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SUMMARY

The r e a c t i o n  of c y c lo p r o p a n e  with  h y d r o g e n  h a s  b een  s tu d ied  

o v e r  e v a p o r a t e d  an d  p u m i c e - s u p p o r t e d  n i c k e l  c a t a l y s t s .  It h a s  b e en  

found th a t  r e p r o d u c i b i l i t y  of r e a c t i o n  b e h a v io u r  on a p a r t i c u l a r  

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

r e p r o d u c i b i l i t y  h a s  b e e n  o b ta in e d  po iso n in g  of the  h y d r o g e n a t io n  

r e a c t i o n  by m e r c u r y  h a s  b e e n  s tu d ie d  u s in g  a r a d i o t r a c e r  t e c h n iq u e .  

The  r e s u l t s  of th i s  s tu d y  in d ic a te  th a t ,  when a l lo w an c e  h a s  b e en  m a d e  

fo r  d i f f e r e n c e s  in f i l m  w e igh t ,  a p a r t i c u l a r  a m o u n t  of m e r c u r y  does  

not p r o d u c e  a c o m p a r a b l e  e f fe c t  on d i f f e r e n t  f i l m s ,  a l though ,  when 

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

i s  o b t a in e d .  A c o m p a r i s o n  of th e  p o iso n in g  c u r v e  so d e r i v e d  wi th  

th o s e  in  the  l i t e r a t u r e  c o n f i r m s  th a t  on e v a p o r a t e d  n i c k e l  f i l m s  the  

m e c h a n i s m  of th e  p o iso n in g  p r o c e s s  is  the  p r e v e n t i o n  by m e r c u r y  of 

h y d r o g e n  a d s o r p t i o n ;  a p r o c e s s  n e c e s s a r y  f o r  h y d r o g e n a t io n  of 

c y c l o p r o p a n e .

The p o iso n in g  e f fec t  of m e r c u r y  fo r  c y c lo p r o p a n e  h y d r o g e n a t io n  

ha s  a l s o  b e e n  s tu d ie d  on p u m i c e  s u p p o r t e d  p a l l a d i u m  c a t a l y s t s  wh ich  

show ed  r e p r o d u c i b l e  b e h a v i o u r .  I t  was  found p o s s i b l e  to r e a c t i v a t e  

t h e s e  c a t a l y s t s  to a c e r t a i n  d e g r e e  s u b se q u e n t  to m e r c u r y  p o iso n in g .  

Th is  p r o c e s s  h a s  b e e n  c o r r e l a t e d  wi th  the  o b s e r v e d  m i g r a t i o n  of



i i .

m e r c u r y  t h r o u g h  the  c a t a l y s t  b e d .

The  a d s o r p t i o n  of r a d i o a c t i v e  m e r c u r y  on e v a p o r a t e d  and  

s u p p o r t e d  n i c k e l  c a t a l y s t s  h a s  b e e n  fo l lowed  and  the  e x te n t  of the 

a d s o r p t i o n  h a s  b e e n  found to be c r i t i c a l l y  d e p en d en t  on the  r e l a t i v e  

t e m p e r a t u r e s  of the  m e r c u r y  s o u r c e  and  of the  c a t a l y s t ,  u n d e r  

c o n d i t io n s  w h e r e  d i s t i l l a t i o n  f r o m  the  m e r c u r y  s o u r c e  c anno t  o c c u r .  

The  r e s u l t s  o b ta in e d  f o r  s i m u l t a n e o u s  h y d r o g e n  d e s o r p t i o n  and  

m e r c u r y  a d s o r p t i o n  b e h a v i o u r  h av e  b e e n  a t t r i b u t e d  to the  p r e s e n c e  

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

D if f icu l ty  h a s  b e e n  found in  d i s t in g u i s h in g  b e tw e e n  t h e s e  u n d e r  

c e r t a i n  c o n d i t i o n s .

To s tu d y  the  f a c t o r s  c o n t r o l l i n g  the  a d s o r p t i o n  of m e r c u r y  on 

n i c k e l  c a t a l y s t s ,  a t e c h n iq u e  h a s  b e e n  d e v e lo p ed  to d e t e r m i n e  the  

m e r c u r y  v a p o u r  p r e s s u r e  above  a m e r c u r y - p o i s o n e d  c a t a l y s t .  It has  

b e e n  shown th a t  th i s  t e c h n i q u e ,  u s in g  the  a b s o r p t i o n  of m e r c u r y  

r e s o n a n c e  r a d i a t i o n  in  c o n ju n c t io n  with  a r a d i o t r a c e r  t e c h n iq u e ,  

i s  e x t r e m e l y  s e n s i t i v e  f o r  the  s tudy  of th i s  type  of s y s t e m .



INTRODUCTION

H e t e r o g e n e o u s  c a t a l y s i s  - the  o c c u r r e n c e  of a r e a c t i o n  b e tw ee n  

c h e m i c a l  s p e c i e s  a t  a m u c h  a c c e l e r a t e d  r a t e  in  the  p r e s e n c e  of 

c e r t a i n  ty p e s  of so l id  s u r f a c e  - h a s  b e en  known fo r  w e l l  o v e r  

a c e n t u r y .  T h u s ,  f o r  e x a m p l e ,  an  e x ten s iv e  s tudy  of the  a c t io n  of 

a p l a t i n u m  s u r f a c e ,  in  p r o m o t i n g  the  r e a c t i o n  of oxygen with  c a r b o n  

m o n o x id e  an d  w i th  h y d r o g e n ,  was  m a d e  by F a r a d a y .  It was  not u n t i l  

the  2 0 t h  c e n t u r y ,  h o w e v e r ,  t h a t  any  r e a l  a t t e m p t  was  m a d e  to 

dev e lo p  th e  b a s i s  of an  e x p lan a t io n  fo r  th i s  r e m a r k a b l e  b e h a v io u r :  

i n d e e d  i t  w as  no t  u n t i l  1 9 1 6  t h a t  the  n e c e s s a r y  s c i e n t i f i c  b a c k g r o u n d  

f o r  th i s  w as  m a d e  a v a i l a b l e .

In 1913, S a b a t i e r  (1) a t t e m p t e d  to r a t i o n a l i s e  c a t a ly t i c  p r o c e s s e s  

in  t e r m s  of c o m p o u n d  f o r m a t i o n  b e tw e e n  the  r e a c t a n t s  an d  the  c a t a l y s t .  

R e c e n t l y  (2) t h i s  s a m e  c o n c e p t  h a s  b e e n  u s e d  to e x p la in  the  p a t t e r n  

of b e h a v i o u r  of f o r m i c  a c i d  d e c o m p o s i t i o n  on v a r i o u s  m e t a l s .  It was  

found th a t  th e  c a t a l y t i c  a c t i v i t y  of the  m e t a l  cou ld  be  c o r r e l a t e d  with  

the  t h e r m a l  s t a b i l i t y  of i t s  f o r m a t e .  A f t e r  the  d i s c o v e r y  of the  

p h e n o m e n o n  of a d s o r p t i o n  by L a n g m u i r  in  1916 (3) an d  p a r t i c u l a r l y  

of c h e m i s o r p t i o n ,  w h e r e  th e  m o d e  of a t t a c h m e n t  to the  s u r f a c e  was  

by a bond  w h ich  w as  c h e m i c a l  in n a t u r e ,  i t  c a m e  to b e  r e a l i s e d  th a t  

" s u r f a c e  c o m p o u n d s "  of th i s  type  w e r e  r e s p o n s i b l e  fo r  the  c a ta ly t i c



a c t i o n .  It w a s ,  t h e r e f o r e ,  no lo n g e r  n e c e s s a r y  to r e s t r i c t  the  

a b i l i t y  to ex p la in  c a t a l y s i s  to th o s e  c a s e s  w h e r e  a known com pound  

of the  c o n v e n t i o n a l  s o r t  e x i s t e d .

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

i n t e r e s t i n g  p h e n o m e n o n ,  which  cou ld  be u t i l i s e d  to a c c o m p l i s h  

c h e m i c a l  r e a c t i o n s  and  i t s  e m p lo y m e n t  was  in  the  n a t u r e  of an  a r t .

In m a n y  of i t s  i n d u s t r i a l  a p p l i c a t i o n s  the  s u b je c t  h a s  c o n t in u ed  to 

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

know ledge  h a s  b e e n  a c q u i r e d .  On the  o t h e r  hand ,  the  d e v e lo p m e n t  

of th e  c o n c e p t  of c h e m i s o r p t i o n  op en ed  up  the  p o s s i b i l i t y  of the  s tudy 

of c a t a l y s i s  on a r i g i d  s c i e n t i f i c  b a s i s .

It i s  now g e n e r a l l y  a c c e p t e d  t h a t  the  c h e m i s o r p t i o n  of r e a c t a n t s  

p la y s  an  i m p o r t a n t  p a r t  in  h e t e r o g e n e o u s  c a t a l y s i s ,  an d  th i s  h a s  led  

to d e t a i l e d  s tu d i e s  of the  i n t e r a c t i o n  b e tw e e n  r e a c t a n t s  and  s u r f a c e s .  

T h e s e  s tu d i e s  hav e  e m p lo y e d  an  e x c e e d in g ly  d i v e r s e  r a n g e  of 

t e c h n i q u e s ,  b u t  h a v e  d e v e lo p e d  a long two m a i n  i n t e r - r e l a t e d  l i n e s .

F i r s t l y ,  i t  a p p e a r e d  th a t  the  a r r a n g e m e n t  of the  a t o m s  on the 

s u r f a c e  of the  c a t a l y s t  h a d  s o m e  b e a r i n g  on i t s  a c t i v i t y .  S t r ik in g  

q u a l i t a t iv e  e v id e n c e  fo r  th i s  w as  found by B a lan d in  (4) f r o m  s tu d ie s  

of the  r e a c t i o n s  on m e t a l  s u r f a c e s  of m o l e c u l e s  hav ing  s ix  m e m b e r e d  

r i n g s ,  in  p a r t i c u l a r  the  h y d r o g e n a t io n  of b e n ze n e  and  the  c o n v e r s e  

r e a c t i o n ,  th e  d e h y d r o g e n a t io n  of c y c lo h e x a n e .  He c l a i m e d  th a t



c a t a ly t i c  a c t i v i t y  fo r  t h e s e  r e a c t i o n s  w as  only  shown by th o s e  m e t a l s  

w h ich  f o r m e d  c r y s t a l s  w i th  f a c e - c e n t r e d  cub ic  o r  h e x a g o n a l  c lo se  

p a c k e d  s t r u c t u r e s .  Only  t h e s e  m e t a l s  w e r e  c a p a b le  of p r e s e n t i n g  

c r y s t a l  f a c e s  a t  the  s u r f a c e  w hich  p o s s e s s e d  h e x ag o n a l  s y m m e t r y  

a n d  a c c o r d i n g l y  i t  w as  p o s t u l a t e d  th a t  in o r d e r  to u n d e rg o  r e a c t i o n ,  

the  m o l e c u l e  b e c a m e  a t t a c h e d  to the  s u r f a c e  by s ix  m e t a l  to c a r b o n  

b o n d s .  C o n s i d e r a t i o n s  of th i s  kind,  w h ich  have  c o m e  to be known a s  

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

c a t a l y t i c  s p e c i f i c i t y .  I t  h a s  f r e q u e n t l y  b e e n  found th a t  d i f f e r e n t  

c a t a l y s t s  p r o d u c e  d i f f e r e n t  p r o d u c t s  in  the  s a m e  r e a c t i o n .  Thus  in 

the  d e c o m p o s i t i o n  of e thy l  a c e t a t e  on ox ide c a t a l y s t s  a v a r i e t y  of 

p r o d u c t s  r e s u l t e d ,  bu t  the  r e l a t i v e  y ie ld s  of e a c h  of t h e s e  p r o d u c t s  

v a r i e d  g r e a t l y  w i th  d i f f e r e n t  o x id e s  (5).

M o r e  q u a n t i t a t iv e  i n f o r m a t i o n  on the  e f fec t  of s p a c in g  of the  

a t o m s  on the  a d s o r b a t e  s u r f a c e  c a m e  f r o m  a c o n s i d e r a t i o n  of e thy lene  

h y d r o g e n a t i o n  on m e t a l s .  Twigg an d  R i d e a l  (6 ) c a l c u l a t e d  to what 

e x te n t  the  v a l e n c e  a n g le s  would  r e q u i r e  to be d i s t o r t e d  in  o r d e r  fo r  

e th y len e  to be c h e m i s o r b e d  by a t t a c h m e n t  to two a d j a c e n t  m e t a l  a to m s  

on the  s u r f a c e .  F o r  th i s  c a l c u l a t i o n  th e y  u s e d  v a lu e s  fo r  the  v a r i o u s  

bond  l e n g th s  w h ich  h a d  b e en  e s t a b l i s h e d  f r o m  known c o m p o u n d s .

T h ey  sh o w ed  th a t  on the  2 .4 7  A°  sp ac in g  of n i c k e l ,  e th y len e  would  be 

e x p e c t e d  to be  c h e m i s o r b e d  w i th  v e r y  l i t t l e  d i s t o r t i o n  of the



t e t r a h e d r a l  a n g le s  of th e  c a r b o n  a t o m s .  It was  le f t  to B ee k  (V 

to p r o v id e  the  e x p e r i m e n t a l  o b s e r v a t i o n s  c o m p l e m e n t a r y  to th is  

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

f o r  e th y le n e  h y d r o g e n a t i o n  w e r e  c o m p a r e d .  It w as  found th a t  

a r e l a t i o n s h i p  a p p e a r e d  to e x i s t  b e tw e e n  the  l a t t i c e  sp ac in g  and  the  

a c t i v i t y  ( e x p r e s s e d  a s  the  l o g a r i t h m  of the  r a t e  c o n s tan t )  and  th a t  

t h i s  r e l a t i o n s h i p  e x h ib i t e d  a m a x i m u m .  Th is  m a x i m u m  a c t i v i t y  

w as  shown by r h o d i u m  w ith  a l a t t i c e  sp ac in g  of 3 .7 5  A°:  a va lue  v e r y  

m u c h  g r e a t e r  t h a n  th a t  n e c e s s a r y  to a c h i e v e  an  a d s o r b e d  s p e c i e s  with  

the  l e a s t  s t r a i n e d  s t r u c t u r e .  F r o m  th i s  i t  a p p e a r e d ,  t h e r e f o r e ,  t h a t  

c o n d i t io n s  w h ich  w e r e  l i k e ly  to r e s u l t  in  the  s t r o n g e s t  bonding to the 

s u r f a c e  w e r e  no t  th o s e  w h ich  gave  the  h i g h e s t  c a t a ly t i c  a c t i v i t y .

Th is  c o n c lu s io n  w i l l  be  r e f e r r e d  to a g a in  l a t e r .

I t  w as  soon  ev id en t  t h a t ,  whi le  the  g e o m e t r y  of the  s u r f a c e  

cou ld  e x p la in  s o m e  of the  o b s e r v a t i o n s  on c a t a ly t i c  b e h a v io u r ,  i t  was  

n e c e s s a r y  a l s o  to t a k e  in to  a c c o u n t  the  c h e m i c a l  a s p e c t  of the  p r o c e s s .  

C o n s e q u e n t ly ,  the  s e c o n d  m a i n  l ine  of i n v e s t ig a t i o n  s tu d ie d  the 

bonding  of s p e c i e s  to the  s u r f a c e ,  t h a t  i s ,  the  e l e c t r o n i c  f a c t o r  in  

c a t a l y s i s .  F r o m  the  m a s s  of e m p i r i c a l  o b s e r v a t i o n s  which  h a d  b e e n  

a c c u m u l a t e d  i t  w as  a p p a r e n t  th a t ,  a s  f a r  a s  m e t a l s  w e r e  c o n c e r n e d ,  

the  m o s t  o u t s t a n d in g  c a t a ly t i c  a c t i v i t y  w as  e x h ib i t e d  by the  t r a n s i t i o n  

m e t a l s .  I t  w as  lo g i c a l ,  t h e r e f o r e ,  to e x a m i n e  the  p o s s i b i l i t y  of



a r e l a t i o n s h i p  b e tw e e n  t h e i r  own p e c u l i a r  c h a r a c t e r i s t i c ,  v i z .  the  

p o s s e s s i o n  of an  i n c o m p l e t e l y  f i l l ed  d -b a n d  and  the  c a ta ly t i c  

a c t i v i t y .  E v i d e n c e  fo r  c h e m i c a l  bonding  involv ing  the  e l e c t r o n s  of 

the  d - b a n d  h a s  b e e n  d e r i v e d  f r o m  two m a i n  ty p e s  of i n v e s t ig a t i o n .

F i r s t l y ,  i t  w as  shown by D i lke ,  E l e y  an d  M ax te d  in  1948 (8 ) 

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

d e p e n d e n t  upon  the  a m o u n t  of d - b a n d  v a c a n c y  - w as  r e d u c e d  when 

m e t h y l  su lph ide  w as  a l lo w ed  to a d s o r b  on the  m e t a l  s u r f a c e .  Th is  

b e h a v i o u r  w as  a t t r i b u t e d  to c h e m i s o r p t i o n  bonds  in  wh ich  the  lone  

p a i r  of e l e c t r o n s  on e a c h  s u lp h u r  a t o m  w e r e  d o n a ted  to the  d - b a n d  

of the  p a l l a d i u m .  The  o t h e r  e v id e n c e  c a m e  f r o m  w o r k  on the  

c a t a l y t i c  a c t i v i t y  of b i n a r y  a l l o y s .  In p a r t i c u l a r ,  C o u p e r  and  E l e y  (9) 

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

an d  Dowden an d  R ey n o ld s  (10) i n v e s t i g a t e d  c o p p e r - n i c k e l  a l lo y s  as  

c a t a l y s t s  fo r  e th y le n e  h y d r o g e n a t io n  and  fo r  the  d e c o m p o s i t i o n  of 

m e t h a n o l  an d  f o r m i c  a c i d .  In bo th  c a s e s  the  a l loy  s y s t e m  u s e d  was  

c h o s e n  b e c a u s e  th e  two m e t a l s  h a d  a l m o s t  i d e n t i c a l  l a t t i c e  s p a c in g s ,  

so t h a t  the  a l l o y  c o m p o s i t i o n  cou ld  be  v a r i e d  w ide ly  w i thou t  hav ing  

a  s u p e r i m p o s e d  g e o m e t r i c  e f f e c t .  It w as  o b s e r v e d  th a t  on v a r y in g  

the  a l lo y  c o m p o s i t i o n  t h e r e  w as  a m a r k e d  i n c r e a s e  in the  a c t i v a t io n  

e n e r g y  f o r  th e  r e a c t i o n  u n d e r  s tu d y .  Th is  i n c r e a s e  o c c u r r e d  

s udden ly  w hen  th e  c o m p o s i t i o n  was  r e a c h e d  w h e r e  i t  would  be 

e x p e c t e d  th a t  t h e r e  w as  j u s t  s u f f ic ie n t  gold  o r  c o p p e r  p r e s e n t  fo r



i t s  s e l e c t r o n s  to f i l l  the  v a c a n c i e s  in  the  d - b a n d  of the  p a l l a d iu m  

o r  n i c k e l .

B i n a r y  a l lo y s  s u c h  a s  th o s e  m e n t io n e d  above  a f f o r d e d  an  e l eg an t  

way  to s tu d y  the  e l e c t r o n i c  f a c t o r  in  the  a b s e n c e  of a v a r i a b l e  

g e o m e t r i c  f a c t o r .  U n fo r t u n a t e ly ,  i t  was  not p o s s i b l e  to s tudy  the  

g e o m e t r i c  f a c t o r  in i s o l a t i o n ,  so t h a t  i t  i s  no t  c l e a r  to what  e x ten t  

the  c o n c lu s io n s  d r a w n  cou ld  a l s o  be  a t t r i b u t e d  to the  e l e c t r o n i c  f a c t o r .  

As  m e n t i o n e d  p r e v i o u s l y ,  h o w e v e r ,  i t  s e e m e d  th a t  the  type  of 

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

w as  c o n s i d e r a b l y  w e a k e r  th a n  th a t  r e s u l t i n g  f r o m  a s t r a i n  f r e e  

s t r u c t u r e .  A c c o r d i n g l y ,  i t  w as  p o s t u l a t e d  th a t  the  type  of a d s o r p t i o n  

i m p o r t a n t  in  c a t a l y s i s  - c h e m i s o r p t i o n  w h ich  was  r a p i d  y e t  w eak  - 

cou ld  be  p r o v i d e d  by bonding  wi th  the  d - b a n d  of the  m e t a l .

The  i m p o r t a n c e  of w e ak  bonding  can  be s e e n  q u a l i t a t i v e ly  in 

v a r i o u s  r e a c t i o n s .  P l a t i n u m  an d  s i l v e r  a r e  the  only  m e t a l s  which  

show a p p r e c i a b l e  c a t a l y t i c  a c t i v i t y  fo r  o x ida t ion  r e a c t i o n s  and  the  

u n u s u a l l y  low h e a t  of oxygen  c h e m i s o r p t i o n  on t h e s e  m e t a l s  a p p e a r s  

to be  r e s p o n s i b l e  f o r  t h i s .  The  h e a t s  of c h e m i s o r p t i o n  of oxygen  on 

m o s t  o t h e r  m e t a l s  e x c e e d s  100 K c a l / m o l e .  In c o n t r a s t ,  m a n y  

ox ide s  a r e  c a p a b le  of c h e m i s o r b i n g  oxygen  w i th  a low h e a t  of 

a d s o r p t i o n  and  t h e s e  c o m p r i s e  the  s e l e c t i o n  of the  m o s t  a c t iv e  

ox ida t ion  c a t a l y s t s .  The  s i t u a t io n  fo r  h y d r o g e n a t io n  r e a c t i o n s  is



v e r y  d i f f e r e n t .  H e r e  the  c a t a ly t i c  a c t i v i t y  i s  exh ib i ted  in so m e  

d e g r e e  by  a l l  the  g ro u p  8  e l e m e n t s  and  th is  is  p a r a l l e l e d  by the  f ac t  

t h a t  in g e n e r a l  the  h e a t  of d e s o r p t i o n  of h y d r o g e n  is  m u c h  lo w e r  

th a n  th a t  of o x y g e n .  A g a in ,  to f ind  m e t a l s  which  hav e  su f f ic ien t ly  

low h e a t s  of c h e m i s o r p t i o n  f o r  n i t r o g e n  is  the  d i f f icu l ty  which  

s e v e r e l y  l i m i t s  the  c h o ic e  of c a t a l y s t  fo r  a m m o n i a  s y n t h e s i s .

On i r o n ,  the  h e a t  of n i t r o g e n  c h e m i s o r p t i o n  in  the  h igh  c o v e r a g e  

r e g i o n  i s  only  16 K c a l / m o l e ,  wh ich  i s  c o n s i s t e n t  with  i t s  e s t a b l i s h m e n t  

a s  the  c a t a l y s t  f o r  th e  H a b e r  p r o c e s s .

In v iew  of the  r e q u i r e m e n t  t h a t  fo r  h igh  a c t i v i t y  c h e m i s o r p t i o n  

of r e a c t a n t s  sh o u ld  be  f a i r l y  w eak ,  i t  i s  not s u r p r i s i n g  th a t  t h e r e  

e x i s t  c h e m i c a l  s p e c i e s  w h ich  a r e  c ap a b le  of a c t i n g  a s  c a t a l y s t  p o i s o n s .  

T h e s e  m a t e r i a l s ,  by  be ing  m o r e  s t r o n g l y  a d s o r b e d  by the  s u r f a c e  th an  

a r e  the  r e a c t a n t s ,  c a n  r e d u c e ,  o f ten  d r a s t i c a l l y ,  the  a c t i v i t y  of the  

c a t a l y s t .  In c e r t a i n  s y s t e m s  th i s  po iso n in g  e f fec t  c an  be b ro u g h t  

abo u t  by  t r a c e s  of i m p u r i t i e s  in  the  r e a c t a n t s ,  so th a t  in p r a c t i c e  

the  e f fec t  c o n s t i t u t e s  a s e r i o u s  d i s a d v a n t a g e .  On the  o th e r  hand ,  i t  

i s  o c c a s i o n a l l y  found th a t  the  p o i s o n  is  c ap a b le  of a c t in g  s e l e c t i v e l y .  

T h u s ,  a n i c k e l  on k i e s e l g u h r  c a t a l y s t ,  wh ich  was  a c t iv e  fo r  the  

h y d r o g e n a t io n  of b o th  c y c lo p r o p a n e  and  p r o p y le n e ,  could  have  i t s  

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

a c t i v i ty  f o r  p r o p y l e n e  h y d r o g e n a t io n  w as  v i r t u a l l y  u n i m p a i r e d  and



th i s  b e h a v i o u r  h a s  b e e n  a p p l i e d  by C o r n e r  and  P e a s e  ( 1 1 ) a s  the  

b a s i s  of a m e t h o d  f o r  the  a n a l y s i s  of m i x t u r e s  of c y c lo p r o p a n e  and 

p r o p y l e n e .  The  m e c h a n i s m  of th i s  s e l e c t i v e  po ison ing  a c t i o n  has  

b e e n  s tu d i e d  by C a m p b e l l  and  T h o m s o n  u s in g  a r a d i o c h e m i c a l  t r a c e r  

t e c h n i q u e .  It w as  found th a t  the  e f fec t  of the  m e r c u r y  was  to p r e v e n t  

h y d r o g e n  c h e m i s o r p t i o n ,  a s t a t e  of a f f a i r s  n e c e s s a r y  fo r  the  

c y c l o p r o p a n e  h y d r o g e n a t i o n  (12) .  In c o n t r a s t ,  the  r e a c t i o n  of p ro p y len e  

is  known to invo lve  th i s  h y d r o c a r b o n  in the  c h e m i s o r b e d  s t a t e  and 

i t s  a d s o r p t i o n  w as  u n a f f e c t e d  by  m e r c u r y .

T h e r e  is  e v id e n c e  th a t  the  g e o m e t r i c  f a c t o r  i s  a l s o  i m p o r t a n t  

in  the  m a n n e r  in  w h ich  p o i s o n  m o l e c u l e s  i n t e r a c t  with  the  s u r f a c e  

a nd  a l s o  t h a t  s t e r i c  h i n d r a n c e  c a n  p lay  a p a r t  in  the  po ison ing  a c t i o n .  

M ax te d  (13) h a s  d e m o n s t r a t e d  th i s  to be t r u e  in a r a t h e r  nove l  m a n n e r ,  

by  s tudy ing  the  r e l a t i v e  e f f e c t s  of su lp h id e s  and  d isu lp h id e s  a s  p o i s o n s .  

It was  found t h a t  a l i p h a t i c  su lp h id es  of the  type  R - S  w e r e  m u c h  m o r e  

e f fec t iv e  p o i s o n s  th a n  d i s u lp h id e s ,  of the  type  S - R - S ,  p o s s e s s i n g  the  

s a m e  c h a in  l e n g th .  T h i s  w as  p r e s u m a b l y  b e c a u s e  m o l e c u l e s  of the  

l a t t e r  type  w e r e  a n c h o r e d  m o r e  r i g i d ly  to the  s u r f a c e  s in ce  the  

s u lp h u r  a t o m s  t h r o u g h  w h ich  bonding o c c u r r e d  w e r e  a t  the  e x t r e m i t i e s  

of the  c a r b o n  c h a in ,  whi le  the  f o r m e r  h a d  a f r e e  c h a in  end  c ap a b le  

of a r o t a t i o n a l  m o t i o n  w h ich  cou ld  sw e e p  the  s u r f a c e .  H e r in g to n  and  

R id e a l  (14) h a v e  a l s o  c o n s i d e r e d  the  e f fe c t s  of p o iso n s  on s i t e s  fo r



9.

c a t a l y s i s  in t e r m s  of the  n u m b e r  of s i t e s  o c cu p ie d  by  e a c h  p o ison  

m o l e c u l e  an d  the  n u m b e r  r e q u i r e d  fo r  e a c h  r e a c t i o n  even t .

A l l  of the  fo r e g o in g  id e a s  b a s e d  on s u r f a c e  g e o m e t r y  have  

im p l i e d  the  s i m p l e  p i c t u r e  of the  s u r f a c e  a s  be ing  an  a r r a y  of 

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

be in g  b lo c k e d  by the  p o i s o n  m o l e c u l e .  I t  h a s  o f ten  b e en  no ted ,  h o w e v e r ,  

t h a t  v e r y  l a r g e  p o i so n in g  e f f e c t s  r e s u l t  f r o m  s m a l l  a m o u n t s  of po ison  

an d  f r o m  th i s  d e v e lo p e d  the  ’' a c t iv e  s p o t” t h e o r y  of c a t a l y s i s .  Th is  

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

s m a l l  a r e a s  of the  c a t a l y s t  s u r f a c e .  T h is  m a y  be e x e m p l i f i e d  by  the 

w o r k  of P e a s e  an d  S t e w a r t  (15) in  wh ich  c a r b o n  m o n o x id e ,  when 

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

h y d r o g e n a t i o n  to a m u c h  g r e a t e r  e x te n t  th an  i t  a f f e c t e d  the  a d s o r p t i o n  

of the  r e a c t a n t s .  S i m i l a r l y ,  u s in g  a t r a c e r  t e c h n iq u e ,  i t  was  shown (16) 

th a t  the  p o i so n in g  of a s i l i c a - a l u m i n a  c a t a l y s t  fo r  the  c r a c k i n g  of 

i s o b u ta n e  by m in u te  a m o u n t s  of qu ino l ine  was  by  the  a d s o r p t i o n  of 

th i s  on the  few a c t i v e  s i t e s  on the  c a t a l y s t .

The  o b je c t  of the  w o r k  d e s c r i b e d  in th i s  t h e s i s  was  to s tudy  in 

m o r e  d e t a i l  the  p o i so n in g  a c t i o n  of m e r c u r y  in  c y c lo p r o p a n e  

h y d r o g e n a t i o n .  B e e k  (17) h a s  r e p o r t e d  th a t  a c o r r e l a t i o n  e x i s t s  

b e tw ee n  the  c a t a l y t i c  a c t i v i t y  and  a d s o r p t i v e  c a p a c i ty  of m e t a l  f i l m s  

and  t h e i r  w e ig h t .  C o n se q u e n t ly ,  i t  w as  hoped ,  by u s in g  su ch  f i lm s



in c o n ju n c t io n  w i th  a t r a c e r  t e ch n iq u e  fo r  m e r c u r y ,  th a t  the  

p o i so n in g  m e c h a n i s m  cou ld  be  put on a m o r e  q u a l i t a t iv e  b a s i s ,  

in  p a r t i c u l a r  t h a t ,  hav ing  r e g a r d  to the a c tu a l  f r a c t i o n  of s u r f a c e  

c o v e r e d  by p o i s o n  u n d e r  an y  g iven  c o n d i t io n s ,  s o m e  in d ic a t io n  would 

be  o b ta in e d  of the  e x te n t  an d  n a t u r e  of the  c a t a l y s t  s u r f a c e  tak ing  

p a r t  in  th e  r e a c t i o n .
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11.

THE STUDY O F  C Y C L O P R O P A N E  HYDROGENATION 

ON E V A P O R A T E D  N IC K E L  FILM S

The a p p a r a t u s  u s e d  by C a m p b e l l  and  T h o m s o n  (12) fo r  t h e i r  

s tudy  of the  m e r c u r y  p o i so n in g  of c y c lo p r o p a n e  h y d r o g e n a t io n  on 

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

w hich  d id  no t  p e r m i t  a r i g o r o u s  s tudy  of th i s  r e a c t i o n .  The  in i t i a l  

o b je c t  of t h i s  w o rk ,  t h e r e f o r e ,  was  to r e p e a t  th i s  s tudy  u s in g  a s y s t e m  

m o r e  s u i t a b l e  fo r  fo l lowing  the  h y d r o g e n a t io n  r e a c t i o n s .

In t h i s  c h a p t e r  only  b r i e f  d e t a i l s  of the  e x p e r i m e n t a l  p r o c e d u r e  

an d  the  a p p a r a t u s  u s e d  a r e  g iv e n .  F u l l  d e t a i l s  a r e  g iven  in C h a p t e r  9.

( 1 . 1 . )  P r e s s u r e  M e a s u r i n g  an d  Gas  C i r c u l a t i n g  D e v ice s  
U s e d  in In i t i a l  E x p e r i m e n t s

In the  i n i t i a l  s t a g e s  of th i s  w o r k  h y d ro g e n a t io n  r e a c t i o n s  w e r e

fo l low ed  u s in g  a l l  g l a s s  B o u rd o n  " sp o o n "  g a u g e s .  T h e s e  g a u g e s ,

when  u s e d  in  c o n ju n c t io n  wi th  a c o n v en t io n a l  o p t i c a l  l e v e r ,  had

s e n s i t i v i t i e s  t y p i c a l l y  abou t  4 m m  p e r  t o r r  of p r e s s u r e  d i f f e r e n t i a l .

To m a i n t a i n  a f low of r e a c t a n t s  o v e r  the  c a t a l y s t  a m a g n e t i c a l l y

o p e r a t e d  p i s t o n  cyc l ing  pu m p  was  u s e d .

( 1 . 2 . )  P r e p a r a t i o n  of E v a p o r a t e d  N ic k e l  F i l m s

The e v a p o r a t e d  n i c k e l  f i l m s  w e r e  p r e p a r e d  in e s s e n t i a l l y  the
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s a m e  m a n n e r  a s  t h o s e  of B e e k  e t  a l .  (17).  The h igh  v a c u u m  r e q u i r e d

fo r  t h e i r  p r e p a r a t i o n  w as  a c h ie v e d  us ing  a m e r c u r y  f r e e  h igh  v a cu u m

s y s t e m .  T he  u l t i m a t e  v a c u u m  o b ta ined  f r o m  th i s  s y s t e m ,  m e a s u r e d

_5
on a P e n n i n g  g a u g e ,  w as  1 x 1 0  t o r r .

I t w as  no t  p o s s i b l e  to i s o l a t e  the  c a t a ly s t  v e s s e l  f r o m  the  

cy c l in g  p u m p  d u r in g  the  e v a p o r a t io n  of the  f i lm  s ince  th is  would have  

r e q u i r e d  th e  u s e  of b r e a k  s e a l s  which would have  g r e a t l y  r e d u c e d  the 

e f f i c i e n c y  of  th e  cy c l in g  p u m p .  P r i o r  to f i lm  e v a p o r a t io n  the  wal ls  

of the  P y r e x  c a t a l y s t  v e s s e l  w e r e  d e g a s s e d  u n d e r  v a cu u m  at 

450 - 500°C  f o r  a t  l e a s t  12 h r .  Dur ing  the  l a s t  few h o u r s  of th is  

p r o c e d u r e  th e  h a i r p i n  f i l a m e n t  of p u r e  n ic k e l  w i r e  was  h e a t e d  

e l e c t r i c a l l y  to j u s t  be low  i t s  e v a p o r a t io n  t e m p e r a t u r e ,  to r e m o v e  the  

cop ious  q u a n t i t i e s  of g a s e o u s  i m p u r i t i e s  i t  co n ta in ed .  D ur ing  the  

e v a p o r a t i o n  of the  f i l m  the  w a l l s  of the  c a t a l y s t  v e s s e l  w e r e  coo led  

by i m m e r s i o n  in  ru n n in g  w a t e r  to m i n i m i s e  s in te r in g  of the  f i l m .

( 1 . 3 . )  C y c l o p r o p a n e  H y d ro g e n a t io n

A s c h e m a t i c  d i a g r a m  of the  a p p a r a t u s  u s e d  is  shown in F i g .  1 . 1 .  

and  a d e t a i l e d  d i a g r a m  is  g iven  in C h a p t e r  9.

The  c a r e f u l l y  p u r i f i e d  r e a c t a n t  g a s e s  c y c lo p ro p an e  and  h y d ro g e n  

w e r e  s t o r e d  a s  a  1 : 1  m i x t u r e  in a r e s e r v o i r  s e a l e d  with  a g r e a s e d  

tap .  T h i s  m i x t u r e  w as  p r e p a r e d  by a d m i t t in g  c y c lo p ro p an e  to a known
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p r e s s u r e  in to  the  r e s e r v o i r  an d  f r e e z i n g  i t  into a s ide  a r m .

H y d r o g e n  w as  th e n  a d m i t t e d  to the  s a m e  p r e s s u r e  and  the  c y c lo p ro p an e  

a l lo w e d  to e v a p o r a t e .  D i f fus ion  of the  two g a s e s  was  a l low ed  to 

p r o c e e d  f o r  a t  l e a s t  an  h o u r  an d  n o r m a l l y  m u c h  lo n g e r  b e fo re  u s e .

A l l  a b s o l u t e  p r e s s u r e  m e a s u r e m e n t s  w e r e  o b ta ined  u s ing  

a U - tu b e  m e r c u r y  m a n o m e t e r .  Th is  m a n o m e t e r  w as  i s o l a t e d  f r o m  

the  o t h e r w i s e  m e r c u r y - f r e e  v a c u u m  s y s t e m  u s in g  a g r e a s e d  tap  and 

two go ld  l e a f  t r a p s .

( 1 . 4 . )  E x p e r i m e n t a l  P r o c e d u r e  f o r  Studying H y d ro g e n a t io n

A s  so o n  a s  p o s s i b l e  a f t e r  the  t e r m i n a t i o n  of f i lm  e v a p o r a t io n  

the  r e a c t i o n  m i x t u r e  w as  a d m i t t e d  to the  c a t a l y s t  v e s s e l .  The in i t i a l  

ga s  p r e s s u r e  w a s  n o te d  on the  m e r c u r y  m a n o m e t e r  which  w as  th e n  

i m m e d i a t e l y  i s o l a t e d .  The  r e a c t i o n  be ing  fo llowed, v iz .

1 m o l e  h y d r o g e n  + 1 m o le  c y c lo p r o p a n e  -» 1 m o le  p r o p a n e

r e s u l t e d  in  an  o v e r a l l  p r e s s u r e  d r o p .

T h i s  r e d u c t i o n  in  p r e s s u r e  w as  r e a d  u s in g  the  B o u rd o n  gauge 

a t  v a r i o u s  t i m e  i n t e r v a l s  un t i l  the  r e a c t i o n  had  p r o c e e d e d  to the 

d e s i r e d  e x t e n t .  The  co n ten t s  of the  c a t a l y s t  v e s s e l  w e r e  th en  p u m p e d  

off, a s e c o n d  c h a r g e  of r e a c t a n t s  a d m i t t e d  and  the  r e a c t i o n  fo l lowed 

as  b e f o r e .

S ince  the  c o m p o s i t i o n  of the  r e a c t a n t  g a s  m i x t u r e  was  known
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i t  was  p o s s i b l e  to e x p r e s s  the  p r e s s u r e  r e a d in g  a t  any  t im e  in

t e r m s  of th e  c y c l o p r o p a n e  p a r t i a l  p r e s s u r e ,  u s in g  the  following

e x p r e s s i o n  w h ich  is  d e r i v e d  in  s e c t io n  9 . 2 7 .

P a r t i a l  p r e s s u r e  of c y c lo p r o p a n e  a t  any  t i m e  t

= P  - a = P  - P D  - a t  o

w h e r e  P̂ _ = to t a l  p r e s s u r e  a t  t i m e  t

P  = i n i t i a l  t o t a l  p r e s s u r e  o r

a = f r a c t i o n  of r e a c t a n t  m i x t u r e  which  is  h y d ro g e n

P D  = o b s e r v e d  p r e s s u r e  d i f f e r e n c e  ob ta ined  f r o m
the  p r e s s u r e  gau g e .

S in ce  i t  w as  in t e n d e d  to s tudy  the po ison ing  effec t  of m e r c u r y

on the  h y d r o g e n a t i o n  r e a c t i o n  i t  was  n e c e s s a r y  to be ab le  to p r e d i c t

how the  r e a c t i o n  would  p r o c e e d  in the  a b s e n c e  of m e r c u r y .  Any

change  f r o m  th a t  e x p e c t e d  which  o c c u r r e d  a f t e r  the  a d m i s s i o n  of

m e r c u r y  w ould  th e n  be  a t t r i b u t a b l e  to the  ac t io n  of the  m e r c u r y .

The c h a r a c t e r i s t i c s  of the  r e a c t i o n  in the a b s e n c e  of m e r c u r y  w e r e

d e t e r m i n e d  by s tudy ing  the  e f fec t s  of c e r t a i n  v a r i a b l e s  on the  r e a c t i o n

such  a s  e f f e c t  of g a s  c i r c u l a t i o n  sp eed ,  in i t i a l  gas  p r e s s u r e  and

age ing  e f f e c t s  of the  f i l m .

( 1 . 5 . )  R e s u l t s  O b ta in e d  U sing  Spoon G a u g e /C y c l in g  P u m p  S y s t e m  

The l o g a r i t h m  of the  c y c lo p r o p a n e  p a r t i a l  p r e s s u r e  (F*c ) was  

p lo t ted  a g a i n s t  t i m e  (t) f o r  e a c h  h y d ro g e n a t io n .  On F i l m  1, c i r c u l a t i o n
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of the  r e a c t a n t s  w as  c a r r i e d  out th ro u g h o u t  the  d u ra t io n  of the  two 

s e p a r a t e  h y d r o g e n a t io n  ru n s  and a l i n e a r  r e l a t i o n s h ip  w as  found 

b e t w e e n  log P ^  an d  t .  Th is  would  a p p e a r  to in d ica te  th a t  the  r e a c t i o n  

b e in g  fo l low ed  w as  f i r s t  o r d e r .

In F i l m  2, c i r c u l a t i o n  was  not c o m m e n c e d  un t i l  a f t e r  1 h r  and  

w as  co n t in u e d  f o r  32 m in  a f t e r  which  t i m e  i t  was  s topped  fo r  6  m in  

an d  th e n  r e s t a r t e d .  The  r e l a t i o n s h i p  be tw een  log P  and  t  i s  g iven  

in  F i g .  1 . 2 .  It c an  be  s e e n  th a t  when no c i r c u l a t i o n  was  be ing  c a r r i e d  

out  t h i s  r e l a t i o n s h i p  w as  no t  l i n e a r ,  the  r a t e  was  f a s t  i n i t i a l ly  and  

th e n  s lo w e d  down. When, h o w e v e r ,  c i r c u l a t i o n  was  c o m m e n c e d  the  

r a t e  i n c r e a s e d  an d  the  r e l a t i o n s h i p  b e c a m e  s t r i c t l y  l i n e a r .  When the  

c i r c u l a t i o n  was  s to p p ed  fo r  the  6  m in  p e r i o d  the  l i n e a r i t y  was  l o s t  

bu t  w a s  r e g a i n e d  on r e s t a r t i n g  the  c i r c u l a t i o n .

In F i l m  3 the  r e s u l t s  of which  a r e  a l so  shown in  F i g .  1 . 2 .  

the  c i r c u l a t i o n  w as  c a r r i e d  out th ro u g h o u t  the  h y d r o g e n a t io n  but the  

r a t e  of the  c i r c u l a t i o n  was  v a r i e d .  Th is  had  l i t t l e  e f fec t  on the  l i n e a r i t y  

of th e  r e l a t i o n s h i p .

A f t e r  the  f i r s t  h y d r o g e n a t io n  on e a c h  f i l m  h a d  b e en  c a r r i e d  out 

to the  d e s i r e d  e x ten t ,  the  c a t a l y s t  v e s s e l  was  e v a c u a t e d  u s in g  the  

r o t a r y  an d  the  d i f fus ion  p u m p s ,  fo r  1 h r  in  the  c a s e  of F i l m s  2, 3 

and  2 . 5  h r  in  the  c a s e  of F i l m  1. A f r e s h  c h a r g e  of r e a c t a n t s  was  

a d m i t t e d  in  e a c h  c a s e .  I t  w as  found th a t  the  r a t e  of h y d r o g e n a t io n  in



the  s e c o n d  r u n ,  u n d e r  the  s a m e  cond i t ions  of c i r c u l a t i o n ,  was  s lowe 

th a n  t h a t  in  the  f i r s t  in  eac h  c a s e .

The  a bove  r e s u l t s  e n ab led  a n u m b e r  of c o n c lu s io n s  to be  m a d e  

r e g a r d i n g  the  c y c lo p r o p a n e  h y d ro g e n a t io n  in th is  s y s t e m .

(1) W ithout  c i r c u l a t i o n  o c c u r r i n g  the  r e a c t i o n  was  d i f fus ion  

c o n t r o l l e d .

(2) When c i r c u l a t i o n  o c c u r r e d  the  r e a c t i o n  was  a p p a r e n t l y  f i r s t  

o r d e r .

(3) The  s l o w e s t  c i r c u l a t i n g  s p e e d  u s e d  was  su f f ic ien t  to o v e r c o m e  

d i f fu s ion  d e p e n d e n c e .

(4) A s e c o n d  h y d ro g e n a t io n  on a f i l m  did not have  the  s a m e  r a t e  

a s  the  f i r s t .

( 1 . 6 . )  I m p r o v e m e n t s  to the  H y d ro g e n a t io n  S y s t e m

It w as  found th a t  spoon gauges  w e r e  p a r t i c u l a r l y  s u s c e p t ib l e  

to b r e a k a g e  a n d  th e y  w e r e  t h e r e f o r e  r e p l a c e d  by  s p i r a l  B o u rd o n  

g a u g e s .  T h e s e  g a u g es  w e r e  m u c h  m o r e  r o b u s t  and  p r o v e d  to be 

a l m o s t  tw ic e  a s  s e n s i t i v e  to p r e s s u r e  change  a s  the  spoon g a u g e s .

In a d d i t io n ,  h o w e v e r ,  t h e s e  gau g es  w e r e  e x t r e m e l y  s e n s i t i v e  to 

v i b r a t i o n  an d  w e r e  un ab le  to be u s e d  in con junc t ion  with  the  gas  

cy c l ing  p u m p  e m p lo y e d  p r e v i o u s l y .  S ince  the  s p i r a l  g a u g es  p o s s e s s
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so m a n y  f a v o u r a b le  p r o p e r t i e s  a v i b r a t i o n l e s s  gas  c i r c u l a t i n g  

s y s t e m  w as  d e s i g n e d .

Th is  c o n s i s t e d  of a hollow g l a s s  p i s to n  which  was  o s c i l l a t e d  

v e r t i c a l l y  w i th in  the  c a t a l y s t  v e s s e l  by m e a n s  of an  e l e c t r o m a g n e t .

T h i s  s y s t e m  a l s o  e n a b le d  the  n i c k e l  f i l a m e n t  to be m o r e  e f f ic ien t ly  

d e g a s s e d  th a n  p r e v i o u s l y  by hea t in g  i t  to i t s  e v a p o r a t io n  t e m p e r a t u r e ,  

the  l ig h t  f i l m  thus  f o r m e d  be ing  d e p o s i t e d  on the  in s id e  of the  p i s to n .  

Th is  d e s ig n  of the  h y d r o g e n a t io n  s y s t e m  enab led  the  c a t a l y s t  v e s s e l  

to be  d e g a s s e d  in a p o r t i o n  of the  h igh  v a c u u m  a p p a r a t u s  r e m o t e  f r o m  

the  p r e s s u r e  m e a s u r i n g  s y s t e m .  It was  th en  s e a l e d  off a t  a p r e v i o u s l y  

d e g a s s e d  c o n s t r i c t i o n  and  t r a n s f e r r e d  to the  p r e s s u r e  m e a s u r i n g  

s y s t e m  w h e r e  the  f i l m  was  e v a p o r a t e d .  As  soon a s  p o s s i b l e  a f t e r  

the  p r e p a r a t i o n  of the  f i l m  the  r e a c t a n t  m i x t u r e  was  a d m i t t e d  by 

b r e a k i n g  a b r e a k  s e a l .  The  r e a c t i o n  w as  fo l lowed  wi th  the  c a t a l y s t  

v e s s e l  i m m e r s e d  in  a w a t e r  t h e r m o s t a t  a t  23°C and  the  gas  s t o r a g e  

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

s a m e  t e m p e r a t u r e .

( 1 . 7 . )  P r e l i m i n a r y  E x p e r i m e n t s  Using  the I m p r o v e d  S y s t e m

The r e s u l t s  of the  h y d ro g e n a t io n s  c a r r i e d  out in  the  spoon 

g a u g e / c y c l i n g  p u m p  s y s t e m  had  in d i c a t e d  th a t  c i r c u l a t i o n  of the  

r e a c t a n t  g a s e s  h a d  an  e f fec t  on the  r e a c t i o n  and  th a t  i t  was  not p o s s ib l e



O-o

roeg

O 'o n•o

O-fO

cr

U _

O-

u .

(aboj) 3bnss3bd iv n y v d

TI
M

E 
(M

IN
)



18.

to r e p r o d u c e  th i s  r a t e  on the  s a m e  f i l m .  This  s tudy  w as ,  t h e r e f o r e ,  

r e p e a t e d  to d e t e r m i n e  the  e f fec t  of the  hol low p i s to n - ty p e  gas  a g i t a to r  

and  s p i r a l  gauge  s y s t e m .  In th is  c a s e ,  h o w e v e r ,  a f t e r  e ac h  r e a c t i o n  

h a d  p r o c e e d e d  to the  d e s i r e d  ex ten t  the c a t a ly s t  v e s s e l  was  e v a c u a te d  

fo r  3 m in  only ,  a f u r t h e r  1 m in  e l a p s e d  b e fo re  a f r e s h  c h a r g e  was 

r e a d m i t t e d .  The  l o g a r i t h m  of the  c y c lo p ro p an e  p a r t i a l  p r e s s u r e  was 

p lo t t e d  a g a i n s t  t i m e  a s  b e f o r e .  The r e s u l t s  a r e  shown fo r  F i l m  5 

in F i g .  1 . 3 .

In ru n s  2, 3 and  4 the  a g i t a t o r  was  s e t  in m o t ion  a f t e r  13 m in

a n d  s topped  a f t e r  25 m i n .  In e a c h  c a s e  the  r e l a t i o n s h ip  be tw een

log and  t was  l i n e a r  with  o r  without a g i ta t io n  but the  r a t e  of the

r e a c t i o n  was  i n c r e a s e d  when the  a g i t a t o r  was  in o p e r a t io n .  In ru n s

5 and  6  the  a g i t a to r  was s w i tch ed  on a t  the  beginning  of the  r e a c t i o n

bu t  the  r a t e  of a g i ta t io n  was  i n c r e a s e d  to i t s  m a x i m u m  p o s s ib l e  va lue

a f t e r  2 1  m in  and  a s l igh t  a l t e r a t i o n  in  the l i n e a r  r e l a t i o n s h ip  was

o b s e r v e d .  The s lope  of the  log P  v e r s u s  t r e l a t i o n s h ip  was  o b ta inedc

f r o m  the  p lo t s  fo r  th o s e  p o r t i o n s  of the  r e a c t i o n  in which  the  s a m e  

r a t e  of a g i t a t io n  was  c a r r i e d  out.  T h e se  a r e  a l so  in d ic a ted  in F i g .  1 .3 .  

It was  c o n c lu d ed  f r o m  t h e s e  r e s u l t s  th a t  :

(a) the  gas  a g i t a t io n  a f fe c ted  the  r a t e  of r e a c t i o n  in  the  im p r o v e d  

s y s t e m  a l s o  and  th a t  a l i n e a r  r e l a t i o n s h ip  be tw een  log P c 

v e r s u s  t i m e  e x i s t e d .
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(b) the  r a t e  of r e a c t i o n  was  s t i l l  not r e p r o d u c ib l e  on the s a m e  f i lm  

a l though  the  l eng th  of t im e  the f i l m  was co n n ec te d  to the  v a c u u m  

p u m p s ,  i . e .  p o te n t i a l  s o u r c e s  of c o n tam in a t io n ,  was  m u c h  

s h o r t e r  th a n  b e f o r e .

(c) the  t o ta l  in i t i a l  p r e s s u r e  of the  r e a c t a n t s  m ig h t  have  had  so m e  

e f fec t  on the  r e a c t i o n  r a t e .

On s tudy ing  h y d ro g e n a t io n s  u s in g  th i s  s y s t e m  on F i l m  10 i t  was 

found th a t  a non l i n e a r  r e l a t i o n s h i p  b e tw een  log P  v e r s u s  t i m e  e x i s t e d  

when the  a g i t a t o r  was  not in  u s e  but tha t  i t  b e c a m e  l i n e a r  when the 

a g i t a t o r  was  s w i tch ed  on . A lso ,  the  r a t e  of r e a c t i o n  did not a l t e r  if 

the  r a t e  of a g i ta t io n  was  r a i s e d  above a c e r t a i n  v a lu e .  A l l  

h y d ro g e n a t io n s  in fu tu r e  e x p e r i m e n t s  w e r e ,  t h e r e f o r e ,  c a r r i e d  out with  

the  r a t e  of s t i r r i n g  above th is  v a lu e .

F u r t h e r  ev idence  tha t  the  o p e ra t io n  of the  a g i t a t o r  r e m o v e d  

d e p e n d e n c e  of the  r a t e  of r e a c t i o n  on d if fusion was  shown in a n u m b e r  

of h y d ro g e n a t io n s  on F i l m  15 which w e r e  a l low ed  to p r o c e e d  to a p p a r e n t  

c o m p le t io n .  In t h e s e  c a s e s  the l i n e a r i t y  of the  log v e r s u s  t 

r e l a t i o n s h i p  was  m a in t a in e d  un t i l  a sudden  b r e a k  in the l i n e a r i t y  took 

p l a c e  in d ic a t in g  80% c o n v e r s io n  and  no f u r t h e r  r e a c t i o n  o c c u r r e d .

Th is  is  shown in  F i g .  1 . 4 .  along with the  r e l a t i o n s h ip  fo r  the  two 

r e a c t i o n s  which  i m m e d i a t e l y  fo llowed eac h  of the  r e a c t i o n s  a l low ed
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to p r o c e e d  to c o m p le t io n .  The 80% c o n v e r s i o n  which  was  o b s e r v e d  

when the r e a c t i o n  was  fo l lowed  u n t i l  no f u r t h e r  p r e s s u r e  f a l l  o c c u r r e d  

is  c o n s i s t e n t  wi th  the f a c t  tha t  the  vo lum e  of the  c a t a l y s t  v e s s e l  was 

a p p r o x i m a t e l y  150 cc w h e r e a s  tha t  of the  connec t ing  tubing to the 

gauge  w as  a p p r o x i m a t e l y  25 c c .  E x a m p l e s  of the  e x p e r i m e n t a l  da ta  

f r o m  which  the  p lo ts  shown in F i g .  1 . 4 .  w e r e  d e r iv e d  a r e  g iven  in 

Append ix  1.

( 1 . 8 . )  The E f fe c t  on the  H y d ro g en a t io n  R a te  of T o ta l  In i t i a l  
P r e s s u r e  of R e a c t a n t s

The r e s u l t s  of the  p r e l i m i n a r y  e x p e r i m e n t s  s u g g e s t e d  th a t  the  

f a i l u r e  to ob ta in  r e p r o d u c i b l e  r a t e s  of h y d ro g e n a t io n  a s  m e a s u r e d  by 

the  s lope  of the  l i n e a r  r e l a t i o n s h ip  be tw een  log P ^  a g a i n s t  t  on any  one 

f i l m  m ig h t  be due to d i f f e r e n c e s  in to t a l  i n i t i a l  p r e s s u r e  of r e a c t a n t s .  

C o n se q u e n t ly ,  a s e r i e s  of h y d ro g e n a t io n s  w e r e  c a r r i e d  out on the 

one f i l m  in wh ich  the  in i t i a l  to t a l  p r e s s u r e  w as  d i f f e r en t  fo r  e a c h  r u n  

and  a c o n s t a n t  r a t e  of gas  ag i ta t io n  was  em p lo y e d .  E a c h  h y d ro g e n a t io n  

w as  a l lo w e d  to p r o c e e d  fo r  about 2 0  m in  a f t e r  which  t i m e  the r e a c t i o n  

v e s s e l  was  e v a c u a t e d  fo r  3 m in ,  b e fo re  a d m i s s i o n  of a f r e s h  c h a r g e  

of g a s .  The g r a d i e n t  of the  l i n e a r  r e l a t i o n s h ip  be tw een  c y c lo p r o p a n e  

p a r t i a l  p r e s s u r e  and  t i m e  was  c a l c u l a t e d  for e ac h  h y d ro g e n a t io n  as  

b e f o r e .

I t  w as  found th a t  t h e r e  was c o n s id e r a b l e  dependence  of the
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g r a d i e n t ,w h ic h  wi l l  be t e r m e d  the r a t e  c o n s ta n t ,o n  the in i t i a l  p r e s s u r e  

an d  th is  r e l a t i o n s h i p  is  i n d ic a te d  in F i g .  1 . 5 .  Within any  p a r t i c u l a r  

h y d ro g e n a t io n ,  h o w e v e r ,  the  r e l a t i o n s h ip  be tw een  the l o g a r i t h m  of 

the  c y c lo p r o p an e  p a r t i a l  p r e s s u r e  and  t im e  was s t r i c t l y  l i n e a r .  

E x a m p l e s  of t h e s e  r e l a t i o n s h i p s  a r e  shown in  F i g .  1 . 6 .  fo r  F i l m  12.

( 1 . 9 . )  A d d i t iona l  F a c t o r s  Affec t ing  R a te  of C y c lo p ro p an e  
H y d ro g e n a t ion

Having d e t e r m i n e d  th a t  the  r a t e  of h y d ro g e n a t io n  was  dependen t  

on the  in i t i a l  t o t a l  p r e s s u r e  of r e a c t a n t s ,  f u r t h e r  e x p e r i m e n t s  w e r e  

c a r r i e d  out to d e t e r m i n e  w h e th e r  h y d ro g e n a t io n  r a t e s  w e r e  

r e p r o d u c i b l e  if th is  in i t i a l  p r e s s u r e  was  kept c o n s t a n t .  S ince  i t  was 

in te n d e d  to s tudy the  e f fec t s  of v a r io u s  q u a n t i t i e s  of m e r c u r y  on the 

r e a c t i o n  r a t e  and  th i s  m e r c u r y  was  to be a d m i t t e d  while  the  r e a c t i o n  

v e s s e l  was  e v a c u a te d  be tw een  h y d r o g e n a t io n s ,  i t  was  d e c id e d  to s tudy 

the  e f fec t  of le av ing  the  c a t a l y s t  fo r  v a ry in g  leng ths  of t i m e  u n d e r  

v a c u u m  b e tw ee n  h y d ro g e n a t io n s  in the  a b s e n c e  of m e r c u r y .

(a) T im e  of e x p o s u r e  of c a t a ly s t  to v a c u u m  b e tw ee n  r u n s

The  r e s u l t s  ob ta in ed  a r e  s u m m a r i s e d  in T ab le  1 . 1 .  B e tw e e n  

e a c h  h y d r o g e n a t io n  the  r e a c t i o n  v e s s e l  was  e v ac u a te d  fo r  2  m in  on the 

r o t a r y  p u m p .  A f t e r  studying the e ffec t  of the  t i m e  fo r  which  the  

c a t a l y s t  w as  le f t  u n d e r  v a cu u m  the effec t  of change  in t o t a l  i n i t i a l



TA B LE 1 .1 .

E f fec t  of In i t i a l  P r e s s u r e  on R e a c t io n  R a te

22.

F i l m  12

In i t i a l  
R a te  
( t o r ^  

m i n  )

Run
No.

In i t ia l  
T o ta l  

P r e s  s u r e  
( t o r r )

L eng th  
of Run 
(min)

E x p o s u r e  
to V acu u m  

(min)

R a te
Consta.

( m i n 4
X  10 

f 2 .30
0 .5 6 1 6 2 . 2 2 2 0 8 8

0 .4 4 2 52 .87 2 0
3 .5 94

0 .4 3 3 5 4 .3 2 2 0
3

93

0 .41 4 52 .27 2 0
3

96

0 .4 5 5 5 2 .8 2 2 0
1 103

0 .46 6 52 .8 0 2 0
1

113

0 .4 9 7 52 .2 5 29
3 115

0 .5 4 8 54 .06 30 1
123

0 .5 8 9 5 4 .5 4 2 0
2 1

129

0 .5 4 1 0 51 .69 26 33 131

0 .5 4 11 52 .78 2 0
6 0

1 2 6

0 .3 8 1 2 29 .18 2 0
13

168

0 .4 6 13 4 0 .2 9 2 0
3 147

0 .4 7 14 4 0 .4 8 2 0
5 147

- 15 8 0 .8 4 29
3

-

0 .2 4 16 13 .42 2 0
3 236

0 .5 0 17 54 .07 2 0
3 117

0 . 6 0 18 71 .66 2 0
2

1 0 2

0 .6 4 19 85 .1 8 2 0
3 93

0 .6 5 2 0 98 .0 7 2 0
3 78
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p r e s s u r e  was  a l s o  s tud ied  on th is  f i lm  and  th i s  is  shown in  F i g .  1 .7 .

The r e s u l t s  in d ic a te  th a t  i n c r e a s i n g  the leng th  of t im e  fo r  which  

the  f i l m  was  le f t  u n d e r  v a c u u m  b e tw ee n  ru n s  had  l i t t l e  e f fec t  on the 

r e a c t i o n  r a t e  which  a p p e a r e d  to i n c r e a s e  with  the i n c r e a s i n g  n u m b e r  

of h y d ro g e n a t io n s  c a r r i e d  out on the f i l m .  The effec t  of v a ry in g  the 

t o ta l  in i t i a l  p r e s s u r e  is  the  s a m e  a s  th a t  o b s e r v e d  p r e v io u s ly ,  an  

i n c r e a s e  in  th is  p r e s s u r e  c au s in g  a r e d u c t io n  in  the  r e a c t i o n  r a t e ,  

the  r e l a t i o n s h i p  b e tw ee n  r a t e  co n s ta n t  and  in i t i a l  p r e s s u r e  be ing  

v i r t u a l l y  l i n e a r .

(b) R e l a t io n s h ip  be tw een  r a t e  c o n s ta n t  and  in i t i a l  r a t e

To d e t e r m i n e  w h e th e r  t h e r e  was  j u s t i f i c a t i o n  fo r  a s s u m i n g  tha t  

the  va lue  of the  r a t e  co n s ta n t  a s  c a l c u l a t e d  was  a t r u e  m e a s u r e  of 

the  r a t e  of r e a c t i o n  the  va lue  of the  in i t i a l  r a t e  fo r  e ac h  r e a c t i o n  on 

F i l m  12 was  c a l c u l a t e d .  This  was  c a r r i e d  out by p lo t t ing  the  change  

in  gauge  r e a d i n g s  (which is  p r o p o r t i o n a l  to the  p r e s s u r e  change)  

a g a i n s t  t i m e .  S m oo th  c u r v e s  w e r e  ob ta ined  and  the  g r a d i e n t  of the  

s lope  a t  z e r o  t i m e  was  t a k en  as  the  va lue  of the  in i t i a l  r a t e .  The v a lu e s  

o b ta in e d  a r e  a l s o  g iven  in  Table  1 . 1 .  When t h e s e  v a lu e s  w e r e  p lo t ted  

a g a i n s t  the  c o r r e s p o n d i n g  v a lu es  of the  r a t e  c o n s ta n t  a l i n e a r  

r e l a t i o n s h i p  was  ob ta in ed  ( see  F i g .  1 . 8 . )  p r o v id e d  r e a c t i o n s  with  

c o m p a r a b l e  i n i t i a l  t o t a l  p r e s s u r e s  w e r e  c o n s i d e r e d .  This  in d ic a te d  

t h a t  u n d e r  t h e s e  cond i t ions  th e  r a t e  c o n s ta n t  was  p r o p o r t i o n a l  to the
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in i t i a l  r a t e  and  i t  w a s ,  t h e r e f o r e ,  va l id  to c o n s i d e r  the  va lue  of 

the  r a t e  c o n s ta n t  a s  a m e a s u r e  of the  h y d ro g e n a t io n  r a t e .

(c) E x te n t  to which  p r e v io u s  r e a c t i o n  p r o c e e d e d

To d e t e r m i n e  what o th e r  f a c t o r s  a f fe c t ed  the  r e a c t i o n  r a t e  

a s e r i e s  of e x p e r i m e n t s  w e r e  c a r r i e d  out to d e t e r m i n e  w h e th e r  the  

e x ten t  to which  a r e a c t i o n  was  a l low ed  to p r o c e e d  had  any  e f fec t  on 

the  r a t e  of a s u b se q u e n t  r e a c t i o n .  T h e r e  was  s o m e  ev idence  f r o m  

the  p r e v i o u s  w o rk  th a t  th is  m ig h t  be the  c a s e .  C onseq u en t ly ,  on 

F i l m  14 a s t a n d a r d  p r o c e d u r e  was  a d o p ted .  The in i t i a l  p r e s s u r e s  

w e r e  kep t  a s  n e a r  to a c o n s t a n t  va lue  a s  p o s s ib l e ,  the  leng th  of t im e  

fo r  w h ich  the  r e a c t i o n  v e s s e l  was  e v a c u a te d  was  the  s a m e  in eac h  

c a s e ,  v i z .  1 m in ,  and  the  f i l m  was  le f t  u n d e r  v a c u u m  fo r  4 m in  be tw een  

e a c h  h y d r o g e n a t io n .  A s e r i e s  of h y d ro g e n a t io n s  w e r e  c a r r i e d  out u n d e r  

t h e s e  co n d i t io n s ,  in  which  the r e a c t i o n  was  a l lo w ed  to p r o c e e d  fo r  

21 m in ,  to ob ta in  the  r a t e  u n d e r  s t a n d a r d  co n d i t io n s .  S e v e r a l  

h y d r o g e n a t io n s  w e r e  th e n  a l lo w ed  to p r o c e e d  to v i r t u a l  c o m p le t io n .

The  r e s u l t s  o b ta in e d  a r e  g iven  in  Tab le  1 . 2 .  T h e se  r e s u l t s  in d ica te  

th a t  if  a r e a c t i o n  w as  p e r m i t t e d  to cont inue  un t i l  i t  r e a c h e d  co m p le t io n  

th e n  the  s u b s e q u e n t  r e a c t i o n  h a d  an e n h an c e d  r a t e .

To d e t e r m i n e  w h e th e r  th i s  e f fec t  was  due to the  p r e s e n c e  of 

a d s o r b e d  r e a c t a n t s  on the  c a t a l y s t  s u r f a c e  a s e r i e s  of h y d ro g e n a t io n s  

w e r e  c a r r i e d  out on F i l m  15 u n d e r  s t a n d a r d  cond i t ions  and  v a lu e s  of
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T A B L E  1 .2 .

E f fe c t  on R e a c t io n  R a te  if P r e vious  R ea c t io n  
P r o c e e d s  to C o m ple t ion

F i l m  14

In i t i a l L eng th Rate
Run To ta l of Run C ons tan t
No. P r e s  s u r e  

( t o r r )
(min) (m in  ) 

4x  1 0  
f 2 .303

1 5 3 .9 0 21 1 0 1

2 4 9 . 4 3 2 0 103

3 50 .7 8 21 1 0 2

4 50 .51 23 106

5 * 4 9 .7 9 75 108

6 4 9 .4 7 2 1 138

7 5 0 .3 2 2 1 123

8  * 4 9 .3 5 6 2 1 2 1

9 * 4 9 .3 7 73 138

1 0 4 9 .3 1 2 1 138

11 4 1 .6 6 21 137

1 2 4 9 .6 8 2 1 119

13 * 3 .4 9 16 360

14 * 6 .7 6 36 145

15 5 0 .2 4 2 1 118

R uns  m a r k e d  thus  * a l low ed  to go to c o m p le t io n
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No

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

1 6

17

18

19

20

21

26.
T A B L E  1 .3 .

E f f e c t  of A d m i s s i o n  of Single R e a c t a n t

In i t i a l
T o ta l

P r e s s u r e
( t o r r )

3 2 .7  

3 0 .6 3  

3 0 .1 0

3 0 .1 4  

29 .8 5  

2 9 .7 0  

29 . 26  

2 8 . 9 2  

30 .21  

3 1 .4 4

1 3 .4 2 (C 3H6)

3 0 .6 0

2 9 .8 4

3 1 .2 9

3 0 .9 0

31 .0 7  

2 1 .1 5 ( H 2) 

32 .1 3  

3 0 .4 3  

3 1 .0 6

3 1 .1 5

Leng th  
of Run 
(min)

24

26

26

26

62

26

26

43

26

32

26

27

84

26

26

26

20

26

20

27

45

Ra te
C o n s tan t
(m in  ) 

4x 1 0 * 
f 2 .3 0 3

202

197

218

223

237

233

242

229

242

223

212

182

178

136

110

82

67

97

72

R u n s  m a r k e d  thus  * a l low ed  to go to co m p le t io n
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the  r a t e  o b ta in e d  a s  b e f o r e .  C y c lo p ro p an e  was  th en  a d m i t t e d  to the  

c a t a l y s t  v e s s e l  to a p r e s s u r e  of 13 t o r r  i n s t e a d  of the  r e a c t a n t  

m i x t u r e  and  was  le f t  fo r  the  s a m e  leng th  of t im e  a s  a n o r m a l  

h y d r o g e n a t io n  m i x t u r e .  The s e r i e s  of n o r m a l  h y d ro g e n a t io n s  w e r e  

th e n  c o n t in u e d .  The p r o c e s s  w as  l a t e r  r e p e a t e d  u s in g  20 t o r r  of 

h y d r o g e n .  The  r e s u l t s  o b ta in ed  a r e  g iven  in Tab le  1 .3 .

The  a d m i s s i o n  of c y c lo p r o p a n e  had  l i t t l e  o b s e r v a b l e  e f fec t  on 

the  i m m e d i a t e l y  s u b se q u e n t  h y d ro g e n a t io n  but the  r a t e  of l a t e r  

h y d r o g e n a t io n s  b e c a m e  r e d u c e d .

T he  only  o b s e r v a b l e  e ffec t  of the  a d m i s s i o n  of h y d ro g e n  was  to 

r e d u c e  th i s  a p p a r e n t  p o ison ing  e f fec t  with  r e p e a t e d  r e a c t i o n .

(d) G . L . C .  a n a l y s i s  of r e a c t a n t s

In an  a t t e m p t  to d e t e r m i n e  the  f a c t o r s  lead ing  to the l a c k  of 

r e p r o d u c i b l e  h y d r o g e n a t io n  r a t e s  (a c r i t e r i o n  r e q u i r e d  b e fo re  m e r c u r y  

cou ld  be a d m i t t e d )  the  c y c lo p r o p a n e  which  had  b een  u s e d  as  a r e a c t a n t  

w as  i n v e s t i g a t e d  f o r  i m p u r i t i e s  u s in g  G . L . C *  ( see  Appendix  2).

It was  found th a t  th i s  ga s  c o n ta in ed  c o n s i d e r a b l e  a m o u n t s  of p ro p y le n e  

and  p r o p a n e  a s  i m p u r i t i e s .  C y c lo p ro p an e  f r o m  a d i f f e r en t  s o u r c e  was 

o b ta in e d  a n d  th i s  was  shown to con ta in  r e l a t i v e l y  neg l ig ib le  a m o u n ts  

of t h e s e  g a s e s .  Th is  p u r e r  c y c lo p ro p an e  w a s ,  t h e r e f o r e ,  u s e d  fo r

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

A n u m b e r  of e x p e r i m e n t s  w e r e  c a r r i e d  out to d e t e r m i n e  w h e th e r
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TA B LE  1 .4 .
28.

In i t i a l
T o t a l

P r e s s u r e
( t o r r )

29 .09

2 5 .1 0  

2 5 .2 0  

2 4 .5 4

24 .7 3  

25 .47  

2 6 .3 4  

25 .5 8

8 5 .1 6  

2 1 . 6  

22 .0 9

2 1 .1 3  

2 1 . 9 6

2 2 .1 4

2 1 .7 4  

3 3 .5 2  

3 3 .7 2  

3 4 .0 4

Ra te  
C o n s ta n t  
(min"  ) 
x 1 0  

t 2 .3 0 3

169

170 

166 

181 

188 

200 

228 

217

27

54 

52

56

55

57

58 

45 

40 

24

Leng th
of Run
(min)

20

21

21

21

21

46

26

38

30

24

20

21

21

20

21

21

20

20

R un  p e r m i t t e d  to p r o c e e d  to c o m p le t io n



TA B L E  1 .5 .

F i l m  19

I n i t i a l  L en g th  R a te
R un  T o ta l  of Run C o n s tan t
N o.  P r e s s u r e  (min) ( m i n “ )

( t o r r )  x  1 0

-  2 .3 0 3

1 3 0 .9 0  40 124

2 3 2 .1 4  20 108

3 4 6 .5 9  2 0  71

4 *  3 2 .5 2  53 113

5 33 .01  19 131

6  31 .8 7  20 139

Run p e r m i t t e d  to p r o c e e d  to c o m p le t io n



30.

the  u s e  of th i s  p u r e r  c y c lo p r o p a n e  m a d e  any  d i f f e r en c e  to the 

p r o p e r t i e s  of the  s y s t e m  a l r e a d y  o b s e r v e d .  The r e s u l t s  of t h e s e  

e x p e r i m e n t s  a r e  g iven  in  T a b le s  1 .4 .  and  1 . 5 .  T h e s e  r e s u l t s  did 

no t  d i f f e r  s ig n i f i c a n t ly  f r o m  th o se  u s ing  the ’i m p u r e 1 c y c lo p r o p a n e .

The  r e a c t i o n  r a t e  was  s t i l l  a f f e c t ed  by the  to ta l  i n i t i a l  p r e s s u r e  of 

the  r e a c t a n t s  and  by the  ex ten t  to which  a p r e v io u s  h y d ro g e n a t io n  had  

b e e n  a l lo w ed  to p r o c e e d .  T h e r e  was  s t i l l  a t e n d en c y  fo r  the  r e a c t i o n  

r a t e  to i n c r e a s e  with  the  i n c r e a s i n g  n u m b e r  of r e a c t i o n s  c a r r i e d  out; 

a v a r i a t i o n  of 10 - 15% in  th is  r a t e  o c c u r r e d  o v e r  a s e r i e s  of 5 

h y d r o g e n a t io n s  c a r r i e d  out u n d e r  the  s a m e  co n d i t io n s .

( 1 . 1 0 . )  C o n c lu s io n s  f r o m  S tud ies  of C y c lo p ro p an e  H y d ro g en a t io n  
on E v a p o r a t e d  N ic k e l  F i l m s

As a r e s u l t  of the  fo reg o in g  s tu d ie s  the  following c o n c lu s io n s

w e r e  o b ta in e d  c o n c e rn in g  c y c lo p r o p a n e  h y d ro g e n a t io n  on e v a p o r a t e d

n ic k e l  f i l m s .

1. The  r a t e  of c y c lo p r o p a n e  h y d ro g e n a t io n  u s ing  a 1:1 c y c lo p ro p an e :  

h y d r o g e n  m i x t u r e  was  c o n t r o l l e d  by the  d i f fus ion  of r e a c t a n t s  to the 

c a t a l y s t  s u r f a c e  when no a r t i f i c i a l  ag i ta t io n  of the  gas  was  c a r r i e d  out .  

When c i r c u l a t i o n  o r  ag i t a t io n  of the  g a s e s  was e m p lo y e d  the  r a t e  of 

h y d r o g e n a t io n  i n c r e a s e d  with  the  r a t e  of a g i ta t io n  un t i l  a l im i t in g  value  

of r a t e  w as  a t t a i n e d .

2.  When a g i t a t io n  of the  r e a c t a n t s  was  c a r r i e d  out the  r e a c t i o n
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p r o c e e d e d  with  a p p a r e n t l y  f i r s t  o r d e r  k in e t i c s .

3.  When a n u m b e r  of h y d ro g e n a t io n s  w e r e  c a r r i e d  out s u c c e s s i v e l y  

on the  s a m e  f i l m  the  r a t e  of e ac h  r e a c t io n ,  a l though r e p r o d u c ib l e  

w i th in  i t s e l f ,  w as  dependen t  on a n u m b e r  of f a c t o r s ,

(a) the  t o t a l  i n i t i a l  p r e s s u r e  of the  r e a c t a n t  g a s e s .

(b) the  e x ten t  to which  the  p re v io u s  h y d ro g e n a t io n  had  

b e e n  a l lo w ed  to p r o c e e d .

4 .  If a s e r i e s  of f ive  o r  s ix  h y d ro g e n a t io n s  w e r e  c a r r i e d  out u n d e r  

i d e n t i c a l  e x p e r i m e n t a l  cond i t ions  a v a r i a t i o n  of 1 0  - 15% was  o b s e r v e d  

in  the  h y d r o g e n a t io n  r a t e s .
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C H A P T E R  2

POISONING BY MERCURY O F  C Y CLO PR O PA N E 

HYDROGENATION ON NICKEL FILM S

The w o r k  d e s c r i b e d  in C h a p te r  1 e s t a b l i s h e d  tha t  the r a t e  of 

c y c lo p r o p a n e  h y d r o g e n a t io n  was  a f fec ted  by a n u m b e r  of f a c t o r s .

S om e  of t h e s e  w e r e  known, such  as  to ta l  in i t i a l  p r e s s u r e  of r e a c t a n t s  

and  the  p a s t  h i s t o r y  of the  f i lm ,  but v a r i a t i o n s  in the  r a t e  o c c u r r e d  

w h ich  cou ld  no t  be  e x p la in ed  a t  th i s  s t a g e .  It h a s  b een  r e p o r t e d  by 

o t h e r  w o r k e r s  (18) t h a t  d i f f icu l t ie s  have  b een  e n co u n te r e d  in the 

r e p r o d u c t i o n  of h y d ro g e n a t io n  r a t e s  on n ic k e l  f i lm s  fo r  r e a s o n s  which 

have  not b e e n  fully  u n d e r s t o o d .  C onsequen t ly ,  a l though i t  was 

d e s i r a b l e  to be  ab le  to p r e d i c t  the  b e h av io u r  of the  r e a c t i o n  in the  

a b s e n c e  of m e r c u r y  with  a n  a c c u r a c y  b e t t e r  than  tha t  ob ta ined ,  

v i z .  1 0  - 15%, i t  was  c o n s i d e r e d  advan tageous  to s tudy  the r e l a t i v e  

e f fec t  of a d m i t t i n g  m e r c u r y  vap o u r  to the  s y s t e m .

( 2 . 1 . )  The P o i s o n in g  P r o c e d u r e

In o r d e r  to d e t e r m i n e  how m u c h  m e r c u r y  was p r e s e n t  on the

203 .
c a t a l y s t  a t  an y  p a r t i c u l a r  t i m e  r a d io a c t iv e  m e r c u r y  Hg was u s e d  

to p o i s o n  th e  c a t a l y s t .  Th is  i so tope  e m i t s  g a m m a  r a d i a t i o n  of e n e r g y  

su f f ic ien t  f o r  i t s  a b s o r p t i o n  in  s e v e r a l  m i l l i m e t r e s  of g l a s s  to be 

in s ig n i f i c a n t .  An  e x p e r i m e n t a l  p r o c e d u r e  fo r  the  d e t e r m i n a t i o n  of
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th i s  m e r c u r y  on the  c a t a l y s t  had  b een  deve loped  by C am p b e l l  and 

T h o m s o n  (19) u s in g  a h a lo g en  quenched  c o u n te r  which was  p l a c e d  

p a r a l l e l  to and  in  co n tac t  with  the  r e a c t i o n  v e s s e l .  Owing to counting 

g e o m e t r y  c o n s i d e r a t i o n s  i t  was only p o s s ib le  to d e t e r m i n e  r e l a t i v e  

a m o u n t s  of m e r c u r y  u s in g  th i s  m e th o d .  The a b so lu te  weight of 

m e r c u r y  p r e s e n t  a t  the  end of the  e x p e r i m e n t  was d e t e r m i n e d  by 

d i s s o lv i n g  the  f i l m  in  10 N n i t r i c  a c id  and  c o m p a r in g  the  count r a t e  

o b ta in e d  f r o m  1 0  m l  of th is  in a l iqu id  counter ,  with  tha t  ob ta ined  f r o m  

1 0  m l  of a so lu t ion  con ta in ing  a known weight of m e r c u r y  of the  s a m e  

s p e c i f i c  a c t i v i t y .

R a d i o a c t iv e  m e r c u r y  of a s u i ta b le  spec i f ic  a c t iv i ty  was  d i s t i l l e d  

in to  a b r e a k s e a l  tube  which  was  th en  a t t a c h e d  to the  c a t a l y s t  v e s s e l .  

When i t  was  d e s i r e d  to a d m i t  m e r c u r y  to the f i lm  the b r e a k s e a l  was 

b r o k e n  a n d  m e r c u r y  a l lo w ed  to di ffuse  to the f i l m  whi le  the  r e a c t i o n  

v e s s e l  w as  e v a c u a t e d  b e tw ee n  h y d r o g e n a t io n s .  I t  was found tha t  

m e r c u r y  v a p o u r  did no t  di ffuse  a t  any a p p r e c i a b l e  r a t e  when the 

r e a c t a n t  g a s e s  w e r e  p r e s e n t  in the  r e a c t i o n  v e s s e l .  D ur ing  the  

p o ison ing  e x p e r i m e n t s  an  a t t e m p t  was m a d e  to c a r r y  out the  s a m e  

e x p e r i m e n t a l  p r o c e d u r e  fo r  h y d ro g e n a t io n s  in the  p r e s e n c e  of m e r c u r y  

a s  fo r  t h o s e  in the  a b s e n c e  of m e r c u r y ,  in o r d e r  th a t  any  e f fec t s  

o b s e r v e d  m i g h t  only  be  a s c r i b e d  to the  ac t io n  of m e r c u r y .

When r e q u i r e d ,  the  we igh ts  of the  n ic k e l  f i lm s  w e r e  ob ta ined
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by d e t e r m i n i n g  the  c o n c e n t r a t i o n  of n icke l  in the n i t r i c  a c id  solution^ 

con ta in ing  the  d i s s o lv e d  f i lm ,b y  s p e c t r o p h o to m e t r y  us ing  the  r e d ,  

w a t e r  so lu b le ,  n i c k e l  III d im e thy lg lyox im e  co m plex  (20).

( 2 . 2 . )  R e s u l t s  of M e r c u r y  P o i soning

The r e s u l t s  fo r  a s e r i e s  of p o isoned  and  unpo isoned  hyd ro g en a t io n s  

on F i l m  22 a r e  shown in  Tab le  2. 1. The va lues  of the  r a t e  c o n s ta n t s  

w e r e  o b ta in e d  f r o m  the g r a d i e n t  of the  l i n e a r  g ra p h  of the  l o g a r i t h m  

of the  c y c lo p r o p a n e  p a r t i a l  p r e s s u r e  v e r s u s  t i m e .  It was found tha t  

v a r i a t i o n s  of 2 - 3% w e r e  ob ta ined  when th e s e  va lues  w e r e  c a lc u l a t e d  

a n u m b e r  of t i m e s  f r o m  the s a m e  e x p e r i m e n t a l  p o in t s .  A v a r i a t i o n  

of the  s a m e  m a g n i tu d e  was  found be tw een  the va lues  ob ta ined  

g r a p h i c a l l y  an d  t h o s e  ob ta in ed  u s ing  the m e thod  of l e a s t  s q u a r e s .

This  l a t t e r  t e ch n iq u e  m a d e  u s e  of the  KDF 9 c o m p u t e r .  V a r ia t io n  

of the  t i m e  fo r  which  the f i lm  was le f t  u n d e r  vacu u m  condi t ions  in 

the  a b s e n c e  of m e r c u r y  was  s ee n  to have  a neg l ig ib le  ef fect  on the 

r a t e :  the  o v e r a l l  v a r i a t i o n  in r a t e  in the  seven  unpo isoned  

h y d r o g e n a t io n s  on th i s  f i l m  was  1 2 %.

M e r c u r y  w as  s e e n  to have  a def in ite  po isoning  effec t  on the 

h y d r o g e n a t io n  an d  i t  was  found p o s s ib le  to po ison  the r e a c t i o n  to such  

an  ex ten t  t h a t  l i t t l e  a c t i v i ty  r e m a i n e d .  The effect  of the  d if fusion 

of m e r c u r y  v a p o u r  t h ro u g h  the r e a c t a n t  g a s e s  du r ing  a h y d ro g en a t io n  

was  s tu d i e d  in  r u n  13 w h e r e  the  r e a c t io n  was  a l low ed  to p r o c e e d
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TA B L E 2 . 1 .

F i l m  22 ( w t .  = 30. 3 mg)

Run
No.

In i t i a l  
T o t a l  

P r e s  s u r e  
( t o r r )

T im e  
(min) of 

E x p o s u r e

Wt. of Hg 
P r e s e n t  

(mg)

Length  
of Run 
(min)

R a te  
C ons tan t  
(min"  ) 
x 1 0  

t 2 .303
1 2 3 .0 7 35 1 6 2

2 1 8 .4 0 5 +
2 0 1 6 2

3 19 .77 5 +
2 0 163

4 20 .61 5 +
2 0 163

5 19 .19
17 +

2 0 179

6 18 .85 27 +
2 0 171

7 2 0 . 8 6
6 1  +

90 183

8 19 .69
5

2 0 176

9 18 .4 3 5
2 0 166

1 0 18 .47 1 2 0 .0 3 2 0 156

11 18 .29 29 0 .15 21 138

1 2 1 9 .1 4 2 0
0 . 2 1 21 1 2 6

13 2 0 .1 7 45 0 .41 680 1 0 6

14 1 9 .9 4
5 0 .4 4 37 90

15 1 9 . 6 6
61 0 .56 83 58

16 19 .3 8
5 0 .58 2 0 55

17 19 .99
45 0 .7 0 2 0 48

F o r  c a l c u l a t i o n  of Hg weigh ts  see  Appendix  l . b .

+ i n d i c a t e s  f i l m  le f t  u n d e r  v a cu u m  b e tw een  hyd ro g en a t io n s

in  a b se n c e  of Hg
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F i l m  21 (Wt.  = 2 8 .8  mg)

I n i t i a l  T im e  Wt. of Hg Leng th  Rate
Run T o ta l  (min)  of P r e s e n t  of Run Cons tan t
No. P r e s s u r e  E x p o s u r e  (mg) (min) (min"  )

( t o r r )  x 1 0 4

r 2 .303

1 19 .78  35 186

2 2 0 .7 8  5  + 20 142

3 2 0 .7 0  5 + 20 138

4 2 0 .4 7  5  + 20 132

5 2 0 .2 7  5 + 19  127
5

6 2 0 . 0 2  20 121

7 2 0 .1 6  11  0 .06  20 118

8  19 .8 8  2 0  0 .1 3  20 109

9 19 .4 9  3 1  0 .2 9  2 0  96

10 1 8 .6 2  7 6  0 .5 4  20 81

11 2 0 .5 6  7 7  0 .8 2  20 67

12 19 .6 7  5 0 .87  20 63

13 4 2 . 0 5  3 0 .9 0  20 34

14 19 .57  3 0 .9 0  20 69

15 20. 18 5 5  1 .09 778 28

16 2 1 .4 2  3 1 .10  20 27

17 2 1 .0 8  2 0  1 .15  40 8

18 - 3 0  1 .23  24 0

+ i n d i c a t e s  f i l m  le f t  u n d e r  v a cu u m  be tw een  hyd ro g en a t io n s

in  a b s e n c e  of Hg
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F i l m  20 (Wt.  = 3 6 .4  mg)

In i t i a l  T i m e  Wt. of Hg Leng th  Rate
T o ta l  (min) of P r e s e n t  of Run C ons tan t  

N o .  P r e s s u r e  E x p o s u r e  (mg) (min) (min  )
( t o r r ) x 1 0 4  

- 2 .303

1 2 0 .7 2  _ 2 6  296

2 2 5 . 1 4  4 ' 5 + .  20 228

3 2 4 . 6 4  4 ' 5 +  - 21 214

4 2 4 .2 8  4 , 5  + - 21 225

5 2 5 .0 8  4 , 5  + - 21 229

6  2 1 .7 5  4 , 5  0 .0 5  21 237
6  5

7 2 3 .9 3  * 0 .09  21 219

8  2 1 .0 2  2 4  0 .15  21 186

9 2 5 . 2 2  2 8  0 .37  21 159
12010 2 1 .0 7  0 .8 4  21 122

11 2 0 .9 7  4 , 5  0 .87  21 115

12 2 1 . 2 2  6 0  1 .15  21 91

13 2 5 .2 9  6 0  1.38 708 52

14 2 5 .7 6  3 , 5  1 .37  22 46
1 50

15 2 4 .7 9  1 .7 4  22 13

16 - 3 0  1 .85 22 0

+ i n d i c a t e s  f i l m  le f t  u n d e r  v a cu u m  be tw een  hyd ro g en a t io n s

in  a b se n c e  of Hg
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fo r  12 h r .  It w as found th a t  the  am oun t of m e r c u r y  w hich  d iffu sed  

to the  f i lm  in  th is  t im e  w as n e g l ig ib le .  The r a t e  of h y d ro g e n a t io n  in 

ru n  14 w hich  w as c a r r i e d  out a f t e r  ru n  13 h ad  b een  a l lo w ed  to p ro c e e d  

to c o m p le t io n  w as n o t g r e a t e r  a s  m ig h t  have  been  e x p e c te d .  The 

e ffec t  of the  s m a l l  a m o u n t of m e r c u r y  a d s o r b e d  b e tw een  the  ru n s  

m a y  have  r e d u c e d  th e  i n c r e a s e  n o rm a l ly  o b ta in ed  in  th e s e  co n d i t io n s .

R e s u l t s  o b ta in e d  u n d e r  s im i l a r  cond itions  on F i l m  21 a r e  g iven  

in  T ab le  2 .2 .  A v a r ia t io n  in r a t e  of 15% was o b ta in ed  in  the  five  

h y d ro g e n a t io n s  on the  u n p o iso n ed  f i lm  exclud ing  the in i t ia l  r e a c t io n  

w hich  w as a n o m a lo u s .  The in a d v e r te n t  u s e  of a h ig h e r  in i t ia l  r e a c ta n t  

gas  p r e s s u r e  in  ru n  13 c a u s e d  an  u n e x p ec ted ly  low r a t e  in ru n  14.

The v a r i a t io n  of r a t e  in  the  five  u n p o iso n ed  h y d ro g e n a t io n s  on 

F i l m  20, th e  r e s u l t s  of w hich a r e  g iven  in  T ab le  2 . 3 . ,  w as 6 .5 % .

On th is  f i lm  a ls o  the  r a t e  of the  f i r s t  h y d ro g e n a t io n  was a n o m a lo u s .

A n u m b e r  of the  ru n s  on th is  f i lm  w e re  c a r r i e d  out w ith  lo w er  in i t ia l  

r e a c t a n t  p r e s s u r e s  but the  e ffec t  of th is  w as not obvious owing to the 

r e l a t i v e ly  g r e a t e r  e ffe c t  of the  m e r c u r y .

In o r d e r  to c o r r e l a t e  the  r e s u l t s  o b ta in ed  on e ac h  f i lm  the  r a t e  

c o n s ta n t  p e r  m g  n ic k e l  w as p lo t te d  a g a in s t  the  w eight of m e r c u r y  

p r e s e n t  p e r  m g  n ic k e l  fo r  e ac h  r u n .  T h is  is  shown in  F ig .  2 .1 .

