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h y d r o g e n a t io n  sh o w s  th a t  t h e  a c t iv i t ie s  d e c r e a s e  in  th e  o r d e r :
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m etal d i s p e r s io n ,  th e  s u p p o r t  p la y s  a s ig n i f ic a n t  ro le  in  d e te rm in in g  th e  

o v e ra l l  a c t iv i ty .
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1

CHAPTER 1 

INTRODUCTION

1 .1  F la t inum  M etals

T h e  e a r l i e s t  k n o w n  u se  of t h e  p la t in u m  m etals  w as o v e r  tw e n ty -  

s e v e n  c e n t u r i e s  a g o  in  t h e  mT h e b e s  C a s k e t11, w h e re  p la tinum  was u s e d  for 

d e c o r a t iv e  p u r p o s e s .  H ow ever ,  i t  was n o t  u n t i l  th e  18th c e n t u r y  th a t  

t h e  S p a n ia r d s  d is c o v e re d  p la t in u m  among go ld  d e p o s i t s  in  th e  C hocd 

r e g io n  o f  Mew G ra n a d a  (n o w  Colom bia). U nknow n to  th e  S p a n is h ,  th e  

n a t i v e s  o f  t h a t  a r e a  h a d  b e e n  aw are  of th e  s e p a r a t e  id e n t i ty  of p la tinum  

m any  c e n t u r i e s  b e f o r e ,  a n d  h a d  l e a rn e d  to  u s e  i t  in  jew e lle ry  a n d  o th e r  

d e c o r a t iv e  fo rm s .  E x am p les  o f  s u c h  a r t e f a c t s  in c lu d e  p la t in u m = su rfa c e d  

g o ld  p e n d a n t s  a n d  p la t in u m  n o s e  r i n g s ,  e s t im a te d  to  b e  o v e r  a th o u s a n d  

y e a r s  o ld ,  w h ich  w e re  fo u n d  in  E cu a d o r  a t  th e  b e g in n in g  of th e  tw e n t ie th  

c e n t u r y  a n d  w h ich  a r e  n o w  h o u s e d  in  t h e  M useum of th e  A m erican  In d ia n  

in  Mew Y ork- (1)

P la t inum  w as  c a l le d  !,p l a t 2 na" b y  t h e  S p a n is h  -  th i s  w as a r a t h e r  

d e r o g a t o r y  te rm  d e r iv e d  from  "plata", th e  S p a n is h  fo r  s i lv e r .  T h e  r e a s o n  

f o r  t h i s  w as  t h a t  t h e  p la t in u m  w as fo u n d  a s s o c ia te d  w ith  g o ld ,  a n d  a s  s u c h  

i t  w a s  r e g a r d e d  a s  a  n u i s a n c e  b e c a u se  i t  was c o s t ly  to  s e p a r a t e .

P la t in u m  g o t  i t s  nam e  in  1777 from T o r b e m  B e rg m a n ,  a 

p r o f e s s o r  off c h e m is t ry  a t  U p p sa la ,  S w ed en ,  R h o d iu m , on  th e  o th e r  h a n d ,  

w as  fo rm ally  id e n t i f i e d  b y  William H yde Wollaston a n d  h i s  p a r t n e r ,  Sm ithson 

T e n n a n t  in  1M>4. T h i s  p a r t n e r s h i p  w as r e s p o n s ib le  fo r  t h e  d is c o v e ry  of 

t h r e e  o t h e r  p la t in u m  g r o u p  m e ta ls ; pa llad ium  in  1<§>92 a n d  ir id ium  a n d
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osmium in 1804. T h e  la s t  of th e  p la tinum  g ro u p  m e ta ls ,  ru th e n iu m ,  was 

d is c o v e re d  b y  K laus  in R u ss ia  some fo r ty  y e a r s  l a t e r .

In  th e  19th c e n t u r y ,  p la tinum  b e g a n  to  b e  u s e d  in la b o ra to r ie s  

in th e  form of p la t inum  d ish e s  a n d  c r u c ib le s .  A n o th e r  u se  of p la tinum  

w as  in  s u lp h u r ic  ac id  b o ile rs  -  s u c h  b o i le r s  c o n t in u e d  to  b e  u s e d  u n ti l  

1926 w hen th e y  w ere  s u p e r c e d e d  b y  th e  "co n tac t"  p ro c e s s  w hich  em ployed  

a p la t in u m  c a ta ly s t .  (1)

From 1828 to 1846 p la tinum  was u s e d  in th e  form of co ins  in 

R u s s ia .  H ow ever ,  in 1846, th e s e  co ins  h a d  to b e  w ith d raw n  b e c a u se  

th e  m a rk e t  v a lu e  of p la tinum  h a d  fallen  below th e  face  v a lue  of th e  co in s .

1. 2 E a r ly  C a ta ly s is

T h e  f i r s t  p u r e ly  chemical d e s c r ip t io n  of a ca ta ly t ic  p ro c e s s  

w as g iven  b y  C h a r le s  B e r n a r d  D esorm es a n d  N icolas Clem ent in 1806. (2) 

T h e y  s u g g e s t e d  a th e o ry  of th e  form ation  of s u lp h u r ic  ac id  in th e  le ad  

ch a m b e r  p r o c e s s .  (3) In  1822, D o b e re in e r  d is c o v e re d  th a t  o x y g en  a n d  

h y d r o g e n  com bined  in th e  p r e s e n c e  of f ine ly  d iv id e d  p la tinum . (4)

A lth o u g h  v a r io u s  o b s e rv a t io n s  on th e  s u b je c t  of c a ta ly s is  a r e  

s c a t t e r e d  th r o u g h o u t  th e  l i t e r a t u r e ,  i t  was le f t  to  a S w edish  chem is t by  

th e  nam e of Jan s  Jacob  B e rze l iu s  in 1836, to p ro p o s e  a u n ify in g  th e o ry .

In  a rev ie w  of all s u c h  exam ples w ith  w hich  h e  was fam ilia r ,  B e rz e l iu s  

p r o p o s e d  th a t  a new  "force"  was a c t in g  in a ll th e se  exam ples .  He was 

u n s u r e  of th e  n a t u r e  of th is  fo rc e ,  a l th o u g h  h e  b e l ie v e d  i t  could  be  

r e l a t e d  to  e le c tro n  a f f in i t ie s .  He s u g g e s te d  th a t  th is  fo rce  was a 

c a ta ly t ic  fo rc e ,  a n d  th a t  th e  o p e ra t io n  of s u c h  a fo rce  sh o u ld  b e  ca lled  

c a ta ly s i s ,  a w ord  d e r iv e d  from th e  G reek  fo r  decom position . (2)
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In 1894, O s tw a ld  gave u s  th e  m odern  view of a c a t a ly s t  as  a 

s u b s t a n c e  th a t  in c r e a s e s  rea c t io n  r a t e s  w ith o u t a l te r in g  th e  g en e ra l  e n e rg y  

r e l a t io n s .  (5) O s tw a ld  l in k e d  c a ta ly s is  w ith  th e  f ie ld  of k in e t ic s .

B o th  p la tinum  a n d  rh o d iu m  h a v e  been  u s e d  in a v a r ie ty  of ca ta ly t ic  

p r o c e s s e s .  A m ongst th e  more im p o r tan t  p r o c e s s e s  a r e  th e  m a n u fa c tu re  

of n i t r i c  ac id  in w h ich  a R h - P t  gauze  c a ta ly s e s  th e  ox ida tion  of ammonia 

a t  h ig h  te m p e r a tu r e .  In  pe tro leum  re fo rm in g ,  p la t inum  c a ta ly s t s  help 

to  c o n v e r t  low o c tan e  p e tro leu m  n a p h t h a s  to h ig h  q u a l i ty  p r o d u c t s .  

Rhodium  is u s e d  in a low p r e s s u r e  oxo p r o c e s s  fo r  m aking  b u ty r a l d e h y d e , 

an  e s s e n t ia l  in te rm e d ia te  in th e  m a n u fa c tu re  of p l a s t i c i s e r s , d e t e r g e n t s  

a n d  s o lv e n t s .  C a ta ly t ic  c o n v e r to r s ,  co n ta in in g  a m ix tu re  of p la tinum  

g r o u p  m etals on a ceram ic  honeycom b s u p p o r t ,  a r e  f i t t e d  b e tw ee n  the  

m anifold  an d  s i le n c e r  in v eh ic le  e x h a u s t s  to  c a ta ly se  th e  c o n v e rs io n  of 

c a rb o n  monoxide a n d  h y d r o c a r b o n s  to c a rb o n  d iox ide  a n d  w a te r ,  a n d  to

r e d u c e  NO to th e  le s s  h a rm fu l N~.x I

T he  g e n e ra l  de f in i t ion  of a c a t a ly s t  is  "a s u b s t a n c e  w h ich  

in c r e a s e s  th e  r a t e  of a t ta in m e n t  of equ ilib r ium  of a r e a c t in g  system  

w ith o u t  c a u s in g  any  g r e a t  a l te ra t io n  in th e  f r e e  e n e r g y  c h a n g e s  in v o lv e d " . 

(6) T h e  equ ilib r ium  so o b ta in ed  is th e  same as  th a t  o b s e r v e d  in th e  

c o r r e s p o n d in g  hom ogeneous  sy s te m . T h e r e f o r e ,  th e  c a t a ly s t  m ust 

in c r e a s e  th e  r a t e  of b o th  fo rw a rd  a n d  r e v e r s e  r e a c t io n s .  A c a ta ly s t  can 

on ly  in c re a s e  th e  r a t e s  of a reac t io n  w hich is the rm odynam ica lly  feas ib le .

