

28 K =  f  (X A 5 e  2 /6 g  + h)