F o r  e a c h  f i lm  a v i r t u a l ly  l i n e a r  r e la t io n s h ip  b e tw een  th e s e  func tions  

w as o b ta in e d  bu t t h e r e  a p p e a r e d  to be no r e p ro d u c ib i l i ty  b e tw een  

th e  f i l m s .
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In an  a t te m p t  to n o r m a l i s e  th e s e  r e s u l t s  w hat w ill  be t e r m e d

the  ' r a t e  f a c to r '  w as p lo t te d  a g a in s t  the  'n o r m a l i s e d  m e r c u r y  c o v e r a g e '

fo r  e a c h  f i lm .  T h e se  fu n c tio n s  w e re  de fined  a s  fo llow s :

 _ R a te  of h y d ro g e n a t io n  a t  a p a r t i c u l a r  Hg c o v e ra g er a t e  xac to r  — • ■-* ■ ■■ ■ ...... .. .
R a te  w hen no Hg p r e s e n t

n o r m a l i s e d  Hg _ W t. of Hg p r e s e n t  on f i lm  a t  a p a r t i c u l a r  t im e  
c o v e r a g e  W t. of Hg to m ak e  r a te  f a c to r  equa l to 0 .5

The r e s u l t  is  shown in  F i g .  2 .2 .

( 2 , 3 . )  A d d it io n a l  H y d ro g en a t io n  E x p e r im e n ts  on N ic k e l  F i lm s

In an  a t te m p t  to ob ta in  f u r th e r  in fo rm a t io n  c o n c e rn in g  the  e ffec t  

of m e r c u r y  on c y c lo p ro p an e  h y d ro g e n a t io n  a s e r i e s  of e x p e r im e n t s  

w e re  c a r r i e d  ou t u s in g  f i lm s  23, 24 and  25. I t  w as found on th o se  

f i lm s  th a t  in  the  a b se n c e  of m e r c u r y  the  r a t e  of r e a c t io n  f e l l  c o n s id e ra b ly  

w ith  s u c c e s s iv e  h y d ro g e n a t io n s  a lthough  co n d itio n s  of in i t i a l  r e a c ta n t  

p r e s s u r e ,  the  t im e  fo r  w hich  the  f i lm  w as le f t  u n d e r  v a cu u m  b e tw een  

h y d ro g e n a t io n s ,  e t c .  w e re  kep t c o n s ta n t  in  e ac h  c a s e .  The r e s u l t s  

o b ta in e d  a r e  g iven  in  T ab le s  2 .4 .  and  2 .5 .  On e ac h  of th e s e  f i lm s ,  

a llow ing  h y d ro g e n a t io n s  to p r o c e e d  to c o m p le t io n  h ad  no o b s e r v a b le  

e ffe c t  on the  r a t e  of the  su b se q u e n t  r e a c t io n .  In  the  c a s e  of F i l m  25, 

T ab le  2 . 4 . ,  a d m is s io n  of h y d ro g e n  in  p la ce  of the  r e a c t io n  m ix tu r e  

was s tu d ie d .  I t  was found th a t  th is  c h eck ed  the  r e d u c t io n  in  r a t e  but 

d id  n o t p r e v e n t  i t .



TA B L E  2 . 4 .
4 0 .

F i l m s  24 and  25

In i t ia l  L en g th  R a te
■̂ un  T o ta l  of R un C o n s tan t
N ° .  P r e s s u r e  (m in) (m in  )

( t o r r )  x 1 0 4

f 2 .3 0 3
F i l m  24

1 1 8 . 2 6  28 287

2 17 .17  18 219

3 1 8 . 6 1  20  195

4 * 18 .81  63 157

5 1 9 . 8 2  2 0  115

6  1 8 .67  23 87

7 4 1 .0 3  2 1  42

8  19 .77  26 47

F i l m  25

1 2 8 .9 2  19 602

2 19 .6 2  24 621

3 2 0 .0 7  20 473

4 2 0 .1 9  63 357

5 20 H 2 only  23

6  1 9 .8 0  46 333

7 19 .18  38 276

8  8 8 .5 0 H  only  40L
9 1 8 .9 4  29 333

10 1 8 .83  24 95

In d ic a te s  h y d ro g e n a t io n  a l lo w ed  to p ro c e e d  to co m p le t io n



F i ln

R un
N o.

1

2

3

4

5

6

7 *

8  *

9 *

10  *

11  *

12  *

13 *
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TA B LE  2 . 5 .

(Wt.  = 2 0 .2  mg)

In i t ia l
T o ta l

P r e s s u r e
( to r r )

W t. of Hg 
P r e s e n t  

(mg)

Length  
of Run 
(min)

R ate  
C onstap t 
( m in '  ) 
x 1 0  

r 2 .303

1 8 .8 2 2 0 403

1 9 .6 9 21 370

1 9 .4 7 21 308

1 8 .6 40 218

2 0 .2 7 24 179

1 9 .2 3 21 145

1 9 .6 3 0 . 0 2 2 0 94

1 9 .9 2 0 . 0 6 21 6 6

1 9 .1 3 0 .0 7 2 0 46

1 9 .8 5 0 . 1 0 90 30

21 .6 1 0 .1 3 25 15

1 9 .5 0 0 .16 2 0 -

. 0 . 2 6 - -

F i l m  le f t  fo r  5 m in  b e tw een  each  evacu a tio n  

an d  a d m is s io n  of f r e s h  c h a rg e

* Hg a d m i t te d  b e fo re  eac h  r e a c t io n  a f te r  ru n  6
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To d e te r m in e  the  r e l a t iv e  e ffec t of m e r c u r y  c o m p a r e d  to th is  

unknow n a g e in g  in f lu en c e ,  i . e .  the  re d u c t io n  in  r a te  w ith  s u c c e s s iv e  

r e a c t io n s  in  F i l m  23, T ab le  2 . 5 . ,  m e r c u r y  was a d m it te d  to the 

c a t a ly s t  a f t e r  a s e r i e s  of h y d ro g e n a t io n s  had  been  c a r r i e d  out in the  

a b s e n c e  of m e r c u r y .  I t w as found th a t  the  w eight of m e r c u r y  r e q u i r e d  

to r e d u c e  th e  h y d ro g e n a t io n  r a te  to a p a r t i c u l a r  ex ten t was v e r y  m uch  

l e s s  in th i s  c a s e  th a n  fo r  F i lm s  20, 21, 22.

F i l m s  23, 24 an d  25 w e re  p r e p a r e d  f ro m  a sam p le  of n ic k e l  

w ire  w h ich  w as no t id e n t ic a l  w ith  th a t  u s e d  fo r  the  p r e p a r a t io n  of a l l  

p r e v io u s  f i l m s .  T h is  m a y  have  been  the  cau se  of the  re d u c t io n  in  

h y d ro g e n a t io n  a c t iv i ty  o b s e r v e d  w ith  s u c c e s s iv e  h y d ro g e n a t io n s .

T h is  w i r e  w as  s ta t e d  to be s p e c t ro s c o p ic a l ly  p u re ,  a s  was th a t  u s e d  

p r e v io u s ly .  The o b s e r v e d  b eh av io u r  could  a lso  have  been  e x p la in ed  

if  a c o n ta m in a n t  h a d  b een  p r e s e n t  in  the  r e a c ta n t  gas m ix tu r e .  The 

p o s s ib i l i ty  of th is  is  r e m o te  s in ce  the  r e a c t io n  m ix tu re  u s e d  fo r  

F i l m  23 w as f r e s h l y  p r e p a r e d  and  w as d if fe ren t  f r o m  th a t  u s e d  fo r  

F i l m s  24 an d  25.

( 2 . 4 . )  C o n c lu s io n s

It m a y  be co n c lu d e d  f r o m  the  w o rk  c a r r i e d  out on the  po ison ing

of c y c lo p ro p a n e  h y d ro g e n a t io n  on e v a p o ra te d  n ic k e l  f i lm s  th a t  .

(1) M e r c u r y  p o iso n s  the  h y d ro g e n a t io n  in  such  a m a n n e r  th a t  the
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w e ig h t of m e r c u r y  r e q u i r e d  to re d u c e  the  a c t iv i ty  of the  f i lm  to 

h a lf  of i t s  u n p o iso n ed  va lue  is  h a lf  the  am oun t r e q u i r e d  to r e m o v e  

the  a c t iv i ty  c o m p le te ly .

(2 ) The a b so lu te  w e igh t of m e r c u r y  r e q u i r e d  to p ro d u ce  a p a r t i c u l a r  

p o iso n in g  e ffe c t  i s  not the  s a m e  fo r  a n u m b e r  of f i lm s .

(3) T h e r e  is  ev id en c e  to su g g es t  th a t  the  b eh av io u r  of a f i lm  is  

d ep en d e n t  on s m a l l  v a r ia t io n s  in  the  n a tu re  of the  w ire  u s e d  fo r  i ts  

p r e p a r a t i o n .



C H A P T E R  3

THE STUDY O F  C Y CLO PR O PA N E HYDROGENATION 

ON PU M IC E  S U P P O R T E D  NICKEL CATALYSTS

The s tu d y  of c y c lo p ro p an e  h y d ro g en a tio n  on e v a p o ra te d  n ic k e l  

f i lm s  an d  the  e f fe c t  of m e r c u r y  on th is  s y s te m  has  been  d e s c r ib e d  

in  C h a p te r s  1 and  2. It w as d ec id ed  to r e p e a t  and ex tend  th is  w ork  

u s in g  s u p p o r te d  n ic k e l  c a t a ly s t s .  The r e a s o n s  fo r  the  change to 

a s u p p o r te d  c a ta ly s t  s y s te m  w e re  fou r  fo ld .

(1) A c o n s id e r a b le  a m o u n t of in fo rm a t io n  is  av a i lab le  f r o m  the 

w o rk  of Bond e t  a l .  ( s e e  r e f .  21 ) on c y c lo p ro p an e  h y d ro g en a tio n  

on a v a r i e t y  of su p p o r te d  m e ta l  c a ta ly s ts  in  the  a b se n c e  of p o is o n s .

(2) L i t t le  in fo r m a t io n  is  a v a i lab le  co n ce rn in g  the in te r a c t io n  of 

m e r c u r y  w ith  su p p o r te d  c a t a ly s t s .

(3) S u p p o r te d  c a ta ly s t s  a r e  m uch  l e s s  t im e  consum ing  in  th e i r  

p r e p a r a t i o n  a n d  do n o t r e q u i r e  such  s t r in g e n t  vacu u m  cond itions  

in  t h e i r  u s e  a s  do e v a p o r a te d  f i lm s .

(4) S u p p o r te d  c a ta ly s t s  r e p r e s e n t  m o re  r e a l i s t i c  p r a c t i c a l  c a ta ly s t s .

P u m ic e  w as  c h o se n  a s  the  su p p o rt in g  m a t e r i a l  s in ce  :

(a) P u m ic e  h a s  a l r e a d y  been  u s e d  in  the  m a jo r i ty  of the  w ork  

c a r r i e d  ou t on the  h y d ro g e n a t io n  of c y c lo p ro p an e  m  the  a b se n c e  of
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m e r c u r y  a s  a p o iso n  ( 2 1 , 32 ).

(b) I t  i s  c h e m ic a l ly  i n e r t ,  only s ligh tly  p o ro u s  and of low s u r fa c e  

a r e a .

(c) A su p p ly  of a su i ta b le  m e s h  s ize  was r e a d i ly  a v a i la b le .

( 3 . 1 . )  A p p a ra tu s

The c a t a ly s t  v e s s e l  had  a vo lum e of about 50 cc and was

c o n n e c te d  to a c o n v en tio n a l  v acu u m  a p p a r a tu s .  P r e s s u r e s ,  in the  

-4
re g io n  of 10 t o r r ,  m e a s u r e d  on a c o m m e rc ia l ly  av a i lab le  P i r a n i  

g au g e ,  w e re  o b ta in e d  u s in g  a r o ta r y  pum p and an oil d iffusion  pum p . 

P r e s s u r e  ch an g e s  in  the  c a ta ly s t  v e s s e l  w e re  m e a s u r e d  d i r e c t ly  on 

a th in  w a ll  c a p i l l a r y ,  m e r c u r y  m a n o m e te r .  This  m a n o m e te r  could  

be i s o l a t e d  f r o m  the  c a ta ly s t  when r e q u i r e d .  P r o v is io n  was m ade  

fo r  p r o te c t in g  the  a p p a r a tu s ,  o th e rw is e  m e r c u r y  f r e e ,  f r o m  m e r c u r y  

v a p o u r  by  p la c in g  a gold  le a f  t r a p  be tw een  the  m a n o m e te r  and the 

r o t a r y  p u m p .  F u l l  d e ta i ls  a r e  g iven  in  C h ap te r  9.

( 3 . 2 . )  R e a c ta n t s  and  C a ta ly s t

A n a e s th e t ic  g ra d e  c y c lo p ro p an e  and cy lin d e r  hyd ro g en  w e re  

p u r i f ie d  a s  d e s c r ib e d  in  s ec t io n  9 . 1 2 . and w e re  s to re d  in  2 1 s to ra g e  

f la sk s  f i t t e d  w ith  g r e a s e d  t a p s .  E q u im o la r  m ix tu r e s  of th e se  g a se s  

w e re  a ls o  p r e p a r e d  a s  b e f o r e .
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5% n ic k e l  on p u m ic e  ca.ta.lyst was p repared , by e v ap o ra tin g  

a su i ta b le  so lu t io n  of n ic k e l  n i t r a t e  h e x ah y d ra te  onto p u r if ie d  1 2 0  

m e s h  p u m ic e  p o w d e r .  The d ry  c a ta ly s t  w as ig n ited  to NiO in  an  

open  d is h  a t  350°C  fo r  15 h r  and  re d u c e d  in 5 g b a tch e s  a t  480°C 

in  a  s t r e a m  of h y d ro g e n  fo r  10 h r .  B e fo re  u se  0 .5  g of the re d u c e d  

c a t a ly s t  w as a c t iv a te d  in  the  c a ta ly s t  v e s s e l  a t  250°C fo r  1 h r  under 

p u r i f ie d  h y d ro g e n  a t  a p r e s s u r e  of 2 0 0  t o r r .

( 3 . 3 . )  E x p e r im e n ta l  P r o c e d u r e

T he a c t iv a te d  c a ta ly s t  w as  found to be in ac t iv e  a t ro o m  

t e m p e r a t u r e  a n d  h y d ro g e n a t io n s  w e re  c a r r i e d  out a t  78°C . The 

t e m p e r a t u r e  of th e  c a ta ly s t  w as kep t c o n s ta n t  by p lac ing  the  re a c t io n  

v e s s e l  in  a  v a p o u r  b a th  co n ta in ing  e thy l a lco h o l .  A f te r  r e m o v a l  of 

the  h y d ro g e n  u s e d  fo r  a c t iv a t io n ,  a  c h a rg e  of the r e a c ta n t  m ix tu re  

a t  a p r e s s u r e  in  the  ra n g e  50 - 100 t o r r  was a d m it te d  and  the p r e s s u r e  

f a l l  fo l lo w ed  on th e  m a n o m e te r .  A f te r  the  r e a c t io n  had  been  a llow ed  

to p r o c e e d  fo r  the  d e s i r e d  t im e  the c a ta ly s t  v e s s e l  was ev acu a ted  

and le f t  to s ta n d  u n d e r  v a cu u m  fo r  a f ixed  t im e  b e fo re  a d m is s io n  of 

a f r e s h  c h a r g e .  C a r e  w as tak en  to ev acu a te  the  m a n o m e te r  s e p a ra te ly  

f r o m  the  c a t a ly s t  v e s s e l  and  to avo id  connec ting  th e m  when no gas 

was p r e s e n t .
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( 3 . 4 . )  R e s u l t s  of C y c lo p ro p an e  H ydrogenations  on N ic k e l /P u m ic e 

T he p r e s s u r e  r e a d in g s  o b ta in ed  a t  p a r t i c u la r  t im e s  a f te r  the 

s t a r t  of a h y d ro g e n a t io n  w e re  c o n v e r te d  to p a r t i a l  p r e s s u r e s  of 

c y c lo p ro p a n e  fo llow ing  a te ch n iq u e  s im i la r  to th a t  in d ica ted  in 

s e c t io n  9 .2 7 .  fo r  n ic k e l  f i l m s .  T his  w as ,  h o w ev er ,  m uch  s im p lif ied  

s in ce  the  g a s  m ix tu r e s  u s e d  in  th is  w o rk  w e re  p r e p a r e d  such  tha t 

the  f r a c t i o n  of the  g a s  w hich  w as h y d ro g en  was 0 .5 .  M o re o v e r ,  the 

p r e s s u r e  r e a d in g s  o b ta in e d  w e re  ab so lu te  p r e s s u r e  m e a s u re m e n ts  and 

no c o n v e r s io n  f a c to r  w as r e q u i r e d .

W hen the  l o g a r i t h m  of the  c y c lo p ro p an e  p a r t i a l  p r e s s u r e  was 

p lo t te d  a g a in s t  t im e ,  a l in e a r  r e la t io n s h ip  was n o rm a l ly  ob ta ined .

On so m e  o c c a s io n s ,  h o w e v e r ,  th is  l in e a r i ty  did not include the 

in i t i a l  p a r t i a l  p r e s s u r e  an d  l e s s  f r e q u e n t ly  th a t  a f te r  the f i r s t  m in u te .

T h is  w as p r e s u m a b ly  due to the  lo w e r  a c c u ra c y  with which 

it  w as p o s s ib le  to  o b ta in  the  in i t ia l  p r e s s u r e  read in g  a f te r  adm itt ing  

the  gas  to the  r e a c t io n  v e s s e l  s in ce  the  m a n o m e te r  lev e l  was n o rm a l ly

o s c i l la t in g  a t  th is  s t a g e .

In th o s e  h y d ro g e n a t io n s  w hich  w e re  ab le  to p ro c e e d  to com ple tion  

in  the  s t a n d a r d  t im e  a l lo t te d  fo r  r e a c t io n  i t  was c o n s is te n t ly  found 

in a s e r i e s  of e x p e r im e n t s  th a t  f r o m  in i t ia l  p a r t i a l  p r e s s u r e s  of 

2 6 .5  t o r r  r e a c t i o n  c e a s e d  a t  5 t o r r  ind ica ting  82% c o n v e rs io n .
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E x a m p le s  of th is  a r e  shown in  F ig .  3 .1 .  This was a lso  found to be 

the  c a s e  in  a  h y d ro g e n a t io n  in which the r e a c ta n ts  w ere  le ft  o v e r  

the  c a t a ly s t  fo r  a  c o n s id e ra b le  p e r io d .  This  would a p p e a r  to 

in d ic a te ,  s in c e  a  1 : 1  m ix tu r e  was u sed ,  tha t  a l l  the  r e a c ta n ts  a r e  

u n ab le  to r e a c h  the  c a t a ly s t .  T h is  m ig h t  be expec ted  s ince  diffusion 

of r e a c t a n t s  in  c e r t a i n  p o r t io n s  of the  tubing connecting  the re a c t io n  

v e s s e l  to the  m a n o m e te r  w ould be s low ed c o n s id e ra b ly  by the  

p r e s e n c e  of th e  r e a c t i o n  p ro d u c ts  in the  re a c t io n  v e s s e l ,  i . e .  the 

only  fu n c t io n  of p a r t  of the  r e a c ta n t  m ix tu re  was to co m m u n ica te  

the  p r e s s u r e  in  th e  r e a c t io n  v e s s e l  to the  m a n o m e te r .

( 3 . 5 . )  F a c t o r s  A ffec t in g  R a te  of C yclop ropane  H ydrogenation

At an  e a r l y  s tag e  in the  s tudy  of cy c lop ropane  h y d rogena tion  

on p u m ic e  s u p p o r te d  n ic k e l  i t  w as found th a t  i t  was no t p o ss ib le  to 

ob ta in  r e p r o d u c ib le  v a lu e s  of the r a t e  c o n s ta n t .  T ab le  3 .1 .  shows 

the r e s u l t s  o b ta in e d  f r o m  E x p e r im e n t  3. In th is  e x p e r im e n t  

a p p ro x im a te ly  th e  s a m e  in i t ia l  to ta l  r e a c ta n t  gas  p r e s s u r e  was u s e d  fo r  

each  h y d r o g e n a t io n .  The d u ra t io n  of each  h y d rogena tion  was e i th e r  

11 o r  15 m in ,  a s  in d ic a te d ,  and  fo r  a p a r t i c u la r  leng th  of 

h y d ro g e n a t io n  the  t im e  fo r  w hich  the  c a ta ly s t  was u n d e r  vacu u m  was 

v a r i e d .  T he  v a lu e  of the  r a t e  c o n s ta n t  fe l l  w ith each  s u c c e s s iv e  

h y d ro g e n a t io n .  T h e r e  a p p e a r e d  to be l i t t le  dependence e i th e r  on the
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TA B LE  3 . 2 .

50.

N i /P u m ic e  E x p e r im e n t  6

Run
No.

R a te  
C o n s ta n t  
(m in  - ^) 

x  104  ~ 2 .3 0 3

In i t ia l
T o ta l

P r e s s u r e
( to r r )

C om m ents

1 34 5 0 .8 At ro o m  te m p e ra tu re

2 663 5 3 .0 At 78°C

3 8 6 2 5 3 .0 i i

4 657 5 3 .0 i i

5 528 5 3 .3 i t

6 503 5 3 .0 t i

7 426 5 3 .0 i i

8 357 5 3 .0 i t

9 330 5 3 .3 i t

1 0 279 5 2 .8 i i

11 237 5 2 .5 i t

12 214 5 2 .2 i t

13 189 5 3 .0 t i

14 168 5 3 .0 R eac tion  t im e  61 m in

15 38 5 2 .0 R eac tion  t im e  41 m in

16 109 5 3 .0 At 100°C

17 69 5 3 .8 i i

18 6 0 5 4 .0 t i

19 45 5 4 .0 i t

2 0 40 5 3 .8 i t

A ll  r e a c t i o n s  fo llow ed  fo r  12 m in  excep t runs  14, 15 
B e tw e e n  r e a c t i o n s ,  r o t a r y  pum p evacua tion  50 sec ,  
th e n  5  m in  u n d e r  v a c .  b e fo re  a d m it  f r e s h  ch arg e
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len g th  of the  h y d ro g e n a t io n  o r  on the t im e  for which the c a ta ly s t  

w as le f t  u n d e r  v a c u u m .

S im i l a r  b e h a v io u r  w as ob ta ined  in E x p e r im e n t  2. In th is  c a se  

e ac h  h y d ro g e n a t io n  r e a c t i o n  w as a llow ed  to p ro c e e d  fo r  1 2  m in u te s ,  

the  t im e  fo r  w h ich  the  c a ta ly s t  was left  u n d e r  vacuum  betw een 

r e a c t io n s  w as  5 m in u te s  and  in a l l  c a s e s  excep t one the  in i t ia l  to ta l  

p r e s s u r e  of r e a c t a n t s  w as 82 - 83 t o r r .  In E x p e r im e n t  2 the only 

f a c to r  w h ich  a p p e a r e d  to  a r r e s t  the  s tead y  fa l l  in the value of r a te  

c o n s ta n t  w ith  r u n  n u m b e r  w as a change in the in i t ia l  p r e s s u r e  of 

r e a c t a n t s .  A s w as found w ith  n ic k e l  f i lm s  a d e c r e a s e  of the in i t ia l  

p r e s s u r e  p ro d u c e d  a n  in c r e a s e  in  the  r a te  c o n s tan t .

In E x p e r im e n t  6  (T ab le  3 . 2 . )  the  f i r s t  hydrogenation  was c a r r i e d  

out a t  r o o m  t e m p e r a t u r e  and  b e tw een  ru n s  1 and 2  the t e m p e ra tu re  

of the  b a th  w as  r a i s e d  to 7 8 °C . As would be expec ted  th is  r e s u l te d  

in  a c o n s id e r a b le  i n c r e a s e  in  r a te  but a f te r  an  unexpec ted  high value 

fo r  ru n  3  th i s  f e l l  off w ith  su b seq u en t  h yd rogena tions  as  b e fo re .

It shou ld  be n o te d  th a t  the  c a ta ly s t  had  a t ta in ed  the h ig h e r  t e m p e ra tu re  

b e fo re  ru n  2  c o m m e n c e d  s in ce  l in e a r i ty  of the  log v e r s u s  t 

r e la t io n s h ip  w as  p r e s e r v e d  th ro u g h o u t th is  r e a c t io n .  The in i t ia l  

p r e s s u r e ,  the  le n g th  of t im e  fo r  w hich the r e a c ta n ts  w e re  in con tac t 

with the  c a t a ly s t  an d  the  t im e  of ex p o su re  to vacuum  w ere  kept 

c o n s ta n t .  I n c r e a s e  in the  leng th  of ru n  14 to 61 m in  did, h o w ev er ,
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p ro d u c e  a g r e a t e r  re d u c t io n  in  r a te  co n s tan t  fo r  run  15 than  was 

e x p e c te d .  I n c r e a s e  of the  b a th  te m p e r a tu r e  to 100°C p ro d u ced  an 

i n c r e a s e  in  v a lu e  of the  r a t e  co n s ta n t  but th is  s t i l l  continued to fa ll  

a f te r  s u b s e q u e n t  h y d ro g e n a t io n s  to a value ind ica ting  neglig ible  

a c t iv i ty .

( 3 .5 . )  T he E f fe c t  of E f f ic ie n t  R em o v a l of R eac tan ts  and P ro d u c ts

To d e t e r m in e  w h e th e r  the  sp ec ie s  le ft  on the c a ta ly s t  w ere  

r e s p o n s ib le  fo r  the  r e d u c t io n  in  r a te  with r e p e a te d  hydrogena tions , 

an  a t t e m p t  w as m a d e  to  r e m o v e  th e se  m o re  effic ien tly  a f te r  re a c t io n  

by pum ping  ou t th e  c a t a ly s t  v e s s e l  u s ing  the diffusion pum p. In 

p re v io u s  e x p e r im e n t s  the  r e a c ta n t s  had  been  rem o v ed  by pumping 

on the  r e a c t i o n  v e s s e l  b e tw een  h y d ro g en a tio n s  fo r about 50 sec using  

the r o t a r y  p u m p .  In E x p e r im e n t  7, th e r e f o r e ,  the diffusion pump 

was a ls o  u s e d  fo r  4 m in .  The r e s u l t s  a r e  ind ica ted  in Table 3 .3 .

A s p u r io u s  r e s u l t  w as o b ta ined  in ru n  4 which m ay  have been 

c a u se d  by p o iso n in g  w ith  a i r  (see  l a te r )  and the va lues  obta ined  fo r  

runs  5, 6  m a y  be a n o m a lo u s .  It c an  be seen , how ever, tha t the m o re  

e ff ic ien t  p u m p in g  d id  l i t t l e  if  anything to im p ro v e  the d eac tiva tion  

e ffec t .

In E x p e r im e n t  8  (T ab le  3 . 4 . )  a f te r  pumping out the  r e a c ta n ts  

with the  r o t a r y  p u m p  fo r  50 sec  the  nex t ch arg e  of re a c ta n t  gas  was



TA B LE  3 . 3 .

53.

E f fe c t  of E f f ic ie n t  C a ta ly s t  V e s s e l  E v a cu a tio n  

N i /P u m ic e  E x p e r im e n t  7

R un
N o.

In i t ia l  
T o ta l  

P r e s s u r e  
( to r  r)

R ate  
C o n stan t  
(m in - ) 

x  104   ̂ 2 .3 0 3

1 5 3 .0 1342

2 5 2 .5 809

3 5 4 .0 539

4 5 3 .3 -

5 5 2 .0 199

6 5 3 .8 167

7 5 3 .0 1 9 0

8 5 3 .5 142

9 5 2 .3 119

1 0 5 1 .5 90

11 5 3 .2 6 2

1 2 5 4 .2 80

13 5 4 .5 74

o o
A ll r e a c t io n s  fo llow ed  fo r  12 m in  a t  78 C ex cep t  12 and  13 a t  100 C

B e tw e e n  r e a c t io n s ,  r o t a r y  pum p e v ac u a t io n  fo r  50 s e c ,
d if fu s io n  pum p fo r  4 m in  th en  5 m in  u n d e r  v acu u m

b e fo re  a d m it  f r e s h  c h a rg e
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TA B L E  3 . 4 .

E f fe c t  of R ed u c in g  T im e  C a ta ly s t  L e f t  U nder V acuum  
B etw een  R ea c t io n s

N i /P u m ic e  E x p e r im e n t  8

In i t ia l R a te
Run
N o.

T o ta l
P r e s s u r e

( to r r )

C o n stan t  
(m in - 1 ) 

x 104  -f 2 .303

C o m m en ts

1 6 4 .0 1507

2 5 3 .0 740

3 5 3 .5 391

4 5 3 .5 233

5 5 3 .8 224 Run fo llow ed  fo r  64 m in

6 5 4 .0 49

7 5 4 .0 56 2  m in  v a c .

8 5 2 .8 51 1 m in  v a c .

9 5 4 .8 28 Run fo llow ed  fo r
1 0 2  m in ,  2 m in  to v a c .

1 0 5 1 .8 50 Run fo llow ed  fo r  
1 2  m in ,  1 m in  to v a c .

11 5 6 .8 37 Allow to s tan d  u n d e r  
1 0  m in

1 2 5 6 .0 28 Allow to s tan d  u n d e r
1 0  m in

R uns  1 - 7  e v a c u a te d  on r o t a r y  pum p fo r  50 sec  
an d  f r e s h  c h a rg e  a d m it te d  im m e d ia te ly  

R uns  7 - 1 2  a lso  u s e d  d iffusion  pum p fo r  5 m in  
an d  le f t  u n d e r  v a cu u m  fo r  t im e  s ta te d  

R uns  1 - 9 a t  78°C , ru n s  10 - 12 a t  100°C



a d m i t te d  im m e d ia te ly .  T h is  i t  was hoped would in d ica te  w h e th e r  

the  d e a c t iv a t io n  p r o c e s s  o c c u r r e d  du ring  the p e r io d  in  w hich  the  

c a ta ly s t  w as n o r m a l ly  u n d e r  v acu u m  and, th e r e f o r e ,  m o re  su sc e p t ib le  

to p o is o n s .  A ga in  i t  w as  found th a t  d eac t iv a t io n  o c c u r r e d  to an  ex ten t  

c o m p a r a b le  to th a t  found b e f o r e .  C hangeover  to the  u se  of the  

d if fu s io n  pum p a f t e r  ru n  7 did l i t t le  to re d u c e  the  d e a c t iv a t io n .  

A llow ing  the  c a ta ly s t  to s tan d  u n d e r  h y d ro g en  a t  a p r e s s u r e  of 90 t o r r  

fo r  1 0  m in  b e tw een  ru n s  11  and  1 2  a lso  p ro d u c e d  no a l te r a t io n  in 

b e h a v i o u r .

( 3 . 6 . )  The E f fe c t  of U sing  a F r e s h  R e a c ta n t  M ix tu re

A ll  of the  h y d ro g e n a t io n s  c a r r i e d  out u s in g  the  n ic k e l -o n -p u m ic e  

c a ta ly s t  h ad  em p lo y ed  the  s am e  b a tc h  of r e a c ta n t  gas  m ix tu r e .  

C o n se q u e n t ly  any  im p u r i ty  w hich  m ay  have  been  p r e s e n t  in th is  would 

have  r e s u l t e d  in  the  o b s e r v e d  d e ac t iv a t io n  w ith  s u c c e s s iv e  

h y d ro g e n a t io n s .  F o r  E x p e r im e n t  9, th e r e f o r e ,  a f r e s h  m ix tu re  of 

c y c lo p ro p a n e  and  h y d ro g e n  was p r e p a r e d .  The to ta l  r e a c ta n t  p r e s s u r e  

w as a p p r o x im a te ly  th e  s a m e  fo r  e ach  h y d ro g e n a t io n  ex cep t  fo r  ru n  6 . 

The r e a c t a n t s  an d  p ro d u c ts  w e re  pum ped  off fo r  50 sec  be tw een  

h y d ro g e n a t io n s  an d  a f r e s h  c h a rg e  a d m it te d  im m e d ia te ly  w ithout 

a llow ing  the  c a ta ly s t  to s tan d  u n d e r  v a cu u m . The r e s u l t s  a r e  shown 

in  T ab le  3 . 5 .
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TA B L E  3 . 5 .

I r r e p r o d u c ib l e  R e a c t io n  R a te s  U sing  F r e s h l y  P r e p a r e d
R e a c ta n t  M ix tu re

N i / P u m i c e  E x p e r im e n t  9

In i t ia l R ate
R un T o ta l C onstan t
N o. P r e s s u r e (m in - 1 )

( to r r ) x 104  — 2 .303

1 4 8 .0

2 5 3 .8 434

3 5 3 .8 441

4 5 2 .9 396

5 5 4 .5 394

6 14 .6 189

7 5 3 .2 318

8 5 0 .9 269

9 5 0 .8 238

1 0 5 0 .8 195

11 5 0 .8 181

1 2 5 1 .0 164

13 5 1 .0 152

14 5 0 .8 107

15 5 0 .8 96

16 4 8 .0 8 6

17 5 0 .3 73

18 4 9 .8 59

A ll  r e a c t io n s  fo llow ed  fo r  19 m in  a t  78 C ex cep t  ru n  1 a t  ro o m  te m p .  
B e tw e e n  r e a c t io n s ,  r o t a r y  pum p e v ac u a t io n  50 sec  

an d  f r e s h  c h a rg e  a d m it te d  im m e d ia te ly ,  
e x c e p t  b e fo re  14 when a lso  le f t  u n d e r  v acu u m  fo r  5 m in



TA B L E  3 . 6 .

57.

E f fe c t  of A d m is s io n  of A ir

N i /P u m ic e  E x p e r im e n t  4

Run
No.

In i t ia l
T o ta l

P r e s s u r e
( to r r )

R a te  
C o n s ta n t  
( m i n - 1 ) 

x 1 0 4  

t  2 .3 0 3

L eng th  of 
R ea c t io n  

(min)

1 5 5 .0 4373 1 2

2 5 2 .5 1632 2

3 5 2 .5 m a x .  264 39

4 5 3 .0 713 14

5 5 2 .5 722 14

6 5 2 .5 635 14

7 5 2 .5 655 14

8 5 2 .5 m a x .  40 40

9 5 2 .0 123 14

1 0 5 2 .5 - 74

11 5 2 .0 1 1 0 14

1 2 5 2 .5 128 14

13 5 0 .0 118 14

14 5 5 .0 123 14

15 5 4 .0 1 1 6 14

16 5 4 .0 1 1 1 14

C o m m en ts

A ir  a d m it te d  to gas 
m ix tu re

A ir  a d m it te d  while 
u n d e r  v a c .

A ll  r e a c t io n s  fo llow ed  14 m in  a t  78 C 
B e tw e e n  r e a c t i o n s ,  r o t a r y  pum p ev acu a tio n  fo r  50 sec  

th e n  5 m in  u n d e r  v a cu u m  b e fo re  a d m it  f r e s h  c h a rg e
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As w as found p re v io u s ly ,  a f t e r  the  in i t ia l  h y d ro g e n a t io n  had  

b een  c a r r i e d  ou t a t  ro o m  t e m p e r a t u r e ,  su b se q u e n t  ru n s  a t  78°C  w e re  

s ta b i l i s e d ,  bu t d e ac t iv a t io n  soon c o m m e n c e d  and  a f t e r  e ig h te en  

s u c c e s s iv e  h y d ro g e n a t io n s  the  a c t iv i ty  w as n e g l ig ib le .  The e ffec t  

of u s in g  the  d iffu s ion  pum p b e tw een  ru n s  13 and  14 w as to i n c r e a s e  th is  

d e a c t iv a t io n .

( 3 . 7 . )  The E f fe c t  of A d m itt in g  A i r  to the  H y d ro g e n a t io n  S y s te m

D uring  the  seco n d  h y d ro g e n a t io n  c a r r i e d  out in E x p e r im e n t  4 

a i r  a t  a tm o s p h e r i c  p r e s s u r e  w as in a d v e r te n t ly  a d m i t te d  to the  

c a ta ly s t  v e s s e l .  T h is  w as r e m o v e d  a f t e r  hav ing  b een  p r e s e n t  fo r  

ab o u t one m in u te  and  a f r e s h  c h a rg e  of r e a c t a n t  gas  a d m it te d  in  the  

n o r m a l  m a n n e r .  The su b se q u e n t  h y d ro g e n a t io n  ru n  3 p ro c e e d e d  a t  

a  v e r y  m u c h  r e d u c e d  r a t e  bu t in c r e a s e d  to a m a x im u m  va lu e  b e fo re  

t e r m in a t in g  a t  a  p e rc e n ta g e  c o n v e r s io n  l e s s  th an  th a t  o b ta in ed  by 

s u b se q u e n t  h y d ro g e n a t io n s  (se e  F ig .  3 .1 .  and  T ab le  3 . 6 . ) .  T h e s e  

h y d ro g e n a t io n s  w e re  c a r r i e d  out in  the  n o r m a l  m a n n e r  and  i t  was 

found th a t  a lthough  the  v a lu e s  of the  r a t e  c o n s ta n ts  o b ta in ed  w e re  l e s s  

th a n  th a t  b e fo re  the  a d m is s io n  of a i r ,  th ey  w e re  m u c h  m o re  

r e p r o d u c ib l e .  The fo u r  im m e d ia te ly  su cc e ed in g  h y d ro g e n a t io n s

v a r i e d  by only  1 2 %.

W hile the  r e a c t io n  v e s s e l  w as e v a c u a te d  b e tw een  ru n s  7 an d  8
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a i r  w as a g a in  a d m it te d  a t  a tm o s p h e r i c  p r e s s u r e  fo r  a p p ro x im a te ly  

one m in u te  and  w as th e n  pum p ed  off. The nex t h y d ro g e n a t io n  

p r o c e e d e d  e x t r e m e ly  s low ly  bu t a f te r  a c o n s id e ra b le  in d u c tio n  p e r io d  

a t t a in e d  a m a x im u m  va lue  of r a t e .  The p e rc e n ta g e  c o n v e r s io n  

a t ta in e d  in  the  s a m e  t im e  in te r v a l  a s  ru n  3 w as ,  h o w e v e r ,  4 5 . 5 % 

c o m p a r e d  w ith  75% in  ru n  3. O nce ag a in  the su b se q u e n t  h y d ro g e n a t io n s  

p ro c e e d e d  w ith  v a lu e s  of r a t e  c o n s ta n t  l e s s  than  th o s e  b e fo re  a d m is s io n  

of a i r  an d  w e re  m o r e  r e p r o d u c ib le .  The su b se q u e n t  e igh t h y d ro g e n a t io n s  

v a r i e d  in  t h e i r  va lu e  of r a t e  c o n s ta n t  by 18%.

To d e te r m in e  if the  p h en o m en a  o b s e r v e d  in  E x p e r im e n t  4 w e re  

g e n e r a l  fo r  n ic k e l - o n - p u m ic e  c a ta ly s t s  the  p ro c e d u re  w as r e p e a te d  

in  E x p e r im e n t  5. The r e s u l t s  a r e  in d ic a te d  in  T ab le  3 .7 .  A n u m b e r  

of h y d ro g e n a t io n s  w e re  c a r r i e d  out u n d e r  s ta n d a rd  co n d itio n s  and , 

a s  on p re v io u s  o c c a s io n s ,  d e a c t iv a t io n  of the  c a ta ly s t  w as found to 

h av e  o c c u r r e d .  B e tw een  ru n s  7 and  8  a i r  w as a d m it te d  to the  c a ta ly s t  

a t  a tm o s p h e r i c  p r e s s u r e  and  w as le f t  in  c o n tac t  fo r  l e s s  th an  one 

m in u te  b e fo re  be ing  p u m p ed  off . It w as no t p o s s ib le  to d e te r m in e  

a c c u r a t e l y  the  r a t e  c o n s ta n ts  fo r  the  su b se q u e n t  fo u r  h y d ro g e n a t io n s  

owing to  a g a s  lo ck  in  the  m a n o m e te r .  The  n ex t  t h r e e  h y d ro g e n a t io n s  

p o s s e s s e d  r a t e  c o n s ta n ts  d if fe r in g  by 16% and  w e re  c o m p a r a b le  w ith  

th o s e  o b ta in e d  b e fo re  a i r  had  been  a d m it te d .

T he  r e p r o d u c ib i l i ty  in  r a t e  c o n s ta n t  was lo s t ,  h o w e v e r ,  w hen



TA B L E  3 . 7 .

E f fe c t  of A d m is s io n  of A ir

N i /P u m ic e  E x p e r i m e n t  5

R a te
Run
No.

2

3

4

5

6

7

8 

9

10

11

12

13

14

15

16 

17

I n i t i a l
T o ta l

P r e s s u r e
( t o r r )

5 3 .5

5 3 .5

5 3 .5

5 5 .0

5 3 .5

5 3 .5

5 3 .5

5 3 .3  

5 3 .8

5 3 .3

5 3 .5

5 4 .0

5 4 .0

5 3 .3

5 3 .0

5 3 .0

5 3 .0

C o n s ta n t
(m in "  M 

4x 1 0 * 
r 2 .3 0 3

1295

621

576

479

397

330

305

309

301

263

135

123

116

L eng th  of 
R ea c t io n  

(min)

12

12

12

12

12

12

12

40

12

12

11

12

12

40

12

12

12

C om m ents

A ll hydrogenations  
a t 78 C

A ir  adm itted  while 
u nder  v a c .

B e tw e e n  r e a c t i o n s  c a ta ly s t  v e s s e l  evacua ted  
a s  fo r  E x p e r im e n t  4
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one of th e  h y d ro g e n a t io n s  w as a llow ed  to p ro c e ed  fo r  41 m in  in s tead  

of 12. R e t u r n  to the  s t a n d a r d  t im e  in te rv a l  fo r  hydrogenations  

r e s t o r e d  r e p r o d u c ib i l i t y .

( 3 .8 . )  The E f fe c t  of M e r c u r y  on C yclopropane H ydrogenation 
on N i c k e l / P u m i c e

To d e t e r m in e  the  a b so lu te  e ffec t p ro d u ced  by m e rc u ry  on 

c y c lo p ro p an e  h y d ro g e n a t io n  i t  was n e c e s s a r y  to be able to p re d ic t  

the b e h a v io u r  of the  c a ta ly s t  in  the  a b se n c e  of m e r c u r y .  Since in the 

m a jo r i ty  of th e  h y d ro g e n a t io n s  c a r r i e d  out a con s id e rab le  deactivation  

o c c u r r e d  in  th e  a b s e n c e  of m e r c u r y ,  no a t te m p t  was m ade to study 

in any d e ta i l  th e  e f f e c t  of m e r c u r y .  In th o se  e x p e r im en ts ,  how ever, 

in w hich a i r  h a d  b e e n  a d m i t te d  to the  c a ta ly s t ,  as  was s ta ted  e a r l i e r ,  

m uch b e t t e r  r e p r o d u c ib i l i t y  in  the  va lue  of the ra te  constan t was 

ob ta ined . C o n se q u e n t ly ,  in  E x p e r im e n ts  4 and 5 m e rc u ry  was adm itted  

to the c a t a ly s t  w hen  r e p r o d u c ib le  r a t e s  had  been  a t ta ined .

The m e r c u r y  w as  s i tu a te d  in  a sh ie ld ed  evacuated  side a rm  

s e p a ra te d  f r o m  th e  c a t a ly s t  v e s s e l  by a ta p .  When it was re q u ire d  

to in tro d u c e  m e r c u r y  onto  the  c a ta ly s t  th is  tap  was opened during the 

five m in u te  p e r io d  a f t e r  e v acu a tin g  the  v e s s e l  and be fo re  ad m iss io n  

of a f r e s h  c h a r g e  of r e a c t a n t s .  Th is  did not a l t e r  the sequence of 

m an ip u la t io n s  u n d e r  w h ich  r e p ro d u c ib le  r a t e s  had  been m ain ta ined  

and any o b s e r v e d  d i f f e r e n c e s  in r a t e  w e re  a t t r ib u te d  to the m e rc u ry .
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The m e r c u r y  w h ich  a r r i v e d  on the c a ta ly s t  was d e tec ted  by 

a G e ig e r  M u l le r  tu b e  p la c e d  u n d e r  the vapour ba th . It was n e c e s s a ry  

to coo l th is  c o u n te r  and  to  m a in ta in  i t  in a r ig id  position  to achieve  

s tab le  b e h a v io u r  and  c o n s ta n t  counting g e o m e try .

( 3 ,9 . )  R e s u l t s  of M e r c u r y  P o i soning

The r e s u l t s  o b ta in e d  fo r  E x p e r im e n t  4 a r e  given in Table 3 .8 .

It can  be s e e n  th a t  a d m is s io n  of m e r c u r y  p roduced  a co ns iderab le  

po ison ing  e f fe c t  a s  m e a s u r e d  by  the red u c tio n  in  value of the ra te  

c o n s ta n t .  O w ing to the  low counting  e ff ic iency  of the counter and 

in su f f ic ie n t  s p e c i f ic  a c t i v i ty  of the  ra d io a c t iv e  m e rc u ry  a c c u ra te  values 

fo r  the  w e ig h t  of m e r c u r y  a t  e ac h  s tage  w e re  not ob ta inab le . The to ta l 

am oun t of m e r c u r y  a d s o r b e d  w as m e a s u r e d  by d issolving the ca ta ly s t  

in 10 N n i t r i c  a c id  a f t e r  the  e x p e r im e n t  and com paring  the count 

ob ta ined  in  a  l iq u id  c o u n te r  w ith th a t  f r o m  a s tan d a rd  m e rc u ry  

so lu tion .

In E x p e r i m e n t  5 a d m is s io n  of m e r c u r y  was again  found to have 

a c o n s id e ra b le  e f fe c t  on the  r a t e  c o n s tan t  and  a f te r  five 5 m in  

e x p o su re s  a c t i v i ty  a t  78°C  w as re d u c e d  to a neg lig ib le  va lue . On 

leaving th e  c a t a l y s t  o v e rn ig h t  in p r e s e n c e  of the re a c ta n ts  at room  

te m p e r a t u r e ,  r a i s i n g  the  c a ta ly s t  t e m p e r a tu r e  to 78 C and c a r ry in g  

out a f u r t h e r  h y d ro g e n a t io n  i t  w as found th a t  som e ac tiv i ty  ap p ea red
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Run
No.

14

T A B L E  3 . 8 .

E f fe c t  of M e r c u r y  D uring  E x p e r im e n t  4

I n i t i a l
T o ta l

P r e s s u r e
( t o r r )

5 5 .0

T im e  of 
E x p o s u re  

(m in)

Count on 
G .M . Tube 

p e r  m in

Rate
C onstant
(m in - l )

X 1 0 *

f 2 .303 

118

15 5 4 .0
5 to v a c .

32 t  1 1 1 1

16 5 4 .0
5 to  v a c .

= B ackgd . 1 1 1

17 5 4 .0
4 . 5  to Hg

34 t 2 62

18 5 4 .3
5 to  Hg

40 t 2 44

19 3 3 .8
5 to  Hg

37 t 2 2 6

2 0 5 3 .5
5 to  Hg

4 0 - 2 1 2

21 5 4 .0
5 to  Hg

4 0 - 2 6

All r e a c t i o n s  fo llow ed  14 m in  a t  78 C 

T o ta l  w t .  of m e r c u r y  p r e s e n t  a f te r  ru n  21 -  0 .066  m g
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to have  b e e n  r e g a in e d .  I n c r e a s e  of the c a ta ly s t  te m p e ra tu re  to lOO^C 

p ro d u c e d  f u r t h e r  a c t iv i ty  w hich  was red u ced  to a neglig ible  value 

by t h r e e  f u r t h e r  5 m in  e x p o s u r e s  to m e r c u r y ,  (see  Table 3 .9  )

The a m o u n t  of m e r c u r y  a d s o rb e d  on the ca ta ly s t  in E x p e r im en t 5, 

v iz .  0. 105 m g ,  d u r in g  e ig h t  5 m in  e x p o su res  was le ss  than twice that 

o b ta ined  in  E x p e r i m e n t  4 d u r in g  four 5 m in  e x p o su res ,  v iz .  0.066 m g.

In the  f o r m e r  c a s e ,  h o w e v e r ,  th r e e  of the exp o su res  had been c a r r ie d  

out w hile  th e  c a t a l y s t  w as  a t  100°C . This ad so rp tio n  ra te  is 

c o m p a ra b le  w ith  th a t  found d u r in g  hydrogena tions  on evapora ted  film s 

in C h a p te r  2.

( 3 .1 0 . )  C o n c lu s io n s

F r o m  th e  w o rk  c a r r i e d  out on cyc lopropane  hydrogenation in 

the s u p p o r te d  n ic k e l  s y s t e m  the  following conclusions w ere reach ed

(1) The h y d ro g e n a t io n  r a t e  is  re d u c e d  with each  su ccess iv e  

re a c t io n  an d  th i s  is  n o t  a t t r ib u ta b le  to one p a r t ic u la r  reac t io n  

m ix tu re  n o r  to th e  e f f ic ie n c y  of r e m o v a l  of the rea c t io n  p ro d u c ts .

(2) The r e a c t i o n  p r o c e e d s  w ith  what a p p e a r s  to be f i r s t  o rd e r  

k in e t ic s .

(3) The n ic k e l  on p u m ic e  c a ta ly s t  b e co m es  po isoned  for hydrogenation 

by the a d m is s io n  of a i r  bu t is  capab le  of re a c t iv a t io n .  In ce r ta in



c i r c u m s t a n c e s  th i s  r e a c t iv a t io n  can  p roduce  ac tiv ity  com parab le  

to th a t  o b ta in e d  b e f o r e  the  a d m is s io n  of a i r .  A fte r  such reac t iv a t io n  

the h y d ro g e n a t io n  r a t e  is  m u c h  m o re  c o n s is ten t  than b e fo re .

(4) M e r c u r y  a l s o  p o iso n s  the  c a ta ly s t  fo r hydrogenation  and the 

po ison ing  is  to  a  c e r t a i n  e x ten t  r e v e r s i b l e .

The w o rk  c a r r i e d  out on su p p o rted  n ickel ca ta ly s ts  has shown 

tha t the  r a t e  of h y d ro g e n a t io n  of cyclopropane  was not rep roduc ib le  

by r e p e a t in g  the  r e a c t i o n  u n d e r  s ta n d a rd  e x p e r im en ta l  conditions.

In o r d e r  to  d e t e r m in e  w h e th e r  such  rep ro d u c ib i l i ty  was in fac t possib le  

and w as n o t  g o v e rn e d  by so m e  sp ec ie s  p roduced  in the reac tio n  or 

p r e s e n t  in  e x t r e m e l y  s m a l l  q u a n ti t ie s  in the pu rif ied  re ac tan ts  

it was d e c id e d  to s tu d y  the  h y d ro g en a tio n  using  the sam e reac t io n  

m ix tu re  bu t a n  e n t i r e ly  d i f f e r e n t  c a ta ly s t  s y s te m .  This work is 

d e s c r ib e d  in  C h a p te r  4 .
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C H A P T E R  4

THE STUDY O F  C Y C L O PR O PA N E HYDROGENATION 

ON S U P P O R T E D  PALLADIUM  CATALYSTS

1. 1% P a l l a d iu m  on C arb o n

D u rin g  the  s tudy  of c y c lo p ro p an e  h y d ro g en a tio n  on p u m ice  

s u p p o r te d  n ic k e l  c a ta ly s t s  and  to a c e r t a in  ex ten t  on e v a p o ra te d  n ic k e l  

i t  w as  found th a t  th e r e  w as a ten d en cy  fo r  r e a c t io n  r a t e  to d e c r e a s e  

w ith  s u c c e s s iv e  r e a c t i o n s .  In an  a t te m p t  to d e te r m in e  w h e th e r  th is  

w as due to a n  in h e re n t  p r o p e r ty  of the  n ic k e l  s y s te m  o r  to the  

p r e s e n c e  of so m e  u n d e te c te d  c o n tam in a t io n  in  the  r e a c t io n  m ix tu r e  

i t  w as  d e c id e d  to s tudy  the r e a c t io n  u s in g  a c o m p le te ly  d i f f e r e n t  

c a ta ly s t  s y s te m  b u t w ith  the  s a m e  r e a c t a n t  gas  m ix tu r e .  The c a ta ly s t  

c h o se n  w as  p a l la d iu m  on c a rb o n .

( 4 . 1 . )  A p p a ra tu s  and  P r o c e d u r e

The a p p a r a tu s ,  p u r i f ie d  r e a c ta n t s  and  e x p e r im e n ta l  p ro c e d u r e  

w e re  the  s a m e  a s  th o s e  d e s c r ib e d  p re v io u s ly  fo r  the  s tudy us in g  

p u m ic e  s u p p o r te d  n ic k e l .  The  c a ta ly s t  c o n s is te d  of 1% p a l la d iu m  

on c a r b o n  an d  w as o b ta in ed  c o m m e r c i a l ly .  No in fo rm a t io n  was 

a v a i la b le  c o n c e rn in g  the  o r ig in  o r  the  n a tu re  of the  s u p p o r t  o r  the  

m e th o d  of p r e p a r a t i o n  of the  c a ta ly s t .  The p a l la d iu m  w as a s s u m e d
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to be p r e s e n t  on th e  c a ta ly s t  a s  p a l la d iu m  m e ta l ,  and  no re d u c t io n  

p r o c e d u r e  w as c a r r i e d  ou t.  A 0 .1 5  g sam p le  of the  c a ta ly s t  was 

a c t iv a te d  in  s i tu  a t  a t e m p e r a t u r e  of 100 C, u n d e r  h y d ro g e n  a t  

a  p r e s s u r e  of a p p ro x im a te ly  200 t o r r .  The h y d ro g en  u s e d  fo r  

a c t iv a t io n  w as p u m p ed  out fo r  10 m in  b e fo re  c a r r y in g  out the  

r e a c t io n  a t  100°C .

( 4 . 2 . )  R e s u l t s  U sing  1% P a l la d iu m  on C arb o n  C a ta ly s t

It w as  found th a t  the  c a ta ly s t  w as e x t r e m e ly  a c t iv e  a t  100°C 

a n d  r e a c t io n  w as v i r t u a l ly  co m p le te  w ith in  the  five  m in u te  p e r io d  

a l lo w ed  fo r  r e a c t i o n .  R ed u c tio n  of the  c a ta ly s t  t e m p e r a t u r e  re d u c e d  

th e  a c t iv i ty ,  bu t i t  r e m a in e d  a p p re c ia b ly  h ig h e r  th an  th a t  o b ta in ed  

w ith  th e  n ic k e l  on p u m ic e  c a ta ly s t .  The p r e s s u r e  f a l l  ( A P )  a g a in s t  

t im e  r e la t io n s h ip  w as found to be a lm o s t  l i n e a r ,  and  in  the  m a jo r i ty  

of c a s e s  d id  no t p a s s  th ro u g h  the  o r ig in .  T h is  d ev ia t io n  in d ic a te d  

th a t  a n  a n o m a lo u s  p r e s s u r e  d ro p  o c c u r r e d  w ith in  the  f i r s t  q u a r t e r  

m in u te  a f t e r  a d m it t in g  the  r e a c ta n t  m ix tu r e .  In m any  c a s e s ,  owing 

to the  r a p id  p r e s s u r e  d ro p  o b s e rv e d ,  i t  was d iff icu lt  to d e te r m in e  

w ith  a c c u r a c y  th e  va lu e  of the  in i t ia l  p r e s s u r e .  The e x p e r im e n ta l  

p r o c e d u r e ,  h o w e v e r ,  w as su ch  th a t  the  r e a c ta n t  gas  m ix tu r e  w as 

a d ju s te d  to  a  s t a n d a r d  p r e s s u r e  b e fo re  e x p an s io n  into the  c a ta ly s t  

v e s s e l  an d  by th is  m e a n s  the  in i t ia l  p r e s s u r e  w as kep t c o n s ta n t
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th ro u g h o u t  a  s e r i e s  of h y d ro g e n a t io n s .  By c a r r y in g  out a  s e r i e s  

of e x p an s io n s  in to  the  c a ta ly s t  v e s s e l  in the  a b se n c e  of the  c a ta ly s t  

i t  w as p o s s ib le  to d e te r m in e  an  e x p an s io n  f a c to r .  T h is  en ab le d  the  

in i t i a l  p r e s s u r e  to be c a lc u la te d  f r o m  the p r e - e x p a n s io n  p r e s s u r e .

It  w as found th a t  the  d i f f e r e n c e  in  the  c a lc u la te d  and  o b s e r v e d  va lue  

of the  in i t ia l  p r e s s u r e  w as n e v e r  g r e a t e r  th a n  1 t o r r .

An in d ic a t io n  of the  a c t iv i ty  of the  c a ta ly s t  u n d e r  any  p a r t i c u l a r  

c o n d it io n s  w as o b ta in e d  by m e a s u r in g  the  in i t ia l  r a t e .  T h is  w as 

c a r r i e d  out by d raw in g  a sm o o th  c u rv e  th ro u g h  the  p r e s s u r e  fa l l  

a g a in s t  t im e  r e la t io n s h ip  and  d raw in g  the ta n g en t  to th is  a t  z e ro  

t i m e .  E x a m p le s  of th e s e  ta k en  f r o m  E x p e r im e n t  5 a r e  shown in  

F ig .  4 . 1 .

( 4 . 3 . )  A n o m a lo u s  B eh a v io u r

D u rin g  the  r e a c t io n s  u s in g  the  p a l la d iu m  on c a rb o n  c a ta ly s t  

i t  w as found th a t  the  p r e s s u r e  fa l l  p ro c e e d e d  to an  ex ten t  w hich  was 

g r e a t e r  th a n  the  p a r t i a l  p r e s s u r e  of e i th e r  of the  r e a c t a n t s .  In 

r e a c t io n s  c a r r i e d  out a t  100°C us in g  an  in i t ia l  r e a c ta n t  p r e s s u r e  of 

abou t 44 t o r r ,  r e a c t io n  c e a s e d  w ith in  the  5 m in  in te r v a l  a l lo t te d .

The o v e r a l l  p r e s s u r e  d ro p  ob ta in ed  w as in  the  re g io n  of 30 t o r r .

F o r  r e a c t io n s  a t  78 °C , u s in g  c o m p a ra b le  in i t ia l  p r e s s u r e s ,  r e a c t io n  

was no t c o m p le te  w ith in  a  5 m in  p e r io d  bu t the  p r e s s u r e  d ro p  o b s e r v e d
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w as g r e a t e r  th a n  h a lf  the  in i t i a l  to ta l  p r e s s u r e .  W hen r e a c t io n  

a t th is  t e m p e r a t u r e  w as a l lo w ed  to p ro c e e d  to c o m p le t io n  an  o v e r a l l  

d ro p  of ab o u t 33 t o r r  w as o b ta in e d .

It is  d if f icu l t  to find  a s im p le  ex p lan a tio n  fo r  th is  u n e x p ec te d  

b e h a v io u r .  In t e r m s  of c h e m ic a l  e f fe c ts ,  i t  is  n e c e s s a r y  to f i r s t l y  

p o s tu la te  th a t  a  g r o s s  e r r o r  w as p r e s e n t  in  the  p r e p a r a t io n  of the 

r e a c t i o n  m ix tu r e  su ch  th a t  c y c lo p ro p an e  was in e x c e s s .  S econdly , 

i t  m u s t  be a s s u m e d  th a t  c o n s id e ra b le  q u a n t i t ie s  of h y d ro g e n  r e m a in e d  

c h e m is o r b e d  by the  c a ta ly s t  d u r in g  the  re d u c t io n  p r o c e d u r e .  T h is  

w as r e j e c t e d  a s  the  b a s i s  of an  ex p lan a t io n  fo r  the  fo llow ing r e a s o n s ,

(a) the  a n o m a lo u s ly  l a r g e  p r e s s u r e  d ro p  cou ld  be o b s e r v e d  

in  a l l  r e a c t io n s  on the  c a ta ly s t ,  no t only d u r in g  the  f i r s t ,

a s  w ould be e x p ec te d  if h y d ro g e n  c o n ta in ed  in  the  c a ta ly s t  

w e re  r e s p o n s ib l e .

(b) r e m o v a l  of the  c y c lo p ro p an e  f r o m  the  m ix tu r e  by cooling  

a p o r t io n  of the  r e a c t a n t  gas  r e s e r v o i r  in  l iq u id  n i t ro g e n ,  

w hile  no t c o m p le te ly  q u a n t i ta t iv e  n e v e r th e le s s  gave a p r e s s u r e  

f a l l  c o n s i s t e n t  w ith a 1:1 m ix tu r e .

(c) a n o th e r  c a r e fu l ly  p r e p a r e d  1:1 m ix tu re  gave an  id e n t ic a l  

G . L . C .  a n a ly s i s ,  and

(d) th is  new m ix tu r e  a lso  show ed a n o m a lo u s ly  la r g e  

p r e s s u r e  re d u c t io n s  when h y d ro g e n a te d  on the  c a ta ly s t .



It w a s ,  t h e r e f o r e ,  co n c lu d ed  th a t  the  p h enom enon  was not 

a fu n c tio n  of the  gas  m ix tu r e .  Th is  was c o n f i rm e d  u s in g  a 2:1 

h y d ro g e n :c y c lo p ro p a n e  m ix tu r e ,  w hich  gave a p r e s s u r e  fa l l  g r e a t e r  

th a n  the  e x p e c te d  * /3 ,  a s  show n by the  r e s u l t s  in  T ab le  4 . 1 .

( 4 . 4 . )  E f fe c t  of T e m p e r a tu r e

The s a m e  c a ta ly s t  a s  h a d  b een  u s e d  fo r  the  e x p e r im e n t s  

a l r e a d y  d e s c r ib e d  w as r e a c t iv a te d  by h ea tin g  i t  a t  78°C fo r  4 j  h r  

u n d e r  h y d ro g e n  a t  a  p r e s s u r e  of 200 t o r r .  It was found th a t  the 

a c t iv i ty  a t  78°C  w as c o m p a r a b le  w ith  th a t  o b ta in ed  a t  100°C du rin g  

an  e a r l i e r  s e r i e s  of h y d ro g e n a t io n s  on the  s a m e  c a ta ly s t  u s in g  the  

s a m e  p r e s s u r e  of r e a c t a n t s  a s  an  e q u im o la r  m ix tu r e .  T h is  in d ic a te d  

th a t  the  e f fe c ts  of a  c o n s id e ra b le  n u m b e r  of h y d ro g e n a t io n s  c a r r i e d  

ou t on th is  c a ta ly s t  and  a lso  of s e v e r a l  in te n t io n a l  e x p o su re s  to 

m e r c u r y  h ad  b een  c o m p le te ly  re m o v e d .

T h r e e  r e a c t io n s  w e re  th en  c a r r i e d  out a t  62°C and  the  r e s u l t s  

a r e  g iv en  in  T ab le  4 . 2 .  The f i r s t  of th e s e  w as r e j e c t e d  fo r  te c h n ic a l  

r e a s o n s  but the  o th e r  tw o, a lthough  th ey  had  not a t ta in e d  c o m p le tio n  

in  the  in t e r v a l  a l lo w ed , p ro d u c e d  a p r e s s u r e  d ro p  which r e p r e s e n t e d  

160% of the  in i t i a l  c y c lo p ro p an e  p a r t i a l  p r e s s u r e .  R ed u c tio n  of the  

c a ta ly s t  t e m p e r a t u r e  to 32 C p ro d u c e d  r e a c t io n s  w ith a m u ch  re d u c e d  

r a t e  w h ich  w e re  c o m p le te  w ith in  18 m in  and  r e s u l t e d  in a p r e s s u r e



T A B L E  4 . 1 .

2:1 H -CLH, a t  78°C  on P d /C
c  j  o

Run
N o.

T o ta l  
In i t ia l  

P r e s  s u re  
( to r r )

T im e  to 
C o n s ta n t  
P r e s s u r e  

(m in)

P r e s s u r e  
F a l l  

A P  ( to r r )

In i t ia l  
R a te  

( t o r r  m in  )

A P  a s  % 
of C H 
P a r t i a l  

P r e s s u r e

1 1 4 2 .0 40 5 0 .7 4 .8 108

2 8 2 .8 21 2 9 .8 3 .6 108

3 6 4 .5 15* 2 4 .8 4 .3 115

4 6 3 .8 15 2 5 .8 5 .0 121

5 6 4 .0 13 2 7 .8 5 .0 132

* T h is  ru n  did no t  r e a c h  a c o n s ta n t  va lue  of p r e s s u r e

T he v a lu e s  in  above ta b le  should  be c o m p a r e d  w ith  150% 

c o n v e r s io n  a t  78°C  o b ta in e d  in  67 m in  a t  an  in i t ia l  r a t e  of 

6 .1  t o r r  m in   ̂ w hen u s in g  a 1:1 m ix tu r e .



T A B L E  4 . 2 .

E f fe c t  of T e m p e r a tu r e  on R ate  Using P d /C

Run
No.

T e m p .
°C

T o ta l
In i t ia l

P r e s s u r e
( to r r )

T im e  
of Run 
(min) 

*

P r e s  su re  
F a l l  

A P  ( to r r )

In i t ia l  
R ate  
(tor:^ 

m in  )

A P  as  
of C H 
P a r t i a l  

P r e s s u r

1 78 43 4 28 33 130

2 62 44 - - - -

3 62 43 (5) 34 27 160

4 62 42 (4) 3 3 .5 2 3 .5 160

5 32 42 20(18) 3 5 .5 3 .3 5 169

6 32 42 40(16) 3 9 .5 3 .7 5 188

7 26 42 78(35) 3 7 .5 1 .45 178

8 22 41 93(10) 3 6 .5 1 .3 180

The p r e s s u r e  f a l l  h ad  no t c e a s e d  a t  the  t im e s  g iven  in b ra c k e ts
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d ro p  c o r r e s p o n d in g  to 180% of the  c y c lo p ro p an e  p a r t i a l  p r e s s u r e .  

S im i la r  b e h a v io u r  w as found a t  22°C and 26°C a f te r  lo n g e r  t im e  

i n t e r v a l s .  It a p p e a re d ,  th e r e f o r e ,  th a t  d e c r e a s e  in the  t e m p e r a t u r e  

of the  c a ta ly s t  i n c r e a s e d  the  o v e ra l l  p r e s s u r e  d rop  e x p r e s s e d  as  

a p e r c e n ta g e  of the  in i t ia l  c y c lo p ro p an e  p a r t i a l  p r e s s u r e .

( 4 . 5 . )  Study of R e a c t io n  P r o d u c ts

It h a s  b e en  shown th a t  the  phenom ena  o b s e rv e d  w e re  not 

a  fu n c tio n  of the  r e a c t a n t  gas  m ix tu re  u s e d  and m u s t  co n seq u en tly  

h av e  b e en  a p r o p e r ty  of the  s y s te m .  In o r d e r  to ob ta in  a re d u c t io n  

in  p r e s s u r e  g r e a t e r  th an  the  p a r t i a l  p r e s s u r e  of the  r e a c ta n t  p r e s e n t  

to  th e  s m a l l e r  ex ten t  i t  is  n e c e s s a r y  to p o s tu la te  th a t  m o le c u le s  of 

r e a c t a n t s  o r  p ro d u c ts  w e re  be ing  re m o v e d  f r o m  the v apour p h a se  by 

one of th e  fo llow ing  m e c h a n i s m s .

(1) P h y s i c a l  a d s o rp t io n  onto the  c a rb o n .

(2) C h e m is o r p t io n  onto the  p a l la d iu m  o r  c a rb o n .

(3) P o ly m e r i s a t i o n  of r e a c ta n ts  o r  p ro d u c ts  o r  bo th .

T h e s e  w il l  be c o n s id e re d  m o r e  fu lly  in the  d is c u s s io n  g iven  in 

C h a p te r  5. A lthough  i t  w as no t p o s s ib le  to exp la in  the  m ag n itu d e  of 

the  o b s e r v e d  p r e s s u r e  d rop  in  t e r m s  of p o ly m e r is a t io n  a lo n e ,  i t  

m ig h t  be e x p e c te d  th a t  any  p o ly m e r is a t io n  w hich  o c c u r r e d  would 

p ro d u c e  s p e c ie s  w hich  cou ld  be o b s e r v e d  in the  v ap o u r p h a s e .



In o r d e r  to d e te r m in e  if th e se  sp ec ie s  e x is ted ,  a 1:1 hyd rogen : 

c y c lo p ro p a n e  r e a c t io n  m ix tu r e  w as a d m it te d  to the r e a c t io n  v e s s e l  

to a p r e s s u r e  of abou t 50 t o r r  a t  7 8°C . The r e a c t io n  was th en  

a l lo w e d  to p r o c e e d  fo r  45 m in  during  w hich t im e  r e a c t io n  should  

have  r e a c h e d  c o m p le t io n .  A sam p le  of the  gas  m ix tu re  above the 

c a ta ly s t  w as th e n  re m o v e d  and  a n a ly se d  us in g  G . L . C .  Only two 

r e s o lv a b le  p e a k s  w e re  found and  by c o m p a r iso n  with r e te n t io n  t im e s  

fo r  known s a m p le s  th e s e  w e re  a t t r ib u te d  to a i r  and p ro p a n e .  No 

t r a c e s  of any  com pounds  having  a r e te n t io n  t im e  g r e a t e r  th an  th a t  

of p ro p a n e  w e re  o b ta in e d .  C om pounds such  as  e th y len e ,  m e th an e  

an d  e th an e  hav in g  s h o r t e r  re te n t io n  t im e s  th an  p ro p an e  would not 

have  b e en  o b s e r v e d  bu t th e s e  would no t have  been  able  to p ro d u ce  

the  o b s e r v e d  e ffe c t  in  any c a s e .

( 4 . 6 . )  E f fe c t  of M e r c u r y

In E x p e r im e n t  5 a s e r i e s  of r e a c t io n s  w e re  c a r r i e d  out a t  100 C 

in  the  a b s e n c e  of m e r c u r y  and u n d e r  s ta n d a rd  co n d it io n s .  It was 

found th a t  a v a r i a t io n  of l e s s  th an  10% was o b ta ined  in  the  v a lu es  

of the  in i t i a l  r a t e s .  T h is  in c lu d ed  r e a c t io n s  c a r r i e d  out a f te r  the  

c a ta ly s t  h ad  b e en  a l lo w ed  to s tan d  fo r  10 and 20 m in  in te rv a l s  u n d e r  

v a c u u m . E x p o s u re  of the  c a ta ly s t  to m e r c u r y  fo r  10 m in  p ro d u c e d  

a c o n s id e r a b le  r e d u c t io n  in  r a t e .  R ea c t io n s  c a r r i e d  out in  the
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TA B L E  4 . 3 .

M e r c u r y P o iso n in g of Pd/c C a ta ly s t

Expo s u r e In i t ia l E x p o su re
T im e  of R ate Run T im e of
C a ta ly s t

(m in)
( to r ^  

m in  )
No. C a ta ly s t

(min)

3 .7 4 12
5 to v a c . 10 to v a c .

3 .5 0 13
5 i t i i 6 " "

3 .7 5 14
5 1! i i 10 " "

3 .7 0 15
5 t l i t 20 to Hg

3 .61 16
10 t l t i 20 to v a c .

3 .4 3 17
20 t ! t i 20 " "

3 .5 0 18
5 I t i i 10 to Hg

3 .4 6 19
5 to Hg 10 to v a c .

2 .8 9 20
10 t l i t 10 to Hg

2 .2 0 21
10 I t i t

2 .2 3
10 II t i

A ll  r u n s  l a s t e d  5 m in  ex cep t 1 - 4 ,  v iz .  10 m in  

In a l l  ru n s  in i t i a l  to ta l  p r e s s u r e  = 50 - 0 .0 3  t o r r

In i t ia l  
R ate  
(to r i j  

m in  )

1 .13

1 . 1 1

1.28

1.28

0 .5 8

0 .5 2

0 .56

0 .1 8

0 .1 8

0 . 10
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a b s e n c e  of m e r c u r y  on a p o iso n ed  c a ta ly s t  in d ica ted  l i t t le

r e a c t iv a t i o n .  The c a ta ly s t  w as po iso n ed  to an  ex ten t which in d ic a ted

n e g l ig ib le  a c t i v i ty .  In th is  c a s e  a lso  l i t t le  r e a c t iv a t io n  o c c u r r e d

a f t e r  le av in g  the  p o iso n ed  c a ta ly s t  o v e rn ig h t  a t  ro o m  t e m p e r a t u r e

and  a t  100 C fo r  45 m in .  It w as found th a t  the  am oun t of m e r c u r y

_ 2 1
r e q u i r e d  to  p o iso n  the  c a ta ly s t  was s m a l l ,  v iz .  4 .4  x 10 m g m g ” P d .  

Owing to th i s  s m a l l  qu an tity  of m e r c u r y  p r e s e n t  f ina lly  i t  w as not 

p o s s ib le  to d e te r m in e  th e  am o u n ts  p r e s e n t  a t  in te rm e d ia te  s t a g e s .

( 4 . 7 . )  C o n c lu s io n s

It w as  c o n c lu d ed  f r o m  the  w ork  c a r r i e d  out w ith  1% p a l la d iu m  

on c a r b o n  c a ta ly s t s  th a t

(1) The c a ta ly s t  was e x t r e m e ly  a c t iv e  fo r  the  r e a c t io n  of 

c y c lo p ro p a n e  w ith  h y d ro g e n  and  u n d e r  s ta n d a rd  cond itions  the 

r e a c t io n  r a t e  w as r e p ro d u c ib le  w ithout a  d e c r e a s e  in r a t e  with 

s u c c e s s iv e  r e a c t io n s  a s  w as found w ith  n ic k e l  on p u m ic e .

(2) The c a ta ly s t  s y s te m  exh ib ited  anom alous  b e h av io u r  w hich 

r e s u l t e d  in  p r e s s u r e  fa l l s  w hich  w e re  g r e a t e r  than  the  p a r t i a l  

p r e s s u r e  of the  r e a c t a n t  p r e s e n t  to the s m a l l e r  ex ten t .

(3) M e r c u r y  p o iso n ed  the  c a ta ly s t  fo r  r e a c t io n  and  the 

po iso n in g  a p p e a r e d  to be i r r e v e r s i b l e .
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2. P a l l a d iu m  on P u m ic e

The w o rk  c a r r i e d  out on the  p a l la d iu m  on ca rb o n  c a ta ly s t  

in d ic a te d  th a t  r e p r o d u c ib i l i ty  of r e a c t io n  r a te  of cy c lo p ro p an e  with 

h y d ro g e n  w as a t ta in a b le  on a su p p o r te d  c a ta ly s t ,  and  th a t  the  r e a c t io n  

cou ld  be p o iso n e d  by m e r c u r y .  It w a s ,  th e r e f o r e ,  d ec id ed  to 

d e te r m in e  in  m o r e  d e ta i l  the  po ison ing  e ffect of m e r c u r y  on 

a p a l la d iu m  c a ta ly s t ,  and  to c o m p a re  th is  with the  r e s u l t s  ob ta ined  

f r o m  n ic k e l  f i l m s .  The p a l la d iu m  on c a rb o n  c a ta ly s t  was c o n s id e re d  

u n s u i ta b le  fo r  th is  s tudy  fo r  two r e a s o n s .  (a) the f ine ly  d iv ided  

n a tu r e  of th e  c a ta ly s t  r e q u i r e d  th a t  c o n s id e ra b le  p re c a u t io n s  be ta k en  

to p r e v e n t  the  d i s t r ib u t io n  of c a ta ly s t  th ro u g h o u t the  vacuum  s y s te m  

w h e n e v e r  th e  r e a c t io n  v e s s e l  was being  ev ac u a ted .  (b) the  an o m alo u s  

p r e s s u r e  d ro p  in t r o d u c e d  an  unknown v a r ia b le  into the  s y s te m .  

C o n se q u e n t ly  f u r t h e r  in v e s t ig a t io n  was c a r r i e d  out u s in g  p a l la d iu m  

on p u m ic e  c a t a l y s t s .

( 4 . 8 . )  A p p a ra tu s  and  P r o c e d u r e

The a p p a r a tu s  and  p u r i f ie d  g a seo u s  r e a c ta n t s  w e re  the  sam e  

as  th o s e  u s e d  fo r  the  p re v io u s  s tu d ie s  u s in g  su p p o r te d  c a ta ly s t s ,  

and  a r e  d e s c r i b e d  in  d e ta i l  in C h ap te r  10. A m o d if ied  c a ta ly s t  v e s s e l  

was e m p lo y e d  w hich  a lthough  of c o m p a ra b le  vo lum e to th a t  p re v io u s ly  

d e s c r ib e d ,  p o s s e s s e d  a g r e a t e r  p e rc e n ta g e  of i t s  vo lum e w ith in  the
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t h e r m o s t a t t e d  re g io n  of the  vap o u r  b a th .

Two b a tc h e s  of p a l la d iu m  on pu m ice  c a ta ly s t  w e re  u s e d .

B oth  w e re  p r e p a r e d  by the  d is so lu t io n  of the a p p ro p r ia te  w eight of 

p a l la d iu m  c h lo r id e  in  d ilu te  h y d ro c h lo r ic  ac id , and the e v ap o ra t io n  

of th is  so lu t io n  onto a s l u r r y  of p u r i f ie d  120 m e sh  p u m ic e .  One of 

th e s e  c a t a ly s t s  c o n ta in e d  1% p a l la d iu m  m e ta l  and only a s m a l l  

q u a n t i ty  w as  a v a i l a b le ,  the  o th e r  co n ta in ed  5% m e ta l .  The h y d ro g en a tio n  

p r o c e d u r e  w as  s i m i l a r  to th a t  u s e d  p re v io u s ly ,  excep t fo r  the 

m o d if ic a t io n s  in  re d u c t io n  and  a c t iv a t io n  which will be m en tio n ed  l a t e r .

( 4 . 9 . )  R e s u l t s  U sing  1% P a l la d iu m  on P u m ic e  C a ta ly s t

P r e l i m i n a r y  e x p e r im e n t s  in d ic a ted  th a t  the 1% c a ta ly s t  was 

in a c t iv e  fo r  c y c lo p ro p a n e  h y d ro g e n a t io n  when re d u c e d  and  a c t iv a te d

u n d e r  s i m i l a r  co n d it io n s  to th o se  u s e d  fo r  the 5% n ick e l  on p u m ice

o oc a ta ly s t ,  v iz .  re d u c t io n  at 480 C fo r  11 h r  and ac t iv a t io n  a t  250 C

fo r  1 .5  h r .  It w as  found th a t  the  1% p a l la d iu m  c a ta ly s t  could  be m ade

a c t iv e  if  m i l d e r  c o n d it io n s  w e re  em p loyed  fo r  a c t iv a t io n  and re d u c t io n .

The a c t i v i t i e s  of c a ta ly s t s  p r e p a r e d  u n d e r  v a r io u s  e x p e r im e n ta l

co n d it io n s  w e r e  c o m p a r e d  by tak ing  the in i t ia l  r a t e  of r e a c t io n  u n d e r

s ta n d a r d  co n d it io n s  a s  a m e a s u r e  of the  a c t iv i ty .  The r e s u l t s  a r e

g iven  in  T ab le  4 . 4 .  I t  c an  be see n  th a t  fo r  re d u c t io n  of the  c a ta ly s t

a t  250°C  o r  4 8 0 °C , the  lo w e r  the  t e m p e r a tu r e  of a c t iv a t io n ,  the
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T A B LE 4 . 5 .

Run 
N o .

1

2

3

4

5

6

7

8 

9

C y c lo p ro p an e  H y d ro g en a t io n  on 1% P d /P u m ic e

In i t ia l  R e a c ta n t  In i t ia l
C o m p o s i t io n  R ate

r e s s u r e  H -C -H , ( to r r
/. \ 2 3 6 - I .( t o r r )  m m  )

C om m ents

1 7 .8  2:1 1 .25  R eac tio n  not c o m p le ted
in  56 m in  a f te r  
85% c o n v e rs io n

2 5 .7  1:1 0 .5 0  A ll ru n s  l a s t e d  20 m in

2 6 .0  1:1 0 .4 4

2 5 .8  1:1 0 .4 4

2 5 .8  1:1 0 .46

17 .7  2:1 0 .3 6  * Run la s t e d  10 m in

17 .7  2:1 0 .3 9

1 7 .8  2:1 0 .37

10 .7  2:1 0 .1 8  R ea c t io n  c o m p le ted  in
150 m in  a f te r  
77% c o n v e rs io n

* A f te r  ru n  6 the  c a ta ly s t  w as le f t  fo r  11 h r  a t  22 C u n d e r  

h y d ro g e n  a t  200 t o r r ,  th en  r e a c t iv a te d  a t  100 C fo r  2 .5  h r
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g r e a t e r  w as the  a c t iv i ty .  The g r e a t e s t  a c t iv i ty  o b s e rv e d  was 

o b ta in e d  f r o m  a c a ta ly s t  r e d u c e d  and  a c t iv a te d  in one p r o c e s s  a t 

100°C . It w as found th a t  the  a c t iv i ty  of the  5% c a ta ly s t  p r e p a r e d  

u n d e r  th e s e  l a t t e r  co n d itio n s  was v e r y  m u ch  g r e a t e r  th an  th a t  of 

the  c o r r e s p o n d in g  1% c a t a ly s t .

U sing  0 .5  g of the  1% c a ta ly s t ,  r e d u c e d  and a c t iv a te d  in  one 

p r o c e d u r e  a t  100 C a s e r i e s  of h y d ro g e n a t io n s  w e re  c a r r i e d  out 

a t  100°C to d e te r m in e  w h e th e r  th is  s y s te m  gave re p ro d u c ib le  

h y d ro g e n a t io n  r a t e s .  The in fo rm a t io n  o b ta ined  is  g iven in  T ab le  4 . 5 .

It c a n  be s e e n  th a t  fo r  ru n s  3, 4 and  5 c a r r i e d  out u n d e r  

s t a n d a r d  co n d it io n s  of r e a c t a n t  c o m p o s i t io n  and p r e s s u r e  a v a r ia t io n  

of l e s s  th a n  5% w as o b s e r v e d  in  the  in i t ia l  r a t e s .  Run 2, a lso  c a r r i e d  

out u n d e r  s i m i l a r  c o n d it io n s ,  h ad  a r a t e  outw ith  th is  v a r ia t io n  bu t 

i t  w as  the  f i r s t  h y d ro g e n a t io n  c a r r i e d  out u n d e r  th e s e  cond itions  and  

fo llow ed  a h y d ro g e n a t io n  a llow ed  to p r o c e e d  to v i r t u a l  c o m p le t io n .

It m ig h t ,  t h e r e f o r e ,  be e x p ec ted  to d i f f e r .  A lthough r e p ro d u c ib i l i ty  

w as m a in ta in e d  w ith  the  1:1 m ix tu re  r e t u r n  to the  u s e  of the  2:1 

m ix tu r e  in  ru n  6 u n d e r  cond itions  s im i l a r  to th o se  in  ru n  1 in d ic a te d  

th a t  a  m a r k e d  re d u c t io n  in a c t iv i ty  had  o c c u r r e d .  T h is  m a y  a g a in  

have  b e en  due to the  fa c t  th a t  the  p r o p e r t i e s  of a  c a ta ly s t  d u r in g  the 

f i r s t  h y d ro g e n a t io n  u n d e r  a g iven  s e t  of cond itions  a r e  o ften  found 

to be a n o m a lo u s .
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On le av in g  the  c a ta ly s t  u n d e r  h y d ro g en  a t ro o m  te m p e r a tu r e  

fo r  11 h r  an d  th e n  r e a c t iv a t in g  i t  a t  100°C fo r  2 .5  h r  it was found 

th a t  a s l ig h t  i n c r e a s e  in a c t iv i ty  o c c u r r e d .  S ubsequent r e a c t io n s  

ag a in  show ed  good  r e p r o d u c ib i l i ty  of ra te ,  p rov id ing  the s ta n d a rd  

cond itions  w e re  u s e d .

( 4 .1 0 . )  R e s u l t s  U sing  5% P a l la d iu m  on P u m ic e  C a ta ly s ts

A 0 .2 5  g s a m p le  of the  c a ta ly s t  was re d u c e d  and  a c t iv a te d  in 

one p r o c e d u r e  a t  100 C . In  E x p e r im e n t  8 a s e r i e s  of h y d ro g en a tio n s  

w e re  c a r r i e d  ou t u n d e r  s ta n d a r d  cond itions  and  it was found th a t  

a c o n s id e r a b le  a c t iv i ty  w as p r e s e n t .  Th is  a c t iv i ty  was m e a s u r e d  by 

the m e th o d  of in i t i a l  r a t e s  f r o m  the  re la t io n s h ip  be tw een  p r e s s u r e  

fa l l  and  t i m e .  In a d d it io n ,  fo r  the  e x p e r im e n ts  c a r r i e d  out w ith  the 

5% c a ta ly s t  the  l o g a r i th m  of the  cy c lo p ro p an e  p a r t i a l  p r e s s u r e  was 

p lo t ted  a g a in s t  t i m e .  A l i n e a r  r e la t io n s h ip  e x is te d  in a l l  c a s e s  up 

to c y c lo p ro p a n e  c o n v e r s io n s  of a p p ro x im a te ly  85%. The g ra d ie n t  of 

th is  l in e  is  t e r m e d  the  r a t e  c o n s ta n t  as  w as the  p r a c t i c e  when us in g  

n ic k e l  f i l m s .  F a s t e r  r e a c t io n  r a t e s  ten d ed  to t e r m in a te  the  l in e a r  

r e la t io n s h ip  a t  lo w e r  c o n v e r s io n s .

The a s s e s s m e n t  of the  r a t e s  by the  two d i f fe re n t  m e th o d s  was 

found to be c o n s i s t e n t  b e c a u s e  a l in e a r  r e la t io n s h ip  e x is te d  b e tw een  

th e m . T h is  is  show n in F i g .  4 . 2 .  This  was a lso  the  c a s e  w ith
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n ic k e l  f i l m s .  An in d ic a t io n  of the  e x p e r im e n ta l  p o in ts  f r o m  w hich  

the  v a lu e s  of the  in i t i a l  r a t e  w as d e r iv e d  a long  w ith  the  c o r r e s p o n d in g  

d e r iv a t io n  of the  v a lu e s  of the  r a t e  c o n s ta n t  a r e  shown in F i g .  4 . 3 .

The r e s u l t s  of E x p e r im e n t  8 a r e  s u m m a r i s e d  in T ab le  4 . 6 .

The a c t iv i ty  fo r  h y d ro g e n a t io n  m e a s u r e d  bo th  by the  in i t i a l  r a t e  and  

the  va lu e  of the  r a t e  c o n s ta n t  w as found to f a l l  in i t ia l ly  w ith  e a c h  

s u c c e s s iv e  r e a c t io n  a t  78°C  bu t b e tw ee n  ru n s  1 1 - 1 4  in c lu s iv e ,  

a v a r i a t io n  of only  10% w as o b s e r v e d .  T h is  in c lu d e d  a h y d ro g e n a t io n  

c a r r i e d  out a f t e r  the  c a ta ly s t  had  b e en  a l lo w ed  to s tan d  u n d e r  v a cu u m  

f o r  10 m in  b e fo re  a d m is s io n  of a f r e s h  c h a r g e  of r e a c t a n t s ,  i n s t e a d  

of th e  n o r m a l  5 m in  p e r io d .

W hen m e r c u r y  w as a d m i t te d  to the  c a ta ly s t  d u r in g  th is  5 m in  

p e r io d  i t  w as  found th a t  c o n s id e r a b le  d e a c t iv a t io n  o c c u r r e d .  The 

am o u n t  of m e r c u r y  a d s o r b e d  on the  c a ta ly s t  w ith in  th is  p e r io d  w as 

too s m a l l  fo r  i t  to be d e te c te d  w ith in  the  coun ting  s t a t i s t i c s  and  

c o n se q u e n t ly  a p p r o x im a te ly  10 m in  e x p o su re  p e r io d s  w e re  e m p lo y e d .  

E x p o s u r e s  of the  c a t a ly s t  to m e r c u r y  w e re  c o n tin u ed  u n t i l  the  

c a ta ly s t  show ed  n e g l ig ib le  a c t iv i ty ,  w h e reu p o n  th e  s tudy  w as  t e r m i n a t e d .  

T he d e c r e a s e  of a c t iv i ty  m e a s u r e d  by the  va lue  of the  r a t e  c o n s ta n t  

w ith  i n c r e a s in g  a m o u n ts  of m e r c u r y  on the  c a ta ly s t  is  g iv en  in  F ig .  4 . 4 .

It w as found th a t  a p a r t  f r o m  the  e ffe c t  of s m a l l  a m o u n ts  of 

m e r c u r y  a t  the  in i t i a l  s t a g e s  and  the  s m a l l  e f fe c t  of l a r g e  a m o u n ts
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of m e r c u r y  a t the  f in a l  s ta g e ,  a v i r tu a l ly  l in e a r  r e la t io n s h ip  was 

o b ta in ed  b e tw ee n  r e a c t io n  r a t e  and  w eigh t of m e r c u r y  on the  c a ta ly s t .

E v id en c e  f o r  r e a c t iv a t io n  a f t e r  po ison ing  by m e r c u r y  had  

b e en  o b ta in ed  in  the  w o rk  c a r r i e d  out w ith  p u m ic e  su p p o r te d  n ic k e l  

c a t a l y s t s .  T h is  w as f u r t h e r  s tu d ie d  in  E x p e r im e n t  9 u s in g  a  5% 

p a l la d iu m  on p u m ic e  c a ta ly s t  p r e p a r e d  in  a m a n n e r  s im i l a r  to th a t  

u s e d  fo r  E x p e r im e n t  8 .  The a c t iv i ty  of th e  c a ta ly s t  w as ag a in  

o b ta in e d  f r o m  v a lu e s  of the  in i t ia l  r a t e  and  the  r a t e  c o n s ta n t .  T h e se  

v a lu e s  a r e  a l s o  p lo t te d  in  F ig .  4 . 2 .  A s u m m a r y  of the  r e s u l t s  of 

E x p e r im e n t  9 is  g iv en  in  T ab le  4 . 7 .

W hen th e  c a ta ly s t  w as f i r s t  e x p o se d  to m e r c u r y  b e tw een  ru n s  

6 an d  7 i t  w as found th a t  a c o n s id e ra b le  po iso n in g  e ffec t  o c c u r r e d .