C a ta ly s is  in v o lv e s  th e  a d so rp t io n  of th e  r e a c t a n t  ( o r  a t  le a s t  

one of th e  r e a c ta n t s  if  t h e r e  a re  more th a n  one) on to  th e  s u r f a c e  of the  

c a t a ly s t .  Metals a r e  good  c a ta ly s t s  fo r  r e a c t io n s  in v o lv in g  th e  add ition  

o r  s u b t r a c t io n  of h y d r o g e n ,  fo r  exam ple ,  h y d r o g e n a t io n ,  d e h y d ro g e n a t io n
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a n d  h y d r o g e n o l y s i s . A d so rp t io n  is  an  e x o th e rm ic  p ro c e s s  w hich invo lves  

s a tu r a t io n  of th e  s u r f a c e  " f re e  va lenc ies"  of th e  m etal.  A r e a c ta n t  m ust 

b e  n e i t h e r  too s t r o n g ly  a d s o r b e d ,  in w h ich  c a s e  i t  would b e  d if f icu lt  to 

rem ove  a n d ,  t h e r e f o r e ,  a c t  a s  a po ison ,  n o r  too w eak ly  a d s o r b e d ,  in 

w h ich  c a se  i t  w ould  h a v e  l i t t le  chance  of re m a in in g  on th e  s u r fa c e  long  

e n o u g h  to  r e a c t .

Metals a r e  u s e d  a s  c a ta ly s ts  in  a v a r i e ty  of p h y s ic a l  form s: 

w ir e s ,  g a u z e s ,  f in e ly  d iv id ed  metal p o w d e rs  o r  most commonly when 

s u p p o r t e d  on a c a r r i e r .

A s u p p o r te d -m e ta l  c a ta ly s t  u su a l ly  c o n ta in s  more th a n  80% w/w 

c a r r i e r .  T h e  p u r p o s e  of th e  c a r r i e r  is to  a c t  as  a m eans of in c re a s in g  

th e  d is p e r s io n  of th e  s u p p o r te d  m etal,  g iv in g  th e  r e s u l t in g  c a ta ly s t  

p h y s ic a l  a n d  m echan ical p r o p e r t i e s  s u p e r io r  to  th o se  of th e  u n s u p p o r te d  

m e ta l . (7)

T h e  m a jo r ity  of c a ta ly s t s  u s e d  in  i n d u s t r y  a r e  in th e  form of 

s u p p o r t e d  m etal.  T h e  c a r r i e r  p ro v id e s  a s t r u c t u r a l  f ram ew ork  fo r  th e  

c a ta ly t ic  c o m p o n en t ,  a n d  in c re a s e s  th e  s u r f a c e  a re a  p e r  u n i t  w eigh t of 

metal ab o v e  th a t  of th e  u n s u p p o r te d  m etal. T h e  u s e  of a c a r r i e r ,  o r  

s u p p o r t ,  a lso  g iv e s  a d d e d  s ta b i l i ty  b y  allow ing small metal c r y s ta l l i t e s  to 

b e  su f f ic ie n t ly  s e p a r a t e d  to p r e v e n t  s in t e r in g ,  a n d  g iv es  g r e a t e r  r e s i s t 

a n c e  to  p o is o n in g .

In  1962, B ond  (7) s ta t e d  th a t  "A l th o u g h  i t  h a s  b e e n  g en e ra lly  

fe l t  t h a t  t h e r e  is no  chemical in te ra c t io n  b e tw e e n  th e  metal a n d  th e  

c a r r i e r ,  t h e r e  is a g row ing  bod y  of e v id e n c e  to  show th a t  th i s  view  may 

b e  n a iv e " .  E v id e n c e  h a s  b e e n  grow ing s te a d i ly  to  s u g g e s t  th a t  in many 

c a s e s  th e  s u p p o r t  does  in t e r a c t  w ith th e  m e ta l ,  a n d  su p p o se d ly  in e r t



s u p p o r t s  s u c h  a s  s ilica  may h av e  a ro le  to p lay  in c a ta ly s is .  I t  is now 

b e l ie v e d  th a t  m any of th e  d i f fe re n c e s  be tw een  s u p p o r te d  a n d  u n s u p p o r te d  

c a t a ly s t s  may b e  a t t r i b u t a b l e  to th e  p r e s e n c e  of th e  s u p p o r t .  (8)

1. 3 M e ta l -S u p p o r t  I n te r a c t io n s

R e s e a rc h  c a r r i e d  ou t by  T a u s t e r  e t  a l. (9) in  th e  1970s s e rv e d  

to  b r in g  to g e th e r  m any s e p a ra te  ideas  on th e  in f lu e n c e  of th e  s u p p o r t  on 

c a ta ly t ic  p r o p e r t i e s .  T a u s t e r  d e f in e d  w hat he  ca lled  " s t ro n g  m etal-  

s u p p o r t  in te ra c t io n s "  (SMSI) a s  an  in te ra c t io n  " c o n s is t in g  of a cova len t 

b o n d  b e tw ee n  th e  metal atoms of th e  s u p p o r te d  p h a s e  a n d  th e  ca t io n s  of 

th e  s u p p o r t " .  (8)

T a u s t e r  e t  a l .  (9) c a r r i e d  o u t  th e i r  in i t ia l  w o rk  on nob le  metals 

s u p p o r t e d  on ti tan ium  d io x id e .  T h ey  r e p o r te d  th a t  following low 

te m p e r a tu r e  r e d u c t io n  (200°C) in h y d r o g e n ,  th e  t i t a n i a - s u p p o r t e d  c a ta ly s ts  

e x h ib i te d  w hat th e y  c o n s id e re d  to be  a norm al c h e m iso rp tio n  cap a c ity  fo r  

b o th  h y d ro g e n  a n d  c a rb o n  m onoxide, in d ica tin g  a m o d e ra te  to  h ig h  

d is p e r s io n .  H ow ever ,  following red u c t io n  a t  t e m p e r a tu r e s  ^  500°C, 

a d s o rp t io n  of h y d r o g e n  a n d  ca rb o n  monoxide was fo u n d  to b e  n e a r  ze ro .

(9) , T h e s e  a u th o r s  (9) exam ined  c a ta ly s t  sam ples w hich  h a d  b een  r e d u c e d  

a t  b o th  low a n d  h ig h  te m p e ra tu r e s  u s in g  e le c tro n  m icroscopy  a n d  x - r a y  

d i f f r a c t io n .  T h e  r e s u l t s  show ed th a t  th e  loss  of a d s o rp t io n  cap a c ity  was 

n o t  d u e  to  s in t e r in g .  T h e y  p ro p o s e d  an e x p lan a t io n  fo r  th e  o b s e rv e d  

m a n ife s ta t io n s  of SMSI in te rm s  of e i th e r  m eta l-m eta l b o n d in g  be tw een  th e  

n o b le  metal a n d  th e  t i tan ium  ca t io n s ,  o r  th e  form ation  of in te rm eta ll ic  

com pounds  s u c h  a s  T iP t^ .  T a u s t e r  e t  a l. a lso  r u le d  o u t  e n ca p su la t io n
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of th e  m e ta l b y  th e  s u p p o r t  on th e  g ro u n d s  th a t  th e  BET a re a  was n o t  

s ig n if ic a n t ly  c h a n g e d  b y  th e  h ig h  t e m p e ra tu r e  r e d u c t io n  t re a tm e n t .

T a u s t e r  a n d  F u n g  (10) e x te n d e d  th e i r  s tu d y  of SMSI b y  

ex am in ing  ir id ium  s u p p o r te d  on MgO, S c^O ^, ^ 2 ^ 3 ' Z r O H f O ^ , T iC ^ , 

V 2 O 3  a n d  N b 2 0 ^. T h ey  d is c o v e re d  t h a t  h y d r o g e n  chem iso rp tion  was 

r e d u c e d  to  n e a r  zero  following h ig h  t e m p e r a tu r e  r e d u c t io n  only w hen th e  

s u p p o r t  was T iC ^, ^ 2 ^ 3  o r  NbO^. From th i s  th e y  co n c lu d ed  th a t  th e  

o c c u r r e n c e  of S t ro n g  M e ta l -S u p p o r t  I n te r a c t i o n s  r e q u i r e d  th e  u se  of a 

r e d u c ib le  t r a n s i t io n  metal ox ide  s u p p o r t .

T h e  m an ifes ta t ions  of S t ro n g  M e ta l -S u p p o r t  In te ra c t io n s  inc lude  

a r e d u c t io n  in th e  ab ili ty  to a d s o rb  h y d ro g e n  o r  c a rb o n  monoxide a f t e r  

h ig h  t e m p e r a tu r e  re d u c t io n ;  a s l ig h t  d e c r e a s e  in a c t iv i ty  for s t r u c t u r e -  

in s e n s i t iv e  r e a c t io n s  su c h  as  h y d ro g e n a t io n ,  d e h y d ro g e n a t io n ,  h y d ro g e n  

e x c h a n g e  o r  isom erisa tion ; a m uch low er a c t iv i ty  fo r  h y d ro g e n o ly s is  

r e a c t io n s  w hich  a r e  s t r u c t u r e - s e n s i t i v e ;  a n d  an  in c re a s e  in ac t iv i ty  a n d  

c h a n g e  in  s e le c t iv i ty  for th e  C O /H 2  r e a c t io n  w hich  is  a lso  s t r u c t u r e -  

s e n s i t iv e .  ( 8 )

Many e x p lan a tio n s  h a v e  b een  p ro p o s e d  to  a c c o u n t  fo r  th e  

o b s e r v e d  m a n ifes ta t io n s  of SMSI. T h e se  e x p la n a t io n s  te n d  to b e  of two 

main t y p e s :  e lec tro n ic  o r  geom etric .