T he am o u n t  of m e r c u r y  w hich  w as  a d s o r b e d  on the c a ta ly s t ,  h o w e v e r ,  

w as  n e g l ig ib ly  s m a l l  and  f u r th e r  a t t e m p ts  to a d s o r b  l a r g e r  q u a n t i t ie s  

by i n c r e a s in g  the  t im e  of e x p o su re  fa i le d  to i n c r e a s e  the  am o u n t  of 

m e r c u r y  a l r e a d y  p r e s e n t .  T h is  w as in d ic a te d  by the  v i r tu a l ly  

c o n s ta n t  v a lu e s  b o th  of the  s u r f a c e  count and  of the  a c t iv i ty .  A f te r  

ru n  14 the  m e r c u r y  s o u rc e  w as g en tly  h e a te d ,  w ith  the  connec ting  

ta p  to the  r e a c t io n  v e s s e l  c lo s e d ,  u n t i l  d ro p le ts  of m e r c u r y  w e re  

s e e n  to c o n d en se  in  th e  tube  c o n ta in in g  th e  s o u r c e .  E x p o s u re  of the  

s o u r c e  to the  c a t a ly s t  now r e s u l t e d  in  a d s o r p t io n  of m e r c u r y  onto 

th e  c a ta ly s t  an d  th e  a c t iv i ty  f e l l .  T h is  a p p e a r e d  to in d ic a te  th a t
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fo r so m e  r e a s o n ,  b e fo re  h e a t in g ,  the m e r c u r y  s o u rc e  w as only 

ab le  to supp ly  a l im i te d  q u a n t i ty  of m e r c u r y  v a p o u r .

It shou ld  be n o ted  th a t  th ro u g h o u t  E x p e r im e n t  9 the  m e r c u r y  

s o u rc e  w as m a in ta in e d  a t  a t e m p e r a t u r e  of 20°C and  w as s e p a r a te d  

f r o m  the  c a ta ly s t  by a 6 m m  b o re  t a p .  T h is  was to e n s u r e  th a t  

a c o n s ta n t  c o n c e n t r a t io n  of m e r c u r y  v ap o u r  w as a lw ays  a v a i la b le  

to the  c a t a l y s t .  In  E x p e r im e n t  8 the  p o s s ib i l i ty  a r o s e  th a t  on som e 

o c c a s io n s  the  a v a i l a b i l i ty  of m e r c u r y  v ap o u r  was not c o n s ta n t  owing 

to ch an g e s  in ro o m  t e m p e r a t u r e  o r  b e c a u s e  the  g r e a s e  in  the  3 m m  

b o re  ta p  a c te d  a s  a p h y s ic a l  b a r r i e r  to m e r c u r y  v ap o u r  d iffu s io n .

W hen a n u m b e r  of r u n s ,  18 - 23, w e re  c a r r i e d  out w ithout 

a d d i t io n a l  a d m is s io n  of m e r c u r y  in E x p e r im e n t  9 i t  was found a s  

is  in d ic a te d  in  F ig .  4 . 4 .  and  in m o r e  d e ta i l  in  F ig .  4 . 5 .  th a t  

r e a c t iv a t io n  of the  c a ta ly s t  did o c c u r .  The ex ten t  of th is  r e a c t iv a t io n  

w as  g r e a t e r  th a n  the  d e a c t iv a t io n  p ro d u c e d  by the  20 m in  e x p o su re  

to m e r c u r y  b e tw ee n  ru n s  17 and  18. T he p lo ts  of the  lo g a r i th m  of 

c y c lo p ro p a n e  p a r t i a l  p r e s s u r e  fo r  ru n s  17 - 22 a r e  shown in  F ig .  4 . 6 .  

T h e s e  in d ic a te  th a t  no i n c r e a s e  in  r a t e  o c c u r r e d  d u r in g  th e se  

r e a c t i o n s .  It m a y  be c o n c lu d ed , t h e r e f o r e ,  th a t  any  re a c t iv a t io n  

w h ich  o c c u r r e d  d u r in g  r e a c t io n  w as slow c o m p a r e d  w ith  the  r a t e  of 

r e a c t i o n .

D u rin g  the  p e r io d  w hen th e s e  h y d ro g e n a t io n s  w e re  being



R E A C T IO N S  O N  A  P O IS O N E D  C A T A L Y S T

F i q. 4. 6.

-20

X
cr
oJ-
UJ
cCD
CO
COUJ
cc
CL

<
HQT
2

TI ME I DIVHS MIN 
Plots displaced by 5 min

X -20oou

2 2

2 0- 7



95.

c a r r i e d  out no m e r c u r y  w as a d m it te d  to the  c a ta ly s t  ye t an  in c r e a s e  

in count f r o m  th e  c a t a ly s t  w as o b s e r v e d  w hich was outw ith  the 

s t a t i s t i c a l  d e v ia t io n .  T h is  p henom enon  is  s im i la r  to th a t  ob ta ined  

in the  w o rk  on th e  s im u l ta n e o u s  d e te rm in a t io n  of m e r c u r y  in  the 

vapour p h a se  on a s u p p o r te d  n ic k e l  c a ta ly s t  which w ill be d e sc r ib e d  

in C h a p te r  8 .

A f te r  c o n t in u e d  a d s o r p t io n  of m e r c u r y ,  re a c t iv a t io n  of the 

c a ta ly s t  o c c u r r e d  on two f u r th e r  o c c a s io n s .  T hese  re a c t iv a t io n s  

w ere  no t fo l lo w ed  to  su ch  an  ex ten t  as  p re v io u s ly ,  and i t  was not 

p o ss ib le  to d e t e r m in e  w h e th e r  an  i n c r e a s e  in count o c c u r r e d  o r  not. 

When the  a c t iv i ty  of th e  c a ta ly s t  h ad  been  re d u c e d  to a neg lig ib le  

va lue , the  c a t a ly s t  w as  le f t  u n d e r  v acu u m  a t  ro o m  te m p e r a tu r e  fo r  

8 h r .  A f u r t h e r  h y d ro g e n a t io n  in d ic a te d  th a t  re a c t iv a t io n  during  

th is  p e r io d  w as  n e g l ig ib le .  T h is  l a t t e r  h y d ro g en a tio n  was continued  

for 11 h r  an d  i t  w as  found on ev acu a tin g  the  r e a c t io n  v e s s e l  a f te r  

th is  t im e  an d  a d m it t in g  a f r e s h  c h a rg e  of r e a c ta n t s  th a t  a c o n s id e ra b le

re a c t iv a t io n  h a d  now o c c u r r e d .

The w e ig h t  of m e r c u r y  p r e s e n t  on the  c a ta ly s t  was c a lc u la te d  by

the m e th o d  a l r e a d y  d e s c r i b e d  in  C h a p te r  2.

(4 .1 1 . )  C o n c lu s io n s

F r o m  the  w o rk  c a r r i e d  out on cy c lo p ro p an e  hyd ro g en a tio n  o
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pum ice  s u p p o r te d  p a l la d iu m  c a ta ly s t s  i t  was concluded  th a t  :

(1) The a c t iv i ty  of a p a l la d iu m  on pum ice  c a ta ly s t  is  g re a t ly  

in f lu en ced  by  th e  c o n d it io n s  of re d u c t io n  and a c t iv a tio n .

(2) R e p r o d u c ib i l i ty  of h y d ro g en a t io n  r a te  is  p o ss ib le  with 

both 1% a n d  5% p a l la d iu m  on p u m ic e  c a ta ly s t s ,  a lthough the f i r s t  

r e a c t io n  u n d e r  a g iv en  s e t  of e x p e r im e n ta l  conditions  is  u su a l ly  

a n o m a lo u s .

(3) T he  p r e s e n c e  of m e r c u r y  r e d u c e s  the  a c t iv i ty  of the 

c a ta ly s t  fo r  c y c lo p r o p a n e  h y d ro g e n a t io n ,  bu t th is  deac tiv a t io n  is  to 

a c e r t a in  e x te n t  r e v e r s i b l e .

(4) D u r in g  the  r e a c t iv a t io n  p r o c e s s ,  an  in c r e a s e  in the count 

f ro m  the  r a d io a c t iv e  m e r c u r y  on the  c a ta ly s t  is  o b se rv ed ,  a lthough 

no m e r c u r y  is  a d m i t t e d .

(5) In i t i a l ly ,  s m a l l  a m o u n ts  of m e r c u r y  have a l a rg e  e ffect 

on the  r a t e  of r e a c t io n ,  an d  when po ison ing  is  n e a r ly  com ple te  la rg e  

am oun ts  h av e  l i t t l e  e f fe c t .



97.

C H A P T E R  5

DISCUSSION O F  C Y C L O P R O P A N E  HYDROGENATION RESULTS

As s t a t e d  in  the  in t ro d u c t io n ,  i t  was hoped th a t  the  u se  of 

e v a p o ra te d  m e t a l  f i lm s  w ould r e s u l t  in the p roduc tion  of re p ro d u c ib le  

c a ta ly s t s ,  the  a c t iv i ty  of w h ich  cou ld  be r e la te d  to the  f i lm  w eight.

It was found in  p r a c t i c e ,  h o w e v e r ,  th a t  u n d e r  the conditions u sed ,  

r e p ro d u c ib i l i ty  of b e h a v io u r  b e tw een  f i lm s  was not obta ined  and only 

under c e r t a i n  c o n d i t io n s  w as r e p ro d u c ib i l i ty  ob ta ined  with re p e a te d  

re a c t io n s  u s in g  one p a r t i c u l a r  f i lm .  Som e of the fa c to r s  affecting 

r e p ro d u c ib i l i ty  w il l  now be c o n s id e r e d .

( 5 .1 . )  R e p r o d u c ib i l i ty  of R e a c t io n  R a te  on E v a p o ra te d  N ickel F i lm s  

M uch of th e  e m p h a s i s  w hich  h a s  been  given to the benefits  of the  

use  of e v a p o r a te d  f i lm s  in  c a ta ly s i s  h a s  been  b a se d  on the re p ro d u c ib i l i ty  

of b e h av io u r  o b ta in e d  by  w o r k e r s  in  d i f fe re n t  l a b o r a to r i e s .  In m any 

c a s e s ,  h o w e v e r ,  th is  h a s  b een  ach ie v e d  only with f r e s h ly  p re p a re d  

f ilm s and r e p e t i t i o n  of p r o c e d u r e  on the  s a m e  f i lm  has  not given

re p ro d u c ib i l i ty  (22, 23, 24).

The m a j o r i t y  of th e  in s ta n c e s  quoted  in  the  l i t e r a tu r e  c o n ce rn ed

with lack  of r e p r o d u c ib i l i t y  on r e p e a te d  r e a c t io n  on a s ingle  f i lm

involve r e d u c t io n  in  r a t e  w ith  each  r e a c t io n  c a r r i e d  out. Thi



been p a r t i c u l a r l y  so in  the  s tudy  of e thy lene  hydrogena tion  on 

n ick e l .  F o s s  an d  E y r in g  (22) found re d u c t io n  of ac t iv i ty  fo r  th is  

re a c t io n  of up to 50% a f t e r  e ac h  hyd ro g en a tio n ,  but on red u c in g  the 

p r e s s u r e  of r e a c t a n t s  th is  d e ac t iv a t io n  was m uch  re d u c e d .  This 

d e ac tiv a t io n  w as show n to be due to t r a c e s  of oxygen in the re a c t io n  

m ix tu re  and  w hen  th e s e  w e re  re m o v e d  re p ro d u c ib i l i ty  of re a c t io n  

ra te  w as m u c h  im p r o v e d .  O xygen  has  a lso  been  sugges ted  as  the 

cause  of the  d e a c t iv a t io n  o b s e r v e d  by Jen k in s  and R idea l (24).

In th e i r  s tu d y  of c y c lo p ro p a n e  h y d ro g en a tio n  on ev ap o ra ted  n icke l 

f i lm s ,  u s in g  s m a l l  to t a l  r e a c t a n t  p r e s s u r e s  and p u rif ied  r e a c ta n ts ,  

K norr  and  P o n e c  (18) o b s e r v e d  a s tead y  deac tiv a tio n  of the c a ta ly s t .  

This was show n to  be c a u s e d  by b a c k s t r e a m in g  of vapour f ro m  the 

oil d iffusion  p u m p s  d u r in g  r e m o v a l  of the  r e a c ta n ts  and p roducts  

a f te r  r e a c t io n .  W hen p r e c a u t io n s  w e re  ta k en  to avoid  th is ,  

re p ro d u c ib i l i ty  of r e a c t i o n  r a t e  w ith in  10% was obta ined , p rov ided  

a s ta n d a rd  h y d ro g e n a t io n  p r o c e d u r e  was c a r r i e d  out. In the p re s e n t  

work a ls o ,  i t  w as  found  th a t  r e p ro d u c ib i l i ty  of cyclopropane  

hydrogena tion  w as  p o s s ib le  in  the  s y s te m  u se d  fo r  F i lm s  9 - 22 

provided  a s t a n d a r d  te c h n iq u e  w as em p lo y ed . T h e re  was in fac t  found 

to be a te n d e n c y  f o r  th e  r e a c t io n  r a t e  to in c r e a s e  with the  nu m b er of 

reac tions  c a r r i e d  ou t,  an d  fo r  a  defin ite  in c r e a s e  to o ccu r  a f te r  

a h y d ro g en a tio n  h a d  b e e n  a l lo w ed  to p ro c e e d  to com ple tion .
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A ch an g e  in  th e  ty p e  of p u re  n ic k e l  w ire  u sed  fo r  the  f ilm  

e v ap o ra t io n ,  h o w e v e r ,  p ro d u c e d  a c a ta ly s t  which was rap id ly  

d eac tiv a ted  w ith  s u c c e s s iv e  r e a c t io n s .  This was shown not to be 

due to a c o n ta m in a n t  in  th e  r e a c t io n  m ix tu re ,  s ince  it  o c c u r re d  with 

a n u m b er  of f r e s h l y  p r e p a r e d  m ix tu r e s .  It a p p ea re d  tha t the p ro p e r t ie s  

of the f i lm  p r o d u c e d  f r o m  th e  two b a tch e s  of w ire  w ere  d if fe ren t .

Some of th e  f a c t o r s  w h ich  m a y  have  p ro d u ced  th is  d iffe rence  in 

behav iour w il l  now be  c o n s id e r e d .

( 5 .2 . )  P o s s i b l e  F a c t o r s  A ffec ting  R ep ro d u c ib i l i ty

E a c h  of th e  s a m p le s  of w ire  was d e g a s se d  using  the sam e 

p ro c e d u re ,  v i z .  h e a t in g  th e  w ire  re p e a te d ly  to i ts  evaporation  

t e m p e ra tu re  u n t i l  no f u r t h e r  evo lu tion  of gas was o b se rv ed .

D ifferences  in  p h y s ic a l  p r o p e r t i e s  of the  w i r e s ,  how ever, m ay have 

r e su l te d  in  v a ry in g  e f f ic ie n c y  of gas  r e m o v a l  using  th is  techn ique.

A n d e rs o n  e t  a l .  (25) have  shown th a t  n ick e l  f i lm s  ev apo ra ted  

at a p r e s s u r e  of 2 x  10~ t o r r ,  a f t e r  d e g ass in g  of the w ire  above its  

evapora tion  t e m p e r a t u r e ,  a r e  d e p o s i te d  on a la y e r  of n icke l oxide, 

which m u s t  have  b e e n  d e r iv e d  f r o m  oxygen o r ig in a tin g  f ro m  the 

degassed  w a l ls  of th e  r e a c t i o n  v e s s e l  o r  f r o m  the  n icke l w ire  i ts e lf  

during i t s  e v a p o r a t io n .  S im i la r  e f fec ts  found with a ran g e  of m e ta ll ic  

films have b e e n  r e v ie w e d  by A llen  (26). If the deg ass in g  t re a tm e n t
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in the p r e s e n t  w o rk  h a d  n o t  r e s u l t e d  in co m p arab le  re m o v a l  of 

oxygen f r o m  th e  two d i f f e r e n t  ty p es  of w ire ,  owing to d if fe ren ces  in 

the ir  p h y s ic a l  p r o p e r t i e s ,  th e n  d i f f e re n t  am ounts  of oxide would have 

been p r e s e n t  in  th e  two ty p e s  of f i lm  p ro d u ced .

The i m p o r t a n c e  of th is  is  in d ic a ted  by the work of Hall, Cheselke 

and L u t in sk e  (27), who h av e  c o r r e l a t e d  the  am ount of oxygen p re s e n t  

in a n ic k e l  c o p p e r  a l lo y  c a t a ly s t  w ith  the  am ount of hydrogen which 

can be a c c o m m o d a te d  w ith in  the  c a ta ly s t  bu lk . M o reo v er ,  Hall and 

E m m ett  (28) h av e  show n th a t  the  am o u n t of hydrogen  p re s e n t  in 

a n ickel c a t a ly s t  c an  a f f e c t  the  a c t iv i ty  of the  c a ta ly s t  fo r  ethylene 

hy d ro g en a tio n .  L a t e r  w o rk  by H all and  H a s s e l l  (29) has shown tha t 

the c a ta ly t ic  a c t iv i ty  f o r  e th y len e  h y d ro g en a tio n  is affected  by the 

ex istence  of s e v e r a l  ty p e s  of h y d ro g en  a d so rp t io n  and possib ly  d isso lved  

hydrogen, b u t  th a t  c o n t r a r y  to th e i r  p re v io u s  rea so n in g ,  th is  m ay not 

be d i re c t ly  r e l a t e d  to  the  am o u n t  of oxygen in  the  c a ta ly s t .

The a l lo y  s y s t e m  s tu d ie d  (27) was found to behave quite 

d ifferently  f r o m  p u r e  n ic k e l  w ith  r e g a r d  to the  enhanced  hydrogen uptake, 

so tha t i t  m a y  n o t  be  p e r m i s s i b l e  to e x tra p o la te  the o b serv a tio n s  on 

the alloys to th e  c a s e  of the  p u re  n ic k e l .  This  e ffect of d isso lved  

hydrogen h a s  b e e n  r e v ie w e d  by E is c h e n s  (30) with r e f e re n c e  to the 

I .R . s tu d ie s  of a d s o r b e d  s p e c i e s .  It would a p p e a r ,  th e re fo re ,  tha t 

the am ount of o xygen  p r e s e n t  in  a  n ick e l  c a ta ly s t  m ay  well a ffect
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the  a c t iv i ty  of the  c a ta ly s t  fo r  r e a c t io n .

T h is  e ffe c t  of o cc lu d e d  g a s e s  on the  a c t iv i ty  of n ic k e l  f i lm s  h a s  

a l s o  b e en  pu t f o r w a r d  by a s e r i e s  of R u s s ia n  w o rk  (31). T h is  has  

show n th a t  n ic k e l  e v a p o r a te d  u n d e r  h igh  v a cu u m  w as r e l a t iv e ly  

in a c t iv e  fo r  e th y len e  h y d ro g e n a t io n .  W hen, h o w e v e r ,  i t  w as e v a p o r a te d  

u n d e r  co n d it io n s  in w hich  one oxygen  a to m  was p r e s e n t  p e r  th o u san d  

a to m s  of n ic k e l ,  the  r e s u l t in g  f i lm  show ed  i t s  m a x im u m  a c t iv i ty .  

S im i la r  e f fec ts  w e re  o b s e r v e d  w ith  c o n c e n t ra t io n s  of o c c lu d ed  h y d ro g e n  

te n  t im e s  g r e a t e r  th a n  th is  v a lu e .  In b o th  c a s e s  the  gas  o cc lu d e d  in 

the  e v a p o r a t io n  a l t e r e d  the  w o rk  fu n c tio n  in  a  s y s te m a t ic  w ay .

It  h a s  a l s o  b e en  shown (28) th a t  the  p r e s e n c e  of c o p p e r  c an  

a f fe c t  the  a m o u n t  of h y d ro g e n  w hich  c an  be o cc lu d ed  w ith in  the  bu lk  

of a n ic k e l  c a t a l y s t .  It is  not s e r io u s ly  su g g e s te d  th a t  the  m a r k e d  

d i f f e r e n c e s  in  b e h a v io u r  o b s e r v e d  w ith  f i lm s  f r o m  the  two b a tc h e s  of 

w ir e  w e re  due to the  p r e s e n c e  of c o p p e r .  If, h o w e v e r ,  any  m e ta l l i c  

im p u r i ty  w as p r e s e n t  in  one of the  b a tc h e s  of w ire  i t  is  l ik e ly  to have 

b e e n  c o p p e r ,  an d  th is  m a y  have  c o n t r ib u te d  to so m e  ex ten t  to the  

o v e r a l l  e f fe c t .

( 5 . 3 . )  E f fe c t  of P e r m i t t i n g  R e a c t io n s  to P r o c e e d  to C o m p le t io n  

It  w as  a ls o  o b s e r v e d  u s in g  e v a p o r a te d  n ic k e l  f i lm s  th a t  if  

a r e a c t i o n  w as p e r m i t t e d  to p r o c e e d  to c o m p le t io n  the  r a t e s  of the



su b se q u e n t  r e a c t io n s  w e re  i n c r e a s e d .  T h is  p h enom enon , h o w e v e r ,  

d id  no t e x i s t  to any  g r e a t  ex ten t  w hen m e r c u r y  w as p r e s e n t  on the  

c a ta ly s t ,  n o r  on th o s e  f i lm s  in  w hich  a s te a d y  d e ac t iv a t io n  o c c u r r e d  

w ith  r e p e a t e d  r e a c t i o n .

I t  w as  o r ig in a l ly  c o n s id e r e d  th a t  th is  e ffec t  w as p ro d u c e d  by 

the  p r e s e n c e  on the  c a ta ly s t  of s p e c ie s  r e s u l t in g  f r o m  the  r e a c t io n  

i t s e l f ,  w h ich  w e re  a b le  to i n c r e a s e  the  r a t e  of the  su b se q u e n t  r e a c t io n .  

T h is  e x p lan a t io n  w a s ,  h o w e v e r ,  r e j e c t e d  s in ce  such  s p e c ie s  would 

have  r e s u l t e d  in  a n  in i t i a l  i n c r e a s e  in r a t e ,  w hich  would have  fa l le n  

a s  the  s p e c ie s  th e m s e lv e s  took  p a r t  in  the  r e a c t io n .  T h is  w as not 

o b s e r v e d .  In a d d i t io n  if su ch  s p e c ie s  w e re  f o r m e d  d u r in g  r e a c t io n ,  

the  r e l a t io n s h ip  o b s e r v e d  b e tw een  the  lo g a r i th m  of the  c y c lo p ro p an e  

p a r t i a l  p r e s s u r e  and  t im e  w ould no t have  b een  l i n e a r .

It a p p e a r s ,  t h e r e f o r e ,  th a t  the  e f fe c t  p ro d u c e d  by p e rm i t t in g  

a r e a c t i o n  to p r o c e e d  to c o m p le t io n  w as the  r e s u l t  of so m e  p r o c e s s  

w hich  o c c u r r e d  b e tw ee n  r e a c t io n s  r a t h e r  th an  d u r in g  r e a c t io n .

In the  a b s e n c e  of f u r t h e r  ev id en ce  i t  a p p e a r s  m o s t  l ik e ly  th a t  a  change  

in  th e  c a ta ly s t  i t s e l f  had  o c c u r r e d .

( 5 . 4 . )  E f fe c t  of O xygen on P u m ic e  S u p p o r ted  N ic k e l  C a ta ly s ts

In the  c y c lo p ro p a n e  h y d ro g e n a t io n s  c a r r i e d  out u s in g  a p u m ic e  

s u p p o r te d  5% n ic k e l  c a ta ly s t  i t  w as found, a s  w ith  F i lm s  23 - 26, th a t



r e m o v a l  of the  r e a c t a n t s  an d  p ro d u c ts  and  the  a d m is s io n  of a f r e s h  

c h a r g e  p ro d u c e d  a c o n s id e r a b le  re d u c t io n  in  r a t e .  If su f f ic ie n t  

h y d ro g e n a t io n s  w e re  c a r r i e d  ou t, the  a c t iv i ty  of the  c a ta ly s t  w as 

r e d u c e d  to a  v i r t u a l ly  n eg l ig ib le  v a lu e .  In the  l ig h t  of what h a s  b een  

d i s c u s s e d  in s e c t io n  5 . 1 . ,  th is  p h en o m en o n  can  be e x p la in ed  by the  

p r e s e n c e  of so m e  c o n ta m in a n t ,  s u ch  a s  oxygen , in  the  r e a c t io n  

m ix tu r e .  On two o c c a s io n s ,  h o w e v e r ,  oxygen w as a d m it te d  

in te n t io n a l ly  to the  s y s te m  and  a s  w as to be e x p ec ted ,  a re d u c t io n  in  

r a t e  of the  im m e d ia te ly  s u b se q u e n t  r e a c t io n  o c c u r r e d .  T h is  po ison ing  

e f fe c t ,  h o w e v e r ,  w as s h o r t  l iv e d  and  a f t e r  an  ind u c tio n  p e r io d  the  

r a t e  of th is  h y d ro g e n a t io n  i n c r e a s e d  ( s e e  F ig .  3 . 1 . ) .  The r a t e  of the  

su b se q u e n t  r e a c t io n  w as found in  one c a s e  to be c o m p a r a b le  w ith  th a t  

b e fo re  a d m is s io n  of a i r  and  in  the  s ec o n d  c a s e  abou t one t h i r d  of 

th is  in i t i a l  v a lu e .  In bo th  c a s e s ,  the  r a t e  of h y d ro g e n a t io n  w as m u c h  

m o r e  r e p r o d u c ib le  and  l i t t l e  d e a c t iv a t io n  w ith  su b se q u e n t  r e a c t io n s  

w as o b s e r v e d .

The p r e s e n c e  of the  ind u c tio n  p e r io d  a f t e r  the  po iso n in g  of the  

c a t a ly s t  w ith  a i r  w as  c o m p a r a b le  w ith  th a t  o b s e r v e d  by F o s s  and 

E y r in g  (22) and  J e n k in s  an d  R id e a l  (24) d u r in g  e th y len e  h y d ro g e n a t io n .

In the  f o r m e r  c a s e  th is  ind u c tio n  p e r io d  w as only  o b s e r v e d  a f te r  

the  c a ta ly s t  h ad  b e e n  c o n s id e ra b ly  p o iso n ed  w ith  oxygen d e r iv e d  f r o m  

t r a c e s  p r e s e n t  in  th e  r e a c t i o n  m ix tu r e .  The re d u c t io n s  in  r a t e



o b s e r v e d  w ith  s u c c e s s iv e  r e a c t io n s  b e fo re  th is  po in t w as r e a c h e d  

w e re  i n t e r p r e t e d  a s  the  b lock ing  by oxygen of s i te s  hav ing  su f f ic ie n t ly  

h igh  h e a t s  of a d s o r p t io n  to p r e v e n t  the  h y d ro g e n a t io n  of oxygen  a t  the  

t e m p e r a t u r e  of r e a c t io n .  W hen a l l  of th e s e  s i te s  w e re  b lo ck ed , 

a d s o r p t io n  of oxygen  c o m m e n c e d  on s i t e s  w ith  low h e a ts  of a d s o r p t io n ,  

an d  th e  a d s o r b e d  oxygen  w as th e n  ab le  to co m p e te  w ith  the  e th y len e  

fo r  h y d ro g e n .  The f a c t  th a t ,  in  the  p r e s e n t  w o rk ,  r e p ro d u c ib i l i ty  of 

r e a c t io n  r a t e  w as o b ta in e d  a f t e r  th e  a d m is s io n  and  su b se q u e n t  r e m o v a l  

of oxygen , in d ic a te s  th a t  the  re d u c t io n  in  r a t e  o b s e r v e d  in i t ia l ly  was 

no t due to o x ygen . In a d d i t io n ,  the  r e l a t iv e  e a s e  w ith  w hich  i t  was 

r e m o v e d  a f t e r  the  p o iso n in g ,  in d ic a te s  th a t  if the  d e a c t iv a t io n  o b s e r v e d  

b e fo re  the  a d m is s io n  of oxygen  w as due to the  b lock ing  of s i t e s  by so m e  

o th e r  a d s o r b e d  s p e c ie s ,  th is  s p e c ie s  m u s t  have  b e en  s i tu a te d  on s i te s  

of h ig h e r  e n e r g y  th a n  th o s e  o c cu p ie d  by the  oxygen o r  w as n o t cap ab le  

of r e a c t i o n  w ith  h y d ro g e n .

( 5 . 5 . )  C o n c lu s io n s  R e g a rd in g  R e p r o d u c ib i l i ty

The d i f f e r e n c e s  in  b e h a v io u r  of the  n ic k e l  f i lm s ,  p ro d u c e d  f r o m  

s i m i l a r  bu t no t id e n t ic a l  n ic k e l  w i r e s ,  and  th o s e  o b s e r v e d  w ith  

s u p p o r te d  n ic k e l  c a ta ly s t s  b e fo re  and  a f t e r  t r e a t m e n t  w ith  oxygen, 

a p p e a r e d  to in d ic a te  th a t  the  r e a c t io n  of c y c lo p ro p an e  w ith  h y d ro g e n  

w as p a r t i c u l a r l y  s e n s i t iv e  to s m a l l  d i f f e r e n c e s  in  the  p r o p e r t i e s  of
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the  c a t a ly s t .  T h is  b e h a v io u r  has  been  n o ted  p r e v io u s ly  and  is  not 

con fined  to the  p r e s e n t  w o rk .  Thus Bond and  N ew ham  (32) have  

r e p o r t e d  th a t  r e p r o d u c ib i l i ty  of r e a c t io n  o r d e r s  w ith  r e s p e c t  to 

c y c lo p ro p a n e  and  h y d ro g e n  w as only  o b ta in ed  when a s ta n d a r d  

p r o c e d u r e  fo r  c a ta ly s t  re d u c t io n  w as c a r r i e d  ou t .  S im i la r ly ,  Y a te s ,  

S in fe l t  an d  T a y lo r  (33) have  shown th a t  r e p ro d u c ib i l i ty  of r e a c t io n  

r a t e  cou ld  be a c h ie v e d  in  the  in te r a c t io n  of h y d ro g e n  and  c y c lo p ro p an e  

w hen the  c a ta ly s t  w as c o o led  in  h y d ro g e n  a f t e r  r e d u c t io n .  Cooling of 

the  c a ta ly s t  in  h e l iu m ,  h o w e v e r ,  c a u s e d  the  r e a c t io n  r a t e  to f a l l  w ith  

r e p e a te d  r e a c t io n s ,  a s  w as found in  the  p r e s e n t  w o rk  w ith  su p p o r te d  

n ic k e l  c a t a l y s t s .

L a c k  of r e p r o d u c ib i l i ty  in  the  r a t e  of r e a c t io n  b e tw een  

c y c lo p ro p a n e  and  h y d ro g e n  h a s  a ls o  b e en  r e p o r t e d  by B en so n  and  

Kwan (34) an d  th is  e f fe c t  h a s  b e en  o b s e r v e d  to a  l e s s e r  ex ten t  by 

Bond and  S h e r id a n  (35) o v e r  p u m ic e  s u p p o r te d  n ic k e l .

As f a r  a s  th e  s tudy  of po ison ing  by m e r c u r y  is  c o n c e rn e d ,  i t  

i s  n e c e s s a r y  to  be a b le  to p r e d i c t  w hat the  r a t e  of r e a c t io n  w ould have  

b e en  in  the  a b s e n c e  of m e r c u r y ,  so th a t  the  e ffec t  of the  m e r c u r y  

a lo n e  c an  be  d e t e r m in e d .  U nder  c e r t a i n  co n d itio n s  in  the  p r e s e n t  

w o rk  r e p r o d u c ib i l i ty  of r e a c t io n  r a t e  w as a t ta in e d ,  and  only  in  th e s e  

c a s e s  w as m e r c u r y  a l lo w ed  to i n t e r a c t  w ith  the  c a t a ly s t .  The n a tu re  

of th is  in t e r a c t io n  an d  the  e f fe c ts  p ro d u c e d  w il l  now be c o n s id e r e d .
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( 5 . 6 . )  The P o is o n in g  E f fe c t  of M e r c u r y

In o r d e r  to d e te r m in e  the  po iso n in g  m e c h a n is m  of m e r c u r y  fo r  

c y c lo p ro p a n e  h y d ro g e n a t io n  i t  is  n e c e s s a r y  to c o n s id e r  the  p o s s ib le  

m o d e s  of i n t e r a c t io n  of m e r c u r y  w ith  the  c a ta ly s t .  T h e se  w ill  be 

c o n s id e r e d  u n d e r  the  h e ad in g s  (a) a l lo y  fo r m a t io n ,  and  (b) in t e r a c t io n  

w ith  s u r f a c e  s i t e s .

(a) A lloy  F o r m a t io n

It is  w e ll  known th a t  m e r c u r y  a l lo y s  w ith  c e r t a in  m e ta l s  to f o r m  

a m a l g a m s .  T hus fo r m a t io n  of gold  a m a lg a m  is  w ide ly  u s e d  a s  

a m e th o d  of r e m o v a l  of m e r c u r y  v a p o u r  f r o m  v a cu u m  s y s te m s  (28)(36). 

S im i la r ly ,  s i lv e r  an d  c o p p e r  a r e  known to f o r m  a m a lg a m s  (37). The 

e ffe c t  w h ich  m e r c u r y  m ig h t  have  on a m e ta l  c a ta ly s t  if an  a l lo y  w e re  

f o r m e d  is  tw o -fo ld ,  (1) i t  cou ld  a l t e r  the  d b an d  c h a r a c t e r  of the  m e ta l  

an d  h e n ce  a f fe c t  the  e le c t r o n ic  p r o p e r t i e s  of the  c a ta ly s t ,  o r  (2) i t  

cou ld  a l t e r  the  p h y s ic a l  c h a r a c t e r i s t i c s  of the  m e ta l  and  in t ro d u c e  

a g e o m e t r i c  f a c t o r .  I t  w ould  a p p e a r  th a t  s m a l l  am o u n ts  of m e r c u r y  

p ro d u c e d  too l a r g e  a  p o iso n in g  e ffec t  fo r  the  f i r s t  to be o p e ra t in g  in  

the  p r e s e n t  s tu d y  (9), a lth o u g h  the  g e o m e t r ic  p r o p e r t i e s  of the  m e ta l ,  

p a r t i c u l a r l y  on the  s u r f a c e ,  m ig h t  w e ll  be a f fe c te d  by su ch  s m a l l  

q u a n t i t i e s .

If a l lo y  fo r m a t io n  o c c u r r e d ,  i t  cou ld  r e s u l t  in  one of t h r e e  ty p es  

of a l lo y ,  i n t e r s t i t i a l ,  s o l id  so lu t io n  o r  i n t e r m e ta l l i c  c o m p o u n d . The



type  w hich  o c c u r r e d  would depend  on the  r e la t iv e  a to m ic  r a d i i  and  

p r o p e r t i e s  of the  e le m e n ts  c o n c e rn e d ,  b u t each  m ig h t  be e x p ec te d  

to r e s u l t  in  s o m e  d i s to r t io n  of the  l a t t i c e .  F o r  the  m e ta l s  u n d e r  

c o n s id e r a t io n  the  a to m ic  r a d i i  a r e  Hg 1 .55  A ° , Ni 1 .25  A ° and  

P d  1 .37  A ° .  It is  n o r m a l ly  a c c e p te d  th a t  the  fo r m a t io n  of so lid  

so lu t io n s  does  n o t  o c c u r  if the  r a d i i  of the  so lu te  m e ta l  is  g r e a t e r  by 

ab o u t 15% th a n  th a t  of th e  so lv en t  (38). F o r  th is  r e a s o n  C am p b e l l  

and  T h o m so n  (12) c o n s id e r e d  the  f o r m a t io n  of a  n ic k e l  m e r c u r y  a l lo y  

w as an  u n l ik e ly  e x p lan a t io n  of the  po iso n in g  e ffe c t  of m e r c u r y .  I t  

w ould  a p p e a r ,  h o w e v e r ,  th a t  a l lo y  fo r m a t io n  can n o t be r e j e c t e d  on 

th is  b a s i s  a lo n e ,  a s  is  in d ic a te d  by the  f a c t  th a t  c o p p e r  h a s  an  a to m ic  

ra d iu s  c o m p a r a b le  to n ic k e l  (v iz .  1 .28  A °) y e t  fo r m s  an  a l lo y  w ith  

m e r c u r y .  It h a s  in  f a c t  b een  s u g g e s te d  (39), th a t  a l lo y  fo r m a t io n  is  

r e s p o n s ib le  fo r  p a r t i c u l a r  e f fe c ts  o b s e r v e d  u s in g  i n f r a - r e d  s p e c t ro s c o p y  

in  the  s tudy  of c a r b o n  m onox ide  a d s o r b e d  on m e r c u r y  p o is o n e d  n ic k e l  

c a t a l y s t s .  T h e se  e f f e c t s ,  h o w e v e r ,  would a ls o  a p p e a r  to be cap ab le  

of e x p la n a t io n  w ithou t r e s o r t  to a l lo y  fo r m a t io n  and  t h e r e  a p p e a r s  to 

be no ev id en c e  fo r  the  e x is t e n c e  of n ic k e l  a m a lg a m  (40). Th is  is  

a l s o  b o rn e  out by the  fa c t  th a t  in  the  p r e s e n t  w o rk ,  u n d e r  c e r t a in  

c o n d i t io n s ,  m e r c u r y  w as c a p a b le  of be ing  re m o v e d  f r o m  the  c a ta ly s t  

a t  ro o m  t e m p e r a t u r e ,  w h e re a s  w o rk  on go ld  a m a lg a m  h a s  show n th a t  

r e m o v a l  of m e r c u r y  is  only  a c h ie v e d  a t  h igh  t e m p e r a t u r e s .



In the  c a s e  of p a l la d iu m , h o w e v e r ,  a l lo y  fo r m a t io n  m a y  w ell 

o c c u r  c o n s id e r in g  the  r e l a t iv e  s iz e s  of the  p a l la d iu m  and  m e r c u r y  

a to m s .  F u r t h e r  ev id en ce  m a y  be o b ta in ed  f r o m  the fa c t  th a t  p a l la d iu m  

and  p a r t i c u l a r l y  p a l la d iu m  h y d r id e  P d  ^ (41), is  w e t ted  by m e r c u r y  

if  w e tting  of a m e ta l  by m e r c u r y  is  in d ic a t iv e  of a te n d en cy  fo r  a llo y  

f o r m a t io n ,  a s  m ig h t  be  i n f e r r e d  f r o m  the  a v id i ty  of w etting  of s i lv e r  

and  go ld .

In the  a b s e n c e  of e v id en ce  fo r  a m a lg a m  fo r m a t io n ,  i t  is  a s s u m e d  

th a t  on n ic k e l  the  p o iso n in g  e ffe c t  of m e r c u r y  is  due to i t s  in te r a c t io n  

w ith  a d s o r p t io n  s i t e s  on the  c a t a ly s t .  C o n f i rm a to r y  ev id en ce  fo r  th is  

is  the  a p p ro x im a te ly  a to m  fo r  a to m  d is p la c e m e n t  of a d s o r b e d  h y d ro g e n  

by  m e r c u r y ,  a s  w as d e te r m in e d  by C a m p b e l l  and  T h o m so n  (19).

(b) I n te r a c t io n  w ith  S u r fa c e  S ites

It is  g e n e r a l ly  a c c e p te d  th a t  the  m e c h a n i s m  of a  c a ta ly s e d  

c h e m ic a l  r e a c t io n  p r o c e e d s  v ia  the  a d s o r p t io n  of one o r  m o r e  of the  

r e a c t a n t s  on the  c a ta ly s t  s u r f a c e .  F u r t h e r m o r e ,  the  r a t e  of the  

r e a c t i o n  w il l  be g o v e rn e d  by the  n u m b e r  of a c t iv e  s p e c ie s  a d s o r b e d  

and  h e n ce  on the  n u m b e r  of s i t e s  c ap ab le  of a d s o r p t io n .  As h a s  b e en  

in d ic a te d  in  the  in t ro d u c t io n ,  M ax ted  h a s  shown th a t  s i t e s  c ap ab le  of 

r e a c t io n  m a y  be  e l im in a te d  if th ey  b e co m e  o ccu p ied  by  so m e  s t ro n g ly  

a d s o r b e d  s p e c i e s .  M e r c u r y  w ould a p p e a r  to be v e r y  cap a b le  of th is  

s t ro n g  a d s o r p t io n  on n ic k e l  o r  p a l la d iu m  c a t a ly s t s ,  s in ce  i t  p o s s e s s e s
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a f i l le d  d sh e l l  w hich  is  c ap ab le  of donating  e le c t r o n s  to the  t r a n s i t i o n  

m e ta l  c a t a ly s t .  The e ffe c t  w hich  a p a r t i c u l a r  am o u n t of m e r c u r y  

w ill  have  on the  r e a c t io n  r a t e  w ill  depend  on two f a c to r s ,  ( l )  the 

d is t r ib u t io n  of r e a c t i o n  s i t e s  on the  c a ta ly s t  s u r f a c e  and  (2) the  

m e c h a n i s m  of the  r e a c t io n  i t s e l f .  The f i r s t  w ill  now be c o n s id e r e d  

in g r e a t e r  d e ta i l  and  a d i s c u s s io n  of the  seco n d  g iven  l a t e r .

( 5 . 7 . )  P r o p e r t i e s  and  D is t r ib u t io n  of R e a c t io n  Si te s  in 
N ic k e l  C a ta ly s ts

E v a p o r a te d  n ic k e l  f i lm s  w ill  be c o n s id e r e d  in i t ia l ly  s in ce  th ey

have  b e en  s tu d ie d  in  g r e a t e s t  d e ta i l .  F r o m  the  e a r l i e s t  w o rk ,  i t  has

b e en  shown th a t  e v a p o r a te d  f i lm s  p o s s e s s e d  a c o n s id e ra b le  i n te r n a l

s t r u c t u r e  a s  in d ic a te d  by

(a) the  d i f f e r e n c e  b e tw e e n  the  s u r f a c e  a r e a  o b ta in e d  by p h y s ic a l

2
a d s o r p t io n  m e a s u r e m e n t s  1 0 ,000  c m  and the  a p p a r e n t  s u r f a c e  

a r e a  30 cm ^  (17),

(b) th e  d ep en d e n c e  of s u r f a c e  a r e a  on f i lm  w eigh t,

(c) th e  f a c t  th a t  th e i r  e l e c t r i c a l  r e s i s t a n c e  is  m u c h  g r e a t e r  th an

the  bu lk  m e ta l .

It  w as o r ig in a l ly  p o s tu la te d  by B eek  th a t  th is  in t e r n a l  s t r u c t u r e  

w as due to the  p r e s e n c e  of p o r e s  w ith in  the  bu lk  m e ta l .  If th is  is  the  

c a s e  i t  is  p o s s ib le  to p o s tu la te  th a t  m e r c u r y  cou ld  be  a d s o r b e d  a t  the



m o u th  of the  p o r e s  and  h en ce  p re v e n t  r e a c t io n  on the  n ic k e l  s i te s  

w ith in  the  p o r e .  R e c e n t ly  w o rk  has  b een  c a r r i e d  out by A n d e rs o n ,  

B a k e r  and  S a n d e rs  (25) on the  s t r u c t u r e  of n ic k e l  f i lm s  u s in g  

t r a n s m i s s i o n  e l e c t r o n  m ic r o s c o p y .  They have  shown th a t  a  n ic k e l  

f i lm  w as m a d e  up of c r y s t a l l i t e s ,  the  s iz e  of w hich  v a r i e d  w ith  the  

co n d it io n s  of e v a p o r a t io n .  F o r  a f i lm  e v a p o ra te d  u n d e r  v a cu u m  a t  0°C , 

th e s e  c r y s t a l s  v a r i e d  in  b r e a d th  f r o m  250 - 1, 000 A ° , w e re  up  to 

1, 000 A ° th ic k  and  w e re  s e p a r a t e d  by gaps  up to 20 A ° w id e .  S im i la r  

o b s e r v a t io n s  w e re  m a d e  by S a c h t le r  et a l .  (42) who show ed th a t  the  

g ro w th  an d  o r ie n ta t io n  of the  c r y s t a l l i t e s  w as a f fe c te d  by the  g e o m e t r ic  

l im i ta t io n s  im p o s e d  by  n e ig h b o u r in g  c r y s t a l l i t e s .  B o th  s e ts  of w o r k e r s  

show ed  s in te r in g  to be the  g ro w th  of the  c r y s t a l l i t e s  and  A n d e rso n  e t a l .  

a lso  o b s e r v e d  a s im u l ta n e o u s  c lo s in g  of th e  in te r  c r y s ta l l in e  gaps  and  

f i s s u r e s .  A ss u m in g  th is  s t r u c t u r e  fo r  the  e v a p o r a te d  f i lm s  

in  the  p r e s e n t  w o rk ,  i t  would no t be e x p e c te d  th a t  s ing le  m e r c u r y  

a to m s  w ould be  cap a b le  of p re v e n t in g  a d s o r p t io n  on a l a r g e  n u m b e r  of 

c a ta ly s t  s i t e s  an d  a s i tu a t io n  c o m p a r a b le  to a two d im e n s io n a l  s u r fa c e  

w ould be p r e s e n t .

The s i tu a t io n  on p u m ic e  s u p p o r te d  n ic k e l  c a ta ly s t  is  l e s s  obv ious , 

s in ce  d i r e c t  s tu d ie s  of the  s y s t e m  have  no t b e en  m a d e .  It is  h igh ly  

l ik e ly ,  h o w e v e r ,  th a t  the  m e ta l  i s  d i s t r ib u te d  o v e r  the  s u p p o r t  in 

a f in e ly  d iv id e d  c r y s t a l l i n e  f o r m  and  th a t  the  s u r f a c e  a r e a  of the
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m e ta l  w ill  be c o n t ro l le d  by the  a r e a  and  s t r u c tu r e  of the  s u p p o r t .

It is  known th a t  p u m ic e ,  the  su p p o r t  u s e d  in  the  p r e s e n t  w o rk , is  a low 

a r e a  s u b s t r a t e  w h ich  p o s s e s s e s  a c o u r s e  p o re  s y s te m ,  w hich  m a k e s  

even  the  i n t e r n a l  a r e a  of l a r g e  p ie c e s  a c c e s s ib le  (43). T ak en  a long 

w ith  the  fa c t  th a t  the  s u p p o r te d  n ic k e l  c a ta ly s t s  u s e d  w e re  r e d u c e d  a t  

4 5 0 °C , and  w e re  thus  p ro b a b ly  h ig h ly  s in te r e d ,  th is  in d ic a te s  th a t  the  

su p p o r te d  c a ta ly s t s  too w ould not be p o iso n ed  by  a p o re  b lock ing  

m e c h a n i s m .

F u r t h e r  ev id en c e  is  g iven  by W h ee le r  (44) who has  in d ic a te d  the  

r e l a t io n s h ip s  to be e x p ec te d  b e tw ee n  the  f r a c t io n  of the  s u r f a c e  

p o is o n e d  to the  r a t io  of a c t iv i ty  of a  c a ta ly s t  b e fo re  and a f t e r  p o iso n in g , 

fo r  a d s o r p t io n  of p o iso n  a t  the  m o u th s  of p o r e s  of d i f f e r e n t  s i z e s .

O nly fo r  a s y s t e m  in  w hich  p o iso n  is  a d s o r b e d  on a f la t  s u r f a c e  o r  a t  

the  m o u th  of l a r g e  p o r e s  is  a  l in e a r  r e la t io n s h ip  o b ta in e d .  T h is  is 

the  r e l a t io n s h ip  o b ta in e d  by the  po ison ing  of c y c lo p ro p an e  h y d ro g e n a t io n  

on e v a p o r a te d  f i lm s  a s  shown in  F ig .  2. 1.

I t  m a y ,  t h e r e f o r e ,  be  co n c lu d ed  th a t  the  m e c h a n is m  of the  

m e r c u r y  p o iso n in g  by in te r a c t io n  w ith  the  s u r f a c e  does  not in v o lv e , 

to any  g r e a t  e x ten t ,  the  a d s o r p t io n  of m e r c u r y  a t  the  m o u th s  of p o r e s .  

Owing to the  la c k  of r e p r o d u c ib i l i ty  o b ta in ed  w ith  su p p o r te d  n ic k e l  

c a ta ly s t s  e x te n s iv e  p o iso n in g  d a ta  w as not o b ta in ed  fo r  th e s e  c a t a ly s t s .  

W ith  s u p p o r te d  p a l la d iu m ,  a d d i t io n a l  p h en o m en a  w e re  o b s e r v e d  w hich
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c o m p l ic a te d  the  po iso n in g  m e c h a n i s m  and th e s e  w ill  be d i s c u s s e d  in 

a l a t e r  s e c t io n .

The P o iso n in g  M e c h a n ism

( 5 . 8 . )  T h e o r e t i c a l  C o n s id e ra t io n s

H aving  co n c lu d e d  th a t  the  po ison ing  of the  c a ta ly t ic  a c t iv i ty  is  

c a u s e d  by th e  s t ro n g  a d s o r p t io n  of m e r c u r y  onto the  m e ta l  and  th a t  

p o re  e f fe c ts  do no t  o p e r a te  to any  g r e a t  ex ten t ,  i t  is  n e c e s s a r y  to 

d e te r m in e  how th is  a d s o r p t io n  i n t e r f e r e s  w ith  the  m e c h a n is m  of the  

h y d ro g e n a t io n  p r o c e s s .

A ss u m in g  ra n d o m  a d s o r p t io n  on a m o d e l  c a ta ly s t  s u r f a c e ,  w hich  

w as c o n s id e r e d  to be h o m o g e n eo u s ,  H e r in g to n  and  R id e a l  (14) have 

o b ta in e d  th e o r e t i c a l  po ison ing  c u r v e s ,  i . e .  the  r e la t io n s h ip  b e tw een  

c a t a ly s t  a c t iv i ty  and  the  a m o u n t of p o iso n  p r e s e n t ,  fo r  a s e r i e s  of 

p o iso n s  and  a s e r i e s  of a d s o r b e d  s p e c i e s .  T hey  have  shown th a t ,  if 

the  r e a c t io n  r a t e  is  d ep en d en t on the  n u m b e r  of a d s o r b e d  r e a c t a n t  

s p e c ie s ,  d i f f e r e n t  sh a p e s  of po ison ing  c u rv e s  w ill  be o b ta in ed  depending  

on the  n u m b e r  of s u r f a c e  s i t e s  o c cu p ie d  by each  m o le c u le  of the  

a d s o r b e d  s p e c ie s  and  of the  p o iso n .  F r o m  th e s e  r e s u l t s  i t  can  be 

shown th a t  the  l i n e a r  type  of p o iso n in g  c u rv e  o b ta in ed  f r o m  the  m e r c u r y  

p o iso n in g  of c y c lo p ro p a n e  h y d ro g e n a t io n  in  the  p r e s e n t  w o rk  can  re s u l t ,  

i f  r e a c t io n  is  d e p en d e n t  on the  c o n c e n t r a t io n  of a  r e a c t a n t  occupying
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one s i te ,  and  if the  p o iso n  is  a lso  a d s o r b e d  on one s i t e .  In the  

t h e o r e t i c a l  t r e a t m e n t ,  the  r e s u l t  of i n c r e a s in g  the  n u m b e r  of s i te s  

o c cu p ie d  e i th e r  by the  r e a c t a n t  o r  by the  po ison ing  s p e c ie s ,  w as to 

p ro d u c e  a g r e a t e r  p o iso n in g  e f fe c t  fo r  any  p a r t i c u l a r  am o u n t  of 

p o iso n ,  e s p e c ia l ly  a t  low p o iso n  c o n c e n t r a t io n s .  The o v e r a l l  r e s u l t  

w as non l i n e a r  p o iso n in g  c u r v e s  w hich  te n d ed  to a p p ro a c h  the  p o iso n  

c o n c e n t r a t io n  ax is  to a g r e a t e r  e x ten t  the  m o r e  s i te s  r e q u i r e d  fo r  

p o iso n  o r  r e a c t a n t  a d s o r p t io n .

It is  now n e c e s s a r y  to d e te r m in e  w h e th e r  th is  p r o c e s s  is  

c o m p a t ib le  w ith  the  a v a i la b le  in fo r m a t io n  c o n c e rn in g  the m e c h a n is m  

of the  r e a c t io n  of c y c lo p ro p a n e  w ith  h y d ro g e n .

( 5 . 9 . )  K in e t ic s  of C y c lo p ro p an e  H y d ro g e n a t io n  on N ick e l

The r e a c t io n  of c y c lo p ro p an e  w ith  h y d ro g e n  on a m e ta l  c a ta ly s t  

to f o r m  p ro p a n e  h a s  b e en  known fo r  m a n y  y e a r s  (45). C o n s id e ra b le  

i n t e r e s t ,  h o w e v e r ,  w as s t im u la te d  in  th is  r e a c t io n  a f t e r  the  k in e t ic s  

w e re  s tu d ie d  o v e r  p u m ic e  s u p p o r te d  N i, P d  and  P t  by Bond and 

S h e r id a n  (35). T h e s e  w o r k e r s  show ed  th a t ,  u n lik e  the  k in e t ic s  

n o r m a l ly  found in  the  h y d ro g e n a t io n  of h y d r o c a r b o n s ,  the  k in e tic  o r d e r s  

w e re  f i r s t  w ith  r e s p e c t  to the  h y d ro c a rb o n  and  z e r o  w ith  r e s p e c t  to 

h y d ro g e n ,  o v e r  wide p r e s s u r e  r a n g e s .  A s a  r e s u l t  of th e s e  k in e t ic s  

it w as c o n c lu d e d  th a t  the  c a ta ly s t  s u r f a c e  w as c o v e r e d  w ith  c h e m is o r b e d
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h y d ro g e n  and  th a t  the  r a t e  d e te rm in in g  s tep  invo lved  p h y s ic a l ly  

a d s o r b e d  o r  g a se o u s  c y c lo p ro p a n e .

T h r e e  a l t e r n a t iv e  m o d e s  of in te r a c t io n  of c y c lo p ro p an e  w ith  

h y d ro g e n  a p p e a r e d  p o s s ib le ,  (a) ad d it io n  of two h y d ro g en  a to m s  in 

one s te p ,  (b) s u c c e s s iv e  ad d i t io n s  of two h y d ro g e n  a to m s  s in g ly  and

(c) i s o m e r i z a t io n  of c y c lo p ro p a n e  to p ro p y le n e  ( r a t e  d e te rm in in g )  

fo l lo w ed  by r a p id  h y d ro g e n a t io n .  M e c h a n is m s  (a) and  (c) w e re  

e l im in a te d  a f t e r  f u r t h e r  s tu d y  of the  i n te r a c t io n  of c y c lo p ro p an e  and 

p ro p y le n e  w ith  d e u te r iu m ,  in  w hich  i t  w as found th a t  p ro p a n e s  hav ing  

m o r e  th an  2D a to m s  w e re  p r e s e n t  an d  a lso  th a t  the  d is t r ib u t io n  of 

d e u te r a te d  p ro d u c ts  f r o m  c y c lo p ro p a n e  and  p ro p y le n e  w as e n t i r e ly  

d i f f e r e n t .

C o n se q u e n t ly ,  the  above  e v id en ce  s u g g e s te d  th a t c y c lo p ro p an e  

h y d ro g e n a t io n  o c c u r r e d  by the  in te r a c t io n  of c h e m is o r b e d  h y d ro g e n  

w ith  g a se o u s  o r  p h y s ic a l ly  a d s o r b e d  c y c lo p ro p a n e  to f o r m  an  a d s o r b e d  

n - p r o p y l  r a d i c a l .  If th is  is  the  c a s e ,  a s  su g g e s te d  by C am p b e l l  and  

T h o m so n  (12) the  p o iso n in g  e f fe c t  of m e r c u r y  fo r  c y c lo p ro p an e  

h y d ro g e n a t io n  m a y  be due to the  f a c t  th a t m e r c u r y  is  a b le  to d is p la c e  

h y d ro g e n  (19) f r o m  th e  s u r f a c e  and  th u s  p r e v e n t  the  h y d ro g e n a t io n .

The r e s u l t s  of the  m e r c u r y  p o iso n in g  s tu d ie s  in  the  p r e s e n t  w o rk

h av e  in d ic a te d  th a t the  r a t e  of r e a c t io n  is  c o n t r o l le d  by the  c o n c e n t ra t io n

of a s p e c ie s  w h ich  a p p e a r s  to o ccu p y  a  s in g le  s u r f a c e  s i t e .  T h is  is



115.

in  a g r e e m e n t  w ith  the  above m e c h a n is m ,  if i t  is  a s s u m e d  th a t  th is  

s p e c ie s  is  a d s o r b e d  h y d ro g e n .  In the  l ig h t  of th is  in fo rm a t io n  the  

above  m e c h a n i s m  fo r  the  r e a c t io n  of c y c lo p ro p an e  w ith  h y d ro g e n  

and  the  e ffe c t  of m e r c u r y  is  s a t i s f a c to r y .  M o re  r e c e n t  w o rk ,  h o w e v e r ,  

h a s  shown th a t  i t  is  n e c e s s a r y  to c o n s id e r  the  m e c h a n is m  of po ison ing  

f u r t h e r .

B ond and  h is  c o - w o r k e r s  have  c a r r i e d  ou t a d e ta i le d  s tudy  of 

the  k in e t ic s  of c y c lo p ro p a n e  h y d ro g e n a t io n  on a v a r i e ty  of p u m ic e  

s u p p o r te d  m e ta l s  - R h, P d ,  P t  an d  I r  - a t  t e m p e r a t u r e s  ran g in g  f r o m  

0 - 200°C , w ith  r e a c t a n t  p r e s s u r e s  in  the  ra n g e  10 - 500 t o r r  (21).

I t  h a s  b e en  shown th a t  the  o r d e r s  of r e a c t io n  fo r  c y c lo p ro p an e  v a r i e d  

b e tw een  0 .2  and  1 .0 .  F o r  any p a r t i c u l a r  c a ta ly s t ,  the  o r d e r  in 

c y c lo p ro p a n e  te n d e d  to r i s e  w ith  t e m p e r a t u r e  and  w ith  f ix ed  h y d ro g e n  

p r e s s u r e  to a  l im i t in g  va lue  of u n i ty .  With f ix ed  c y c lo p ro p an e  p r e s s u r e ,  

i n c r e a s in g  h y d ro g e n  p r e s s u r e  p ro d u c e d  an  i n c r e a s e  in  r a t e  to a m a x im u m  

v a lu e .  F u r t h e r  p r e s s u r e  i n c r e a s e  e i th e r  p ro d u c e d  a d e c r e a s e  in  r a t e  

( i . e .  n e g a t iv e  o r d e r ) ,  o r  the  r a t e  r e m a in e d  c o n s ta n t  ( i . e .  z e r o  o r d e r ) .  

The o r d e r s  o b ta in e d  a f t e r  the  m a x im u m  h ad  b e en  a t t a in e d  v a r i e d  f r o m  

- 0 .8  a t  0°C  to a l im i t in g  va lu e  of z e r o  w ith  in c r e a s in g  t e m p e r a t u r e  

o v e r  a l l  c a t a l y s t s .

No c o m p r e h e n s iv e  s tudy  of the  v a r i a t io n  in  r e a c t io n  o r d e r  h a s  

b een  c a r r i e d  ou t u s in g  a n ic k e l  c a ta ly s t  o th e r  th a n  th a t  by  Bond and
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S h e r id an  (35), in  w h ich  r e a c t io n s  on n ick e l  w e re  not s tud ied  a t  

t e m p e r a t u r e s  below  129 C. It  does not, th e r e f o r e ,  a p p e a r  p o ss ib le  

to s ta te  d e f in i te ly ,  in  the  l ig h t  of the  ev idence  f ro m  o th e r  m e ta l s ,  

tha t  b e c a u s e  the  o r d e r s  w ith  r e s p e c t  to cyc lop ropane  and h yd rogen  

at h ig h e r  t e m p e r a t u r e s  on s u p p o r te d  n ick e l  a r e  one and z e ro  

r e s p e c t iv e ly ,  th a t  th e s e  o r d e r s  o c cu r  a t  the te m p e r a tu r e s  a t  which the 

p r e s e n t  w o rk  w as  c a r r i e d  ou t .  T h is  is  e sp e c ia l ly  va lid  s ince  the 

p r e s e n t  w o rk  w as  c a r r i e d  out on e v a p o ra te d  n ick e l  f i lm s  w h e re a s  th a t  

of Bond an d  S h e r id a n  w as on su p p o r te d  c a ta ly s ts  and it has  been  shown 

that the  o r d e r s  o b ta in e d  can  depend  on the m ethod  of c a ta ly s t  

p r e p a r a t io n  (32).

To e x p la in  the  o b s e r v e d  f r a c t io n a l  p o s i t iv e  o r d e r s  in cy c lop ropane  

which h av e  b e en  o b s e r v e d  on the m e ta l s ,  i t  was n e c e s s a r y  to p o s tu la te  

tha t so m e  c h e m is o r p t io n  of th is  r e a c ta n t  o c c u r s .  It has  been  shown 

tha t the  o v e r a l l  r a t e  of c y c lo p ro p an e  h y d ro g en a tio n  on e v ap o ra te d  f i lm s  

at 23°C in  the  p r e s e n t  w o rk  w as f i r s t  o r d e r ,  o r  a p p ro x im a te ly  f i r s t  

o rd e r ,  bu t no d e ta i le d  s tudy  of the  o r d e r s  w ith  r e s p e c t  to each  r e a c ta n t  

has been  m a d e .  If u n d e r  the  cond itions  u s e d  in the p r e s e n t  w ork  the 

ra te  w as d e p en d e n t  on a p o s i t iv e  f r a c t io n a l  o r d e r  in cy c lop ropane  and 

hence on th e  e x i s t e n c e  of c h e m is o rb e d  c y c lo p ro p an e ,  the  e ffec t of 

m e rc u ry  on th is  a d s o r b e d  s p e c ie s  m u s t  be c o n s id e re d .

T h r e e  p o s s ib le  m e c h a n is m s  fo r  c y c lo p ro p an e  c h e m iso rp t io n



have been  s u g g e s te d  (21, 46)

CH
2 \1 C 3H6 + 2*

2 C3H 6 + 2* CH CH2 + H

3

Of t h e s e  1. h a s  b een  c o n s id e re d  the  l e a s t  l ike ly , although it 

is i n t e r e s t in g  to n o te  th a t  ev id en ce  f r o m  the  I .R .  study of cyc lopropane  

on n i c k e l - s i l i c a  c a t a ly s t s  fa v o u rs  th is  m ode of a d so rp t io n  (47). T h e re  

is  c o n s id e ra b le  e v id e n c e  fo r  the  e x is te n c e  of both  2. and 3. and fu r th e r  

study s e e m s  n e c e s s a r y  to d e te r m in e  which r e p r e s e n t s  the  t ru e  

m e c h a n is m .

The a d s o r b e d  s p e c ie s  w hich  r e s u l t  f r o m  th e se  d if fe ren t  m odes 

of a d s o rp t io n  v a r y  in  th e  n u m b e r  of su r fa c e  s i te s  which they  occupy . 

O bviously  1. o c c u p ie s  a t  l e a s t  two s i t e s ,  but the  s i tu a t io n  fo r  2. and 3. 

not o b v io u s .  In  o r d e r  to o b ta in  m a x im u m  o v e r la p  of the  o rb i ta ls  

co ns ti tu ting  th e  Tt-bond in  3 . the  p lane  of the  cyc lop ropane  r in g  m u s t  

lie p a r a l l e l  an d  a s  c lo s e  to the  c a ta ly s t  s u r fa c e  as  p o s s ib le .  

C onsequen tly  i t  m ig h t  be  e x p ec te d  th a t  the  p re s e n c e  of o th e r  s t ro n g ly  

a d so rb ed  s p e c i e s ,  s u c h  a s  m e r c u r y  o r  c a rb o n ac eo u s  r e s id u e s ,  on 

neighbouring  n ic k e l  s i t e s  w ould p re v e n t  s tro n g  a d so rp t io n  of th is  spec ie  

It is  p o s s ib le ,  h o w e v e r ,  th a t  a d so rp t io n  on s ing le  s i te s  s i tu a ted  on
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e lev a te d  r e g io n s  of the  s u r f a c e ,  o r  edges of c r y s ta l s ,  m igh t o ccu r  

w here  i n t e r a c t i o n  w ith  n e ig h b o u rin g  s i te s  is  m uch  l e s s .  A lthough 

the g e o m e t r ic  s t r u c t u r e  of the  a d s o r b e d  sp ec ie s  p ro d u ced  in 2. is 

not known, i t  a p p e a r  th e  m o s t  l ik e ly  to be capable  of being a d so rb e d  on 

a s ingle  s i t e .  T he  s t e r i c  e f fec t  of the  CH g ro u p s ,  h ow ever , m ight 

be e x p ec te d  to i n t e r f e r e  w ith  s p e c ie s  on ne ighbouring  s i t e s .

F r o m  the  above  d i s c u s s io n  i t  m ay  be concluded  tha t even if 

a d so rp t io n  of c y c lo p r o p a n e  does  o c c u r  and  th is  in fluences  the r a te  of 

the r e a c t io n ,  i t  c a n n o t  do so to any  g r e a t  ex ten t s ince  the p o ss ib le  

m odes of a d s o r p t io n  of c y c lo p ro p an e  in d ic a ted  above would a l l  r e s u l t  

in po ison ing  c u r v e s  w h ich  w e re  d i f f e r e n t  f r o m  the one obta ined  in 

ac tu a l  p r a c t i c e .

In a l l  th e  p r e v io u s  s tu d ie s  of the  r e a c t io n  of cyclopropane  with 

hydrogen  w h ich  h av e  b e e n  d i s c u s s e d ,  i t  has  a lw ays been  found, o r  

a s su m e d ,  th a t  p ro p a n e  is  the  only r e a c t io n  p ro d u c t .  R ecen t  r e s u l t s  

obtained by a n u m b e r  of w o r k e r s ,  h o w e v e r ,  have shown th a t  under 

c e r ta in  c o n d it io n s  th is  is  not the  c a s e .  It is  now n e c e s s a r y  to co n s id e r  

how th is  new e v id e n c e  is  l ik e ly  to a ffe c t  the  p ro p o se d  poisoning 

m e c h a n is m .
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(5 .1 0 . )  R e a c t io n  of C y c lo p ro p an e  with H ydrogen to P roduce  
P r o d u c t s  O th e r  T han  P ro p a n e

M cK ee (48) h a s  shown th a t ,  u s in g  a p la tinum  b lack  c a ta ly s t ,

re a c t io n  of c y c lo p ro p a n e  w ith  h y d ro g en  r e s u l t s  in dem ethana tion ,

i . e .  c r a c k in g ,  a s  w e ll  a s  h y d ro g e n a t io n ,  as  ind ica ted  by the  p re s e n c e

of e thane  an d  m e th a n e  in  a d d it io n  to p ro p an e  in the re a c t io n  p ro d u c ts .

In ad d ition , a  s u r f a c e  r e s id u e  of a v e ra g e  com posit ion  CH was
1 . 1

found. D e m e th a n a t io n  and  h y d ro g e n a t io n  have a lso  been obta ined  by 

Sinfelt, Y a te s  an d  T a y lo r  (49) o v e r  a ra n g e  of t e m p e r a tu r e s  on 10% 

s i l i c a - s u p p o r t e d  n ic k e l  and  c o b a l t ,  a lthough  no signs of dem ethanation  

w ere  p r e s e n t  u n d e r  s i m i l a r  cond itions  on p la t in u m  and c o p p er .

A f u r t h e r  s tu d y  of th e s e  r e a c t io n s  was m ade  by the sam e w o rk e rs  

(33) to d e te r m in e  the  f a c to r s  w hich  c o n t ro l le d  the  spec if ic i ty  of re a c t io n .  

This in d ic a te d  th a t  in  ad d i t io n  to the  e ffec t  of d if fe ren t  m e ta ls ,  v a r ia t io n  

in p r e r e a c t io n  t r e a t m e n t  of the  c a ta ly s t  and  the n a tu re  of the c a ta ly s t  

support in f lu e n c e d  the  n a tu r e  of the  p ro d u c ts  ob ta ined . Thus specific  

ac tiv ity  a t  4 2 °C  fo r  h y d ro g e n a t io n  on a n ic k e l  on s i l ic a  c a ta ly s t  was 

16 fold g r e a t e r  th a n  on a n ic k e l  on s i l i c a - a lu m in a  c a ta ly s t ,  w h ereas  

the sp ec if ic  a c t i v i ty  fo r  d e m e th a n a t io n  w as about 44 fold g r e a t e r .

When the c a t a ly s t  w as  c o o led  in  h e l iu m  a f te r  re d u c t io n  i t  was found 

th a t the p ro d u c t io n  of m e th a n e  and  e thane  was m u ch  low er than  when 

the c a ta ly s t  w as  c o o le d  u n d e r  h y d ro g e n ,  p r i o r  to c a r ry in g  out the
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r e a c t io n .  S in fe l t  e t a l .  a t t r ib u te d  the  n o n -o b s e rv a n c e  of d e m e th a n a t io n  

in  p re v io u s  w o rk  to the  fa c t  th a t  th is  had  b een  c a r r i e d  out on c a ta ly s t s  

w hich  h ad  b e en  e v a c u a te d  a f t e r  r e d u c t io n .  They c o n s id e re d  th a t ,  

u n d e r  th e s e  c o n d i t io n s ,  h y d ro g e n  w ould not have  been  p r e s e n t  and  

c a ta ly s t  c o n d it io n s  c o m p a r a b le  to th o se  u s e d  by th e m  a f t e r  cooling  

in  h e l iu m  w ould have  e x is t e d .  T ha t th is  is  no t a v a l id  a s s u m p t io n  is  

in d ic a te d  by th e  r e s u l t s  of the  p r e s e n t  w o rk ,  which h a s  shown th a t  

even  a f t e r  e v a c u a t io n  h y d ro g e n  is  p r e s e n t  on r e d u c e d  s u p p o r te d  n ic k e l  

c a t a ly s t s ,  a s  in d ic a te d  by i t s  d is p la c e m e n t  w ith  m e r c u r y .  N o n e th e le s s ,  

i t  a p p e a r s  th a t  the  n a tu re  of the  c a ta ly s t  su p p o r t  and  the  p r e - r e a c t i o n  

t r e a t m e n t  a f fe c t  the  d i s t r ib u t io n  of p r o d u c t s .  S ince s ta n d a r d  t r e a t m e n t  

an d  p r e p a r a t i o n  p r o c e d u r e s  w e re  no t e m p lo y e d  in  the  d i f f e r e n t  

l a b o r a t o r i e s  i t  i s  no t s u r p r i s in g  th a t  d if fe r in g  r e s u l t s  w e re  o b ta in e d .

In ad d i t io n  to  th e  w o rk  c a r r i e d  out on su p p o r te d  c a ta ly s t s  i t  has  

a l s o  b e e n  shown by K n o r r  and  P o n e c  (18) th a t  h y d ro g e n a t io n  of 

c y c lo p ro p a n e ,  u s in g  low r e a c t a n t  gas  p r e s s u r e s ,  on e v a p o r a te d  n ic k e l  

f i lm s  in v o lv e s  th e  f o r m a t io n  of e th an e  an d  m e th a n e .  T hey  h av e  a lso  

show n th a t  e th an e  is  o b ta in e d  a long  w ith  p ro p a n e  w hen c y c lo p ro p an e  

is  a d s o r b e d  on n ic k e l  f i lm s  in  the  a b s e n c e  of h y d ro g e n  and  t h e r e  is 

e v id en c e  th a t  m e th a n e  is  a l s o  p r e s e n t .  T h is  l a t t e r  p ro d u c t  m a y  a cco u n t 

fo r  p a r t  of the  n o n -c o n d e n s ib le  r e s id u e  o b ta in e d  by C a m p b e l l  and 

T h o m so n  (12) a f t e r  d i s p la c e m e n t  of c y c lo p ro p a n e  by m e r c u r y  f r o m
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e v a p o r a te d  n ic k e l  f i l m s .

It m a y  be c o n c lu d ed , f r o m  the  above d i s c u s s io n  of the  e v id en c e ,  

th a t  fo r  a p a r t i c u l a r  c a ta ly s t  u n d e r  a g iven  s e t  of e x p e r im e n ta l  

c o n d it io n s  the  r e a c t io n  of c y c lo p ro p a n e  w ith  h y d ro g e n  is  m u c h  m o r e  

c o m p lex  th an  the  o r ig in a l  w o rk  s u g g e s te d .  K n o r r  and  P o n e c  (18) 

have  shown th a t  w hen c y c lo p ro p a n e  w as c h e m is o r b e d  on e v a p o r a te d  n ic k e l  

f i lm s  in  the  a b s e n c e  of h y d ro g e n  the  ex ten t  of the  a d s o r p t io n  a t  200°K  

c o r r e s p o n d e d  to an  a r e a  of a p p ro x im a te ly  fou r  t im e s  th a t  of a  n ic k e l  

s i t e .  Owing to the  f r a g m e n ta t io n  w hich  m u s t  o c c u r  du rin g  c h e m is o rp t io n  

to a c c o u n t  fo r  the  o b s e r v e d  p r o d u c ts ,  i t  is  no t p o s s ib le  to d e te r m in e  

f r o m  th is  r e s u l t  the  m ode  of a d s o r p t io n  of the  c y c lo p ro p a n e .  What is  

p o s s ib le ,  h o w e v e r ,  is  to s ta te  th a t  e v en  if c y c lo p ro p an e  a d s o rp t io n  

o c c u r r e d  in the  p r e s e n t  w o rk , u n d e r  h y d ro g e n a t io n  c o n d i t io n s ,  i t  cou ld  

no t have  p la y e d  a l a r g e  p a r t  in  c o n tro l l in g  the  k in e t ic s ,  s in ce  the  

p o iso n in g  c u rv e  o b ta in e d  does  no t s a t i s f y  the  l a r g e  n u m b e r  of s i te s  

r e q u i r e d  f o r  i t s  a d s o r p t io n .

In c o n c lu s io n ,  even  c o n s id e r in g  the  f o r m a t io n  of p ro d u c ts  o th e r  

th a n  c y c lo p ro p a n e ,  i t  w ould a p p e a r  th a t  the  po ison ing  e ffec t  of m e r c u r y  

on the  r e a c t io n  of c y c lo p ro p a n e  w ith  h y d ro g e n  is  to p re v e n t  the  

a d s o r p t io n  of h y d ro g e n ,  the  p r e s e n c e  of w hich  c o n t ro ls  the  r a t e  of 

r e a c t i o n .
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( 5 .1 1 . )  S u r fa c e  H e te ro g e n e i ty

T h is  c o n c lu s io n  is  b a s e d  on the  th e o r e t i c a l  f ind ings  of H e r in g to n  

and  R id e a l  (14) and  i t  m u s t  be b o rn e  in  m in d  th a t  th e se  w e re  b a s e d  on 

the  a s s u m p t io n  th a t  a h o m o g en eo u s  s u r fa c e  was p r e s e n t .  R e c e n t  w o rk  

by W ish lad e  an d  T h o m so n  (50) h a s  shown th a t  th e r e  is  ev idence  th a t  

the  s u r f a c e  of e v a p o r a te d  n ic k e l  f i lm s  is h e te ro g e n e o u s  to w a rd s  

e th y len e  h y d ro g e n a t io n .

A m ix tu r e  of e th y len e  and  h y d ro g en  was a d m it te d  to a n ic k e l  

c a ta ly s t  on w h ich  w as p r e - a d s o r b e d  e thy lene  C -1 4 .  The h y d ro g e n a t io n  

and  s u b se q u e n t  r e m o v a l  to the  gas  p h ase  of the  ra d io a c t iv e  e thy lene  

was fo llow ed  u s in g  a G .M .  tu b e .  The re d u c t io n  in  count f r o m  the 

su r f a c e  a f t e r  r e a c t i o n  in d ic a te d  th a t  40% of the  s i te s  w e re  c a ta ly t ic a l ly  

a c t iv e  in  the  h y d ro g e n a t io n .  Owing to c e r t a in  l im i ta t io n s  in  th is  

te ch n iq u e  i t  w as no t p o s s ib le  to d e te r m in e  the  n a tu re  of the  s p e c ie s  w hich 

w e re  a d s o r b e d  on th e  a p p a r e n t ly  in a c t iv e  s i t e s .  N e i th e r  was i t  p o s s ib le  

to d ec ide  how the  a c t iv e  s i te s  w e re  s i tu a te d  r e la t iv e  to th o se  on w hich  

the r e s id u e s  w e re  a d s o r b e d .

T h e re  is  ev id en c e  f r o m  the  w o rk  of M cK ee (48) to su g g e s t  th a t  

c a rb o n a c e o u s  r e s i d u e s  a r e  fo r m e d  d u r in g  cy c lo p ro p an e  h y d ro g e n a t io n ,  

us ing  a p la t in u m  c a t a l y s t .  T h is  m ig h t  a lso  be the  c a s e  on v a r io u s  

o th e r  m e t a l s ,  in c lu d in g  n ic k e l ,  c o n s id e r in g  the  d e m e th an a t io n  re a c t io n s  

which have  b e e n  found to o p e r a t e .  If th is  does o c c u r ,  r e s u l t in g  in
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a h e te r o g e n e o u s  c a ta ly s t  s u r f a c e ,  the  fac t  th a t  l in e a r  po ison ing  

c u rv e s  w e re  s t i l l  o b ta in ed  w as a d d i t io n a l  ev idence  th a t  a  one s i te  

po iso n in g  p r o c e s s  w as o c c u r r in g .  A l te rn a t iv e ly ,  the  h e te r o g e n e i ty  

r e s u l t s  f r o m  th e  r e s id u e s  be ing  c o n c e n t ra te d  in l a rg e  p a tch e s  w hich 

en ab led  the  a c t iv e  s u r f a c e  to be c o n s id e re d  a s  hom ogeneous  a lthough  

the o v e r a l l  s u r f a c e  w ould  be h e te r o g e n e o u s .

( 5 .1 2 . )  The E f fe c t  of the  In i t ia l  R e a c ta n t  P r e s s u r e  on the 
R a te  of C y c lo p ro p an e  H y d ro g en a t io n

A lthough  a p p a r e n t ly  no t co n n ec ted  d i r e c t ly  w ith  the  fo reg o in g  

d i s c u s s io n ,  a p h e n o m en o n  w as o b s e r v e d  during  the  study  of the  

c y c lo p ro p a n e  h y d ro g e n a t io n  e x p e r im e n ts  w hich is  c o n s id e re d  w o rth y  

of f u r th e r  m e n t io n  a t  th is  s ta g e .

Thus i t  h a s  b e e n  shown in C h ap te r  1 in  the w ork  on n ic k e l  f i lm s  

and to a c e r t a i n  e x te n t  on 1% p a l la d iu m  on pum ice  th a t  a s t r i c t l y  l in e a r  

r e la t io n s h ip  e x is t e d  b e tw een  the  lo g a r i th m  of the  c y c lo p ro p an e  p a r t i a l  

p r e s s u r e  an d  t i m e .  S ince  th is  l in e a r i ty  w as m a in ta in e d  u n ti l  a l l  of 

the a v a i la b le  r e a c t a n t s  h ad  r e a c te d ,  i t  a p p e a re d  th a t  the  r e a c t io n  being  

fo llow ed w as f i r s t  o r d e r  o r  v e r y  n e a r ly  f i r s t  o r d e r .

In c o n t r a s t  to t h i s ,  h o w e v e r ,  the va lue  of the  r a t e  co n s ta n t  

ob ta ined  f r o m  th e  g r a d ie n t  of the  a p p a re n t ly  f i r s t  o r d e r  p lo t w as found 

to v a r y  c o n s id e r a b ly  w ith  the  in i t ia l  p r e s s u r e  of the  r e a c t a n t s .  The 

h ig h e r  the  in i t i a l  p r e s s u r e  the  lo w er  w as the  va lue  of the  r a t e  c o n s ta n t



o b ta in e d .  In th is  h y d ro g e n a t io n  r e a c t io n  a 1:1 r e a c ta n t  m ix tu r e  was 

u s e d .  A t any  t im e  d u r in g  the  r e a c t io n ,  equa l p r e s s u r e s  of e ac h  

r e a c ta n t  w ould  have  b e en  p r e s e n t ,  s ince  the  re a c t io n  p ro c e e d e d  by 

in te r a c t io n  of 1 m o le  of c y c lo p ro p an e  w ith  1 m ole  of h y d ro g en  to f o r m  

1 m o le  of p r o p a n e .  T hus  the  p r e s s u r e  of each  r e a c ta n t  a t  the 

beg inn ing  of a r e a c t io n ,  u s in g  a p a r t i c u l a r  in i t ia l  to ta l  p r e s s u r e ,  

would fo r  e x a m p le  have  b een  the s am e  as  th a t  p r e s e n t  when a r e a c t io n  

u s in g  an  in i t i a l  p r e s s u r e  of tw ice  th is  am ount had  been  p e r m i t t e d  to 

p ro c e e d  u n t i l  h a l f  of the  r e a c ta n t s  h ad  r e a c te d .  It would, t h e r e f o r e ,  

have b e en  e x p e c te d  th a t  the  r a t e s  of th e s e  re a c t io n s  would have  b een  

c o m p a ra b le  w hen  c o m p a r a b le  p r e s s u r e s  of r e a c ta n t s  w e re  p r e s e n t .  

That th is  w as  n o t in  fa c t  the  c a s e  is  in d ic a te d  in F ig .  1 .6 .  in which 

i t  can  be s e e n  th a t  th e  p lo ts  a r e  s t r i c t l y  l in e a r  and  do no t a c c e l e r a t e  

as  the  r e a c t i o n  p r o c e e d s .  C o n seq u en tly  i t  a p p e a r s  th a t  the  p r e s e n c e  

of p ro p a n e  so m eh o w  a f fe c ts  the  r a t e  of r e a c t io n .  It is  d iff icu lt  to 

d e te rm in e  a m e c h a n i s m  fo r  th i s ,  h o w e v e r ,  s in ce  any  po ison ing  o r  

p ro m o tin g  e f fe c t  of th e  p ro p a n e  would have r e s u l t e d  in  a d e c r e a s e  o r  

an i n c r e a s e  in the  r a t e  d u r in g  the  r e a c t io n ,  n e i th e r  of w hich w e re  

o b s e rv e d .

In o r d e r  to in v e s t ig a te  th is  phenom enon  f u r th e r  i t  is  p ro p o s e d  to 

study the  r a t e s  of a  s e r i e s  of r e a c t io n s  in w hich a c o n s ta n t  in i t ia l  

p r e s s u r e  of a  1:1 m ix tu r e  is  u s e d .  M ix tu re s  u s in g  the  s am e  p a r t i a l
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p r e s s u r e s  of th e  r e a c t a n t s  a s  b e fo re  bu t w ith  add ed  am o u n ts  of 

p ro p an e  w il l  th e n  be s tu d ie d  to d e te rm in e  w h e th er  any a l t e r a t io n  in 

r a te  o c c u r s .  In  ad d i t io n ,  the  in v e s t ig a t io n  w ill be r e p e a te d  u s ing  

add it io n s  of an  i n e r t  gas  su ch  a s  a rg o n ,  to d e te rm in e  if the  p ro p an e  

m e r e ly  a c t s  a s  a n  i n e r t  d i lu e n t .

The R e a c t io n  of C y c lo p ro p an e  w ith  H ydrogen  o v e r  S upported  
P a l la d iu m  C a ta ly s t s

( 5 .1 3 . )  In t ro d u c t io n

The r e a c t io n  of c y c lo p ro p an e  w ith  h y d ro g en  has  been  s tu d ied  

ov e r  p a l la d iu m  s u p p o r te d  on p u m ice  and on c a rb o n .  The r e s u l t s  of 

the s tu d ie s  u s in g  the  p u m ic e  su p p o r te d  p a l la d iu m  c a ta ly s ts  can  be 

s u m m a r i s e d  a s  fo llow s :

1. The a c t iv i ty  of the  c a ta ly s t  was dependen t to a la rg e  ex ten t on 

the  p r e - r e a c t i o n  t r e a t m e n t .

2. R e p ro d u c ib le  r a t e s  of r e a c t io n  w e re  o b ta in a b le .

3. The a c t iv i ty  of a  5% p a l la d iu m  on p u m ice  c a ta ly s t  w as a p p a re n t ly  

m u c h  g r e a t e r  th a n  th a t  o£ a 5% n ic k e l  on p u m ice  c a ta ly s t .

4 .  M e r c u r y  r e d u c e d  the  r a t e  of r e a c t io n ,  but in a m a n n e r  d i f f e re n t  

f r o m  th a t  found w ith  e v a p o ra te d  n ic k e l  f i lm s ,  and  the  po ison ing  

a c t io n  w as  to  a  c e r t a i n  ex ten t  r e v e r s i b l e  u n d e r  r e a c t io n  

c o n d i t io n s .



126.

5. T h e r e  w as  an  a p p a r e n t  i n c r e a s e  in count f r o m  m e r c u r y  on 

the  c a t a ly s t  d u r in g  a p e r io d  when no fu r th e r  m e r c u r y  was 

b e ing  a d s o r b e d .

( 5 .1 4 . )  F a c t o r s  G o v ern in g  the  A c tiv i ty  of the  C a ta ly s t

The d e p en d e n c e  of the  a c t iv i ty  of the  p a l lad iu m  c a ta ly s t  on the 

p r e - r e a c t i o n  t r e a t m e n t ,  and  i ts  a p p a re n t  h ig h e r  a c t iv i ty  c o m p a r e d  w ith 

a s i m i l a r  n ic k e l  c a t a ly s t ,  m a y  be c o n s id e re d  as  e ffec ts  of

(a) s in te r in g  (b) a b s o r p t io n  of h y d ro g e n .

S in te r in g  i s  the  p r o c e s s  w h e reb y  an in h e re n t ly  m e ta s ta b le  

m a t e r i a l  r e v e r t s  to the  c o r re s p o n d in g  s tab le  cond ition . The h ig h e r  

le v e l  of e n e r g y  w h ich  the  m a t e r i a l  p o s s e s s e s  is  a r e s u l t  of v a r io u s  

p r o p e r t i e s  s u c h  a s  h ig h  s u r f a c e  a r e a  and  the  n u m b e r  of d e fec ts  p r e s e n t .  

T hese  f a c to r s  d e p en d  c r i t i c a l l y  on the  m e th o d  of p r e p a r a t io n  and the  

t r e a tm e n t  of the  c a t a l y s t .

F o r  m e t a l s ,  th i s  s in te r in g  p r o c e s s  is  n o rm a l ly  m ad e  m a n ife s t  

by re d u c t io n  in  s u r f a c e  a r e a .  As h a s  a l r e a d y  b een  d e s c r ib e d  (25), 

s in te r in g  of e v a p o r a te d  m e ta l  f i lm s  has  been  shown to r e s u l t  in c r y s t a l  

grow th  and  in  r e m o v a l  of s u r fa c e  a s p e r i t i e s ,  w ith  co n seq u en t re d u c t io n  

in s u r f a c e  a r e a .  S om e in d ic a t io n  of the  m agn itude  of th is  s in te r in g  

effect w ith  i n c r e a s i n g  t e m p e r a t u r e  fo r  n ic k e l  f i lm s  is  given by G undry  

and T o m p k in s  (51).



On s u p p o r te d  p a l la d iu m  and  n ic k e l  c a ta ly s t s ,  as  u s e d  in the  

p r e s e n t  w o rk ,  i t  m ig h t  be e x p ec te d  th a t  s in te r in g  would o c cu r  by 

a c o m p a r a b le  m e c h a n i s m  to th a t  on f i lm s ,  and th a t  the t e m p e r a tu r e  

to w hich  the  c a t a ly s t  is  r a i s e d ,  and the  t im e  fo r  which i t  is  m a in ta in e d  

a t th a t  t e m p e r a t u r e ,  w il l  a f fe c t  the  ex ten t  of s in te r in g .  This  would 

exp la in  th e  d i f f e r e n c e s  in  a c t iv i ty  o b s e rv e d  w ith p a l la d iu m  a f te r  v a r io u s  

t r e a t m e n t s .  It m ig h t  a l s o  be ex p ec te d  th a t  fo r  two m e ta ls  r a i s e d  to 

c o m p a ra b le  t e m p e r a t u r e s  the  ex ten t  of s in te r in g  would depend on the 

r e la t iv e  m e l t in g  p o in ts  of the  m e t a l s .  On th is  b a s i s ,  the  low a c t iv i ty  

of p a l la d iu m  c a t a ly s t s  o b s e r v e d  c o m p a r e d  w ith  th a t  of n ic k e l  a f te r  

c o m p a ra b le  h ig h  t e m p e r a t u r e  t r e a tm e n t s  cannot be a s c r ib e d  to s in te r in g ,  

s ince  th e s e  m e ta l s  p o s s e s s  c o m p a ra b le  m e lt in g  po in ts  of 1554°C and 

1455°C r e s p e c t i v e l y .  V a r io u s  o th e r  f a c to r s  co n tr ib u te  to the  s in te r in g  

p r o c e s s ,  h o w e v e r ,  a s  in d ic a te d  by the  a c c e le r a t io n  of c r y s t a l  g row th  

of p a l la d iu m  in  the  p r e s e n c e  of oxygen (52).

In a d d i t io n  to  any  s in te r in g  e ffec t  w hich  m a y  be o p e ra t in g ,  

p a l la d iu m  is  c a p a b le  of a b s o rb in g  la r g e  q u an t i t ie s  of h y d ro g e n .  The 

am ount of h y d ro g e n  a b s o r b e d  r i s e s  c o n s id e ra b ly  w ith t e m p e r a t u r e  a s  

has been  found by  a n u m b e r  of w o r k e r s  studying the phenom enon  as  

a m e thod  of h y d ro g e n  p u r i f ic a t io n  (53). It has  a l r e a d y  b een  s t r e s s e d  

in se c t io n  5 . 2 .  th a t  h y d ro g e n  p r e s e n t  w ith in  the  m e ta l  l a t t ic e  can  e x e r t  

a c o n s id e ra b le  e f fe c t  on the  c a ta ly t ic  p r o p e r t i e s  of the  m e ta l .  The
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r e a s o n s  fo r  th i s  a r e  s t i l l  the  s u b jec t  of c o n t ro v e r s y  but such  fa c to r s  

m ay  w e ll  c o n t r o l  the  d i f f e r e n c e s  in  a c t iv i ty  o b se rv e d  be tw een  n icke l 

and p a l la d iu m  an d  b e tw e e n  the  v a r io u s  p a llad iu m  c a ta ly s ts  u s e d  in 

the p r e s e n t  w o rk .

In c o n c lu s io n ,  i t  a p p e a r s  to be e x t re m e ly  d iff icu lt  to a s s e s s  the 

r e la t iv e  a c t i v i t i e s  of a  s e r i e s  of m e ta l s  fo r  a p a r t i c u la r  r e a c t io n .  

A ttem p ts  h av e  b e e n  m a d e  to a c c o m p l is h  th is  by co m p ar in g  spec if ic  

a c t iv i t ie s  d e r iv e d  u s in g  so m e  n o rm a l i s in g  fa c to r  such  a s  s u r fa c e  a r e a  

m e a s u r e m e n t s  fo r  c h e m is o r p t io n  (33). Such n o rm a l is a t io n  is  in co m p le te  

s ince  i t  is  a l s o  n e c e s s a r y  to inc lude  s im u ltan eo u s  c o m p a r iso n  of such  

fa c to r s  a s  d e fe c t  c o n c e n t r a t io n s ,  and  r e la t iv e  am oun ts  of occluded  

g a s e s ,  to m e n t io n  on ly  two of the  f a c to r s  known to influence  the a c t iv i ty  

for a  p a r t i c u l a r  r e a c t io n .

(5 .1 5 . )  P o is o n in g  of P a l la d iu m  on P u m ic e  C a ta ly s ts

In the  a b s e n c e  of m e r c u r y  i t  w as found, u s ing  the  5% p a l lad iu m  

on p u m ice  c a t a ly s t ,  th a t  r e p ro d u c ib i l i ty  of r a te  was o b ta ined . In 

c o n t r a s t  to the  b e h a v io u r  found us in g  the  5% n ick e l  on pum ice  c a ta ly s t ,  

this in d ic a te d  th a t  the  c a ta ly s t  s u r f a c e  w as s tab le  a f te r  r e p e a te d  

re a c t io n s  an d  th a t  no c o n ta m in a n t  was p r e s e n t  in the  re a c t io n  

m ix tu re  u s e d .

W hen th e  c a t a ly s t  w as  e x p o sed  to m e r c u r y  vapour be tw een
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h y d ro g e n a t io n s  a r e d u c t io n  in  the  a c t iv i ty  of subsequen t r e a c t io n s  

was o b s e r v e d ,  in d ic a t in g  th a t  the  m e r c u r y  e x e r te d  a poisoning  e ffect 

on the  r e a c t i o n .  W hen the  ta p  to the  m e r c u r y  so u rce  was opened 

in i t ia l ly  in  e a c h  of th e  e x p e r im e n t s ,  h o w ev er ,  a poisoning  effect 

was p ro d u c e d  w h ich  w as out of p ro p o r t io n  to the  effec ts  r e su l t in g  

f ro m  even lo n g e r  e x p o s u r e s  a t  l a t e r  s t a g e s .  This  effect was not 

o b s e r v e d  w ith  n ic k e l  f i lm s  and  w ill  now be c o n s id e re d  f u r th e r .

A p o s s ib le  c a u s e  of th is  e f fec t  is  the  p re s e n c e ,  in th a t  p o r t io n  

of the  a p p a r a tu s  c o n ta in in g  the  m e r c u r y  s o u rc e ,  of a l im ite d  am ount 

of po iso n  w h ich  is  m o r e  e f f ic ie n t  in  d eac tiv a t in g  the  c a ta ly s t  than  

m e r c u r y .  Such a p o iso n  cou ld  no t be oxygen s ince  the only p o ss ib le  

so u rc e  of th is  is  th a t  d e s o r b e d  f r o m  the  w alls  of the  m e r c u r y  so u rc e  

tub ing . T h is  a m o u n t  w ould  be in s ig n if ic a n t  c o m p a re d  with the am oun t 

l ike ly  to have  b e e n  d e s o r b e d  f r o m  o th e r  reg io n s  of the  c a ta ly s t  v e s s e l  

which h ad  l i t t l e  e f fe c t ,  a s  in d ic a te d  by the  re p ro d u c ib le  re a c t io n  

r a te s  o b ta in e d .

If m e r c u r y  w as  in  f a c t  r e s p o n s ib le  fo r  th is  in i t ia l  effect, 

p re s u m a b ly  one of the  p o iso n in g  m e c h a n is m s  d is c u s s e d  in sec t io n  5 .8 .  

m ust have  b e e n  in  o p e r a t io n .  The po ison ing  c u rv e s  d e r iv e d  f r o m  

p o re -b lo c k in g  m e c h a n i s m s  su g g e s t  th a t  the  in i t ia l  red u c tio n  was due 

to p r e f e r e n t i a l  a d s o r p t io n  of m e r c u r y  a t  the  m ouths  of p o re s  contain ing  

a la rg e  in t e r n a l  s u r f a c e  a r e a  bu t a  s m a l l  p o re  m ou th . T h is  is



in co m p a tib le  w ith  th e  e x p e c te d  s t r u c tu r e  of the c a ta ly s t  (43) and a lso  

does not e x p la in  why su b se q u e n t  s h o r t  o r  long e x p o su res  to m e r c u r y  

did not r e d u c e  th e  a c t iv i ty  to z e r o .

The a n o m a lo u s  p o iso n in g  e ffec t  p ro d u ced  when m e r c u r y  was 

f i r s t  a d m it te d  to a p a l la d iu m  c a ta ly s t  is  c o m p arab le  with th a t  o b se rv e d  

by Bond and  W ells  (54) in  the  m e r c u r y  poisoning  of p a llad iu m  c a ta ly s ts  

fo r the  h y d ro g e n a t io n  of a c e ty le n e .  In th e i r  w ork  th is  la rg e  red u c tio n  

in r a t e ,  t e r m e d  " ty p e  B " p o iso n in g , o c c u r r e d  only with re a c t io n s  

c a r r i e d  out a t  t e m p e r a t u r e s  of 85°C and h ig h e r .  This was a t t r ib u te d  

to the p o iso n in g  of th e  c a ta ly s t  by m e r c u r y  f ro m  the m a n o m e te r  while 

the r e a c t io n  w as b e in g  fo l lo w ed . This exp lana tion  a p p e a rs  un like ly . 

C o n sid e r in g  th e  long p e r io d s  of e x p o su re  to m e r c u r y  vapour n e c e s s a r y  

under v a c u u m  c o n d it io n s  to p ro d u c e  r e la t iv e ly  s m a l l  poisoning  e ffec ts  

at low er t e m p e r a t u r e s ,  the  am o u n t of m e r c u r y  diffusing th ro u g h  the 

re a c ta n t  gas  m ix tu r e  a t  th e  h ig h e r  t e m p e r a t u r e ,  in the sh o r t  t im e  

n e c e s s a r y  to fo llow  th e  r e a c t io n ,  m u s t  have  been  e x tre m e ly  s m a l l .

Any in f lu en ce  of m e r c u r y  f r o m  the  m a n o m e te r  in the p re s e n t  w ork  

may be e l im in a te d  s in c e  r e p ro d u c ib le  unpo isoned  r a t e s  w e re  ob ta ined  

before m e r c u r y  w as  in te n t io n a l ly  a d m it te d .
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(5 .1 6 . )  R e a c t iv a t io n  of P o is o n e d  P a l la d iu m  C ata ly s ts

It w as  found th a t  m e r c u r y  was capab le  of poisoning  the  pum ice  

su p p o r te d  p a l la d iu m  fo r  c y c lo p ro p an e  hy d ro g en a tio n .  It was fu r th e r  

found th a t  if a s e r i e s  of s ta n d a r d  h y d ro g en a tio n s  w e re  c a r r i e d  out 

on th is  p o iso n e d  c a t a ly s t ,  w ithout any  fu r th e r  a d m is s io n  of m e r c u r y ,  

a r e a c t iv a t io n  of the  c a ta ly s t  o c c u r r e d .  T h is  r e a c t iv a t io n  was 

in d ic a ted  by an  i n c r e a s e  w ith  s u c c e s s iv e  re a c t io n s  of both  the r a te  

c o n s tan t  a n d  th e  in i t i a l  r a t e .  The re a c t iv a t io n  was found to o p e ra te  

a t  both  c o v e r a g e s  s tu d ie d .  In n e i th e r  c a s e  was re a c t iv a t io n  follow ed 

un til  i t  a c h ie v e d  a c o n s ta n t  va lue  and thus  i t  was not p o ss ib le  to 

d e te rm in e  th e  fu l l  e x te n t  of the  p r o c e s s .  The red u c tio n  in ac t iv i ty  

p ro d u c e d  by  e x p o s u r e  of the  c a ta ly s t  to m e r c u r y  fo r  20 m in  was 

shown to be 33%. The o r ig in a l  a c t iv i ty  cou ld , how ever , be r e s t o r e d  

by c a r r y in g  ou t s ix  s t a n d a r d  10 m in  h y d ro g e n a t io n s .

T h is  r e a c t iv a t io n  p r o c e s s  was not o b s e rv e d  on po isoned  n ick e l  

f i lm s .  The e x p e r im e n t a l  p r o c e d u r e ,  h o w e v er ,  was such  th a t  with 

f i lm s ,  e v a c u a t io n  of th e  c a ta ly s t  v e s s e l  could  not be c a r r i e d  out 

without the  p o s s ib i l i ty  of in tro d u c in g  a fu r th e r  quan tity  of m e r c u r y .  

C onsequen tly  any  r e a c t iv a t io n  w hich  m ay  have o c c u r r e d  would not 

have b e en  o b s e r v e d .

R e a c t iv a t io n  of a m e r c u r y  p o iso n ed  pum ice  su p p o rted  p a l lad iu m  

c a ta ly s t  w as  o b s e r v e d  by  Bond and  W ells  du ring  th e i r  s tudy  of the
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h y d ro g en a tio n  of a c e ty le n e  and  e thy lene  (54). T hese  w o rk e rs  

p o s tu la ted  th a t  a d s o r b e d  m e r c u r y  w as capab le  of m ig ra t io n  and 

c o ag u la t io n .  T hus  s i t e s  o r ig in a l ly  po isoned  by the p re s e n c e  of m e r c u r y  

b ecam e  r e a c t i v a t e d  a s  th e  m e r c u r y  m ig r a te d  a c r o s s  the c a ta ly s t  to 

fo rm  a r e a s  of h ig h  m e r c u r y  c o n c e n tra t io n .  They found evidence to 

sugges t  th a t  the  r e a c t iv a t i o n  p r o c e s s  o c c u r r e d  a s  a r e s u l t  of the 

h y d ro g en a tio n  r e a c t i o n .  Thus r e a c t iv a t io n  was p o ss ib le  s e v e ra l  days 

a f te r  the  c a t a l y s t  w as  f i r s t  p o iso n ed , and re a c t iv a t io n  did not o ccu r  

by t r e a t in g  th e  c a t a ly s t  w ith  e i th e r  r e a c ta n t  s e p a ra te ly .

S im i la r  b e h a v io u r  w as found in the  p r e s e n t  w ork  w here  an a lm o s t  

co m p le te ly  p o is o n e d  c a t a ly s t  re g a in e d  l i t t le  a c t iv i ty  a f te r  being a llow ed 

to s tand  fo r  e ig h t  h o u r s  u n d e r  v acu u m  a t ro o m  t e m p e r a tu r e .  On 

allowing a h y d ro g e n a t io n  to p ro c e e d  fo r  11 h r  a t  78°C, a c o n s id e rab le  

re a c t iv a t io n  to o k  p l a c e .  In the  p r e s e n t  w ork  th is  re a c t iv a t io n  m ay  have 

been c a u s e d  by th e  h ig h e r  t e m p e r a t u r e  involved  during  the re a c t io n ,  

p a r t i c u la r ly  if  th e  m ig r a t io n  w as an a c t iv a te d  p r o c e s s .  This m ig ra t io n  

p ro c e ss  w il l  now be c o n s id e r e d  in  m o re  d e ta i l .

(5 .1 7 .)  M ig ra t io n  of M e r c u r y  o v e r  the  C a ta ly s t  Surface

The id e a  of m o b i l i ty  of s p e c ie s  p h y s ica l ly  a d so rb e d  on a c a ta ly s t  

su rface  is  r e a d i ly  a c c e p ta b le  s in ce  the  bonds be tw een  the a d so rb a te  

and the a d s o r b e n t  a r e  r e l a t i v e ly  w eak and n o n - lo c a l is e d ,  and the



133.

ac tiv a tio n  e n e r g y  f o r  m ig r a t io n  w ill  be low. In the c a se  of 

c h e m is o rp t io n  th e  bond  e n e r g ie s  a r e  m uch  g r e a t e r ,  and thus su r fa ce  

m ig ra t io n  sh o u ld  r e q u i r e  a m u c h  g r e a t e r  ac tiva tion  en e rg y . It is  

n e c e s s a r y ,  h o w e v e r ,  to p o s tu la te  th a t  c h e m iso rb e d  sp ec ie s  a r e  m ob ile ,  

and a r e  ab le  to  u n d e rg o  s u r f a c e  c o l l is io n s  as  is  r e q u ire d  fo r  the 

L angm uir  H in sh e lw o o d  th e o r y  of b im o le c u la r  su r fa ce  r e a c t io n s .  In 

ap p aren t  c o n t r a s t  to t h i s ,  c h e m is o rp t io n  i s o th e rm s  a r e  b a sed  on 

lo ca l ise d  a d s o r p t io n  w h ich  p e rh a p s  im p l ie s  th a t  the ad so rb ed  m o lecu les  

a re  im m o b i le .

Th is  " im m o b i l i ty " ,  h o w e v e r ,  r e q u i r e s  only th a t  the su rface  

m obility  is  s m a l l  c o m p a r e d  to the  r a t e  of a d so rp t io n  and d eso rp tion , 

so tha t  the  s p e c ie s  b e in g  a d s o r b e d  o r  d e so rb e d  ex p er ien ce  

a re la t iv e ly  u n c h a n g e d  s u r f a c e  e n v iro n m e n t .

It is  th u s  g e n e r a l l y  a c c e p te d  th a t  if the  ac tiva tion  energy  fo r  

m ig ra t io n  f r o m  one s i te  to a n o th e r  is  a p p re c ia b le ,  but defin ite ly  le s s  

than th a t  fo r  d e s o r p t io n ,  a d s o r p t io n  is  s t i l l  lo c a l is e d  but the la y e r  

is m o b ile .

In the  c a s e  of m e r c u r y  a d s o r b e d  on p a l la d iu m  i t  would be 

expected th a t  c h e m i s o r p t io n  w ould o c c u r  owing to the n a tu re  of the 

filled d s h e l l  of m e r c u r y .  T hus  an  im m o b ile  l a y e r  is  fo rm ed  which 

influences r e a c t i o n  to  a n  e x te n t  depending  on the n u m b er  of s i te s  

re q u ired  fo r  a d s o r p t io n  of the  r e a c ta n t ,  a s  p o s tu la ted  by H ering ton
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and R id e a l .  T h is  l a y e r  is  s t i l l  m o b ile  and thus capable  of re ac t iv a tin g  

the su r fa c e  a s  in d ic a te d  by Bond and W ells .  How ever, the t im e  sca le  

re q u ire d  w il l  be  long  c o m p a r e d  w ith the  t im e  n e c e s s a r y  fo r re a c t io n .

In a c e ty le n e  h y d ro g e n a t io n  th is  re a c t iv a t io n ,  b ased  on m obility  

of the m e r c u r y  to f o r m  a r e a s  of h igh  m e r c u r y  concen tra tion , is 

p lausib le  s in c e  an  i s o l a t e d  m e r c u r y  a to m  can  p rev en t  ad so rp tio n  of 

acety lene  on a n u m b e r  of s u r f a c e  s i t e s ,  owing to the fac t tha t  ace ty lene  

re q u ire s  two s i t e s  f o r  a d s o r p t io n  and only c e r ta in  p a i r s  of s i te s  a r e  

su itab le .  T hus  c ro w d in g  of the  m e r c u r y  r e l e a s e s  s i te s  fo r  adso rp tio n ,  

since m e r c u r y  a to m s  on a g ro u p  of neighbouring  s i te s  p e rm i t  m o re  

acety lene  a d s o r p t io n  th a n  m e r c u r y  on iso la ted  s i t e s .  This crowding 

effect a lso  e x p la in s  why c o m p le te  r e g e n e ra t io n  is not p o ss ib le ,  s ince  

the ab so lu te  a c e ty le n e  c o v e r a g e  is  l e s s  on a poisoned  than  on an 

unpoisoned s u r f a c e .

In the  c a s e  of c y c lo p ro p a n e  h y d ro g en a tio n ,  the influence of 

m e rc u ry  a to m s  w ould  n o t be v e r y  d if fe ren t  when they  w ere  p re s e n t  on 

iso la ted  s i t e s  o r  w hen  c ro w d e d  to g e th e r ,  s ince  i t  is  a s su m e d  tha t 

m e rc u ry  only  in f lu e n c e s  one s u r fa c e  s i te  fo r  hydrogen  a d so rp t io n .

The va lid i ty  of th i s  a s s u m p t io n  is  shown by the fac t tha t  when m e r c u r y  

was a d s o r b e d  on a n ic k e l  s u r f a c e  s a tu r a te d  with hydrogen  an 

aP p rox im a te ly  a to m  f o r  a to m  d is p la c e m e n t  was obtained  (19). It 

would thus  a p p e a r  th a t  a  c ro w d in g  m e c h a n is m  does not explain  the
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re a c t iv a t io n  w h ich  w as o b s e r v e d  during  the hydrogena tion  of 

c y c lo p ro p an e ,  an d  a n  a l t e r n a t iv e  m e c h a n is m  is  r e q u i r e d .  It is 

su g g es ted  th a t  th is  m e c h a n i s m  is  r e la te d  to the o b se rv e d  in c r e a s e  

in count w h ich  w as  o b ta in e d  d u r in g  the  re a c t iv a t io n  p r o c e s s  f ro m  

the G e ig e r  M u l le r  tu b e ,  s i tu a te d  below the c a ta ly s t  bed .

( 5 .1 8 . )  M ig ra t io n  of M e r c u r y  T hrough  the C a ta ly s t  Bed

The a l t e r a t i o n  in  coun t o b ta ined  f r o m  the rad io ac tiv e  m e r c u r y  

a d so rb e d  on the  c a t a ly s t  s u r f a c e  during  an  in te rv a l  when no m e r c u r y  

was a d m i t te d  to the  c a ta ly s t ,  was a lso  found during  a s e r i e s  of 

e x p e r im e n ts  w h ich  a r e  d e s c r ib e d  in C h ap te r  8 . On th is  occas ion  

a re d u c t io n  in  co u n t  w as  o b s e r v e d  when the co u n te r  was p laced  above 

the c a t a ly s t .  In  b o th  c a s e s  the  change o b s e rv e d  can be a t t r ib u te d  

to m ig r a t io n  of m e r c u r y  down th ro u g h  the  c a ta ly s t  bed . The m agnitude  

of the i n c r e a s e  in  co u n t to be ex p ec ted  a s  a r e s u l t  of m ig ra t io n  during  

the h y d ro g e n a t io n  r e a c t io n s  m ay  be d e r iv e d  by c o n s id e r in g  the 

g eo m e tr ic  a r r a n g e m e n t  of the  c o u n te r  and  the c a ta ly s t  as  is  ind ica ted  

in d e ta i l  in F i g .  1 0 .3 .  F r o m  th is  i t  can  be seen  th a t  the c a ta ly s t  bed  

is of the  o r d e r  of 1 m m  th ic k  and the  top of the  bed  is  a p p ro x im a te ly  

1 cm  f r o m  th e  c o u n te r  w indow . A ssu m in g  th a t  the count seen  by the 

counter v a r i e s  a s  th e  i n v e r s e  s q u a re  of the  d is tan ce  f ro m  the  so u rc e ,  

a m ig ra t io n  f r o m  the  top  of the  bed  to the  bo ttom  would r e s u l t  m  an
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2 2i n c r e a s e  in  co u n t by a f a c to r  of (11)  ̂ (10) . The in c r e a s e  in  count

o b s e r v e d ,  50 to 60 c . p . m . ,  w as c o m p a ra b le  w ith t h i s .  The v a lid i ty  

of th is  m e c h a n i s m  is  shown by i t s  u se  a s  a s ta n d a rd  m e th o d  of 

d e te r m in in g  d if fu s io n  of r a d io a c t iv e  m a t e r i a l  in  ionic  so lid s  (55).

As in d ic a te d  p re v io u s ly  in th is  d is c u s s io n ,  the  m ig r a t io n  of 

c h e m is o r b e d  m e r c u r y  m ig h t  be e x p ec ted  to be an  a c t iv a te d  p r o c e s s .  In the  

a ce ty le n e  h y d ro g e n a t io n  w o rk  th e r e  w as ev idence  to su g g es t  th a t  

r e a c t iv a t io n  o c c u r r e d  only  when a r e a c t io n  was being  c a r r i e d  out: th e r e  

was no e v id en ce  fo r  r e a c t iv a t io n  when the  po iso n ed  c a ta ly s t  was left  

in  c o n ta c t  w ith  e i t h e r  one of the  r e a c t a n t s .  It m ay  be p o s tu la ted ,  

t h e r e f o r e ,  th a t  th e  e n e r g y  r e q u i r e d  fo r  m ig r a t io n  was d e r iv e d  f r o m  

th a t  p ro d u c e d  in  th e  e x o th e rm ic  r e a c t io n .

In the  p r e s e n t  w o rk  i t  was not p o s s ib le  to d e te rm in e  w h e th e r  o r  

not m ig r a t io n  th ro u g h  the  c a ta ly s t  bed  o c c u r r e d  du rin g  the 

h y d ro g e n a t io n  r e a c t io n .  A s in d ic a te d  in C h ap te r  8, m ig ra t io n  w as ,  

h o w e v e r ,  d e f in i te ly  found to tak e  p lace  in the  ab se n c e  of any  re a c t io n  

when the  a d s o r p t io n  of m e r c u r y  was being  s tu d ied  on a n ic k e l  c a ta ly s t .

It m u s t  be c o n c lu d e d ,  t h e r e f o r e ,  th a t  r e a c t io n  is  not n e c e s s a r y  fo r  

th is  m ig r a t io n  th ro u g h  the  bed  to o c c u r  and  the  m e c h a n is m  of th is  

m ig r a t io n  w il l  now be  c o n s id e r e d  in  m o re  d e ta i l .

In bo th  th e  e x p e r im e n t s  c a r r i e d  out in  which th is  m ig r a t io n  was 

o b s e rv e d ,  the  c a ta ly s t  w as p la c e d  on the  b o tto m  of the  r e a c t io n  v e s s e l



and m e r c u r y  v a p o u r  w as p r e s e n t  above the  c a ta ly s t .  M e r c u ry  would, 

t h e r e f o r e ,  be c h e m i s o r b e d  on the top  of the  c a ta ly s t  bed , and  owing 

to the  v e r y  fine  n a tu r e  of the  c a ta ly s t  su p p o r t ,  v e ry  l i t t le  would be 

ab le  to p e n e t r a t e  in to  th e  bu lk  of the  c a ta ly s t  bed  w ithout b ecom ing  

a d s o r b e d .  A d s o rp t io n  w ould o c c u r  in i t ia l ly  on th o se  s i te s  n e a r  the  

top of the  c a t a ly s t  b ed  w hich  had  the h ig h e s t  e n e rg y , and m ig ra t io n  

f r o m  th e s e  s i t e s  w ould  be u n lik e ly  if  m ig ra t io n  is  an  a c t iv a te d  p r o c e s s .  

As a d s o r p t io n  co n t in u e d ,  h o w e v e r ,  m e r c u r y  would be a d s o r b e d  on s i te s  

n e a r  the  top  s u r f a c e  of the  b ed  w hich  had  low er e n e rg y .  It would then  

be e n e r g e t i c a l ly  f a v o u ra b le  fo r  th is  m e r c u r y  to m ig r a te  to h ig h e r  

e n e rg y  s i t e s  w ith in  the  c a ta ly s t  bed  w hich  w e re  s t i l l  u n occup ied .

This p r o c e s s  w ould  c o n tin u e ,  to p ro d u ce  an o v e ra l l  m ig ra t io n  of m e r c u r y  

f r o m  the  top  of th e  b e d  to the  b o t to m . The r a t e  of m ig ra t io n  would 

depend on th e  r a n g e  of s i te  e n e r g ie s  and would be expec ted  to be 

re d u c e d  a s  th e  h ig h e r  e n e rg y  s i te s  b e c a m e  o ccu p ied .

A s s u m in g  th is  p r o c e s s  o c c u r s ,  r e a c t iv a t io n  of the  p o iso n ed  

c a ta ly s t  m a y  be e x p la in e d  by c o n s id e r in g  th a t  h y d ro g en a tio n  o c c u rs  

m o re  r e a d i ly  n e a r  the  top  of the  c a ta ly s t  b ed .  Thus s u c c e s s iv e  

e x p o su re s  to m e r c u r y  p o iso n  the h y d ro g en a tio n ,  but when a n u m b e r  

of h y d ro g e n a t io n s  a r e  c a r r i e d  out w ithout f u r th e r  e x p o su re  to m e r c u r y ,  

r e a c t iv a t io n  o c c u r s  a s  m ig r a t io n  into the  c a ta ly s t  bed  le a v e s  s i t e s ,  

o r ig in a l ly  p o is o n e d ,  f r e e  fo r  r e a c t io n .
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It  m a y  be p o s tu la te d  th a t  th is  p r o c e s s  was a lso  o p e ra t iv e  in 

the p o iso n in g  of a c e ty le n e  h y d ro g e n a t io n  (54). In th is  c a s e ,  h o w ev er ,  

a l a r g e  s iz e  of s u p p o r t  w as u s e d  (v iz .  8 - 16 m e sh  a lum ina)  and i t  

would be e x p e c te d  th a t  the  m a jo r i ty  of the av a ilab le  m e ta l  was capab le  

of tak ing  p a r t  in  r e a c t io n .  T h is  would be p a r t i c u la r ly  so if the m ethod  

of p r e p a r a t i o n  of th e  c a ta ly s t  invo lved  p re - s o a k in g  of the  su p p o rt  

b e fo re  a d s o r p t io n  of the  m e ta l  s a l t  so lu tio n .  This has  been  shown to 

p ro d u ce  a v e r y  f in e  l a y e r  of m e ta l  on the  su r fa c e  of the su p p o rt  w ith 

l i t t le  m ig r a t io n  in to  the  bulk  (56).

If the  ab o v e  p o iso n in g  m e c h a n is m  is  c o r r e c t ,  i t  in d ic a te s  th a t  

with c a ta ly s t s  s u p p o r te d  on v e r y  fine  m e s h  su p p o rts  r e a c t io n  m ay  

only o c c u r  on th e  to p m o s t  p o r t io n  of the  c a ta ly s t  bed . This could  be 

v e r i f ie d  if  a  s y s t e m  w as u s e d  in  which a l iq u o ts  of a p a r t i c u la r  c a ta ly s t  

w ere  re m o v e d  f r o m  the  r e a c t io n  v e s s e l  w ithout changing the e x p e r im e n ta l  

c o n d it io n s .  W ith a  v e r y  f in e ly  d iv ided  su p p o r t  th is  could  be a c c o m p lis h e d  

by blowing a f r a c t i o n  of the  c a ta ly s t  out of the  re a c t io n  v e s s e l  at 

v a r io u s  s t a g e s ,  u s in g  a  s t r e a m  of h y d ro g e n .

( 5 .1 9 . )  Di s c u s s i o n  of the  A nom alous  B eh av io u r  of P a l la d iu m
on C a rb o n  C a ta ly s ts

If a m ix tu r e  of c y c lo p ro p a n e  and  h y d ro g en  w e re  a llow ed  to r e a c t  

to co m p le t io n ,  the  p r e s s u r e  f a l l  o b s e rv e d  would be equal to the  in i t ia l  

p a r t ia l  p r e s s u r e  of th e  r e a c t a n t  w hich  was p r e s e n t  to the  s m a l l e r
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ex ten t .  U sing  p a l la d iu m  on c a rb o n  c a ta ly s t s ,  i t  was found th a t  

p r e s s u r e  c h a n g e s  c o n s id e r a b ly  g r e a t e r  than  th is  w e re  o b s e rv e d .

This e ffec t  w as a t t r i b u t e d  to one o r  m o r e  of the following p r o c e s s e s  

o c c u r r in g  w ith  th e  p r o d u c ts  o r  r e a c ta n ts

1. P o ly m e r i s a t i o n ,

2. C h e m is o r p t io n  on the  p a l la d iu m  o r c a rb o n ,

3. P h y s i c a l  a d s o r p t io n  on the  c a rb o n .

T hese  w ill  now be c o n s id e r e d  in m o re  d e ta i l .

A t f i r s t  s ig h t  i t  m ig h t  be su p p o sed  th a t  the fo rm a t io n  of f a i r ly  

long ch a in  p o ly m e r s  w ould  acc o u n t  fo r  an o m alo u s ly  la rg e  p r e s s u r e  

fa lls  d u r in g  r e a c t i o n .  T hus  s e v e r a l  cy c lo p ro p an e  m o lecu les  would 

be r e q u i r e d  to p ro d u c e  one p o ly m e r  m o lecu le  and the  o v e ra l l  p r e s s u r e  

drop  would be d e p en d e n t  on the  n u m b e r  of cy c lop ropane  m o lecu les  

taking p a r t  an d  on the  v o la t i l i ty  of the  p ro d u c t .  Since long chain  

p o ly m e rs  a r e  the  l e a s t  v o la t i le  t h e i r  f o rm a t io n  m igh t be expec ted  to 

r e s u l t  in  the  l a r g e s t  p r e s s u r e  fa l l .  In ad d itio n  to th is ,  h o w ev er ,  an 

opposing f a c to r  m u s t  be c o n s id e r e d .  In the  fo rm a t io n  of long chain  

p o ly m e rs  th e  u n s a tu r a t i o n  re s u l t in g  f r o m  the b re a k ag e  of the 

cy c lo p ro p an e  r in g  is  l a r g e ly  s a t i s f i e d  by c a rb o n  bond fo rm a t io n .  Only 

the t e r m i n a l  u n s a tu r a t i o n  of the  ch a in  is  s a t i s f i e d  by hyd ro g en  ad d itio n .  

The l a r g e r  th e  p o ly m e r  m o le c u le s  e n v isa g e d ,  the  m o re  h yd rogen  is
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left w h ich  is  in c a p a b le  of r e a c t in g ,  owing to lack  of p o ten tia l ly  

u n s a tu r a te d  r e a c t a n t s . In p r a c t i c e ,  th e r e f o r e ,  p o ly m e r  fo rm a t io n  

is  l ik e ly  to r e s u l t  in  p r e s s u r e  fa l ls  only s ligh tly  g r e a t e r  than  th o se  

in h y d ro g e n a t io n s ,  so th a t  the  o b s e rv a t io n s  cannot be exp la ined  on 

th is  b a s i s .

L ik e w is e ,  c h e m is o r p t io n  e ffec ts  a r e  un like ly  to be the cau se  

fo r the  fo llow ing  r e a s o n s

1. C h e m is o r p t io n  w ould  not be r e a d i ly  r e v e r s ib le  so r e m o v a l  

d u r in g  the  s h o r t  n o n - r ig o r o u s  ev acu a tio n  would be n eg lig ib le .

T hus s a tu r a t i o n  w ould soon be r e a c h e d  and c h e m iso rp t io n  

w ould no t be  c o n s i s te n t ly  o b s e r v e d  in s e v e r a l  r e a c t io n s  c a r r i e d  

out c o n s e c u t iv e ly .

2. The a m o u n t  of m e ta l  p r e s e n t  is  v e r y  l im i te d .

3. C h e m is o r p t io n  on the  c a rb o n  is  un lik e ly  to o c cu r  a t  the 

t e m p e r a t u r e  u s e d .

It w ould  a p p e a r  th a t  the  m o s t  fe a s ib le  exp lana tion  of the  o b s e rv e d  

anom alous  p r e s s u r e  f a l l  is  p h y s ic a l  a d so rp t io n  onto the c a rb o n  su p p o r t .  

The su p p o r t  u s e d ,  due to i t s  v e r y  fine p a r t i c le  s iz e ,  to say  nothing of 

its  p o re  s t r u c t u r e ,  d e ta i l s  of w hich  a r e  unknown, would p o s s e s s  a v e ry  

la rg e  s u r f a c e  a r e a  an d  h e n ce  a l a r g e  a d so rp t io n  c a p a c i ty .  In add ition  

p h y s ica lly  a d s o r b e d  s p e c ie s  w ould be ex p ec ted  to be r e la t iv e ly  e a s i ly  

re m o v e d  u n d e r  n o n - r ig o r o u s  v acu u m  co n d it io n s .



In o r d e r  to e x p la in  the  m ag n itu d e  of the  p r e s s u r e  fa l l  o b se rv e d ,  

it is  n e c e s s a r y  to p o s tu la te  e i th e r  th a t  both r e a c ta n ts  a r e  p h y s ica l ly  

a d s o r b e d  o r  e l s e  th a t  the  p ro d u c ts  of r e a c t io n  a r e  p h y s ica l ly  a d s o rb e d .  

The fa c t  th a t  h y d ro g e n  is  no t p h y s ic a l ly  a d s o rb e d  on c a rb o n  to any 

g re a t  e x te n t  above  - 78°C  (57) a p p e a r s  to ru le  out the f i r s t  of th e s e .

The sec o n d  p o s tu la te  r e q u i r e s  the  p h y s ic a l  a d so rp t io n  of the  p ro d u c t  

of r e a c t io n  of c y c lo p ro p a n e  and  h y d ro g e n .  This p ro d u c t  would ap p ea r  

m o s t  l ik e ly  to be  p r o p a n e ,  a lthough  p o ly m e r is a t io n  m ay  not be excluded . 

Data is  no t a v a i l a b le  fo r  th e  p h y s ic a l  a d so rp t io n  of p ro p an e  on c h a rc o a l  

a lthough  th is  is  a v a i l a b le  fo r  the  a d so rp t io n  of e thylene  a t 30°C (58). 

C o m p a r iso n  of th e  b o il in g  p o in ts  of th e se  two su b s ta n c e s  (- 4 2 .1 7 °C  

and - 103. 9°C  r e s p e c t iv e ly )  w ould su g g e s t  th a t  a t  any p a r t i c u la r  

t e m p e r a t u r e  m o r e  p ro p a n e  w ould be a d s o r b e d  than  e th y len e .  It has  

been  c a lc u la te d  th a t  the  am o u n t  of c h a r c o a l  u s e d  was su ffic ien t to 

ad so rb  e th y len e  in  a m o u n ts  c o m p a ra b le  to the  vo lum e of p ropane  

fo rm ed  d u r in g  r e a c t i o n .  I t  would a p p e a r  f e a s ib le ,  th e r e f o r e ,  to 

explain  the  l a r g e  p r e s s u r e  fa l ls  o b s e r v e d  a s  be ing  due to p h y s ica l  

a d so rp t io n  of p r o p a n e .  T h is  is  s u p p o r te d  by the  fac t  th a t  g r e a te r  

p r e s s u r e  f a l l s  w e r e  o b s e r v e d  w hen the c a ta ly s t  was a t  low er 

t e m p e r a t u r e s ,  a s  w ould  be e x p e c te d  if  p h y s ic a l  a d s o rp t io n  was 

o p e ra t in g .

The s tu d y  of th is  s y s t e m  w as not con tinued  fu r th e r  s ince  the
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o b s e rv e d  p h e n o m e n a  s im p ly  c o m p l ic a te d  the  poisoning  study which 

was the  m a in  p r o j e c t  in  the  p r e s e n t  w o rk .
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C H A P T E R  6

A DSO RPTIO N  O F  M ERCURY ON NICKEL CATALYSTS

A d so rp t io n  of M e r c u r y  on C le an  N ick e l  F i lm s

( 6 .1 . )  In t ro d u c t io n

In the  e x p e r im e n t s  d e s c r ib e d  in C hap te r  2 m e r c u r y  was allow ed 

to a d s o rb  onto n ic k e l  f i lm s  in  the  t im e  in te rv a l  be tw een su cc e ss iv e  

h y d ro g e n a t io n s ,  an d  th e  w eigh t of m e r c u r y  p r e s e n t  on the f i lm  at 

any t im e  w as d e t e r m in e d  u s in g  the  g am m a  c o u n te r .  F r o m  the point 

of view of s tu d y in g  th e  p o iso n in g  e ffec t  of th is  m e r c u r y  i t  was r e la t iv e ly  

u n im p o r ta n t  to know a t  w hat r a t e  the  m e r c u r y  was a d so rb e d ,  p ro v id ed  

tha t  a t r u e  a d s o r p t io n  d id  o c c u r  and  t r a n s f e r  of m e r c u r y  f ro m  the 

so u rce  to the  f i lm  d id  n o t tak e  p la ce  by d is t i l la t io n  and condensa tion .

F o r  th is  r e a s o n  an  a t t e m p t  was m ad e  to m a in ta in  the te m p e r a tu r e  of 

the m e r c u r y  s o u r c e  a t  a  v a lu e  a t  l e a s t  1 C° le s s  than  th a t  of the  f i lm .

On c o n s id e r a t io n  of the  w eigh ts  of m e r c u r y  a d so rb e d  in known 

p e rio d s  of t im e ,  h o w e v e r ,  i t  w as found th a t  equal weights of m e r c u r y  

w ere  no t a d s o r b e d  in  e q u a l  t im e s  of e x p o su re  of the f i lm  (see  Table  6 . 1 . ) .  

This was in  a p p a r e n t  c o n t r a s t  to w hat w as found by o th e r  w o rk e rs  

(19, 59) in  th is  l a b o r a t o r y  d u r in g  the  s tudy of the  d e so rp t io n  of t r i t i a t e d  

hydrogen  by m e r c u r y ,  in  w hich  the  m e r c u r y  was a d so rb e d  in a l in e a r  

fashion w ith  r e s p e c t  to t i m e .
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T A B L E  6 .1 .  

S u m m a r y  of R a te s  of Hg A d so rp tio n on F i lm s

F i lm  20 F i l m  21 F i lm  22

Tim e of W t. of Hg T im e  of W t. of Hg Tim e of Wt. of Hg
E x p o su re A d s o r b e d E x p o s u re  A d so rb ed E x p o su re A d so rb ed

(min) (m g) (m in) (m g) (min) (mg)

30 0 .1 1 30 0 .08 45 0.11

150 0 .3 7 20 0 .05 5 0 .02

3 .5 0 3 0.01 61 0.11

60 0 .2 3 55 0 .1 9 5 0.03

60 0 .2 8 3 0 45 0 .20

4 .5 0 .0 3 3 0 .0 2 20 0 .07

120 0 .4 7 5 0 .0 5 29 0.11

28 0 .2 2 77 0 .2 8 12 0 .04

24 0 .0 7 76 0 .2 4 - -

6 .5 0 .0 3 31 0 .16 - -

4 .5 0 .0 5 20 0 .07 - -

11 0 .06 _ -
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It w as d ec id e d ,  t h e r e f o r e ,  to s tudy  in  m o r e  d e ta i l  the  a d s o r p t io n  

of m e r c u r y  on e v a p o r a te d  n ic k e l  f i lm s  in  the  p r e s e n t  s y s t e m .

( 6 . 2 . )  E x p e r im e n ta l  P r o c e d u r e

The f i lm s  w e re  p r e p a r e d  in  e x a c t ly  the  s a m e  m a n n e r  a s  th o se  

u s e d  fo r  the  h y d ro g e n a t io n  e x p e r im e n t s .  In th is  c a s e ,  h o w e v e r ,  a f t e r  

e v a p o r a t io n  of the  f i lm ,  m e r c u r y  v ap o u r  w as a d m it te d  im m e d ia te ly ,  

w ithou t c a r r y in g  out any  h y d r o g e n a t io n s .  The c a ta ly s t  v e s s e l  was 

m a in ta in e d  a t  24°C  in  the  t h e r m o s t a t  tan k  and  the  m e r c u r y  s o u rc e  

w as s u r r o u n d e d  by a s p i r a l  of le a d  p ip ing  th ro u g h  w hich  w a te r  a t  

a t e m p e r a t u r e  of 13 - 15°C w as p a s s e d .  The a r r i v a l  of m e r c u r y  on 

the  s u r f a c e  w as fo llow ed  u s in g  the  c y l in d r ic a l  g a m m a  c o u n te r .  D e ta i ls  

of the  p r o c e d u r e  a r e  g iven  in  s e c t io n  9 .2 9 .

( 6 . 3 . )  R e s u l t s

The r e s u l t s  o b ta in e d  fo r  F i l m s  27, 32 a r e  shown in  F ig .  6 . 1 .  

in  w h ich  the  co u n ts  p e r  m in u te  f r o m  the  c a ta ly s t  a r e  p lo t te d  a g a in s t  

to ta l  t im e  of e x p o s u r e .

In the  c a s e  of F i l m  27 a d s o r p t io n  w as c a r r i e d  out w ith  the  f i lm  

in  the  p r e s e n c e  of a  g r e a s e d  ta p ,  i . e .  ta p  T8, F ig .  9 . 6 .  I t  w as found 

th a t  a d s o r p t io n  p r o c e e d e d  in i t ia l ly  a t  a f a s t  r a t e  w hich  g ra d u a l ly  

d e c r e a s e d  u n t i l  a f t e r  a p p ro x im a te ly  1900 m in ,  no f u r th e r  a d s o r p t io n  

took  p la c e  d u r in g  600 m in .  The a d s o r p t io n  e x p e r im e n t  w as th e n
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te rm in a te d .

Two r e a s o n s  why the  a d s o rp t io n  had c e a s e d  sug g es ted  

th e m se lv e s

(a) the  n ic k e l  s u r f a c e  h ad  b ecom e s a tu r a te d  with m e rc u ry ,

(b) so m e  p o iso n  h a d  co m p e ted  with the  m e r c u r y  for 

the  a v a i l a b le  n ic k e l  s i t e s .

C o n s id e r in g  the  l i n e a r  re la t io n s h ip  of m e r c u r y  a d so rp tio n  with 

tim e found a f t e r  to t a l  h y d ro g e n  d is p la c e m e n t  by C am pbell and Thom son 

(19) and c o n s id e r e d  by  th e s e  w o rk e r s  to be due to the p re s e n c e  of 

p hys ica l  a d so rp t io n ^ i t  a p p e a r e d  th a t  (b) was the m o s t  like ly  exp lana tion . 

Two s o u r c e s  of c o n ta m in a t io n  w hich  could  have p ro d u ced  th is  effect 

were  1. h y d r o c a r b o n  v a p o u rs  o r ig in a t in g  f ro m  the tap  g r e a s e ,

2. g a se s  w h ich  w e re  d e s o r b e d  u n d e r  vacu u m  conditions f ro m  th a t  po rtion  

of the g la s s  tu b in g  w h ich  h a d  not b een  a s  tho rough ly  d e g assed  as  the 

ca ta ly s t  v e s s e l .

In F i l m  32 th e  co n n ec t in g  tubing  was thorough ly  d e g assed  u n d e r  

vacuum by h e a t in g  i t  w ith  a  soft gas  f la m e .  B efo re  b reak in g  the 

b re a k se a l  of the  m e r c u r y  s o u r c e ,  the  c a ta ly s t  v e s s e l  was is o la te d  

from  the g r e a s e d  ta p  by  s e a l in g  off the  connecting  tubing a t  a p re v io u s ly  

degassed  c o n s t r i c t i o n .  U n d er  th e s e  conditions  s im i la r  r e s u l t s  w ere  

obtained a s  w ith  F i l m  27, i . e .  a s teep  in i t ia l  r i s e  in a d so rp t io n  which 

gradually  d e c r e a s e d  to a  c o n s ta n t  va lue  (see  F ig .  6 . 1 . ) .  In th is  c a s e ,
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how ever, i n s t e a d  of t e r m in a t in g  the e x p e r im e n t  when the ad so rp tio n  

had c e a s e d ,  th e  t e m p e r a t u r e  of the  so u rc e  was r a i s e d  to a value of 

21 - 23°C w ith  the  f i lm  s t i l l  m a in ta in e d  a t a te m p e ra tu re  of 24°C .

It was found th a t  f u r t h e r  a d s o r p t io n  now took p lace  and continued for 

a c o n s id e ra b le  t im e  (12000 m in) w ithout re ach in g  a sa tu ra t io n  v a lue .

The r a te  of a d s o r p t io n  did , h o w e v e r ,  d e c r e a s e  with t im e .

A dsorp tion  of M e r c u r y  on R e d u c e d  S upported  N ickel C ata ly s ts

(6 .4 . )  E x p e r i m e n t a l  P r o c e d u r e

As w il l  be d e s c r i b e d  in  s ec t io n  7 .5 .  i t  was found n e c e s s a ry  to 

d e te rm in e  to w ha t e x te n t  h y d ro g e n  p r e s e n t  on a red u ced  supported  

nickel c a ta ly s t  w as  d i s p la c e d  by m e r c u r y .  R ad ioac tive  m e r c u r y  was 

used fo r  th is  s tu d y  an d  the  a r r i v a l  of the  m e r c u r y  on the ca ta ly s t  was 

followed u s in g  a s u i ta b ly  m o d if ied  G .M . tu b e .  This study, consequently , 

also enab led  in f o r m a t io n  to be o b ta ined  con ce rn in g  the ad so rp tio n  of 

m e rc u ry  on s u p p o r te d  n ic k e l  c a t a ly s t s .  A d ia g ra m  of the a p p a ra tu s  

is shown in  F i g .  1 1 .5 .  an d  a d e ta i l  of the  co u n te r  a s s e m b ly  given in 

F ig. 1 1 .6 .  D e ta i l s  of the  c a ta ly s t  p r e p a ra t io n  and ex p e r im en ta l  

p ro ced u re  a r e  g iv e n  in  s e c t io n  1 1 .1 0 .

(6 .5 .)  R e s u l t s  U sing  C o n s ta n t  M e r c u ry  Source  T e m p e ra tu re

In E x p e r im e n t  101, the  m e r c u r y  so u rc e  was su r ro u n d e d  by 

a cooling c o i l  t h r o u g h  w h ich  co ld  w a te r  was p a s s e d .  The te m p e ra tu re
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of th is  w a te r  w as m a in ta in e d  in the  r a n g e  13 - 15°C . In i t ia l ly  the  

c a ta ly s t  w as t h e r m o s t a t t e d  a t  25°C in  a w a te r  b a th  and , a s  w as found 

in  the  c a s e  of the  e v a p o r a te d  f i lm s ,  the  a m o u n t of m e r c u r y  a d s o r b e d  

on the  c a ta ly s t  r e a c h e d  a c o n s ta n t  v a lu e .  The r e s u l t s  o b ta in e d  a r e  

shown in  F i g .  6 . 2 .

D u rin g  the  a d s o r p t io n  of the  m e r c u r y  the  p r e s s u r e  of the  d e s o r b e d  

h y d ro g e n  w as m e a s u r e d  u s in g  a M cL eo d  g a u g e .  The M cL eo d  gauge 

c a p i l l a r y  r e a d in g s  a r e  a l s o  in d ic a te d  in  F ig .  6 . 2 .  I t w as no t p o s s ib le  

d u r in g  th is  e x p e r im e n t  to o b ta in  v a lu e s  of the  h y d ro g e n  p r e s s u r e  d u r in g  

the  in i t ia l  s ta g e s  of m e r c u r y  a d s o r p t io n  owing to p r a c t i c a l  d i f f ic u l t ie s .

It w as found, h o w e v e r ,  th a t  the  h y d ro g e n  p r e s s u r e  a t ta in e d  w ith in  the  

f i r s t  f ive  h o u r s  d id  no t v a r y  fo r  the  r e m a in d e r  of the  e x p e r im e n t ,  

in d ic a t in g  th a t  the  h y d ro g e n  d e s o r p t io n  w as c o m p le te d  w ith in  the  five  

h o u r  p e r io d .

S ince  i t  w as  no t c o n v en ien t  to i n c r e a s e  the  t e m p e r a t u r e  of the  

s o u r c e  in  o r d e r  to d e te r m in e  w h e th e r  any  f u r th e r  m e r c u r y  cou ld  be 

a d s o r b e d  on the  c a ta ly s t , th e  t e m p e r a t u r e  of the  w a te r  b a th  w as r e d u c e d  

to 23°C  by the  u s e  of a coo ling  c o i l .  I t  w as found th a t  an  i n c r e a s e  in 

a d s o r p t io n  above  the  o r ig in a l  c o n s ta n t  v a lue  im m e d ia te ly  o c c u r r e d  

and  a  new c o n s ta n t  v a lu e  f o r  the  a m o u n t  of m e r c u r y  a d s o r b e d  w as 

a t ta in e d .  R e d u c t io n  of the  b a th  t e m p e r a t u r e  to  22°C p ro d u c e d  a f u r th e r  

a d s o r p t io n  w hich  a g a in  a t t a in e d  a c o n s ta n t  v a lu e .  W hen the  b a th
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t e m p e r a t u r e  w as r e d u c e d  to 20°C an  i n c r e a s e  in a d s o r p t io n  ag a in  

o c c u r r e d  bu t in  th is  c a s e  i t  d id  no t b e c o m e  c o n s ta n t  and  co n tin u ed  to 

i n c r e a s e  l i n e a r ly  w ith  t i m e .  No re d u c t io n  in  th is  a d s o r p t io n  r a t e  

w as in d ic a te d  a f t e r  le av in g  the  c a ta ly s t  in c o n tac t  w ith  the  s o u rc e  fo r  

p e r io d s  of t im e  c o m p a r a b le  w ith  th o s e  in  w hich  the  a d s o r p t io n  h ad  

c e a s e d  on p re v io u s  o c c a s io n s .  F u r t h e r  re d u c t io n  of the  c a ta ly s t  

t e m p e r a t u r e  h ad  no e ffe c t  on th is  l in e a r  a d s o r p t io n .

A lthough  the  s o u rc e  of r a d io a c t iv e  m e r c u r y  w as kep t a t  a  c o n s ta n t  

t e m p e r a t u r e  of abou t 13 - 15°C th ro u g h o u t  the  e x p e r im e n t  the  v a r ia t io n  

in  the  ro o m  t e m p e r a t u r e  w as  c o n s id e r a b le .  If a  s e c o n d a ry  s o u rc e  of 

m e r c u r y  h ad  b e en  p r e s e n t ,  the  t e m p e r a t u r e  w hich  w as c o n t ro l le d  by 

the  ro o m  t e m p e r a t u r e ,  v a r ia t io n s  of the  type  o b s e r v e d  in  the  am o u n t  

of m e r c u r y  a d s o r b e d  on the  c a ta ly s t  m ig h t  have  b e en  o b ta in ed  by 

d i s t i l l a t io n .  T h a t  th is  d id  no t o c c u r  w as shown by the  fa c t  th a t  

th ro u g h o u t  the  m a jo r  p a r t  of the  e x p e r im e n t  the  ro o m  t e m p e r a t u r e  d id  

no t r i s e  to a va lu e  g r e a t e r  th an  4 C° below  th a t  of the  c a ta ly s t .

D uring  the  l a t t e r  h a l f  of the  p e r io d  a t  w hich  the  c a ta ly s t  w as a t  20°C 

and  a ls o  d u r in g  p a r t  of the  t im e  when the  c a ta ly s t  w as  a t  18°C , the  

t e m p e r a t u r e  of the  a i r  w a s ,  h o w e v e r ,  c o m p a ra b le  w ith  th a t  of the  

c a ta ly s t .  D u rin g  the  r e m a i n d e r  of the  t im e  w hen the  c a ta ly s t  w as a t  

th e s e  t e m p e r a t u r e s  th e  a i r  t e m p e r a t u r e  w as lo w e r  th a n  th a t  of the  

c a ta ly s t .  If d i s t i l l a t io n  w as r e s p o n s ib le  fo r  the  l in e a r  a d s o r p t io n
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r a t e  o b ta in e d  w hen the  c a ta ly s t  w as a t  20°C and 18 C, th en  a b r e a k  

in the  l i n e a r i t y  would  be e x p e c te d  when the  a i r  t e m p e r a t u r e  w as below 

th i s .  T h is  w as no t o b s e r v e d ,  n o r  w as t h e r e  any  in d ic a t io n  of a m e r c u r y  

s o u rc e  o th e r  th an  th a t  m a in ta in e d  a t  13 - 15°C .

The a d s o r p t io n  w as r e p e a te d  in E x p e r im e n t  102. In th is  c a s e  

the  m e r c u r y  s o u r c e  w as s u r ro u n d e d  by a D ew ar f la s k  co n ta in ing  ic e  

an d  w a s ,  t h e r e f o r e ,  m a in ta in e d  a t  0°C th ro u g h o u t  the  e x p e r im e n t .

W ith  the  c a ta ly s t  t h e r m o s t a t t e d  a t 25°C the  a d s o r p t io n  a g a in  te n d ed  

to a t t a in  a  c o n s ta n t  v a lu e .  Owing to a fa u l t  w hich  dev e lo p ed  in the  

c o u n te r  i t  w as no t p o s s ib le  to s tudy  the  a d s o r p t io n  a t  o th e r  c a ta ly s t  

t e m p e r a t u r e s .  D u rin g  th is  e x p e r im e n t  the  p r e s s u r e  of the  d e s o r b e d  

h y d ro g e n  w as fo llow ed  c lo s e ly  f r o m  the  c o m m e n c e m e n t  of m e r c u r y  

a d s o r p t io n .  The r e s u l t s  a r e  g iven  in  F i g .  6 . 3 .  a long  w ith  the  coun ts  

o b ta in e d  f r o m  the  m e r c u r y  on the  s u r f a c e .  As in  the  c a s e  of 

E x p e r im e n t  101, d e s o r p t io n  of h y d ro g e n  w as r a p id  and  w as c o m p le te  

in  ab o u t t h r e e  h o u r s .  No f u r th e r  h y d ro g e n  a d s o r p t io n  w as o b s e r v e d  

a l th o u g h  m e r c u r y  co n tin u ed  to be a d s o r b e d .

( 6 . 6 . )  R e s u l t s  U sing  C o n s ta n t  C a ta ly s t  T e m p e r a tu r e

In o r d e r  to d e te r m in e  w h e th e r  the  am o u n t  of m e r c u r y  a d s o r b e d  

on a s u p p o r te d  n ic k e l  c a ta ly s t  w as dep en d en t on the  t e m p e r a t u r e  of 

c a ta ly s t  o r  on so m e  o th e r  f a c to r ,  a f u r th e r  s tudy  w as c a r r i e d  out



C O U N T S  fM IN " 1)

co
CM

Q - -

cr

CD .

-  CM

\t - 
CM

CX.

CO

- O
cr>

Q_ _ nO -

-  O

- 0

00

lbHJ 
3 

W
l 1



151.

in  E x p e r i m e n t  103.

In th is  c a s e  the  m e r c u r y  s o u rc e  w as p la c e d  in  a co p p e r  

c a l o r i m e t e r ,  w h ich  w as e n c lo s e d  in  a t ig h t ly  wound co il  of c o p p e r  

tu b in g .  The t e m p e r a t u r e  of the  m e r c u r y  w as c o n t ro l le d  by pum ping  

w a te r  th ro u g h  the  c o i l  f r o m  a t h e r m o s t a t  ta n k .  The c a l o r i m e t e r  w as 

f i l le d  w ith  f ine  m e s h  c o p p e r  p ow der to a c t  a s  a h e a t  t r a n s f e r  m e d iu m .

The c a ta ly s t  v e s s e l  w as p la c e d  in  a sec o n d  th e r m o s ta t  ta n k ,  w hich  w as 

m a in ta in e d  a t  26°C  th ro u g h o u t  the  e x p e r im e n t .  W a te r  f r o m  th is  tan k  

w as p u m p ed  o v e r  the  tub ing  co n n ec tin g  the  m e r c u r y  s o u rc e  to the  

c a ta ly s t  v e s s e l  to r e d u c e  an y  e f fe c ts  due to ch an g es  in  ro o m  t e m p e r a t u r e .  

No M cL eo d  gauge  w as f i t te d  to th is  a p p a r a tu s  and  the  d is p la c e m e n t  of 

h y d ro g e n  w as no t fo l lo w ed .

W ith the  m e r c u r y  s o u rc e  a t  1 7 .5 °C  i t  w as found, a s  is  shown 

in  F i g .  6 . 4 . ,  th a t  m e r c u r y  w as a d s o r b e d  on the  c a ta ly s t  e x t r e m e ly  

s lo w ly .  A f te r  ab o u t 50 h r  the  a m o u n t of m e r c u r y  a d s o r b e d  h ad  r e a c h e d  

a c o n s ta n t  v a lu e ,  w h ich  did  no t a l t e r  fo r  the  r e m a in in g  50 h r  th a t  the  

s o u rc e  w as m a in ta in e d  a t  th is  t e m p e r a t u r e .  I n c r e a s e  of the  so u rc e  

t e m p e r a t u r e  to 1 9 .5 °C  fo r  40 h r  h ad  no a p p a r e n t  e f fec t  on the  am o u n t 

a d s o r b e d ,  n o r  d id  20 h r  a t  2 1 .5 ° C .  T h is  w as in  c o n t r a s t  to what w as 

found in  E x p e r im e n t  101. W hen the  t e m p e r a t u r e  of the  s o u rc e  was 

r a i s e d  to 2 3 ,5 ° C ,  h o w e v e r ,  w ith  the  c a ta ly s t  s t i l l  a t  26°C )an  in c r e a s e  

in  coun t w as o b s e r v e d  w hich  co n tin u ed  in  a  v i r t u a l ly  l in e a r  fa sh io n



152.

fo r  180 h r  w ithou t a t ta in in g  a c o n s ta n t  v a lu e .  T h is  l a t t e r  b e h av io u r  

w as c o m p a r a b le  to th a t  found in E x p e r im e n t  101. Owing to the  counting  

s t a t i s t i c s  i t  canno t be s ta t e d  d e f in i te ly  th a t  th is  l in e a r  a d s o r p t io n  

p r o c e s s  did not c o m m e n c e  w hen the  s o u rc e  t e m p e r a t u r e  w as a t  2 1 .5 ° C .  

The o v e r a l l  a m o u n t of m e r c u r y  a d s o r b e d  on the  c a ta ly s t  w as  e x t r e m e ly  

s m a l l ,  v iz .  0 .1 1  m g .

A t the  end of th e  e x p e r im e n t  a  s e c o n d a ry  s o u rc e  of m e r c u r y  

w as found to  h av e  d e v e lo p ed  in a p o r t io n  of the  a p p a r a tu s  w hich  had  

b e en  a t  ro o m  t e m p e r a t u r e .  T h is  cou ld  only have  been  f o r m e d  by 

d i s t i l l a t io n  w hen the  s o u rc e  w as a t  2 3 .5 ° C ,  s in ce  th is  w as the  only 

t e m p e r a t u r e  a t ta in e d  w hich  w as g r e a t e r  th an  ro o m  t e m p e r a t u r e .

The fa c t  th a t  th is  s o u rc e  w as p ro d u c e d  s im u l ta n e o u s ly  w ith  a d s o r p t io n  

of m e r c u r y  onto the  c a ta ly s t ,  in d ic a te d  th a t  the  slow a d s o r p t io n  of 

m e r c u r y  on the  c a ta ly s t  w as not due to a l im i te d  supp ly  of m e r c u r y  

v a p o u r  f r o m  the  s o u r c e .

( 6 . 7 . )  S u m m a r y  of R e s u l t s  of A d so rp t io n  E x p e r im e n ts

A s u m m a r y  of the  r e s u l t s  o b ta in ed  f r o m  the  m e r c u r y  a d s o r p t io n  

e x p e r im e n t s  is  g iven  in  T ab le  6 . 2 .  The e x p e r im e n ta l  v a lu e s  and  

c a lc u la t io n s  fo r  th o s e  e x p e r im e n t s  invo lv ing  h y d ro g e n  d is p la c e m e n t  

a r e  g iv en  in  A ppend ix  3 .
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D is c u s s io n  of the  R e s u l ts  O b ta ined  f r o m  the A d so rp tio n  of M e rc u ry - 
on N ic k e l  C a ta ly s t s

The r e s u l t s  o b ta in e d  f r o m  the s tudy of the a d so rp t io n  of 

ra d io a c t iv e  m e r c u r y  on e v a p o r a te d  and  su p p o rted  n ick e l  c a ta ly s ts  

m ay  be s u m m a r i s e d  a s  fo llow s

(1) The a d s o r p t io n  of m e r c u r y  f r o m  a cooled  so u rc e  onto 

su p p o r te d  an d  e v a p o r a te d  n ic k e l  i n c r e a s e s  w ith t im e ,  u n ti l  a point 

is  r e a c h e d  w h e re  i t  a t t a in s  a c o n s ta n t  v a lu e .

(2) T h is  c o n s ta n t  v a lue  is  dependen t on the  t e m p e r a t u r e s  

of the  m e r c u r y  s o u r c e  an d  of the  m e ta l  s u r f a c e .

(3) If the  t e m p e r a t u r e  d i f fe re n t ia l  be tw een  the so u rc e  and 

the c a ta ly s t  i s  s m a l l e r  th a n  a  c e r t a in  v a lu e ,  then  a c o n s tan t  am oun t 

of a d s o r b e d  m e r c u r y  is  no t a t ta in e d .

(4) H y d ro g e n  i s  c o m p le te ly  d e s o r b e d  f r o m  a re d u c e d  

su p p o r te d  c a t a ly s t  by an  am o u n t of m e r c u r y  w hich is  l e s s  than  th a t  

p re s e n t  w hen  m e r c u r y  a d s o r p t io n  f i r s t  c e a s e s .

( 6 .8 . )  C o m p a r i s o n  w ith  P r e v io u s  W ork

M e r c u r y  is  a  w e ll  known c a ta ly s t  po iso n  and a n u m b e r  of 

re a c t io n s  h av e  b e e n  s tu d ie d  to d e te rm in e  the  m odus o p e ra n d i  of th is  

poisoning e ffe c t  (12, 54). The r e s u l t s  of th e se  s tu d ie s  in d ica te  th a t
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the m e r c u r y  is  a d s o r b e d  on the  c a ta ly s t  s u r f a c e .  In add ition , i t

has b e en  show n (51, 60) th a t  m e r c u r y  can  d isp lace  a d s o rb e d  hyd ro g en

fro m  e v a p o r a te d  m e t a l  f i l m s .  T hom son  and h is  c o -w o rk e r s  (19, 59)

have s tu d ie d  th i s  d i s p la c e m e n t  in  d e ta i l  u s ing  a r a d io t r a c e r  techn ique

and have  show n th a t  th e  m e r c u r y  is  a d s o rb e d  on the c a ta ly s t  l in e a r ly

with r e s p e c t  to t i m e .  M o re o v e r  they  found th a t  the  m e r c u r y  a d so rp t io n

b rough t a b o u t a n  a to m  fo r  a to m  d isp la c e m e n t  of the hyd rogen  and th a t

the a d s o r p t io n  c o n t in u e d  l in e a r ly  w ith  t im e ,e v e n  a f te r  a l l  of the  h y d ro g en

had b een  d i s p la c e d .

In c o n t r a s t  to th is  the  p r e s e n t  w o rk  h a s  shown th a t a d so rp t io n

of m e r c u r y  on c le a n  n ic k e l  f i lm s  is  no t l in e a r  w ith r e s p e c t  to t im e

and r e a c h e s  a  c o n s ta n t  v a lu e .  The am oun t of m e r c u r y  which had  been

a d s o rb e d  w hen th i s  c o n s ta n t  v a lue  w as a t ta in e d  was v i r tu a l ly  the  sam e

17in the  two e x p e r im e n t s  c a r r i e d  out, v iz .  4 .4 3  and  4 .5 2  x 10 a to m s

of m e r c u r y  p e r  m g  of n ic k e l .  C a lcu la t io n  showed th a t  the am ount of

m e r c u r y  p r e s e n t  on  th e  e v a p o r a te d  f i lm s  u s e d  by C am pbell  and

T hom son , a f t e r  a l l  of th e  h y d ro g e n  had  been  d isp la ce d ,  was about 

172 .9  x 10 a to m s  of m e r c u r y  p e r  m g n ic k e l .  A llowing fo r  the  fac t  

that in the  o r ig i n a l  w o rk  the  f i lm s  had  b een  e v ap o ra te d  in a rg o n  and  

would, t h e r e f o r e ,  be  e x p e c te d  to have  a l a r g e r  su r fa c e  a r e a ,  it  a p p e a r s  

that in th is  e a r l i e r  s tu d y  a d s o r p t io n  had  not been  follow ed to su ch  an 

extent a s  in  th e  p r e s e n t  w o rk .  T h is  was c o n f irm e d  on c lo s e r
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ex am in a tio n  of th e  e x p e r im e n ta l  r e s u l t s  obta ined  by C am pbell  (20).

This show ed th a t  a t  l a t e r  s t a g e s ,  a f te r  hyd rogen  d isp la ce m e n t  was 

co m p le te ,  the  r a t e  of m e r c u r y  a d so rp t io n  was not l in e a r ,  and the 

am ount a d s o r b e d  te n d e d  to a  c o n s ta n t  v a lue , which was co m p arab le  

with th a t  o b s e r v e d  in  the  p r e s e n t  w o rk .  A c cu ra te  a s s e s s m e n t  of the 

am ount of m e r c u r y  p r e s e n t  a t  th is  s tag e  was not p o ss ib le  owing to 

in su ff ic ien t  in f o r m a t io n  be in g  a v a i la b le .

It is  c o n c lu d e d  in  the  l ig h t  of th is  ev idence  th a t  the a t ta in m en t  

of a c o n s ta n t  a m o u n t  of a d s o r b e d  m e r c u r y  on n icke l c a ta ly s ts  is 

a g e n e ra l  f e a tu r e  of th is  s y s te m  and  p o s s ib le  m e c h a n ism s  w ill now be 

c o n s id e re d .

( 6 .9 . )  F a c t o r s  P r o d u c i n g  C o n s tan t  Am ounts  of A d so rb ed  M e r c u r y

If a  s o u r c e  of l iq u id  m e r c u r y  is  p la ce d  in  the a p p a ra tu s  containing 

the c a ta ly s t ,  the  a p p a r a tu s  w il l  be f i l le d  w ith  m e r c u r y  vapour to 

a p r e s s u r e  e q u a l  to  th a t  of the  v ap o u r  p r e s s u r e  of m e r c u r y  a t  the 

te m p e ra tu re  of th e  s o u r c e .  T r a n s p o r t  of bulk m e r c u r y  f ro m  the sou rce  

to the c a ta ly s t  c a n  on ly  o c c u r  if  one of two p r o c e s s e s  is o p e ra t in g ,

(a) c o n d en sa tio n  (b) a d s o r p t io n  of the  m e r c u r y  v apour onto the c a ta ly s t .  

If the t e m p e r a t u r e  of th e  s o u r c e  is  a lw ays  lo w er  than  th a t  of the 

cata lys t  c o n d e n s a t io n  w il l  not o c c u r  and  p r o c e s s  (b) only w ill o p e ra te .

In the p r e s e n t  w o rk  a n d  a l s o  in  th a t  of C a m p b e l l ,c a re  was taken  to
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p re v e n t  d i s t i l l a t i o n .  If the  c a ta ly s t  is  ab le  to a d so rb  m e r c u r y  vapour  

the c o n c e n t r a t io n  of the  v a p o u r  w ill  be re d u c e d  above the c a ta ly s t  

and m o r e  m e r c u r y  a t  the  s o u rc e  w ill  ev ap o ra te  to r e s t o r e  e q u i l ib r iu m . 

Once a d s o r p t io n  h a s  c o m m e n c e d ,  t e rm in a t io n  of a d so rp t io n  can  only 

o ccu r  if one of th e  fo llow ing  cond itions  o c c u rs  :

(a) the  s o u r c e  is  u n a b le  to p ro d u c e  v ap o u r ,  e i th e r  b eca u se  a l l  the 

m e r c u r y  h a s  b e e n  t r a n s f e r r e d  to the  c a ta ly s t ,  o r  e lse  the  s u r fa c e  of 

the s o u rc e  h a s  b e c o m e  c o n ta m in a te d ,

(b) the  s u r f a c e  is  u n ab le  to a d s o r b  any m o re  m e r c u r y  b ecau se

(1) a m o n o la y e r  h a s  b e e n  f o r m e d ,  (2) i t  has  beco m e  c o v e red  by som e 

o ther  a d s o r b e n t ,

(c) the  a d s o r p t io n  of the  m e r c u r y  is  r e v e r s i b le  and the r a te  of 

d e so rp t io n  of m e r c u r y  f r o m  the  s u r fa c e  b e co m e s  equal to the  r a te  

of a d so rp t io n ,  i . e .  a d s o r p t io n  e q u i l ib r iu m  is  e s ta b l is h e d .

If, a s  in  th e  p r e s e n t  w o rk , on e v a p o ra te d  f i lm s ,  a d so rp t io n  

c e a se s  bu t r e c o m m e n c e s  a f t e r  the  t e m p e r a t u r e  of the  so u rc e  is  

r a i s e d  by on ly  a s m a l l  am o u n t ,  cond itions  (a), (b) cannot be re s p o n s ib le  

for the  c e s s a t i o n  of a d s o r p t io n  and  i t  m u s t  be due to condition  (c).

In th is  c a s e  i n c r e a s e  of the  s o u rc e  t e m p e r a t u r e ,  which is  s t i l l  below 

that of the  c a t a ly s t ,  p ro d u c e s  an  i n c r e a s e  in  m e r c u r y  v apour p r e s s u r e  

and the e q u i l ib r iu m  above  the  c a ta ly s t  is  u p s e t .  The p o s s ib le  p r o c e s s e s



158.

which g o v e rn  th is  e q u i l ib r iu m  w ill  now be d is c u s s e d .

( 6 .1 0 . )  P r o c e s s e s  G o v ern in g  A d so rp t io n  E q u i l ib r iu m

(a) P r e d o m in a n c e  of p h y s ic a l  a d so rp t io n

B oth  in  the  p r e s e n t  w o rk  and  in  th a t  of C am pbell  and T hom son , 

m e r c u r y  w as found  to  be c ap ab le  of d isp lac ing  hydrogen  f ro m  a n ick e l  

c a ta ly s t .  In  th e  p r e v io u s  w o rk  u s in g  f i lm s  the am ount of hyd rogen  

d isp la ce d  w as  m e a s u r e d  a c c u r a te ly  u s in g  a r a d io t r a c e r  techn ique  and 

an a to m  fo r  a to m  d is p la c e m e n t  w as ob ta in ed . In the  p r e s e n t  w ork , 

using  a l e s s  r ig o r o u s  te ch n iq u e  on su p p o r te d  c a ta ly s t s ,  a p p ro x im a te ly  

2 m e r c u r y  a to m s  w e r e  found to d isp la ce  1 h y d ro g en . T hese  r e s u l t s  

ind ica te  th a t  the  m e r c u r y  o c cu p ie s  s i te s  o r ig in a l ly  occup ied  by h y d ro g en .

If th is  is  th e  c a s e ,  a s  p o s tu la te d  by C am p b e ll  and T hom son , c h e m iso rp t io n  

of m e r c u r y  c an  be  e n v is a g e d  up to a s tage  w h ere  a l l  the  hyd ro g en  has  

been d i s p la c e d .  A ny f u r t h e r  m e r c u r y  w hich is  a d s o rb e d  w ill  th en  be 

p re s e n t  in  p h y s ic a l ly  a d s o r b e d  l a y e r s ,  i . e .  a s su m in g  the  m o n o lay e r  

for m e r c u r y  a d s o r p t io n  to be  c o m p a ra b le  w ith th a t  fo r  h y d ro g en .

On th is  b a s i s  th e  c o n s ta n t  v a lu es  a t ta in e d  a f te r  p ro lo n g ed  

exposu re  to m e r c u r y  v a p o u r  u n d e r  s ta n d a rd  t e m p e r a tu r e  conditions 

w ere due to  e q u i l ib r iu m  s e t  up be tw een  vap o u r p hase  m e r c u r y  and 

p h y s ica lly  a d s o r b e d  m e r c u r y ,  s in ce  the  c o n s tan t  va lues  o c c u r r e d  

a fte r  a l l  of the  h y d ro g e n  h a d  b e en  d isp la c e d .  The ex ten t to which
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ph y s ica l  a d s o r p t io n  of a p a r t i c u l a r  sp e c ie s  o c cu rs  on a s u b s t r a te

Pdepends on th e  v a lu e  of the  r a t io  / P  , w h ere  P  is  the eq u i l ib r iu m  

p r e s s u r e  of th e  s p e c ie s  above the s u b s t r a te  a t  a p a r t i c u la r  t e m p e r a tu r e ,  

and P ^  is  the  s a t u r a t e d  v a p o u r  p r e s s u r e  of the sp ec ie s  a t the  sam e 

t e m p e r a t u r e .

It is  g e n e r a l ly  a c c e p te d  th a t  s ig n if ican t p h y s ica l  ad so rp t io n  can

p
occur when the  v a lu e  of f P  is  g r e a t e r  than  0 .01  (61). As in d ica ted

o  '  '

in T ab le  6 . 2 .  the  v a lu e s  a t t a in e d  during  the p re s e n t  w ork  w ere  v e ry

much h ig h e r  th a n  t h i s ,  v i z .  0 .1  - 0 .9 ,  and thus p h y s ica l  a d so rp t io n

would be e x p e c te d  to o p e r a t e .  C hanges  in t e m p e r a tu r e  of the so u rce

p
or the c a ta ly s t  a l t e r  the  v a lu e  of / P  and  thus re d u c tio n  of theo

ca ta ly s t  t e m p e r a t u r e ,  o r  i n c r e a s e  in the  so u rc e  t e m p e r a tu r e ,  would

be ex p ec ted  to i n c r e a s e  the  am oun t of m e r c u r y  on the c a ta ly s t .  This

was in fa c t  o b s e r v e d .  On F i l m  32, a f t e r  eq u i l ib r iu m  had  been  a t ta in ed  

p
at a / P  v a lu e  of 0 .4 4 ,  c o n s id e ra b ly  m o re  m e r c u r y  was a d so rb e d  

when th is  v a lu e  w as  i n c r e a s e d  to 0 .8 8 .  S im ila r ly  with E x p e r im e n t  101

p
in which c h a n g e s  in  / P  w e re  p ro d u c e d  by low ering  the t e m p e ra tu re

of the c a ta ly s t s ,  an d  e q u i l ib r iu m  w as a t ta in e d  a f te r  each  change .

p
In E x p e r im e n t  103 th e  / P  va lue  w as v a r ie d  by in c re a s in g  theo

te m p e ra tu re  of th e  s o u r c e .  In  th is  c a s e ,  no add itiona l a d so rp t io n  was 

observed  in i t i a l ly ,  a l th o u g h  th is  m ay  have been  h idden  by the  counting

s t a t i s t i c s .
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In b o th  of th e  e x p e r im e n t s  (101, 103) in  which m e r c u r y  was

p
a d so rb e d  on s u p p o r te d  c a t a ly s t s ,  in c r e a s e  in / P  above a p a r t i c u la r

va lue , in  th e  r e g io n  of 0 .6 ,  r e s u l t e d  in a d so rp t io n  of m e r c u r y  which

did not a t t a in  a  c o n s ta n t  v a lu e ,  a lthough  the t im e  fo r  which the

ad so rp t io n  w as  fo l lo w ed  w as  m u c h  g r e a t e r  than  th a t  in which a d so rp t io n

had c e a s e d  on p r e v io u s  o c c a s io n s .  On the b a s is  th a t  p rev io u s

in c re m e n ts  of a d s o r p t io n  h a d  o c c u r r e d  as  a r e s u l t  of in c r e a s e  in the 

p
value of / P q , i t  m a y  be p o s tu la te d  th a t  th is  enhanced  ad so rp t io n

p
also  was due to the  i n c r e a s e  in  va lue  of / P  . This  m ay  have beeno

p
the c a s e  if i t  is  c o n s id e r e d  th a t  / P  had  re a c h e d  a value whicho

p e rm i t te d  c o n d e n s a t io n  in to  p o r e s .  Such a p r o c e s s  would be expec ted  

to r e s u l t  in  an  e n h a n c e d  a d so rp t io n ,  if  a negative  su r fa c e  ten s io n  

effect w as o p e r a t i n g .  A c a lc u la t io n  h a s  shown th a t  u n d e r  the  conditions 

u sed , c o n d e n s a t io n  w ould  only  o c c u r  in  p o re s  of d ia m e te r  40 A° o r  l e s s .

(b) P r e d o m in a n c e  of c h e m is o rp t io n

The ab o v e  m e c h a n i s m  s a t i s f a c to r i ly  exp la ined  the o b s e rv e d

p
ad so rp t io n  p h e n o m e n a  on the  a s s u m p t io n  th a t  only the v a lu es  of / P o

co n tro l led  the  a m o u n t  of a d so rp t io n ,  and  not the  a c tu a l  v a lues  of P

and P  . T hus  i t  w as  p o s tu la te d  th a t  t h e r e  was no d iffe ren ce  betw een  
o

the e ffec t of r a i s i n g  the  t e m p e r a t u r e  of the  s o u rc e  o r  low ering  the 

t e m p e r a tu r e  of th e  c a t a ly s t ,  and  the  ab se n c e  of a d so rp t io n  in c re m e n ts  

in the f o r m e r  c a s e  w as  due to counting s t a t i s t i c s .
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It is  p o s s ib l e ,  h o w e v e r ,  th a t  the a b sen ce  of a d so rp t io n  in c re m e n ts  

in th is  c a s e  w as  a t r u e  e f fe c t ,  and  if th is  was so, a second  m e ch a n ism  

may be p o s tu la t e d .

B e c a u se  of th e  s y s te m a t i c  d isp la c e m e n t  of hydrogen  by m e rc u ry ,  

it m u s t  be c o n s id e r e d  th a t  m e r c u r y  in te r a c te d  rap id ly  with s i te s  

o r ig ina lly  o c c u p ie d  by  h y d ro g e n  and  b e ca m e  c h em iso rb e d .  In the 

fo rm e r  m e c h a n i s m  th is  r e p la c e m e n t  was c o n s id e re d  to continue until  

a ll the h y d ro g e n  h a d  b e e n  d is p la c e d ,  w hereupon  p h y s ica l  ad so rp tio n  

o c c u r re d ,  the  a s s u m p t io n  be ing  m ade  th a t  m e r c u r y  could only be 

c h e m iso rb e d  on s i t e s  c a p a b le  of h y d ro g en  a d so rp t io n .  If, how ever, 

th e re  w e re  s i t e s  a v a i la b le  fo r  r e v e r s i b l e  m e r c u r y  ch em iso rp t io n  on 

which h y d ro g e n  w as  no t a d s o r b e d ,  i t  m ay  be p o s tu la ted  tha t  the f i r s t  

eq u il ib r iu m  c o n d i t io n s  o b ta in e d  in  a l l  c a s e s  o c c u r re d  when m e rc u ry  

was s t i l l  be in g  c h e m i s o r b e d  on the  c a ta ly s t ,  and the m e rc u ry  m ono layer  

had not y e t  b e e n  r e a c h e d .  U nder th e se  conditions the r a te  of 

c h em iso rp t io n  w ou ld  e q u a l  the  r a t e  of d e so rp t io n .  D e c re a se  in 

te m p e ra tu re  of th e  c a t a ly s t  w ould  fav o u r  a d so rp t io n ,  but eq u ilib r iu m  

would ag a in  be r e a c h e d  a t  so m e  h ig h e r  c o v e r a g e .  Thus ad so rp tio n  

in c re m en ts  w ould  be o b s e r v e d  w ith  s u c c e s s iv e  te m p e r a tu r e  reduc tions  

until a s tag e  w as  r e a c h e d  a t  w hich  a l l  the  s i te s  capable  of chem iso rb in g  

m e rc u ry  w e re  o c c u p ie d ;  t h e r e a f t e r  p h y s ic a l  ad so rp t io n  would o c c u r .  

This p h y s ic a l  a d s o r p t io n ,  i t  is  p o s tu la te d ,  is  the  cause  of the  s teady
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in c re a s e  in  a d s o r p t io n  o b s e r v e d  a f te r  the te m p e ra tu re  of the c a ta ly s t  

had been  r e d u c e d  be low  22°C in  E x p e r im e n t  101.

In E x p e r im e n t  103, once  the  f i r s t  eq u il ib r iu m  had been  re a c h e d  

the t e m p e r a t u r e  of th e  c a ta ly s t  was kept co n s tan t and only the 

t e m p e ra tu re  of th e  s o u r c e  v a r i e d .  This would have r e s u l te d  in 

a s m a l le r  i n c r e a s e  in  the  am o u n t  of m e r c u r y  ad so rb ed ,  b ecau se  the 

change in  the  v a p o u r  p r e s s u r e  was now the only fa c to r  which could 

affect the  a d s o r p t io n  e q u i l ib r iu m .  This  fa c to r  would a lso  have been 

opera ting  in  E x p e r im e n t  101 bu t would have been  m ask ed  by the in c re a s e d  

ad so rp tio n  due to  r e d u c t io n  in  the  c a ta ly s t  t e m p e r a tu r e .  The s teady  

in c re a se  in a d s o r p t io n  a l s o  o b s e r v e d  a t  a l a t e r  s tage  in E x p e r im en t  103, 

would ag a in  h a v e  b e e n  due to p h y s ic a l  a d so rp t io n  o c c u r r in g  on top of 

the c h e m is o r b e d  m e r c u r y .

Thus the  two m e c h a n i s m s  p ro p o s e d  both  account fo r  the in i t ia l  

a d so rp tion  a s  b e in g  due to c h e m is o rp t io n ,  and the f ina l ad so rp tio n  as 

due to p h y s ic a l  a d s o r p t io n  o r  co n d en sa tio n  into p o r e s .  What is  not 

evident is  th e  s ta g e  a t  w hich  c h e m iso rp t io n  c e a s e s  and p h y s ica l  

adso rp tion  c o m m e n c e s .  To d e te rm in e  th is  i t  is  n e c e s s a r y  to co n s id e r  

the re la t iv e  s i z e s  of th e  m e r c u r y  and the hydrogen  m o n o la y e rs .
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( 6 .1 1 . )  F a c t o r s  A ffec ting  S ize s  of M e r c u ry  and Hydro g en  
M o n o la y e r s

If the  m o n o la y e r  fo r  m e r c u r y  a d so rp t io n  is  g r e a t e r  than  th a t  

fo r h y d ro g e n ,  m e r c u r y  m u s t  be capab le  of a d so rp t io n  on s i te s  in cap ab le  

of h y d ro g e n  a d s o r p t io n  and  th is  im p l ie s  th a t  hyd rogen  is  not a d s o rb e d  

on a l l  the  a v a i l a b le  n ic k e l  s i t e s .  This  phenom enon  has  been  r e p o r te d  

p re v io u s ly  by K l e m p e r e r  an d  Stone (62), who found th a t  hydrogen  was 

only a d s o r b e d  on 40% of the  a v a i la b le  n ic k e l  s u r fa c e ,  as  m e a s u r e d  by 

p h y s ica l  a d s o r p t io n  of k ry p to n .  This  f ig u re  m ay  w ell be in a c c u ra te  

s ince  i t  h a s  r e c e n t ly  b e e n  shown (63) th a t  the  su r fa c e  a r e a  occup ied  by 

the i n e r t  gas  a to m s  u s e d  fo r  p h y s ic a l  a d so rp t io n  can  v a ry  c o n s id e ra b ly  

with the  type  of s u b s t r a t e  u s e d .

On the  o th e r  h a n d  th e r e  is  ev idence  th a t ,  on p la t in u m  a t  le a s t ,  

hyd rogen  c h e m is o r p t io n  is  only  l im i te d  by the  av a i lab i l i ty  of m e ta l  

a tom s e x p o se d  on the  s u r f a c e .  On a su p p o rted  c a ta ly s t  in which the 

p la t in u m  w as  s u f f ic ie n t ly  d i s p e r s e d ,  i t  was shown th a t  h yd rogen  could 

be a d s o r b e d  s u c h  th a t  the  n u m b e r  of a to m s  was c o m p arab le  with the 

num ber of m e t a l  a to m s  (64).

U n fo r tu n a te ly ,  no d a ta  is  a v a i la b le  on the  h e a t  of a d so rp t io n  of 

m e r c u r y  on n ic k e l  o r  how th is  v a r i e s  w ith c o v e ra g e .  It is  known, 

how ever, th a t  th e  h e a t  of a d s o r p t io n  of h y d ro g en  and oxygen on n ick e l  

a re  30 and  107 K c a l  m o l e " 1 (65) r e s p e c t iv e ly  and  s ince  m e r c u r y  is  able
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to d is p la c e  h y d ro g e n  b u t no t oxygen f r o m  n ick e l ,  the value of the 

h ea t of a d s o r p t io n  of m e r c u r y  m u s t  be so m ew h ere  in te rm e d ia te .

If m e r c u r y  is  a d s o r b e d  on s i t e s  w hich a r e  not occup ied  by h y d rogen , 

it  is  d if f icu l t  to e x p la in  why h y d ro g en  is  d isp la ce d  im m e d ia te ly  m e r c u r y  

is a d m it te d  to the  s u r f a c e .  F o r  th is  to o ccu r  i t  m u s t  be e n e rg e t ic a l ly  

m o re  f a v o u ra b le  fo r  m e r c u r y  to d isp la ce  the hydrogen  than  to a d s o rb  

on the  s i t e s  u n o c c u p ie d  by h y d ro g e n .  U ntil in fo rm a t io n  is  av a ilab le  

on how the  h e a t  of a d s o r p t io n  of m e r c u r y  v a r ie s  re la t iv e  to th a t  of 

h y d rogen , w ith  i n c r e a s i n g  c o v e ra g e ,  th is  m e c h a n is m  m u s t  r e m a in  

s p e c u la t iv e .

An a t t e m p t  w as  m a d e  d u r in g  the  p r e s e n t  w ork  to d e te rm in e  

w he ther  the  f i r s t  a d s o r p t io n  e q u i l ib r iu m  r e a c h e d  was due to m e r c u r y  

a d so rb e d  p h y s ic a l ly  o r  c h e m ic a l ly  on the c a ta ly s t .  It was fe lt  th a t  

an in d ic a t io n  of the  ty p e  of a d so rp t io n  p r e s e n t  would be ob ta ined  by 

studying the  v a p o u r  p r e s s u r e  of m e r c u r y  above the c a ta ly s t  with 

in c re a s in g  c o v e r a g e .  S ince  c h e m is o rp t io n  r e q u i r e s  s t ro n g  a t ta c h m e n t  

to the s u r f a c e ,  i t  w ould  be e x p ec te d  th a t  the  vapour p r e s s u r e  above 

m e r c u r y  c h e m i s o r b e d  on the  c a ta ly s t  would be le s s  than  th a t  above 

p h y s ica l ly  a d s o r b e d  m e r c u r y .  It was a lso  hoped us ing  th is  techn ique  

to d e te r m in e  how the  h e a t  of a d s o rp t io n  of m e r c u r y  v a r ie d  w ith  c o v e ra g e .  

The tech n iq u e  e m p lo y e d  fo r  th is  s tudy  e n ta i le d  the u se  of U .V .  

s p e c t ro p h o to m e tr y  an d  is  d e s c r ib e d  in C h a p te rs  7 and 8 . U nfo rtuna te ly ,
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the r e s u l t s  o b ta in e d ,  owing to p r a c t i c a l  d if f icu l t ie s ,  w e re  unab le  to

supply the  r e q u i r e d  in fo r m a t io n .  The techn ique  em ployed , h o w ev er ,

was shown to be  a p o w e rfu l  to o l  fo r  the study of th is  s y s te m .

No m a t t e r  w hat m e c h a n i s m  is  c o n s id e re d ,  the  in c r e a s e d

a d so rp t io n  o b ta in e d  in  the  l a t e r  s tag e s  of a p a r t i c u la r  e x p e r im e n t  is

a t t r ib u te d  to  s o m e  f o r m  of p h y s ic a l  a d s o rp t io n .  If th is  is  the c a s e ,

it m igh t be e x p e c te d  th a t  u n d e r  c o m p a ra b le  conditions two sam p le s

f ro m  the  s a m e  b a tc h  of c a ta ly s t  would a d s o rb  m e r c u r y  a t  a c o m p a ra b le

ra te  s in c e ,  u n l ik e  c h e m is o r p t io n ,  p h y s ic a l  a d so rp t io n  is  no t dependent

on the a c t iv i ty  of the  m e ta l  s u r f a c e .  In a c tu a l  fa c t  the r a t e s  of

-4 -1a d so rp t io n  o b ta in e d  (d e r iv e d  f r o m  Table  6 . 2 . )  w e re  2 .3  x 10 m g h r

-2  -1for E x p e r im e n t  103 and  4 . 5  x 10 m g h r  fo r  E x p e r im e n t  101. That 

the r e d u c e d  r a t e  in  E x p e r im e n t  103 was not due to u n av a ilab il i ty  of 

m e r c u r y  f r o m  th e  s o u r c e  is  in d ic a te d  by the  p re s e n c e  of the  sec o n d a ry  

m e r c u r y  s o u r c e  w h ich  f o r m e d  s im u l ta n e o u s ly  with th is  type of 

a d so rp t io n  in  th i s  e x p e r im e n t .  E v en  during  the e a r ly  s tag e s  of 

a d so rp t io n ,  w h ich  a r e  a t t r ib u te d  to c h e m iso rp t io n ,  the  r a te  of a d so rp t io n  

was v e ry  m u c h  l e s s  fo r  E x p e r im e n t  103 th an  fo r  101. It m u s t  be 

concluded , t h e r e f o r e ,  th a t  two s a m p le s  of su p p o rted  n ick e l  c a ta ly s t  

f ro m  the s a m e  b a tc h ,  r e d u c e d  and a c t iv a te d  u n d e r  c o m p arab le  

conditions , p o s s e s s  v e r y  d i f f e r e n t  p o w ers  of a d so rp t io n  fo r  m e r c u r y .

In c o n t r a s t  to t h i s ,  h o w e v e r ,  the  r a t e  of a d so rp t io n  of m e r c u r y  on
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e v a p o r a te d  n ic k e l  f i lm s  a p p e a r e d  to in d ic a te  r e p ro d u c ib i l i ty  of 

a d s o r p t io n  r a t e s  and  th is  w ill  now be c o n s id e r e d  in m o r e  d e ta i l .

( 6 .1 2 . )  E f fe c t  of A d s o r b e d  S p e c ie s  on the  A d so rp t io n  
of M e r c u r y  on N ic k e l  F i lm s

The g e n e r a l  p a t t e r n  of a d s o r p t io n  b e h a v io u r  o b s e r v e d  on n ic k e l  

f i lm s  h a s  b e en  g iv en  in  F ig .  6 . 1 .  In o r d e r  to c o m p a r e  the  a b so lu te  

r a t e  of m e r c u r y  a d s o r p t io n  bo th  b e tw een  th e s e  f i lm s  and  th o s e  c a r r i e d  

out by  C a m p b e l l  an d  T h o m so n  (19) the  w e igh t of m e r c u r y  p e r  m i l l i g r a m  

of n ic k e l  h a s  b e en  p lo t te d  a g a in s t  t im e  in  F ig .  6 . 5 .  A lso  in  th is  f ig u re  

have  b e en  p lo t te d  the  to ta l  a m o u n ts  of m e r c u r y  p r e s e n t  a f t e r  to ta l  

e x p o su re  t im e s  of the  c a ta ly s t  to m e r c u r y  v a p o u r  d u r in g  the  p o iso n e d  

h y d ro g e n a t io n s  on n ic k e l  f i lm s  d e s c r ib e d  in C h a p te r  2. It can  be s e e n  

th a t  in  a l l  c a s e s ,  e x ce p t  F i l m  27, a  v i r t u a l ly  l i n e a r  r e la t io n s h ip  e x is t s  

b e tw ee n  the  a m o u n t a d s o r b e d  and  t i m e .  The v a lu e s  o b ta in e d  f r o m  the  

f i lm s  on w hich  h y d ro g e n a t io n s  have  b e en  c a r r i e d  out show an  

u n e x p e c te d ly  r e p r o d u c ib le  l i n e a r i ty ,  c o n s id e r in g  the  d i s a g r e e m e n t  

b e tw ee n  the  d i f f e r e n t ia l  a m o u n ts  of m e r c u r y  a d s o r b e d  in  eq u a l  t im e  

in t e r v a l s  a s  m e n t io n e d  in  s e c t io n  6 . 1 .