T h e  d e c re a se  in c a rb o n  monoxide a n d  h y d r o g e n  chem isorp tion  

c a p a c i ty  w as th o u g h t  to b e  due  to  e lec tro n ic  p e r tu r b a t io n  of metal atoms 

(11) b u t  T a u s t e r  (12) d is c re d i ts  th i s  c o n c e p t ,  s ince  ev en  la rg e  metal 

p a r t i c l e s  s u f f e r  th i s  s u p p r e s s i o n .
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Schw ab (13) p ro p o s e d  th a t  th e  in te ra c t io n  b e tw ee n  a c a ta ly s t  

a n d  i t s  s u p p o r t ,  a n d  th e  s u b s e q u e n t  e f fec t  on c a ta ly t ic  a c t iv i ty ,  w ere 

d e te rm in e d  b y  th e  e lec tro n ic  p ro p e r t i e s  of th e  metal a n d  th e  s u p p o r t .

T h is  took  in to  a c c o u n t  th e  e lec tron ic  e f fe c ts  in th e  b o u n d a r y  l a y e r .  In  

1967, Solymosi (14) s t a t e d  th a t  th e  e lec tro n ic  p r o p e r t i e s  of th e  s u p p o r t  

p la y e d  a d e f in i te  ro le  in de te rm in ing  th e  ca ta ly t ic  a c t iv i ty  of th e  s u p p o r te d  

metal fo r  re a c t io n s  s u c h  as  formic ac id  decom position , e th y le n e  h y d r o g e n 

a tion  a n d  se lec tiv e  h y d ro g e n a t io n  of cy c lo h ex £ n e .

F u n g  (15) c a r r i e d  out XPS s tu d ie s  on P t /T iC ^  a n d  co nc luded  

th a t  e le c t ro n s  w ere  t r a n s f e r r e d  from th e  r e d u c e d  ti tan ium  c e n t r e s  to th e  

p la t inum  p a r t i c le s .  In 1984, H errm ann  (16) fo u n d  ev id e n c e  of e lec tron  

m igra tion  from th e  s u p p o r t  to th e  metal following b o th  low (473K) a n d  

h ig h  (773K) t e m p e ra tu r e  r e d u c t io n .  He b e l iev ed  th a t  p a r t i a l  o r  to tal 

s u p p re s s io n  of h y d r o g e n  ch em iso rp tion  was du e  to  an  e lec tro n ic  e f fec t .

T h i s  e lec tro n ic  e f fe c t  o c c u r r e d  w hen th e  e x t r a  e le c t ro n s  s a tu r a t e d  

u n f i l le d  d -o rb i t a ls  of th e  s u r fa c e  m etals o r  in d u c e d  long  d is ta n c e  

e lec tro n ic  in t e r a c t io n s ,  w hich c o u n te ra c t  M-H b o n d  fo rm ation .

When a metal a n d  an ox ide  a re  p laced  in c o n ta c t ,  i f  th e  w ork 

fu n c t io n  of th e  metal is  g r e a t e r  th a n  th e  w ork fu n c t io n  of th e  ox ide ,  

th e i r  Ferm i lev e ls  will sp o n ta n e o u s ly  align enab ling  e le c tro n  t r a n s f e r  to 

ta k e  p la c e .  T he  w o rk  fun c tio n  of th e  oxide  d e p e n d s  on th e  red u c t io n  

s t a t e  of th e  ox ide : th e  more r e d u c e d  th e  ox ide ,  th e  sm aller i t s  w ork

fu n c t io n  and  h e n c e  th e  s t r o n g e r  th e  e lec tron  m ig ra tion  to  th e  m etal.  (16)

H errm ann  p ro p o s e d  th a t  w hen p la tinum  in  th e  SMSI s ta t e  became 

s t r o n g ly  e n r ic h e d  in e le c t ro n s ,  it t e n d e d  to re sem b le  i t s  n e ig h b o u r  in th e  

p e r io d ic  ta b le .  Gold, w ith  its  d ^  c o n f ig u ra t io n ,  is  n o to r io u s ly  poo r  for



h y d r o g e n  a d s o rp t io n  a n d  as  a h y d ro g e n a t io n  c a ta ly s t ,  a n d  H errm ann  

b e l ie v e s  th a t  th i s  ex p la in s  why p la tinum  in th e  SMSI s ta te  lo se s  i ts  

c a p a c i ty  fo r  h y d r o g e n  chem isorp tion .

H ow ever ,  if  th is  was t r u e  fo r  p la t in u m ,  it  s h o u ld  also be  t r u e  

f o r  o th e r  s u p p o r te d  m etals e n te r in g  th e  SMSI s t a t e .  In  th i s  w ay , 

osmium sh o u ld  becom e more like ir id ium , a n d  irid ium  sh o u ld  become more 

l ike  p la t in u m ,  a n d  in  n e i th e r  case  s h o u ld  th i s  r e s u l t  in s u p p re s s io n  of 

c h e m iso rp t io n .  (8)

C hen  a n d  White (17) s tu d ie d  p la t in u m  on a v a r ie ty  of ox ides  

of t i tan ium  u s in g  a v a r ie ty  of p h y s ica l  t e c h n iq u e s  a n d  co n c lu d e d  th a t  

th e  SMSI b e h a v io u r  d e p e n d e d  on th e  ab i l i ty  of th e  s u p p o r t  to  dona te  

e le c t ro n s  to th e  p la tinum  p a r t ic le s .  T h e  XPS r e s u l t s  s u g g e s te d  th a t  

e le c t ro n  t r a n s f e r  from r e d u c e d  oxide r e g io n s  to  p la tinum  c ry s ta l l i t e s  

o c c u r r e d  th r o u g h  a th in  b a r r i e r  of T iC ^ .

U sing  a v a r ie ty  of e lec tro n  s p e c tro s c o p ic  t e c h n iq u e s ,  H en r ich  

a n d  S a d e g h i  (18) fo u n d  th a t  e lec tro n ic  c h a rg e  was t r a n s f e r r e d  from 

r e d u c e d  ti tan ium  ca t io n s  to rhodium  p a r t i c l e s .  T h is  r e s u l t e d  in  a 

p a r t i a l ly  ionic R h -T i  b o n d .  A lth o u g h  in th i s  s tu d y  ca rb o n  monoxide 

ch e m iso rp t io n  was n o t  s u p p r e s s e d ,  th e  a u t h o r s  b e l ie v e d  th a t  th e  form 

a t io n  o f  a R h -T i  b o n d  may be th e  d r iv in g  fo rc e  fo r  en c a p su la t io n  of 

rh o d iu m .  T h u s ,  th e  a u th o r s  h ave  fo u n d  e v id e n c e  fo r  modification of th e  

e le c tro n ic  p r o p e r t i e s  of th e  metal due  to  i t s  in te ra c t io n  w ith  th e  s u p p o r t .

O th e r  e x p la n a t io n s  p ro p o s e d  to a c c o u n t  fo r  m e ta l - s u p p o r t  

in t e r a c t io n s  a r e  p red o m in an tly  geom etric in n a t u r e .  T h e  s u p p o r t  u s e d  

may in f lu e n c e  th e  s h a p e  of th e  metal p a r t i c le s  th r o u g h  th e  in te r fa c ia l  

e n e r g y  a t  th e  p o in t  w h ere  th e  metal a n d  th e  s u p p o r t  a r e  in c o n ta c t .
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If th e  in te r fa c ia l  e n e rg y  a t  th e  po in t  of c o n ta c t  is  h ig h ,  th e  metal will 

t e n d  to  s p r e a d  a n d  maximise th e  a r e a  of c o n ta c t  b e tw e e n  th e  metal an d  

th e  s u p p o r t  r e s u l t in g  in th e  formation of h e m i-sp h e r ic a l  p a r t i c le s  o r  even  

tw o-d im ens iona l r a f t s .  (8) A low in te r fa c ia l  e n e r g y  v a lu e  r e s u l t s  in 

minimal m e ta l - s u p p o r t  in te ra c t io n  a n d  th re e -d im e n s io n a l  p a r t i c le s  a re  

u s u a l ly  fo rm ed . T h e  s u p p o r t  may also in f lu e n c e  th e  c r y s ta l  h a b i t  of th e  

metal p a r t i c le .  F o r  v e r y  small p a r t i c l e s ,  ic o s a h e d ra  a r e  more s tab le  th a n  

c u b e s  o r  o c ta h e d ra  of th e  f a c e -c e n t r e  cub ic  s t r u c t u r e .  (1 9 ) .  H ow ever, 

th i s  p r e f e r e n c e  can be  o v e r tu r n e d  if th e  in te r f a c ia l  e n e r g y  w h ere  th e  

metal a n d  s u p p o r t  a r e  in  co n tac t  is  h ig h .  (8)

E lec tron  m icroscopy  s tu d ie s  b y  B a k e r  e t  a l ,  (20 , 21) p ro d u c e d  

ev id e n c e  t h a t ,  in th e  SMSI s ta t e ,  p la tinum  h a d  a d o p te d  th e  form of th in ,  

h e x a g o n a l ,  p i l l -b o x  s t r u c t u r e s ,  grow n o v e r  a r e d u c e d  ox ide  of t i ta n ia ,  

T 1 4 O 7 .