F r o m  c o n s id e r a t io n  of the  r a t e s  of a d s o r p t io n  o b ta in e d  b e tw een  

f i lm s  p r e p a r e d  u n d e r  id e n t ic a l  c o n d i t io n s ,  i . e .  th o se  p r e p a r e d  u n d e r  

v a c u u m  a t  ro o m  t e m p e r a t u r e  in  the  p r e s e n t  w o rk , i t  a p p e a r s  th a t  the  

p r e s e n c e  of a d s o r b e d  r e s id u e s  on the  s u r f a c e  of the  c a ta ly s t  r e d u c e d
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the r a te  of m e r c u r y  a d s o r p t io n .  S ince the r e s u l t s  d e r iv e d  f r o m  the 

p rev io u s  w o rk  w e re  o b ta in e d  f r o m  f i lm s  e v ap o ra te d  u n d e r  a rg o n  i t  is  

doubtful w h e th e r  th e y  c an  be c o m p a r e d  d i re c t ly  with the  p r e s e n t  w o rk .

It has  b een  s t a t e d  (17) th a t  su ch  a rg o n  d e p o s ited  f i lm s  p o s s e s s  

a d i f fe ren t  a c t i v i ty  f r o m  v a c u u m  d e p o s i ted  f i l m s .  If i t  is  v a l id  fo r  

such f i lm s  to  be c o n s id e r e d ,  i t  a p p e a r s  th a t  the r a te  of a d so rp t io n  

on h y d ro g en  c o v e r e d  f i lm s  is  c o m p a ra b le  w ith  th a t  on f i lm s  c o v e r e d  

with the  s p e c ie s  r e s u l t i n g  f r o m  c y c lo p ro p an e  h y d ro g en a tio n .

It is  no t obv ious  why the  a d so rp t io n  on F i lm s  27, 32 v a r i e d  both  

in r a te  and  in  i t s  r e l a t i o n  w ith  r e s p e c t  to t im e ,s in c e  in both  c a s e s  

m e r c u r y  w as a d s o r b e d  on c le a n  f i lm s  f r o m  s o u rc e s  a t  c o m p a ra b le  

t e m p e r a t u r e s .  I t  m ig h t  have  b e en  e x p ec ted  th a t  a d so rp t io n  on F i lm  27 

would have  b e e n  s lo w e r  s in c e  i t  w as c a r r i e d  out in the  p re s e n c e  of 

a g r e a s e d  ta p  w h ich  w as  a  p o s s ib le  so u rc e  of co n tam in a tio n ,  w h e re a s  

this was no t p r e s e n t  in  F i l m  32. T hat the  o v e ra l l  a d so rp t io n  p r o p e r t i e s  

of the f i lm s  w e r e  c o m p a r a b le  is  shown by the  fa c t  th a t  the  am oun t of 

m e r c u r y  a d s o r b e d ,  p e r  m i l l i g r a m  of n ic k e l ,  when a d s o rp t io n  c e a s e d  a t 

its  f i r s t  c o n s ta n t  v a lu e  w as s i m i l a r  in  bo th  c a s e s .  It is  su g g es ted ,  

in the a b s e n c e  of f u r t h e r  e v id e n c e ,  th a t  F i l m  27, by m e an s  of som e 

fac to r  in  i t s  p r e p a r a t i o n ,  c o n ta in ed  a p ro p o r t io n  of s i te s  w ith  r e la t iv e ly  

high e n e r g y .  A d s o r p t io n  on th e s e  s i te s  would have been  ra p id  and  

once they  w e re  r e m o v e d  the  r a t e  of a d so rp t io n  would have  fa l le n .
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If i t  i s  a t r u e  e f fe c t  th a t  the  r a t e  of a d so rp t io n  of m e r c u r y  on 

a n icke l c a t a ly s t  i s  d e p en d e n t  on the  sp e c ie s  which a r e  a l r e a d y  a d s o r b e d  

on the s u r f a c e ,  th is  p r e s e n t s  an  e leg a n t  m e thod  of d e te rm in in g  the 

extent to w hich  p a r t i c u l a r  s p e c ie s  a r e  p r e s e n t .  In add ition , i t  in d ic a te s  

that i t  is  no t a lw ay s  a  v a l id  a s s u m p t io n ,  if  a c a ta ly s t  is  exposed  to 

m e rc u ry  fo r  v a r io u s  t im e  in te r v a l s  be tw een  re a c t io n s ,  th a t  p ro p o r t io n a l  

am ounts  of a d s o r b e d  m e r c u r y  a r e  o b ta in ed .  The am oun t of m e r c u r y  

a d so rb ed  in  a  p a r t i c u l a r  t im e  in te r v a l  w ill  depend on the n a tu re  and 

the ex ten t of th e  s p e c ie s  a d s o r b e d .  This  in tu rn  w ill depend on the 

extent to w h ich  th e  p r e v io u s  r e a c t io n  h a s  been  a llow ed  to p ro c e e d  and 

on the e f f ic ie n c y  of the  r e m o v a l  of the  r e a c ta n ts  and p ro d u c ts .



169.

C H A P T E R  7

D E V E L O P M E N T  O F TECHNIQUE FO R  MEASURING 

M ER C U R Y  VAPOUR PRESSURE

(7 .1 . )  In t ro d u c t io n

A f te r  c o n s id e r a t io n  of the  p henom ena  o b se rv e d  in C hap ter  6 

when m e r c u r y  w as  a l lo w e d  to a d s o r b  onto c lean  n ick e l  f i lm s ,  it  was 

decided to p u r s u e  th i s  s tudy  in  g r e a t e r  d e ta i l .  In p a r t i c u la r  i t  was 

co n s id e re d  of v a lu e  to s tu d y  how the  v ap o u r p r e s s u r e  of the  m e r c u r y  

above the  n ic k e l  s u r f a c e  v a r i e d  w ith  in c re a s in g  a d so rp t io n  of m e r c u r y  

on the s u r f a c e .

It w as d e c id e d  to c a r r y  out th is  s tudy  u s ing  su p p o rted  n icke l 

ca ta ly s ts  s in c e  th e s e  w e r e  m u c h  m o r e  conven ien t to p r e p a r e  than  

e v ap o ra ted  n ic k e l  f i lm s  and  the  v a cu u m  conditions  r e q u i r e d  fo r  th e i r  

use w e re  m u c h  l e s s  s t r i n g e n t .  This  l a t t e r  c o n s id e ra t io n  was im p o r ta n t  

in those  e x p e r im e n t s  w h ich  w e re  to p ro c e e d  fo r  long p e r io d s  of t im e .

(7 .2 . )  D e te c t io n  of th e  M e r c u r y  V apour

The v a p o u r  p r e s s u r e  of the  m e r c u r y  a t  any t im e  was d e te rm in e d  

by m e a s u r in g  th e  a b s o r b a n c e  of 2537 A ° r a d ia t io n  by the  m e r c u r y  

vapour. R a d ia t io n  of th is  w av e len g th  is  s t ro n g ly  a b so rb e d  by m e r c u r y ,  

since i t  p ro v id e s  th e  r e s o n a n c e  e n e rg y  fo r  an  e le c t ro n ic  t r a n s i t io n
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within the  m e r c u r y  a to m .  I ts  u s e  fo r  d e te rm in in g  c o n ce n tra t io n s  of 

m e rc u ry  h a s  b e e n  w id e ly  r e p o r t e d  (66).

The a p p a r a tu s  u s e d  fo r  the  p r e s e n t  study c o n s is te d  of th re e  

basic  s e c t io n s ,  a  s o u r c e  of m e r c u r y  v ap o u r ,  a q u a r tz  c e l l  in which 

the m e r c u r y  v a p o u r  p r e s s u r e  cou ld  be m e a s u r e d  and, be tw een  th e s e ,  

a sec tio n  co n ta in in g  the  n ic k e l  c a ta ly s t .  D ia g ra m s  and fu ll  d e ta i ls  

a re  g iven in  C h a p te r  11. The a p p a r a tu s  was des igned  such  th a t  the  

ab so rp tio n  c e l l  f i t t e d  in to  the  c e l l  c o m p a r tm e n t  of a H ilg e r  U vispek  

s p e c t r o p h o to m e te r .  T he  a p p a r a tu s  w as th e r m o s ta t te d  so th a t  the 

a b so rp tio n  c e l l  a n d  a r e f e r e n c e  c e l l ,  a long with the  c a ta ly s t  contain ing  

section , w e re  k e p t  a t  2 4 °C . The m e r c u r y  so u rc e  was kept at a low er 

t e m p e r a tu r e ,  n o r m a l ly  20°C o r  22°C .

In i t ia l  e x p e r im e n t s  in d ic a te d  th a t  the  "w hite"  ra d ia t io n  p ro d u ced  

by a d e u te r iu m  la m p  a l r e a d y  p r e s e n t  in  the  sp e c tro p h o to m e te r  was 

unsu itab le  fo r  th i s  s tu d y  an d  a s o u rc e  of m o n o c h ro m a tic  2537 A° 

rad ia tion  w as p r o v id e d  f r o m  an  e x te r n a l  m e r c u r y  la m p .

(7 .3 . )  P r e l i m i n a r y  E x p e r im e n t s

B e fo re  a t t e m p t in g  to c a l i b r a t e  the  a p p a ra tu s  i t  was n e c e s s a r y  

to c a r r y  out a  n u m b e r  of p r e l i m i n a r y  e x p e r im e n t s .  D uring  th e se  

ex p e r im en ts  no c a t a l y s t  w as p r e s e n t  in  the  a p p a r a tu s .  The d iffe ren ce  

in ab so rb in g  p o w e r  of th e  a b s o r p t io n  c e l l  a t ta c h e d  to the  a p p a ra tu s
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and tha t  of a n  id e n t i c a l  r e f e r e n c e  c e l l  was d e te rm in e d  with each  ce l l  

containing a i r .  T h e  r e f e r e n c e  c e l l  w as then  evacuated , sea le d  off 

and the d i f f e r e n c e  a g a in  n o te d .  The p ro c e s s  was re p e a te d ,  com paring  

the ab so rb in g  p o w e r  of the  e v a c u a te d  re f e re n c e  c e l l  with the o th e r  ce l l  

under v a r io u s  c o n d i t io n s .  The r e s u l t s  ob ta ined  f ro m  th e se  a r e  g iven 

in Table 7 . 1 .

T A B L E  7 .1 .

T r a n s m is s io n  % 
i . e .  T%

With both c e l l s  c o n ta in in g  a i r  101

With r e f e r e n c e  c e l l  e v a c u a te d  an d  the  o th e r  
ce ll  co n ta in in g

(a) a i r 101

(b) v a c u u m 103

(c) H_ a t  p r e s s u r e  of 100 t o r r
Cd

103

(d) a t  p r e s s u r e  of 400 t o r r 101

(e) Hg u n d e r  v a c u u m  a t  21°C 88

(f) Hg u n d e r  v a c u u m  a t  - 196°C 102

(g) Hg a t  21°C  a n d  a i r  a t  760 t o r r 24 - 40

(h) Hg a t  19°C a n d  H^ a t  56 t o r r 46

(i) Hg a t  19°C  a n d  H^ a t  390 t o r r 84 - 41

It can  be s e e n  th a t  the  p r e s e n c e  of m e r c u r y ,  a t  ro o m  te m p e ra tu re ,  

in the c e l l  i n c r e a s e d  th e  a b s o r p t io n  ( i . e .  d e c r e a s e d  the  t r a n s m is s io n ) .

If, how ever, th e  m e r c u r y  s o u r c e  w as s u r ro u n d e d  by liquid  n i trogen ,
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th en  in the  sp ac e  of 6 m in  a l l  of the  m e r c u r y  w as re m o v e d  f r o m  the  

c e l l .  T h is  r e m o v a l  w as not a t  a c o n s ta n t  r a t e ,  the  g r e a t e r  p ro p o r t io n  

was r e m o v e d  w ith in  the  f i r s t  m in u te ,  a s  in d ic a te d  by a ch ange  in 

t r a n s m i s s i o n  f r o m  85% to 98%. The r e m a in in g  5 m in u te s  w e re  r e q u i r e d  

to r e m o v e  the  s m a l l  r e s i d u a l  p o r t io n .

A f te r  the  m e r c u r y  h ad  b e en  a l lo w ed  to w a rm  up to ro o m  

t e m p e r a t u r e  to g ive  i t s  o r ig in a l  t r a n s m i s s i o n  re a d in g ,  a i r  w as a d m it te d  

to th e  a p p a r a tu s  a t  a tm o s p h e r i c  p r e s s u r e .  An im m e d ia te  d e c r e a s e  in 

t r a n s m i s s i o n  o c c u r r e d  to a  va lu e  of 17 T% (w h e re  T% = % t r a n s m i s s i o n )  

bu t th is  did no t r e m a i n  c o n s ta n t  and  r o s e  to a va lue  of 40 T% in  abou t 

h a lf  an  h o u r .  T h is  v a r i a t io n  is  shown in  F ig .  7 . 1 .  C o m p a ra b le  e f fe c ts  

w e re  a ls o  found to o c c u r  on n u m e ro u s  l a t e r  o c c a s io n s .

In  o r d e r  to d e te r m in e  w h e th e r  th is  e f fec t  w as b ro u g h t  abou t by 

so m e  c h e m ic a l  a c t io n  of th e  U .V .  r a d ia t io n ,  the  a b s o r p t io n  c e l l  w as 

le f t  in the  b e a m  b e tw ee n  r e a d in g s  on so m e  o c c a s io n s  and  r e m o v e d  on 

o t h e r s .  T h e s e  a r e  a ls o  in d ic a te d  in  the  f ig u r e .  I t w as found, h o w e v e r ,  

th a t  th i s  h ad  l i t t l e  e f fe c t  on the  d e c r e a s e  of the  a b s o r p t io n .  R educ ing  

the  t e m p e r a t u r e  of the  m e r c u r y  s o u rc e  f r o m  19°C to 0 .2 ° C  a f t e r  4 m in  

a l s o  h a d  no e f fe c t ,  a s  c an  be s e e n  f r o m  F ig .  7 . 1 .

The e ffe c t  of r e f i l l in g  the  a p p a r a tu s  w ith  m e r c u r y  v a p o u r  and  

h y d ro g e n  to a p r e s s u r e  of 56 t o r r  w as to i n c r e a s e  g r e a t ly  the  a b so rb in g  

p o w e r  of the  m e r c u r y  v a p o u r .  In o r d e r  to d e te r m in e  the  e f fe c t  of
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l a r g e r  p r e s s u r e s  of h y d ro g e n  the  a p p a r a tu s  w as f i l le d  w ith  h y d ro g e n  

to a  p r e s s u r e  of 390 t o r r .  It took  a p p ro x im a te ly  5 m in  a f t e r  s ea l in g  

the  a p p a r a tu s  to r e p la c e  i t  in  the  s p e c t r o p h o to m e te r  and  to d e te r m in e  

the  a b s o r p t io n .  It w as found th a t  a v e r y  m u ch  r e d u c e d  v a lu e  was 

o b ta in e d  but th a t  th is  i n c r e a s e d  w ith  t im e  to give a c o n s ta n t  va lu e  of 

41 T%. T h is  va lu e  r e m a in e d  c o n s ta n t  on le av in g  the  a p p a r a tu s  fo r  

a w e ek .  The v a r i a t io n  of t r a n s m i s s i o n  w ith  t im e  is  a l s o  in d ic a te d  

in  F i g .  7 . 1. In  th is  c a s e  a l s o ,  any  e ffec t  of le av in g  the  c e l l  in  the  

b e a m  c o m p a r e d  w ith  le av in g  i t  out a p p e a r e d  in s ig n i f ic a n t .

( 7 . 4 . )  C o n c lu s io n s  f r o m  P r e l i m i n a r y  E x p e r im e n ts

F r o m  the  r e s u l t s  of the  p r e l i m i n a r y  e x p e r im e n t s  a  n u m b e r  of 

c o n c lu s io n s  m a y  be d ra w n .

(1) M e r c u r y  v a p o u r  a lo n e  a t  ro o m  t e m p e r a t u r e  a b s o r b s  2537 A 

r a d ia t io n  to a g r e a t e r  e x ten t  th a n  h y d ro g e n  a t  p r e s s u r e s  up to 400 t o r r  

o r  a i r  a t  a tm o s p h e r i c  p r e s s u r e .

(2) B o th  h y d ro g e n  an d  a i r  w hen m ix e d  w ith  the  m e r c u r y  v ap o u r  

u l t im a te ly  i n c r e a s e  the  a b so rb in g  p o w er  of th e  m e r c u r y  c o n s id e r a b ly .

(3) The a b s o r b in g  p o w e r  of m e r c u r y  v ap o u r  fo r  2537 A ° r a d ia t io n  

i n c r e a s e s  w ith  i n c r e a s in g  h y d ro g e n  p r e s s u r e .

(4) When l a r g e  p r e s s u r e s  of a i r  o r  h y d ro g e n  a r e  a d m i t te d  to
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m e r c u r y  v a p o u r  th e y  p ro d u c e  e f fec t s  which  v a r y  with  t i m e .

A b s o r p t io n  in  the  p r e s e n c e  of h y d r o g e n  i n c r e a s e s  with  t i m e ,  w h e r e a s  

a d e c r e a s e  is  o b s e r v e d  with  a i r  p r e s e n t .

( 7 . 5 . )  D e t e r m i n a t i o n  of the  E f fe c t  of V a r io u s  H y d ro g e n  P r e s s u r e s  
on the A b s o r b in g  P o w e r  of M e r c u r y

It  was  p r o p o s e d  to s tudy  the  a b s o r p t i o n  of m e r c u r y  v a p o u r  

above  a s u p p o r t e d  n i c k e l  c a t a l y s t  u s in g  the  U . V .  a b s o r p t i o n  te ch n iq u e  

o u t l in e d .  Such n i c k e l  c a t a l y s t s  a r e  p r o d u c e d  by r e d u c t io n  of n i c k e l  

oxide  in a s t r e a m  of h y d ro g e n  and  would be ex p ec te d ,  t h e r e f o r e ,  to 

c o n ta in  a c o n s i d e r a b l e  a m o u n t  of a d s o r b e d  h y d r o g e n .  It h a s  b e en  shown 

by v a r i o u s  w o r k e r s  (19, 59) th a t  m e r c u r y  v a p o u r  is  ab le  to d i s p l a c e  

h y d ro g e n  f r o m  h y d r o g e n - c o v e r e d  n i c k e l  f i l m s ,  and  i t  a p p e a r e d  l ik e ly  

t h a t  s i m i l a r  b e h a v io u r  would  be  o b ta in e d  on s u p p o r t e d  n i c k e l  c a t a l y s t s .  

If th i s  is  the  c a s e  th i s  h y d r o g e n  would  a f fe c t  the  a b s o r b in g  p o w e r  of 

the  m e r c u r y  a s  w as  i n d i c a te d  in the  p r e v i o u s  s e c t io n .  S ince  the  a m o u n t  

of h y d r o g e n  p r e s e n t  in  the  gas  p h a s e  would  v a r y  w i th  the  a m o u n t  of 

m e r c u r y  a d s o r b e d ,  i t  was  n e c e s s a r y  to s tudy  in  g r e a t e r  d e ta i l  to what 

e x te n t  h y d r o g e n  a f f e c t e d  m e r c u r y  a b s o r p t i o n  fo r  2537 A° r a d i a t i o n ,  

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

The  a p p a r a t u s  w as  the  s a m e  as  t h a t  u s e d  fo r  the  p r e l i m i n a r y  

e x p e r i m e n t s ,  e x c e p t  t h a t  in  th i s  c a s e  the  a b s o r p t i o n  c e l l s  w e r e  

t h e r m o s t a t t e d  a t  2 4 °C .  The  a p p a r a t u s  was  f i l l ed  w i th  h y d r o g e n  to



in (M ~

cr
in

CO

CP

(M

in

cn
Ll_

in

blbOl cO lx  3 b f lS S 3 ti  d a n O d V A  &H

O
P

T
IC

A
L

 
D

E
N

S
IT

Y



175.

a p r e s s u r e  of 17 .5  t o r r  and  s e a l e d  off . The c o n s ta n t  v a lu e s  of the  

o p t i c a l  d e n s i ty  o b ta in ed  by  p lac in g  a D ew ar  f l a s k  con ta in ing  w a t e r  

s u c c e s s i v e l y  a t  t e m p e r a t u r e s  of 0, 1 0 . 6 , 16 .2  and  20°C w e r e  n o ted .

The p r o c e d u r e  was  th e n  r e p e a t e d  with  the a p p a r a t u s  f i l l ed  wi th  h y d ro g e n  

to a p r e s s u r e  of 30 t o r r  and  a g a in  with  the  a p p a r a t u s  u n d e r  v a c u u m .

The r e s u l t s  a r e  g iven  in  T ab le  7 . 2 .  t o g e th e r  with  the  v ap o u r  p r e s s u r e  

of m e r c u r y  a t  the  a p p r o p r i a t e  t e m p e r a t u r e s  (67).  The v a r i a t i o n  in 

a b s o r b i n g  p o w e r  with  i n c r e a s i n g  h y d ro g e n  p r e s s u r e  is  p lo t t e d  in 

F i g .  7 . 2 .

It c an  be s e e n  th a t  ev en  a t  low p r e s s u r e s  of a d m ix e d  h y d ro g e n  

the  a b s o r b in g  p o w er  of m e r c u r y  is  e n h an c e d  and  the  e f fec t  of the 

h y d ro g e n  is  g r e a t e s t  a t  h igh  v ap o u r  p r e s s u r e s  of m e r c u r y  and  

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

( 7 . 6 . )  E f fe c t s  O b s e r v e d  I m m e d i a t e l y  A f t e r  Switching On 
the  M e r c u r y  L a m p

It was  o b s e r v e d  on a n u m b e r  of o c c a s io n s  t h a t  the  a b s o r p t io n

r e a d i n g s  o b ta in e d  fo r  a p a r t i c u l a r  a m o u n t  of m e r c u r y  in the  a b s o r p t io n

c e l l  v a r i e d  wi th  t i m e  i m m e d i a t e l y  a f t e r  sw i tch ing  on the  m e r c u r y  l a m p .

An a p p a r e n t  h igh  a b s o r p t i o n  o c c u r r e d  i m m e d i a t e l y  a f t e r  sw i tch ing  on

the  l a m p  bu t  th i s  g r a d u a l l y  d e c r e a s e d  to a c o n s ta n t  v a lu e .  It is  known

th a t  the  i n t e n s i t y  of r a d i a t i o n  p r o d u c e d  by su ch  l a m p s  v a r i e s  wi th  a r c

v o l ta g e ,  wh ich  in  t u r n  i s  t e m p e r a t u r e  dependen t ,  and  th a t  th i s  would



TA B L E  7 . 2 .

V a r i a t i o n  in  O p t i c a l  D e n s i ty  of Hg with  I n c r e a s i n g

H y d ro g en  P r e s s u r e

O p t ic a l  D en s i ty  (T%)

im p.  of 
S o u rce  
°C

V apour  
P r e s s u r e  

of Hg 3 
t o r r  x 1 0

with  Hg 
u n d e r  

v a c u u m

Hg u n d e r  
17 .5  t o r r  

of H 2  (19°C)

Hg u n d e r  
30 t o r r  

of H 2 (16°C)

0 . 2 0 .1 9 0 .0 6 3 ( 8 6 .5 ) 0 .0 6 7 (8 5 .8 ) 0 .0 7 2 (8 4 .6 )

5 . 6 0 .3 2 0.076(84) 0 .114(77) 0 .1 0 9 ( 7 7 .9 )

1 0 . 6 0 .51 0 .0 8 2 ( 8 2 .5 ) 0 .1 1 5 ( 7 6 .8 ) 0 .143(73)

16 .2 0 . 8 6 0 . 1 1  (79) 0 . 149{71) 0 .1 8 8 (6 4 .7 )

18 .0 1 . 0 1 - 0 .1 7  (67 .5 ) -

2 0 1 . 2 0 .1 2 3 ( 7 5 .5 ) 0. 174(67) 0 .2 3 1 (5 8 .8 )

24 .6 1.79 0 .1 4 5 ( 7 1 .5 ) 0 .1 9 2 ( 6 4 .2 ) -
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be e x p e c te d  to v a r y  wi th  t i m e  (6 8 ). It was  shown,  h o w e v e r ,  tha t  

th i s  p h e n o m en o n  was  not due to i n t e n s i ty  changes  s ince  the  m e th o d  

of ob ta in ing  the  a b s o r p t i o n  r e a d i n g s  c o m p e n s a t e d  fo r  t h i s .

It a p p e a r e d  th a t  the  ph en o m en o n ,  as  w e l l  a s  be ing  d ependen t  

on c h an g e s  in  the  l a m p ,  a l s o  d epended  on the co n ten t s  of the  a b s o r p t i o n  

c e l l .  It  was  not o b s e r v e d  when the  a b s o r p t i o n  c e l l  did not con ta in  

m e r c u r y .  The m a g n i tu d e  of the  e ffec t  i s  shown in F i g .  7 . 3 .  fo r  the  

a p p a r a t u s  con ta in ing  m e r c u r y  v ap o u r  a t  20°C and  h y d r o g e n  a t  a p r e s s u r e  

of 17 .5  t o r r .  It was  a l so  shown to be  p r e s e n t  when u s in g  a Hanovia  

C h r o m a t a l i t e  p o r t a b l e  U . V .  l a m p .  A l l  the  m e a s u r e m e n t s  which  a r e  

g iven  in  p r e v i o u s  s e c t io n s  w e r e  t a k e n  a f t e r  the  l a m p  had  b e en  a l lo w ed  

to w a r m  up fo r  a p e r i o d  of a t  l e a s t  t h r e e - q u a r t e r s  of an  h o u r .

( 7 . 7 . )  D i s p l a c e m e n t  of H y d ro g e n  f r o m  a R ed u ced  Su p p o r ted  
N ic k e l  C a t a l y s t  by M e r c u r y

In the  p r e v io u s  s e c t io n  i t  h a s  b e en  shown th a t  s m a l l  q u a n t i t i e s  

of h y d r o g e n  a r e  c ap a b le  of a l t e r i n g  the  a b s o r b in g  p o w e r  of a p a r t i c u l a r  

c o n c e n t r a t i o n  of m e r c u r y .  It i s  now n e c e s s a r y  to d e t e r m i n e  how m u c h  

h y d r o g e n  i s  ab le  to be  d e s o r b e d  f r o m  a s u p p o r t e d  n i c k e l  c a t a l y s t  when 

m e r c u r y  is  a d s o r b e d .

B e e k  et  a l .  (17) h av e  g iven  i n f o r m a t i o n  r e g a r d i n g  the  v o lu m e  of 

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

is  not a v a i l a b l e  fo r  s u p p o r t e d  n i c k e l  c a t a l y s t s .  If i t  i s  a s s u m e d  th a t



the  am o u n t  of h y d r o g e n  a d s o r b e d  p e r  m i l l i g r a m  of n i c k e l  is  

c o m p a r a b l e  in  e ac h  c a s e ,  th e n  i t  i s  p o s s ib l e  to c a lc u la t e  the  o r d e r  

of m a g n i tu d e  of the  t o t a l  v o lu m e  of h y d ro g e n  e x p ec te d  to be  d e s o r b e d ,  

if a r e d u c e d  s u p p o r t e d  c a t a l y s t  is  c o m p le t e ly  p o i s o n ed  by m e r c u r y .  

F r o m  th i s  v a lue  can  c o n se q u e n t ly  be c a l c u l a t e d  the  u l t i m a t e  p r e s s u r e  

of h y d ro g e n  to be e x p e c te d  in  the  a b s o r p t i o n  a p p a r a t u s  and  h e n ce  an 

a p p a r a t u s  can  be d e s ig n e d  to m e a s u r e  t h i s .

C a lc u la t io n  of h y d r o g e n  p r e s s u r e  to be e x p e c t ed a f t e r  m e r c u r y  
a d s o r p t i o n

Wt. of 5% N ic k e l  on P u m i c e  c a t a l y s t  u s e d  = 0 . 2  g

17A s s u m e  1 m g  of N ic k e l  a d s o r b s  1 x 1 0  a t o m s  of h y d ro g e n  (17)

V o lum e  of the  a b s o r p t i o n  a p p a r a t u s  = 35 cc

.* . If a l l  h y d r o g e n  d i s p l a c e d ,  w i l l  ge t

5 x  0 . 2  x  10 17  x 1 = -----------------------    m o l
105 x  10 x 2

.* . V o lum e  of gas  to be e x p e c t e d  a t  N . T . P .

2 0  3
5 x 0 . 2  x 10 x  2 2 .4  x 10 = --------------------------------- _ -------  cc
105 x 2 x 6 .0 2 3  x 10 

-2= 1 . 8 6 x 1 0  cc

C o n v e r t in g  th i s  to a p r e s s u r e  of gas  in a v o lu m e  of 35 cc a t  20°C 
u s in g  the  Gas  E q u a t io n
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i . e .  p r e s s u r e  of h y d r o g e n  e x p e c te d  if a l l  i s  d e s o r b e d  = 0 .4 3  t o r r .

In o r d e r  to d e t e r m i n e  the  a c t u a l  p r e s s u r e  of h y d ro g e n  d i s p l a c e d  

f r o m  a known w e igh t  of r e d u c e d  m e t a l  c a t a l y s t  th is  d e s o r p t i o n  was  

c a r r i e d  out u n d e r  a p p r o x i m a t e  e x p e r i m e n t a l  c o n d i t io n s .  The a p p a r a t u s  

u s e d  was  not the  s a m e  a s  th a t  u s e d  fo r  the  a b s o r p t i o n  e x p e r i m e n t s ,  

bu t  c o n s i s t e d  of a c y l i n d r i c a l  r e a c t i o n  v e s s e l  with  a v o lu m e  of 

a p p r o x i m a t e l y  25 c c .  On the  b o t to m  of th i s  v e s s e l  was  p l a c e d  a th in  

l a y e r  of c a t a l y s t  of known w e igh t .  The a p p a r a t u s  had  f a c i l i t i e s  fo r  

a t t a c h in g  i t  to the  h igh  v a c u u m  s y s t e m  and  fo r  s ea l in g  i t  off once  

e v a c u a t e d .  F u l l  d e ta i l s  a r e  g iven  in  s e c t io n  1 1 .1 0 .

R a d io a c t iv e  m e r c u r y  was  u s e d  fo r  the  d i s p l a c e m e n t  and  was 

p l a c e d  in a su i ta b ly  c o o led  s ide  a r m .  This  p e r m i t t e d  the  a r r i v a l  of 

the  m e r c u r y  on the  c a t a l y s t  to be fo l lowed  u s in g  a G . M .  c o u n t e r .

S ince  the r e a c t i o n  v e s s e l  was  m a i n t a i n e d  a t  a c o n s t a n t  t e m p e r a t u r e  

in  a w a t e r  t h e r m o s t a t  th i s  c o u n te r  was  s u i tab ly  a d a p te d  fo r  u s e  u n d e r  

w a t e r  ( s e e  s e c t io n  1 1 . 1 1 . ) .

The  p r e s s u r e  of the  d i s p l a c e d  h y d r o g e n  was  m e a s u r e d  u s ing  

a M c L e o d  g a u g e .  Th is  w as  i s o l a t e d  f r o m  the  c a t a l y s t  s y s t e m  u s in g  

two g ro u n d  g l a s s / s t e e l  b a l l  v a lv e s  and  a co ld  t r a p  s u r r o u n d e d  by 

l iq u id  a i r .  While  a t t a c h e d  to the  v a c u u m  a p p a r a t u s  the  c a t a l y s t  was  

a c t i v a t e d  u n d e r  c ond i t ions  c o m p a r a b l e  to t h o s e  u s e d  in s e c t io n  3 . 2 .

It  was  th e n  e v a c u a t e d ,  s e a l e d  off and  coun ts  of m e r c u r y  and  p r e s s u r e



of d i s p l a c e d  h y d ro g e n  ta k e n  wi th  r e s p e c t  to t i m e .

( 7 . 8 . )  R e s u l t s  of H y d ro g e n  D i s p l a c e m e n t  f r o m  S u p p o r ted  
N ic k e l  C a t a ly s t s

This  e x p e r i m e n t  was  c a r r i e d  out on two o c c a s io n s  u s in g  two

a p p a r a t u s e s  of d i f f e r e n t  v o l u m e s .  The r e s u l t s  ob ta in ed  a r e  i n d i c a t e d

be lo w .  The c a l i b r a t i o n  of the  M c L e o d  gauge  is g iven  in  A ppendix  4 .

E x p t .  101 E x p t .  102

L e n g th  of gas  c o lu m n  in  c a p i l l a r y
b e f o r e  d e s o r p t i o n  0 .3  c m  0 c m

L e n g th  of c o lu m n  in  c a p i l l a r y
a f t e r  d e s o r p t i o n  1 . 9  c m  1 . 6  c m

Wt. of 5% N i / P u m i c e  c a t a l y s t  u s e d  0 .4 9 6 9  g 0 .4978  g

o oA v e r a g e  t e m p e r a t u r e  of a p p a r a t u s  20 C 15 C

V olum e  of a p p a r a t u s  inc lud ing
M c L e o d  gauge  6 6 .5  cc 7 6 .3  cc

E x p e r i m e n t  101

P r e s s u r e  of ga s  b e f o r e  d e s o r p t i o n  ( s e e  A ppend ix  4)

- 2= ( 0 .3  + 4 . 7 )  x 2 .4 3  x 10 x 0 , 3  t o r r  

- 2= 3 .6  x  10 t o r r

P r e s s u r e  of gas  + a f t e r  d e s o r p t io n

= ( 1 .9  + 4 . 7 )  x 2 .4 3  x 10 ^ x 1 .9  t o r r  

= 3 . 0 6  x  1 0   ̂ t o r r

.* . P r e s s u r e  of d i s p l a c e d  = 0 .2 7  t o r r
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C o n v e r t in g  th i s  to a vo lum e  a t  N . T . P .

273 x 0 .2 7  x 6 6 .5
293 x 760 

= 0 .0 2 2 7  cc

cc

E x p e r i m e n t  102

P r e s s u r e  of a f t e r  d e s o r p t i o n

= (1 .6  + 4 . 7 )  x 2 .4 3  x 10 2  x 1 .6  t o r r

= 0 .2 4 6  t o r r

C o n v e r t in g  th i s  to a v o lu m e  a t  N . T . P .

273 x  0 .2 4 6  x 7 6 .3
288 x  760 CC

= 0 .0 2 3 4  cc

.* . the  a v e r a g e  v o lu m e  of a t  N . T . P .  d i s p l a c e d  f r o m  0. 5 g 
c a t a l y s t

= 0 .0 2 2 7  cc

C o n se q u e n t ly  u s in g  0 . 2  g of c a t a l y s t  in an  a p p a r a t u s  of v o lu m e  35 cc 

would  e x p e c t  H to be d i s p l a c e d  to a m a x i m u m  p r e s s u r e  of
Lt

760 x 2 .2 7  x 10 2  x  293 x  2■ ' - —- ■ ----------------—----------------  t o r r
273 x 35 x 5

= 0 . 2 2  t o r r

Th is  i n d i c a t e s  t h a t  t h e r e  is  l e s s  h y d r o g e n  c ap a b le  of be ing

d e s o r b e d  on a r e d u c e d  s u p p o r t e d  n i c k e l  c a t a l y s t  th a n  on an  e v a p o r a t e d

n ic k e l  f i l m  of c o m p a r a b l e  n ic k e l  w e igh t .
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D e ta i l s  of the  m e r c u r y  a d s o r p t i o n  on the  s u p p o r t e d  c a t a l y s t  

wi th  r e s p e c t  to t i m e  and  t e m p e r a t u r e  of the  c a t a l y s t  have  a l r e a d y  b een  

g iven  in C h a p t e r  6 . I t  was  found th a t  the  h y d ro g e n  was  d e s o r b e d  

f r o m  the  c a t a l y s t  c o m p le t e ly  wi th in  3 h r  a l though  a d s o r p t i o n  of 

m e r c u r y  c on t inued  fo r  a m u c h  lo n g e r  p e r i o d .

Having  d e t e r m i n e d  th a t  h y d ro g e n  was  d i s p l a c e d  f r o m  a r e d u c e d  

c a t a l y s t ,  and  a l s o  to what  ex ten t ,  i t  was  now p o s s ib l e  to s tudy  the 

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

the  p r e s e n c e  of h y d r o g e n .  Th is  w il l  be  d e s c r i b e d  in  the  nex t  c h a p t e r  

w h e r e  e x p e r i m e n t s  a r e  c a r r i e d  out u n d e r  a p r e s s u r e  of h y d ro g e n  

g r e a t e r  th an  th a t  d e s o r b e d  f r o m  the  c a t a l y s t .

D i s c u s s i o n  of E f f e c t s  O b s e r v e d  D ur ing  D e v e lo p m e n t  of T echn ique

( 7 . 9 . )  In t r o d u c t io n

B e f o r e  c o n s i d e r i n g  the  r e s u l t s  o b ta in e d  u s in g  the  U . V .  a b s o r p t i o n  

t e c h n i q u e ,  s o m e  of the  w o rk  which  h a s  p r e v i o u s l y  b e en  c a r r i e d  out 

u s in g  m e r c u r y  r e s o n a n c e  r a d i a t i o n  w i l l  be  c o n s i d e r e d .  Th is  w i l l  enab le  

a b e t t e r  u n d e r s t a n d i n g  of the  p h e n o m e n a  o b s e r v e d  d u r in g  the  p r e s e n t  

s tudy ,  and  a l low  an  a s s e s s m e n t  of the  va lue  of the  r e s u l t s  in the  l igh t  

of p r e v i o u s  w o r k .

One of the  f i r s t  s tu d ie s  of the  a b s o r p t i o n  of 2537 A °  r a d i a t i o n  by 

m e r c u r y  v a p o u r  w as  m a d e  in  1912 by Wood (69).  He show ed  th a t
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m e r c u r y  v a p o u r  a t  r o o m  t e m p e r a t u r e  e m i t t e d  r e s o n a n c e  r a d i a t i o n  

w hen  s t i m u l a t e d  by m o n o c h r o m a t i c  l igh t  of w ave leng th  2537 A ° ,  and  

th a t  a i r  a d m ix e d  wi th  the  v a p o u r  h a d  the  e ffec t  of quenching  th is  

r e s o n a n c e  r a d i a t i o n .  The s o u r c e  of 2537 A° r a d i a t i o n  u s e d  w as  a hot 

runn ing  m e r c u r y  a r c .  To p r e v e n t  the  r a d i a t i o n  p r o d u c e d  in  the a r c  

f r o m  be ing  a b s o r b e d  by the  c o o le r  m e r c u r y  v a p o u r  n e a r  the  l a m p  

w a l l s ,  thus  c a u s in g  s e l f  i n v e r s i o n ,  m e a s u r e m e n t s  w e r e  m a d e  in the 

f i r s t  few se c o n d s  a f t e r  sw i tch ing  on the  l a m p .  The t r u e  a b s o r p t i o n  

of the  r a d i a t i o n  by the  v a p o u r  in  a q u a r t z  c e l l  w as  m e a s u r e d ,  an d  was  

found to h av e  an  e x t r e m e l y  h igh  a b s o r p t i o n  c o e f f i c i en t  fo r  the  2537 A° 

r a d i a t i o n .

A f u r t h e r  s tudy  of the  a b s o r p t i o n  p r o p e r t i e s  of the  v a p o u r  was  

c a r r i e d  out by Hughes  and  T h o m a s  (70) u s in g  a s  a s o u r c e  of 2537 A° 

r a d i a t i o n  the r e s o n a n c e  r a d i a t i o n  p r o d u c e d  in  m e r c u r y ,  co n ta in ed  in 

a q u a r t z  bulb  u n d e r  v a c u u m ,  when e x c i t e d  by an  e x t e r n a l  U . V .  s o u r c e .  

Th is  s tudy  showed  th a t  the  a b s o r p t i o n  of the  r a d i a t i o n  in  the  v a p o u r  

did no t  obey  B e e r ’s L a w .  It w as  co n c lu d e d  th a t  the  r e s o n a n c e  r a d i a t i o n  

was  in h o m o g e n e o u s  an d  c o n ta in ed  a c o m p o n e n t  which  was  ab le  to 

p e n e t r a t e  c o n s i d e r a b l e  d i s t a n c e s  in the  v a p o u r .

Owing to the  t o x ic i ty  of m e r c u r y  v a p o u r ,  a n u m b e r  of a p p a r a t u s e s  

have  b e e n  d e v e lo p e d  (71,  72) to m e a s u r e  the  c o n c e n t r a t i o n s  of m e r c u r y  

v a p o u r  in  a i r  u s in g  the  a b s o r p t i o n  p h e n o m e n o n .  The  a b s o r p t i o n  of the
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v a p o u r  of 2537 A°  r a d i a t i o n  a t  any  t im e  was  c o m p a r e d  with  th a t  

f r o m  a known c o n c e n t r a t i o n  of m e r c u r y .

The m o s t  a d v a n c e d  p r a c t i c a l  a p p l i c a t io n  of m e r c u r y  a b s o r p t i o n  

of i t s  r e s o n a n c e  r a d i a t i o n  h a s  b een  dev e lo p ed  by Gunning et  a l .  Th is  

w o rk  h a s  e m p lo y e d  the  p h e n o m en o n  to p ro v id e  an  e f f ic ien t  m e th o d  of 

s e p a r a t i n g  the  i s o to p e s  of m e r c u r y  in n a t u r a l l y  o c c u r r i n g  m e r c u r y .

It h a s  b e e n  shown (73), a s  would  be  e x p e c te d  f r o m  t h e o r y ,  th a t  the  

2537 A°  a b s o r p t i o n  and  e m i s s i o n  l in e s  f r o m  n a t u r a l  m e r c u r y  a r e  m a d e  

up of a h y p e r f in e  s t r u c t u r e  of 10 c o m p o n e n t s .  E a c h  i so to p ic  co m p o n en t  

of the  n a t u r a l  m e r c u r y  p r o d u c e s  one  o r  m o r e  h y p e r f in e  l in e s  depending  

on i t s  n u c l e a r  sp in .  Gunning h a s  shown (74) th a t  if  r e s o n a n c e  r a d i a t i o n  

f r o m  a m o n o is o to p ic  s o u r c e  is  d i r e c t e d  into an  a b s o r p t i o n  c e l l  con ta in ing  

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

by the  s a m e  i s o to p e  as  th a t  u s e d  to p r o d u c e  the  r e s o n a n c e  r a d i a t i o n .  

A d m i s s i o n  of s o m e  s p e c i e s  which  w i l l  r e a c t  wi th  the  e x c i t e d  m e r c u r y  

a t o m s  p r o d u c e s  a n  i s o to p ic a l l y  sp ec i f ic  m e th o d  of s e p a r a t i o n .  In o r d e r  

to m a k e  th i s  t e ch n iq u e  o p e r a t e  s a t i s f a c t o r i l y  Gunning h a s  g r e a t l y  

i n c r e a s e d  the  knowledge  of the  f a c t o r s  a f fec t ing  the  a b s o r p t i o n .

The s m a l l  s e p a r a t i o n  ( c a .  0 .01  A°)  in  the  five  r e s o l v a b l e  

h y p e r f in e  c o m p o n e n t s  of the  2537 A°  l ine  r e q u i r e s  th a t ,  to ex c i te  

a s ing le  i s o to p e  in  n a t u r a l  m e r c u r y  v a p o u r ,  the  c o r r e s p o n d i n g  e m i s s i o n  

h y p e r f in e  l ine  f r o m  the  m o n o is o to p ic  exc i t ing  s o u r c e  m u s t  be e x t r e m e l y
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narrow . If this were not the case its frequency distribution would 

extend into the range 0 2  absorption of other mercury isotopes and 

consequenilx these w>ould become excited, Moreover, the broadening 

of lhe frepnencces of adj»acent tr^ercurr csotopes must be

r h n r i i e i  fur t h e  s a m e  r s a s o c .  T o  ich so e  such cunbcCcou*,  a l l

C o n se q u e n t ly ,  a w e l l  coo led , low  p r e s s u r e ,  e iecx r  ode l e s s  d i s c h a r g e  

l a m p  is  u s e d  w h ich  i s  o p e r a t e d  a t  th e  m i r f  rrram  p o w e r  l e v e l  c o n s i s t e n t  

w i th  s t e a d y  r a d i a t i o n  ou tp u t .  T h i s  r e d u c e s  th e  e f f e c t s  of s e l f  i n v e r s i o n  

an d  S t a r k  b r o a d e n i n g .  In  ad d i t io n ,  th e  p r e s s u r e  in  th e  a b s o r p t i o n  c e l l  

of the  m e r c u r y  v a p o u r  an d  an y  f o r e i g n  g a s e s  m u s t  be  kep t  low', to 

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

P r o m  t h i s  w o r k  i t  c an  be  c o n c lu d e d  t h a t  in  o r d e r  to  o b ta in  

e f f i c i e n t  a b s o r p t i o n  of r a d i a t i o n  by a p a r t i c u l a r  s p e c i e s ,  th e  m a t c h  

b e tw e e n  the  a b s o r p t i o n  p r o p e r t i e s  of th e  a b s o r b e r  an d  th e  e m i s s i o n  

p r o p e r t i e s  of the  s o u r c e  m u s t  be  v i r t u a l l y  p e r f e c t .  Sl ight  d i f f e r e n c e s  

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

S om e  of th e  p h e n o m e n a  o b s e r v e d  in the  p r e s e n t  w o r k  w i l l  now 

be c o n s i d e r e d  in the  l ig h t  of th i s  i n f o r m a t i o n .



( 7 . 1 0 . )  E f fec t  of H y d ro g e n

It h a s  long b e e n  known th a t  the  i n t e n s i t y  of e m i t t e d  r e s o n a n c e  

r a d i a t i o n  f r o m  m e r c u r y  v a p o u r  is  r e d u c e d  a s  the  p r e s s u r e  of an 

a d m i x e d  gas  is  i n c r e a s e d  (69).  The r e s o n a n c e  r a d i a t i o n  is  p r o d u c e d  

by the  e x c i t a t io n  of m e r c u r y  in  the  g ro u n d  s t a t e  to a h i g h e r  l e v e l

Hg ( 1Sq ) ^  Hg (3 P 1)

which  can  r e t u r n  to i t s  o r i g i n a l  l e v e l  with  the  e m i s s i o n  of the  

c h a r a c t e r i s t i c  r a d i a t i o n .

In the c a s e  of m e r c u r y  u n d e r  v a c u u m  the m a j o r i t y  of the  e x c i t e d  

a t o m s  r e t u r n  to t h e i r  o r i g i n a l  s t a t e  by th i s  m e c h a n i s m  and  c o n se q u e n t ly  

a l a r g e r  p r o p o r t i o n  of the  in c id e n t  e n e r g y  is  r e - e m i t t e d  a s  s e c o n d a r y  

r a d i a t i o n ,  a s  r e p o r t e d  by Wood (69) .  When an  a d m i x e d  gas  is  p r e s e n t ,  

h o w e v e r ,  a t o m s  of th i s  m a y  co l l ide  w i th  the  e x c i t e d  a t o m s ,  and  the  

e x c i t a t io n  e n e r g y  is  n o r m a l l y  d i s s i p a t e d  by s o m e  o th e r  p r o c e s s  which  

m a y  in c lude  the  e m i s s i o n  of r a d i a t i o n  of a s l ig h t ly  d i f f e r e n t  w a v e le n g th .  

The  g r e a t e r  the  p r e s s u r e  of a d m i x e d  g a s ,  the  g r e a t e r  the  n u m b e r  of 

c o l l i s i o n s  and  the  s m a l l e r  the  n u m b e r  of e x c i t e d  m e r c u r y  a t o m s  ab le  

to e m i t  r a d i a t i o n  a t  the  r e s o n a n c e  w a v e le n g th .  H y d ro g e n  is  p a r t i c u l a r l y  

e f f ic ie n t  in  th i s  quench ing  p r o c e d u r e  s ince  the  e n e r g y  t r a n s f e r  c a u s e s  

the  m o le c u le  to d i s s o c i a t e .

In the  p r e s e n t  w o rk ,  when the a b s o r p t i o n  c e l l  c o n ta in e d  m e r c u r y



187.

v ap o u r  u n d e r  v a c u u m ,  the  p e r c e n t a g e  of the  r a d i a t i o n  r e c e i v e d  by 

the  photo  c e l l  which  was  d e r i v e d  f r o m  r e s o n a n c e  r a d i a t i o n  p r o d u c e d  

in the  a b s o r p t i o n  c e l l  would have  b e en  s m a l l .  E v en  if a h igh  p e r c e n t a g e  

of the  r a d i a t i o n  in c id e n t  on the  c e l l  was  c o n v e r t e d  to r e s o n a n c e  

r a d i a t i o n  th i s  would  be  s p r e a d  o v e r  a so l id  ang le  of 4 7 t and  only 

a s m a l l  p o r t i o n  of th i s  would  fa l l  on the  p h o to c e l l .  C o n seq u en t ly ,  

in  c o n t r a s t  to the  r a d i a t i o n  p r o d u c e d  f r o m  the  l a m p  s o u r c e ,  a b e a m  

of which  is  d i r e c t e d  onto the  photo  c e l l ,  the  c o n t r ib u t io n  of th is  

s e c o n d a r y  r a d i a t i o n  is  s m a l l  and  ch an g es  in i t s  i n t e n s i ty  due to p r e s s u r e  

of h y d r o g e n  would  be r e l a t i v e l y  u n d e t e c t a b l e .  The  o b s e r v a t i o n  th a t  

the  a b s o r b i n g  p o w e r  of the  m e r c u r y  i n c r e a s e d  wi th  i n c r e a s e  in  h y d r o g e n  

p r e s s u r e  a l so  i n d i c a t e s  t h a t  th i s  p r o c e s s  is  not be ing  o b s e r v e d  to any  

g r e a t  e x te n t .

If, on the  o t h e r  hand ,  the  e f fec t  of the  a d m ix e d  h y d ro g e n  in  the  

a b s o r p t i o n  c e l l  i s  to b r o a d e n  the  a b s o r p t i o n  band  of the  m e r c u r y  by 

c o l l i s io n ,  the  b r o a d e r  the  band  the  g r e a t e r  the  a m o u n t  of the  in c id e n t  

r a d i a t i o n  w h ich  would  be  a b s o r b e d .  C o n se q u e n t ly ,  an  i n c r e a s e  in 

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

F o r  t h i s  p h e n o m en o n  to o c c u r ,  h o w e v e r ,  i t  i s  n e c e s s a r y  fo r  

the  s o u r c e  to e m i t  r a d i a t i o n  in a b an d  of w a v e le n g th  as  b r o a d , o r  

b r o a d e r , t h a n  t h a t  a t t a i n e d  by the  a b s o r b in g  a t o m s  by c o l l i s i o n .  If the  

e m i t t e d  band  is  s m a l l e r  th a n  the  a b s o r b e d  band  th e n  a po in t  i s  r e a c h e d



when a f u r t h e r  i n c r e a s e  in h y d ro g e n  p r e s s u r e  h a s  no e ffec t  on the  

a b s o r p t i o n  b e c a u s e  r a d i a t i o n  of the  c o r r e c t  e n e r g y  is  not be ing  e m i t t e d  

f r o m  the  s o u r c e .  T h a t  th i s  did  not o c cu r  in the p r e s e n t  w o rk  in d i c a t e s  

tha t  the  e m i s s i o n  l ine  is  r e l a t i v e l y  b r o a d e r  than  the  a b s o r p t i o n  l ine  

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

C o n s i d e r a t i o n  of the  s o u r c e  in d ic a te s  th a t  such  a s ta t e  of a f f a i r s  

could  w e l l  e x i s t .  The  type of l a m p  u s e d  was chosen  b e c a u s e  i t  was  

known to p o s s e s s  l i t t l e  s e l f  i n v e r s i o n  (76) and  p r o d u c e d  a h igh in te n s i ty  

of 2537 A °  r a d i a t i o n  (as in d ic a te d  by the m a k e r ' s  s p e c i f i c a t i o n s ) .

L i t t l e  w as  known abou t  the  b r e a d t h  of th is  l i n e .  S ince ,  h o w e v e r ,  the  

l a m p  c o n ta in e d  n e o n  a s  a c a r r i e r  gas  a t  a p r e s s u r e  of 3 - 5 t o r r ,  i t  

would be e x p e c t e d  to be a p p r e c i a b l y  b r o a d e n e d .  The e ffec t  of the  a r c  

f ie ld  and  the  ru n n in g  t e m p e r a t u r e  (60°C) would a l so  be to p ro d u c e  

b r o a d e n in g .  It h a s  r e c e n t l y  b een  r e p o r t e d  by Yang (77) tha t  th i s  

b ro a d e n in g  p h e n o m e n o n  is  a po in t  which  h a s  b een  o v e r lo o k e d  by m a n y  

w o r k e r s  u s in g  2537 A°  fo r  p h o to c h e m ic a l  i n v e s t ig a t i o n s .  He s t a t e s  

tha t  the  low p r e s s u r e  m e r c u r y  l a m p  c o m m o n ly  e m p lo y e d  in  such  w o rk  

e m i t s  2537 A °  r e s o n a n c e  r a d i a t i o n  with  a D opp le r  ha l f  b r e a d t h  

4 . 5  t i m e s  t h a t  of the  a b s o r p t i o n  l in e .  Th is  m i s m a t c h  in the  two line 

b r e a d th s  d r a s t i c a l l y  r e d u c e s  the  l igh t a b s o r p t io n  in  sp i te  of the  h igh  

a b s o r p t io n  c o e f f i c i e n t .  The add i t ion  of fo r e ig n  g a s e s  s h a r p l y  i n c r e a s e s  

the l igh t  a b s o r p t i o n  b e c a u s e  the  a b s o r p t io n  l ine  b e c o m e s  c o l l i s io n
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b r o a d e n e d .  F u r t h e r  ev idence  suppor t ing  the t h e o r y  th a t  the  e m i s s i o n  

s o u rc e  u s e d  in  the  p r e s e n t  w o rk  p o s s e s s e s  a b r o a d  l ine  wil l  now 

be g iven .

( 7 . 1 1 . )  E f f e c t s  O b s e r v e d  I m m e d ia t e ly  A f te r  Switching On 
M e r c u r y  L a m p

The a b s o r b i n g  p o w e r  of a p a r t i c u l a r  c o n c e n t r a t io n  of m e r c u r y  

g ra d u a l ly  d e c r e a s e d  wi th  t i m e  a f t e r  swi tch ing  on the  l a m p  s o u r c e .

This  p h e n o m e n o n  was  not due to changes  in o v e r a l l  l a m p  in t e n s i ty .  

When f i r s t  sw i tc h e d  on, it  would  be e x p ec ted  th a t  the  l a m p  would  e m i t  

a r e l a t i v e l y  n a r r o w  l ine  an d  th a t  th i s  would,  t h e r e f o r e ,  be  e f f ic ien t ly  

a b s o r b e d  by the  m e r c u r y  in  the a b s o r p t io n  c e l l ,  r e s u l t i n g  in  a h igh  

a b s o r p t io n  r e a d i n g .  As  the  l a m p  is  a l low ed  to w a r m  up ,  i n c r e a s e d  

b ro a d e n in g  of the  l ine  w i l l  o c c u r  so th a t  a l a r g e r  p e r c e n t a g e  of the  

r a d i a t i o n  w i l l  p o s s e s s  e n e r g i e s  in the  wings  of the  f r e q u e n c y  c o n to u r .  

C onseq u en t ly ,  l e s s  of the  r a d i a t i o n  a t  any p a r t i c u l a r  in t e n s i ty  i s  ab le  

to be a b s o r b e d  an d  a d e c r e a s e d  a b s o r p t io n  r e a d in g  is  o b s e r v e d .  When 

the l a m p  c o m e s  to e q u i l i b r i u m  the  r a d i a t i o n  p ro d u c e d  has  a c o n s ta n t  

l ine b r e a d t h  an d  the  a b s o r b in g  p o w e r  of the  m e r c u r y  fo r  th i s  wi l l  be 

cons tan t ,  a s  i s  o b s e r v e d .

The e f f e c t s  of b r o a d e n in g  which  have  b een  d i s c u s s e d  in th is  and 

the p r e v io u s  s e c t i o n  a l though  l a r g e  when c o m p a r e d  with  t h e o r e t i c a l  

' f ine l i n e s '  a r e  s t i l l  r e l a t i v e l y  s m a l l  c o m p a r e d  with  the  r e s o l u t i o n
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of the  m o n o c h r o m a t o r  s y s t e m  of the  s p e c t r o p h o t o m e t e r .  I t  is  

e s s e n t i a l ,  h o w e v e r ,  th a t  the  c e n t r e  of the  e m i s s i o n  l ine  is  a lw ays  in 

the m id d le  of the  s p e c t r o p h o t o m e t e r  s l i t s  and  the p r o c e d u r e  d e s c r i b e d  

in s e c t io n  1 1 . 3 .  a c c o m p l i s h e s  th is  e f f ic ien t ly .

( 7 . 1 2 . )  C h an g e s  of A b s o r p t io n  with  T im e ,  A f te r  A d m is s io n  
of A i r  o r  H yd ro g en

The e f fec t s  w h ich  have  a l r e a d y  b een  d i s c u s s e d  have  a r i s e n  f r o m  

the s p e c t r o s c o p i c  p r o p e r t i e s  of the  s o u r c e  o r  of the  a b s o r b e r .  

C o n seq u en t ly ,  e x c e p t  i n s o f a r  a s  th ey  w e r e  dependen t  upon so m e  

e x t e r n a l  f a c t o r ,  s u c h  a s  the  w a r m in g  up of the  l ight s o u r c e ,  they  did 

not v a r y  w i th  t i m e .  On the o th e r  hand ,  in  the  e x p e r im e n t s  w h e re  a i r  

was a d m i t t e d  a t  a t m o s p h e r i c  p r e s s u r e ,  o r  h y d ro g e n  a t  390 t o r r ,  the 

a b s o r p t io n  o b s e r v e d  v a r i e d  o v e r  p e r io d s  of t i m e  of up to ha l f  an  h o u r .  

While th i s  p h e n o m e n o n  did no t  i n t e r f e r e  with  the  u s e  of the  U . V .  

a b s o r p t io n  t e c h n iq u e  fo r  m e r c u r y  v ap o u r  p r e s s u r e  m e a s u r e m e n t ,  i t  

was  fe l t  t h a t  t h e s e  e f fe c t s  w e r e  su f f ic ien t ly  i n t e r e s t i n g  to ju s t i fy  som e 

c o m m e n t .

The  e f fec t  of the  h y d ro g e n  in i t i a l ly  was  to p ro d u c e  a s y s t e m  

with a f a i r l y  low a b s o r p t i o n  which  g ra d u a l ly  i n c r e a s e d .  A p u r e ly  

p h y s ica l  e x p la n a t io n  fo r  th i s  was  c o n s i d e r e d .  It was  p o s s ib l e  th a t  the  

a d m i s s i o n  of h y d r o g e n  to the  a p p a r a t u s  d i s p l a c e d  the m e r c u r y  v ap o u r  

to p a r t s  of the  s y s t e m  which  w e r e  not with in  the l igh t  b e a m ,  an d  th a t
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the i n c r e a s e  in  a b s o r p t i o n  was  a m e a s u r e  of i t s  slow r e t u r n  by- 

d i f fus ion .  Th is  w as  r e j e c t e d  as  the  b a s i s  of an  exp lana t ion  b e c a u s e  

th is  s a m e  e f fec t  was  no t  o b s e r v e d  with  a i r .  The change in th is  l a t t e r  

c a s e  was  f r o m  a low to a h igh  va lue ,  but i t  is  i n t e r e s t i n g  to note  tha t  

the u l t i m a t e  v a lu e  a c h i e v e d  was  (p e rh ap s  fo r tu i tous ly )  a l m o s t  the  

s am e  with  a i r  a s  w i th  h y d r o g e n .

C h e m i c a l  i n t e r a c t i o n s  of s o m e  kind, t h e r e f o r e ,  a p p e a r e d  to be 

o p e r a t in g .  A d e c r e a s e  in a b s o r p t i o n  to a g r e a t e r  ex ten t  th an  was 

found in  the  p r e s e n t  w o rk  ha s  b een  r e p o r t e d  by B a l l a r d  and  T h o rn to n  (72) 

in t h e i r  s tudy  of m e r c u r y  v ap o u r  in the  p r e s e n c e  of n i t r o g e n .  This  

they  a t t r i b u t e d  to a d s o r p t i o n  of io n i s e d  m e r c u r y  a t o m s ,  p r o d u c e d  by 

the  a c t io n  of the  U. V. , onto the wal ls  of the  a b so r p t io n  c e l l .  In the  

p r e s e n t  w o rk ,  a f t e r  a d m i s s i o n  of a i r  o r  of h y d ro g e n  i t  was  found tha t  

w h e th e r  the  c e l l  was  le f t  in o r  out of the  U . V .  l igh t b e a m  had  l i t t l e ,  

if any,  e f fec t  on the  change  in a b s o r p t io n .  I t is  not,  h o w e v e r ,  p o s s ib le  

to e l im in a t e  c h e m i c a l  e f fec t s  p ro d u c e d  by th is  r a d ia t io n ,  e s p e c i a l l y  

dur ing  the  p e r i o d s  in  which  r e a d in g s  w e r e  being  ta k en .  Th is  is  

p a r t i c u l a r l y  so in  the  c a s e  of a i r ,  which con ta ins  oxygen capab le  of 

being c o n v e r t e d  to ozo n e ,  which  r e a c t s  with  m e r c u r y  to p ro d u c e  the  

w e l l -know n " t a i l i n g "  e f f e c t .

B e f o r e  c o m in g  to any  def in i te  conc lu s io n s  c o n ce rn in g  th e se  

e f fec t s ,  i t  i s  f e l t  t h a t  f u r t h e r  i n fo r m a t io n  c o n ce rn in g  the  c h e m i c a l



ac t ion  of the  r a d i a t i o n  m u s t  be  a v a i l a b l e .  In p a r t i c u l a r  w h e th e r ,  

if the a p p r o p r i a t e  ga s  w as  a d m i t t e d  to the  a p p a r a tu s  and a l low ed  to 

s tand  fo r  h a l f  an  h o u r  in  the  a b s e n c e  of U .V .  r a d ia t io n ,  th is  would 

r e s u l t ,  i m m e d i a t e l y  m e a s u r e m e n t s  w e re  m a d e ,  in the  s a m e  a b s o r p t io n  

value a s  t h a t  u l t i m a t e l y  a c h i e v e d  in the  p r e s e n t  w o rk .
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C H A P T E R  8

SIMULTANEOUS DETERMINATION O F MERCURY 

A DSORBED ON A S U P P O R T E D  CATALYST 

AND THAT IN THE VAPOUR PHASE

( 8 . 1 . )  I n t r o d u c t i o n

The  d e v e lo p m e n t  w o rk  c a r r i e d  out in the  p re v io u s  c h a p te r  had  

enab led  a n u m b e r  of c o n c lu s io n s  to be m ad e  r e g a r d in g  the  f a c t o r s  

involved  in  s tudy ing  the  a b s o r p t i o n  of m e r c u r y  vapour  fo r  2537 A 

r a d ia t io n  in  th i s  s y s t e m .

(1) The a b s o r b i n g  p o w e r  of m e r c u r y  vapour  was in f luenced  by

the p r e s s u r e  of h y d r o g e n  a d m ix e d  with  i t .  The g r e a t e r  the  p r e s s u r e  

of h y d ro g e n  the  g r e a t e r  w as  the  a b s o r p t io n  fo r  a g iven n u m b e r  of 

m e r c u r y  a t o m s  p r e s e n t .

(2) H y d ro g e n  w as  p r e s e n t  on r e d u c e d  n ic k e l  c a t a ly s t s  and was 

able to be  d e s o r b e d  by m e r c u r y .

With  t h e s e  f a c t o r s  in m in d  i t  was d ec ided  to c a r r y  out the  

a d so r p t io n  of m e r c u r y  in  the  p r e s e n c e  of a known p r e s s u r e  of h y d r o g e n .  

The p r e s s u r e  of h y d r o g e n  u s e d  was  c o n s id e r a b ly  g r e a t e r  than  the 

p r e s s u r e  w h ich  w ould  be  p r o d u c e d  a s  a r e s u l t  of de sorp t ion^and  

c onsequen t ly  the  e f fec t  of th i s  l a t t e r  on the  a b s o r b in g  p o w e r  of m e r c u r y  

was m a d e  r e l a t i v e l y  n e g l ig ib l e .  Although i t  was p r e f e r a b l e  to u s e
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a l a r g e  p r e s s u r e  of h y d r o g e n  in o r d e r  to obta in  as l a r g e  an a b s o r p t io n  

as p o s s ib l e  f r o m  any p a r t i c u l a r  n u m b e r  of m e r c u r y  a t o m s ,  the  g r e a t e r  

the h y d r o g e n  p r e s s u r e  the  s lo w e r  was the dif fusion of m e r c u r y  f r o m  

the s o u r c e  to the  c a t a l y s t .  A c o m p r o m i s e  was ch o sen  b e tw een  th e s e  

two e f fec t s  by fo l lowing  the  m e r c u r y  a d so r p t io n  in the p r e s e n c e  of 

hy d rogen  a t  a p r e s s u r e  of 17 .5  t o r r .  A r e l a t io n s h ip  be tw een  the 

ab so rb in g  p o w e r  of m e r c u r y  and  the  m e r c u r y  vapour  p r e s s u r e  had  

a l r e a d y  b e e n  o b ta in e d  u n d e r  t h e s e  c ond i t ions .

( 8 . 2 . )  P r e p a r a t i o n  of the  C a t a ly s t

The c a t a l y s t  u s e d  w as  5% n ic k e l  on p u m ic e ,  p r e p a r e d  a s  d e s c r i b e d  

in s ec t io n  1 0 . 6 .  A s a m p l e  of 0 . 2  g was  p l a c e d  in an  ign i t ion  boa t  

be tween  the  m e r c u r y  s o u r c e  and  the  a b so r p t io n  c e l l .  F o r  p r a c t i c a l  

r e a s o n s  i t  w as  n e c e s s a r y  to a c t i v a te  the  c a t a ly s t  in s i tu  by hea t ing  it 

at  a p p r o x i m a t e l y  200°C fo r  2 h r  u n d e r  h y d ro g e n  a t  a p r e s s u r e  of 

200 t o r r .  To p r e v e n t  u n c o n t r o l l e d  c o n tam in a t io n  of the  c a t a ly s t  with  

r a d io a c t i v e  m e r c u r y  a t a p  was  f i t ted  be tw een  the  m e r c u r y  s o u rc e  and  

the c a t a l y s t .  C a r e  w as  ta k e n  to u s e  a tap  l u b r i c a n t  which  was  un l ike ly  

to p ro d u c e  v a p o u r s  a b s o r b i n g  2537 A° r a d i a t i o n .

( 8 . 3 . )  P r e - a b s o r p t i o n  P r o c e d u r e

A f te r  a c t i v a t i o n  of the  c a t a l y s t  the  a p p a r a tu s  was  ev acu a ted ,  

hydrogen  to a p r e s s u r e  of a p p r o x i m a t e l y  17 .5  t o r r  was a d m i t t e d  and
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the a p p a r a t u s  s e a l e d  off .  It was  then  p la ce d  in the s p e c t r o p h o t o m e t e r .  

The t h e r m o s t a t s  r o u n d  the  a b s o r p t i o n  ce l l s  and the  m e r c u r y  s o u rc e  

were  a l lo w ed  to c o m e  to e q u i l i b r i u m  at  the  r e q u i r e d  t e m p e r a t u r e s .

D ur ing  e a r l y  e x p e r i m e n t s  i t  was  d i s c o v e r e d  tha t  g r e a t  c a r e  

was n e c e s s a r y  to p r e v e n t  the  t e m p e r a t u r e  of the m e r c u r y  s o u rc e  

r i s in g  above  th a t  of any  o th e r  p o r t i o n  of the  a p p a r a t u s .  If th is  o c c u r r e d  

d i s t i l l a t io n  took  p l a c e  and  s e c o n d a r y  s o u r c e s  of m e r c u r y  v apour  w e re  

p ro d u c e d .  I t  w as  found n e c e s s a r y ,  t h e r e f o r e ,  to t h e r m o s t a t  the  r o o m  

conta ining the  s p e c t r o p h o t o m e t e r  a t  a t e m p e r a t u r e  h ig h e r  than  th a t  

of the  m e r c u r y  s o u r c e .

On open ing  the  t ap  i s o la t in g  the ra d io a c t iv e  m e r c u r y  s o u r c e ,  

m e r c u r y  w as  a b le  to d i f fuse  t o w a r d  the c a t a ly s t  and  the  r a t e  of 

a d so r p t io n  w as  m e a s u r e d  u s in g  a g a m m a  r a d ia t io n  c o u n te r .  This  

coun ter  was  of th e  c y l i n d r i c a l  type p r e v io u s ly  u s e d  fo r  s tudying  the 

a d so r p t io n  of r a d i o a c t i v e  m e r c u r y  on n ick e l  f i lm s  ( sec t io n  9 .2 3 ) .

It was  p l a c e d  d i r e c t l y  above  and  p a r a l l e l  to the  c a ta ly s t - c o n ta in in g  

sec t ion  of the  a p p a r a t u s  with  the ignit ion  boa t  conta in ing  the  c a t a ly s t  

in the c e n t r e  of th e  w o rk in g  r e g io n  of the  c o u n te r .  The b a ck g ro u n d  

with th i s  c o u n t e r  an d  th e  m e r c u r y  s o u r c e  su i tab ly  sh ie lded  was 

obta ined  b e f o r e  a d s o r p t i o n  of m e r c u r y  on the c a t a ly s t  was  c o m m e n c e d .
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( 8 . 4 . )  R e s u l t s

On opening the  t ap  i s o la t in g  the  m e r c u r y  s o u r c e  i t  was  found 

th a t  no sudden  change  in a b s o r p t i o n  took p l a c e .  This  was  in d i r e c t  

c o n t r a s t  to the  e f fec t  o b s e r v e d  when the  t ap  was opened  in the a b s e n c e  

of the  c a t a l y s t  and  of h y d r o g e n .  In th is  c a s e  an  i n c r e a s e  in a b s o r p t i o n  

was  o b s e r v e d .  P r o v i d e d  a s eco n d  s o u r c e  of m e r c u r y  v a p o u r  was  not 

p r e s e n t  the  a b s o r p t i o n  r e a d i n g s  a t  the  beginning  of the  e x p e r i m e n t  

i n d i c a t e d  an  a b s o r p t i o n  only  s l igh t ly  g r e a t e r  th an  th a t  o b ta ined  with  

the  c e l l  u n d e r  v a c u u m .  It  w as  found th a t  a d s o r p t io n  of the  m e r c u r y  

on the  c a t a l y s t  was  e x t r e m e l y  s low .  Counts  w e r e  t a k e n  fo r  long 

enough t i m e  i n t e r v a l s  to give a s t a t i s t i c a l  a c c u r a c y  of abou t  2  p e r  cen t  

a l th o u g h  a t  low c o v e r a g e s  the  e r r o r  was  s l igh t ly  g r e a t e r .

R ea d in g s  of the  a b s o r p t i o n  of the  2537 A° r a d i a t i o n  in the  

a b s o r p t i o n  c e l l  c o m p a r e d  to th a t  in  the  e v a c u a t e d  r e f e r e n c e  c e l l  w e r e  

t a k e n  wi th  r e s p e c t  to t i m e .  F i g .  8 . 1 .  shows the  counts  and  the  

a b s o r p t i o n  r e a d i n g s  p lo t t e d  a g a i n s t  t i m e ,  fo r  A b so r p t io n  E x p e r i m e n t  3.

In th i s  c a s e  the  c a t a l y s t  and  the  c e l l s  w e r e  m a i n t a i n e d  a t  24°C and 

the  m e r c u r y  s o u r c e  w as  a t  20°C .

It  c a n  be s e e n  th a t  the  a m o u n t  of m e r c u r y  a d s o r b e d  on the  

c a t a l y s t  i n c r e a s e d  w i th  t im e ^ a s  did  the  c o n c e n t r a t i o n  of m e r c u r y  vap o u r  

in  the  a b s o r p t i o n  c e l l .  A f t e r  a p p r o x i m a t e l y  28 h r  the  va lue  of the  

a b s o r p t i o n  b e c a m e  c o n s t a n t  and  r e m a i n e d  a t  th is  va lue  fo r  the  nex t  60 h r .
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The v a p o u r  p r e s s u r e  of m e r c u r y  which th is  a b s o r p t io n  r e p r e s e n t e d  

u n d e r  the  e x p e r i m e n t a l  cond i t ions  was j u s t  l e s s  than  the s a t u r a t e d  

v a p o u r  p r e s s u r e  a t  the  t e m p e r a t u r e  of the  m e r c u r y  s o u r c e .

The a d s o r p t i o n  of m e r c u r y  onto the  c a t a ly s t  con t inued  a t  a f a i r l y  

c o n s t a n t  r a t e  fo r  a p p r o x i m a t e l y  48 h r  and  then  te n d ed  to fa l l  to a lo w e r  

r a t e ,  bu t ,  in the  t i m e  in  which  the  a d s o r p t i o n  was  fo l lowed,  i t  did not 

r e a c h  a c o n s ta n t  v a lu e .

In o r d e r  to d e t e r m i n e  how the v a lu e s  of o p t ic a l  d e n s i ty  and  the  

counts  o b ta in ed  f r o m  the  c a t a l y s t  v a r i e d  r e l a t i v e  to eac h  o th e r  t h e s e  

w e r e  p lo t te d  fo r  E x p e r i m e n t  3 in  F i g .  8 . 2 .  Tt c an  be s ee n  th a t  the  

a m o u n t  of m e r c u r y  v a p o u r  in  the  a b s o r p t i o n  c e l l  i n c r e a s e d  in a l i n e a r  

m a n n e r  d u r in g  the  e a r l i e r  s t a g e s  of the  a d s o r p t i o n  p r o c e s s .

F r o m  the  r e s u l t s  o b ta in ed  f r o m  A b s o r p t io n  E x p e r i m e n t  3 i t  was 

no t  p o s s i b l e  to d e t e r m i n e  w h e th e r  the  a m o u n t  of m e r c u r y  above  the  

c a t a l y s t  a t  any  p a r t i c u l a r  t i m e  was  the  e q u i l i b r i u m  c o n c e n t r a t i o n  

o b ta in ed  a s  a r e s u l t  of a d s o r p t i o n / d e s o r p t i o n  p r o c e s s e s  o v e r  the  whole 

of the  n i c k e l  s u r f a c e  of the  c a t a l y s t ,  o r  w h e th e r  it  r e s u l t e d  only f r o m  

t h e s e  p r o c e s s e s  o c c u r r i n g  on n i c k e l  s u r f a c e s  a t  the  top  of the  

c a t a l y s t  b e d .

Th is  was  i n v e s t i g a t e d  in  A b s o r p t io n  E x p e r i m e n t  5. Th is  s tudy  

was  c a r r i e d  out w i th  the  a p p a r a t u s  a t  a t e m p e r a t u r e  of 26°C and  

co n ta in ing  h y d r o g e n  in i t i a l ly  a t  a p r e s s u r e  of 18 .5  t o r r .  The t e m p e r a t u r e
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of the  m e r c u r y  s o u r c e  was  kept c o n s ta n t  a t  2 2°C .  On opening the 

t ap  i s o la t in g  the  m e r c u r y  s o u r c e  a g a in  no i m m e d i a t e  change  in 

a b s o r p t i o n  o c c u r r e d .  In th i s  c a s e ,  h o w e v e r ,  on leav ing  the  s o u r c e  

c o n n e c te d  to the  c a t a l y s t  no i n c r e a s e  in s u r f a c e  count was  o b s e r v e d  

ou tw i th  the  s t a t i s t i c a l  dev ia t ion ,  even  a f t e r  e ight  h o u r s .  S i m i l a r l y  

the  va lue  of o p t i c a l  d e n s i ty  d id  no t  v a r y  f r o m  it s  o r ig i n a l  v a lu e .  This  

a p p e a r e d  to in d ic a te  th a t  no m e r c u r y  v a p o u r  was  p r e s e n t .  C o n seq u en t ly  

the  m e r c u r y  s o u r c e  was  h e a t e d  gen t ly  un t i l  b e ad s  of m e r c u r y  w e r e  s ee n  

f o r m i n g  on the  g l a s s .  D ur ing  th is  p r o c e d u r e  the  tap  was kept shu t  and  

the  g l a s s  b e tw e e n  the  m e r c u r y  s o u r c e  and  the  t a p  s u r r o u n d e d  by co t ton  

wool s o a k e d  in l iqu id  n i t r o g e n .  The t a p  w as  th e n  o pened  but no i n c r e a s e  

in a b s o r p t i o n  was  o b s e r v e d .  On leav ing  the  s y s t e m  o v e rn ig h t  and  

opening  the  t ap  a g a in  the  counts  w e r e  s e e n  to i n c r e a s e  with  t i m e ,  a s  

d id  the  r e a d i n g s  of o p t i c a l  d e n s i ty , in d ic a t in g  tha t  m e r c u r y  v ap o u r  w as ,  

in  f a c t ,  p r e s e n t .  The v a lu e s  o b ta in ed  a r e  i n d ic a te d  in F i g .  8 . 3 .

A f t e r  12 h r ,  i n d i c a t e d  by the  poin t A,  the  t a p  to the  s o u r c e  was  

c l o s e d  and  was  r e o p e n e d  9 h r  l a t e r ,  i . e .  a t  po in t  B .  D ur ing  the 

p e r i o d  in  which  the  t ap  was  c lo s e d ,  the  o p t i c a l  d e n s i ty  f e l l  f r o m  the 

va lue  of 0 .0 8 3  which  i t  had  a t t a in e d  to 0 .0 4 3 ,  i . e .  v i r t u a l l y  the  s a m e  

v a lu e  which  i t  h a d  p o s s e s s e d  b e f o r e  a d s o r p t i o n  o c c u r r e d .  No 

o b s e r v a b l e  change  in  the  s u r f a c e  count o c c u r r e d  d u r ing  the  p e r i o d  

when the  s o u r c e  w as  i s o l a t e d .  On r e o p e n in g  the  t ap  both  the  s u r f a c e
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count  and  the  o p t i c a l  d e n s i ty  i n c r e a s e d ,  the  l a t t e r  in i t i a l ly  a t  

a f a s t e r  r a t e  and  the  f o r m e r  a t  a s lo w e r  r a t e  than  p r e v i o u s l y .  A f t e r  

a  f u r t h e r  e x p o s u r e  of 48 h o u r s  the  tap  was  a g a in  c l o s e d  a t  po in t  C 

and  in th is  c a s e  o p t i c a l  d e n s i ty  r e a d i n g s  w e r e  t a k e n  fo r  the  tw e lve  

h o u r s  u n t i l  i t  w as  r e o p e n e d  a t  po in t  D. In th is  t im e  the  o p t ic a l  d e n s i ty  

a g a in  fe l l  and  r e a c h e d  a c o n s ta n t  va lue  which  i t  m a in t a in e d  fo r  two h o u r s .  

This  va lue  of the  o p t i c a l  d e n s i ty  in d i c a t e d  th a t  a t  th is  s tage  m e r c u r y

-3
was  s t i l l  p r e s e n t  above  the  c a t a l y s t  a t  a v a p o u r  p r e s s u r e  of 0 . 2  x 1 0  

t o r r .  The coun ts  o b ta in ed  f r o m  the  c a t a l y s t  s u r f a c e  a l so  fe l l  on th i s  

o c c a s i o n  while  the  s o u r c e  was  i s o l a t e d .  On opening  the tap  the  o p t ica l  

d e n s i t y  r e a d i n g s  i n c r e a s e d  to t h e i r  o r i g i n a l  va lue  in a r e l a t i v e l y  s h o r t  

t i m e  and  the  s u r f a c e  counts  a l s o  i n c r e a s e d .  With p r o lo n g e d  f u r t h e r  

e x p o s u r e  the  o p t i c a l  d e n s i ty  m e a s u r e m e n t s  a p p e a r e d  to r e a c h  a c o n s ta n t  

va lue  an d  in th e  t i m e  fo r  which  m e a s u r e m e n t s  w e r e  t a k e n  th i s  did  not 

a t t a i n  a va lue  c o r r e s p o n d i n g  to the  m e r c u r y  v a p o u r  p r e s s u r e  a t  the  

t e m p e r a t u r e  of the  s o u r c e  o r  the  c a t a l y s t .

( 8 . 5 . )  D e t e r m i n a t i o n  of the  W eight  of M e r c u r y  P r e s e n t  
D u r in g  A d s o r p t io n

The a b s o lu t e  w e igh t  of m e r c u r y  p r e s e n t  a t  the  end of the  r e a c t i o n

was  d e t e r m i n e d  by d i s so lv in g  the  c a t a l y s t  in n i t r i c  a c i d  and  c o m p a r in g

the  count  in a l iqu id  c o u n te r  o b ta in e d  f r o m  th i s  with  th a t  ob ta in ed  f r o m

a s t a n d a r d  s o lu t io n .  S ince  the  f in a l  coun t  o b ta ined  on the  e x t e r n a l



2 0 0
T A B L E  8 . 1 .

W eights  of M e r c u r y  P r e s e n t  D ur ing  A b s o r p t io n  E x p e r i m e n t  5

L iq u id  c o u n te r  b a c k g r o u n d  = 1953 - 115 = 17 c . p . m .

10 cc of so ln .  con ta in ing  c a t a l y s t  = 8101  ̂ 65 - 17 -  108 c . p . m ,  
(d i s s o lv e  c a t a l y s t  in 1 2  m l)

1 0  cc of s t a n d a r d  so ln .  = 
(5 .4  m g  in  100 m l)

25134 - 45 - 17 + 2 = 544 c . p . m .

.* . T o ta l  w t .  of Hj , _ 0 .5 4  x 108 x 1 . 2 m g=> *  5 4 4

= 0 .1 3  mg

Wt. of c a t a l y s t  = 0 . 2  g = 9 . 5 4  m g  of n ic k e l

. ’ . R a t io  of N i /H g  a t  end 6 .0 2 3  x  10 x 9 . 5 4 ix 1 0  x 2 0 0 . 6

58 .7  x 6 . 023 23
x 1 0 x 0 .1 3  x 1 0 - 3

= 250

S o u r c e
T im e
A f te r
S t a r t
(hr)

Count p e r  m in
Wt. of 

Hg 
(mg)

R at io
N i /H g
a t o m s

B a c k g r o u n d - 4978 i 42 = 118 - -

T o ta l  w t .  of Hg 128 6232 - 30 - 118 = 90 0 .1 3 250

i i  i i  t i 16 219 - 118 =  1 0 1 i i n

i i  i i  t i 82 2 1 2  - 118 = 94 11 t i

Wt. of Hg a t  pt  A 
( F ig .  6 . 3 . )

16 151 - 118 = 33 0 .0 4 810

Wt. of Hg a t  pt  C 82 195 - 118 = 77 0 . 1 1 294
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g a m m a  c o u n te r  was  d e r i v e d  f r o m  th is  c a l c u l a t e d  weigh t  of m e r c u r y ,  

the  w e igh ts  of m e r c u r y  p ro d u c in g  the o b s e r v e d  counts  a t  o th e r  s t a g e s  

of the  r e a c t i o n  cou ld  be c a l c u l a t e d .  N e c e s s a r y  c o r r e c t i o n s  fo r  the  

r a d i o a c t i v e  d e ca y  of the  m e r c u r y  o v e r  the  p e r i o d  of the  a d s o r p t i o n  

w e r e  m a d e .  The r e s u l t s  o b ta in e d  a r e  g iven  in Tab le  8 . 1 .  

w i th  d e ta i l s  of the  m e th o d  of c a l c u l a t i o n .

(8 . 6 . )  D i s c u s s i o n  of S im u l tan e o u s  Study of M e r c u r y  A d s o r b e d  
on a S u p p o r te d  C a t a l y s t  and  T ha t  in the  V apour  P h a s e

The s t r i k in g  f e a t u r e  of the  m e r c u r y  a d s o r p t i o n  r e s u l t s  was  the  

s t e a d y  r i s e  in m e r c u r y  v a p o u r  p r e s s u r e  which  o c c u r r e d  a s  a d s o r p t i o n  

p r o c e e d e d .  E v e n  in  the  v e r y  e a r l y  s t a g e s  of the  p r o c e s s ,  an i n c r e a s e  

in  the  o p t i c a l  d e n s i t y  of the  v a p o u r  was  o b s e r v e d .  In o r d e r  to exp la in  

the  o b s e r v e d  p h e n o m e n a ,  i t  i s  p o s tu l a t e d  th a t  th i s  a d s o r p t i o n  o c c u r r e d  

by two p r o c e s s e s ,  c h e m i s o r p t i o n  and  p h y s i c a l  a d s o r p t i o n .  The f i r s t  

of t h e s e  r e s u l t e d  in  s t r o n g ly  a d s o r b e d  m e r c u r y ,  but the  seco n d  

p e r m i t t e d  r e v e r s i b i l i t y  of a d s o r p t i o n  su c h  th a t  the  a d s o r b e d  m e r c u r y  

w as  in e q u i l i b r i u m  w ith  a m e a s u r a b l e  v a p o u r  p r e s s u r e .

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

th a t ,  owing to the  f in e ly  d iv ided  n a t u r e  of the  c a t a l y s t ,  th i s  o c c u r r e d  

p r e f e r e n t i a l l y  on top  of the  c a t a l y s t  bed ,  a s  h a s  b e en  d i s c u s s e d  in 

C h a p t e r  5. S ince  the  n u m b e r  of s i t e s  fo r  c h e m i s o r p t i o n  on the  top 

of the  b e d  w as  l i m i t e d ,  the  m e r c u r y  was  soon be ing  supp l ied  a t



a g r e a t e r  r a t e  than  i t  could  be c h e m i s o r b e d .  The co n t inued  a d s o r p t io n ,  

a s  in d ic a te d  by the i n c r e a s e  in  count,  o c c u r r e d  m a in ly  by p h y s i c a l  

a d s o r p t i o n .  Thus  an  i n c r e a s e  in the  a m o u n t  of m e r c u r y  in the v ap o u r  

p h a se  w as  o b s e r v e d .  The long t im e  i n t e r v a l s  invo lved  in th is  w ork ,  

c o m p a r e d  with  the  t i m e  r e q u i r e d  fo r  m e r c u r y  to r e a c h  the c e l l  in  the  

a b s e n c e  of the  c a t a l y s t ,  s u g g e s t e d  th a t  the  v a p o u r  p r e s s u r e  m e a s u r e d  

in the a b s o r p t i o n  c e l l  was  th a t  in e q u i l i b r i u m  with  the  c a t a l y s t  on top 

of the  c a t a l y s t  b e d .

When the  m e r c u r y  s o u r c e  was  shut off, h o w e v e r ,  a s  in 

E x p e r i m e n t  5, a f a l l  in the  v a p o u r  p r e s s u r e  was  o b s e r v e d  to a va lue  

w hich  i n d i c a t e d  th a t  neg l ig ib le  a m o u n t s  of m e r c u r y  v a p o u r  w e r e  

p r e s e n t .  Th is  m a y  be  ex p la in ed  if m e r c u r y  o r ig i n a l l y  p h y s i c a l ly  

a d s o r b e d  on the  s u r f a c e  was  c ap a b le  of m i g r a t i o n  into  the  c a t a l y s t  

bed ,  to b e c o m e  c h e m i s o r b e d  on s i t e s  p r e v i o u s l y  u n o c cu p ie d .  This  

m i g r a t i o n  thus  v a c a t e d  s p ac e  on the  s u r f a c e  fo r  p h y s i c a l  a d s o r p t io n  

an d  the  e q u i l i b r i u m  w ith  the  v a p o u r  was  u p s e t ,  r e s u l t i n g  in  r e m o v a l  

of m e r c u r y  f r o m  the  v a p o u r  p h a s e .  On the f i r s t  o c c a s io n  when the 

s o u r c e  was  i s o l a t e d ,  l i t t l e  m e r c u r y  h a d  b e e n  a d s o r b e d  and  co n se q u e n t ly  

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

m e r c u r y  b e c a m e  c h e m i s o r b e d .  On the  s ec o n d  o c c a s io n ,  h o w e v e r ,  m u c h  

m o r e  m e r c u r y  w as  p r e s e n t ,  a s  i n d ic a te d  by the h i g h e r  v a lu e s  of the  

v a p o u r  p r e s s u r e  and  the  count  r a t e ,  and  c o n se q u e n t ly  m o r e  e x ten s iv e
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m i g r a t i o n  of the  m e r c u r y  was n e c e s s a r y .  The d e c r e a s e  in  count r a t e  

i n d i c a t e d  th a t  th i s  d i f fus ion  of m e r c u r y  into the bed ,  and c o n se q u e n t ly  

aw ay  f r o m  the  c o u n te r ,  was  tak ing  p l a c e .

The e x te n s iv e  m i g r a t i o n  a l so  a cc o u n te d  fo r  the  s lo w e r  r a t e  of 

r e m o v a l  of m e r c u r y  f r o m  the  v a p o u r  p h a se  on the s econd  o c c a s io n  

t h a t  the  s o u r c e  w as  i s o l a t e d .  B e c a u s e  of the  r e v e r s i b l e  n a t u r e  of the  

p h y s i c a l  a d s o r p t i o n ,  r e l a t i v e l y  l a r g e  q u an t i t i e s  of m e r c u r y  would r e q u i r e  

to d i f fuse  to r e d u c e  the  v a p o u r  p r e s s u r e  a p p r e c i a b l y .  T h a t  th is  did 

in  f ac t  h a p p en  was  c o n f i r m e d  by the  t i m e  ta k e n  fo r  the  v a p o u r  p r e s s u r e  

to r e c o v e r  i t s  o r i g i n a l  v a lue  a f t e r  the  a c c e s s  of m e r c u r y  was 

t e m p o r a r i l y  i n t e r r u p t e d .  Th is  was  v e r y  m u c h  g r e a t e r  th an  would have  

b e en  r e q u i r e d  to p ro v id e  only  th a t  a m o u n t  of m e r c u r y  which  d i s a p p e a r e d  

f r o m  the  v a p o u r  p h a s e .  The fac t  th a t  the  v a p o u r  p r e s s u r e  fe l l  to 

a c o n s t a n t ,  bu t  s t i l l  a p p r e c i a b l e ,  v a lue  on the  s ec o n d  o c c a s io n  in d ic a ted  

th a t  no t  a l l  of the  p h y s i c a l ly  a d s o r b e d  m e r c u r y  on the  top of the  bed  

h a d  b e e n  ab le  to m i g r a t e .