A lth o u g h  e a r ly  e x p lan a tio n s  of SMSI in c lu d e d  e le c tro n  t r a n s f e r  

from  a p a r t ia l ly  r e d u c e d  tr a n s i t io n  metal ox ide  s u p p o r t  to  G roup  VIII 

m etal c r y s ta l l i t e s ,  more r e c e n t ly  it  h a s  b e e n  p r o p o s e d  th a t  th e  inh ib it ion  

of chem iso rp tion  of c a rb o n  monoxide an d  h y d r o g e n ,  a n d  th e  c h an g e s  in 

c a ta ly t ic  a c t iv i ty  may be  due  to a com bination of local geom etric  an d  

e le c tro n ic  e f fe c ts  c a u s e d  b y  p a r t ia l ly  r e d u c e d  ox ide  sp ec ie s  on the  

s u r f a c e  of th e  metal c ry s ta l l i t e s .  (22)

T h e  s u r f a c e  la y e r  of oxide sp ec ie s  can  b e  fo rm ed  in two w ays . 

F i r s t ,  following th e  p ro p o sa ls  of T a u s t e r  e t  a l. ( 9 ) ,  d u r in g  re d u c t io n  a 

P t / T i  so lid  so lu tion  o r  in term etallic  com pound may b e  fo rm ed . A cco rd ing  

to C a i rn s  e t a l. (23) p a r t i a l  ox ida tion  of th e  Ti atom s a t  th e  P t  s u r fa c e  

cou ld  g ive  a d s o r b e d  TiC>x  w ith t i tan ium  b o n d e d  to b o th  p la tinum  and
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o x y g e n .  S e c o n d ,  TiOx p ro d u c e d  b y  p a r t i a l  r e d u c t io n  of th e  t i ta n ia  

s u p p o r t  b y  sp il lo v e r  h y d ro g e n  d u r in g  c a ta ly s t  r e d u c t io n  may m ig ra te  

a c r o s s  th e  p la tinum  s u r fa c e  g iv ing  th e  same r e s u l t  a s  a b o v e .  (22)

T h e re  is much ev idence  in th e  l i t e r a t u r e  fo r  e n c a p su la t io n  of 

th e  s u p p o r t e d  metal b y  r e d u c e d  s u p p o r t  s p e c ie s .  Powell a n d  W hitting ton

(24) s tu d ie d  s i l i c a - s u p p o r te d  p la tinum  a n d  fo u n d  ev id en ce  of e n c a p s u l 

a t io n  of th e  p la tinum  w hich c o n v e r te d  e x p o s e d  p la tinum  s u r fa c e  a re a  in to  

p l a t in u m - s u p p o r t  in te r fa c ia l  a r e a .  T h e  d r iv in g  fo rce  fo r  th is  p ro c e s s  

w as th e  r e d u c t io n  in f re e  e n e rg y  of th e  P t /S iO ^  sy s te m . T h e  e n c a p s u l 

a t io n  in v o lv e d  h e m i-sp h e r ic a l  p la tinum  p a r t i c le s  becom ing l e n s - s h a p e d ,  

d u r in g  w hich  time th e  p la tinum  p a r t i c le s  becam e p a r t ia l ly  e n c a p s u la te d  b y  

th e  SiC> 2  s u p p o r t .

T h e  s tu d y  of m e ta l - s u p p o r t  in t e r a c t io n s  on model c a ta ly s t s  h a s  

o f te n  p r o v id e d  ex p er im en ta l  ev id en ce  fo r  e n c a p s u la t io n .  B elton e t  al.

(25) s tu d ie d  R h /T iC ^  an d  P t /T iC ^  model c a t a ly s t s .  T h e i r  r e s u l t s  

s u g g e s t e d  th a t  e n ca p su la t io n  an d  e lec tro n ic  in t e r a c t io n s  o c c u r  s im u l tan e 

o u s ly ,  a l te r in g  th e  b e h a v io u r  of th e  model c a t a ly s t s .

T a t a r c h u k  an d  Dumesic (2 6 ) ,  in th e i r  s tu d y  of F e /T iC ^  model 

c a t a l y s t s ,  p ro d u c e d  ev id en ce  w hich s u g g e s te d  th a t  d u r in g  h y d ro g e n  

t r e a tm e n t  a t  h ig h  te m p e r a tu r e s ,  th e  s u p p o r t  u n d e rg o e s  r e d u c t io n  a n d  

th e  i ro n  d i f fu s e s  in to th e  s u p p o r t .  T h is  is  in c o n t r a s t  to r e p o r t s  (27, 

28) of e n c a p su la t io n  for t i t a n i a - s u p p o r t e d  G roup  VIII nob le  m e ta ls ,  w hich 

s u g g e s t  t h a t  i t  is th e  r e d u c e d  su b o x id e  sp ec ie s  w hich  m ig ra te s  on to th e  

s u p p o r t e d  metal p a r t i c l e s .

B e lton  e t  a l. (29) b e l iev ed  th a t  h e a t in g  a th in -f ilm  model 

rh o d iu m - t i t a n ia  c a ta ly s t  a t  775K c a u s e d  Ti a n d  O to m ig ra te  th r o u g h  a n d



s e g r e g a t e  a t  th e  s u r f a c e  of th e  th in  rhod ium  o v e r l a y e r .  T h e s e  a u th o r s  

r e p o r t e d  t h a t  th i s  b lo c k e d  s i te s  fo r  h y d r o g e n  chem iso rp tio n  b y  a 

com bination  o f  s i te -b lo c k in g  a n d  e lec tro n ic  e f f e c t s .

In  a f u r t h e r  s tu d y  invo lv ing  th e  ch em iso rp tio n  of CO , NO a n d  

on rh o d iu m - t i t a n ia  a n d  p la t in u m - t i ta n ia  th in  film model c a t a ly s t s ,

B elton  e t  a l. (30) r e p o r t e d  th a t  TiOx  ( 1 .0   ̂ x  ^ 2 . 0 )  b lo c k e d  a d s o rp t io n  

s i te s  a n d  in d u c e d  new  d e s o rp t io n  s t a t e s .  T h e  a u th o r s  b e l ieve  th a t  s i te -  

b lo c k in g  c a n n o t  fu lly  e x p la in  m e ta l - s u p p o r t  in t e r a c t io n s  (SM SI). For 

exam ple , on R h /T iC ^ ,  in ad d it io n  to s i t e - b lo c k in g ,  th e  TiOx  is be l ieved  

to c h a n g e  th e  b o n d in g  of CO a n d  NO on R h .  On P t  e n c a p su la te d  with 

TiOx  i t  was o b s e r v e d  th a t  h y d ro g e n  d e s o rp t io n  from n e a r e s t  n e ig h b o u r  

P t  atom s was a f f e c te d .

In  a s t u d y  of N i/T iC ^ ,  B a k e r  e t  a l .  (31) c o n c lu d ed  th a t  

a l th o u g h  e le c tro n ic  in t e r a c t io n s  may ta k e  p la ce  fo r  h ig h ly  d i s p e r s e d  metal 

c l u s t e r s ,  th e  o r ig in  of SMSI fo r  l a r g e r  m etal p a r t i c le s  was d u e  to  th e  

p r e s e n c e  of r e d u c e d  s u p p o r t  sp ec ie s  on th e  s u r f a c e s  of th e  metal 

p a r t i c le s .

S an ch ez  a n d  G azquez  (32) p u b l i s h e d  th e i r  o x y g en  v a ca n cy  

model in 1987 to  ex p la in  s t r o n g  m e ta l - s u p p o r t  in t e r a c t io n s .  V acancies  

a p p e a r  w hen h y d r o x y la t e d  s u r f a c e s  a r e  d e h y d r a t e d  o r  w hen ca t io n s  of an  

ox ide  a r e  r e d u c e d  b y  chem ical means o r  b y  th e rm a l  d is so c ia t io n .  In  th e  

v a c a n c y  m odel, th e  metal m ig ra te s  in to  th e  s u p p o r t  a n d  becom es c o v e re d  

a n d  b u r i e d .  T h e  m etal atoms occupy  an ion  v a c a n c ie s .  T h is  s u p p o r t s  

th e  m olecu lar o rb i ta l  s tu d y  of SMSI c a r r i e d  o u t  b y  H orsley  (32) which 

f a v o u r e d  a model in  w h ich  p la tinum  atom s w ere  in s e r t e d  in to  o x y g en  an ion  

v a c a n c ie s  in th e  s u p p o r t ,  w ith  b o n d in g  b e tw e e n  ti tan ium  ca t ions  a n d  

p la t inum  atom s.
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H aller  e t  a l. (33) p r o d u c e d  EXAFS ev id en ce  fo r  m eta l-m eta l 

b o n d in g  in r e d u c e d  R h /T iC ^  c a t a ly s t s .  T h e s e  a u th o r s  b e l iev ed  th a t  

t h e y  h a d  fo u n d  p h y s ic a l  ev id en ce  fo r  m ig ra tion  of a r e d u c e d  t i ta n ia  

sp e c ie s  on to m etal p a r t ic le s  d u r in g  h e a t in g  a n d  re d u c t io n  b y  H 2 . T h is  

m ig ra t io n  im plied  a chemical in te r a c t io n  on b o n d in g  of R h to  T i ,  w hich  

p r o v id e d  th e  the rm odynam ic  d r iv in g  fo rc e  fo r  th e  movement of th e  

r e d u c e d  ox ide  sp e c ie s  to th e  s u r f a c e  of th e  metal p a r t ic le .  T h e  a u th o r s  

c o n c lu d e d  th a t  th e  m ig ra tion  m us t  r e s u l t  in an  e lec tro n ic  an d  a geom etric  

p e r t u r b a t i o n  of th e  s u r fa c e .