In ad d i t ion ,  the  i d e a  of the  m i g r a t i o n  p r o c e s s  was  cap ab le  of 

exp la in ing  why the  r a t e  of i n c r e a s e  of v a p o u r  p r e s s u r e  a f t e r  opening 

the  t a p  on the  s e c o n d  o c c a s io n  was  g r e a t e r  th a n  th a t  on the  f i r s t  

o c c a s i o n ,  w h ich  in  t u r n  was  g r e a t e r  th a n  a t  the  beg inn ing  of the  

e x p e r i m e n t .  The  r a t e  of a p p e a r a n c e  of m e r c u r y  v a p o u r  a t  the  beginning  

of the  e x p e r i m e n t  would  be e x p e c t e d  to be s lo w es t  s ince  a t  th i s  s tage



t h e r e  w e r e  m o r e  s i t e s  a v a i l ab le  fo r  c h e m i s o r p t i o n .  As  the a d s o r p t i o n  

p r o c e e d e d ,  the  s i t e s  fo r  c h e m i s o r p t i o n  would b e c o m e  p r o g r e s s i v e l y  

l e s s  a c c e s s i b l e .  The  r a t e  of c h e m i s o r p t i o n  would,  t h e r e f o r e ,  d e c r e a s e  

so t h a t  c o m p e t i t i o n  wi th  the  p h y s i c a l  a d s o r p t i o n  p r o c e s s  fo r  the  

a v a i l a b l e  m e r c u r y  would co n t in u o u s ly  d im in i s h .  A f t e r  a p e r i o d  of 

m i g r a t i o n  when the  u p p e r  r e g io n  of the  bed  was wel l  c o v e r e d  by 

p h y s i c a l ly  a d s o r b e d  m e r c u r y ,  t h e r e f o r e ,  the  v a p o u r  p r e s s u r e  would  

be ab le  to r i s e  to i t s  o r i g i n a l  va lue  in a s h o r t e r  t i m e ,  a s  was o b s e r v e d  

e x p e r i m e n t a l l y .  S i m i l a r l y  in E x p e r i m e n t  3, in which the  s o u r c e  was 

n e v e r  i s o l a t e d  f r o m  the  c a t a l y s t  th roughou t - the  e x p e r i m e n t ,  the  v a p o u r  

p r e s s u r e  above  the  c a t a l y s t  s u r f a c e  b u i l t  up r a p id ly  to the  s a t u r a t e d  

v a p o u r  p r e s s u r e ,  s in ce  the  r a t e  of supply  of m e r c u r y  a t  the  s u r f a c e  

of the  b e d  was  g r e a t e r  than  the  r a t e  of d if fus ion  of p h y s ic a l ly  a d s o r b e d  

m e r c u r y  in to  the  c a t a l y s t  b e d .  It shou ld  be r e a l i s e d ,  h o w e v e r ,  tha t  

th i s  m i g r a t i o n  p r o c e s s  would  s t i l l  o c c u r  and  th a t  the  o b s e r v e d  r a t e  

of i n c r e a s e  of the  count would be c o n t r o l l e d  by both  the  r a t e  of a r r i v a l  

of m e r c u r y  and  i t s  r a t e  of d i f fus ion  into the  c a t a l y s t  b e d .

It  was  no t  p r a c t i c a l  to s tudy  the d e s o r p t i o n  of h y d ro g e n  dur ing  

t h e s e  a b s o r p t i o n  e x p e r i m e n t s ,  an d  thus  i t  was  not known a t  what s tage  

a l l  of the  h y d r o g e n  had  b e en  d i s p l a c e d .  A s s u m in g  th a t  the  h y d ro g e n  

m o n o l a y e r  was  c o m p a r a b l e  wi th  th a t  fo r  m e r c u r y ,  h o w e v e r ,  i t  was  

n e c e s s a r y  to p o s tu l a t e  t h a t  h y d ro g e n  was be ing  d e s o r b e d  a t  l e a s t  up
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unt i l  poin t  D, F i g .  8 . 3 . ,  s in ce  the  p r e s e n c e  of s i te s  capable  of 

m e r c u r y  c h e m i s o r p t i o n  i s  a p r e r e q u i s i t e  of the m ig r a t io n  p r o c e s s  

en v isag ed .  I t  i s  i n t e r e s t i n g  to note  tha t  th is  ad so rp t io n  process^ which 

p e r m i t s  p h y s i c a l  a d s o r p t i o n  b e f o r e  a l l  the  s i te s  capable  of c h em iso rp t io n  

have b e en  o c c u p ie d , e x p la i n s  why about two m e r c u r y  a to m s  w ere  

a d s o r b e d  fo r  e a c h  h y d r o g e n  a t o m  d i sp la ce d  f r o m  the suppor ted  n icke l  

c a t a ly s t s ,  w h e r e a s  an  a t o m  fo r  a to m  d is p la c e m e n t  was found on 

n icke l  f i l m s  ( 1 9 ).

A l though  th e  p i c t u r e  p r e s e n t e d  above was a su itable  m ode l  for 

explain ing the  p h e n o m e n a  o b s e r v e d  in th e se  e x p e r im e n t s  i t  is  not 

en t i r e ly  c o m p l e t e .  In o r d e r  to exp la in  the r e a c t iv a t io n  of m e r c u r y -  

po isoned  p a l l a d i u m  c a t a l y s t s  fo r  cyc lop ropane  hydrogena t ion ,  i t  was 

n e c e s s a r y  to p o s t u l a t e  th a t  m e r c u r y  was ab le  to m ig r a t e  f r o m  po isoned  

s i te s  on top of th e  c a t a l y s t  bed  onto o th e r  c h e m iso rp t io n  s i te s  fu r th e r  

down the c a t a l y s t  b e d .  Th is  p r o c e s s ,  t h e r e f o r e ,  r e s u l t e d  in 

r e g e n e r a t i o n  of c h e m i s o r p t i o n  s i t e s  on the  m o s t  e a s i ly  a c c e s s ib l e  p a r t  

of the  c a t a l y s t  w h ich  w e r e  capab le  of continuing re a c t io n ,  but i t  a l so  

r e q u i r e d  th a t  the  s i t e s  c ap a b le  of c h e m i s o r p t io n  v a r i e d  in en e rg y .

It would a p p e a r ,  t h e r e f o r e ,  th a t  i t  m u s t  be po s tu la ted  tha t  c h e m iso rp t io n  

and p h y s i c a l  a d s o r p t i o n  o c c u r  du r ing  the a b so r p t io n  e x p e r im e n t s ,  but 

that  the  c h e m i s o r p t i o n  s i t e s  v a r y  in t h e i r  s t r e n g th s  of a d so r p t io n .

It is  in f a c t  p o s s i b l e  to ex p la in  a l l  of the o b s e r v e d  phenom ena  on the



b as i s  of th i s  h e t e r o g e n e o u s  c h e m i s o r p t i o n  a lone,  if the l e s s  f i r m ly  

bound s p e c i e s  a r e  c a p a b le  of p roduc ing  a m e a s u r a b l e  vapour  p r e s s u r e .  

U nfo r tuna te ly  no i n f o r m a t i o n  i s  ava i l ab le  on how the hea t  of 

c h e m i s o r p t i o n  of m e r c u r y  v a r i e s  with  cove rage  a lthough i t  would be 

expec ted  th a t  th i s  v a r i a t i o n  would o c c u r ,  co ns ide r ing  the  effects  

which a r e  o b s e r v e d  w i th  o th e r  c h e m i s o r b e d  s p ec ie s  such  as  hydrogen  

(78). In the  c a s e  of m e r c u r y  the h e a t  of p h y s ica l  adso rp t io n  migh t  be 

expec ted  to be  c o m p a r a b l e  wi th  the  h e a t  of v a p o u r i s a t io n  of 15 Kcal 

mole  \  w h ich  i s  m u c h  h i g h e r  than  is  n o r m a l ly  found for phys ica l  

a d s o r p t io n .  Thus  the  d i s t in c t io n  b e tw een  m e r c u r y  c h e m i so rb e d  at  

high c o v e r a g e s ,  an d  m e r c u r y  p h y s ica l ly  a d s o r b e d  m igh t  well  be i l l  

defined.

It i s  d i f f i cu l t  to ex p la in  why the  vapour  p r e s s u r e  in A bsorp t ion  

E x p e r im e n t  3 r o s e  to the  s a t u r a t e d  vap o u r  p r e s s u r e  of the sou rce  

a lthough th i s  d id  no t  o c c u r  in  E x p e r i m e n t  5. This  m a y  be expla ined if 

the r a t e  of a d s o r p t i o n  in  the  s ec o n d  c a s e  was m uch  s low er  and the 

a d so rp t io n  no t  s tu d i e d  to the  s a m e  c o v e r a g e  as  in E x p e r im e n t  3,

On the o th e r  h an d ,  d i f f icu l ty  was  e n co u n te r e d  a t  the beginning of 

E x p e r im e n t  5 w i th  c o n t a m in a t i o n  of the  m e r c u r y  so u rce  and i t  m ay  

be tha t  th i s  r e d u c e d  the  a v a i l a b i l i t y  of the  m e r c u r y  vap o u r .  The p r e s e n c e  

of th is  c o n t a m in a t i o n ,  w h ich  would a p p e a r  to have  been  d e r iv e d  f r o m  

the s i l icone  g r e a s e d  t a p ,  m ig h t  a l so  exp la in  why the  in i t ia l  r a t e  of
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-4 -1 -1a d s o r p t i o n  in  E x p e r i m e n t  5 was  so low (3 .5  x 10 m g  Hg m g Ni h r  ).

This  r a t e  of a d s o r p t i o n  on a n ic k e l  c a t a l y s t  was not h o w ev er ( the  lo w e s t

-5o b ta in e d .  In E x p e r i m e n t  103 in C h a p te r  6 the  r a t e  was 8 . 4  x 10
_ 3

(unit s  a s  b e fo re )  c o m p a r e d  with  8 . 6  x 10 in E x p e r i m e n t  101,

-3 -26 . 5  x 10 in E x p e r i m e n t  102 and  3 . 2  x 10 on F i l m  27. T h e s e

d i f f e r e n c e s  in  r a t e  of a d s o r p t i o n  canno t  be  a t t r i b u t e d  e n t i r e l y  to

d i f f e r e n c e s  in a v a i l a b i l i t y  of m e r c u r y  f r o m  the  s o u r c e  s ince  the  s lo w er

r a t e s  w e r e  a t t a i n e d  wi th  s o m e  of the  h ig h e r  s o u r c e  t e m p e r a t u r e s .

It would  a p p e a r ,  c o n s i d e r i n g  the  h igh  r a t e s  of a d s o r p t i o n  o b ta ined

w ith  f i l m s ,  t h a t  the  a c t i v i t y  of the  c a t a l y s t  and  the  s u r f a c e  a r e a  e x p o se d

to the  v a p o u r  c o n t r o l  the  r a t e  of a d s o r p t i o n .

( 8 . 7 . )  C o n c lu s io n s  and  S u g g e s te d  F u r t h e r  S tudies

A n u m b e r  of c o m m e n t s  m a y  be m a d e  c o n c e rn in g  the  t echn ique  

fo r  the  s tudy  of the  v a p o u r  p r e s s u r e  of m e r c u r y  above a p o iso n ed  

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

(1) The m e r c u r y  r e s o n a n c e  r a d i a t i o n  s o u r c e  u s e d  in the  p r e s e n t  

w o rk ,  a l though  s a t i s f a c t o r y ,  did not p o s s e s s  the  b e s t  p r o p e r t i e s  

fo r  the  o p t i m u m  a p p l i c a t i o n  of the  s p e c t r o p h o t o m e t r i c  techn ique  

u n d e r  the  g iven  c o n d i t io n s .

(2) The r a t e  of m e r c u r y  a d s o r p t i o n  on the  c a t a l y s t s  u s e d  was 

e x t r e m e l y  s low and  long p e r i o d s  of t i m e  w e r e  n e c e s s a r y  b e fo re
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su f f ic ien t  a m o u n t s  of m e r c u r y  w e r e  a d s o r b e d  on the c a t a l y s t  to 

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

(3) The d e te c t io n  of m e r c u r y  a d s o r b e d  on the  c a t a l y s t  was 

c o m p l i c a t e d  by the  m i g r a t i o n  of m e r c u r y  th ro u g h  the  c a t a l y s t  b e d .

In add i t io n  to t h e s e ,  d if f icu l ty  was e n c o u n te r e d  in i n t e r p r e t i n g  

the  o b s e r v e d  r e s u l t s  on the  b a s i s  of p h y s i c a l  o r  c h e m i s o r p t i o n  of 

m e r c u r y  on the  c a t a l y s t .  D i f f icu l t ie s  of the  s a m e  n a t u r e  have  b een  

d i s c u s s e d  in C h a p t e r  6  with  r e g a r d  to the  a d s o r p t i o n  of m e r c u r y  on 

n i c k e l  c a t a l y s t s  and  in the s i m u l t a n e o u s  d i s p l a c e m e n t  of h y d r o g e n .

In p a r t i c u l a r ,  i t  was  not p o s s ib l e  to d i s t i n g u i s h  c l e a r l y  which  type  of 

a d s o r p t i o n  was  p r e v a l e n t  a t  c e r t a i n  s t a g e s .  I t  is  fe l t ,  h o w e v e r ,  tha t  

v a lu a b l e  i n f o r m a t i o n  could  be ob ta in ed  which  m ig h t  c a s t  so m e  l igh t  

on th i s  p r o b l e m ,  if the  t e c h n iq u e s  d e s c r i b e d  in C h a p t e r s  6 and  8  w e r e  

c o m b in e d .

Thus  i t  i s  e n v i s a g e d  th a t  r a d i o a c t i v e  m e r c u r y  should  be a d s o r b e d  

on e v a p o r a t e d  m e t a l  f i l m s  which  co n ta in  a d s o r b e d  h y d ro g e n  and  the 

v o lu m e s  of h y d r o g e n  d i s p l a c e d ,a l o n g  with  the  v a lu e s  of the  v a p o u r  

p r e s s u r e , d e t e r m i n e d .  In th i s  way i t  shou ld  be p o s s ib l e  to d e t e r m i n e  

w h e th e r  any  s ig n i f i c a n t  i n c r e a s e  in  v a p o u r  p r e s s u r e  o c c u r s  a t  the  

s t a g e  when a l l  the  h y d r o g e n  h a s  b e e n  d e s o r b e d  and  to thus  d e t e r m i n e  

the  r e l a t i v e  s i z e s  of the  h y d r o g e n  and  m e r c u r y  m o n o l a y e r s .



E v a p o r a t e d  f i l m s  would be m o s t  s u i ta b le  fo r  th is  s tudy  s in c e ,  a l though 

th e y  p ro v id e  p r a c t i c a l  d i f f i cu l t i e s  in t h e i r  p r e p a r a t i o n ,  they  c o m b in e  

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

a d s o r p t i o n  r a t e s .  M o r e o v e r  they  would no t  give r i s e  to bulk m i g r a t i o n  

p r o b l e m s .  In add i t io n  a fine  l ine  m e r c u r y  s o u r c e ,  such  as  tha t  

d e s c r i b e d  by Gunning (73), shou ld  be u s e d  which would r e s u l t  in 

s t r o n g  a b s o r p t i o n  by the  m e r c u r y  v a p o u r  even in the  p r e s e n c e  of 

v a r y in g  p r e s s u r e s  of h y d r o g e n .
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C H A P T E R  9

THE STUDY O F  C Y C L O P R O P A N E  HYDROGENATION 

ON E V A P O R A T E D  N IC K EL  FILM S: E X P E R IM E N T A L

The p u r p o s e  of the  e x p e r i m e n t a l  s tudy was  to e x a m in e  the 

e f fec t  of p o i s o n s ,  d e l i b e r a t e l y  ad d ed  to the  s y s t e m ,  on the  r a t e  of 

h y d r o g e n a t io n  of c y c lo p r o p a n e .  It was  t h e r e f o r e  n e c e s s a r y  to 

c o n s t r u c t  a h igh  v a c u u m  a p p a r a t u s  so th a t  u n c o n t r o l l a b l e  s o u r c e s  

of c o n ta m in a t i o n  cou ld  be av o id ed .  F u r t h e r m o r e ,  the  u n d e s i r a b i l i t y  

of hav ing  m e r c u r y  in the  s y s t e m  i m p o s e d  r e s t r i c t i o n s  on the  u se  

of m a n y  of the  t e c h n iq u e s  e m p lo y e d  in  co n ven t iona l  h ig h - v a c u u m  

s y s t e m s .

( 9 . 1 . )  The  High V a c u u m  S y s t e m

The a p p a r a t u s  was  c o n s t r u c t e d  th ro u g h o u t  f r o m  P y r e x  g l a s s  

an d  th e  s top  co ck s  g r e a s e d  with  A p ie zo n  N g r e a s e .  The high 

v a c u u m  was  a c h ie v e d  u s in g  an  E d w a r d s  S peed ivac  r o t a r y  o i l - p u m p  

to b a ck  a " M e t r o v a c "  o il  d i f fus ion  pu m p  c h a r g e d  with  E d w a r d s  704 

s i l i c o n e  o i l .  T r a p s  c oo led  with  l iqu id  n i t r o g e n  w e r e  s i tu a te d  

b e tw e e n  the  p u m p s  and the  h igh  v a c u u m  l in e .  I t  was  found tha t  

f i l l ing  t h e s e  t r a p s  wi th  c o p p e r  s t r i p s  did l i t t l e  to a f fe c t  the  

u l t i m a t e  v a c u u m  a s  i n d i c a t e d  by A l p e r t  ( 79 ) a l though  the
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c o p p e r  did i n c r e a s e  the e f f ic iency  of the  t r a p s  when the  l iqu id

n i t r o g e n  r e s e r v o i r s  w e r e  low. The a p p a r a t u s  was  d e s ig n e d  so

th a t  i t  was  p o s s i b l e  to b y - p a s s  the  h igh  v a c u u m  line  and

d i f fus ion  pu m p  when l a r g e  p r e s s u r e s  of g a s e s  w e r e  to be p u m p e d

_5a w ay .  P r e s s u r e s  as  low a s  1 x  10 t o r r  m e a s u r e d  on a P enn ing  

io n i s a t i o n  gauge cou ld  be o b ta in e d .

( 9 . 2 . )  The P e n n in g  Gauge

The P e n n in g  Gauge ( 80 ) c o n s i s t e d  of a d i s c h a r g e  tube

a t t a c h e d  to the  end  of the  h igh  v a c u u m  l ine ,  the  p r i n c ip l e  of i t s  

o p e r a t i o n  be ing  th a t  the  c u r r e n t  c a r r i e d  by the  d i s c h a r g e  was  

a func t ion  of the  gas  p r e s s u r e .

The c o n s t r u c t i o n  of th i s  gauge  and  the  a cc o m p a n y in g  

e l e c t r i c a l  c i r c u i t  a r e  i n d ic a te d  in F i g .  9 . 1 .  The c a l i b r a t i o n  of 

the  c u r r e n t  p r o d u c e d  a t  v a r i o u s  p r e s s u r e s  was  o b ta ined  f r o m  the 

l i t e r a t u r e  ( 80 ).

( 9 . 3 . )  P r e s s u r e  M e a s u r i n g  D ev ice s  fo r  Studying H ydro g en a t io n

F o r  the  s tudy  of c y c lo p r o p a n e  h y d r o g e n a t io n  i t  was  in tended

to w o rk  wi th  g a s  p r e s s u r e s  in the  r e g i o n  1 0  - 2 0 0  t o r r  and  i t  was

found ( 81, 82) th a t  a  n u m b e r  of gauges  w e r e  cap ab le  of u s e  in 

th i s  r a n g e .  T h e s e  m a y  be  c o n v en ien t ly  c l a s s i f i e d ,  depending  on
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t h e i r  m ode  of a c t i o n ,  into f lu id  m a n o m e t e r s  and  m e c h a n i c a l  

m a n o m e t e r s .

The m a j o r i t y  of the  f lu id  v a r i e t y  w e r e  u n s u i t a b le  s in ce  

th e y  c o n ta in ed  m e r c u r y ,  c o n se q u e n t ly  M c L e o d  gauges  and  v a r i o u s  

ty p e s  of a c c u r a t e  m e r c u r y  m a n o m e t e r s  ( 83, 84 ) w e r e  not 

c o n s i d e r e d .  Oil  m a n o m e t e r s  ( 85 ) w e r e  su i tab le  in th a t  they

did not p r e s e n t  c o n ta m in a t i o n  p r o b l e m s  but  the  so lu t ion  of gas  

and  i t s  s u b s e q u e n t  s p o n tan eo u s  evo lu t ion  when u n d e r  v a c u u m  w e r e  

s o u r c e s  of e r r o r  and  i n c o n v e n ie n c e .

A c o m p r o m i s e  b e tw ee n  t h e s e  two ty p e s  of f lu id  m a n o m e t e r  

was  p r o v id e d  by u s e  of a l a y e r  of h igh  v a c u u m  oil  to s u p p r e s s  

m e r c u r y  v a p o u r  in  m e r c u r y  m a n o m e t e r s  ( 8 6  ). T h i s ,  h o w e v e r ,

s t i l l  show ed  t e n d e n c ie s  to d eg as  bu t  to a l e s s e r  e x ten t .

V e r y  few of the  m e c h a n i c a l  m a n o m e t e r s  w e r e  c o n s i d e r e d  to 

c o n ta in  s o u r c e s  of c o n ta m in a t i o n .  M any,  h o w e v e r ,  su ch  a s  m e t a l  

be l low s  gau g es  ( 87 ) and  d i a p h r a g m  gau g es  ( 8 8  ) w e r e

c o n s t r u c t e d  u s in g  a h igh  p r o p o r t i o n  of m e t a l .  S ince  the  c a ta ly t ic  

b e h a v io u r  of th i s  u n d e r  e x p e r i m e n t a l  cond i t ions  and a l so  w h e th e r  

i t  would  a m a l g a m a t e  wi th  the  r a d i o a c t i v e  m e r c u r y  to be u s e d  as  

a  c a t a l y s t  p o i s o n  w as  unknown,  t h e s e  gau g es  w e r e  not c o n s i d e r e d  

s u i t a b l e .

A type  of m e c h a n i c a l  m a n o m e t e r  which  c o n ta in ed  no s o u r c e
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of c o n ta m in a t io n  and  which  was  c o n s t r u c t e d  c o m p le te ly  f r o m  

g l a s s  was  the  B o u rd o n  g a u g e .  Two b a s i c  d e s ig n s  of th is  gauge 

have  b e en  d e s c r i b e d ,  the  spoon gauge ( 89 ) a nd the  s p i r a l

gauge  ( 90 ). Of t h e s e  the  s p i r a l  gauge  was  m u c h  m o r e

s a t i s f a c t o r y  s ince  i t  cou ld  be  m a d e  v e r y  s e n s i t iv e  in  the 

a p p r o p r i a t e  p r e s s u r e  r a n g e  y e t  cou ld  w i th s ta n d  a l a r g e  p r e s s u r e  

d i f f e r e n c e ,  a s  m ig h t  be a p p l i e d  i n a d v e r t e n t l y .  An a t t e m p t  was 

m a d e  to c o n s t r u c t  t h e s e  gau g es  u s in g  an  a p p a r a t u s  which  was 

a v a i l a b l e  in the  l a b o r a t o r y .  T h i s ,  h o w e v e r ,  was  abandoned  s ince  

gau g es  of su f f ic ien t  s e n s i t i v i t y  w e r e  not p r o d u c e d .  C o n sequen t ly ,  

in  the  i n i t i a l  e x p e r i m e n t s  of the  h y d ro g e n a t io n  s tudy the  c o u r s e  

of the  r e a c t i o n s  was  fo l low ed  u s in g  a B o u rd o n  spoon gauge the  

c o n s t r u c t i o n  of which  is  in d i c a t e d  in s e c t io n  9 . 4 .

( 9 . 4 . )  C o n s t r u c t i o n  of B o u rd o n  Spoon Gauge

This  gauge  c o n s i s t e d  of a v e r y  th in  w a l l ed  g l a s s  bulb ,  sh ap ed  

in  su c h  a m a n n e r  t h a t  a d i s t o r t i o n  was  p r o d u c e d  in the  bulb when 

the  p r e s s u r e  in s id e  was  d i f f e r e n t  f r o m  the  e x t e r n a l  p r e s s u r e .

Th is  m o v e m e n t  w as  m a g n i f i e d  by a p o in t e r  a t t a c h e d  to the  bulb 

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

The  gauge  w as  c o n s t r u c t e d  by d ra w in g  out 8  m m ,  e x t e r n a l  

d i a m e t e r ,  th in  w a l l e d  tubing  in to  a c a p i l l a r y  about  1 5 - 2 0  c m  in
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l eng th  and  1 m m  in d i a m e t e r .  The end of the  c a p i l l a r y  was  

s e a l e d  in a f l a m e  and  a th in  w a l led ,  ova l  shaped  bulb 

a p p r o x i m a t e l y  3 c m  wide  was  blown in the  tubing in  the  r e g io n  

w h e r e  i t  t a p e r e d  into  the c a p i l l a r y .

The bulb was  th e n  p a r t i a l l y  r o t a t e d  in a soft  gas  f l a m e  

c a u s in g  i t  to c o l l a p s e  i n w a rd s  a r o u n d  the  c i r c u m f e r e n c e ,  excep t  

fo r  a r e g i o n  about  1 c m  w ide .  A ro u g h  e s t i m a t i o n  of the  r e l a t i v e  

s e n s i t i v i t y  of the  gau g es  w as  ob ta in ed  by suck ing  the  tube  gen t ly  

with  the  m o u th  and  o b s e r v in g  the  m o v e m e n t  of the  c a p i l l a r y  

p o i n t e r .  G auges  which did  no t  p ro d u c e  a fnovem en t  of a t  l e a s t  

2 - 3  c m  u n d e r  t h e s e  cond i t ions  w e r e  r e j e c t e d .

( 9 . 5 . )  Mounting of Spoon Gauge and  O p t ic a l  L e v e r  S y s t e m

The gauge was  e n c lo s e d  in an  o u te r  g l a s s  envelope  as  

i n d i c a t e d  in  F i g .  9 . 2 .  This  envelope  was  d e s ig n e d  u s in g  B 34 

jo in t s  so th a t  i t  cou ld  e a s i l y  be  r e m o v e d  in the even t  of b r e a k a g e  

of the  g a u g e .  A B 14 cone was  f i t t ed  to the  gauge ,  the  c o r r e s p o n d i n g  

s o c k e t  be ing  a t t a c h e d  by m e a n s  of a r in g  s e a l  to the  l o w e r  end  of 

the  B 34 cone onto which  was  f i t t ed  the  g l a s s  en v e lo p e .

A l igh t  w e igh t ,  p lan e  m i r r o r  was  f i t t ed  u s in g  A p iezon  W wax.

A s t a i n l e s s  s t e e l  knife  edge was  a l s o  a t t a c h e d  to the  top of the  

f r a m e w o r k  and  th i s  was  s u sp e n d e d  f r o m  two V s h ap ed  s u p p o r t s



of 3 m m  g l a s s  r o d  a t t a c h e d  to the  B 34 cone  which f i t t ed  into 

the  top of the  o u t e r  g l a s s  en v e lo p e .  Th is  a s s e m b l y  was u s e d  

a s  an  o p t i c a l  l e v e r ,  by a l lowing the  lo w e r  edge of the  g l a s s  f r a m e  

to r e s t  a g a i n s t  the  c a p i l l a r y  p o in t e r  of the  g a u g e .  When the 

p r e s s u r e s  in s id e  and  o u ts id e  the gauge w e r e  equal, the  m i r r o r  

s u s p e n d e d  f r o m  the  knife edge was  t i l t e d  abou t  1 0  d e g r e e s  f r o m  

the  v e r t i c a l .  Any change  in p r e s s u r e  a c r o s s  the  gauge  c a u s e d  

th i s  ang le  to a l t e r .

A s ide  a r m ,  2 c m  long and  3 c m  in d i a m e t e r  was  f i t ted  to 

the  o u t e r  enve lope  a t  a he ig h t  c o r r e s p o n d i n g  to the p o s i t io n  of the  

m i r r o r  and  to the end  of th i s  was  f ixed  a p lane  g l a s s  d i s c  u s in g  

A p ie zo n  W w ax .  This  e n ab le d  the  im a g e  of e x t r e m e l y  fine  m e t a l  

c r o s s  w i r e s  to be p r o j e c t e d  onto the  m i r r o r  and  r e f l e c t e d  out 

a g a in  wi thout  a b e r r a t i o n .  Th is  im a g e  was  th e n  r e f l e c t e d  f r o m  two 

p lane  m i r r o r s ,  p l a c e d  a t  o p p o s i te  s id e s  of the  a p p a r a t u s ,  onto 

a v e r t i c a l ,  t r a n s l u c e n t  g r a d u a t e d  g l a s s  s c a l e .  Th is  s y s t e m  r e q u i r e d  

a  c o n s i d e r a b l e  a m o u n t  of a d j u s t m e n t  b e f o r e  the  im a g e  could  be 

s u c c e s s f u l l y  p r o d u c e d  on the  s c a l e .  Once  so a d ju s t e d  any s l ight  

m o v e m e n t  of the  gauge  p o in t e r  p r o d u c e d  a m u c h  m a g n i f i e d  m o v e m e n t  

of the  i m a g e  of the  c r o s s  w i r e s  on the s c a l e .
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( 9 . 6 . )  C a l i b r a t io n  of Spoon Gauge u s ing  a M e r c u r y  M a n o m e t e r  

In o r d e r  to c o n v e r t  the  r e a d in g s  o b ta ined  on the s c a l e  to 

a b so lu t e  p r e s s u r e  d i f f e r e n c e s  b e tw ee n  the  in s id e  and  the ou ts ide  

of the  gauge i t  was  n e c e s s a r y  to c a l i b r a t e  the  gauge a g a i n s t  

a m e r c u r y  m a n o m e t e r .

S e v e r a l  e r r o r s  i n h e r e n t  in m e r c u r y  m a n o m e t e r s  have  been  

r e p o r t e d  ( 9 1 , 9 2  ) and  an  a t t e m p t  was  m a d e  to r e d u c e  a s  m a n y  of 

t h e s e  as  p o s s i b l e .

The m a n o m e t e r  w as  of the  U - tu b e  type c o n s t r u c t e d  f r o m  

P y r e x  tub ing  14 .5  m m  (ou ts ide  d i a m e t e r )  and  wal l  t h i c k n e s s  1 .2  m m .  

The l i m b s  w e r e  e a c h  80 c m  long and  w e r e  m a d e  a s  p a r a l l e l  a s  

p o s s i b l e .  The  m a n o m e t e r  was  th o ro u g h ly  c le a n e d  with  ho t  c h r o m i c  

a c i d  which  was  a l lo w ed  to r e m a i n  in  the  l i m b s  o v e r n ig h t .  It was  

th e n  r i n s e d  wi th  d i s t i l l e d  w a t e r  and  d r i e d  u n d e r  v a c u u m .  The 

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

a f t e r  the  l i m b s  h a d  b e en  th o ro u g h ly  f l a m e d  ou t .  The  l e v e l  of the  

m e r c u r y  m e n i s c u s  in  e ac h  l im b  was  r e a d  u s in g  a c a t h e t o m e t e r  

m o u n te d  on a v e r t i c a l  g r a d u a t e d  s c a l e .  The  s t a n d a r d  dev ia t ion  

on a r e a d i n g  of the  m e r c u r y  m e n i s c u s  was  0 .0 0 8  c m .  This  was  

i m p r o v e d  a t  a l a t e r  s t ag e  ( s e e  s e c t io n  9 . 17 . )  by i l lu m in a t in g  the  

m e n i s c u s  w i th  d i f fuse  l ig h t .

One l i m b  of the  m a n o m e t e r  w as  co n n ec te d  to an  e x t e r n a l
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v a c u u m  s o u r c e  and  cou ld  be p u m p e d  out to a v a c u u m  b e t t e r  than  

.  ~  2
10 t o r r .  Th is  l im b  was  kep t  u n d e r  th is  v a c u u m  th ro u g h o u t  

any  s e r i e s  of e x p e r i m e n t s .  The o th e r  l im b  of the  m a n o m e t e r  

was  c o n n ec te d  to the o t h e r w i s e  m e r c u r y  f r e e  a p p a r a t u s  by m e a n s  

of two gold  t r a p s  con ta in ing  s e v e r a l  s h e e t s  of gold l e a f .  Th is  

t r a p p in g  m a t e r i a l  was  a c t i v a t e d  fo r  m e r c u r y  a d s o r p t i o n  by 

in te n t io n a l ly  a m a l g a m a t i n g  a s m a l l  p o r t i o n  of i t s  s u r f a c e  b e fo re  

p lac in g  i t  in  the  t r a p s .  To p r e v e n t  con t inuous  a d s o r p t i o n  of m e r c u r y  

a t a p  was  p l a c e d  b e tw ee n  the  m a n o m e t e r  and  the t r a p s  and  th i s  was 

only  open ed  when i t  was  r e q u i r e d  to t ak e  a p r e s s u r e  m e a s u r e m e n t .

In o r d e r  to c a l i b r a t e  the  spoon gauge  a p a r t i c u l a r  p r e s s u r e  

of d r y  a i r  was  a d m i t t e d  to both  s id e s  of the  gauge ,  i . e .  with  the 

t a p  T3 (F ig .  9 . 2 . )  connec t ing  the  in s id e  and  the  ou ts id e  of the  gauge 

o pen .  The a b so lu t e  p r e s s u r e  of th i s  a i r  was  m e a s u r e d  on the  

m a n o m e t e r  by opening  the  t h r e e - w a y  tap  T 2  and  the  m a n o m e t e r  

t a p  T l .  The  connec t ing  tap  T3 was  th e n  c lo s e d  and  the  p r e s s u r e  

of the  ga s  in s id e  the gauge w as  r e d u c e d  by expanding  i t  into  a n o th e r  

p o r t i o n  of the  a p p a r a t u s .  T h is  r e d u c e d  p r e s s u r e  was  m e a s u r e d  on 

the  m a n o m e t e r  v ia  t ap  T 2  a s  was  the  change  in r e a d in g  on the  gauge 

s c a l e .  S ince  the  m o v e m e n t  of the  gauge c a u s e s  no change  in  the 

v o lu m e  of the  gas  in the  o u t e r  enve lope  and  any  changes  in 

t e m p e r a t u r e  d u r in g  the  s h o r t  t i m e  r e q u i r e d  fo r  c a l i b r a t i o n  would
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be  s m a l l ,  the  d i f f e r e n c e  be tw een  the  p r e s s u r e  of the  gas  in the 

in s id e  of the  gauge  and  th a t  o r ig i n a l ly  p r e s e n t  r e p r e s e n t s  the  

p r e s s u r e  d i f f e r e n c e  o p e r a t in g  a c r o s s  the  g auge .  By r e m o v in g  

a l iq u o ts  of gas  f r o m  the in s id e  of the  gauge ,  keep ing  the  p r e s s u r e  

of the  gas  in  the  o u t e r  enve lope  a t  i t s  o r ig i n a l  c o n s t a n t  v a lu e ,  

a s e r i e s  of gauge  r e a d in g s  a t  v a r i o u s  p r e s s u r e  d i f f e r e n c e s  was 

o b ta in e d .  The r e l a t i o n s h i p  b e tw een  gauge  r e a d in g  and p r e s s u r e  

d i f f e r e n c e  is  shown in  F i g .  9 . 3 .  I t  c an  be s ee n  tha t  a good l i n e a r  

r e s p o n s e  was  o b ta in ed  o v e r  a r a n g e  of 35 t o r r .  P r e s s u r e  

d i f f e r e n c e s  g r e a t e r  th an  th i s  w e r e  not a t t e m p t e d  fo r  f e a r  of 

b r e a k i n g  the  g au g e .

( 9 . 7 . )  Gas C i r c u l a t i n g  S y s t e m s

As in the  c a s e  of p r e s s u r e  m e a s u r i n g  d e v ice s  fo r  u s e  in 

the  s tudy  of c y c lo p r o p a n e  h y d ro g e n a t io n  the  cho ice  of gas  cycl ing  

s y s t e m s  n e c e s s a r y  to c i r c u l a t e  the  r e a c t a n t  g a s e s  o v e r  the  f i lm  

w as  a l s o  l i m i t e d ,  s in ce  th o s e  ty p e s  con ta in ing  m e r c u r y  ( 93 )

w e r e  u n s u i t a b l e .  In ad d i t ion  d e s ig n s  which  did  not o p e r a t e  a t  

c o n s t a n t  v o lu m e  ( 9 4  ) o r  th o se  which ,  a l though  su i tab le ,

in v o lv ed  d i f f i cu l t i e s  in c o n s t r u c t i o n ,  e . g .  an  e f f ic ien t  r o t o r  type 

( 95 ), w e r e  a l s o  no t  c o n s i d e r e d .  The d e s ig n  of the  pump

c o n s t r u c t e d  w as  b a s e d  on th a t  of B r u n f i e ld  and  H o lm  ( 96 ).





It is  d e s c r i b e d  in s e c t io n  9 . 8 .

( 9 . 8 . )  Gas  C ycl ing  P u m p

The pum p  c o n s i s t e d  of a P y r e x  g l a s s  c y l in d e r  16 c m  long 

and  3 .7 5  c m  in d i a m e t e r  with  g round  f langes  a t  the  e n d s .  T h e s e  

f l an g es  e n ab le d  a v a c u u m  t igh t  jo in t  to be m a d e ,  u s in g  A p iezon  W 

wax,  to f la t  g ro u n d  g l a s s  p l a t e s  c o v e r in g  the ends of the  c y l i n d e r .  

T h e s e  p l a t e s ,  wh ich  h a d  a 1. 25 c m  ho le  in the  c e n t r e ,  w e r e  in 

t u r n  s e a l e d  to two 3 c m  d i a m e t e r  f langes  with  A p iezon  W wax 

( F i g .  9 . 4 . ) .  A g l a s s  p i s to n ,  on to which  w e r e  f ixed  two Tef lon  

c o l l a r s  4 c m  a p a r t ,  was  i n s e r t e d  m  the c y l i n d e r .  T h e s e  c o l l a r s  

w e r e  of s i z e  su ch  th a t  the  p i s to n  f i t t ed  into  the  c y l in d e r  to a ch ie v e  

a c o m p r o m i s e  giv ing f r e e d o m  of m o v e m e n t  y e t  with  neg l ig ib le  

d i s p l a c e m e n t  of gas  p a s t  the  c o l l a r s .  Th is  p i s to n  was  p ack e d  with  

l en g th s  of soft  i r o n  w i r e  he ld  in  p la c e  with  p a ra f f in  wax .  The s p ac e  

in s id e  the  p i s to n  a s s e m b l y  was  e v a c u a te d  and  s e a l e d  off .

The p i s to n  was  m a d e  to o s c i l l a t e  h o r i z o n t a l l y  in  the  c y l in d e r  

by a c t i v a t in g  a l t e r n a t e l y  the  two e l e c t r o m a g n e t s  wound ro u n d  the 

o u ts id e  of the  c y l i n d e r .  T h e s e  e l e c t r o m a g n e t  co i l s  w e r e  wound 

on top of a co i l  of 0 . 3  c m  O . D .  c o p p e r  p ip ing th ro u g h  which  w a t e r  

w as  p a s s e d  to r e m o v e  the  h e a t  g e n e r a t e d  by the  induc t ion  with in  

the  e l e c t r o m a g n e t s .  The co i l s  w e r e  e a c h  wound with  1500 t u r n s
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The c u r r e n t  fo r  the  co i l s  was  supp l ied  f r o m  a V a r i a c  

v a r i a b l e  t r a n s f o r m e r .  An a p p l ie d  vo l tage  of 100 - 120 vo l ts  

was  su f f ic ien t  to m o v e  the  p i s to n  th ro u g h  the  c y l i n d e r .  U nder  

t h e s e  cond i t ions  the  c u r r e n t  t a k e n  by a co i l  v a r i e d  b e tw ee n  1 A 

an d  ljr A, depending  on the p o s i t io n  of the  p i s to n .

The c u r r e n t  was  sw i tch e d  to e a c h  co i l  by m e a n s  of a r e l a y  

a c t i v a t e d  by c u r r e n t  p u l s e s  f r o m  a m i c r o  sw i tch .  This  r e l a y  was 

n e c e s s a r y  s in ce  the  c u r r e n t  to e n e r g i s e  the  co i l s  was  too g r e a t  to 

be  sw i tch e d  th r o u g h  the  m i c r o  s w i tch  d i r e c t l y .  F o r  th is  r e a s o n ,  

s w i tch ing  d e v ic e s  c o n s i s t i n g  of a m e r c u r y  r o c k e r  sw i tch  and  p r o b e s  

d ipping in  and  out of two pools  of m e r c u r y  w e r e  a l so  shown to be 

u n s u i t a b l e .

The  m o v e m e n t  of the  p i s to n  into  e i t h e r  of the co i l s  was  not,  

a s  o r i g i n a l l y  in te n d e d ,  s topped  by the  e n e r g i s i n g  of the  o th e r  co i l .

I t  w a s ,  t h e r e f o r e ,  n e c e s s a r y  to f i t  b u f f e r s  to e a c h  end of the  

p i s to n  to p r e v e n t  i t  f r o m  s t r i k in g  the  g l a s s  end  p l a t e s .

L a t t e r l y  a s m a l l  h a i r p i n  of p h o s p h o r  b r o n z e  s t r i p  was u s e d  

f o r  th i s  p u r p o s e ,  po ly thene  hav ing  b e en  found to be u n s a t i s f a c t o r y  

owing to d e g a s s i n g  of the  p l a s t i c i s e r .

A s y s t e m  of fo u r  l igh t  g ro u n d  g l a s s  v a lv e s  was  inc lu d ed  in
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the  pum ping  s y s t e m  to o p e r a t e  a s  the  v a lv e s  of a d o u b le -a c t in g  

p i s to n  p u m p .  It was  found tha t  a t  gas  p r e s s u r e s  g r e a t e r  than  

60 t o r r  the  gas  d i s p l a c e d  f r o m  the  c y l in d e r  was su f f ic ien t  to open 

the  v a l v e s ,  bu t  a t  l o w e r  p r e s s u r e s  th i s  was  not so .  C onseq u en t ly  

i t  was  s u b se q u e n t ly  found n e c e s s a r y  to fi t  s h o r t  l eng ths  of soft  

i r o n ,  e n c l o s e d  in g l a s s ,  u n d e r  eac h  va lve  and  to a c t i v a t e  th e s e  in 

p a i r s  with  e l e c t r o m a g n e t s  f i t t ed  ro u n d  the  va lve  s e a t i n g s .

T h e s e  e l e c t r o m a g n e t s  w e r e  f i t t ed  in s e r i e s  with  the  m a i n  co i l s  

and ,  t h e r e f o r e ,  o p e r a t e d  s im u l t a n e o u s ly  with  the p i s to n  m o v e m e n t .

U nde r  e x p e r i m e n t a l  cond i t ions  th i s  pum ping  s y s t e m  was 

found to o p e r a t e  s a t i s f a c t o r i l y ,  the  m a i n  d i s a d v a n ta g e s  be ing  the 

l a r g e  a m o u n t  of d e a d - s p a c e  i t  p o s s e s s e d  and  the  v i b r a t i o n  which  

i t  p r o d u c e d  in the  a p p a r a t u s .  U nder  n o r m a l  w ork ing  condi t ions  

the  p i s to n  m a d e  abou t  30 o s c i l l a t i o n s  p e r  m in u te ,  p rod u c in g  

a t h e o r e t i c a l  d i s p l a c e m e n t  of l i t r e s / m i n  \

( 9 . 9 . )  P r e p a r a t i o n  of C a t a ly s t  V e s s e l s

The d e s ig n  of the  c a t a l y s t  v e s s e l s  v a r i e d  wi th  the type  of 

gas  a g i t a t in g  dev ice  which  w as  u s e d  bu t  the  b a s i c  f e a t u r e s  r e m a i n e d  

the  s a m e .  D e ta i l s  of the  d i f f e r e n c e s  in d e s ig n  wil l  be  g iven  u n d e r  

the  a p p r o p r i a t e  s e c t i o n s  an d  the  c o m m o n  f e a t u r e s  of c o n s t r u c t i o n  

g iv en  h e r e .  T he  v e s s e l  c o n s i s t e d  of a 2 .3  - 2 .5  c m  d i a m e t e r
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P y r e x  g l a s s  tube  th r o u g h  one end of which  p a s s e d  two tu n g s te n  

l e a d s  c o n n ec te d  wi th  a h a i r p i n  s h ap ed  f i l a m e n t  of n ic k e l  w i r e .

Two ty p e s  of n i c k e l  w i r e  w e r e  u s e d ,  both  hav ing  d i a m e t e r  0 .0 2  in c h e s ,  

the  f i r s t  fo r  F i l m s  1 to 22 and the s ec o n d  fo r  F i l m s  23 to 32.

The  f i r s t  w i r e  w as  th a t  u s e d  in a l l  p r e v i o u s  w ork  on n ic k e l  f i lm s  

c a r r i e d  out in  th is  l a b o r a t o r y  ( 97,  59 ). This  was  p u r e  g r a d e

n i c k e l  w i r e  o b ta in e d  f r o m  Jo h n so n  M a t th ey .  The  second  w i r e  was 

a l s o  o b ta in e d  f r o m  J o h n so n  M at th ey  and  was  s p e c t r o s c o p i c a l l y  p u r e .

The tu n g s t e n  to g l a s s  s e a l s  w e r e  p r e p a r e d  by cutt ing  1 m m  

a n n e a l e d  tu n g s t e n  w i r e  into  9 c m  len g th s  tak ing  c a r e  to p r e v e n t  

sp l i t t in g  the  l a m i n a e  of the  w i r e .  The w i r e  was  c le a n e d  by h ea t in g  

i t  to r e d  h e a t  and  th en  rubb ing  i t  with  a s t i c k  of so l id  so d iu m  

n i t r i t e .  The r e s u l t i n g  v io len t ly  e x o t h e r m i c  r e a c t i o n  le f t  the  w i r e ,  

when  c oo led  and  w a s h e d  w i th  w a t e r ,  wi th  a b r ig h t ,  s i l v e r y  

a p p e a r a n c e .  The w i r e  was  th en  p a s s e d  s lowly  th ro u g h  a soft  gas  

f l a m e  w h e r e u p o n  i t  was  r e o x i d i s e d  to give a g r e e n  o r  p u rp le  

i n t e r f e r e n c e  f i l m .  P y r e x  g l a s s  tubing  2 m m  b o r e  and  7 c m  long, 

p r e v i o u s l y  w a sh e d  wi th  n i t r i c  a c id  and  d i s t i l l e d  w a t e r ,  was  th en  

s l ip p e d  o v e r  the  t u n g s t e n  w i r e .  The w i r e  and  tubing  w e r e  h e a t e d  

g en t ly ,  to r e m o v e  any  t r a c e s  of m o i s t u r e ,  and  then  m o r e  f i e r c e l y  

in  an  oxygen  f l a m e .  Th is  c a u s e d  the  g l a s s  to m e l t  onto the  m e t a l ,
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c a r e  be ing  t ak en  to exc lude  a i r  b u b b le s .  If the  p r e p a r a t i o n  of 

the  s e a l s  h a d  b e e n  c o r r e c t  they  p o s s e s s e d  a c h a r a c t e r i s t i c  b r o n z e  

c o lo u r  th ro u g h o u t  t h e i r  len g th .  Any which did not p o s s e s s  th is  

w e r e  r e j e c t e d .  While the  t u n g s te n  was s t i l l  hot a p iece  of 18 gauge 

c o p p e r  w i r e  w as  a t t a c h e d  to one end . The s i l v e r  s o ld e r  u s e d  fo r  

th i s  was  b ro u g h t  a s  c lo s e  to the  g l a s s  s leev ing  a s  p o s s i b l e .  Th is  

p r e v e n t e d  any le a k a g e  of gas  a long the l a m in a e  of the  tu n g s te n  

an d  the  c o p p e r  w i r e  p ro v id e d  a f lex ib le  l e a d  fo r  the  connec t ion  of 

e l e c t r i c a l  c o n t a c t s .  A s u i ta b le  l eng th  of n ic k e l  w i r e ,  n o r m a l l y  16 c m ,  

w as  c o n n e c t e d  b e tw ee n  the  f r e e  ends of two of t h e s e  tu n g s te n  l e ad s  

an d  spo t  w e lded  in p o s i t io n .  Th is  e n s u r e d  an  adeq u a te  e l e c t r i c a l  

c o n t a c t .  In s o m e  c a s e s  the  n i c k e l  w i r e  was  he ld  in  p la ce  on the 

t u n g s t e n  u s in g  s t a i n l e s s  s t e e l  c o n n e c t o r s .  The 23 - 25 m m  P y r e x  

g l a s s  tubing  u s e d  fo r  the  p r e p a r a t i o n  of the  c a t a l y s t  v e s s e l s  was 

c l e a n e d  out wi th  c o n c e n t r a t e d  n i t r i c  a c id  and  d i s t i l l e d  w a te r  b e fo re  

u s e .  D iff icu l ty  was  e n c o u n t e r e d  while  s ea l in g  the  t u n g s te n  l e ad s  

into the  c a t a l y s t  v e s s e l  u s in g  a p in ch  s ea l ,ow ing  to the d i s to r t i o n  

th i s  p r o c e s s  p r o d u c e d  in  the  h a i r p i n  f i l a m e n t .  Th is  was  o v e r c o m e  

by c l a m p in g  the  two tu n g s t e n  s e a l s ,w i t h  the  f i l a m e n t  in the  c o r r e c t  

p o s i t i o n ,u s in g  a s c r e w  c l a m p  a c r o s s  the  c o p p e r  e x ten s io n  l e a d s .

B o th  s e a l s  w e r e  r e t a i n e d  in  th is  p o s i t io n  while  the  p inch  s e a l  was

m a d e  and  the  s c r e w  c l ip  r e m o v e d  when the  g l a s s  had  coo led .
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( 9 . 1 0 . )  P r e - e v a p o r a t i o n  T r e a t m e n t  of C a t a ly s t  V e s s e l s  in 
the  C ycl ing  P u m p / S p o o n  Gauge S y s t e m

The n o r m a l  p r o c e d u r e  fo r  the  p r e p a r a t i o n  of e v a p o r a t e d  

n i c k e l  f i l m s  u s e d  in  th i s  l a b o r a t o r y  was  to degas  the  c a t a l y s t  

v e s s e l  and  e v a p o r a t e  the  f i l m  in a p o r t i o n  of the  a p p a r a t u s  r e m o t e  

f r o m  th a t  u s e d  fo r  s tudy ing  r e a c t i o n .  This  p r o c e d u r e  e n ta i l e d  the  

u s e  of a b r e a k s e a l  which  was  b r o k e n  when the c a t a l y s t  v e s s e l  

co n ta in ing  the f i l m  was  in p o s i t io n  in the r e a c t i o n  s y s t e m .  In the 

p r e s e n t  s y s t e m  the  e f f ic ien t  o p e r a t i o n  of the  cycl ing  pum p depended  

on an  u n r e s t r i c t e d  flow of gas  th ro u g h  the c a t a l y s t  v e s s e l  and  any  

b r e a k s e a l  p r e s e n t  in th i s  s y s t e m  would have  g r e a t l y  r e d u c e d  th is  

e f f i c i e n c y .  It was  n e c e s s a r y ,  t h e r e f o r e ,  to degas  the  c a t a ly s t  

v e s s e l  and  e v a p o r a t e  the  f i l m  in th a t  p o r t i o n  of the  a p p a r a t u s  w h e re  

the  r e a c t i o n  was  to be  fo l lowed .

The  d e s ig n  of the  c a t a l y s t  v e s s e l  and  i t s  p o s i t io n  r e l a t i v e  to 

the  cyc l ing  pu m p  a r e  i n d i c a t e d  in F i g .  9 . 2 .  The  c a t a l y s t  v e s s e l  

an d  pu m p  w e r e  c o n n e c te d  to the  spoon g auge ,  to the  v a c u u m  pum ps  

and  gas  s t o r a g e  s y s t e m  by m e a n s  of the  t h r e e - w a y  ta p  T4 .

In o r d e r  to d e g as  the  c a t a l y s t  v e s s e l  p r i o r  to the  e v a p o r a t io n  

i t  was  n e c e s s a r y  to h e a t  i t  a t  500°C u n d e r  v a c u u m .  This  was 

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

E x p e r i e n c e  h a d  i n d i c a t e d  th a t  250 w a t t s  had  to be supp l ied  to



m a in ta in  a t e m p e r a t u r e  of 500°C in  su ch  a f u r n a c e .  C o n seq u en tly  

i t  w as c o n s t r u c te d  by w rap p in g  6 .5  yds of 3 4 .5 5  o h m /y d  n ic h ro m e  

w ire  ro u n d  an  a s b e s to s  i n s u l a t e d ^  inch  len g th  of i r o n  tube  of 

d ia m e te r  1 in c h .  W hen o p e r a te d  on the  240 v m a in s  supply  th is  

fu r n a c e  w as cap a b le  of re a c h in g  t e m p e r a t u r e s  in  e x c e s s  of 500°C 

and  w as n o r m a l ly  o p e r a te d  u s in g  a V a r ia c  t r a n s f o r m e r .  The 

t e m p e r a t u r e  w as r e c o r d e d  on a n  i r o n - c o n s ta n ta n  th e rm o c o u p le  

in  s e r i e s  w ith  a 2 .5  m A  m e t e r .  The m e t e r  d e f lec t io n s  w e re  

c a l i b r a t e d  a g a in s t  a  500°C m e r c u r y  t h e r m o m e t e r .  It w as n e c e s s a r y  

to f i t  the  fu r n a c e  in p o s i t io n  ro u n d  the  c a ta ly s t  v e s s e l  b e fo re  

a t ta c h in g  the  l a t t e r  to the  cy c lin g  p u m p .

The c a ta ly s t  v e s s e l  w as p u m p ed  out a t  ro o m  te m p e r a t u r e  fo r  

s e v e r a l  h o u rs  and  w hen the  fu rn a c e  w as sw i tch ed  on a c o n s id e ra b le  

i n c r e a s e  in  p r e s s u r e  w as o b s e r v e d  on the  P en n in g  g au g e .

The c a ta ly s t  v e s s e l  w as m a in ta in e d  u n d e r  v a cu u m  a t 450 - 500°C 

fo r  a t  l e a s t  12 h o u r s .  D uring  the  f in a l  t h r e e  o r  fo u r  h o u rs  of th is  

b ak ing  out p r o c e s s  a c u r r e n t  of 4 A w as p a s s e d  th ro u g h  the  n ic k e l  

f i l a m e n t .  T h is  c u r r e n t  w as su f f ic ie n t  to r a i s e  the  t e m p e r a t u r e  of 

the  n ic k e l  w ire  to j u s t  be low  i t s  m e lt in g  p o in t  a s  w as in d ic a te d  by 

the  l ig h t  m e ta l l i c  f i lm  o b ta in e d  on the  w a lls  of the  c a ta ly s t  v e s s e l  

w hen the  c u r r e n t  w as r a i s e d  s l ig h t ly  above th is  v a lu e .  In p re v io u s



w o rk  ( 97, 59 ) i t  had  b e en  a s s u m e d  th a t  th is  t r e a tm e n t  was

su f f ic ie n t  to r e m o v e  any  g a s e s  a d s o r b e d  on the  s u r f a c e  of the  w ire

and  to f r e e  any  g a s e s  o c c lu d e d  w ith in  the  m e ta l .

In in i t i a l  e x p e r im e n t s  th is  p r o c e d u r e  w as ad o p ted  fo r

d e g a s s in g  the  w ire  but in l a t e r  e x p e r im e n t s  it  was m o d if ied  to

g ive  a m o r e  r i g o r o u s  p u r i f i c a t io n ,a s  is  d e s c r ib e d  in  s e c t io n  9 .2 5 .

The u l t im a te  p r e s s u r e  o b ta in ed  in the  c a ta ly s t  v e s s e l  a f t e r

the  d e g a s s in g  of the  w a lls  and  the  f i l a m e n t  was in  the  r e g io n  

_5of 4 x  10 t o r r .

( 9 .1 1 . )  E v a p o ra t io n  of N ick e l  F i l m s  in  the  C ycling  P u m p /
Spoon Gauge S y s te m

Since  c o n s id e ra b le  h e a t  h a s  to be d is s ip a te d  d u r in g  the

e v a p o ra t io n  p r o c e s s  and  s in ce  i t  w as n e c e s s a r y  to avo id  undue

s in te r in g  of the  f i lm ,  the  e v a p o ra t io n  w as c a r r i e d  out w ith  the

w a lls  of the  c a ta ly s t  v e s s e l  s u r ro u n d e d  in  a  co ld  w a te r  b a th .

Owing to the  n e c e s s i t y  of e v a p o ra t in g  the  f i lm  in  s i tu  i t  was

no t p o s s ib le  to i m m e r s e  the  c a ta ly s t  v e s s e l  in a conv en tio n a l w a te r

b a th  an d  i t  w as n e c e s s a r y  to c o n s t r u c t  a dem o u n tab le  cooling  s y s te m

w hich  co u ld  be f i t te d  ro u n d  the  c a ta ly s t  v e s s e l  a f t e r  the  d e g a s s in g

w as  c o m p le te .  T h is  c o n s i s t e d  of a  sh e e t  of 1 m m  th ick  b r a s s ,

18 c m  by 30 c m ,w h ic h  w as w ra p p e d  ro u n d  two 7 c m  d ia m e te r  r u b b e r

bungs a t ta c h e d  to the  top  and  b o t to m  of the  c a ta ly s t  v e s s e l .  H oles
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had  b e en  b o re d  in  the  c e n t r e  of th e s e  bungs and  they  had  been  

sp l i t  a long  a r a d iu s  to enab le  th e m  to be f i t te d  ro u n d  the  tubing  

of the  c a ta ly s t  v e s s e l .  The b r a s s  s h e e t  w as h e ld  in p la ce  round  

the  bungs u s in g  7 c m  d ia m e te r  Ju b i le e  h o se  c l ip s .  W a te r  was 

c i r c u l a t e d  ro u n d  the  c a ta ly s t  v e s s e l  w ith in  th is  c y l in d e r ,  p a s s in g  

th ro u g h  g la s s  tu b e s  f i t te d  into h o le s  in the  b u n g s .  L e a k s  in  the  

s y s t e m  w e re  s e a le d  u s in g  5 c m  wide p la s t ic  m a sk in g  ta p e .

B e fo re  f i t t in g  the  w a te r  b a th  i t  w as n e c e s s a r y  to lo w e r  the  fu r n a c e ,  

o r ig in a l ly  ro u n d  the  c a ta ly s t  v e s s e l ,  bu t th is  cou ld  no t be re m o v e d  

c o m p le te ly  owing to the  e n c lo s e d  n a tu re  of the  s y s te m .

The c u r r e n t  n e c e s s a r y  fo r  the  e v a p o ra t io n  of the  f i lm  a s  w ell 

a s  fo r  the  d e g a s s in g  of the  w ire  w as o b ta in ed  f r o m  a 70 A, 12 v 

m a in s  t r a n s f o r m e r ,  fed  by a V a r ia c  t r a n s f o r m e r .  The c u r r e n t  

p a s s in g  th ro u g h  the  w ire  w as m e a s u r e d  on a n  ac  a m m e te r  w hich  

h ad  a fu ll  s c a le  d e f le c t io n  of 10 A . The w ire  was e v a p o ra te d  by 

the  p a s s a g e  of a  c u r r e n t  of 6 . 2 - 6 .4  A, the  r a t e  of e v a p o ra t io n  

b e ing  b e tw ee n  30 an d  40 m g  p e r  h o u r .  E v a p o ra t io n  was co n tinued  

u n t i l  the  w ire  b e c a m e  so th in  th a t  the  c u r r e n t  p a s s in g  th ro u g h  it 

c a u s e d  i t  to  b r e a k .  T h is  n o r m a l ly  o c c u r r e d  a f t e r  e v a p o ra t io n  had  

p r o c e e d e d  fo r  a t  l e a s t  h a l f  an  h o u r .  F i l m  w eigh ts  v a ry in g  f r o m  

15 to 30 m g  w e re  o b ta in e d .
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(9.  12 . )  P u r i f i c a t i o n  of R e a c t a n t s

(a) H y d ro g en

C y lin d e r  h y d ro g e n  o b ta in ed  f r o m  the  B r i t i s h  O xygen Co. 

w as p u r i f i e d  by p a s s in g  i t  th ro u g h  a p a l la d iu m  th im b le  o b ta in ed  

f r o m  Jo h n so n  M a tth e y .  T h is  th im b le  w as b r a z e d  onto the  end of 

an  open  b r a s s  tube  the  o th e r  end of w hich  was m a c h in e d  to f i t  in to  

a B19 s o c k e t  w h ich  w as a t ta c h e d  to the  h igh  v a cu u m  a p p a r a tu s .

S ince  the  r a t e  of d iffu s io n  th ro u g h  p a l la d iu m  is  g r e a t ly  

i n c r e a s e d  by an  i n c r e a s e  in  t e m p e r a t u r e  ( 98 ) the  th im b le  w as

s u r r o u n d e d  by  a c y l in d r i c a l  fu rn a c e  wound f r o m  n ic h ro m e  w i r e .

The r e s i s t a n c e  of th is  fu r n a c e  w as 40 ohm s and the  n ic h ro m e  w ire  

w as m a in ta in e d  ju s t  a t  r e d  h e a t  by the  a p p l ic a t io n  of 50 v su p p l ie d  

f r o m  a V a r ia c  t r a n s f o r m e r .  In o r d e r  to p re v e n t  h e a t  f r o m  th is  

fu r n a c e  f r o m  t r a v e l l in g  a long  the  b r a s s  and  m e lt in g  the  A p iezon  W 

w ax u s e d  to s e a l  i t  in to  the  B 19  s o c k e t  i t  w as n e c e s s a r y  to s u r r o u n d  

the  b r a s s  w ith  a w a te r  c o o led  c o n d e n s e r  type  s y s te m  a s  is  shown 

in  F ig .  9 . 5 .  A c c o rd in g  to Young ( 53 ) the  h y d ro g e n  p u r i f ie d

by p a s s a g e  th ro u g h  p a l la d iu m  h a s  an  im p u r i ty  c o n ten t  a s  low as  

a  few p a r t s  m  10

(b) C y c lo p ro p an e

The c y c lo p ro p a n e  u s e d  fo r  th is  s tudy  w as o b ta in ed  f r o m  two
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s o u r c e s .  T ha t u s e d  fo r  F i lm s  1 - 1 5  w as f r o m  the  s a m e  c y l in d e r

a s  u s e d  by C a m p b e ll  ( 12, 20 su p p lie d  by L ig h t  & C o. A G . L . C .

a n a ly s i s  of th is  gas  in d ic a te d  th a t  i t  co n ta in ed  an  im p u r i ty  w hich

w as show n to be p ro p y le n e  ( s e e  A ppendix  2 ) .  T h is  w as ,

t h e r e f o r e ,  r e j e c t e d  in  fav o u r  of a n a e s th e t ic  g ra d e  c y c lo p ro p an e

su p p l ie d  by the  B . O . C .  and  c o n fo rm in g  to B r i t i s h  P h a r m a c o p o e ia .

T h is  w as shown to have  t r a c e s  of p ro p y le n e  l e s s  th an  0,05%  and

w as u s e d  fo r  a l l  o th e r  w o rk  invo lv ing  c y c lo p ro p a n e .

B e fo re  u s e  the  c y c lo p ro p a n e  w as f u r th e r  p u r i f ie d  by c a r r y in g

out th e  fo llow ing p r o c e d u r e .  The c y l in d e r  w as a t ta c h e d  to the

a p p a r a tu s  by m e a n s  of a b r a s s  B 14 cone h e ld  in  p o s i t io n  by

A p iezo n  W w ax . The a p p a r a tu s ,  inc lud ing  two 2 1 s to ra g e  f la s k s

_ 5
w ith  co ld  f in g e r s  a t ta c h e d ,  w as p u m p ed  to a v a cu u m  of 4 x 10 t o r r

an d  th e  gas  s to r a g e  p o r t io n  of the  a p p a r a tu s  i s o la te d  f r o m  the

v a c u u m  p u m p s .  C y c lo p ro p an e  w as a d m it te d  to one of the  s to ra g e

bu lb s  to a p r e s s u r e  of a p p ro x im a te ly  700 t o r r ,  th is  p r e s s u r e  w as

r e a d  on the  m e r c u r y  m a n o m e te r  d e s c r ib e d  in  s e c t io n  9 . 0 .  C a re

w as ta k e n  to open  the  ta p  to the  m a n o m e te r  only long enough fo r  the

p r e s s u r e  r e a d in g  to be ta k e n .  The s to ra g e  f l a s k  w as th e n  i s o la te d

f r o m  the  r e s t  of the  s y s te m  and  the  c y c lo p ro p an e  i t  c o n ta in ed  w as

s o l id i f ie d  to a  f ib ro u s  w hite  so l id  by coo ling  the  f in g e r  u s in g  l iq u id

_5n i t r o g e n .  T h is  so l id  w as th e n  p u m p ed  to a p r e s s u r e  of 8 x 10 t o r r ,



w h e reu p o n  the  s to ra g e  f la s k  was ag a in  i s o la te d  and  the  c y c lo p ro p an e  

a l lo w ed  to w a r m  up u n t i l  i t  h ad  a l l  e v a p o r a te d .  T h is  s o l id i f ic a t io n  

p r o c e s s  and  s u b se q u e n t  ev ac u a t io n  of the  s to ra g e  v e s s e l  to re m o v e  

t r a c e s  of n o n -c o n d e n s ib le  c o n ta m in a n ts  w as r e p e a te d  once m o r e .

On th is  o c c a s io n  the  s to ra g e  v e s s e l  w as kep t in  c o n tac t  w ith  the  

r o t a r y  pu m p s  w hile  the  so l id  w as l iquefy ing  and  u n t i l  a p p ro x im a te ly  

one t h i r d  of the  l iq u id  h ad  b een  d i s t i l l e d  o ff ,thus  re m o v in g  any 

r e l a t iv e ly  lo w e r  b o il ing  c o m p o n e n ts .  The s y s te m  w as th e n  i s o la te d  

f r o m  th e  p u m p s  an d  the  m id d le  f r a c t io n  of the  c y c lo p ro p an e  

d i s t i l l e d  into the  sec o n d  s to r a g e  f l a s k  by p lac in g  l iq u id  n i t r o g e n  

ro u n d  the  a p p r o p r ia t e  co ld  f in g e r .  W hen only a p p ro x im a te ly  one 

t h i r d  of the  o r ig in a l  v o lu m e  of l iq u id  w as le f t  in the  f i r s t  s to ra g e  

f la s k  th e  s e c o n d  f la s k  w as i s o la t e d  and  the  c y c lo p ro p an e  w hich  i t  

c o n ta in e d  a l lo w ed  to r e t u r n  to ro o m  t e m p e r a t u r e ,  w hich  w as n o te d .

The c y c lo p ro p a n e  p r e s s u r e  in  the  s y s te m  b e tw een  the  

m a n o m e te r  an d  the  s to ra g e  f la s k  w as r e d u c e d  and  th e n  the  s to ra g e  

f l a s k  o p en ed  to the  m a n o m e te r  an d  the  p r e s s u r e  of the  gas  n o te d .  

The s to ra g e  f la s k  w as i s o la t e d  once m o r e  and  co n ta in ed  p u re  

c y c lo p ro p a n e  a t  th e  p r e s s u r e  o b s e r v e d  on the  m a n o m e te r ,  

n o r m a l ly  250 - 300 t o r r  a t  22 °C .
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( 9 .1 3 . )  P r e p a r a t i o n  of 1:1 C y c lo p ro p an e :H y d rogen M ix tu re  

A ll  r e a c t i o n s ,  u n le s s  o th e rw is e  s ta te d ,  involving the 

h y d ro g e n a t io n  of c y c lo p ro p a n e  u s e d  a p re m ix e d  gas m ix tu re  

con ta in ing  c y c lo p ro p a n e  and  h y d ro g e n  a t  the  sam e  p a r t i a l  p r e s s u r e .  

This m ix tu r e  w as  p r e p a r e d  by so lid ify ing  the p u re  cy c lo p ro p an e  

a l r e a d y  a t  a  known p r e s s u r e  into the  co ld  f in g e r  of the f la sk  and 

m a in ta in in g  i t  in  th is  con d it io n  u s in g  a D ew ar f la sk  f i l led  w ith 

l iqu id  n i t r o g e n .  H y d ro g e n  w as th en  a d m it te d  to the  s to ra g e  v e s s e l  

by p a s s a g e  th ro u g h  th e  p a l la d iu m  th im b le .  The r a te  of h y d ro g en  

d iffusion  in to  th is  s y s t e m  w as s low , a p r e s s u r e  in c r e a s e  of 80 t o r r  

p e r  h o u r  w hen  th e  s y s t e m  w as u n d e r  v acu u m , and  d e c r e a s e d  as  

the  h y d ro g e n  p r e s s u r e  in  the  s y s te m  in c r e a s e d  to 20 - 30 t o r r  p e r  

hou r w hen th e  s y s t e m  w as a t  300 t o r r .  The p r e s s u r e  of the  h y d ro g en  

a t  any s ta g e  w as r e a d  on the  m a n o m e te r .  C a re  was ta k en  to open 

the ta p  fo r  th e  m in im u m  t im e  and  a lw ays  to have a h ig h e r  p r e s s u r e  

in the  s y s t e m  r e l a t i v e  to the  m a n o m e te r  so th a t  th e r e  would be 

l i t t le  t r a n s f e r  of m e r c u r y  v ap o u r  in to  the  s y s te m .  The d iffusion 

of h y d ro g e n  w as  c o n t in u e d  u n t i l  the  p r e s s u r e  in  the  s to ra g e  v e s s e l  

above the  s o l id i f ie d  c y c lo p ro p a n e  was the  s am e  as  th a t  o r ig in a l ly  

a t ta in ed  by  the  c y c lo p ro p a n e  when g a se o u s ,  allow ing fo r  any changes  

in ro o m  t e m p e r a t u r e .  The s to ra g e  f la s k  was th en  iso la te d ,  the
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liqu id  n i t r o g e n  r e m o v e d  and  the  g a se s  a llow ed  to d iffuse  th ro u g h  

each  o th e r  fo r  a t  l e a s t  one h o u r  and  n o rm a l ly  s e v e r a l  days , 

b e fo re  u s e .

( 9 .1 4 . )  E x p e r im e n ta l  P r o c e d u r e  fo r  Studying H ydrogenation  
u s in g  th e  C ycling  P u m p /S p o o n  Gauge S y s tem

A s soon  a s  p o s s ib le ,  n o rm a l ly  w ithin  two o r  th r e e  m in u te s ,

a f te r  the  b r e a k in g  of the  n ic k e l  f i la m e n t  te rm in a t in g  the  ev ap o ra t io n

of the  f i lm ,a  s a m p le  of the  r e a c ta n t  m ix tu re  was a d m it te d  to the

c a ta ly s t  v e s s e l .  T h is  w as a c c o m p l is h e d  by tu rn in g  tap  T4 (F ig .  9 . 2 . )

so a s  to ex p an d  th e  g a s e s  a l r e a d y  a t  a  p re n o te d  p r e s s u r e  in the

gas p ip e t te  an d  c o n n ec t in g  tubing into the  c a ta ly s t  v e s s e l / c y c l in g

pum p s y s t e m .  The t im e  of a d m is s io n  was no ted  on a stop w a tch .

As soon a s  th e  l e v e l  of the  m a n o m e te r  had  b eco m e  s teady , in d ica tin g

the p r e s s u r e  of th e  gas  in  the  c a ta ly s t  v e s s e l  and  both  in s id e  and

ou ts ide  the  spoon  g au g e , the  tap s  T l ,  T2 w e re  c lo se d  and  tap  T4

was tu r n e d  c lo c k w is e  th ro u g h  9 0 ° .  T h is  i s o la te d  the c a ta ly s t

v e s s e l  f r o m  th e  g a s  b u r e t t e  s y s te m  but le f t  i t  connec ted  to the gauge .

One m in u te  a f t e r  th e  a d m is s io n  of the  r e a c ta n t  g a se s  the tap
J

connec ting  th e  in s id e  an d  th e  o u ts id e  of the  gauge T3 was c lo se d .

Any ch an g e s  in  p r e s s u r e  of th e  gas  in  the  c a ta ly s t  v e s s e l ,  w hich 

was c o n n e c te d  to th e  in s id e  of the  gauge , w hich now o c c u r r e d  c au se d  

a m o v e m e n t  of th e  gauge  p o in te r  and  a change in  read in g  on the
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s c a le .  The v a lu e  of the  in i t i a l  gas  p r e s s u r e  r e g i s t e r e d  on the 

m a n o m e te r  w as r e a d  a t  so m e  s tag e  during  the  r e a c t io n .  The cycling  

pump w as  s e t  in  o p e r a t io n  a s  soon a f te r  the  a d m is s io n  of the  gas 

as  w as d e s i r e d .  R ea d in g s  of the  sca le  with r e s p e c t  to t im e ,  

n o rm a l ly  a t  one m in u te  i n t e r v a l s ,  w e re  ta k e n .  When the pum p 

was in  o p e r a t io n  i t  w as  found th a t  the  v ib ra t io n  i t  p ro d u ced  m ade  

it im p o s s ib le  to  r e a d  the  s c a le  a c c u r a te ly .  It was n e c e s s a r y ,  

t h e r e f o r e ,  ab o u t 5 s ec  b e fo re  tak in g  a read in g  to sw itch  off the 

pum p and  r e s t a r t  i t  a g a in  abou t 5 sec  a f t e r .  It was found th a t  

the m i r r o r  r e s t i n g  a g a in s t  the  gauge p o in te r  had  a defin ite  dam ping 

e ffec t and  th e  p o in te r  c a m e  to r e s t  v e r y  soon a f te r  the  pum p was 

sw itch ed  off .

A f te r  th e  r e a c t i o n  h ad  p ro c e e d e d  fo r  the  d e s i r e d  t im e  the 

tap  T4 w as tu r n e d  a n t i - c lo c k w is e  th ro u g h  180° and the  g a se s  in 

the c a ta ly s t  v e s s e l  a n d  cy c ling  pum p pum ped  off v ia  the r o ta r y  

pum p fo r  so m e  p a r t i c u l a r  t im e  in te r v a l ,  n o rm a l ly  one m in u te .

The gauge  ta p  T3 w as  th e n  opened  to e q u a l i s e  the  p r e s s u r e  in s ide  

and o u ts id e  th e  g au g e  and  th is  p o r t io n  of the  s y s te m  was a lso  pum ped  

out by tu rn in g  ta p  T4 a n t i - c lo c k w is e  th ro u g h  90°, s im u lta n eo u s ly  

iso la t in g  th e  c a t a ly s t  v e s s e l .  The m a n o m e te r  was a lso  e v acu a ted  

with th is  p o r t io n  of th e  s y s te m  a lthough  fo r  only a p p ro x im a te ly
I

15 s e c .  T he  ta p  T l  w as th e n  c lo se d  iso la t in g  the  m a n o m e te r .
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A fte r  pu m p in g  ou t th e  gauge s y s te m ,  the v acuum  pum ps w e re  

i s o la te d  and  th e  g a s  p r e s s u r e  in  the  gas  b u re t te ,  i . e .  the  reg io n  

b e tw een  ta p s  T5 and  T6, a d ju s te d  p r io r  to r e a d m is s io n  of 

r e a c ta n t s  in to  th e  c a ta ly s t  v e s s e l  a f te r  the  d e s i r e d  t im e  in te r v a l .

(9 .1 5 . )  S p i r a l  B o u rd o n  G auges

B o u rd o n  spoon  g a u g e s ,  p a r t i c u l a r ly  those  of high s e n s i t iv i ty ,  

w e re  found to b r e a k  r e a d i ly  u n d e r  sudden shock o r on the 

a p p l ic a t io n  of too g r e a t  a  p r e s s u r e  d i f f e r e n c e .  Since a c o n s id e ra b le  

am oun t of w o rk  w as  n e c e s s a r y  to in s ta l l  and c a l ib ra te  r e p la c e m e n ts  

fo r th e s e  g a u g es  i t  w as  d e c id ed  to abandon  th e i r  u se  in favour of 

s p i r a l  B o u rd o n  g a u g e s .  An a t te m p t  had  been  m ade  to p r e p a r e  th e se  

in the  l a b o r a t o r y .  T h is  p ro v e d  u n s u c c e s s fu l  and the  gauges u s e d  

w e re  o b ta in e d  c o m m e r c i a l l y  f r o m  S p r in g h a m s .

T h e s e  s p i r a l  B o u rd o n  gauges  c o n s is te d  e s s e n t ia l ly  of a v e ry  

th in  w a lled  g l a s s  s p i r a l ,  m o u n ted  v e r t i c a l ly .  To the top end of 

the s p i r a l  a  v e r t i c a l  p o in te r  w as a t ta c h e d ,  b e a r in g  a l igh t w eight 

m i r r o r .  A p r e s s u r e  d i f f e r e n c e  b e tw een  the  in s id e  and ou ts ide  

of th is  s p i r a l  p ro d u c e d  a to rq u e  in  the  p o in te r  w hich in tu rn  m oved  

the m i r r o r  th ro u g h  a n  an g le  p ro p o r t io n a l  to the  p r e s s u r e  d i f f e r e n c e .

( 9 .1 6 . )  In s t a l l a t io n  an d  O p tic a l  L e v e r  S y s te m  fo r  S p ira l  
B o u rd o n  G auges

The in s t a l l a t io n  of the  s p i r a l  B ourdon  gauge was v e ry  s im i la r
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to th a t  of the  spoon  gauge  i t  r e p la c e d  and is  d e s c r ib e d  in sec t io n  9 .4 .  

The gauge  w as su p p l ie d  in  an  o u te r  g la s s  envelope which was 

f i t ted  w ith  a  p lan e  window a t  the he igh t of the  gauge m i r r o r .

The c o n n e c t io n s  to the  i n t e r i o r  and  e x te r io r  of the gauge w ere  

s i tu a te d  be low  th e  B 24 cone of th is  o u te r  envelope and th is  greatly- 

s im p l i f ie d  in s t a l l a t i o n .  The dead  space  involved, p a r t i c u la r ly  in 

the o u te r  g la s s  e n v e lo p e  w as a lso  v e ry  m uch  re d u ced  by the use  

of th is  g a u g e .  A d ia g r a m  of the  gauge and m a n o m e te r  a s s e m b ly  

is shown in  F i g .  9 . 6 .

Owing to th e  v e r y  s m a l l  m i r r o r  (5 m m  x 5 m m ) f i t ted  to 

the s p i r a l  gauge  an d  the  s m a l l  am o u n t of ligh t i t  r e f le c te d  i t  was 

not p o s s ib le  to u s e  th e  s a m e  o p tic a l  s y s te m  as  th a t  u sed  fo r  the 

spoon g au g es  u n l e s s  the  w o rk  w as to be c a r r i e d  out in  d a rk n e s s .

As th is  w as  im p r a c t i c a l^ a n  a l te rn a t iv e  s y s te m  was dev ised .

This w as b a s i c a l l y  th e  s y s te m  n o rm a l ly  u s e d  with a spot g a lv a n o m e te r .  

The im a g e  of th e  bu lb  f i l a m e n t  was fo cu sed  on the m i r r o r  f ro m  

a d is ta n ce  of 1 m .  A f te r  r e f le c t io n ,  the im ag e  of the c ro s s  w ire  

a t ta ch e d  to  th e  c o l l im a to r  le n s  was p ro d u c e d  on a t r a n s lu c e n t  

s c r e e n  a t  a  d i s t a n c e  of 1 .2  m  by p a s s a g e  th ro u g h  a co n d en se r  lens  

p laced  3 c m  f r o m  th e  p lan e  g la s s  window.
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( 9 .1 7 . )  C a l i b r a t i o n  of S p i r a l  Bourdon  Gauge

T h is  w as  s i m i l a r  to ,  but no t id e n t ic a l  to , the m ethod  u sed

for the  c a l i b r a t io n  of the  spoon gauges  d e sc r ib e d  in sec tion  9 .6 .

A s a m p le  of g a s  w as  a d m it te d  to both  the in te r io r  and e x te r io r

of the  gauge  a n d  i t s  p r e s s u r e  no ted  on the m e r c u r y  m a n o m e te r .

The i n t e r i o r  w as i s o la t e d  f r o m  the  e x te r io r  and the gas pum ped

f ro m  the  i n t e r i o r  on the  v a cu u m  pum p to a p r e s s u r e  of a t  l e a s t  

_ 2
10 t o r r .  T he  gauge  re a d in g  so p ro d u ced  was due to the o b se rv e d  

p r e s s u r e  r e a d in g  on the  m a n o m e te r .  The p ro c e s s  was re p e a te d  

by i s o la t in g  th e  p u m p s  and  e q u a lis in g  the  gas p r e s s u r e  on both 

s id es  of the  gauge  a f t e r  e a c h  ev acu a tio n  of the i n t e r io r .  A f r e s h  

sam p le  of g a s  w as  n o t  a d m i t te d  u n ti l  the p r e s s u r e  d iffe rence  was 

too low fo r  e x p a n s io n  to p ro d u c e  any a p p re c ia b le  change in the 

gauge r e a d in g .  W hen the  gauge re a d in g s  w e re  p lo tted  ag a in s t  

the c o r r e s p o n d in g  p r e s s u r e  d i f f e r e n c e s  a c r o s s  the gauge a l in e a r  

re la t io n s h ip  w as  found to e x i s t .  The g ra d ie n t  of th is  line was 

c a lc u la te d  by  th e  m e th o d  of l e a s t  s q u a r e s  u s ing  the com pu te r  

p r o g r a m m e  d e s c r i b e d  in  A ppendix  5 . F r o m  th is  i t  was found

tha t the  p r e s s u r e  d i f f e r e n c e  ( to r r )  =( gauge read ing  x 0 .134  - 0.015) i 10.

It w as found  d u r in g  the  c a l ib ra t io n  of the  s p i r a l  gauge th a t  

the a c c u r a c y  w ith  w hich  the  le v e l  of the  m e r c u r y  m e n iscu s  in the
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m a n o m e te r  c o u ld  be d e te r m in e d  was im p ro v ed  by i l lum inating  it  

with d iffu se  l ig h t  an d  v iew ing  i t  a g a in s t  a c o n tra s t in g  background . 

These  r e f in e m e n ts  w e re  c a r r i e d  out by draw ing a s e r i e s  of l in e s ,

2 m m  a p a r t  a t  45 d e g r e e s ,  in Indian  ink on a sh ee t of t r a n s lu c e n t  

t ra c in g  l in e n ,  4 c m  by 3 c m .  T h is  was m ounted  betw een two shee ts  

of P e r s p e x ,  b e h in d  w h ich  w as p la c e d  a 24 w bulb . This a s se m b ly  

was a t ta c h e d  by m e a n s  of a T e r r y  sp r in g  clip  to one lim b of the 

m a n o m e te r  an d  co u ld  be a d ju s te d  to take  up a pos ition  behind the 

m e n is c u s  in  e i t h e r  of the  l im b s .  T h is  dev ice , as  well as  in c re a s in g  

the a c c u r a c y  of th e  r e a d in g s ,  g r e a t ly  re d u c e d  the eye s t r a in  involved 

in d e te r m in in g  th e  m e r c u r y  le v e l .

It w as  a l s o  found , b e fo re  c a r r y in g  out th is  c a l ib ra t io n ,  tha t

_3
with both  l im b s  of th e  m a n o m e te r  a t  p r e s s u r e s  le s s  than  10 t o r r  

the le v e ls  in  th e  two l im b s  w e re  not equal, the  so ca l led  r e fe re n c e  

s ide, a t t a c h e d  to a n  in d ep en d en t  v acu u m  s y s te m ,  showing a positive  

p r e s s u r e  of 3 t o r r .  On d ism a n tl in g  the  m a n o m e te r  i t  was found 

tha t when a t m o s p h e r i c  p r e s s u r e  was p r e s e n t  in both lim bs  th is  

effect w as no t p r e s e n t ,  the  le v e ls  in  both  l im b s  being equal. This 

would a p p e a r  to  in d ic a te  th a t  the  cau se  is  no t i r r e g u la r i t i e s  in the 

bore  of the  m a n o m e te r  tu b in g .  On re c le a n in g  the tube with hot 

ch ro m ic  a c id ,  r e d i s t i l l i n g  the  m e r c u r y  and thoroughly  flam ing  out 

the l im b s  u n d e r  v a c u u m  b e fo re  re a s s e m b l in g  the m a n o m e te r  i t  was
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found th a t  th e  d i s c r e p a n c y  w as g re a t ly  red u ced , a positive  p r e s s u r e  

of about 0 .4  t o r r  in  the  r e f e r e n c e  tube being obtained. This 

d is c re p a n c y  c o u ld  n o t  be e x p la in ed  in t e r m s  of c ap il la ry  d e p re ss io n  

due to the  o b s e r v e d  d i f f e r e n c e s  in  m e n iscu s  height ( 92 ) s ince the 

o b se rv ed  m a x im u m  d i f f e r e n c e  in m e n iscu s  height, v iz .  0 .18  m m , 

would only h av e  p ro d u c e d  a c a p i l la r y  d e p re s s io n  of le s s  than 

0.035 t o r r .  In the  c a l i b r a t io n  of the s p i r a l  gauge and in a l l  

subsequen t a b s o lu te  p r e s s u r e  m e a s u re m e n ts  a c o r re c t io n  has  been 

made to the  o b s e r v e d  p r e s s u r e  re a d in g s  to allow for th is  n o n -ze ro in g  

of the m a n o m e t e r .

(9 .1 8 .)  T he E l e c t r o m a g n e t i c ,  Hollow P is to n  Type, Gas A g ita to rs  

It w as found th a t  owing to the  e x tre m e  sen s it iv ity  of the 

sp ira l  B o u rd o n  gauge  to  v ib ra t io n ,  i t  was not possib le  to u se  i t  in 

conjunction  w ith  th e  g a s  cy c ling  pum p d e sc r ib e d  in sec tion  9 .8 .

It was n e c e s s a r y ,  t h e r e f o r e ,  to c o n s t r u c t  som e device which would 

e ffec tively  a g i ta te  th e  g a s e s  in  the  c a ta ly s t  v e s s e l  without producing 

any v ib ra t io n  in  th e  s y s t e m  a t ta c h e d  to the  gauge. In addition, the 

volume of th e  s y s t e m  in  w hich  the  f i lm  had  to be evap o ra ted  was 

re q u i re d  to be a s  s m a l l  a s  p o s s ib le .  F u r th e r ,  any device had to 

be m ade  f r o m  c o m p le te ly  i n e r t  m a te r i a l s  to avoid con tam ination  of 

the f i lm .  T h e s e  r e q u i r e m e n t s  w e re  s a t i s f ie d  by u se  of a hollow
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c y l in d r ic a l  g la s s  p is to n  w hich  f i t ted  lo o se ly  into the  c a ta ly s t  

v e s s e l  i t s e l f  a s  in d ic a te d  in  F ig .  9 .6 .  This was c o n s t r u c te d  f r o m  

18 m m  O .D .  P y r e x  tub ing , 9 c m  in  len g th .  This leng th  was 

su f f ic ie n t  to p r e v e n t  the  p is to n  com ing  in  co n tac t  w ith the  h a i rp in  

f i l a m e n t  of n ic k e l  w i r e .  To the  c lo se d  end of the  p is to n  was 

a t ta c h e d  a 20 c m  len g th  of 10 m m  O .D .  tubing into w hich was 

f i t te d  a  12 c m  le n g th  of so ft  i r o n ,  6 m m  in  d ia m e te r .  The i ro n  

w as h e ld  in  p o s i t io n  a t  the  top  of the  tube by a c o n s t r ic t io n .

The i r o n - c o n ta in in g  s e c t io n  of the  p is to n  was e v acu a ted  and s e a le d  off.

It w as n e c e s s a r y  to i n c r e a s e  the  volum e of the  c a ta ly s t  

v e s s e l  f r o m  th a t  u s e d  p re v io u s ly  to enab le  the  p is to n  to be kept 

c l e a r  of the  n ic k e l  f i l a m e n t  du ring  the  ev ap o ra t io n  of the  f i lm .

T h is  is  th e  p o s i t io n  of the  p is to n  in d ic a ted  in F ig .  9 .6 .  It w as a lso  

n e c e s s a r y  to  a t t a c h  to the  opposite  end of the  c a ta ly s t  v e s s e l  f r o m  

the  tu n g s te n  s e a l s  a connec ting  tube  w hose b o re  was su ff ic ien tly  

l a r g e  to a d m i t  e n t r y  of the  i ro n -c o n ta in in g  p o r t io n  of the p is to n .

The p o s i t io n  of the  p is to n  w ith in  the  c a ta ly s t  v e s s e l  was 

c o n t ro l le d  by  p la c in g  the  co il  of an  e le c t ro m a g n e t  round  th a t  p o r t io n  

of the  p i s to n  co n ta in in g  the  i r o n .  The co il  was e n e r g is e d  u s ing  

a 240 dc su p p ly  and  d rew  a c u r r e n t  of 0 .0 2  A . The h e a t  p ro d u c e d  

by th is  c u r r e n t  w as qu ite  c o n s id e ra b le  and  the in s id e  of the  co il  

w hich s u r r o u n d e d  th e  c a ta ly s t  v e s s e l  was coo led  by p a ss in g  w a te r
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th ro u g h  a s p i r a l  of 3 m m  d ia m e te r  copper  tubing wound in s id e  

the  c o i l .

In the  in i t i a l  e x p e r im e n t s  u s in g  th is  s y s te m  the  c a ta ly s t  

v e s s e l  w as  m o u n te d  v e r t i c a l l y  and the  e le c t ro m a g n e t  co il  p la ce d  

ro u n d  the  c o n n ec t in g  tu b e .  On e n e rg is in g  the  co il  the  p is to n  was 

su sp e n d e d  in  th e  c a ta ly s t  v e s s e l  and  by o sc i l la t in g  the  co il  v e r t i c a l ly  

the  p is to n  co u ld  be m a d e  to o s c i l la te  w ithin  the c a ta ly s t  v e s s e l .