H u iz in g a  e t  al. (3 4 ) ,  while w ork ing  with P t  an d  Rh on TiC^ 

c a t a l y s t s ,  o b s e r v e d  a p h a se  c h a n g e  in  th e  TiC^ s t r u c t u r e  from a n a ta s e

to  r u t i l e ,  accom pan ied  by  a s t r o n g  d e c re a s e  in specific  s u r f a c e  a r e a  of

2 - 1  2 - 1  th e  s u p p o r t  from ca .  50 m g to 1 m g , as well as  a d e c re a s e  in

c a rb o n  m onoxide a n d  h y d ro g e n  ch em iso rp tio n  c a p a c i t ie s ,  b u t  w ith no

a p p a r e n t  lo s s  in  spec if ic  metal s u r f a c e  a re a  as  o b s e rv e d  b y  e le c tro n

2 - 1  2m ic ro sc o p y .  T h e  r e d u c t io n  in to ta l  s u r fa c e  a re a  from 50 m g to 1 m 

g  ̂ a f t e r  r e d u c t io n  of th e  c a ta ly s t s  a t  e le v a te d  te m p e ra tu r e  c o n t ra d ic t s  

th e  w o rk  of T a u s t e r  e t al. (9) , who o b s e rv e d  no  loss  in s u r f a c e  a re a  

following h ig h  te m p e ra tu r e  r e d u c t io n ;  an  o b s e rv a t io n  which led  them  to 

r u le  o u t  e n c a p su la t io n  as a p o ss ib le  ex p lan a tio n  fo r  th e  m a n ifes ta t io n s  of 

SMSI, b e c a u s e  t h e r e  was a p p a re n t ly  no  ch a n g e  in s u p p o r t  s t r u c t u r e .

T h e  re a c t io n  of ca rb o n  m onoxide w ith  h y d ro g e n  is  a s t r u c t u r e -  

s e n s i t iv e  r e a c t io n  a n d  as s u ch  it  is to  be  e x p e c te d  th a t  th e  a c t iv i ty  a n d  

s e le c t iv i ty  would c h a n g e  if a c a ta ly s t  in w hich m e ta l - s u p p o r t  in te ra c t io n s  

w ere  o b s e r v e d  was u s e d .  U sing a c a ta ly s t  in th e  SMSI s t a t e ,  for w hich 

c a rb o n  m onoxide a n d  h y d ro g e n  chem iso rp tio n  a re  o b s e rv e d  to be  s u p p r e s s e d ,
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th e  C O /H 2  r e a c t io n  show s in c re a s e d  a c t iv i ty  a n d  in c re a s e d  se lec tiv i ty  to 

h ig h e r  h y d r o c a r b o n s  com pared  to a c a ta ly s t  in th e  non-SM SI s ta te .

T h is  s u g g e s t s  t h a t  s i te -b lo c k in g  (o r  e n c a p su la t io n )  c a n n o t  fu lly  explain  

SMSI. B e lton  e t  a l .  (29) o b s e rv e d  fo r  TiC> 2  t h a t  a l th o u g h  ca rb o n  

m onoxide c h e m iso rp t io n  was s u p p r e s s e d ,  c a rb o n  m onoxide h y d ro g e n a t io n  

a c t iv i ty  w as h ig h .  T h e y  p ro p o s e d  th a t  new c a rb o n  monoxide chemi

s o rp t io n  s i te s  c r e a t e d  b y  th e  p r e s e n c e  of T iO x may b e  r e s p o n s ib le  for 

th e  e n h a n c e m e n t  in  c a rb o n  monoxide h y d ro g e n a t io n  r a t e s  by  facili ta ting

c a rb o n  m onoxide d is so c ia t io n  on th e  TiO s i te s .  V ann ice  a n d  G artenx

(35) s t a t e d  th a t  fo r  th e  C O /H 2  re ac t io n  on s u p p o r t e d  n icke l c a ta ly s ts ,  

th e  c a t a ly s t  w h ich  f a v o u re d  th e  more w eakly  b o u n d  CO a d s o rb e d  spec ies  

p o s s e s s e d  th e  h ig h e r  spec if ic  a c t iv i ty :  th is  was fo u n d  to b e  th e  TiC^-

s u p p o r t e d  c a t a ly s t .  S tu d y in g  th e  C O /H 2  r e a c t io n  o v e r  s u p p o r te d  

pa llad ium  c a t a l y s t s ,  V ann ice  e t  a l .  (36) fo u n d  t h a t  th e  t u r n o v e r  n u m b e rs  

in c r e a s e d  in th e  o r d e r :

P d / S i 0 2 «  P d / S i 0 2- A l20 3 , P d /A l20 3 -  P d /T i O z (448K) < P d / T i 0 2 (SMSI)

T h e y  a lso  c o n c lu d e d  t h a t  th e  m e th an a t io n  re a c t io n  a p p e a re d  to be  

s t r u c t u r e - i n s e n s i t i v e  o v e r  s u p p o r te d  palladium  c a t a ly s t s .  V annice  (37) 

fo u n d  th a t  fo r  th e  C O /H 2  r e a c t io n ,  u s in g  TiC^ a s  a s u p p o r t  e n h an c es  

th e  a c t iv i ty  fo r  N i, P d ,  P t ,  Rh a n d  I r .

B u r c h  a n d  F lam bard  (38) fo u n d  v e r y  h ig h  a c t iv i ty  for th e  

C O /H 2  r e a c t io n  o v e r  N i/T iC ^  u n d e r  con d it io n s  w h e re  SMSI w ere a b s e n t .  

T h e y  p r o p o s e d  th a t  t h e  ro le  of t i ta n ia  was to c r e a te  new  a c t iv e  s i te s  a t  

th e  in te r f a c e  b e tw ee n  th e  metal p a r t i c le s  a n d  th e  s u p p o r t .  U n d e r  similar
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c i rc u m s ta n c e s ,  th e  specif ic  a c t iv i t ie s  of N i/T iC ^  a n d  N i/S iC ^ w ere  in good 

a g re e m e n t  for th e  h y d ro g e n o ly s i s  of n - h e x a n e  and  e th a n e .

In th e i r  s tu d y  of r e a c t io n s  on model R h /T iC ^  c a t a ly s t s ,

R e s a sc o  a n d  H aller (39) fo u n d  th a t  th e  a c t iv i ty  of th e  G roup  V III metal 

w as a f fe c te d  v e r y  l i t t le  fo r  th e  s t r u c t u r e - i n s e n s i t i v e  reac tio n  of d e h y d r o 

g e n a t io n ,  w h e reas  fo r  th e  s t r u c t u r e - s e n s i t i v e  h y d ro g e n o ly s is  re a c t io n ,  

a c t iv i t y  was d e p r e s s e d  by  o r d e r s  of m a g n i tu d e .  T h e  a u th o r s  c o n c lu d e d  

t h a t ,  following h ig h - t e m p e r a tu r e  r e d u c t io n ,  th e  rhodium  r e a c te d  w ith  th e  

r e d u c e d  t i ta n ia  a t  th e  e d g es  of th e  p a r t i c l e s .  T he  e n e r g y  of in te ra c t io n  

was s u f f ic ie n t  to c a u se  m ig ra tion  of r e d u c e d  s u p p o r t  sp ec ie s  on to  th e  

rh o d iu m  p a r t i c le s .  T he  sm alles t  p a r t i c le s  a r e  th e re fo re  a f fe c te d  most b y  

th i s  ac t ion  s ince  th e  m ig ra to ry  sp e c ie s  h a v e  to move a s h o r t e r  d is ta n c e  

to  r e a c h  th e  c e n t r e  of small p a r t i c le s .  Following h ig h - t e m p e r a tu r e  

r e d u c t io n ,  th e r e  is a g r e a t e r  e x t e n t  of in te ra c t io n  fo r  th e  sm aller 

p a r t i c l e s  for h y d ro g e n o ly s i s .  T h e r e f o r e ,  m igration  of r e d u c e d  s u p p o r t  

on to small rhod ium  p a r t ic le s  r e s u l t s  in  an in te ra c t io n  w hich is  s t r o n g ly  

d e a c t iv a t in g  fo r  h y d ro g e n o ly s i s .

B oum arafi (40) s tu d ie d  rhod ium  a n d  p la tinum  s u p p o r te d  on 

t i t a n i a ,  alumina a n d  s ilica . C h em iso rp tio n  s tu d ie s  p ro v id e d  e v id e n c e  of 

a m e ta l - s u p p o r t  in te ra c t io n  fo r  th e  t i t a n i a - ,  a n d  to  a l e s s e r  e x t e n t ,  th e  

a lu m in a - s u p p o r te d  m etals . T h e  m e ta l - s u p p o r t  in te ra c t io n ,  w hich  can  b e  

in d u c e d  b y  h ig h - t e m p e r a tu r e  r e d u c t io n ,  led  to  a re d u c t io n  in th e  am oun t 

of c a rb o n  monoxide c h e m iso rp tio n .  H ow ever ,  th e re  was a p p a r e n t ly  no 

e f fe c t  on th e  a c t iv i ty ,  s e le c t iv i ty  a n d  b u te n e  d is t r ib u t io n  in  th e  h y d r o g e n 

a t io n  o f  b u t a - 1 , 3 -d ien e .



15

1. 4 H y d ro g en  S p illover

D e s c r ib e d  as "an a p p a r e n t  m e ta l - s u p p o r t  in te ra c t io n "  by  Sermon

a n d  B ond  ( 8 ) ,  th e  phenom enon of h y d r o g e n  sp i l lo v e r  in v o lv es  the  

d is s o c ia t iv e  a d s o rp t io n  of molecular h y d r o g e n  on metal s i t e s .  T he  

atomic h y d ro g e n  so -fo rm ed  then  m ig ra te s  to a n o th e r  p h a s e  of the  

c a ta ly s t  w hich c o n ta in s  h y d ro g e n  a c c e p to r  s i te s  b u t  w hich  could  no t 

a d s o r b  h y d ro g e n  d i r e c t ly  u n d e r  id e n t ica l  c o n d i t io n s .  A schem atic 

d iag ram  of h y d ro g e n  sp illover  is show n in f ig .  1 .1

support

Fig. 1-1 Schematic Diagram of Hydrogen Spillover

S p illo v e r  h y d ro g e n  may re s id e  on th e  s u r f a c e  of th e  s u p p o r t ,  d if fu se  

in to  th e  s u p p o r t  a n d  ev en  lead  to i ts  p a r t i a l  r e d u c t io n  (4 1 ) .

P r im a ry  sp i l lo v e r  o c c u r s  in sy s te m s  w h e re  th e  in i t ia t in g  a n d  ac c e p t in g  

p h a s e s  a re  in c o n ta c t ;  s e c o n d a ry  s p i l lo v e r  o c c u r s  w h e re  th e  p h a s e s  a re  

n o t  in d i r e c t  c o n ta c t .  P r im ary  s p i l lo v e r  is f a s t e r  a n d  more e x te n s iv e

th a n  s e c o n d a ry  s p i l lo v e r .

adsorption

supported 
metal — ■

spillover

Serm on  a n d  B ond (42) d e f in e d  two ty p e s  of sp il lo v e r :
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T h e  f i r s t  o b s e rv a t io n  of sp i l lo v e r  was made b y  K u r ia c o se  (43) 

w hile he  was w ork ing  on th e  decom position  of g erm ane ,  G eH^, on 

germ anium  films. He o b s e r v e d  th a t  th e  r a t e  of decom position  of GeH^ 

w as in c re a s e d  b y  c o n ta c t  w ith  p la t in u m  w ire  which was p r e s e n t  to  

m e a s u re  c o n d u c t iv i ty  d u r in g  th e  e x p e r im e n ts .  A lth o u g h  th i s  w ork  was 

n o t  p u b l i s h e d  u n t i l  1967, th e  o b s e rv a t io n  was d i s c u s s e d  b y  E .H .  T a y lo r  

(44) a t  th e  S econd  I n te rn a t io n a l  C o n g re s s  on C a ta ly s is  in 1961, T he  

e f fe c t  o b s e r v e d  by  K u riaco se  is w hat is now know n as r e v e r s e  s p i l lo v e r ,  

in w h ich  h y d r o g e n  atoms m ig ra te  b a c k  from th e  s u p p o r t  o r  a c c e p t in g  

p h a s e  to  th e  metal (in  th i s  case  p la tinum ) w here  th e y  can  e i th e r  d e s o rb  

as  m olecu la r  h y d ro g e n  o r  r e a c t  w ith  some o th e r  h y d ro g e n  a c c e p to r  su ch  

as  o x y g e n  o r  e th y le n e .

K hoobiar  (45) p u b l i s h e d  th e  f i r s t  d i r e c t  e x p e r im e n ta l  ev id en ce  

fo r  h y d r o g e n  s p i l lo v e r .  He was exam in ing  th e  fo rm ation  of h y d ro g e n  

t u n g s t e n  b r o n z e ,  Hx WO^, a t  room te m p e r a tu r e  from a m echan ica l m ix tu re  

of P t /A ^ O ^  an d  WO^. U n d e r  th e  same e x p e r im en ta l  c o n d i t io n s ,  n e i th e r  

WO^ n o r  A ^C ^/W O ^ could  be  r e d u c e d  a t  room te m p e ra tu r e .  On th e  b a s is  

of th i s  w o rk ,  K hoobiar c o n c lu d e d  th a t  th e  mechanism of h y d r o g e n  sp il l

o v e r  was d is so c ia t iv e  a d s o rp t io n  a t  th e  p la tinum  c e n t r e s  followed b y  

m ig ra tion  of H+ or H ’ a c ro s s  th e  alum ina s u r f a c e  a n d  d if fu s io n  to WO^. 

T h e  r a t e  of h y d ro g e n  sp i l lo v e r  was fo u n d  to  d e p e n d  more on th e  n a t u r e  

of th e  in i t ia t in g  p h a s e  (46 ) .  An exam ple  of th i s  is th e  s p i l lo v e r  of 

h y d r o g e n  to  ca rb o n  w hich on ly  ta k e s  p lace  a t  t e m p e ra tu r e s  ab o v e  350°C 

(47 ,  48) com pared  to room te m p e r a tu r e  sp i l lo v e r  for P t  to  WO^ o r  MoO^. 

H y d ro g e n  sp il lo v e r  will on ly  o c c u r  w hen  th e  metal c o n te n t  is  ab o v e  

0.0008% w /w . F u r th e rm o re ,  in c re a s in g  th e  metal c o n te n t  ab o v e  0.8% h as
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n o  f u r t h e r  in f lu e n c e  on th e  sp il lo v e r  p r o c e s s .  (49)

T h e  ad d i t io n  of small q u a n t i t i e s  of metal c a ta ly s ts  s u c h  as  P t 

o r  P d  h a s  b e e n  show n to  s u b s ta n t ia l ly  low er th e  te m p e ra tu r e  of r e d u c t io n  

of o x id e s  s u c h  as  MoO^, WO^ a n d  (50) For exam ple ,  fo r  Pd/M oO ^,

th e  r e d u c t io n  t e m p e r a tu r e  of th e  MoO^ is lo w ered  b y  400°C b y  fo rm ation  

of atomic h y d ro g e n  on th e  pallad ium  w hich  th e n  sp ills  o v e r  on to th e  

MoO^ r e s u l t i n g  in i ts  r e d u c t io n .  T h e  p r e s e n c e  of small am oun ts  of 

m etallic  p la tinum  o r  pallad ium  in an a lu m in a - s u p p o r te d  NiO c a ta ly s t  

e n h a n c e s  th e  a c t iv a t io n  of th e  c a ta ly s t  b y  h y d r o g e n .  Atomic h y d ro g e n  

fo rm ed  on palladium  or p la tinum  sp ills  o v e r  to th e  NiO en ab l in g  re d u c t io n  

of th e  N iO  to ta k e  p lace  a t  a lower t e m p e r a tu r e  a n d ,  t h e r e f o r e ,  le s s e n s  

th e  p o s s ib i l i ty  of s in te r in g .  (51)

B o u d a r t  e t  a l. (46) d e m o n s t r a te d  th e  r e q u i re m e n t  fo r  th e  

p r e s e n c e  of w a te r  o r  some o th e r  p ro to n  a c c e p to r  d u r in g  th e  sp il lo v e r  

p r o c e s s .  L evy  an d  B o u d a r t  (52) s tu d ie d  a v a r i e ty  of c o - c a ta ly s t s  w ith 

v a r y in g  p ro to n  a f f in i t ie s  a n d  co n c lu d e d  th a t  a so lv a ted  p ro to n  was form ed 

on th e  s u r f a c e  of th e  m etal.  More r e c e n t l y ,  Ambs an d  Mitchell (53) 

s tu d ie d  th e  e f fe c t  of w a te r  on th e  sp i l lo v e r  of h y d ro g e n  on p la t in u m - 

a lum ina .  T h e y  c o n c lu d ed  th a t  w hen w ate r  was p r e s e n t  in th e  c a t a ly s t ,  

i t  r e a c t e d  w ith  th e  alum ina to  form s u r f a c e  h y d r o x y l s  which a c t  as  b r id g e s ,  

e n a b l in g  H -atom s to m ig ra te  f u r t h e r  th a n  if  no  w a te r  h a d  b e e n  p r e s e n t .

T h e  phenom enon  of h y d ro g e n  sp i l lo v e r  is b e l iev ed  to  ta k e  p lace  

v ia  s u r f a c e  r a t h e r  th a n  gas  p h a s e  t r a n s p o r t  of h y d ro g e n  s p e c ie s .  (54)

T h e  p a s s a g e  of H -atom s from th e  metal to th e  s u p p o r t  may b e  th e  r a t e -  

d e te rm in in g  s te p  in th e  sp i l lo v e r  p r o c e s s .  S te p p in g - s to n e  molecules s u c h  

as  w a te r ,  alcohols o r  ev en  g r e a s e ,  may be  a d s o r b e d  on th e  s u p p o r t  c lose



18

to th e  ed g e  of th e  metal p a r t i c le s  to fac i l i ta te  t r a n s p o r t  of H -atom s a c ro s s  

th e  p h a s e  b o u n d a r y .  C a rb o n  p r e s e n t  on th e  s u r fa c e  of a c a ta ly s t  can 

a c t  as  a b r id g e  b e tw ee n  th e  metal a n d  th e  s u p p o r t ,  fac i l i ta t in g  h y d ro g e n  

s p i l lo v e r .  (49)

H y d ro g e n  can  sp ill  o v e r  on to i r r e d u c ib le  ox ides  s u c h  a s  Al^O^ 

a n d  SiO^. S u ch  ox ides  show no  e v id e n c e  of b e in g  r e d u c e d ,  ev en  a t  

t e m p e r a tu r e s  of 500°C. A l th o u g h  it  is  u n lik e ly  th a t  sp i l lo v e r  o c c u r s  to 

a n y  a p p re c ia b le  e x t e n t  to  i r r e d u c ib le  o x id e s ,  ev id en ce  fo r  i ts  o c c u r r e n c e  

comes from th e  e x c h a n g e  of th e  s u r f a c e  -OH g ro u p s  with d e u te r iu m .  (55) 

T h is  e x c h a n g e  re a c t io n  is a s e n s i t iv e  in d ic a to r  of th e  o c c u r r e n c e  of 

s p i l lo v e r  s ince  e x c h a n g e  is  e x tre m e ly  slow when no metal is p r e s e n t .  (56) 

When h y d r o g e n  sp il ls  o v e r  on to re d u c ib le  ox ides  s u c h  as MoO^ 

a n d  WO^, h y d r o g e n  metal b r o n z e s  can be  form ed a t  o r  ju s t  above  am bient 

t e m p e r a tu r e .  (57) A fu l le r  d e s c r ip t io n  of th e  fo rm ation ,  s t r u c t u r e  and  

r e a c t iv i ty  of h y d ro g e n  metal b ro n z e s  will b e  g iven  in  sec tion  1 .5 .