The c o i l  w as a t t a c h e d  to a  m e ta l  f r a m e w o rk  which s l id  v e r t i c a l ly  

on two p a r a l l e l  r o d s .  The m o v e m e n t  of the  co il  v e r t i c a l ly  on th e se  

ro d s  w as  c o n t r o l l e d  by connec ting  the  f r a m e w o rk  to a c am , o p e ra te d  

by a C iten co  m o t o r .  In o r d e r  to p ro d u ce  a  sm ooth  m o v em en t,  

e s p e c ia l l y  w hen  th e  c o i l  w as m oving  dow nw ards, a c o u n te r -w e ig h t  

was f i t te d ,  c o n n e c te d  to the  co il  o v e r  a sm oo th  p u lley .  The m o v e m e n t  

of the  p is to n  w ith in  the  c a ta ly s t  v e s s e l  c a u s e d  an ag ita t io n  of the  

g a s e s  a c r o s s  th e  s u r f a c e  of the f i lm .  The v ib ra t io n  c a u s e d  by the  

m o v e m e n t  of the  p is to n  i t s e l f  was s m a l l .  It was found, h o w e v er ,  

u n d e r  e x p e r im e n t a l  cond itions  th a t  the  m o v e m e n t  of the  c o u n te r ­

w eight b e c a m e  i r r e g u l a r ,  p a r t i c u la r ly  a t  h igh  pum ping s p e e d s ,  and 

th is  c a u s e d  a s ig n if ic a n t  v ib ra t io n  in  the  a p p a ra tu s  w hich was 

t r a n s m i t t e d  to th e  s p i r a l  g au g e .  It a lso  ten d ed  to cau se  the  p is to n  

to fa l l  ou t of th e  in f lu en ce  of the  e le c t ro m a g n e t  and b re a k  on the 

b o tto m  of th e  c a t a ly s t  v e s s e l .
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As a r e s u l t  of th is  a n u m b e r  of m o d if ic a t io n s  w e re  in t ro d u c e d  

in l a t e r  e x p e r im e n t s .  The p is to n  w as su sp e n d e d  in  the  s a m e  

e le c t r o m a g n e t ic  co il  a s  u s e d  p re v io u s ly ,  bu t th is  co il  w as now 

k ep t  s t a t io n a r y ,  and  a s eco n d  c o il  s i m i l a r  to the  f i r s t  w as f i t te d  

d i r e c t ly  above  i t .  T h is  s ec o n d  c o il  was e n e r g i s e d  a t  i n t e r v a l s  by 

p a s s in g  the  e n e r g is in g  dc c u r r e n t  th ro u g h  a su i ta b le  sw itch ing  

d ev ice  w hich  is  d e s c r ib e d  in  s e c t io n  9 .1 9 .  T h is  c a u s e d  the  p is to n  

to r i s e  and  fa l l  w hile  s t i l l  s u sp e n d e d  u n d e r  the  in f lu en ce  of the  

lo w e r  c o i l .  T h is  s y s te m  p ro d u c e d  v i r t u a l ly  no v ib ra t io n  and  i t  w as 

found u n n e c e s s a r y  to s w i tch  i t  off w hile  tak ing  a gauge re a d in g .

In o r d e r  to p r e v e n t  the  p is to n  f r o m  f r a c tu r in g  i t s e l f  on the  c a ta ly s t  

v e s s e l  if  i t  f e l l  out of the  in f lu en ce  of the  lo w e r  co il ,  b u f f e rs  w e re  

f i t te d  to the  ends of the  tu n g s te n  l e a d s .  T h e s e  c o n s i s te d  of len g th s  

of n ic k e l  w ire  s i m i l a r  to th a t  u s e d  fo r  f i lm  e v a p o ra t io n ,  a t ta c h e d  

to th e  tu n g s te n  le a d s  so th a t  th ey  p r o t r u d e d  a t  r ig h t  a n g le s  to the  

le a d s  and  c u sh io n e d  the  fa l l  of the  p is to n .

(9. 1 9 .)  The dc P o w e r  Supply and  E le c t r o n ic  Sw itching D evice

A dc p o w e r  supp ly  w as u s e d  to e n e r g i s e  the  c o ils  of the  gas  

a g i ta to r ,  a s  i t  w as  found th a t  th is  p ro d u c e d  l e s s  h e a t  in  the  c o ils  

due to s e l f  in d u c t io n  th a n  d id  the  c o r re s p o n d in g  ac su p p ly .  T h is  

su p p ly  w as c a p a b le  of p ro d u c in g  a s ta b i l i s e d  dc v o ltage  of 200 - 240 v
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a t  a c u r r e n t  of up to 200 m A . T he c i r c u i t  d ia g r a m  is  g iven  in  

F ig .  9 . 7 .

E x p e r ie n c e  of v a r io u s  ty p e s  of sw itch ing  d e v ice s  had  

in d ic a te d  th a t  th o se  o p e r a te d  m e c h a n ic a l ly ,  p a r t i c u l a r ly  th o se  

en ta i l in g  the  u se  of a b e l t  o r  ch a in  d r iv e ,  w e re  u n r e l i a b le .  

C o n se q u e n t ly  a r o b u s t ,  r e l i a b l e ,  e le c t ro n ic  dev ice  w as p ro d u c e d .  

T h is  c o n s i s t e d  e s s e n t i a l l y  of a 12 v p o w e re d  c i r c u i t ,  em p loy ing  

two t r a n s i s t o r s  in  o s c i l l a t io n ,  w hich  a c t iv a te d  a r e l a y  th ro u g h  

w hich  the  dc c u r r e n t  w as c o n t ro l le d .  The c i r c u i t  d ia g r a m  is  g iven  

in  F i g .  9 . 8 .

( 9 .2 0 . )  The A i r  T h e r m o s ta t

It  w as  d i s c o v e r e d  th a t  the  a i r  t e m p e r a t u r e  of the  l a b o r a to r y  

in  w hich  the  h y d ro g e n a t io n  a p p a r a tu s  w as c o n s t r u c te d  cou ld  v a r y  

c o n s id e r a b ly  in  the  t im e  n e c e s s a r y  to c a r r y  out a s e r i e s  of 

e x p e r im e n t s .  S ince  i t  w as found th a t  th is  t e m p e r a t u r e  cou ld  no t be 

c o n t ro l le d  e f f ic ie n t ly  w ithout the  p ro d u c t io n  of v a r ia b le  t e m p e r a t u r e  

g r a d ie n ts  a c r o s s  the  a p p a r a tu s ,  i t  w as c o n s id e r e d  a d v is a b le  to 

t h e r m o s t a t  th a t  p o r t io n  of the  a p p a r a tu s  co n ta in ing  the  gas  s to ra g e  

an d  p r e s s u r e  m e a s u r in g  s y s t e m s .  T h is  w as a c h ie v e d  by e n c lo s in g  

the  a p p r o p r i a t e  p o r t io n  of the  s y s te m  w ith  a c a r d b o a r d  f r a m e w o r k .  

T he  f r o n t  of th is  f r a m e w o r k  w as c o v e r e d  w ith  a l a r g e  po ly thene



s h e e t  w hich  p e r m i t t e d  a c c e s s  to the  i n t e r i o r  of the  t h e r m o s ta t t e d  

r e g io n  w ithout g r e a t ly  a l t e r in g  the  i n te r n a l  a i r  t e m p e r a t u r e .

The t e m p e r a t u r e  of the  a i r  in  the  th e r m o s t a t ,  w hich  h ad  a vo lum e 

of 600 1, w as m a in ta in e d  a t  a c o n s ta n t  va lu e  u s in g  a 150 w e le c t r i c  

l ig h t  bu lb  and  a t e m p e r a t u r e  c o n t r o l l e r .  T h is  c o n t r o l l e r  c o n s i s te d  

of a 500 cc gas  t h e r m o m e t e r  f i t te d  w ith  e l e c t r i c a l  c o n ta c ts  of 

p la t in u m  and  f i l le d  w ith  d ry  a i r  to a p r e s s u r e  of 100 t o r r .  The 

c o n tro l l in g  d ev ice  w as u s e d  in  co n ju n c t io n  w ith  a Sunvic type  

F  102-3 h o t w ire  v a c u u m  s w i tc h .  The a i r  in  the  t h e r m o s t a t  was 

c i r c u l a t e d  u s in g  a fan  a t ta c h e d  to a 12 v e l e c t r i c  m o to r  p o s i t io n e d  

su ch  th a t  i t  i n c r e a s e d  the  c i r c u la t io n  due to co n v ec tio n  c a u s e d  by 

the  e l e c t r i c  l ig h t  b u lb .  I t w as found th a t  the  t e m p e r a t u r e  th ro u g h o u t  

th e  t h e r m o s t a t  cou ld  be c o n t ro l le d  w ith in  h a l f  a c e n t ig ra d e  d e g re e  

of the  d e s i r e d  t e m p e r a t u r e  p ro v id e d  th a t  the  ro o m  t e m p e r a t u r e  did 

n o t  r i s e  a p p r e c ia b ly  above t h i s .  U su a lly  the  t h e r m o s ta t  was 

m a in ta in e d  a t  23°C a s  a su i ta b le  c o m p r o m is e  b e tw een  t e m p e r a t u r e s  

above  w hich  the  n o r m a l  ro o m  t e m p e r a t u r e  m ig h t  o c c a s io n a l ly  r i s e  

and  t e m p e r a t u r e s  w hich  w ould le a d  to e x c e s s iv e  so ften ing  of the  

ta p  g r e a s e .

( 9 .2 1 . )  The W a te r  T h e r m o s t a t

The d e s ig n  of the  c a ta ly s t  v e s s e l  u s e d  w ith  the  hollow  p is to n
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gas a g i t a to r  p e r m i t t e d  u s e  of a conven tiona l w a te r  th e r m o s ta t  ba th  

both fo r  c o n t ro l l in g  the  t e m p e r a t u r e  during  f i lm  ev ap o ra tio n  and 

during  h y d r o g e n a t io n .  T h is  tan k  was n o rm a l ly  m a in ta in ed  at 

24 ^ 0 .2 ° C  u s in g  a 60 w e le c t r i c  l igh t bulb and a Sunvic type TS3NC 

t e m p e r a t u r e  c o n t r o l l e r .  The tank  i t s e l f  which had a cap ac ity  of 

30 1 w as f i t te d  w ith  a h e a t  e x c h a n g e r  th ro u g h  which cooling w a te r  

could be p a s s e d .  The w a te r  was c i r c u la te d  in the tank  us ing  

a S te w a r t  an d  T u r n e r ,  type  10R8806, m a in s  o p e ra te d ,w a te r  pum p 

which h ad  a  p u m p in g  sp e e d  of 5400 1 p e r  h o u r .

( 9 .2 2 . )  P r e p a r a t i o n  of R ad io ac t iv e  M e rc u ry

R a d io a c t iv e  m e r c u r y  w as ob ta ined  f r o m  the A tom ic  E n e rg y

R e s e a r c h  E s t a b l i s h m e n t ,  H a rw e l l ,  and  i t  con ta ined  the ac tive

203 , 197m e r c u r y  i s o to p e s  Hg and  Hg. The in i t ia l  a c t iv i t ie s  w e re

203 19730 mC Hg an d  750 m C  Hg ob ta ined  by i r r a d ia t io n  of 2 g

12 2m e r c u r y  fo r  2 w eek s  in  a  flux of 10 n e u t r o n s /c m  / s e c .

T h e se  i s o to p e s  h ad  h a l f - l iv e s  of 47 d and 65 h r  r e s p e c t iv e ly .  

A fte r  r e m o v a l  f r o m  the  r e a c t o r  the  m e r c u r y  was a llow ed  to decay  

fo r  a t l e a s t  a  fo r tn ig h t  to re d u c e  the  ac t iv i ty  of the s h o r te r l iv e d  

iso tope  to a r e l a t i v e l y  n e g l ig ib le  v a lu e .  A sam p le  of th is  m e r c u r y  

was d i lu te d  w ith  in a c t iv e  m e r c u r y  if n e c e s s a r y  to give a count of 

about 3000 co u n ts  m in~* when 10 m g w e re  counted  on a n icke l t r a y
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4 c m  f r o m  the  window of an  end-w indow  c o u n te r .  The m e r c u r y

w as d i s t i l l e d  into b r e a k - s e a l  tu b e s  u s in g  the  a p p a r a tu s  shown in

F ig .  9 . 9 .  T h is  w as a t ta c h e d  to the  m e r c u r y  f r e e  v a cu u m  s y s te m

by m e a n s  of a  l a r g e  l iq u id  n i t ro g e n  t r a p  and  a ta p  w hich  p r e v e n te d

c o n ta m in a t io n  of the  a p p a r a tu s .  The ta p  w as opened  only  when

_5
a h igh  v a cu u m  (10 t o r r )  w as  r e q u i r e d  in  the  s y s t e m ?b e fo re  

d i s t i l l a t io n  and  a g a in  p r i o r  to sea l in g  off the  b r e a k - s e a l  a t  the  

p r e v io u s ly  d e g a s s e d  c o n s t r i c t i o n ,C . The b r e a k - s e a l  tube  co n ta in ing  

the  p u r i f ie d  r a d io a c t iv e  m e r c u r y  w as a t ta c h e d  to the  h y d ro g e n a t io n  

s y s t e m  a s  in d ic a te d  in F ig .  9 . 6 .

( 9 .2 3 . )  C on tinuous E s t i m a tio n  of M e r c u r y  A d so rb e d  on N ick e l  F i l m s

It w as  n e c e s s a r y  to d e te r m in e  how m u ch  m e r c u r y  w as p r e s e n t

on the  n ic k e l  f i lm  a t any  p a r t i c u l a r  t im e  and  th is  w as o b ta in ed  by

203coun ting  the  r a d ia t io n  p ro d u c e d  by the  H g. The e n e rg y  of the  

g a m m a  r a d ia t io n  r e s u l t in g  f r o m  the  d e ca y  of th is  iso to p e  (0 .2 9  m eV ) 

w as su f f ic ie n t ly  h igh  fo r  i t  to p a s s  th ro u g h  s e v e r a l  m i l l i m e t r e s  of 

g la s s  w ithou t s ig n i f ic a n t  a b s o r p t io n .  The c o u n te r  u s e d  was 

a M u l la rd  MX 120. T h is  h ad  a ca thode  c o n s is t in g  of a s ta in le s s  

s t e e l  c y l in d e r  1 7 .5  m m  long and  2 .2  c m  in  d ia m e te r  and  w as f i l le d  

w ith  a  neo n  a r g o n  m ix tu r e  w ith  b ro m in e  a s  quenching  a g e n t .  T h is  

c o u n te r  o p e r a te d  a t  a  v o ltag e  of 475 v and  had  a p la te a u  of leng th  

a b o u t  100 v , a s  shown in  F ig .  9 . 10.



The c o u n te r  w as f i t te d  in s id e  a 24 m m  d ia m e te r  P y r e x  tube  

w hich  w as p la c e d  p a r a l l e l  to and  in  c o n tac t  w ith  the  c a ta ly s t  v e s s e l  

in  the  t h e r m o s t a t  tan k  so th a t  the  co m p le te  len g th  of the  f i lm  w as 

a c c o m m o d a te d  in  the  w ork ing  s e c to r  of the  c o u n te r .  R ig id  g e o m e t ry  

w as o b ta in e d  by p o s i t io n in g  the  c o u n te r  t ig h t ly  in s id e  i ts  o u te r  tube  

and  a t ta c h in g  th is  to the  c a ta ly s t  v e s s e l  w ith  p la s t ic  a d h e s iv e  t a p e .  

C a m p b e l l  and  T h o m so n  ( 20 ) have  s tu d ie d  the  e ffec t  of r a d i a l  

d is t r ib u t io n  of m e r c u r y  on su ch  a counting  s y s te m .  T hey have  

show n th a t ,  p ro v id e d  the  f i l a m e n t  w as no t lo c a l ly  c lo se  to the  v e s s e l  

w a l ls  d u r in g  e v a p o ra t io n ,  thus  c a u s in g  an  uneven  d i s t r ib u t io n  of 

m e ta l  and  h en ce  of m e r c u r y ,  th is  te ch n iq u e  fo r  the  d e te r m in a t io n  

of m e r c u r y  w as s a t i s f a c to r y .  C a r e  w a s ,  t h e r e f o r e ,  ta k e n  to p o s i t io n  

the  f i l a m e n t  in  the  c e n t r e  of the  c a ta ly s t  v e s s e l  d u r in g  i t s  c o n s t r u c t io n .

The a n c i l l a r y  counting  eq u ip m e n t  u s e d  in  con ju n c t io n  w ith  th is  

c o u n te r  c o n s i s t e d  of an  E r i c s s o n  T e le p h o n es  L td .  type  110A p ro b e  

u n i t  w ith  a  500 m ic r o  sec o n d  p a r a ly s i s  t im e ,  and  an  E kco  E le c t r o n ic s  

type  N529B sc a l in g  u n i t .  The c o u n te r  w as s h ie ld e d  f r o m  the  m e r c u r y  

s o u rc e  by  s u r ro u n d in g  the  l a t t e r  w ith  1 c m  th ic k  le a d  and  in  o r d e r  

to  f u r t h e r  r e d u c e  the  b a c k g ro u n d  the  c a ta ly s t  v e s s e l  and  c o u n te r  in 

the  t h e r m o s t a t  w e re  s u r r o u n d e d  by  a c y l in d e r  of 3 m m  le a d  sh e e t  

hav in g  a d i a m e te r  of 15 c m .  T h is  c y l in d e r  w as so d e s ig n e d  th a t  i t  

d id  n o t  im p e d e  e f f ic ie n t  c i r c u la t io n  of w a te r  ro u n d  the  c a ta ly s t  v e s s e l .
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W hen the  sp e c if ic  a c t iv i ty  of the  m e r c u r y  o b ta in ed  on th is  

c o u n te r  had  b e en  d e te r m in e d  a c a lc u la t io n  show ed th a t  the  a m o u n t 

of m e r c u r y  p r e s e n t  in  the  v ap o u r  p h a se  in  the  vo lum e of the  

c a ta ly s t  v e s s e l  s e e n  by the  c o u n te r  w as in su ff ic ie n t  to be d e te c te d  

on the  c o u n te r .

( 9 .2 4 . )  D e te r m in a t io n  of A b so lu te  W eight of M e r c u r y  P r e s e n t  
on N ic k e l  F i lm s

Owing to g e o m e t r i c a l  c o n s id e r a t io n s , i t  w as not p o s s ib le  to 

d e te r m in e  the  a b so lu te  w e igh t of m e r c u r y  p r e s e n t  on the  f i lm  u s in g  

the  counting  s y s te m  d e s c r ib e d  in s e c t io n  9 .2 3 .  C o n seq u en tly  when 

a f i lm  h ad  b e en  c o m p le te ly  p o is o n e d , i t  w as d is s o lv e d  in  25 cc of ION 

n i t r i c  a c id  and  10 cc of th is  so lu tio n  co u n ted  in  a 20th C en tu ry  

E l e c t r o n ic s  l iq u id  c o u n te r  type  M 6 4 ,u s in g  the  s a m e  a n c i l l a r y  

e q u ip m e n t  a s  d e s c r ib e d  in  s e c t io n  9 .2 3 .  The count r a t e  o b ta in ed  

f r o m  th i s  so lu tio n  w as c o m p a r e d  w ith  the  count r a t e  obta ined , u n d e r  

e x a c t ly  the  s a m e  c o n d i t io n s , f ro m  10 cc of a s ta n d a r d  so lu t io n .

T h is  s t a n d a r d  w as p r e p a r e d  by d is so lv in g  an  a c c u r a t e ly  known w eight 

of m e r c u r y ,  d e r iv e d  f r o m  the  s a m e  m e r c u r y  s o u rc e  a s  th a t  u s e d  to 

p o iso n  the  film , in  a known v o lu m e  of ION n i t r i c  a c id .  By p r o p o r t io n  

the  w e ig h t of m e r c u r y  f in a l ly  p r e s e n t  on the  f i lm  could  th en  be 

o b ta in e d .  S ince  the  coun t p ro d u c e d  by th is  w eigh t of m e r c u r y  on
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the  h a lo g en  q u en ch ed  c o u n te r  w as a lso  known, i t  w as p o s s ib le  to 

c a lc u la te  the  w e igh ts  of m e r c u r y  p r e s e n t  on the  f i lm  a t v a r io u s  

i n te r m e d ia te  s tag e s ,  knowing the  coun ts  th e s e  p ro d u c e d  on the  

h a lo g en  q u en ch ed  c o u n te r .

In o r d e r  to d e te r m in e  w h e th e r  t h e r e  w as a s e l f - a b s o r p t io n  

e ffec t  of the  n ic k e l  ions  in  so lu tio n ,  n ic k e l  n i t r a t e  w as ad d ed  to the  

s t a n d a r d  so lu tio n  to g ive  a  n ic k e l  ion  c o n c e n t ra t io n  s im i l a r  to th a t  

of the  so lu t io n  co n ta in in g  the  f i lm .  T h is  p ro d u c e d  no d i f f e re n c e  in 

count r a t e  in d ic a t in g  th a t  s e l f - a b s o r p t io n  e f fe c ts  w e re  n e g l ig ib le .

( 9 .2 5 . )  P r e - e v a p o r a t i o n  T r e a tm e n t  of C a ta ly s t  V e s s e l s  in  the  
Hollow P i s to n  C on ta in ing  S y s te m

The d e s ig n  of the  c a ta ly s t  v e s s e l  u s e d  w ith  th is  s y s te m  is  

in d ic a te d  in  F i g .  9 . 6 .  A s id e  a r m  co n ta in in g  a b r e a k - s e a l  SI and  

a c o n s t r i c t io n  C l  w as a t ta c h e d  to the  c a ta ly s t  v e s s e l .  T h is  en ab led  

the  v e s s e l  to be th o ro u g h ly  d e g a s s e d  in  a  p a r t  of the  s y s te m  w hich  

did  no t c o n ta in  g r e a s e d  ta p s  and  w hich  w as r e m o te  f r o m  the  p r e s s u r e  

m e a s u r in g  d e v ic e .  I t  w as found p o s s ib le  to u se  one c a ta ly s t  v e s s e l  

fo r  th e  p ro d u c t io n  of a  n u m b e r  of f i lm s ,  th u s  e l im in a t in g  the  need  

to c o n s t r u c t  a  new v e s s e l  fo r  e ac h  f i lm .  The u s e d  c a ta ly s t  v e s s e l  

w as sp l i t  open  a t  a l e v e l  j u s t  below  w h e re  the  n ic k e l  w ire  w as 

c o n n e c te d  to the  tu n g s te n  le a d s  an d  the  f i lm  r e m o v e d  w ith  ION n i t r i c  

a c id ,a s  in d ic a te d  in  s e c t io n  9 .2 4 .  The n ic k e l  w ire  was re m o v e d
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and  r e p l a c e d  w ith  an  u n u s e d  le n g th .  The v e s s e l  w as th en  

r e c o n s t r u c t e d  by ho ld ing  the  two p o r t io n s  t ig h tly  a g a in s t  e a c h  o th e r ,  

m ak in g  s u r e  th a t  th e y  w e re  in e x a c t ly  the  s a m e  r e la t iv e  p o s i t io n s  

a s  b e f o r e ,  an d  ro ta t in g  th e m  in  an  in c r e a s in g ly  h o t te r  g a s /o x y g e n  

f la m e  u n t i l  a v a cu u m  t ig h t  s e a l  was p ro d u c e d .

The p r o c e d u r e  fo r  d e g a s s in g  the  g la s s  of the  c a ta ly s t  v e s s e l  

w as  s i m i l a r  to th a t  d e s c r ib e d  in  s e c t io n  9 . 1 0 . ,  the  m a in  p o r t io n  of 

th e  c a ta ly s t  v e s s e l  be ing  e n c lo s e d  in  a  c y l in d r ic a l ,  e l e c t r i c a l ly  

wound f u r n a c e  cap a b le  of re a c h in g  5 0 0 °C . In ad d itio n  th o se  p a r t s  

of the  v e s s e l  w h ich  co u ld  no t be in c lu d e d  in  the  fu rn a c e  w e re  c o v e r e d  

w ith  s e v e r a l  l a y e r s  of in s u la te d  h e a t in g  ta p e ,o p e r a te d  by m e a n s  of 

a  V a r ia c  v a r i a b le  t r a n s f o r m e r .  T h is  w as cap ab le  of m a in ta in in g  

a t e m p e r a t u r e  of abou t 4 5 0 ° C .  C a r e  w as ta k e n  to d eg as  the  

c o n s t r i c t io n  C l  co m p le te ly ,  u s in g  a so ft  gas  f l a m e .  T h is  w as c a r r i e d  

ou t by h e a t in g  the  c o n s t r i c t io n  u n t i l  the  g la s s  w as s e e n  to so ften  

s l ig h t ly  an d  c a u s e  a ye llow  c o lo u ra t io n  in  the  f l a m e .

D u rin g  the  e v a p o r a t io n  of f i lm s  in  the  cy c ling  pum p s y s te m  

i t  w as o b s e r v e d  th a t  an  a p p re c ia b le  i n c r e a s e  in p r e s s u r e  o c c u r r e d  

in  the  c a ta ly s t  v e s s e l  w hen  th e  c u r r e n t  p a s s in g  th ro u g h  the  f i l a m e n t  

w as  i n c r e a s e d  to a  v a lu e  above  4 A , the  c u r r e n t  a t  w hich  the  w ire  

h a d  su p p o se d ly  b e en  c o m p le te ly  d e g a s s e d .  U sing  the p is to n  con ta in ing  

s y s t e m  th is  p h e n o m en o n  w as in v e s t ig a te d  f u r t h e r .  With the  fu rn a c e
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and  h e a t in g  tap e  a t  450 - 500°C the  c a ta ly s t  v e s s e l  w as p u m p ed  to

_5
a p r e s s u r e  of 5 x 10 t o r r .

The ta p  co n n ec tin g  the  c a ta ly s t  v e s s e l  to the  v a c u u m  pu m p s

w as th e n  c lo s e d  fo r  2 0  s e c ,  a l th o u g h  the  c a ta ly s t  v e s s e l  w as s t i l l

c o n n ec te d  to the  P e n n in g  G auge, an d  in  th is  t im e  the  p r e s s u r e

-4m e a s u r e d  on the  gauge w as s e e n  to r i s e  to 1 . 1  x  1 0  t o r r .

The c a ta ly s t  v e s s e l  w as th e n  p u m p e d  to i t s  o r ig in a l  p r e s s u r e  and  the

p r o c e d u r e  r e p e a te d ,  th is  t im e  w ith  a c u r r e n t  of 4 a m p s  flowing

th ro u g h  the  f i l a m e n t .  I t  w as  now found th a t  the  p r e s s u r e  of the

_4
s y s t e m  r o s e  to 1 .3  x  10 t o r r  in  20 sec  in d ic a t in g  th a t  gas  w as

be in g  g iven  off f r o m  the  w i r e .  T he c a ta ly s t  v e s s e l  w a s ,  t h e r e f o r e ,

p u m p ed  fo r  a t  l e a s t  6 h o u r s  w ith  a  c u r r e n t  of 4 A p a s s in g  th ro u g h

th e  f i l a m e n t ,a f t e r  w h ich  t im e  on sh u tt in g  off the  p u m p s  the  p r e s s u r e

-5r e a d  f r o m  the  gauge i n c r e a s e d  to 3 x  10 t o r r  in  20 s e c .

The c u r r e n t  p a s s in g  th ro u g h  the  f i l a m e n t  w as th e n  i n c r e a s e d  to 6  A

and  on c lo s in g  off th e  p u m p s  the  p r e s s u r e  in  the  c a ta ly s t  v e s s e l  

_4
r o s e  to 1 .5  x 10 t o r r  in d ic a t in g  th a t  g a s  w as  now be ing  g iv en  off 

f r o m  the  w ire  w h ich  h a d  b e e n  u n ab le  to e s c a p e  d u r in g  the  s ix  h o u r s  

th a t  the  c u r r e n t  h a d  b e e n  a t  4 A . C o n se q u e n t ly  the  c u r r e n t  w as 

r e p e a te d ly  r a i s e d  to  6  a m p s  fo r  s h o r t  i n t e r v a l s  of t im e  u n t i l  an  

i n c r e a s e  of p r e s s u r e  w as no t o b s e r v e d  in  the  c a ta ly s t  v e s s e l  w hen 

th is  c u r r e n t  h a d  b e en  flow ing fo r  h a l f  a m in u te .  I t  w as found the
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to ta l  t im e  r e q u i r e d  a t  6  a m p s  to a t ta in  th is  cond ition  w as about 

5 - 6  m in u te s .  D u rin g  th is  t im e  an  a p p re c ia b le  f i lm  h ad  b een  

d e p o s i te d  f r o m  the  w i r e .  I t  w as  a r r a n g e d ,  t h e r e f o r e ,  d u r in g  th is  

d e g a s s in g  p r o c e s s  th a t  the  p is to n  was c o v e r in g  the  f i l a m e n t  and  the  

f i lm  w as d e p o s i te d  on i t s  i n t e r n a l  w a l l s .  The f i lm  so p ro d u c e d  

w as found to be in a c t iv e  fo r  h y d ro g e n a t io n  a s  would be e x p ec te d ,  

s in ce  i t  w as e v a p o r a te d  a t  a h igh  t e m p e r a t u r e  an d  would be 

c o n s id e r a b ly  s i n t e r e d .  T h is  f i lm  w as kep t s e p a r a te  f r o m  the  m a in  

f i lm  an d  w as a s s a y e d  in d ep en d en tly ;  it  w as found to have  w eigh ts  

v a ry in g  b e tw ee n  3 and  8  m g .

( 9 .2 6 . )  E x p e r im e n ta l  P r o c e d u r e  fo r  P o iso n in g  C y c lo p ro p an e  
H y d ro g e n a t io n  w ith  M e r c u r y

A f te r  the  c a ta ly s t  v e s s e l  and  f i l a m e n t  had  been  th o ro u g h ly

d e g a s s e d  a s  d e s c r ib e d  in  the  p re v io u s  s e c t io n  and  the  u l t im a te

-5p r e s s u r e  o b ta in e d  w as in  the  re g io n  of 2  x 1 0  t o r r ,  the  c a ta ly s t  

v e s s e l  w as s e a le d  off a t  the  c o n s t r i c t io n  C l .  It w as th en  t r a n s f e r r e d  

to the  t h e r m o s t a t  ta n k , the  le a d s  fo r  the  e v a p o ra t io n  c u r r e n t  

c o n n e c te d  an d  the  g a m m a  c o u n te r  f i t t e d .  A f te r  a d ju s t in g  the  p o s i t io n  

of the  v e s s e l  an d  of the  e l e c t r o m a g n e t ic  c o i ls  to e n s u r e  th a t  the  

p is to n  w ould  o p e r a te  v e r t i c a l l y ,  the  c a ta ly s t  v e s s e l  was g la s s -b lo w n  

onto the  p r e s s u r e  m e a s u r in g  p o r t io n  of the  a p p a r a tu s .  By e n e r g is in g  

the  to p m o s t  c o i l ,  the  p is to n  w as l i f te d  c l e a r  of the  n ic k e l  f i l a m e n t
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and  w as m a in ta in e d  in  th is  p o s i t io n  w hile  the  f i lm  w as e v a p o ra te d

onto the  w a lls  of the  v e s s e l  by the  p a s s a g e  of 6 .4  A . D uring  th is

p r o c e s s  the  co n n ec tin g  tub ing  P I  was e v a c u a te d  and  f la m e d  w ith

_4a so ft  gas  f la m e  to o b ta in  an  u l t im a te  p r e s s u r e  of abou t 1 x 1 0  t o r r .

A s soon a s  p o s s ib le  a f t e r  the  b re a k in g  of the f i l a m e n t ,  

n o r m a l ly  w ith in  one o r  two m in u te s ,  the  r e a c ta n t  m ix tu r e ,  a l r e a d y  

a t  a p r e d e t e r m i n e d  p r e s s u r e ,  w as a d m it te d  to the  c a ta ly s t  v e s s e l  

by f r a c tu r in g  the  b r e a k - s e a l  SI w ith  a s te e l  b a l l .  It w as n e c e s s a r y  

to  a d ju s t  the  p r e s s u r e  of the  gas  to a p r e d e t e r m in e d  va lue  b e fo re  

e x p a n s io n  in to  the  c a ta ly s t  v e s s e l  in  o r d e r  to  r e p ro d u c e  the  in i t ia l  

gas  p r e s s u r e  in  th e  c a ta ly s t  v e s s e l  f r o m  ru n  to ru n .  The in i t ia l  

p r e s s u r e  of the  gas  in  the  c a ta ly s t  v e s s e l  and  on both  s id e s  of the  

gauge  w as  m e a s u r e d  on the  m a n o m e te r  a s  in d ic a te d  in  s e c t io n  9 . 14. 

One m in u te  a f t e r  a d m is s io n  of the  gas  the  tap  T 8  w as tu rn e d  to 

i s o la t e  the  c a ta ly s t  v e s s e l  f r o m  the  gas  s to ra g e  s y s te m  and  the tap  

T7 tu r n e d  to c o n n ec t  the  c a ta ly s t  v e s s e l  to th e  in s id e  of the  p r e s s u r e  

g a u g e .  A s b e fo re  any  change  in  p r e s s u r e  w hich  now o c c u r r e d  in 

the  c a ta ly s t  v e s s e l  p ro d u c e d  a r e a d in g  on the  g au g e .  The p is to n  was 

th e n  s e t  in  m o t io n  and  i t  w as not n e c e s s a r y  to s top  it in  o r d e r  to 

ta k e  a gauge  r e a d in g ,a s  l i t t l e  v ib ra t io n  w as p ro d u c e d  if  the  c a ta ly s t  

v e s s e l  h a d  b e en  p r o p e r ly  a l ig n e d .  P r e s s u r e  re a d in g s  w e re  u s u a l ly  

ta k e n  a t  one m in u te  i n t e r v a l s  u n t i l  the  r e a c t io n  h ad  p ro c e e d e d  to



the  d e s i r e d  e x te n t .  The gas  in  the  c a ta ly s t  v e s s e l  w as th e n  pum p ed  

out v ia  ta p  T 8 ,u s in g  the  r o t a r y  pum p fo r  30 s e c .  The c a ta ly s t  

v e s s e l  w as i s o la t e d  by tu rn in g  tap  T 8 , the  p r e s s u r e  in s id e  and 

o u ts id e  the  gauge w as e q u a l i s e d  and  th is  along w ith  the  m a n o m e te r  

w as p u m p ed  out, a l s o  on the  r o t a r y  pum p , tak in g  the p re c a u t io n s  

in d ic a te d  in  s e c t io n  9 . 14. W hen i t  w as  d ec id e d  to a d m it  m e r c u r y  

to the  f i lm  the  b r e a k - s e a l  S2 w as f r a c t u r e d ,  u s in g  the  s a m e  s te e l  

b a l l  a s  w as u s e d  fo r  S I ,  w hile  the  c a ta ly s t  v e s s e l  w as i s o la t e d  a f t e r  

i t  h ad  b e en  p u m p ed  o u t .  A f te r  the  a p p r o p r ia t e  len g th  of t im e  a f r e s h  

c h a r g e  of gas  w as a d m i t te d  to the  c a ta ly s t  v e s s e l  a s  b e fo re  and  the 

p r o c e d u r e  d e s c r ib e d  above r e p e a t e d .  B e fo re  a d m it t in g  m e r c u r y  to 

the  f i lm  a b a c k g ro u n d  coun t on the  c o u n te r  h ad  b e en  ta k e n .  D uring  

the  h y d ro g e n a t io n  im m e d ia te ly  fo llow ing an  a d m is s io n  of m e r c u r y  

a f u r t h e r  count w as ta k e n ,  n o r m a l ly  fo r  2 0  m in ,  in d ic a t in g  the  

r e l a t i v e  a m o u n t  of m e r c u r y  p r e s e n t  on the  f i lm  d u r in g  the  h y d ro g e n a t io n .  

It w as  a s s u m e d  th a t  w hile  gas  w as p r e s e n t  in  the  c a ta ly s t  v e s s e l  

m e r c u r y  w as u n a b le  to d iffuse  onto the  f i lm .  T h is  w as v e r i f i e d  by 

le av in g  a f i lm  in  c o n ta c t  w ith  the  m e r c u r y ,  u n d e r  the  e x p e r im e n ta l  

p r e s s u r e  of g a s ,  fo r  a n u m b e r  of h o u r s .  No m e r c u r y  w as found to 

a r r i v e  a t  the  s u r f a c e  d u r in g  th is  t im e .



( 9 .2 7 . )  T r e a tm e n t  of R e s u l t s

It w as  n e c e s s a r y  to c o n v e r t  the  gauge re a d in g s  o b ta in ed  to 

a b s o lu te  p r e s s u r e  d i f f e r e n c e s .  T h is  w as c a r r i e d  out e i th e r  by 

d i r e c t  c o n v e r s io n ,  u s in g  the  c a l ib r a t io n  g ra p h ,  a s  in  the  c a s e  of 

F i l m s  1 and  2 o r  m o r e  n o r m a l ly  by m u lt ip ly in g  the  gauge re a d in g  

by a su i ta b le  c o n v e r s io n  f a c to r  o b ta in ed  f r o m  the g r a d ie n t  of the  

c a l i b r a t io n  g r a p h .  In the  c a s e  of the  f i r s t  s p i r a l  B o u rd o n  gau g e ,  

a s  u s e d  fo r  F i l m s  13 to 24, an  a d d i t io n a l  in t e r c e p t  t e r m ,  d e r iv e d  

f r o m  the  c a l ib r a t io n  g ra p h ,  w as a lso  c o n s id e r e d .  As was s ta te d  

in  s e c t io n  9 . 6 . owing to the  f a c t  th a t  the  m a n o m e te r  did no t z e ro  

s a t i s f a c to r i l y ,  a  n o n -z e ro in g  c o r r e c t io n ,  n o rm a l ly  0 .0 3 9  t o r r ,  w as 

ad d ed  to p r e s s u r e  r e a d in g s  m e a s u r e d  d i r e c t ly  f r o m  the m a n o m e te r .

It  w as  found th a t  a  l i n e a r  r e la t io n s h ip  e x is te d  b e tw een  the  

of the  c y c lo p ro p a n e  p a r t i a l  p r e s s u r e  and  t im e  in d ica t in g  th a t  

a p p a r e n t ly  f i r s t  o r d e r  k in e t ic s  w e re  o p e ra t in g .  The g ra d ie n t  of th is  

l i n e a r  r e l a t io n s h ip  w as ta k e n  a s  a m e a s u r e  of the  r e a c t io n  r a t e .

The c y c lo p ro p a n e  p a r t i a l  p r e s s u r e  ( P c )  w as c a lc u la te d  a s  fo llow s:

L e t  in i t i a l  p a r t i a l  p r e s s u r e s  of h y d ro g e n  and  cy c lo p ro p an e  

be a ,  b r e s p e c t iv e ly

th e r e f o r e ,  the  to ta l  in i t i a l  p r e s s u r e  P  = a + b
o

L e t  h y d ro g e n  r e a c t  u n t i l  a  f r a c t io n  x i s  le f t

P a r t i a l  p r e s s u r e  of h y d ro g e n  a t  th a t  s tag e  = ax



P a r t i a l  p r e s s u r e  of c y c lo p ro p an e  = b - a (l - x )

P a r t i a l  p r e s s u r e  of p ro p a n e  = a (l - x)

. ’ . t o ta l  p r e s s u r e  (P̂ _ ) = b + ax

P a r t i a l  p r e s s u r e  of c y c lo p ro p a n e  a t  any  t im e  = b - a 4- ax

= P  - a
t

w h e re  a  = P  x  the  f r a c t io n  of the  gas  which is  h y d ro g e n  o

i . e .  P  = p  - a
c t

bu t the  p r e s s u r e  d i f f e r e n c e  (PD) m e a s u r e d  on the  gauge

a t  any  t im e  , = P  - P
o t

/  . P  - a  = (P  - a) - P D  = Pt v o c

( P  - a) be ing  a c o n s ta n t  fo r  e a c h  h y d ro g e n a t io n  r e a c t io n

The v a lu e s  of P  w ith  r e s p e c t  to t im e  w e re  p lo t te d  on c

s e m i - l o g a r i t h m i c  p a p e r  and  the  g r a d ie n ts  c a lc u la te d  to the  b a s e  1 0 . 

S ince  a s  m a n y  a s  th i r t y  h y d ro g e n a t io n s  w e re  c a r r i e d  out on one 

f i lm ,  e a c h  h y d ro g e n a t io n  co n ta in ing  tw en ty  r e s u l t s ,  the  c a lc u la t io n  

of the  r a t e  c o n s ta n ts  p ro v e d  to be a te d io u s  p r o c e s s .  C o n seq u en tly  

two s im p le  c o m p u te r  p r o g r a m m e s  fo r  the  E n g l ish  E l e c t r i c  K D F 9 

c o m p u te r  w e re  p r e p a r e d .  The f i r s t  of th e s e  c o n v e r te d  the  gauge 

r e a d in g s  in to  p r e s s u r e  d i f f e r e n c e s  and  e x p r e s s e d  th e s e  in t e r m s  

of c y c lo p ro p a n e  p a r t i a l  p r e s s u r e s .  The so lu tio n  m a t e r i a l  was 

d e s ig n e d  su ch  th a t  i t  cou ld  be fed  d i r e c t ly  in to  the  c o m p u te r  as
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d a ta  fo r  a sec o n d  p r o g r a m m e  w hich  c a lc u la te d  the  r a t e  c o n s ta n t  

fo r  e a c h  h y d ro g e n a t io n  u s in g  the  m e th o d  of l e a s t  s q u a r e s .  F u r t h e r  

d e ta i l s  of the  p r o g r a m m e s  and  th e i r  u s e  a r e  g iven  in  A ppendix  5.

( 9 .2 8 . )  D e te r m in a t io n  of W eights  of N ic k e l  F i lm s

The w e ig h ts  of the  n ic k e l  f i lm s  w e re  o b ta in ed  u s in g  a p r o c e d u r e  

w e ll  t r i e d  in  th is  l a b o r a to r y  invo lv ing  the  c o lo r im e t r i c  a n a ly s is  of 

th e  n ic k e l  III d im e th y lg ly o x im e  c o m p le x .  The f i lm  to be a n a ly s e d  

w as d i s s o lv e d  in  25 cc of w a r m  ION n i t r i c  a c id .  If the  f i lm  had  

c o n ta in ed  m e r c u r y  1 0  cc of th is  so lu t io n  h ad  a l r e a d y  b e en  coun ted  

in  a l iq u id  c o u n te r  a s  w as d e s c r ib e d  in  s e c t io n  9 .2 4 .  The 25 cc of 

so lu t io n  co n ta in in g  the  f i lm  w e re  d i lu ted  to 1 l i t r e  w ith  d i s t i l l e d  

w a t e r .  1 0  m l  of th is  so lu t io n  w e re  m e a s u r e d  out w ith  a p ip e t te  and  

t r a n s f e r r e d  to a 50 m l  s t a n d a r d  f l a s k .  10 m l  p o ta s s iu m  b r o m a te -  

b ro m id e  so lu tio n  (3 g K B rO ^ and  12 g K B r p e r  l i t r e ,  g iving 0 .1 N  

b r o m in e  on a c id i f ic a t io n )  w e re  ad d ed  to o x id ise  the  n ic k e l  to the  

t r i v a l e n t  s t a t e .  The so lu tio n  b e c a m e  yellow  b e c a u s e  of l ib e r a t io n  

of e x c e s s  b r o m i n e .  1 m l  d im e th y lg ly o x im e  ( 1% in  e thanol)  was 

a d d ed  fo llow ed  by 1 0  m l  a m m o n ia  so lu tio n  ( 0 . 8 8  a m m o n ia  d i lu ted  1 : 1 0 ). 

T he r e s u l t in g  r e d  so lu t io n  w as d i lu te d  to 50 m l  w ith  d is t i l l e d  w a te r .

It h ad  p r e v io u s ly  b e en  show n ( 20 ) th a t  the  o p t im u m  cond itions  

f o r  c a r r y i n g  ou t a  c o l o r i m e t r i c  a n a ly s i s  of th is  so lu tio n  w e re  to
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a llow  the  c o lo u r  to develop  fo r  a t  l e a s t  30 m in  and  to u s e  l igh t 

of a  w av e len g th  465 K1. The o p t ic a l  d e n s i ty  of the  unknown so lu tio n  

a t  th is  w a v e len g th  w as d e te r m in e d  in  d u p l ic a te  and  w as c o m p a r e d  

w ith  th a t  f r o m  a s e r i e s  of a c c u r a t e ly  p r e p a r e d  s t a n d a r d s .

In  o r d e r  to o b ta in  r e p ro d u c ib le  r e s u l t s  i t  was found th a t  

c o n s id e r a b le  c a r e  w as r e q u i r e d  in the  p r e p a r a t io n  of the  n ic k e l  

c o m p le x  so lu tio n s  an d  in  d e te rm in in g  th a t  the  a b s o r p t io n  c e l l s  w e re  

p e r f e c t ly  c le a n  and  f r e e  of b u b b le s .  W hen su ch  p r e c a u t io n s  w e re  

ta k e n  the  r e s u l t s  w e re  found to be  r e p ro d u c ib le  w ith in  1 - 1 .5% .

( 9 .2 9 . )  Study of M e r c u r y  A d so rp t io n  on C lean  N ic k e l  F i l m s

The d e s ig n  of the  c a ta ly s t  v e s s e l  and  i t s  t r e a tm e n t  b e fo re  and  

d u r in g  e v a p o r a t io n  of the  f i lm  w e re  id e n t ic a l  w ith  th a t  d e s c r ib e d  in  

s e c t io n  9 . 25.

A s soon  a f t e r  the  b re a k in g  of the  f i l a m e n t  a s  p o s s ib le  the  b r e a k  

s e a l  SI (F ig .  9 . 6 . )  w as b ro k e n  and  the  c a ta ly s t  v e s s e l  s e c t io n  i s o la te d  

a t  the  ta p  T 8 . The m e r c u r y  w as a d m it te d  to the  f i lm  by b re a k in g  the 

s e a l  S2 a s  b e f o r e .  In l a t e r  e x p e r im e n t s  in  th is  s tudy  a c o n s t r i c t io n  

w as c o n s t r u c te d  in  th e  tub ing  b e tw een  ta p  T 8  and  the  m e r c u r y  s o u r c e .  

T h is  w as s e a le d  off a f t e r  the  co n n ec tin g  tub ing  had  been  pum p ed  to 

a h igh  v a c u u m  and  p r i o r  to b re a k in g  the  s e a l  S I .  T h is  e n ab led  a d s o r p t io n  

of m e r c u r y  to o c c u r  in  the  a b s e n c e  of the  g r e a s e d  tap  T 8 .



Since  i t  w as d e s i r e d  to follow the u n in te r r u p t e d  a r r i v a l  of 

m e r c u r y  onto the  f i lm  w ith  t im e  i t  w as not p o s s ib le  to tak e  counts  

o v e r  su ch  long p e r io d s  of t im e  a s  in the  po ison ing  e x p e r im e n t s .  

C o n seq u e n t ly ,  in  o r d e r  to m a in ta in  the  s a m e  counting  e f f ic ien cy ,  

v iz .  abou t 2 %, i t  w as n e c e s s a r y  to i n c r e a s e  the  sp ec if ic  a c t iv i ty  of 

the  m e r c u r y  by a f a c to r  of fo u r  o r  f iv e .  As the  a m o u n t of m e r c u r y  

a r r i v i n g  on the  c a ta ly s t  i n c r e a s e d ,  the  s t a t i s t i c a l  e r r o r  on the  count 

d e c r e a s e d  s in c e  the  len g th  of t im e  fo r  which the  count w as ta k e n  w as 

kep t the  s a m e .  In p r a c t i c e  the  e r r o r  v a r i e d  f r o m  5% in  the  in i t ia l  

s t a g e s  to l e s s  th a n  1% a t  h igh  c o v e r a g e s .  Owing to the  in c r e a s e d  

s p e c i f ic  a c t iv i ty  i n c r e a s in g  the  b a ck g ro u n d  count, and  in  an  a t te m p t  

to c o n t r o l  th e  m e r c u r y  s o u rc e  a t  a lo w e r  t e m p e r a t u r e  th a n  the  f i lm , 

to  a v o id  d is t i l l a t io n  f r o m  the  s o u r c e ,  the  o r ig in a l  sh ie ld in g  ro u n d  the  

s o u r c e  w as r e p la c e d  by a c y l in d e r  of 3 m m  th ic k  le a d  sh ee t in g  en c lo s  

in  6  c m  d i a m e te r ,  c lo s e ly  wound s p i r a l  of le a d  p ip ing , of 1 , tm  b o r e ,  

th ro u g h  w hich  coo ling  w a te r  w as p a s s e d .
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C H A P T E R  10

THE STUDY O F C Y C L O PR O PA N E  HYDROGENATION 

ON S U P P O R T E D  M E T A L  CATALYSTS: E X P E R IM E N T A L

( 1 0 .1 . )  The High V acuum  S y s te m

The a p p a r a tu s  w as a co n v en tio n a l  v a cu u m  s y s te m  c o n s t r u c te d  

f r o m  P y r e x  g la s s  and  hav ing  s to p co ck s  g r e a s e d  w ith  A p iezon  N 

g r e a s e .  An E d w a rd s  S peed iv ac  r o t a r y  pum p and  an E d w a rd s  ES 35 

a i r  c o o led ,  s in g le  s ta g e ,  o il  d iffu s ion  pum p w e re  u s e d  to p ro d u c e  

the  v a c u u m  w hich  w as m e a s u r e d  by m e a n s  of an  E d w a rd s  type  GSB-2 

P i r a n i  g a u g e .  A two v a cu u m  lin e  s y s te m  w as u s e d  to enab le  l a r g e  

p r e s s u r e s  of gas  to be r e m o v e d  u s in g  the  r o t a r y  pum p , w ithout 

a f fe c t in g  the  h igh  v a c u u m  m a in ta in e d  by the  d iffu sion  p u m p . The u s e  

of o i l  p u m p s  and  the  e le c t r o n ic  p r e s s u r e  m e a s u r in g  dev ice  r e s u l t e d  

in  a  m e r c u r y  f r e e  s y s te m .

( 1 0 .2 . )  Gas S to ra g e  and  P u r i f i c a t io n

The r e a c t a n t s  w e re  p u r i f i e d  in  the  m a n n e r  d e s c r ib e d  in 

s e c t io n  9 . 1 2 . and  the  m e th o d  of p r e p a r a t i o n  of the  e q u im o la r  r e a c t io n  

m ix tu r e  of c y c lo p ro p a n e  and  h y d ro g e n  w as a lso  s im i l a r  to th a t  

a l r e a d y  d e s c r i b e d .  In  a d d i t io n  a  2 1 bulb  w as f i l le d  w ith  p u r i f ie d  

h y d ro g e n  fo r  u s e  in  the  a c t iv a t io n  of the  c a t a ly s t s .
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The s to ra g e  bu lbs w e re  a t ta c h e d  to a co m m o n  m a n ifo ld  to 

w hich  w as a lso  a t ta c h e d  a 500 cc m ix ing  bulb  w hich  en ab le d  m ix tu r e s  

o th e r  th a n  1:1 h y d ro g e n ;c y c lo p ro p a n e  to be p r e p a r e d .  T h is  m a n ifo ld  

w as c o n n ec te d  to the  r e a c t io n  v e s s e l  and  the  p r e s s u r e  m e a s u r in g  

s y s te m  by m e a n s  of a th r e e - w a y  tap  T4 a s  is  in d ic a te d  in  F ig .  1 0 .1 .  

T h is  e n ab le d  the  r e a c t a n t  g a s e s  to be a d m it te d  to the  r e a c t io n  v e s s e l  

d i r e c t ly  o r  by m e a n s  of a  c a p i l l a r y  le a k .

( 1 0 .3 . )  The M e r c u r y  M a n o m e te r

It  w as  d e c id e d  to u s e  a m e r c u r y  m a n o m e te r  to follow the  

c o u r s e  of the  h y d ro g e n a t io n  r e a c t io n s  s in ce  e x p e r ie n c e  had  in d ic a te d  

th a t  m e r c u r y  v a p o u r  can n o t d iffu se  th ro u g h  the  r e a c ta n t  g a s e s  u n d e r  

e x p e r im e n ta l  co n d it io n s  a t  any  a p p re c ia b le  r a t e .  In ad d it io n  su ch  

m a n o m e te r s  h av e  co m m o n ly  b een  u s e d  by o th e r  w o r k e r s  in  the  

f ie ld  of h y d ro g e n a t io n  k in e t ic s  w ithou t any  a d v e r s e  r e p o r t s  of 

p o iso n in g  e f f e c t s .  I t  w as c o n s id e r e d  th a t ,  p ro v id e d  ad eq u a te  

p r e c a u t io n s  w e re  ta k e n  to p r o t e c t  the  c a ta ly s t  f r o m  m e r c u r y  vapour, 

p a r t i c u l a r l y  w hen the  c a ta ly s t  w as u n d e r  v a cu u m , a m e r c u r y  

m a n o m e te r  w as m u c h  m o r e  s a t i s f a c to r y  th a n  in d i r e c t  p r e s s u r e

m e a s u r in g  d e v ic e s .

The m a n o m e te r  w as of the  s ing le  l im b  type  and  w as c o n s t r u c te d  

f r o m  an  85 c m  le n g th  of 2 m m  bore , th in  w alled , V e r id ia  g la s s  tu b in g .



One end of the  l im b  w as i m m e r s e d  in a r e s e r v o i r  of m e r c u r y  and 

the  o th e r  w as c o n n e c te d  to the  r o t a r y  pum p v acu u m  line  by m e a n s  

of a th r e e - w a y  ta p  T2, F ig .  1 0 .1 .  T h is  ta p  a lso  en ab le d  the  

m a n o m e te r  to be c o n n ec te d  to the  c a ta ly s t  v e s s e l .  The pum ping  

s y s te m  w as p r o te c te d  f r o m  m e r c u r y  v ap o u r  by a gold  t r a p .  T h is  t r a p  

w as p r e p a r e d  by soak ing  g la s s  w ool, w hich  had  p re v io u s ly  been  

c le a n e d  in  b o il ing  aqua  r e g ia ,  in a  c o n c e n t r a te d  aqueous  so lu tio n  

of gold  c h lo r id e .  M o st  of the  w a te r  w as re m o v e d  by e v ac u a t in g  the  

tu b e ,  and  the  c h lo r id e  w as r e d u c e d  to m e ta l l ic  gold  by h ea t in g  i t  in 

a  fu r n a c e  a t  200°C  fo r  25 h o u r s  in  a s t r e a m  of h y d ro g e n .  C a re  w as 

ta k e n  to i s o la te  th e  go ld  t r a p  f r o m  the  m a n o m e te r  when not in  u se  

to p r e v e n t  d i s t i l l a t io n  of the  m e r c u r y  in to  i t .

The m a n o m e te r  tube  w as m o u n ted  v e r t i c a l ly  on a m e t e r  r u l e .

A se c o n d  m e t e r  ru le  w as p la c e d  on top  of the  f i r s t  and  was c la m p e d  

in  p o s i t io n  b e fo re  e a c h  h y d ro g e n a t io n  su ch  th a t  the  m e r c u r y  le v e l  

in  the  m a n o m e te r  w as a t  60 c m  on th is  s c a le  when the  m a n o m e te r  

w as  u n d e r  v a c u u m .  On the  few o c c a s io n s  th a t  ch an g es  in a tm o s p h e r i c  

p r e s s u r e  o c c u r r e d  d u r in g  h y d ro g e n a t io n s  su i ta b le  p r e s s u r e  c o r r e c t i o n s  

w e re  m a d e .  It  w as  found th a t  a  c o n s id e ra b le  s u r f a c e  te n s io n  e ffec t  

w as p r e s e n t  in  th e  m a n o m e te r  w hich  w as m o s t  obvious w hen the 

p r e s s u r e  in  th e  m a n o m e te r  w as ch an g in g . T h is  e ffec t  w as re m o v e d  

by tap p in g  the  m a n o m e te r  v ig o ro u s ly  b e fo re  tak ing  a p r e s s u r e  r e a d in g .
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( 1 0 .4 . )  The C a ta ly s t  V e s s e l  and  C o n s tan t  T e m p e r a tu r e  
V apour B ath

Two c a ta ly s t  v e s s e l s  w e re  u s e d  d u r in g  the  c o u r s e  of the  

h y d ro g e n a t io n  s tu d ie s  e ac h  hav ing  a vo lum e of about 50 c c .

The v e s s e l  (CV) w as c o n s t r u c te d  w ith  a f la t  b a s e ,a s  is  in d ic a te d  in 

F ig .  10. 1., so th a t  the  c a ta ly s t  cou ld  be d is t r ib u te d  even ly  a c r o s s  

i t  in  an  a t t e m p t  to id e a l i s e  the  counting  g e o m e t ry  of the  s y s te m  

w hen the  a d s o r b e d  m e r c u r y  w as e s t i m a te d .  The c a ta ly s t  v e s s e l  

w as f i t te d  w ith  a  s id e  a r m  w hich  c o n ta in ed  a s m a l l  b o re  g r e a s e d  

ta p  T5 an d  a 12 /5B S g ro u n d  g la s s  s o c k e t .  T h is  e n ab led  the  c a ta ly s t  

v e s s e l  to be s e a le d ,  r e m o v e d  f r o m  the  v a cu u m  a p p a r a tu s  and  

t r a n s f e r r e d  to a fu r n a c e  fo r  a c t iv a t io n  of the  c a ta ly s t .

P r e l i m i n a r y  e x p e r im e n t s  in d ic a te d  th a t  un like  n ic k e l  f i lm s ,

0 .5  g of 5% n ic k e l  on p u m ic e  c a ta ly s t  w as in a c t iv e  fo r  the  h y d ro g e n a t io n  

of c y c lo p ro p a n e  a t  ro o m  t e m p e r a t u r e .  Owing to c o n s id e ra t io n s  of 

coun ting  e f f ic ie n c y  i t  w as no t f e a s ib le  to in c r e a s e  the w eight of 

c a ta ly s t  u s e d .  T hus  to o b ta in  a  m e a s u r a b l e  r a t e  i t  w as n e c e s s a r y  

to c a r r y  out the  r e a c t io n  a t  a h ig h e r  t e m p e r a t u r e .  E x p e r ie n c e  had  

shown th a t  u s e  of a n ic h ro m e  w ire  wound fu rn a c e  w as no t a d v isa b le  

w h e re  a c c u r a t e  t e m p e r a t u r e  c o n t ro l  w as r e q u i r e d ,  b e c a u s e  of t e m p e r a t u r e  

g r a d ie n t s  w ith in  the  f u r n a c e  and  v a r ia t io n s  in  t e m p e r a t u r e  c a u s e d  by

f lu c tu a t io n s  of the  m a in s  v o l ta g e .  C o n seq u en tly  a  c o n s ta n t  t e m p e r a t u r e
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v ap o u r  b a th  w as d e s ig n e d  and  is  a lso  shown in  F ig .  10. 1.

A liq u id  b o il ing  a t  a su i ta b le  t e m p e r a t u r e  w as h e a te d  in  the  

ro u n d  b o t to m  f la s k  and  the  v ap o u r  p ro d u c e d  w as d i r e c te d  in to  the  

m a in  v e s s e l  in to  w hich  w as f i t te d  the  c a ta ly s t  v e s s e l .  V ap o u r w hich  

did  no t co n d en se  in  the  m a in  v e s s e l  w as le d  into a w a te r  c o o led  

s p i r a l  c o n d e n s e r  and  the  l iq u id  f o r m e d  r e tu r n e d  to the  f la s k .

A t h e r m o m e t e r  i n s e r t e d  b e tw een  the  m a in  v e s s e l  and  the  c o n d e n s e r  

in d ic a te d  the  v a p o u r  t e m p e r a t u r e .  The c a ta ly s t  v e s s e l  w as p o s i t io n e d  

su ch  th a t  l iq u id  d r a in e d  f r o m  the  b o tto m  of i t  c o m p le te ly  and  did  no t 

f o r m  a c o n tin u u m  w ith  the  l iq u id  ly ing  a t  the  foot of the  v ap o u r  b a th .  

The le v e l  of the  l iq u id  a t  the  foot of the  m a in  v a p o u r  b a th  v e s s e l  

w as k ep t c o n s ta n t  by a llow ing  i t  to overf low  into the  h ea tin g  f l a s k .  

T h e s e  p r e c a u t io n s  e n s u r e d  th a t  the  q u an ti ty  and  h en ce  the  a b so rb in g  

p o w er  of l iq u id  th ro u g h  w hich  the  r a d ia t io n  f r o m  the  m e r c u r y  had  

to p a s s  w as a lw ay s  c o n s ta n t .  N o rm a l ly  the  t e m p e r a t u r e  of the  b a th  

w as m a in ta in e d  a t  78°C  u s in g  e th an o l ,  bu t  watei^ m e th a n o l  o r  e th e r  

have  b e en  u s e d .

The f i r s t  c a t a ly s t  v e s s e l  w as u s e d  fo r  the  m a jo r i ty  of the  

s u p p o r te d  c a ta ly s t  w o rk  and  the  seco n d  fo r  the  l a t e r  w o rk  on p u m ic e  

s u p p o r te d  p a l la d iu m .  E a c h  v e s s e l  p o s s e s s e d  a d i f f e r e n t  p ro p o r t io n  

of i t s  v o lu m e  w ith in  the  v a p o u r  ba th .



V ol. a t 
b a th  

te m p .

V ol. a t  
i n te r m e d ia te  

te m p .

V ol. a t  
a m b ie n t  
t e m p .

V e s s e l  1 41 m l 3 m l 8  m l

V e s s e l  2 50 m l 3 m l 6 m l

( 1 0 .5 . )  P u r i f i c a t io n  of P u m ic e

150 g of B r i t i s h  D rug  H o u ses  p o w d e red  p u m ice  ( le s s  th a n  

120 m e sh )  w as p u r i f i e d  by bo iling  w ith  300 cc c o n c e n t r a te d  h y d ro c h lo r ic  

a c id  fo r  h a lf  an  h o u r .  A b r i s k  e f f e rv e s c e n c e  o c c u r r e d  and  a f te r  

a llow ing  the  p u m ic e  to s e t t le  the  s u p e r n a ta n t  l iq u id  w as found to be 

ye llow  in  c o lo u r .  T h is  s u p e r n a ta n t  l iq u id  w as d e ca n te d  and  the  

r e s id u e  b o i le d  w ith  a f u r th e r  200 cc of a c id  fo r  h a lf  an  h o u r .  T h is  

p r o c e d u r e  w as  r e p e a te d  and  a f t e r  d ecan tin g  the  acid, 2 0 0  cc  of 

d i s t i l l e d  w a te r  w e re  ad d ed  and  the  so lu t io n  a g a in  b o iled  fo r  h a lf  an  

h o u r .  A f te r  d e ca n t in g ,  a f u r th e r  2 0 0  cc  of a c id  w e re  a d d ed . T h is  

p r o c e d u r e  w as r e p e a te d  u n t i l  the  s u p e r n a ta n t  l iq u id  a f te r  bo iling  

w as a f a in t  ye llow  c o lo u r .  The p u m ic e  w as f r e e d  f r o m  a c id  by 

r e p e a t e d  w ash in g  w ith  d i s t i l l e d  w a te r .  The r e s id u e  w as a l lo w ed  to 

s e t t l e  fo r  a b o u t 2  m in  b e fo re  d ecan tin g  bu t a f t e r  th is  t im e  no t a l l  

the  p u m ic e  h ad  s e t t l e d  ou t .  P a r t i c l e s  in  su sp e n s io n  a f t e r  th is  t im e  

w e re  d i s c a r d e d  w ith  the  w a s h in g s .  W hen f r e e  of a c id  the  p u m ic e  w as 

d r i e d  in  an  oven  a t  130°C fo r  10 h o u r s .  The a p p ro x im a te  w e igh t of
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the  p u m ic e  a f t e r  p u r i f i c a t i o n  was 80 g.

( 1 0 .6 . )  P r e p a r a t i o n  of 5% N ick e l  on P u m ic e  C a ta ly s t

P r e l i m i n a r y  e x p e r im e n t s  in d ic a te d  th a t  the  fo llow ing w as 

the  m o s t  s u c c e s s f u l  m e th o d  of p r e p a r in g  a ho m o g en eo u s  c a t a ly s t .

A sm o o th  s l u r r y  w as p r e p a r e d  by adding  60 cc of d i s t i l l e d  w a te r  to 

25 g of p u r i f i e d  p u m ic e  in  an  e v a p o ra t in g  b a s in .  A so lu tio n  co n ta in ing  

18 .5 7 4  g of A n a la r  n ic k e l  n i t r a t e  h e x a h y d ra te  in 25 cc of d i s t i l le d  

w a te r  w as th e n  ad d ed  to the  s lu r ry ,  w hich  w as s t i r r e d  v ig o ro u s ly .

The b a s in  w as t r a n s f e r r e d  to a  s an d  b a th  m a in ta in e d  a t  a t e m p e r a t u r e  

of ab o u t 150°C and  th e  w a te r  e v a p o r a te d  off w ith  co n tin u a l  s t i r r i n g ,  

le av in g  the  g r e e n  n ic k e l  n i t r a t e  d e p o s i te d  on the  p u m ic e .  C a re  was 

ta k e n  to m ix  the  c a t a ly s t  tho rough ly , p a r t i c u l a r l y  when l i t t l e  w a te r  

w as l e f t .  E v a p o ra t io n  w as co n tin u ed  u n t i l  the  c a ta ly s t  b e c a m e  a lm o s t  

d ry ,  w hen i t  w as p la c e d  o v e rn ig h t  in  an  e v a c u a te d  v a cu u m  d e s i c c a t o r .

The p u m ic e - s u p p o r te d  n ic k e l  n i t r a t e  w as d e c o m p o se d  to 

n ic k e l  ox ide by ig n i t io n  in  a m uff le  fu r n a c e  a t  350°C  fo r  15 h o u r s .

B a tc h e s  of th is  ox ide c a ta ly s t ,  5 g in  w e igh t,  w e re  r e d u c e d  to 

m e ta l l i c  n ic k e l  a s  r e q u i r e d  by h ea tin g  th e m  in  a fu rn a c e  a t  480 - 20°C 

in  a s t r e a m  of h y d ro g e n  fo r  1 0  h o u rs  and  w e re  a l lo w ed  to coo l in  

h y d ro g e n .  The r e d u c e d  c a ta ly s t  w as  s to r e d  in  a s to p p e r e d  b o tt le  

in  a i r .  B e fo re  u s e  i t  w as a c t iv a te d  by h ea tin g  i t  in  the  c a ta ly s t
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v e s s e l  u n d e r  h y d ro g e n  a t a  p r e s s u r e  of 2 0 0  t o r r  fo r  2 h r  a t  

a t e m p e r a t u r e  of 250 ^ 2 0°C .

( 1 0 .7 . )  P r e l i m i n a r y  E x p e r im e n ts  U sing  5% N ic k e l  on P u m ic e

In i t ia l  e x p e r im e n t s  w e re  c a r r i e d  out u s in g  1 .0  g of 5% n ic k e l  

on p u m ic e  c a ta ly s t ,  p r e p a r e d  a s  d e s c r ib e d  in  s e c t io n  1 0 . 6 . ,  and 

a 1 : 1  h y d ro g e n :c y c lo p ro p a n e  m ix tu r e  w ith  in i t ia l  p r e s s u r e s  v a ry in g  

f r o m  200 - 100 t o r r .  T h e s e  show ed th a t  a t  ro o m  te m p e r a t u r e  

h y d ro g e n a t io n  o c c u r r e d  a t  an  in c o n v en ien tly  slow r a t e ,  l e s s  th an

0 .2  t o r r  p e r  m in u te .  C o n seq u en tly  i t  w as n e c e s s a r y  to i n c r e a s e  the  

t e m p e r a t u r e  a t  w h ich  the  r e a c t io n  w as c a r r i e d  ou t.  B e c a u se  of th is , 

i t  w as  n e c e s s a r y  to in v e s t ig a te  w h e th e r  m e a s u r e m e n t  of the  t r u e  

r a t e  of the  r e a c t io n  w ould be o b s c u r e d  by the  change  in p r e s s u r e  

c a u s e d  by the  i n c r e a s e  in  t e m p e r a t u r e  of the  r e a c t a n t s .

T he c a t a ly s t  v e s s e l  was p la c e d  in  a n ic h ro m e  w ire  wound 

f u r n a c e  w hich  w as a l lo w ed  to r e a c h  e q u i l ib r iu m  a t  8 0 °C . H y d ro g en  

w as a d m i t t e d  to the  a p p a r a tu s ,  e x cep t  fo r  the  c a ta ly s t  v e s s e l ,  to 

a p r e s s u r e  of a b o u t 200 t o r r .  T h is  gas  w as th e n  expanded  into the  

c a t a ly s t  v e s s e l  and  r e a d in g s  of p r e s s u r e  ta k e n  a t  one m in u te  i n t e r v a l s .  

I t  w as found th a t  the  p r e s s u r e  a t ta in e d  a f t e r  one m in u te  did no t a l t e r  

o v e r  th e  n ex t  5 m in .  T h is  ex p an s io n  w as r e p e a te d  on a n u m b e r  of 

o c c a s io n s  w ith  th e  s a m e  r e s u l t ,  in d ica t in g  th a t  the  e x p an s io n  w hich
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took  p la c e  o c c u r r e d  e x t r e m e ly  ra p id ly  and  w as no t o b s e r v a b le  

beyond  one m in u te  a f te r  the  g a s e s  h ad  b een  a d m it te d .

( 1 0 .8 . )  E x p e r im e n ta l  P r o c e d u r e  fo r  Studying H y d ro g en a t io n  
on S u p p o r ted  C a ta ly s ts

A w e ighed  a m o u n t  of c a ta ly s t  w as p la c e d  in  the  c a ta ly s t  v e s s e l  

a f t e r  b re a k in g  the  s id e  a r m  b e tw een  the  v e s s e l  and  the  ta p  T5 

( F ig .  1 0 . 1 . ) .  The c a ta ly s t  v e s s e l  w as p la c e d  in  p o s i t io n  in  the  v ap o u r  

b a th  and  the  s ide  a r m  re c o n n e c te d .

The c a ta ly s t  v e s s e l  w as th e n  e v a c u a te d  u s in g  the  d iffu s ion  

pum p  fo r  abou t 10 m in .  W ithin  th is  t im e  the  p r e s s u r e  in  the  v e s s  e l 

b e c a m e  in s u f f ic ie n t  to p ro d u c e  a T e s la  co il  d i s c h a r g e .  The v e s s e l  

w as f lu s h e d  out w ith  p u r i f ie d  h y d ro g e n  a t  a p r e s s u r e  of a few t o r r  

an d  e v a c u a te d  once  m o r e .  H y d ro g en  to a p r e s s u r e  of 200 t o r r  w as 

th e n  a d m it te d  and  the  v e s s e l  i s o la te d  by c lo s in g  the  ta p  T 5 . The b a l l  

an d  so c k e t  jo in t  w as d is c o n n e c te d  and  the  c a ta ly s t  v e s s e l  r e m o v e d  

f r o m  the  v a p o u r  b a th  and  p la c e d  in  a  tu b u la r  fu rn a c e  w hich  had  

r e a c h e d  e q u i l ib r iu m  a t  a t e m p e r a t u r e  of 250 -  10°C . A f te r  a p e r io d  

of one h o u r  the  c a ta ly s t  v e s s e l  w as re m o v e d  f r o m  the fu rn a c e  and  

a l lo w ed  to  coo l b e fo re  be ing  r e tu r n e d  to the  v ap o u r  b a th  and 

r e c o n n e c te d  to the  a p p a r a tu s  by m e a n s  of the  b a l l  and  so ck e t  jo in t .

The h y d ro g e n  u s e d  fo r  a c t iv a t io n  w as re m o v e d  u s in g  the  d iffu sion
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pum p fo r  a p e r io d  of 1 0  m in ,  the  u l t im a te  p r e s s u r e  o b ta in e d  be ing  

-3ab o u t 1 x 1 0  t o r r .  D uring  th is  t im e  the v ap o u r  ba th  had  been  

sw itch e d  on an d  h a d  r e a c h e d  i ts  e q u i l ib r iu m  t e m p e r a t u r e .

The c a ta ly s t  v e s s e l  w as i s o la te d  by c lo s in g  the  tap  T5 (F ig .  1 0 .1 . )  

and  the  c y c lo p r o p a n e /h y d ro g e n  m ix tu r e  a d m i t te d  to the  co nnec ting  

tu b e s  b e tw een  the  gas  s to r a g e  s y s te m  and  the  m a n o m e te r .  U n le ss  

o th e rw is e  s t a t e d ,a  p re v io u s ly  p r e p a r e d  1 : 1  h y d ro g e n :c y c lo p ro p a n e  

m ix tu r e  w as u s e d .  The p r e s s u r e  of th is  m ix tu r e  was a d ju s te d  to 

a p r e d e t e r m i n e d  va lue  u s in g  the  c a p i l l a r y  le a k .  B e fo re  any  p r e s s u r e  

m e a s u r e m e n t s  w e re  ta k e n  the  m a n o m e te r  w as e v a c u a te d  u s in g  the  

r o t a r y  pum p w hich  w as p r o te c te d  f r o m  m e r c u r y  v ap o u r  by the  gold 

t r a p .  The ta p  T5 w as o pened  and  the  th r e e - w a y  tap  T3 tu rn e d  

c lo c k w ise  th ro u g h  9 0 ° ,  thus  expanding  the  gas  in  the  s y s te m  up to 

the  ta p  T4 in to  the  c a ta ly s t  v e s s e l .  The t im e  of a d m is s io n  w as n o ted  

an d  im m e d ia te ly  the  ta p  w as tu r n e d  c lo ck w ise  th ro u g h  a f u r th e r  180°, 

th u s  co n n ec tin g  the  c a ta ly s t  v e s s e l  to the  m a n o m e te r .  As soon as  

the  le v e l  of the  m e r c u r y  s to p p ed  o sc il la t in g ^ th e  p r e s s u r e  of the  gas  

w as  m e a s u r e d  (n o r m a l ly  w ith in  1 0  sec  of a d m it t in g  the  gas  m ix tu r e  

to the  c a ta ly s t  v e s s e l ) .  F u r t h e r  p r e s s u r e  re a d in g s  w e re  th en  ta k en  

(u su a l ly  a t  1 m in  i n t e r v a l s ) ,  c a r e  being  ta k e n  to tap  the  m a n o m e te r  

v ig o ro u s ly ,  to r e d u c e  s u r f a c e  te n s io n  e f f e c t s ,b e fo re  eac h  re a d in g .

The m a n o m e te r  n o r m a l ly  r e m a in e d  c o n n ec ted  to the  c a ta ly s t  v e s s e l
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d u r in g  the  c o u r s e  of the  r e a c t io n .

A f te r  the  r e a c t io n  h ad  p ro c e e d e d  fo r  the  d e s i r e d  t im e ,

(u su a l ly  12 - 15 m in) the  th r e e - w a y  ta p  T2 w as tu r n e d  a n t ic lo c k w ise  

by 90° th u s  is o la t in g  the  m a n o m e te r .  The c a ta ly s t  v e s s e l  w as th en  

e v a c u a te d  fo r  abou t 50 sec  u s in g  the  r o t a r y  p u m p . D uring  th is  t im e  

the  pum p h ad  r e g a in e d  i t s  o r ig in a l  " h a r d "  n o te .  The c a ta ly s t  v e s s e l  

w as no t e v a c u a te d  u s in g  the  d iffu s ion  pum p on th is  o c c a s io n  s in ce  it  

w as f e a r e d  th a t  in  c a s e s  w hen the  c a ta ly s t  had  b e en  p o iso n ed  

in te n t io n a l ly  w ith  r a d io a c t iv e  m e r c u r y  su ch  an  ev ac u a t io n  would 

c o n ta m in a te  the  h igh  v a cu u m  s y s te m  w ith  m e r c u r y  v a p o u r .  In any  

c a s e  the  o b je c t  in  e v acu a tin g  the  c a ta ly s t  v e s s e l  w as m e r e ly  to 

re m o v e  r e a c t a n t s  an d  p ro d u c ts  to su ch  an  ex ten t  th a t  th o se  r e m a in in g  

in  the  v e s s e l  h ad  a p r e s s u r e  w hich  did no t r e g i s t e r  on the  m a n o m e te r .  

The c a t a ly s t  v e s s e l  w as th en  i s o la te d  by c lo s in g  the  tap  T5 and  the 

g a s  m ix tu r e  r e a d m i t t e d  to the  tub ing  b e tw een  the  c a p i l l a r y  le ak  and  

the  m a n o m e t e r , a f t e r  tu rn in g  tap  T3 c lo ck w ise  th ro u g h  180°. A f te r  

a s u i ta b le  t im e  in t e r v a l  (u su a lly  5 m in) th is  m ix tu r e  w as expanded  

in to  the  c a ta ly s t  v e s s e l  a s  b e f o r e .

( 1 0 . 9 . )  P r e p a r a t i o n  of 5% P a l la d iu m  on P u m ic e  C a ta ly s t

A 5% p a l la d iu m  on p u m ic e  c a ta ly s t  w as p r e p a r e d  u s in g  a s i m i l a r  

te ch n iq u e  to th a t  d e s c r ib e d  in s e c t io n  1 0 . 6 . 2 .016  g p a l la d iu m
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c h lo r id e  ex B a k e r  and  C o . ,  s t a t e d  to be 60% p a l la d iu m , w as p la c e d  

in  a  50 cc ro u n d  b o t to m  f la sk  a long  w ith  2 cc of c o n c e n t r a te d  

h y d ro c h lo r ic  a c id  an d  13 cc of d i s t i l le d  w a te r .  T h is  w as th e n  h e a te d  

u n d e r  a  re f lu x  c o n d e n s e r  u n t i l  a l l  of the  p a l la d iu m  c h lo r id e  had  

d i s s o lv e d .  T h is  so lu tio n  w as th en  ad d ed  to a  s l u r r y  co n ta in ing  

25 g of p u r i f i e d  p u m ic e ,  p r e p a r e d  a s  d e s c r ib e d  in s e c t io n  1 0 . 5 . ,  

w ith  2 0  cc of d i s t i l l e d  w a te r  and  e v a p o r a te d  to d ry n e s s  w ith  c o n s ta n t  

s t i r r i n g  a s  b e f o r e .

(10 . 1 0 .)  R ed u c t io n  and  A c tiv a t io n  of P a l la d iu m  C a ta ly s ts

1. P a l la d iu m  on P u m ic e

In i t ia l  e x p e r im e n t s  in d ic a te d  th a t  a 5% p a l la d iu m  on p u m ic e  

c a ta ly s t  r e d u c e d  and  a c t iv a te d  in  a s i m i l a r  m a n n e r  to the  n ic k e l  

c a ta ly s t s  ( s e e  s e c t io n  1 0 .6 . )  and  w as in a c t iv e  a t  70°C and  100°C 

f o r  c y c lo p ro p a n e  h y d ro g e n a t io n .  S ince p a l la d iu m  s a l t s  a r e  r e d u c e d  

m u c h  m o r e  r e a d i ly  th an  n ic k e l , i t  w as d e c id e d  to re d u c e  and  a c t iv a te  

t h e s e  c a ta ly s t s  in s i tu  in  one p r o c e s s  a t  100°C .

T he  c a ta ly s t ,  0 .2  g, w as p la c e d  in  the  c a ta ly s t  v e s s e l  w hich  

w as  f i t te d  onto th e  a p p a r a tu s  and  e v a c u a te d  a s  b e f o r e .  D uring  the  

e v a c u a t io n  the  v a p o u r  b a th  w as kep t a t  100°C u s in g  w a te r  a s  the  

b o il in g  l iq u id .  H y d ro g e n  w as th en  a d m it te d  to the  c a ta ly s t  v e s s e l  

an d  i t s  p r e s s u r e  n o te d .  It w as  found th a t  the  c a ta ly s t  im m e d ia te ly



tu r n e d  f r o m  i ts  o r ig in a l  p ink  co lo u r  to b la ck  and  th e r e  w as an

i n c r e a s e  in gas  p r e s s u r e  c o r r e s p o n d in g  to the  fo r m a t io n  of h y d ro g e n

c h lo r id e .  T h is  i n c r e a s e  w as e x t r e m e ly  ra p id  w ith in  the  f i r s t

m in u te  a f t e r  a d m is s io n  of h y d ro g e n  and  b e c a m e  c o n s ta n t  a f t e r

a f u r th e r  t h r e e  o r  fo u r  m in u te s .  The to ta l  p r e s s u r e  i n c r e a s e  fo r

an  in i t ia l  h y d ro g e n  p r e s s u r e  of 120 t o r r  w as 20 t o r r .  A f te r  10 m in

the  c a ta ly s t  v e s s e l  w as e v a c u a te d  fo r  1 0  m in  u s in g  the  d iffus ion

pum p and  a f u r t h e r  s a m p le  of h y d ro g e n  a d m i t te d .  On th is  o c c a s io n

a l s o , a  p r e s s u r e  i n c r e a s e  w as o b s e r v e d  d u r in g  the  f i r s t  m in u te  a f t e r

a d m is s io n  bu t w as not n e a r ly  so g r e a t  a s  p r e v io u s ly  o b s e r v e d ,  be ing

in  the  re g io n  of 2 .5  t o r r .  D u ring  the  n ex t h o u r  a n eg lig ib le  i n c r e a s e

in  p r e s s u r e  w as o b s e r v e d .  The c a ta ly s t  v e s s e l  w as e v a c u a te d  once

a g a in  an d  a f u r th e r  p r e s s u r e  of h y d ro g e n  a d m i t te d .  On th is  o c c a s io n

a n eg l ig ib le  i n c r e a s e  in  p r e s s u r e  w as o b s e r v e d  w ith in  two h o u r s .

A f te r  e v a c u a t io n  u s in g  the  d iffu s ion  pum p fo r  10 m in  a p r e s s u r e  of 

-3ab o u t 1 x 10 t o r r  w as o b ta in e d .  The c a ta ly s t  v e s s e l  was then  

i s o l a t e d ,p r i o r  to a d m is s io n  of the  gas  m ix tu r e  a s  b e fo re .

2. P a l l a d iu m  on C a rb o n

The 1% p a l la d iu m  on c a r b o n  c a ta ly s t  u s e d  w as o b ta in ed  f r o m  

B a k e r  and  C o . ,b a t c h  P  10152. Owing to the  v e r y  fine  n a tu re  of the  

c a ta ly s t  i t  w as  found n e c e s s a r y  to f it  a plug of c lea n  g la s s  wool in
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the  n e ck  of the  c a ta ly s t  v e s s e l  to p re v e n t  the  c a ta ly s t  be ing  

d i s p e r s e d  th ro u g h o u t  the  a p p a r a tu s  when e v acu a tin g  the  c a ta ly s t  

v e s s e l .  The c a ta ly s t  w as a c t iv a te d  in  s i tu  in  a s im i l a r  m a n n e r  to 

the  p a l la d iu m  on p u m ic e  c a ta ly s t  u s in g  only one c h a rg e  of h y d ro g e n .  

F u r t h e r  d e ta i l s  a r e  g iven  in  the  r e s u l t s  s e c t io n .

( 1 0 .1 1 . )  The D e tec t io n  of R a d io a c t iv e  M e r c u r y  on S u p p o r ted  
C a ta ly s ts

The c o u n te r  u s e d  fo r  the  d e te c t io n  of m e r c u r y  a d s o r b e d  on the

s u p p o r te d  c a ta ly s t s  w as a M u lla rd  MX 148 end window, G e ig e r

M u l le r  tu b e .  T h is  c o u n te r  w as u s e d  in  co n ju n c t io n  w ith  the  s a m e

a n c i l l a r y  e q u ip m e n t  a s  d e s c r ib e d  in s e c t io n  9 .2 3 .  I t  p o s s e s s e d

2
a window a r e a  of 300 m m  and  a window th ic k n e s s  of 1 .5  - 2 m g 

2
p e r  c m  . The p la te a u  o b ta in e d  w ith  th is  c o u n te r  is  shown in  F ig .  10. 

In  o r d e r  to o b ta in  the  m a x im u m  p o s s ib le  coun t f r o m  the  m e r c u r y  

p r e s e n t  i t  w as  n e c e s s a r y  to p la c e  the  c o u n te r  a s  n e a r  to the  c a ta ly s t  

v e s s e l  a s  p o s s ib l e .  S ince  the  c h a r a c t e r i s t i c s  of G .M .  tu b es  v a r y  

c o n s id e r a b ly  w ith  ch an g e s  in  t e m p e r a t u r e  and  d u r in g  m e a s u r e m e n t s  

the  c a ta ly s t  v e s s e l  w as m a in ta in e d  a t  t e m p e r a t u r e s  up to 100°C 

i t  w as  n e c e s s a r y  to f i t  a  coo ling  d e v ice ,  p a r t i c u l a r ly  ro u n d  the 

window of the  c o u n te r .

The d e v ice  u s e d  is  shown in  d e ta i l  in  F ig .  1 0 .3 .  It c o n s i s te d  

of two c o n c e n t r ic  c o p p e r  c o l l a r s  s o ld e r e d  to a  co p p e r  d isc  hav ing



a c i r c u l a r  ho le  in  the  c e n t r e ,  of d ia m e te r  eq u a l  to th a t  of the  

s m a l l e r  c o l l a r .  To the  top ed g es  of th e s e  c o l l a r s ,  the  s m a l l e r  of 

w h ich  w as 2  m m  s h a l lo w e r  th a n  the  l a r g e r ,  w e re  s o ld e r e d  d is c s  

of 0 .0 0 2  inch  c o p p e r  fo i l .  L en g th s  of 8  m m  d ia m e te r  c o p p e r  tub ing  

w e re  s o ld e r e d  into h o le s  cu t a t  o p p o s ite  s id e s  of the  l a r g e r  c o l la r ,  

enab lin g  co ld  w a te r  to  be c i r c u la t e d  b e tw een  the  two c o p p e r  fo il  

d i s c s .  The in t e r n a l  d ia m e te r  of the  s m a l l e r  c o l la r  w as su ch  th a t  

the  window end of the  c o u n te r  f i t te d  t ig h t ly  in to  i t .  T h is  e n ab le d  the  

m e ta l  c a s in g  of the  c o u n te r  to be in  c o n ta c t  w ith  the  c o o led  c o p p e r .  

C o p p er  fo i l  w as  u s e d  in  the  c o n s t r u c t io n  of th is  cooling  dev ice  fo r  

two r e a s o n s .  F i r s t l y ,  the  fo il  w as  s t ro n g  y e t  w as of a th ic k n e s s  

w hich  d id  no t  a b s o r b  to any g r e a t  e x ten t  the  g a m m a  ra d ia t io n  p ro d u c e d  

by the  r a d io a c t iv e  m e r c u r y  to be c o u n ted . The (3 r a d ia t io n  a lso  

e m i t te d  by the  m e r c u r y  w as of in s u f f ic ie n t  e n e rg y  to p e n e t r a te  the  

g la s s  of the  c a ta ly s t  v e s s e l .  Secondly, the  e x c e l le n t  t h e r m a l  

co n d u c t iv i ty  of the  c o p p e r  e n s u r e d  th a t  e f f ic ie n t  cooling  of the  c o u n te r  

window w as a c c o m p l i s h e d .  The c o u n te r  i t s e l f  w as e n c lo s e d  in 

a  c y l in d e r  of 3 m m  le a d  sh e e t  and  i n s e r t e d  in  a su ita b ly  d r i l l e d  

r u b b e r  b u n g ,a s  is  in d ic a te d  in  F ig .  1 0 .3 .  An ad d i t io n a l  c y l in d e r  of 

l e a d  s h e e t  w as f i t te d  ro u n d  the  v ap o u r  b a th  an d  w as h e ld  in  p o s i t io n  

a ro u n d  the  r u b b e r  bung u s in g  a J u b i le e  h o se  c l ip .

A t a  l a t e r  s ta g e  in  the  w o rk  u s in g  th is  c o u n te r  an  a t te m p t  was
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m a d e  to i n c r e a s e  the  e ff ic ie n cy  of the  c o u n te r  fo r  the  d e te c t io n

of g a m m a  ra d ia t io n .  T h is  w as c a r r i e d  out by p lac in g  v e r y  th in

s h e e ts  of le a d  b e tw ee n  the  g a m m a  s o u rc e  and  the  c o u n te r  w indow .

2
It w as found th a t  le a d  fo il  of th ic k n e s s  87 m g p e r  cm  so p la c e d  

p ro d u c e d  a s ig n if ic a n t  i n c r e a s e  in  the  r e c o r d e d  co u n t.  T h is  e f fec t  

o c c u r r e d  by the  in te r a c t io n  of the  g a m m a  ra d ia t io n  w ith  the  le a d  

to p ro d u c e  e l e c t r o n s  by the  p h o to e le c t r ic  e f fec t ,w h ich  w e re  m u c h  

m o r e  e f f ic ie n t ly  c o u n ted .  When a d is c  of th is  le a d  fo il  w as p la c e d  

b e tw ee n  the  c o u n te r  window and  the  co o led  c o p p e r  fo il ,  the  count 

o b ta in e d  f r o m  a m e r c u r y  s o u rc e  i n c r e a s e d  by a f a c to r  of f o u r .

The e ffe c t  of the  le a d  on the  b a c k g ro u n d  s e e n  by the  c o u n te r  w as 

in s ig n i f ic a n t .  D e ta i l s  of th is  e ffec t  a r e  g iven  in  A ppendix  6 .

( 1 0 .1 2 . )  The P o is o n in g  of C y c lo p ro p an e  H y d ro g e n a t io n  on 
S u p p o r ted  C a ta ly s t s  U sing  R a d io a c t iv e  M e r c u r y

W hen a s e r i e s  of r e p ro d u c ib le  h y d ro g e n a t io n  r a t e s  u n d e r

s t a n d a r d  e x p e r im e n t a l  co n d it io n s  h ad  b een  o b ta in ed ,  the  e ffec t  of

in t ro d u c in g  m e r c u r y  to the  s y s te m ,  w ithou t a f fec t in g  th e s e  co n d i t io n s ,

w as  s tu d ie d .

The m e r c u r y  v a p o u r  w as a d m it te d  to the  c a ta ly s t  a f t e r  the  gas  

m ix tu r e  u s e d  fo r  the  p re v io u s  h y d ro g e n a t io n  h ad  b e en  pum p ed  aw ay . 

The s id e  a r m  co n ta in in g  the  m e r c u r y  h ad  b een  e v a c u a te d  p r e v io u s ly  

u s in g  th e  r o t a r y  pum p  and  h ad  b e en  le f t  u n d e r  v a c u u m . D uring  the
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a d m is s io n  of the  m e r c u r y  v ap o u r  the  c a ta ly s t  v e s s e l  tap  T5 

( F ig .  1 0 .1 . )  w as kep t c lo s e d .  B e fo re  a d m it t in g  m e r c u r y  v ap o u r  

to the  c a ta ly s t  v e s s e l  the  b a ck g ro u n d  on the  c o u n te r  w as ta k e n .

T h is  w as found to be in  the  re g io n  of 20 - 30 coun ts  p e r  m in u te .

The r e l a t iv e  a m o u n t  of m e r c u r y  p r e s e n t  d u r in g  e a c h  h y d ro g e n a t io n  

w as o b ta in e d  by tak in g  a count fo r  a p p ro x im a te ly  1 0  m in  d u r in g  the  

c o u r s e  of the  h y d ro g e n a t io n .  The a b so lu te  a m o u n t of m e r c u r y  

p r e s e n t  w as c a lc u la te d  once  the  w eigh t of m e r c u r y  p r e s e n t  a t  the  

end  of the  s e r i e s  of h y d ro g e n a t io n s  w as d e te r m in e d  a s  in d ic a te d  in  

s e c t io n  1 0 . 13.

( 1 0 .1 3 . )  The D e te r m in a t io n  of the  A b so lu te  W eight of R ad io ac t iv e  
M e r c u r y  P r e s e n t  on S u p p o r ted  C a ta ly s ts

The w eigh t of m e r c u r y  a d s o r b e d  on su p p o r te d  n ic k e l  c a ta ly s t s  

h ad  a l r e a d y  b e en  d e te r m in e d  u s in g  a te ch n iq u e  s im i l a r  to th a t  u s e d  

w ith  e v a p o r a te d  f i lm s  (s e e  s e c t io n  9 . 2 4 . ) .  In th is  tech n iq u e  the  

coun t f r o m  the  d i s s o lv e d  c a ta ly s t  w as c o m p a r e d  w ith  th a t  f r o m  

a s t a n d a r d  so lu t io n  u s in g  a l iq u id  c o u n te r .  F u r t h e r  c o n s id e ra t io n  

of th is  te c h n iq u e ,  a s  a p p l ie d  to s u p p o r te d  c a t a ly s t s ,  in t ro d u c e d  the  

p o s s ib i l i ty  th a t  the  u n d is s o lv e d  c a ta ly s t  su p p o r t  m ig h t  show 

a p r e f e r e n t i a l  a d s o r p t io n  fo r  m e r c u r y  and  the  r e s u l t in g  s u p e r n a ta n t  

so lu t io n  w ould  show an  a c t iv i ty  lo w e r  th a n  the  c o r r e c t  v a lu e .
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In o r d e r  to d e te r m in e  w h e th e r  th is  e f fec t  o c c u r r e d ,  and  if so to 

w hat e x ten t ,  a d i f f e r e n t  m e th o d  fo r  r a d io a c t iv e  m e r c u r y  a s s a y  was 

a t te m p te d .

The m o s t  d i r e c t  m e th o d  of d e te rm in in g  how m u c h  r a d io a c t iv e  

m e r c u r y  w as p r e s e n t  on the  c a ta ly s t  w as to count the  so l id  c a ta ly s t  

u s in g  a s t a n d a r d  end window c o u n te r .  The m a in  d isad v a n ta g e  of 

th i s ,  h o w e v e r ,  w as  the  d iff icu l ty  of re p ro d u c in g  the  counting  

g e o m e t r y  c o n d it io n s  w hen counting  the  s ta n d a rd  m e r c u r y  so u rc e ,  

a s s u m in g  th a t  a  s a t i s f a c to r y  s ta n d a r d  cou ld  be p r e p a r e d .  T h is  

d if f icu l ty  w as o v e rc o m e  by u s in g  a w e l l - c r y s t a l  s c in t i l la t io n  c o u n te r  

w h ich  w as m u c h  l e s s  su sc e p t ib le  to g e o m e t r ic  counting  lo s s e s ,  s in ce  

the  s o u rc e  w as p la c e d  in s id e  the  w e ll  of the  c r y s t a l  and  coun ts  w e re  

ta k e n  o v e r  a l a r g e  so lid  a n g le .

The c r y s t a l  u s e d  w as th a l l iu m - a c t iv a te d  so d iu m  io d id e .

T he  coun ting  eq u ip m e n t  u s e d  w as a P a n a x  type  100C s c a l e r  in 

co n ju n c t io n  w ith  a n  a u to m a t ic  t i m e r  type  T 300. The p h o to m u lt ip l ie r  

o p e r a te d  on a v o ltag e  of 1 0 0 0  v and  the  s ig n a l  o b ta in ed  w as a m p l i f ie d  

b e fo re  b e in g  r e c e iv e d  by the  c o u n te r .  The c o u n te r  w as a d ju s te d  to 

a d i s c r i m i n a t o r  v o ltag e  of 5 v w hich  r e s u l t e d  in  e le c t ro n ic  n o ise  

be ing  e l im in a te d .  The p a r a l y s i s  t im e  w as 10 m ic r o  seco n d s  and 

the  b a c k g ro u n d  m e a s u r e d  w as in  the  r e g io n  of 1 0  counts  p e r  sec o n d .

A c c u r a te ly  w e ig h ed  s a m p le s  of the  c a ta ly s t  ran g in g  f r o m
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2 0  - 40 m g w e re  p la c e d  in 4,1cm d ia m e te r  g la s s  t e s t  tu b e s .  C a re

w as ta k e n  to e n s u r e  th a t  a l l  of the  c a ta ly s t  w as a t  the  b o t to m  of

the  tube  and  th a t  none a d h e r e d  to the  w a l l s .  To a c c o m p l is h  th is

the  c a ta ly s t  w as in t r o d u c e d  th ro u g h  a g la s s  tube  w hich  cou ld  be

in s e r t e d  a lm o s t  to the  b o t to m  of the  tu b e .  A s ta n d a r d  so lu t io n  was

p r e p a r e d  by d is so lv in g  12 .8  m g  of r a d io a c t iv e  m e r c u r y  in  500 m l

of ION n i t r i c  a c id .  A liq u o ts  of 1 m l  of th is  s ta n d a rd  w e re  t r a n s f e r r e d

to fo u r  t e s t  tu b e s  two of w h ich  co n ta in ed  2 0  m g s a m p le s  of in a c t iv e

c a t a ly s t .  The coun ts  o b ta in e d  f r o m  the  unknown s a m p le s  and  the

s ta n d a r d s  a r e  g iven  in  A ppendix  7; th e s e  w e re  ta k en  to a t  l e a s t

1 0 ,0 0 0  coun ts  to p ro d u c e  a s t a t i s t i c a l  e r r o r  of - 1%. S ince  the  e n e rg y

203of the  b e ta  r a d ia t io n  p ro d u c e d  by Hg is  only 0 .21  m eV , th is  would 

be  u n ab le  to p e n e t r a t e  the  g la s s  of the  t e s t  tube  so th a t  the  count 

p ro d u c e d  w as due to the  e ffec t  of the  g a m m a  ra d ia t io n  a lo n e .  I t  w as 

found th a t  the  d i f f e r e n c e  in  count r a t e  f r o m  the  fou r  s ta n d a rd s  w as 

w ith in  the  s t a t i s t i c a l  e r r o r  of the  coun t.

To one of th e  unknow n s a m p le s  w as a d d ed  1 m l  of 10N n i t r i c  

a c id , to  d e te r m in e  the  e ffe c t  of d i s p e r s in g  the  a c t iv i ty  th ro u g h  a l a r g e r  

v o lu m e  th a n  th a t  o c cu p ie d  o r ig in a l ly  by the  s o l id  c a ta ly s t .  T h is  was 

found to have  no e f fe c t  on the  count ra te ,  showing th a t  the  counting  

g e o m e t r y  o b ta in e d  by u s in g  a w e l l - c r y s t a l  m ad e  p o s s ib le  the  

c o m p a r i s o n  of a l iq u id  s t a n d a r d  w ith  the  so l id  unknow n. The e ffec t



on the  count r a t e  of r a i s i n g  the  t e s t  tube  with in  the  we l l  of the 

c r y s t a l  was  a l so  s tu d ie d .

The  s a m p l e s  of c a t a l y s t  u s e d  fo r  th i s  s tudy  w e r e  th en  

d i s s o l v e d  in ION n i t r i c  a c id  and  the  count f r o m  the so lu t ion  ob ta ined  

u s in g  a l iqu id  c o u n te r  a s  b e f o r e .  The r e s u l t s  of the  two t e c h n iq u e s  

w e r e  then  c o m p a r e d .



C H A P T E R  11

THE STUDY O F  THE VAPOUR PR E S SU R E  O F  MERCURY 

O V ER A M ERCURY POISONED CATALYST: E X P E R IM E N T A L

B e c a u s e  i t  c o n s t i t u t e s  a h e a l th  h a z a r d  ( 9 9  ) a n u m b e r  of

w o r k e r s  ( 6 6  ) have  s tu d ie d  how the  c o n c e n t r a t i o n  of m e r c u r y  m a y

be m e a s u r e d  a c c u r a t e l y  in  the  v a p o u r  p h a s e .  The m o s t  c o m m o n

p r o c e d u r e  u t i l i s e s  the  f a c t  th a t  m e r c u r y  v ap o u r  a b s o r b s  v e r y

s t r o n g ly  l igh t  of w a v e le n g th  2537 A ° ,  th is  w ave leng th  c o r r e s p o n d i n g

to the r e s o n a n c e  e n e r g y  n e c e s s a r y  to b r in g  abou t  an  e l e c t r o n i c

t r a n s i t i o n  in  the  m e r c u r y  a t o m  c o n v e r t in g  i t  f r o m  the  6  s t a t e  to
o, 3

the 6  P^  s t a t e .  Th is  s t r o n g  a d s o r p t i o n  m a y  be shown v i s u a l ly  a s  

in d i c a t e d  by L e ig h to n  and  L e ig h to n  ( 1 0 0 ) .  They  showed th a t  if 

a s o u r c e  of m e r c u r y  v a p o u r  was  p l a c e d  b e tw ee n  an  u l t r a v i o l e t  l a m p  

w h o se  m a i n  c o m p o n en t  was  the  2537 A°  l ine  and  a s c r e e n  which 

f l u o r e s c e d  v i s ib ly  when e x c i t e d  by l igh t  of th i s  w ave leng th  a d a r k  

shadow w as  p r o d u c e d  on the  s c r e e n  owing to the  a b s o r p t i o n  of the 

r a d i a t i o n  by the  m e r c u r y  v a p o u r .

It  w as  d e c id e d ,  t h e r e f o r e ,  to s tudy  the  v ap o u r  p r e s s u r e  of 

m e r c u r y  u s in g  th i s  a b s o r p t i o n  t e c h n iq u e .

( 1 1 . 1 . )  The  S p e c t r o p h o t o m e t e r

P r e l i m i n a r y  e x p e r i m e n t s ,  u s in g  a s o u r c e  of m e r c u r y  in  a 1 c m
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q u a r t z  c e l l ,  in a U n ic am  SP  800 a u to m a t ic  s p e c t r o p h o t o m e t e r  

show ed  no d e te c ta b le  a b s o r p t i o n  in the r e g io n  of 2537 A ° .

A s i m i l a r  r e s u l t  was  o b ta in ed  u s in g  a H i lg e r  Uvispek  

s p e c t r o p h o t o m e t e r .  T h is  could  be ex p la ined  by the  f a c t  th a t  both  

of t h e s e  m a c h i n e s  u s e d  a d e u t e r i u m  l a m p  as  the  s o u r c e  of U . V .  

r a d i a t i o n  and  th i s  p r o d u c e d  a "w h i te"  s p e c t r u m  of r a d i a t i o n .

C o n se q u e n t ly  a l though  the  2537 A°  l ine  was  be ing  a b s o r b e d  by the 

m e r c u r y  the  o th e r  w a v e le n g th s ,  on e i t h e r  s ide  of th is  l ine ,  w e r e  

u n a f f e c t e d  and  the  r e l a t i v e  d e c r e a s e  of i n t e n s i ty  due to r e m o v a l  of 

th i s  l ine  cou ld  no t  be d e t e c t e d  by the  pho to ce l l s  of the  s p e c t r o p h o t o m e t e r ,  

even  wi th  the  n a r r o w e s t  w aveband  a t t a in a b le  by the  i n s t r u m e n t .  It 

was  p o s s i b l e  to o v e r c o m e  th i s  d i f f icu l ty  by u s ing  a m o n o c h r o m a t i c  

s o u r c e  of 2537 A°  r a d i a t i o n .  The s o u r c e  u s e d  is  d e s c r i b e d  in 

s e c t io n  1 1 . 2 .

A H i lg e r  U v isp ek  s p e c t r o p h o t o m e t e r  was  u s e d  fo r  a l l  the 

a b s o r p t i o n  s tu d ie s  s in ce  i t s  f l a m e  p h o to m e t r y  f a c i l i t i e s  enab led  an 

e x t e r n a l  l igh t  s o u r c e  to be u s e d .  A d i a g r a m  of the  s p e c t r o p h o t o m e t e r  

a s s e m b l y  is  g iven  in F i g .  1 1 .1 .  The key to the  l e t t e r s  u s e d  is  

a s  fo llows:

A X C o n t r o l  E D i s p e r s i n g  P r i s m  I Hg L a m p

B M e a s u r i n g  Unit  F  P l a n e  M i r r o r  J  C a r r i a g e  C o n t ro l

C M o n o c h r o m a t o r  G Sli ts  K S hu t t e r

D C oncave  M i r r o r  H D 2  L a m p  L  P h o to c e l l
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A f t e r  p a s s i n g  into  the  m o n o c h r o m a t o r  s y s t e m  of the  s p e c t r o p h o t o m e t e r  

v ia  an  e n t r a n c e  sl i t^ the  l igh t  f r o m  the 2537 A° s o u r c e  e n t e r e d  the 

c e l l  c o m p a r t m e n t  t h ro u g h  the  ex i t  s l i t  and  was  d e t e c t e d  by the 

p h o to c e l l .  The s i z e s  of the  e n t r y  and  ex i t  s l i t s  w e r e  c o n t r o l l e d  

s im u l t a n e o u s ly ,  e ac h  be ing  the  s a m e  a t  any t i m e .  The r e s o l u t i o n  

of the  m a c h i n e  was  su ch  th a t  a t  2537 A ° ,  u s ing  a s l i t  wid th  of 0 .4 8  m m  

the  band  width  of the  r a d i a t i o n  inc iden t  on the ph o to ce l l  was  10 A ° .  

D ur ing  the  p r o c e d u r e  fo r  a d ju s t in g  the w ave leng th  d e s c r i b e d  in 

s e c t io n  1 1 . 3 .  the  s l i t  wid th  was  0 .01  m m  and  dur ing  the m a j o r i t y

of the  a b s o r p t i o n  e x p e r i m e n t s  i t  was  0 . 1 m m  p ro d u c in g  band  wid ths

o oof abou t  0 . 2  A and  2 A r e s p e c t i v e l y .

( H . 2 . )  The U . V .  L ig h t  S o u rce

The  s o u r c e  of 2537 A°  r a d i a t i o n  u s e d  was  a P h i l ip s  E l e c t r i c a l  L td .  

T . U . V .  6 w g e r m i c i d a l  t u b e .  This  lam p^which  was  o p e r a t e d  on 240 v ac ,  

w as  15 c m  long an d  2 .6  c m  in d i a m e t e r .  It was  m o u n te d  v e r t i c a l l y  

in  a 1 0  c m  d i a m e t e r  c a r d b o a r d  c o n ta i n e r  and  p l a c e d  a t  the  " f l a m e  

s o u r c e "  a p e r t u r e  of the  s p e c t r o p h o t o m e t e r .  The l a m p  o p e r a t e d  at  

low t e m p e r a t u r e ,  m a x i m u m  wal l  t e m p e r a t u r e  a p p r o x im a te ly  6 0°C ,  

a n d  c o n s i s t e d  of a n  i n e r t  g a s - f i l l e d  low p r e s s u r e  m e r c u r y  a r c .

A c c o r d i n g  to the  m a n u f a c t u r e r s 1 s p e c i f i c a t io n s  the e n e r g y  

ou tpu t  a t  2537 A °  w as  85 mW and  th is  was  the only e n e r g y  e m i t t e d
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in the r e g io n  of 2400 - 3000 A ° .  The output of th i s  l a m p  was  s t a t e d  

to be t e m p e r a t u r e  dependen t ,  the  a r c  vo l tage  changing  by 1 % p e r  

d e g r e e  c e n t i g r a d e .  C o n seq u en t ly  i t  was sw i tch ed  on and  a l low ed  

to co m e  to e q u i l i b r i u m  fo r  a t  l e a s t  t h r e e  q u a r t e r s  of an  h o u r  

b e f o r e  u s e .

( 1 1 . 3 . )  P r o c e d u r e  fo r  O bta in ing  the  C o r r e c t  W ave leng th

Although  i t  was  known th a t  in  the r e g io n  of the  s p e c t r u m  u n d e r  

c o n s i d e r a t i o n  the  U . V .  l a m p  only e m i t t e d  2537 A° r a d i a t i o n ,  i t  was  

found by v a ry in g  the  w av e len g th  c o n t r o l  of the  s p e c t r o p h o t o m e t e r  

t h a t  l igh t  a p p a r e n t l y  c o v e r in g  a r a n g e  of w ave leng ths  a s  r e a d  on the 

c o n t r o l  was  be ing  r e c e i v e d  by the  p h o to c e l l .  It was  f u r t h e r  found 

th a t  the  n a r r o w e r  the  s l i t  wid th  the  s m a l l e r  the  r a n g e  of w av e len g th s  

o v e r  which  the  r a d i a t i o n  could  be  d e t e c t e d .  Since the 2537 A° 

e m i s s i o n  l ine  is  a r e s o n a n c e  l ine  i t  was  a s s u m e d  th a t  i t  would be 

r e a s o n a b l y  s h a r p  but  i t  was  no t  known w h e th e r  b ro a d e n in g  e f fec t s  

would  o c c u r  in the  l a m p  and if  so to what ex ten t  the  l ine  could  b e c o m e  

b r o a d e n e d .  B e c a u s e  of th is  u n c e r t a i n t y  and  a l so  b e c a u s e  the 

w a v e le n g th  c o n t r o l  showed  the  r a d i a t i o n  being  e m i t t e d  f r o m  the 

l a m p  h a d  a w a v e le n g th  g r e a t e r  th an  2537 A° i t  was d ec id e d  to 

s t a n d a r d i s e  the  p r o c e d u r e  fo r  d e t e r m in in g  the w ave leng th  to be u s e d  

fo r  a b s o r p t i o n  s t u d i e s .  Th is  was  c a r r i e d  out a s  fo llows:
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A p ie ce  of f i l t e r  p a p e r  s o ak ed  in E o s i n  i n d ic a to r  was  p la c e d  

in the  l ight b e a m  in  the  c e l l  c o m p a r t m e n t .  Reduc ing  the  e x t e r n a l  

l igh t ing  to as  low a l e v e l  a s  p o s s ib l e  and  m oving  the w ave leng th  

c o n t r o l  s lowly  in one d i r e c t i o n  in  the r e g io n  of 2540 A° i t  was  p o s s ib l e  

to o b s e r v e  a ye l low f l u o r e s c e n c e  w h e re  the  b e a m  p a s s e d  th ro u g h  the 

p a p e r ;  f u r t h e r  m o v e m e n t  c a u s e d  th i s  to d i s a p p e a r .  R educ ing  the 

s l i t  w id th  r e d u c e d  the  r a n g e  of w ave leng ths  on the  c o n t r o l  a t  which  

f l u o r e s c e n c e  was  s e e n .  F o r  a s l i t  wid th  of 2 m m  a f l u o r e s c e n c e  was  

o b s e r v e d  while  the  w av e len g th  c o n t r o l  in d ic a te d  a change  in w ave leng th  

of 70 A ° .  When the  s l i t  wid th  was  r e d u c e d  to 0 .2 5  m m  the 

f l u o r e s c e n c e  was  only p r e s e n t  fo r  a change  in w ave leng th  of 1 A ° .

Th is  te ch n iq u e  was  m a d e  m u c h  m o r e  dependab le  by u s in g  the 

p h o to c e l l  of the  s p e c t r o p h o t o m e t e r  which  was  m u c h  m o r e  s e n s i t i v e  

to l igh t  d e te c t io n  th an  the  e y e .  The m e th o d  e m p lo y e d  was  to b a la n c e  

the  i n s t r u m e n t  u s in g  a s  s m a l l  a s l i t  width  as  p o s s ib le  in a p o r t i o n  

of the  s p e c t r u m  in  which  no r a d i a t i o n  was being p ro d u c e d .  Moving 

the  w a v e le n g th  c o n t r o l  e x t r e m e l y  s lowly  i t  was  p o s s ib l e  to d e t e r m i n e  

when l igh t  was  fa l l in g  on the  pho to ce l l  by the sudden  i n c r e a s e  in 

c u r r e n t  o b ta in ed  on the  s p e c t r o p h o t o m e t e r  m e t e r .  At low s l i t  wid ths  

the  p o s i t io n  of the  l ine  cou ld  be d e t e r m i n e d  e x t r e m e l y  a c c u r a t e l y .

It was  found th a t  the  l ine  o c c u r r e d  a t  a n  a p p a r e n t  w ave leng th  

of 2542 A ° .  Using  the  s a m e  techn ique  with  the s a m e  l igh t  s o u rc e



on a d i f f e r e n t  H i lg e r  U v ispek  i t  was  found th a t  the  p o s i t io n  of the 

l ine  was  a t  2537 A°  in d ica t ing  th a t  the  w ave leng th  c a l i b r a t i o n  on 

the  o r i g i n a l  m a c h i n e  was  fau l ty .  Since the p r o c e d u r e  u s in g  the 

p h o to c e l l ,  a s  d e s c r i b e d  above ,  was  c a r r i e d  out b e fo re  e ac h  

a b s o r p t i o n  e x p e r i m e n t  th is  e r r o r  was  u n i m p o r t a n t .  A f te r  the  

w a v e le n g th  had  b een  d e t e r m i n e d  a t  a n a r r o w  s l i t  width  (0 . 0 1  m m ) ,  

the  s l i t  w id th  was  i n c r e a s e d  to a w id e r  va lue  fo r  the  a b s o r p t i o n  

e x p e r i m e n t s  (0 .1  m m ) .  S ince  both  edges  of e a c h  s l i t  w e r e  m o v e d  when 

the  s l i t  w id th  was  i n c r e a s e d  th i s  p r o c e d u r e  did not a l t e r  the  w ave leng th  

of the  r a d i a t i o n  s ee n  by the  p h o to ce l l ,  only i t s  i n t e n s i ty .

( 1 1 . 4 . )  The A b s o r p t io n  A p p a r a t u s

The a b s o r p t i o n  a p p a r a t u s  co n ta in ed  t h r e e  m a i n  c o m p o n e n t s ,  

a s  shown in  F i g .  1 1 .2 .  A s o u r c e  of m e r c u r y  (M) which  could  be 

i s o l a t e d  when d e s i r e d  u s in g  the  t ap  (T), a r e g io n  in  which  the v a p o u r  

p r e s s u r e  of the  m e r c u r y  was  s tu d ied  (Q) and ,  b e tw ee n  t h e s e ,  a r e g io n  

in which  the  c a t a l y s t  was  p l a c e d  (CV). It was  d e c id e d  to u s e  

s u p p o r t e d  c a t a l y s t s  r a t h e r  than  e v a p o r a t e d  f i l m s  in  th is  s tudy  s ince  

t h e s e  w e r e  m u c h  e a s i e r  to p r e p a r e  and  did  not r e q u i r e  su ch  s t r i n g e n t  

v a c u u m  cond i t ions  fo r  t h e i r  p r e p a r a t i o n .  The  l im i t in g  f a c t o r  in the  

d e s ig n  of th i s  a p p a r a t u s  was  th a t  the  r e g io n  of the  a p p a r a t u s  in which  

the  m e r c u r y  v a p o u r  was  to be d e t e r m i n e d  had  to fi t  into  the c e l l  

c o m p a r t m e n t  of the  H i lg e r  s p e c t r o p h o t o m e t e r .
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Since P y r e x  g l a s s  does  not t r a n s m i t  l igh t with w ave leng th  

l e s s  th an  3600 A° ( 101 ) i t  was  n e c e s s a r y  to c o n s t r u c t  the  a b s o r p t i o n  

c e l l s  f r o m  q u a r t z .  Two c e l l s  w e r e  r e q u i r e d  one being  u s e d  as  

a r e f e r e n c e  c e l l .  T h e s e  c e l l s  c o n s i s t e d  of q u a r t z  c y l i n d e r s ,  2 c m  

in d i a m e t e r ,  to the  ends  of which  w e r e  f u s e d  op t ic a l ly  p u r e  q u a r t z  

p l a t e s  giv ing a p a th  leng th  of 2 c m .  A q u a r t z  s ide  a r m  con ta in ing  

a B 7 cone was  a t t a c h e d  to e a c h  c e l l .  Th is  e n ab led  the c e l l s  to be 

a t t a c h e d  by m e a n s  of a B 7 s o ck e t  to the  m a i n  p o r t i o n  of the  a p p a r a t u s  

w h ich  was  c o n s t r u c t e d  f r o m  P y r e x  g l a s s .  This  p o r t i o n  of the  a p p a r a t u s  

con ta in ing  the  c a t a l y s t  was  c o n s t r u c t e d  f r o m  a 13 c m  leng th  of 16 m m

O . D .  P y r e x  tubing  to one end of which  was  a t t a c h e d  a B 14 so ck e t  

a n d  to the  o th e r  a 6  m m  t h r e e - w a y  t a p .  The lo w e r  s ide  a r m  of the  

t a p  c o n ta in e d  the  m e r c u r y  s o u r c e  and  the  u p p e r  s ide  a r m  was 

c o n n e c t e d  to a v a c u u m  s y s t e m  and  s e a l e d  off a t  the  c o n s t r i c t i o n  (C) 

w hen the  n e c e s s a r y  v a c u u m  had  b een  a t t a in e d .

In o r d e r  to d e t e r m i n e  w h e th e r  t h e i r  v a p o u r s  a b s o r b e d  to any  

g r e a t  e x te n t  in the  2537 A° r e g io n ,  the  a b s o r p t i o n  s p e c t r a  of 

A p ie zo n  W wax,  A p ie zo n  N g r e a s e  and  Dow C orn ing  s i l icone  g r e a s e  

w e r e  o b ta in e d  u s in g  a U n ic a m  SP  800 s p e c t r o p h o t o m e t e r .  It was 

a s s u m e d  th a t  the  a b s o r p t i o n  s p e c t r a  of the  so l id  p h a s e s  would  not 

v a r y  c o n s i d e r a b l y  f r o m  th o s e  of the  v a p o u r s  which  w e r e  d e r i v e d  

f r o m  t h e m .  S p e c im e n s  w e r e  p r e p a r e d  by s m e a r i n g  the  g r e a s e s  in
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t u r n  on one face  of a q u a r t z  1 c m  c e l l .  In the  c a s e  of the  A p iezo n  W 

wax a d ilu te  so lu t ion  in c a r b o n  t e t r a c h l o r i d e  was  e v a p o r a t e d  onto 

the  c e l l  f a c e .  The s p e c t r a  ob ta ined  a r e  shown in F i g .  1 1 .3 .

A lthough  the  r e l a t i v e  c o n c e n t r a t i o n s  of the  s a m p l e s  w e r e  not known 

it  would  a p p e a r  u n s a t i s f a c t o r y  to u s e  A p iezon  N g r e a s e  in the  

s y s t e m  due to i t s  h igh  a b s o r p t i o n  in the  2537 A° r e g io n .  C o n se q u e n t ly  

the  cone and  s o c k e t  jo in t s  w e r e  s e a l e d  u s in g  the  m i n i m u m  a m o u n t  

of A p ie zo n  W w ax .  Since  th i s  wax was  u s e d  both  in the  a p p a r a t u s  

co n ta in ing  the  m e r c u r y  v a p o u r  and  in the  .evacua ted  r e f e r e n c e  c e l l  

an y  a b s o r p t i o n  i t  m a y  have  p r o d u c e d  would be the  s a m e  in e a c h  c a s e .  

The t h r e e - w a y  tap  was  g r e a s e d  with  the  Dow C orn ing  s i l i co n e  g r e a s e .

( 1 1 . 5 . )  The T h e r m o s t a t  S y s t e m

As a r e s u l t  of the  s tudy of the  a d s o r p t i o n  of m e r c u r y  on 

e v a p o r a t e d  n i c k e l  f i l m s  i t  was  known th a t  r i g i d  t e m p e r a t u r e  c o n t r o l  

of bo th  the  m e r c u r y  s o u r c e  and  the  c a t a l y s t  would  be r e q u i r e d  in 

th i s  s y s t e m .  C o n se q u e n t ly  a box was  c o n s t r u c t e d  f r o m  2 m m  th ick  

p e r s p e x  s h e e t  wh ich  c o n ta in ed  both  the m e r c u r y  a b s o r p t io n  a p p a r a t u s  

and  the  r e f e r e n c e  q u a r t z  c e l l .  The  q u a r t z  c e l l s  w e r e  so p o s i t io n e d  

th a t  when the  box was  p l a c e d  on the  c e l l  c a r r i a g e  of the  

s p e c t r o p h o t o m e t e r  m o v e m e n t  of th is  c a r r i a g e  e n ab le d  e ac h  c e l l  in  

t u r n  to be  b r o u g h t  in to  the  l igh t  b e a m .  A wooden ledge  was f i t t ed
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ro u n d  the  t h e r m o s t a t  box so tha t  when the box was  in p o s i t io n  no 

s t r a y  l igh t  could  e n t e r  the  c e l l  c o m p a r t m e n t .

The box co n ta in ed  two s p i r a l s  m a d e  f r o m  3 m m  d i a m e t e r  

c o p p e r  tub ing  th r o u g h  which  w a t e r  could  be pu m p ed  f r o m  a t h e r m o s t a t  

t a n k .  The s p i r a l s  w e r e  p o s i t io n e d  such  tha t  t e m p e r a t u r e  g r a d i e n t s  

w i th in  the  box w e r e  kept to a m i n i m u m .  A f te r  the  s p i r a l s  and  the  

c e l l s  had  b een  f i t t ed ,  the  box was  f i l l ed  with  6 0  - 80 m e s h  c o p p e r  

p o w d e r  which  a c t e d  a s  an  e f f ic ien t  h e a t - t r a n s f e r  m e d i u m .  The 

t h e r m o s t a t  tank  u s e d ,  a C a l o r a  U l t r a  t h e r m o s t a t  type NB 30527, 

c o n ta in ed  a b u i l t - i n  pum ping  and  s t i r r i n g  u n i t  and  could  be m a in t a in e d  

w ith in  0.  1°C of the  d e s i r e d  t e m p e r a t u r e ,  n o r m a l l y  2 5°C .  It was 

found th a t  owing to the  n a r r o w  b o r e  of the  c o p p e r  tubing  and  the 

d i s t a n c e  f r o m  the  tan k  the  t e m p e r a t u r e  of the  s p i r a l s  did  not  r e a c h  

t h a t  of the  t a n k  but r e m a i n e d  a t  e q u i l i b r i u m  a t  s o m e  va lue  lo w e r  

by abou t  1 C°.

The  m e r c u r y  s o u r c e  was  m a i n t a i n e d  a t  a c o n s ta n t  t e m p e r a t u r e  

by  e n c lo s in g  the  s ide  a r m  in a c o p p e r  c a l o r i m e t e r  3 c m  in d i a m e t e r .  

Th is  c a l o r i m e t e r  was  f i t t ed  t ig h t ly  in s id e  a c lo se ly  wound s p i r a l  of 

8  m m  d i a m e t e r  c o p p e r  tubing  th ro u g h  which  was p u m p e d  w a t e r  f r o m  

a s e c o n d  t h e r m o s t a t  t a n k .  L ike  the  t h e r m o s t a t  box d e s c r i b e d  above 

the  c a l o r i m e t e r  was  f i l l ed  wi th  60 - 80 m e s h  c o p p e r  p o w d e r .  The 

o u t s id e  of the  s p i r a l  was  s u r r o u n d e d  with  a sh ie ld ing  of 3 m m  th ick
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l e a d  s h e e t .  The t h e r m o s t a t  tank  u s e d  in th is  c a s e  was  the  s a m e  

as  th a t  d e s c r i b e d  in s e c t io n  9 . 2 1 .  A b y - p a s s  was  f i t t ed  into the  

p u m p e d  c i r c u l a t i n g  s y s t e m  which  enab led  w a te r  to be  c i r c u l a t e d  

t h r o u g h  the  c o p p e r  co i l  round  the  m e r c u r y  s o u r c e .  S ince  i t  was 

d e s i r e d  to m a i n t a i n  the  m e r c u r y  a t  a t e m p e r a t u r e  lo w e r  th a n  r o o m  

t e m p e r a t u r e  i t  was  a lw ay s  n e c e s s a r y  to have  w a te r  f lowing th ro u g h  

the  h e a t  e x c h a n g e r  bu i l t  into  th is  t a n k .  The  t e m p e r a t u r e  of the  

w a t e r  in the  tank  was  c o n t r o l l e d  to within  0.  1°C u s ing  a J a c k s o n  

T h e r m o r e g u l a r  type  T M -700  t e m p e r a t u r e  c o n t r o l l e r  in con junc t ion  

w i th  a ho t  w i r e  v a c u u m  sw i tch .  H ea t  was  supp l ied  f r o m  a 150 w 

e l e c t r i c  l igh t  bu lb .

In the  l a t e r  e x p e r i m e n t s  u s in g  th i s  a p p a r a t u s  i t  was  found 

n e c e s s a r y  to t h e r m o s t a t  the  r o o m  con ta in ing  the  s p e c t r o p h o t o m e t e r  

a t  a t e m p e r a t u r e  of 2 3 °C .  Th is  was  a c c o m p l i s h e d  u s ing  a Ju m o  

Shandon 6 - 6 4  m e r c u r y  t h e r m o m e t e r  type t e m p e r a t u r e  c o n t r o l l e r  

in  con ju n c t io n  wi th  a J u m o  type GKT IS-O swi tch ing  u n i t .  The h e a t  

w as  su p p l i e d  u s in g  a 2 kw e l e c t r i c  c o n v e c to r  h e a t e r .  Th is  s y s t e m  

w as  found to o p e r a t e  s a t i s f a c t o r i l y  p ro v id e d  d r a u g h t s  w e re  

e x c lu d e d .  It w as  found th a t  c o n t r o l  w i th in  ^ 0 . 5 ° C  was ob ta in ed .

( 1 1 . 6 . )  E x p e r i m e n t a l  P r o c e d u r e  fo r  D e te r m in a t io n  of 
U . V .  A b s o r p t io n

The  s p e c t r o p h o t o m e t e r  and  the  m e r c u r y  l a m p  w e r e  sw i tched



on and  a l low ed  to w a r m  up fo r  a p p r o x i m a t e l y  t h r e e  q u a r t e r s  of 

an  h o u r  b e f o r e  u s e .  The c o r r e c t  w ave leng th  was  s e l e c t e d  u s ing  

the p r o c e d u r e  d e s c r i b e d  in s e c t io n  1 1 .3 .  The a b s o r p t i o n  a p p a r a t u s  

was  th e n  f i t t ed  into the s p e c t r o p h o t o m e t e r ,  t h e r m o s t a t  con n ec t io n s  

m a d e  and  the  s h u t t e r  o p e n ed  when the  r e q u i r e d  t e m p e r a t u r e s  had  

been  a t t a i n e d .  With the  r e f e r e n c e  c e l l  in  the  b e a m  the c u r r e n t  

d e r i v e d  f r o m  the  p h o to ce l l  was  b a l a n c e d  u s in g  the  ' c h e c k '  c o n t r o l .  

The  a b s o r p t i o n  c e l l  was  th en  s l id  into p o s i t io n  and  the pho to ce l l  

c u r r e n t  r e b a l a n c e d  u s in g  the  ' m e a s u r e '  c o n t ro l ,  the  r e a d in g  o b ta in e d  

be ing  n o ted .  The r e f e r e n c e  c e l l  was  th e n  r e p l a c e d  in the  b e a m  to 

c o n f i r m  th a t  no d r i f t  had  o c c u r r e d  on the  c h ec k  c o n t r o l .  Th is  

p r o c e d u r e  a u t o m a t i c a l l y  e l i m i n a t e d  ch an g es  in in te n s i ty  p r o d u c e d  

by the  l a m p  s o u r c e ,  p ro v id e d  th a t  no d r i f t  had  o c c u r r e d .  If th is  

w as  p r e s e n t  the  a b s o r p t i o n  r e a d in g  was  r e t a k e n .  To p r e v e n t  fa t igue  

of the  p h o to c e l l  the  s h u t t e r  was  n o r m a l l y  c lo s e d  a f t e r  u s e  u n l e s s  

s o m e  sudden  e f fec t  was  be ing  o b s e r v e d .

( 1 1 . 7 . )  The E f fe c t  of P r e s s u r e  of A d m ix e d  H y d ro g en  on the 
A b s o r b in g  P o w e r  of M e r c u r y  V apour  fo r  R es o n a n c e  
R ad ia t io n :  E x p e r i m e n t a l

The  a p p a r a t u s  u s e d  was s i m i l a r  to th a t  shown in  F i g .  1 1 .2 .  

e x c e p t  t h a t  the  g r e a s e d  tap  was  not p r e s e n t ,  the  r e l a t i v e  p o s i t io n s  

of the  m e r c u r y  s o u r c e  and  the  s ide  a r m  u s e d  f o r  e v ac u a t io n  w e r e ,



290.

h o w e v e r ,  i d e n t i c a l .  No c a t a l y s t  was  p r e s e n t  du r ing  th is  s tudy  

and  in a c t iv e  m e r c u r y  was  u s e d .

The  a p p a r a t u s  was  a t t a c h e d  to the  high v a c u u m  a p p a r a t u s  and  

e v a c u a t e d  u s in g  the r o t a r y  pum p only .  P r o l o n g e d  pum ping  was  not 

e m p lo y e d  fo r  f e a r  of c o n ta m in a t in g  the  v a cu u m  a p p a r a t u s  with  

m e r c u r y .  H y d ro g e n  was  th e n  a d m i t t e d  to a p r e s s u r e  of 17 .5  t o r r  

and  the  a p p a r a t u s  s e a l e d  off . The a p p a r a t u s  was  p la c e d  in the 

s p e c t r o p h o t o m e t e r  and  the l e ad s  f r o m  the  t h e r m o s t a t  box co n n ec te d  

to the t h e r m o s t a t  tank  which  had  p r e v i o u s l y  r e a c h e d  e q u i l i b r iu m  

a t  2 5 °C .  B oth  the  s p e c t r o p h o t o m e t e r  and  the  U . V .  l igh t  s o u r c e  had  

b e e n  sw i tch e d  on p r e v i o u s l y  and  had  b een  a l lo w ed  to com e  to 

e q u i l i b r i u m .  A f t e r  v e r i fy in g  th a t  the  a b s o r p t i o n  re a d in g  o b ta in ed  

wi th  the  m e r c u r y  s o u r c e  a t  r o o m  t e m p e r a t u r e  was  c o m p a r a b l e  with  

t h a t  found b e f o r e ,  the  s ide  a r m  con ta in ing  the  m e r c u r y  s o u r c e  was  

s u r r o u n d e d  by  a D e w a r  f l a s k  con ta in ing  a w a t e r / i c e  m i x t u r e .

An i m m e d i a t e  r e d u c t io n  in a b s o r b a n c e  o c c u r r e d  and  c a m e  to a va lue  

a f t e r  3 m i n  w h ich  r e m a i n e d  c o n s t a n t  fo r  20 m i n .  On r e m o v a l  of 

the  i c e  ba th  the  a b s o r b a n c e  a g a in  i n c r e a s e d  r e a c h in g  i t s  o r ig i n a l  

v a lu e  a f t e r  25 m i n .  The Dewar  f l a s k  was  th e n  r e p l a c e d  ro u n d  the 

m e r c u r y  s o u r c e ,  on th i s  o c c a s i o n  con ta in ing  w a te r  a t  a t e m p e r a t u r e  

of 1 0 . 6 ° C .  The va lue  of a b s o r b a n c e  which  h a d  r e m a i n e d  co n s ta n t  

f o r  20 m i n  was  a g a in  r e a d .  It was  found th a t  the  w a te r  in the  D ew ar
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f l a s k  r e t a i n e d  i t s  t e m p e r a t u r e  without v a r i a t i o n  th ro u g h o u t  th i s  

p e r i o d .

The p r o c e d u r e  was  r e p e a t e d  s u r ro u n d in g  the  m e r c u r y  s o u r c e  with  

w a t e r  a t  t e m p e r a t u r e s  of 1 6 .2 ° C ,  20°C and 2 4 .6 ° C  and  noting  the 

a b s o r b a n c e ,  when i t  b e c a m e  c o n s ta n t ,  in e ac h  c a s e .  Fo l lo w in g  the  

s a m e  p r o c e d u r e  the  va lue  of a b s o r b a n c e  a t  e a c h  of the  above  

t e m p e r a t u r e s  was  d e t e r m i n e d  a seco n d  t i m e .  The a p p a r a t u s  was 

th e n  e v a c u a t e d  a s  b e f o r e ,  h y d ro g e n  a t  a p r e s s u r e  of 30 t o r r  a d m i t t e d  

an d  the  a p p a r a t u s  s e a l e d  off . The v a lu e s  of a b s o r b a n c e  a t  the  s a m e  

t e m p e r a t u r e s  as  u s e d  when 17 .5  t o r r  h y d ro g e n  was p r e s e n t  w e r e  

th e n  o b ta in ed  in  d u p l ic a te  u s in g  the  s a m e  p r o c e d u r e  a s  b e f o r e .

A s i m i l a r  s e r i e s  of r e s u l t s  w e r e  ob ta in ed  with  the  a p p a r a t u s  u n d e r  

v a c u u m .

( 1 1 . 8 . )  A c t iv a t io n  of the  C a t a ly s t

It was  found n e c e s s a r y  to fix the  q u a r t z  c e l l s  into the  t h e r m o s t a t  

box  p e r m a n e n t l y  in  o r d e r  to o b ta in  r e p r o d u c i b l e  r e a d i n g s ,  

c o n se q u e n t ly  i t  w as  n e c e s s a r y  to c a r r y  out the  a c t i v a t io n  of the  

c a t a l y s t  in  s i t u .  The  c a t a l y s t  u s e d  w as  5% n ic k e l  on p u m ic e  f r o m  

the  s a m e  b a t c h  a s  t h a t  d e s c r i b e d  in s e c t io n  1 0 .6 .  A f te r  r e d u c t io n  

in  a s t r e a m  of h y d r o g e n  a t  450°C  0 . 2  g was  w eighed  into a 4 c m  

long ign i t ion  boa t  and  p l a c e d  in  the  a p p a r a t u s  t h ro u g h  the  B 14 so c k e t .
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To a c t i v a t e  th is  c a t a l y s t  b e f o r e  u s e  i t  was n e c e s s a r y  to h e a t  

i t  in an  a t m o s p h e r e  of h y d ro g e n  a t  a p p r o x i m a t e l y  200°C .  The 

f u r n a c e  n e c e s s a r y  to p ro d u c e  th i s  t e m p e r a t u r e  had  to fi t  ro u n d  

the  a p p r o p r i a t e  s e c t io n  of the  a p p a r a t u s  and  was  unab le  to be r e m o v e d  

once  in  p o s i t io n .  In ad d i t ion  i t  r e q u i r e d  to be a s  th in  a s  p o s s ib l e  

s in ce  in  o r d e r  to d e t e r m i n e  the  a c t iv i ty  of the  m e r c u r y  l a t e r  to be 

a d s o r b e d  on the c a t a l y s t  a c o u n te r  s i m i l a r  to tha t  u s e d  in the  f i lm  

w o r k  ( s e c t io n  9 . 2 3 . )  h a d  to be p l a c e d  as  c lo se  to the  c a t a l y s t  as  

p o s s i b l e .  With t h e s e  r e s t r i c t i o n s  in  m in d  the  f u r n a c e  was  p r e p a r e d  

by winding 2 yd of 32 o h m / y d  n i c h r o m e  w i r e  on a 7 c m  leng th  of 

1 .8  c m  b o r e  g l a s s  tu b in g .  The  w i r e  was  th en  e n c lo s e d  in a th in  

l a y e r  of C a ta lo y  f i b r e  g l a s s  p a s t e  which  h a r d e n e d  to p ro d u c e  a r o b u s t  

h e a t  r e s i s t i n g  c o v e r i n g .  A t e m p e r a t u r e  of 260°C was  ob ta in ed  with  

th i s  f u r n a c e  u s in g  an  a p p l ie d  vo l tage  of 56 v dc o b ta ined  f r o m  

a s e r i e s  of h e av y  duty l e a d  a c c u m u l a t o r s .  It  was  c o n s i d e r e d  tha t  

the  t e m p e r a t u r e  o b ta in e d  u s in g  th i s  s o u r c e  would  be m o r e  

r e p r o d u c i b l e  and  s tab le  th a n  th a t  p r o d u c e d  by the  m a i n s ,  owing to 

o b s e r v e d  f lu c tu a t io n s  in m a i n s  v o l t a g e .

The  t e m p e r a t u r e  p r o d u c e d  in the  tube  con ta in ing  the c a t a l y s t  

w as  m e a s u r e d  on a Q uickf i t  360°C t h e r m o m e t e r  the  B 14 cone of 

w hich  f i t t e d  into  the  B 14 s o c k e t  on the  a b s o r p t i o n  a p p a r a t u s .

It w as  found th a t  a t e m p e r a t u r e  g r a d i e n t  of 40°C was  p r e s e n t  in s ide
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the  a c t iv a t in g  f u r n a c e  and  co n se q u e n t ly  the  boa t  con ta in ing  the

c a t a l y s t  was  a lw ays  p l a c e d  in the c e n t r e  of the  f u r n a c e .

The  c a t a l y s t  was a c t i v a t e d  by a t t a ch in g  the a b s o r p t i o n  a p p a r a t u s

to the  h igh  v a c u u m  a p p a r a t u s  d e s c r i b e d  in s e c t io n  1 0 . 1 . and  with

-3the  f u r n a c e  h e a te d ,  p u m p e d  to a v a c u u m  of 1 x 10 t o r r .  P u r i f i e d

h y d r o g e n  was  th en  a d m i t t e d  to the  a p p a r a t u s  to a p r e s s u r e  of about

200 t o r r  and  le f t  a t  220 - 240°C fo r  about  one h o u r .  D ur ing  the

t i m e  th a t  the  f u r n a c e  was  s w i tch ed  on co ld  w a t e r  was  p a s s e d  th ro u g h

the  c o p p e r  s p i r a l s  in  the  t h e r m o s t a t  box,to  p r e v e n t  o v e r h e a t in g  of

the  p e r s p e x .  A f t e r  a c t i v a t io n  the c a t a l y s t  was  p u m p e d  to a p r e s s u r e  

_3
of 1 x 1 0  t o r r .

( 1 1 . 9 . )  The D e tec t io n  of M e r c u r y  A d s o r b e d  on the C a t a ly s t

The m e r c u r y  a d s o r b e d  on the  s u p p o r t e d  c a t a l y s t  was  d e t e c t e d  

in  a s i m i l a r  m a n n e r  to th a t  a d s o r b e d  on the  e v a p o r a t e d  n ic k e l  f i lm s  

( s e c t io n  9 . 2 3 . ) .  A s i m i l a r  t u b u la r  h a lo g en  quenched  c o u n te r  

( M u l l a r d  type  120X) was  f i t t ed  into r e c e s s e s  in the p e r s p e x  t h e r m o s t a t  

box so t h a t  i t  w as  p o s i t io n e d  p a r a l l e l  to and  d i r e c t l y  above the  tube 

con ta in ing  the  c a t a l y s t  ( s ee  F i g .  1 1 . 4 . ) .  The  r e c e s s e s  w e re  m o u ld e d  

into the  shape  of the  c o u n te r ,  u s in g  f ib r e  g l a s s  p a s t e ,  so th a t  the  

c o u n te r  f i t t ed  t ig h t ly  and  r e t a i n e d  a c o n s ta n t  counting g e o m e t r y .

When in  p o s i t io n  the  c o u n te r  was  as  c lo se  to the  tube con ta in ing  the
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c a t a l y s t  a s  the  p r e s e n c e  of the  s m a l l  a c t i v a t in g  f u r n a c e  would 

p e r m i t  and  the  c a t a l y s t  was  in the  c e n t r e  of the  "w o rk in g  r e g io n "  

of the  c o u n t e r .

The c o u n te r  was  s h ie ld e d  f r o m  b a c k g r o u n d  r a d i a t i o n  by 

e n c lo s in g  the  top and  s id e s  with  an  i n v e r t e d  U - s h a p e d  s h e e t  of 4 m m  

th ic k  l e a d .  Su i tab ly  sh ap e d  p i e c e s  of l e a d  s h e e t  s h ie ld ed  the  ends  

of the  c o u n t e r .

D e t e r m i n a t i o n  of the  V o lum e  of H ydrogen  D i s p l a c e d  by M e r c u r y  
f r o m  a R e d u c e d  S u p p o r te d  M e ta l  C a ta ly s t :  E x p e r i m e n t a l

( 1 1 . 1 0 . )  The  A p p a r a t u s

The a p p a r a t u s  is  shown in  F i g .  1 1 .5 .  The  c a t a l y s t  was  p l a c e d  

a t  the  b o t to m  of the  c a t a l y s t  v e s s e l  (CV) which  had  a vo lum e  of about  

25 cc and  to which  was  a t t a c h e d  a s ide  a r m  conta in ing  a s o u r c e  of 

r a d i o a c t i v e  m e r c u r y  (M). A M cL eo d  gauge wi th  a low v o lu m e  bulb  

w as  u s e d  to m e a s u r e  the h y d r o g e n  p r e s s u r e  and  was  s e p a r a t e d  f r o m  

the  c a t a l y s t  v e s s e l  by m e a n s  of two s t e e l  b a l l / g r o u n d  g l a s s  v a l v e s .

In E x p e r i m e n t  101 a s ide  a r m ,  s u r r o u n d e d  with  l iqu id  n i t r o g e n ,  was  

f i t t e d  b e tw e e n  the  M c L e o d  gauge and  the  b a l l  v a lv e s  to p r e v e n t  

p o iso n in g  of the  f i l m  by in a c t iv e  m e r c u r y .  In E x p e r i m e n t  102 th i s  was  

r e p l a c e d  by a low v o lu m e  co ld  t r a p  as  i n d i c a te d  in F i g .  1 1 .5 .

A c o n n ec t in g  tube  f i t t e d  wi th  a c o n s t r i c t i o n  (C) en ab le d  the  whole 

a p p a r a t u s  to be  a t t a c h e d  to a v a c u u m  s y s t e m  and  e v a c u a t e d .  In
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E x p e r i m e n t  101 the s o u r c e  of r a d io a c t i v e  m e r c u r y  was  s u r r o u n d e d  

by a s h ie ld  of 4 m m  l e ad  s h e e t  which  was  coo led  by s u r r o u n d in g  i t  

wi th  a 3 c m  d i a m e t e r  s p i r a l  of th in  w a l led  r u b b e r  tub ing ,  t h ro u g h  

w h ich  co ld  w a t e r  was  p a s s e d .  In E x p e r i m e n t  102 a D e w a r  f l a s k  f i l l ed  

wi th  ice  was  u s e d .  The c a t a l y s t  v e s s e l  was  p l a c e d  in a 10 1 c a p a c i ty  

t h e r m o s t a t  tank  which  was s t i r r e d  m e c h a n i c a l l y .  T e m p e r a t u r e  

c o n t r o l  was  m a i n t a i n e d  within  0 . 2 ° C  of the  d e s i r e d  t e m p e r a t u r e  u s ing  

a Sunvic type  TS3 c o n t r o l l e r  in  con junc t ion  with  a hot w i r e  v a c u u m  

s w i tch .

( 1 1 . 1 1 . )  The C o u n te r

Since  the c a t a l y s t  v e s s e l  had  to be m a i n t a in e d  in the  t h e r m o s t a t

tan k  the  end  window c o u n te r  which  was  u s e d  to d e tec t  the  m e r c u r y

p r e s e n t  on the  c a t a l y s t  had  to be m o d i f ied  to enab le  i t  to o p e r a t e  u n d e r

w a t e r .  I t  h a d  a l s o  b e en  in ten d ed  to u s e  th is  c o u n te r  to d e tec t

r a d i o a c t i v e  m e r c u r y  in a c a t a l y s t  v e s s e l  which  was  to be m a in t a in e d

a t  a t e m p e r a t u r e  of a t  l e a s t  100°C in  an  e l e c t r i c a l l y  wound f u r n a c e .

Th is  was  l a t e r  r e j e c t e d  in  fav o u r  of the  v a p o u r  ba th  counting s y s t e m

d e s c r i b e d  in s e c t io n  1 0 . 4 .  With  t h e s e  c o n s i d e r a t i o n s  in m in d ,  the

fo l lowing s y s t e m  w as  d ev e lo p ed .

The  c o u n t e r ,  a M u l l a r d  M x 147 (3, Y end window c o u n te r ,  hav ing

2
a window a r e a  of 6 3 . 5  m m  w as  f i t t ed  t igh t ly  into  a c lo se ly  wound



G . M .  T U B E  A D A P T E D  F O R  USE U N D E R W A T E R  

OR A T  HIGH T E M P E R A T U R E S  

(a c tu a l  s ize )

Fig.  II. 6.
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s p i r a l  of 3 m m  d i a m e t e r  c o p p e r  tub ing .  A d i a g r a m  of th is  s y s t e m  

is  shown in F i g .  1 1 .6 .  The end of the  s p i r a l  n e a r e s t  the  window was 

l e v e l l e d  u s in g  C a ta loy  f i b r e - g l a s s  p a s t e  and  c o v e r e d  with  a d isc  

of 0 .0 0 2  inch  c o p p e r  fo il ,  h e ld  in p o s i t io n  with  A r a l d i t e .  A s ec o n d  

d i s c  of c o p p e r  s e p a r a t e d  by a 3 m m  deep  2 .5  c m  d i a m e t e r  r in g  of 

c o p p e r  was  s e a l e d  in  p o s i t io n  above the  f i r s t .  A co n n ec t io n  was  m a d e  

f r o m  the  m a i n  s p i r a l  of tubing  into th is  c o m p a r t m e n t  and  an  o u t le t  was  

a l s o  f i t t ed ,  so th a t  w a t e r  cou ld  be c i r c u l a t e d  ro und  the  c o u n te r  and  

a c r o s s  the  c o u n te r  window. The  ou ts ide  of the  s p i r a l  was  c o v e r e d  

w i th  f i b r e - g l a s s  p a s t e ,  a s  was  the  b o t to m  of the  c o u n te r ,  a f t e r  i n s u l a t e d  

l e a d s  had  b e en  a t t a c h e d  to the  anode and  c a th o d e .  A leng th  of 3 c m  

d i a m e t e r  l e a d  p ip ing  was  found to fi t  t igh t ly  ro u n d  the  c o u n te r  and  

p r o v i d e d  a d eq u a te  sh ie ld in g .  The c a t a l y s t  v e s s e l  f i t t ed  into an  

e x t e n s io n  of th i s  p ip ing and  r e s t e d  on the  c o p p e r  above the  c o u n te r  

window.  Th is  e n s u r e d  c o n s t a n t  counting  g e o m e t r y .  This  c o u n te r  was  

found to o p e r a t e  s a t i s f a c t o r i l y  u n d e r  w a t e r .  C a r e  was  t a k e n  to c o n n ec t  

the  ca th o d e  to e a r t h .  I t  was  found th a t  the  a b s o r p t i o n  of the  g a m m a  

r a d i a t i o n  by the  c o p p e r  fo il  and  the  w a t e r  was  s m a l l .

( 1 1 . 1 2 . )  The  E x p e r i m e n t a l  P r o c e d u r e

A w e ighed  a m o u n t  of c a t a l y s t  f r o m  the  s a m e  s a m p l e ,  the  

p r e p a r a t i o n  of wh ich  is  d e s c r i b e d  in  s e c t io n  1 0 . 6 . , was  p l a c e d  in the



c a t a l y s t  v e s s e l  which  was  g l a s s  blown onto the  a p p a r a t u s .  The 

a p p a r a t u s  was  th e n  e v a c u a t e d  u s ing  the  r o t a r y  pum p of the  v a c u u m  

e q u ip m e n t  d e s c r i b e d  in s e c t io n  1 0 .1 .  H y d ro g en  was  a d m i t t e d  to the 

a p p a r a t u s  to a p r e s s u r e  of 2 0 0  t o r r  and a n i c h r o m e  w i r e - w o u n d  f u r n a c e  

a t  a t e m p e r a t u r e  of 220°C p l a c e d  ro u n d  the  c a t a l y s t  v e s s e l .  A f t e r  

a c t i v a t in g  the  c a t a l y s t  a t  th i s  t e m p e r a t u r e  fo r  an  h o u r ,  the  fu r n a c e  

w as  s w i tch e d  off and  the  c a t a l y s t  a l low ed  to coo l .  The h y d r o g e n  was  

t h e n  p u m p e d  out u s in g  the  r o t a r y  pum p and  the  a p p a r a t u s  s e a l e d  off a t

the  c o n s t r i c t i o n ,  the  u l t i m a t e  p r e s s u r e  r e a d  on the  M c L e o d  gauge

-2 -4be ing  3 .6  x 10 t o r r  in E x p e r i m e n t  101 and  1 x 1 0  t o r r  in

E x p e r i m e n t  102. The c a t a l y s t  v e s s e l  was  p l a c e d  in p o s i t io n  in the

le a d  sh ie ld in g  in the  t h e r m o s t a t  tank  which  was  a t  a t e m p e r a t u r e  of

2 5 ° C .  The  c a t a l y s t  was  d i s t r i b u t e d  a s  even ly  a s  p o s s ib l e  on the  b o t to m

of the  c a t a l y s t  v e s s e l .  The l e a d  sh ie ld ing  and  a p p r o p r i a t e  cooling

s y s t e m  w e r e  p l a c e d  ro u n d  the  m e r c u r y  s o u r c e  and  the  cold  t r a p

s u r r o u n d e d  by l iqu id  n i t r o g e n .  L e a d  sh ie ld ing  was  a l so  p l a c e d  b e tw ee n

the  c o u n te r  and  the  l iqu id  n i t r o g e n  t r a p  to p r e v e n t  a c o n t r ib u t io n  to

the  m e a s u r e d  count  f r o m  ra d io a c t i v e  m e r c u r y  which  m ig h t  have

d i f fu sed  to the  t r a p  th r o u g h  the  b a l l  v a l v e s .

Counts  w e r e  th e n  t a k e n  fo r  10 m in  p e r i o d s  along wi th  r e a d in g s  

of the  M c L e o d  g a u g e .  C a r e  w as  t a k e n  to r a i s e  the  b a l l  v a lv e s  b e fo re  

m a k in g  a p r e s s u r e  m e a s u r e m e n t  s in ce  they  w e r e  found capab le  of
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m a in ta in in g  a p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e m .  E x p e r i m e n t  101 

was  c a r r i e d  out du r in g  a p e r i o d  when the r o o m  t e m p e r a t u r e  was  

p a r t i c u l a r l y  low and  the  t e m p e r a t u r e  of the  m e r c u r y  s o u r c e  d id  not 

r i s e  above  15°C .

The v o lu m e s  of the  a p p a r a t u s e s  w e r e  d e t e r m i n e d  by fi l l ing  

t h e m  with  w a t e r  a f t e r  the  e x p e r i m e n t  and  the M cL eo d  gauge  was 

c a l i b r a t e d  a s  i n d i c a t e d  in Appendix  4 .
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A P P E N D IX  1

(a) D e t e r m i n a t i o n  of Value  of R a te  C o n s ta n t  f r o m  E x p e r i m e n t a l  
Data

The da ta  g iven  w e r e  o b ta ined  f r o m  ru n s  5 and  8  on F i l m  15.

F r o m  the e x p r e s s i o n s  d e r i v e d  in s ec t io n s  9 . 1 7 .  and  9 . 2 7 .

P  = (P  - a) - P D  and  P D  ( t o r r )  = Gauge R ead ing  x 1 .34  - 0 .1 5
c  o

.* . P  ( t o r r )  = (P  - a + 0 .1 5 )  - Gauge R ead ing  x 1 .34
c o

In both  r u n s  the  s a m e  gas  m i x t u r e  was  u s e d  in which  the

f r a c t i o n  of h y d ro g e n  was  0 . 5 ,  t h e r e f o r e  a = 0 .5  P  .

The  v a lu e s  of the  l o g a r i t h m  of P c w e r e  p lo t ted  a g a i n s t  t i m e .  

S e m i l o g a r i t h m i c  p a p e r  was  u s e d  to f a c i l i t a t e  th i s  and  the  b e s t  s t r a i g h t  

l ine  d r a w n  t h r o u g h  the  po in ts  a s  shown in F i g .  1 . 4 .  The g r a d i e n t  of 

th i s  l in e ,  giv ing the  va lue  of the  r a t e  c o n s ta n t ,  was  c a l c u l a t e d  as  

fo l lows  :

~ log 13 .7 4  - log 3 .7 2  - 0 .5675  _G r a d i e n t  ( r u n  5) = ------------ ----- ----------------= ------- —  -  - 0 .0237

^  w  ox log 13 .28  - log 3 .1 9  - 0 . 6 1 9 4G r a d i e n t  ( r u n  8 ) = -------------   —------------ = ------- ~   = - 0 .0229

E x p e r i m e n t a l  D a ta  fo r  r u n  5 F i l m  15

L e v e l  of Hg m e n i s c u s  in  e v a c u a t e d  l im b  of m a n o m e t e r  = 4 9 .6 0 4  c m  

11 " 11 M 11 o th e r  " " " = 4 6 .6 5 8  c m

2.9 8 5  c m

Non z e r o in g  f a c t o r  ( s e e  s e c t io n  9 . 1 7 . )  = . 039 c m

.* . I n i t i a l  T o t a l  P r e s s u r e  (P  ) = 2 9 .8 5  t o r rv o

C on t inued  o v e r
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r i m e
min)

Gauge
R ead ing

(GR)
GR x 1.

1 0 .5 0 0 .67

2 1 . 0 0 1 .34

3 1 .50 2 . 0 2

4 2 . 0 0 2 .69

5 2 .5 0 3 .36

6 3 .0 0 4 .0 3

7 3 .4 0 4 .5 7

8 3 .8 0 5.11

9 4 . 2 0 5 .65

11 4 . 9 5 6 .6 5

1 2 5 .2 5 7 .0 6

13 5 .5 5 7 .4 6

14 5 .8 5 7 .8 6

15 6 .1 5 8 .2 7

17 6 .6 5 8 .9 4

18 6 .9 5 9 .3 4

19 7 .1 5 9 .6 1

2 0 7 .4 0 9 .9 5

2 2 7 .8 0 10.48

24 8 .1 5 10.95

2 6 8 .4 5 11.36

28 8 .7 5 11.76

30 8 .9 0 11.96

32 8 .9 0 11.96

34 9 . 0 0 1 2 . 1

52 9 . 0 0 1 2 . 1

P  t o r r  c

14.41

13 .74

13.06

12.39

11 .72

11 .05

10.51

9 .9 7

9 .4 3

8 .4 3  

8 . 0 2  

7 . 6 2  

7 .2 2  

6 .81  

6 . 1 4  

5 .7 4  

5 .47

5 .1 3  

4 . 6 0

4 . 1 3  

3 .7 2  

3 .3 2

3 .1 2

3 .1 2

2 . 98  

2 .98
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(b) S p e c im e n  C a lcu la t io n  of Weight of M e r c u r y  P r e s e n t  on 
F i l m  D ur ing  R e a c t io n

F i l m  22, S u m m a r y  of Counts

B a c k g r o u n d  of l iqu id  c o u n te r

Count f r o m  10 cc of so ln .
con ta in ing  f i l m  

( F i l m  d i s s o l v e d  in 25 cc)

Count f r o m  10 cc of s t a n d a r d  
(3 4 .6  m g  Hg in  100 cc)

B a c k g r o u n d  on c y l i n d r i c a l  
c o u n te r

Count  d u r ing  r u n  9

10

11

12

13

14

15

16 

17

T o ta l  w t .  of Hg on f i lm  =

Count

2466 T 122 

5619 t 40

11849 r 8

34725 f 191

3391 19

3966 - 21 

4502 r 21 

5266 - 23 

9610 - 35 

8474 - 30 

7387 - 24 

3751 - 12 

10503 - 31

3 .4 6  x 119

- B ac k g ro u n d  
+ P a r a l y s i s  

T im e

20 = Bkgd

119

1479

181 = Bkgd

0

8

33

48

94

101

127

132

158

mg0 . 4  x 1479 

= 0 .7 0  mg

Since  count  on c y l i n d r i c a l  c o u n te r  f r o m  th i s  weight  of Hg 

was  158 c . p . m .  To c o n v e r t  counts  on c y l i n d r i c a l  c o u n te r  to 

c o r r e s p o n d i n g  w e igh ts  of Hg m u l t ip ly  coun ts  by f a c to r  0 .7   ̂ 158.
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D e t e r m i n a t i o n  of Weight of F i l m  22 ( s e e  s ec t io n  9 . 2 8 . )

S t a n d a r d  so lu t ions  F i l m  so lu t ions

2 7 .3  m g / 1 3 2 .5  m g /1 A B

O p t ic a l  Density- 0 . 0 0 0 0. 176 0 . 1 1 1 0 .0 9 2

0 . 0 0 0 0. 175 0 . 1 1 1 0 .0 9 3

O p t ic a l  d e n s i ty  of 0 . 176 f r o m 5 .2 mg

• u it it n • • . 1 0 1  " 5 .2
0

x 0 . 1 0 1  
.176  m g = 3 m g

i . e .  F i l m  so ln .  c o n ta in s  3 m g  Ni/1  m o r e  than  2 7 .3  s t a n d a r d  

.* . Wt.  of f i l m  = 3 0 .3  m g



Cyclopropane
F O R  DETAILS SEE TEXT

CL
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A P P E N D IX  2

G a s - L i q u i d  C h r o m a t o g r a p h i c  A n a ly se s

The G . L . C .  a n a l y s e s  w e r e  c a r r i e d  out u s in g  a B e c k m a n  GC2A 

Gas  C h r o m a t o g r a p h  and a 12 ft co lu m n  of d im e th y l s u lp h o la n e ,  30% 

on C22 F i r e b r i c k  42 - 60 m e s h .  S a m p le s  fo r  a n a l y s i s  w e r e  t r a n s f e r r e d  

u s in g  a H a m i l to n  gas  s y r i n g e .

A n a ly s i s  1 . 1 .  U n p u r i f ied  c y c lo p r o p a n e ,  ex L ig h t  and  C o .

Sam p le :  0 . 4  m l  a t  760 t o r r .  A t tenua t ion :  10.

C a r r i e r  gas :  a t  30 m l  m in  \

R e te n t io n  t i m e s  (ob ta ined  f r o m  s t a n d a r d s  u n d e r  c o m p a r a b l e  c o n d i t io n s ) .  

C y c lo p ro p a n e  5 .1  m in ,  P r o p y l e n e  3 .7  m in ,  P r o p a n e  3 .1  m in .

R e l a t i v e  p eak  a r e a s  48 : 2 .7  : 1 . 2 .

A n a l y s i s  1 . 2 .  U n p u r i f ied  c y c lo p r o p a n e  ex B r i t i s h  Oxygen Co. 

Cond i t ions  a s  fo r  a n a l y s i s  1 . 1 .

No d e t e c t a b l e  p e ak s  o th e r  th a n  th a t  fo r  c y c lo p r o p a n e  w e r e  o b s e r v e d .

A n a ly s i s  2:1 .  A n a ly s i s  of p r o d u c t s  of r e a c t i o n  of c y c lo p r o p a n e  and  

h y d r o g e n  o v e r  1% P d  on c a r b o n .

C a r r i e r  g a s :  He a t  36 m l  m in  \

S a m p le :  1 m l  a t  30 t o r r  + a i r  to a t m o s p h e r i c  p r e s s u r e .

A t te n u a t io n :  1.

R e te n t io n  t i m e s :  P r o p a n e  2 .6  m in ,  A i r ,  e t c .  2 . 0  m in .

A n a ly s i s  2 :2 .  As  fo r  2:1 but  a t t e n u a t io n  100 fo r  f i r s t  p e a k .
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A P P E N D IX  3

Data  fo r  S im u l tan e o u s  M e r c u r y  A d s o r p t i o n / H y d r o g e n  D e s o r p t ion 
f r o m  S u p p o r ted  N ic k e l  Cat a l y s t s

E x p e r i m e n t  101

Wt.  of 5% Ni on P u m i c e  u s e d  = 0 .4969  g 
(100 g p u m ic e  c o n ta in ed  5 g Ni)

Wt. of Ni p r e s e n t  = 23 .6  m g

1
.20

23No. of Ni a t o m s  p r e s e n t  = 6 .  023 x 10 x 0. 0236 - 5 8 .7

= 2 .4 2  x 10

6 .0 2 3  x 1023 x 2 .27  x 10 2 x  2 No. of H a t o m s  d i s p l a c e d  = ------------------------------ - -----------------
(vol.  c a l c ,  in s e c t io n  7 . 8 . )  2 2 .4  x 10

18
= 1 .18  x  10

E s t i m a t i o n  of R a d i o a c t iv e  M e r c u r y

Wt.  of c a t a l y s t  a f t e r  E x p t .  101 = 0 .5 0 5 4  g

Wt. u s e d  fo r  a n a l y s i s  = 0 .4 9 9 0  g

B a c k g r o u n d  on l iqu id  c o u n te r  = 788 - 45 = 17 c . p . m .

38264Count  f r o m  10 m l  s t a n d a r d  so ln .  = — —— = 850 c . p . m .4 b( 1 1 .5  m g  Hg in 100 m l  acid)

C o r r e c t e d  fo r  p a r a l y s i s  t i m e  and b a c k g r o u n d  = 839 c . p . m .

19472Count f r o m  10 m l  so ln .  con ta in ing  c a t a l y s t  = — —
( 0 .5  g d i s s o l v e d  in  12 m l  acid)

(10 m l  m a d e  up  to 50 m l)  = 423 c . p . m .

C o r r e c t e d  = 407 c . p . m .

1. 15 x 407 x 5 x 1 .2  x 0 .5 0 5
. . T o ta l  w t .  of Hg on c a t a l y s t  =  839 x 6 ' 499---------- m g

= 3 .3 9  m g
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C a lcu la t io n  of Wt.  of M e r c u r y  P r e s e n t  on P l a t e a u x  in F i g .  6 . 2 .

B a c k g ro u n d  on G . M .  tube  = 595 f 10 = 5 9 .5  c . p . m .

4483
Count f r o m  3 .3 9  m g  Hg = - y  ■ - 59 .5
(91 h r  a f t e r  s t a r t  of E x p t . )

= 347 c . p . m .

C a l c u l a t e d  count r a t e s  f r o m  above a f t e r  v a r i o u s  t i m e s ,  t  :

( h o u r s )  12 27 40 91

Count r a t e  ( c . p . m . )  360 358 356 347

Count f r o m  Hg p r e s e n t  c o r r e c t e d  fo r  b a c k g r o u n d

108 145 170 347

£ TT . ,  ̂ 3 .3 9  x count on p la t e a u. . Wt.  of Hg p r e s e n t  on p la t e a u x  = ---------- -—-— -------  _c o r r e c t e d  count f r o m  3 .3 9  m g

tvj r  -TT , , 6 .0 2 3  x  1023 x  wt.  of HgNo.  of Hg a t o m s  p r e s e n t  = ------------- ------— 7--------------- —
6 ^  2 0 0 . 6

S u m m a r y  of r e s u l t s  is  g iven  in  T ab le  6 . 2 .

E x p e r i m e n t  102

Wt. of 5% N ick e l  on P u m i c e  c a t a l y s t  u s e d  = 0 .4 9 7 8  g

. 6 .0 2 3  x 1023 x 2 .3 4  x 10 x 2
No.  of H a t o m s  d i s p l a c e d  = ------------- 22~*4---- H P ---------------------
(vol.  c a l c ,  in s ec t io n  7 . 8 . )

1 O L  1 r\ 1  ®= 1 .26  x 10

E s t i m a t i o n  of R ad io a c t iv e  M e r c u r y

„  ,  , .  r __ + .  1 .65  x 102 x  5 x 1 .2  x  0 .5 0 0T o t a l  w t .  of Hg p r e s e n t  on c a t a l y s t  = -------- -—y- .----  ■ ----- --------m g
( c a l c u l a t e d  a s  fo r  E x p t .  101) X

= 0 .9 3  mg
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C a lcu la t io n  of Wt.  of Hg to D isp lac e  a l l  H y d ro g en  in  E x p t .  102

493B a c k g r o u n d  on G . M .  tube = -  41 c . p . m .

Count f r o m  0 .9 3  m g Hg = 150 - 41 = 109 c . p . m .

Count  when on p la t e a u  = 135 - 4 1  = 94 c . p . m .

0 93 x 94. ‘ . Wt.  of Hg on p la t e a u  = ■ -*■-̂   -----  = 0 .7 8  m g

18= 2 .3 4  x 10 a to m s

Count  when a l l  H^ d i s p l a c e d  = 123 - 4 1  = 8 2 c . p . m .

0 93 x 82
.* . Wt.  of Hg to d i s p la c e  H = ■ ■*■ ■ ■  ----- m g  = 0 .7  m g

£ 1 U7

18= 2 . 1 x 1 0  a to m s

S u m m a r y  of R e s u l t s  of H^ D i s p l a c e m e n t

E x p t .  101 E x p t .  102 E x p t .  103
« » ^  Q 2  Q

N o.  of Ni a t o m s  2 .4 2  x 10 2 .4 4  x 10 2 .0 2  x  10

N o.  of H a t o m s  1 .18  x  1 0 ^  1 . 2 6 x 1 0
d i s p l a c e d

R at io  of Ni to H 205 194
a t o m s

N o .  of Hg a t o m s  to 2 .5  1 .85
d e s o r b  1 H a t o m
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R un 101

M cL eo d  gauge r e a d in g  = 19 .5  m m  a f t e r  5 h r
and  c o n s ta n t  th roughou t

T im e  of Leng th Counts T im e  of Leng th Count
Count of Count p e r  m in Count of Count p e r  mi
(hr) (min) (hr) (min)

0 10 59 .5 47-16 18 232. 1
0-6 10 66 47-45 10 22 7 .8
0-17 10 6 9 .6 49-47 10 2 3 0 .5
0-28 10 7 4 .5 50-56 28 24 5 .5
0-40 11 8 2 .7 51-25 18 24 6 .5
0-57 10 9 8 .2 52-15 12 250 .9
1-11 10 125 53-17 10 25 4 .9
4 -3 10 156 53-37 10 258 .1
5-26 10 165 .4 53-52 22 25 3 .5
6-33 10 164.6 54-24 20 2 5 4 .2
7-1 10 165 .0 55-22 30 2 6 0 .9

16-40 10 177 .8 65-7 10 290 .6
16-51 11 170.1 65-22 16 296
17-39 12 174 65-38 14 303 .1
18-6 12 182 65-54 18 3 0 5 .5
18-31 24 192.8 66-11 12 3 0 8 .4
19-12 10 186 .9 66-24 12 307
19-36 10 196 .2 66 -46 28 3 0 4 .8
21-10 14 192 .5 67-10 20 3 0 1 .4
21-54 10 199 .2 68-27 10 3 1 6 .2
22-28 10 20 1 .8 68-39 14 3 0 8 .2
23-3 10 200 .7 69-15 36 3 1 2 .3
23-22 10 199.8 70-32 20 32 4 .6
25-7 10 2 0 5 .2 70-47 10 32 8 .7
28-9 26 2 0 6 .2 70-59 10 3 2 6 .4
29-29 10 209 .6 71-15 20 3 3 2 .3
29-53 10 21 1 .5 71-42 32 3 3 2 .2
30-34 10 21 5 .5 72-6 11 338 .1
31-15 10 222 .7 72-45 10 3 3 6 .5
43-21 10 235 .6 74-9 42 337 .6
4 4 -4 2 12 229 76-15 12 3 4 7 .4
45-41 18 235 78-22 6 35 3 .5
4 5 -5 5 10 2 3 0 .2 87-41 10 3 8 4 .2
4 6 -1 2 10 22 3 .8 88-45 16 38 9 .5
46 -28 10 2 2 8 .5 89-15 26 399
4 6 -4 0 10 2 2 6 .4 89-22 14 39 3 .5
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Run 102

T i m e  of 
Count 
(min)

0

7

16

27

65

82

111

130

145

158

188

202

225

242

565

L eng th  
of Count 

(min)

12

12

10

10

1

10

1

7

10

10

10

12

9

2

4

Counts  
p e r  m in

41

5 9 .5

6 3 .6  

7 0 .3  

80 

94

92

103

1 1 1

107.8  

120

124.9  

124 .4  

126 

126

M cL eo d
Gauge

R ead ing
(m m )

2

2

6

7

8 

7

11 .5  

10

9 .5

10

11

11.5  

12 

13

13.5

13.5  

13

13.5

15.5

15.5

15.5  

16 

16 

16 

16 

16

T i m e  of 
R ead ing  
Gauge 
(min)

2

10

19

23

26

34

37

39

41

49

55

62

67

78

91

106

120

131

152

190

203

227

327

383

569

1170

* T i m e  a f t e r  a d m i s s i o n  of m e r c u r y  v a p o u r
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A P P E N D IX  4

C a l ib ra t io n  of M cL eo d  Gauge

U n d e r  the  c o n s ta n t  t e m p e r a t u r e  cond i t ions  u s e d  P.V = P  V ,
1 1  Cd L*

w h e r e  P^  t o r r  was  the  unknown p r e s s u r e  in the  bulb of v o lu m e

V cc ,  V cc was  the  vo lum e  of the  c o m p r e s s e d  gas  in  the  c a p i l l a r y
2= r1 x r  x  hcc  w h e re  r  was  the  r a d iu s  of the  c a p i l l a r y  and  h was  

the  l eng th  of the  gas  c o lu m n .  The p r e s s u r e  of the  c o m p r e s s e d  gas  

was  equa l  to the  v e r t i c a l  d i s t a n ce  f r o m  the b o t to m  of the  gas  co lu m n  

to po in t  to which  the  m e r c u r y  r e f e r e n c e  co lu m n  was  r a i s e d .

Wt. of m e r c u r y  to f i l l  bu lb  a t  18°C = 2 7 2 .0 2  g

Vol.  of 1 g Hg a t  18°C = 0 .0738  cc

.*.  Vol .  of bulb (V ) = 20 .1 3  cc

R ad ius  of c a p i l l a r y  tubing  = 0.  125 c m
(V e r id ia )

The  v e r t i c a l  d i s t a n c e  f r o m  the s e a l e d  end of the  c a p i l l a r y  
to the  r e f .  m a r k  = 4 . 7 0  c m

If h = leng th  of c o m p r e s s e d  gas  co lu m n

(h + 4 . 7 ) x ( r t x  r ^ x h )  = P  ̂  x  V ̂

. '  . P j  = (h + 4 .7 0 )  x 2 .4 3  x 10"^ t o r r



PROGRAMME 2.
includes solution of equation:

n x  s x y  -  s x  x  s y  
m = n X s x ^  -  ( s x ) -

Where s  =51 3 x  = t i m e  ( t ) , y  = I n  Pc

DAG30017LSJH L. S.  PROGRAM.
b e g i n  i n t e g e r  n ,  i ,  p;
r e a l  s x ,  s y ,  s x y ,  s x 2 ,  m , c ,  d;
o p e n ( 2 0 ) ;  o p e n ( l O ) :
s t a r t :  n : =  r e a d ( 2 0 ) ;
b e g i n  a r r a y  x , y  [ 1 : n ] ;
s x : = s y : = s x y : = s x 2 : = 0 . 0;
f o r  i :  = 1 s t e p  1 u n t i l  n  do
b e g i n  x [ i j  : = r e a d ( 2 0 ) ;
y L i J : = r e a d ( 2 0 ) ;
y [ i ]  : = l n ( y [ i ] ) .
e n d ;
f o r  i : = 1  s t e p  1 u n t i l  n  do  
b e g i n  s x : =  s x  + x [  i j ; 
s y : =  s y  + y [ i ] ;  
s x y : = s x y  + x [ i ] x y [ i ] ;  
s x 2 : = s x 2  + x [ i ] T 2 e n d ;
d : =  n x s x 2  - s x T 2 ; m : =  ( n  X s x y  - s x  X s y ) / d ;  
c : =  ( s x 2  x  s y  -  s x  X s x y ) / d ;  
s x : = 0 . 0;
f o r  i : =  1 s t e p  1 u n t i l  n do  
b e g i n  x [ i J  : = ( y  L i  j -  c ) 7 m  -  x [ i ] ;  
s x  := s x  + x [ i j T 2  e n d ; 

d := s q r t  ( s x / n ) ;

w r i t e  t e x t  ( 1 0 ,  [ [ 4c  ] m*=*J_); 
w r i t e  ( 1 0 ,  f o r m a t  (_[_-d. dddddio-ndj_) , m);  
w r i t e  t e x t  ( 1 0 ,  [ [3 sJ_  c*=*j_) ? 
w r i t e  ( 1 0 ,  f o r m a t T [ - a .  dddddio-ndJ_), e x p ( c ) ) ;  
w r i t e  t e x t  ( 1 0 ,  [ L 3 s ] rms*=*J_);  
w r i t e  ( 1 0 ,  f o r m a t  (X“d* d d d d d i o - n d j ) , d 
w r i t e  t e x t  ( 1 0 ,  [ [ 2 c ] D e v i a t i o n s  [ c ] ]  
f o r  i  := 1 s t e p  1 u n t i l  n  do
w r i t e  (10, f o r m a t  (X 12s -d. dddddio-ndcX) * x [ i ] ) ;
p :=  r e a d  ( 2 0 ) ;  
i f  p = 1 t h e n  g o t o  s t a r t ;  
c l o s e  ( 1 0  
c l o s e  ( 2 0  
en d  en d
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A P P E N D IX  5

The C o m p u te r  P r o g r a m m e s

Two c o m p u t e r  p r o g r a m m e s  w e r e  p r e p a r e d  u s in g  K D F 9 A lgo l .  

The f i r s t  s o lv ed  the  e x p r e s s i o n s  d e r i v e d  in s ec t io n s  9 .1V.  and  9 . 2 7 . ,  

v i z .

P  = P - G x O .  1344c
w h e r e  P  = (P  - a + 0 .0 1 5 )  and  G = gauge r e a d in g  with  P ^  an d  a 

in  u n i t s  of t o r r  x 10. The  so lu t ion  m a t e r i a l  f r o m  th i s  p r o g r a m m e  

was  a r r a n g e d  su ch  th a t  i t  could  be fed  d i r e c t l y  a s  da ta  fo r  the  s ec o n d  

p r o g r a m m e .  Th is  p r o g r a m m e  d e t e r m i n e d  the  b e s t  s t r a i g h t  l ine  

t h r o u g h  the  v a lu e s  of In P ^  a g a i n s t  t i m e  by the  m e th o d  of l e a s t  s q u a r e s .  

In p r a c t i c e ,  h o w e v e r ,  i t  was  found a d v i sa b le  to p lo t  the  v a lu e s  

o b ta in ed  f r o m  the  f i r s t  p r o g r a m m e  to v e r i f y  the  l i n e a r i t y  of the  

r e l a t i o n s h i p ,  b e f o r e  u s in g  the  s ec o n d  p r o g r a m m e .  Thus  any  po in ts  

a t  the  beg inn ing  o r  end  of the  r e a c t i o n  which  did not c o n f o r m  to the  

l i n e a r i t y ,  a s  a r e s u l t  of an  induc t ion  p e r i o d  o r  t e r m i n a t i o n  of the  

r e a c t i o n ,  w e r e  o m i t t e d .

P r o g r a m m e  2 is  i n d ic a te d  o p p o s i t e .  The da ta  fo r  th is  was  

p r e p a r e d  in the  fo llowing m a n n e r .  The v a lu e s  of P  an d  t w e r e  

g iven  fo r  e a c h  ru n ,  p r e c e d e d  by the  n u m b e r  of po in ts  in  e a c h  r u n .

In the  c a s e  of the  f i r s t  r u n  the  t o t a l  n u m b e r  of r u n s  was a l so  g iven .

A t  the  end  of the  da ta  fo r  e ac h  ru n  an  in d ic a t io n  was  g iven  th a t  m o r e  

da ta  was  to fol low u s in g  the  sy m b o l  (1;) ex cep t  in the  c a s e  of the  l a s t  

r u n  in  which  (0;) w as  u s e d .  T h is  p r o g r a m m e ,  as  wel l  a s  giving the 

g r a d i e n t  of the  r e l a t i o n s h i p  b e tw een  In y and  t ,  a l s o  gave  the v a lu e s  

of the  i n t e r c e p t  , the  r o o t  m e a n  s q u a r e  e r r o r  and  the  dev ia t ion  

of e ac h  po in t .
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A P P E N D IX  6

Study of the  G a m m a  r a y  P h o t o e l e c t r i c  E f fec t  in L e a d

In an  a t t e m p t  to i m p r o v e  the  counting e f f ic iency  of the  G . M .  

tube  fo r  “V r a d i a t i o n  p r o d u c e d  f r o m  the r a d io a c t i v e  m e r c u r y  a d s o r b e d  

on s u p p o r t e d  c a t a l y s t s  the  following s tudy was  c a r r i e d  out .

The  c o u n te r  was  f i t t ed  a t  the  top of a l e a d  c a s t l e  which  co n ta in ed  a 

n u m b e r  of s h e lv e s  n u m b e r e d  as  be low :

C o u n te r

  Shelf  1

  Shelf  2

 ' Shelf  3

  Shelf  4

203A s o u r c e  of r a d i o a c t i v e  m e r c u r y  Hg was  p l a c e d  on sh e l f  4
- 2and  a s h e e t  of 69 rng c m  a l u m i n i u m  was  p l a c e d  on she l f  3.  Th is  

a m o u n t  of a lu m i n i u m  was  su f f ic ien t  to a b s o r b  the  (3 r a d i a t i o n  p r o d u c e d  

by the  s o u r c e  wi thou t  a f fec t ing  the  am o u n t  of "V r a d i a t i o n .  S h ee t s  of 

v a r i o u s  m e t a l s  w e r e  p l a c e d  on sh e l f  2 and  the  counts  ob ta in ed  f r o m  

the  c o u n te r  a r e  l i s t e d  in the  t ab le  o v e r l e a f .

It was  found th a t  the  p r e s e n c e  of a l u m i n i u m  o r  c o p p e r  had  l i t t l e  

e f fec t  on the  coun t  o b s e r v e d  but a s h e e t  of l e a d  of t h i c k n e s s  c o m p a r a b l e  

to th a t  of t h e s e  m e t a l s  p r o d u c e d  a c o n s i d e r a b l e  i n c r e a s e .  I n c r e a s e  of 

the  t h i c k n e s s  of l e a d  to tw ice  the  o r i g i n a l  va lue  did l i t t l e  to a f fec t  the  

coun t  but i n c r e a s e  to t h r e e  t i m e s  p r o d u c e d  a r e d u c t io n  which  was 

s t i l l  s u b s t a n t i a l l y  h i g h e r  th a n  th a t  o b ta in ed  with  the  o th e r  two m e t a l s  

o r  w i th  no m e t a l  p r e s e n t  a t  a l l .  Th is  in d i c a t e d  th a t  l e a d  in the  r a n g e  

of t h i c k n e s s e s  u s e d  w as  ab le  to i n c r e a s e  the  e f f ic iency  of the  c o u n t e r .  

Th i s  w as  b r o u g h t  abou t  by the  i n t e r a c t i o n  of the  g a m m a  r a d i a t i o n  with
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M e ta l  on 
Shelf  2

T h ick n es  s 
_ ?mg c m

Counts  
p e r  m in

None - 4,  636

A lu m in iu m 7 9 .3 4 ,5 1 8

C o p p er 8 4 .7 5 ,0 6 2

L e a d 87 10 ,150

L e a d 153 10 ,053

L e a d 240 9 ,2 5 9

the  h igh  a to m ic  n u m b e r  m e t a l  to p ro d u c e  e l e c t r o n s  which  w e r e  m o r e

e f f ic ie n t ly  c o u n ted  by the  c o u n t e r .  T h a t  the  a b s o r p t io n  o c c u r r e d  by
- 2t h i s  p r o c e s s  was  v e r i f i e d  by p lac ing  the 7 9 .3  m g  c m  s h e e t  of

-2a l u m i n i u m  on sh e l f  1 when the  153 m g  c m  l e a d  was  p r e s e n t  on

sh e l f  2. A l though  th is  t h i c k n e s s  of a l u m i n i u m  had  l i t t l e  e f fec t  on

the  coun t  when no l e a d  was  p r e s e n t  a r e d u c t io n  to 3895 c . p . m .  was

o b s e r v e d  in th i s  c a s e  owing to the m o r e  e f f ic ien t  a b s o r p t i o n  by the

a l u m i n i u m  of e l e c t r o n s  c o m p a r e d  with  “Y r a d i a t i o n .

The  e f f ic ien cy  of the  c o u n te r  u s e d  in  the s u p p o r te d  c a t a l y s t
- 2w o r k  w a s ,  t h e r e f o r e ,  i n c r e a s e d  by p lac ing  a s h e e t  of 87 m g  c m  

l e a d  a s  c lo s e  to the  c o u n te r  window as  p o s s i b l e .
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A P P E N D IX  7

Use  of a W e l l - C r y s t a l  S c in t i l l a t io n  C o u n te r  to D e t e r m i n e  the  Weight 
of R ad io a c t iv e  M e r c u r y  P r e s e n t  on a S u p p o r ted  C a t a ly s t

P d  E x p e r i m e n t  8

S u m m a r y  of Counts  (a ll  counts  t a k e n  o v e r  10 s e c ,  B a c k g ro u n d
1023  ̂ 100)

S o u rce
Counts

-1sec
+ P a r a l y s i s  

T im e  
- B ac k g ro u n d

Counts  
s e c - l mg

20 .6  m g  unknown c a t . 1115 .2 1117.6 54 .25

23 .7  m g  unknown c a t . 1245.7 1251 .2 52 .79

2 8 .8  m g  unknown c a t . 1544 .2 1558.1 5 4 .1 0

4 3 . 5  m g  unknown c a t . 224 9 .4 2291 52 .67

20 .6  m g  + 1 m l  H NO^ 1125.6 - -

1 m l  s t a n d a r d  so ln .
(+ 2 4 .9  m g  in a c t iv e  c a t . )

562 .6 - -

1 m l  s t a n d a r d  so ln .
(+ 2 0 .3  m g  in a c t iv e  c a t . )

55 6 .4 550 .7  av . -

1 m l  s t a n d a r d  so ln . 553 .8 - -

1 m l  s t a n d a r d  so ln . 558 .6 - -

S t a n d a r d  so ln .  co n ta in ed  12 .8  mg
203

Hg in  500 m l  HNC>3

T o ta l  w t .  of c a t a l y s t = 225 .6  m g

.* . T o t a l  w t .  of m e r c u r y
12. 8 x  53 .4 5  x 225 .6 mg500 x 550 .7

= 0. 56 m g
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C o m p a r i s o n  with  L iqu id  Coun t ing T e chnique

0. 1725 g of c a t a l y s t  con ta in ing  m e r c u r y  d i s s o lv e d  in 12 cc HNO
203S ta n d a r d  so ln .  c o n ta in ed  12 .8  m g  Hg in 500 cc HNO^.

S u m m a r y  of Counts

S o u rce

B a c k g ro u n d  

10 cc unknown 

10 cc s t a n d a r d

Counts  
m in "  ^

18.5

445

328

+ P a r a l y s i s  
T im e  

- B a c k g ro u n d

18.5

427

310

T o ta l  w t .  of c a t a l y s t  = 225 .6  m g

r 203t t  12 .8  x  427 x  12 x  0 .226
T o ta l  w t .  of Hg = -------------- (T-173---------------- m g

= 0 .5 5  mg
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