S p il lo v e r  of h y d r o g e n  on to  p a r t ia l ly  re d u c ib le  ox ides  s u c h  as 

TiC> 2  can  lead  to th e  fo rm ation  of T i^  a n d  OH ions fo r  R h /T iO ^  or 

P t /T iC ^ .  (58) P a r t i a l  r e d u c t io n  of th e  s u p p o r t  followed b y  i t s  m igra tion  

to th e  m etal p a r t i c le s  can  g ive  r i s e  to m e ta l - s u p p o r t  in t e r a c t io n s  w hich 

a l te r  th e  ch em iso rp tio n  a n d  c a ta ly t ic  p r o p e r t i e s  of th e  c a t a ly s t .  NMR a n d  

TPD s tu d ie s  of R h /T iO ^  h a v e  shown two ty p e s  of a d s o rb e d  h y d r o g e n ,  

nam ely  m e ta l-b o u n d  H a n d  s u r f a c e  h y d r o x y l s .  (59)

B ond  a n d  T r ip a th i  (60) fo u n d  th a t  a re q u i re m e n t  fo r  th e  

c a ta ly s e d  r e d u c t io n  of a metal ox ide  was th e  ava i lab i l i ty  of an  ox ida tion  

s t a t e  one  below th a t  in th e  ox ide  b e in g  r e d u c e d .  T h e y  fo u n d  th a t  

P d /S iC ^  c a ta ly s e d  th e  re d u c t io n  of ^ O , - ,  ^ r P ^ ,  MoO^, UO^* R e 2 0 ,̂
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a n d  Co^O^. E ach  of th e s e  ox ides  was r e d u c e d  a t  m a rk e d ly  low er 

t e m p e r a t u r e s  th a n  in the  a b s e n c e  of th e  s u p p o r te d  metal. On th e  o th e r  

h a n d ,  w ith  C uO , Cu^O, NiO, ZnO, CdO a n d  SnO^, th e  p r e s e n c e  of 

P d / S i 0 2  h a d  l i t t le  e f fec t  on th e  r e d u c t io n  r a t e s .

S p il lo v e r  h y d ro g e n  can  u n d e r g o  a r e v e r s e  m ig ra tion  p r o c e s s  

w h e re b y  th e  atomic h y d ro g e n  m ig ra te s  b a c k  to th e  metal p a r t i c le s  w h ere  

i t  can  e i th e r  com bine to form m olecular h y d r o g e n ,  w hich can  th e n  d e s o rb ,  

o r  i t  can  r e a c t  w ith  a h y d r o g e n  a c c e p to r  s u c h  a s  o x y g en  or e th y le n e .

In  th e  m ajority  of c a se s  if sp il lo v e r  h y d ro g e n  is  to r e a c t ,  i t  

m us t  f i r s t  u n d e r g o  r e v e r s e  sp i l lo v e r  from th e  s u p p o r t  to th e  metal.

Serm on  a n d  B ond  (61) t i t r a t e d  h y d ro g e n  a d s o rb e d  on s i l i c a - s u p p o r te d  

p la t in u m  u s in g  p e n t - l - e n e .  T h e y  fo u n d  th a t  th e  p e n t - l - e n e  f i r s t  

r e a c t e d  w ith  th e  h y d ro g e n  c h em iso rb ed  on th e  p la tinum  to form n - p e n ta n e .  

O n ly  a f t e r  a l l  th e  p la t in u m -b o u n d  h y d ro g e n  h a d  r e a c te d  d id  th e  h y d ro g e n  

on th e  s ilica  m ig ra te  b a c k  to th e  p la t in u m  w h ere  i t  r e a c te d  w ith  1 - p e n te n e  

to form n - p e n t a n e  a n d  th e  p e n t - 2 - e n e s .  Serm on a n d  Bond (41) b e l iev ed  

th a t  sp i l lo v e r  may en h a n c e  th e  a c t iv i ty  of s u p p o r te d  metals a s  h e t e r o 

g e n e o u s  c a t a l y s t s .

T e i c h n e r  e t  a l.  (62) fo u n d  th a t  h y d ro g e n  was a d s o r b e d  on 

a lum ina  in th e  p r e s e n c e  of a Ni/Al^O^ c a ta ly s t .  A f te r  th e  c a ta ly s t  was 

re m o v e d ,  e th y le n e  in a h y d r o g e n - e th y le n e  m ix tu re  was c o n v e r t e d  in to  

e th a n e .  T h e  am ount of e th a n e  fo rm ed  was fo u n d  to  be  m uch h ig h e r  

t h a n  th e  am ount of h y d ro g e n  in i t ia lly  a d s o rb e d  on th e  alum ina. T he  

a u t h o r s  c o n c lu d e d ,  th e r e f o r e ,  th a t  th e  reac tio n  was ca ta ly t ic  a n d  th a t  

th e  r e a c t io n  u s e d  h y d ro g e n  from th e  gas p h a s e  in s te a d  of a simple 

a d d i t io n  of th e  h y d ro g e n  p r e - a d s o r b e d  on the  alumina to th e  e th y le n e .
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T h e  a u t h o r s  also  fo u n d  th a t  th e  sp il lo v e r  h y d ro g e n  cou ld  b e  rem oved  b y  

e v a c u a t io n  a t  room t e m p e r a tu r e ,  im ply ing  th a t  s p i l lo v e r  H o r  D was only 

w eak ly  b o u n d  to th e  s u r f a c e .

Lenz a n d  C o n n e r  (63) fo u n d  th a t  silica co u ld  be  a c t iv a te d  

u s in g  h y d r o g e n  sp il lo v e r  w ith o u t  d i r e c t  co n ta c t  b e tw e e n  th e  s ilica a n d  

th e  s u p p o r te d  m etal.  H y d ro g e n a t io n  a n d  e x c h a n g e  a c t iv i ty  was in d u c e d ,  

w hich  was fo u n d  to be  in d e p e n d e n t  of th e  metal. T h e  in d u c e d  ca ta ly t ic  

a c t iv i ty  was an  a c t iv a te d  p r o c e s s ,  w h ich  r e q u i r e d  h ig h  te m p e ra tu r e s  a n d  

long  c o n ta c t  t im es . T h e  h y d ro g e n a t io n  mechanism was fo u n d  to be  

s im ilar to th a t  on metal o x id es  a n d ,  as  su c h ,  th e  m olecu la r  id e n t i ty  of 

th e  r e a c t in g  h y d ro g e n  was r e ta in e d .

T e ic h n e r  e t  al (64) fo u n d  th a t  silica gel cou ld  b e  a c t iv a te d  

fo r  th e  h y d ro g e n a t io n  of e th y le n e  a t  te m p e ra tu re s  a s  low as  170°C.

T h e  sp i l lo v e r  h y d ro g e n  a d s o r b e d  on th e  s u r fa c e  of th e  s ilica in h ib i te d  

th e  h y d ro g e n a t io n  of th e  f i r s t  sam ple of e th y le n e ,  r e s u l t in g  in an 

in d u c t io n  p e r io d  a t  th e  s t a r t  of th e  ca ta ly t ic  r e a c t io n  of e th y le n e  and  

h y d r o g e n .  E th y len e  a n d  h y d r o g e n  a re  s t r o n g ly  ch em iso rb ed  on d is t in c t

s i te s .  H ow ever,  com petit ive  a d s o rp t io n  of th e se  r e a c t a n t s  ta k e s  p lace

w hen  h y d r o g e n  is p r e s e n t  in l a rg e  e x c e ss  a n d  th e  e th y le n e  is d isp la c e d .

H e n d e rs o n  a n d  Worley (65) s tu d ie d  th e  m e th a n a t io n  reac tion  

o v e r  s u p p o r te d  rhod ium  c a t a ly s t s .  T h ey  u s e d  a s  a r e d u c in g  gas 

a n d  o b s e r v e d  iso top ic  e x c h a n g e  fo r  b o th  C C ^ / I ^  a n d  m ix tu re s .

T h e  m echanism  of th e  iso top ic  e x c h a n g e  invo lved  m ig ra tio n  of h y d ro g e n

from th e  s u p p o r t  to th e  rhod ium  s i te s  by  r e v e r s e  s p i l lo v e r .  T he  

r e v e r s e  sp i l lo v e r  was b e l ie v e d  to en h a n c e  th e  d is so c ia t io n  of CO 2  on 

s u p p o r t e d  R h c a ta ly s t s  in th e  a b s e n c e  of ^  gas .
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14Altham a n d  Webb ( 6 6 ) in v e s t ig a te d  th e  b e h a v io u r  of C - 

14e th y le n e ,  C -p ro p y le n e  an d  t r i t iu m  on p la tinum  s u p p o r te d  on alum ina

a n d  s ilica .  T h e y  fo u n d  ev id en ce  w hich  show ed th a t  h y d r o g e n  m ig ra tio n

b e tw e e n  th e  metal a n d  th e  s u p p o r t  was of s ig n if ican ce .  T h e  r a t e  of 

h y d r o g e n  e x c h a n g e  b e tw een  th e  g a s  p h a s e  a n d  th e  t r i t i a t e d  c a ta ly s t  was 

f o u n d  to be  f a s t  r e la t iv e  to th e  r a t e  of rea c t io n  of th e  a d s o r b e d  h y d r o 

c a rb o n  with h y d r o g e n .  I t  was c o n c lu d e d  th a t  th e  s u p p o r t  may p lay  an  

im p o r ta n t  ro le  in d e te rm in in g  ca ta ly t ic  a c t iv i ty  in re a c t io n s  invo lv ing  

h y d r o g e n  an d  h y d r o c a r b o n s .

B au m g ar ten  e t  al. (6 7 ) ,  h o w e v e r ,  q u e s t io n e d  th e  im p o rtan ce  

of sp i l lo v e r  h y d r o g e n  in  d i r e c t  r e a c t io n s  d u r in g  c o n v e rs io n  of h y d r o 

c a r b o n s  w ith  alum ina as  a s u p p o r t .  T h e y  fo u n d  th a t  a l th o u g h  OH-D^ 

e x c h a n g e  took  p la c e ,  th e  sp il lo v e r  h y d r o g e n  le ad in g  to th i s  e x c h a n g e  was 

u n a b le  to  h y d ro g e n a te  u n s a tu r a t e d  c a rb o y x l ic  ac id s  to  a d e te c ta b le  

d e g r e e .

1. 5 H y d ro g e n  Metal B ro n zes

H y d ro g e n  metal b r o n z e s ,  H MO-, can b e  fo rm ed  from m etal
X j

o x id e s  w ith  an  incom plete  d sh e ll ,  a n d  fo r  w hich  th e  n d  e le c t ro n  e n e r g y  

is  h ig h e r  th a n  th e  (n + l ) p  e le c tro n  e n e r g y .  ( 6 8 ) Exam ples of o x id es  

w h ich  form h y d ro g e n  metal b r o n z e s  a r e  m olybdenum (V I) o x id e ,  MoO^, a n d  

tu n g s t e n ( V I )  o x id e ,  WO^.

T h e  te rm  "b ronze"  was o r ig in a lly  u s e d  b y  Wohler (69) in 

1825 to  d e s c r ib e  Na^WO^, b u t  it  is now u se d  to d e s c r ib e  a v a r ie ty  of 

c ry s ta l l in e  p h a s e s  of t r a n s i t io n  metal o x id e s .
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H y d ro g en  metal b ro n z e s  a r e  form ed from atomic h y d r o g e n .  

C a ta ly t ic a l ly , th i s  is a c h ie v e d  b y  h y d ro g e n  sp i l lo v e r .  F in e ly  d iv ided  

p la tinum  or pallad ium  p a r t ic le s  a re  d i s p e r s e d  on th e  o x id e s  b y  im p reg 

n a t io n  of an a q u e o u s  sa l t  o r  b y  m echan ically  mixing th e  o x id e  with th e  

s u p p o r te d  p la tinum  or palladium  c a ta ly s t  or w ith p la tinum  o r  palladium 

b la c k s .  When com pounds  form ed in th i s  way a r e  b r o u g h t  in to  co n tac t  

w ith  molecular h y d r o g e n ,  h y d ro g e n  atoms a re  p ro d u c e d  on th e  metal 

p a r t ic le s  by d is so c ia t iv e  a d s o rp t io n ,  a n d  the  h y d ro g e n  a tom s then  d iffu se  

in s id e  the  hos t la t t ic e  w ith  o r  w ithou t th e  help  of a c o - c a ta ly s t .  T he  

h y d ro g e n  metal b ro n z e s  form ed in th is  way a re  in s e r t io n  com pounds.

In  h y d ro g e n  tu n g s te n  b r o n z e s ,  H WO^, x lies in th e  r a n g e  0 < x < 0.6X j

(7 0 ) ,  w h ereas  fo r  th e  an a logous  h y d ro g e n  m olybdenum  b r o n z e s  H MoO^,
X  j

0 < x  < 2. (71) T h e  b ro n z e s  fo rm ed  b y  h y d ro g e n  s p i l lo v e r  a r e  Hq 

a n d  H 1  6 MoC>3 . (57)

H y d ro g en  m etal b ro n z e s  may b e  p o te n t ia l ly  u s e fu l  fo r  the  

p u r p o s e s  of s to r in g  h y d r o g e n ,  as  h y d ro g e n a t io n  c a t a ly s t s  o r  a s  gas 

s e n s o r s .  (71)

Both  m olybdenum  tr io x id e  a n d  tu n g s te n  t r io x id e  a r e  b a se d  on 

th e  d i s to r te d  rh e n iu m  tr io x id e  s t r u c t u r e  a l th o u g h  th e y  a r e  n o t  iso -  

s t r u c t u r a l .

Fig. 1-2 Crystal S tructure  of ReOg
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Both  MoO-j and  WO^ a r e  bu il t  of o c ta h e d ra l  MO^ g r o u p s .  MoO^ has a 

u n iq u e  laye r  s t r u c t u r e  in w hich  each  o c ta h e d ra l  MoO^. g ro u p  s h a r e s  two 

a d ja c e n t  edges  with  sim ilar g ro u p s  a n d  in a d ire c t io n  p e rp e n d ic u la r  to 

th e  p lane  the  o c ta h e d ra  a r e  l in k e d  th r o u g h  v e r t i c e s .  (72) F ig .  1.2 

show s the  c r y s ta l  s t r u c t u r e  of ReO^. F ig .  1 .3  show s th e  la y e r  s t r u c t u r e  

of MoO^.

Fig. 1-3 Layer S tru c tu re  of MoCk

T u n g s te n  t r io x id e  h a s  a monoclinic s t r u c t u r e  a t  o r d in a r y  te m p e ra tu r e s .

The b ro n z e s  H MoO- a n d  H WO~ a r e  fo rm ed  to p o ta c t ic a l ly ,
X j  X j

c h a ra c te r i s e d  by  th e  fac t  th a t  th e y  a r e  fo rm ed  w ith o u t a n y  major 

s t r u c t u r a l  c h a n g e  to th e  la y e r  l a t t i c e .  D ick en s  e t  a l .  (73) found  th a t  

th e  x - r a y  pow der p a t t e r n s  of th e  H^MoO^ b ro n z e  c losely  re sem b led  th a t  

of MoO^ from which th e y  co n c lu d e d  t h a t  h y d r o g e n  h a d  b e e n  read i ly  

i n s e r t e d  into th e  p a r e n t  ox ide  w ith  l i t t le  c ry s ta l lo g ra p h ic  r e a r r a n g e m e n t .
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By c a r r y i n g  o u t  e lastic  and  in e la s t ic  n e u t r o n  s tu d ie s  of

h y d ro g e n  metal b r o n z e s ,  D ickens  e t  al. (73) w ere  ab le  to conclude  tha t

h y d ro g e n  was p r e s e n t  a s  -OH g ro u p s  in Hq 4 WO3  a n d  Hq ^ M o O y

H ow ever ,  for b ro n z e s  w ith  a h ig h e r  h y d r o g e n  c o n t e n t ,  th e y  found

e v id e n c e  th a t  h y d r o g e n  was p r e s e n t  in th e  form of " O ^  g ro u p s .  This

was confirm ed  by  solid  s ta t e  NMR s tu d ie s  c a r r i e d  o u t  on HA 0 ,M o0 0  and
U. 5b 3

Hf ^^MoO^. (74) On th e  b a s is  of th e se  r e s u l t s ,  S lade  e_t ah  (74) 

s u g g e s te d  th a t  Hq ^ M oO-  ̂ an<^ Hq ^WO^ s h o u ld  be  fo rm u la ted  as oxide 

h y d ro x id e s  MO., (OH) . T he  m olybdenum  a n d  t u n g s t e n  oxide  bronzes
j  X  X

a r e  b e l iev ed  to h a v e  a n a lo g o u s  s t r u c t u r e s  a t  t h e s e  s im ilar h y d ro g en  

c o n te n ts .  (74)

F ig u re  1 .4  show s th e  p o s i t io n s  of h y d r o g e n  atom s in Hq . 36Mo03 

a n d  H^ kgMoO^. F o r  co m p ar iso n ,  th e  s t r u c t u r e  of MoO^ alone is shown. 

T h i s  in d ica te s  t h a t  l i t t l e  s t r u c t u r a l  r e a r r a n g e m e n t  t a k e s  p lace  on bronze 

fo rm a t io n .

Fig. 1-4 Structures of MoO^and Ĥ MoÔ
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R i t te r  e t  al. (75) c a r r i e d  o u t  NMR s tu d ie s  on h y d ro g e n  moly

bdenum  b ro n z e s  p r e p a r e d  e le c tro c h e m ic a l ly . T h ey  fo u n d  th a t  for 

x < 0 . 8 5  in H^MoO^ alm ost all h y d ro g e n  was in t r a l a y e r ,  ly ing  along a 

z ig -z a g  line c o n n e c t in g  v e r t e x - s h a r i n g  o x y g e n  atoms of th e  MoO^ octa-  

h e d r a , as  shown in F ig u r e  1 .5 .

Fig. 1-5 In tra layer  P o s i t io n s  of 

Hydrogen Within ty ioO ^

F o r  h ig h e r  va lues  of x ,  th e  h y d r o g e n  s t a r t s  to o c c u p y  in t e r l a y e r  

p o s it io n s  c o o rd in a te d  w ith  te rm in a l  o x y g e n  atoms a t  th e  v a n  d e r  Waals' 

g ap .  F ig u re  1 .6  show s  th e  i n t r a -  a n d  in t e r - l a y e r  h y d r o g e n  po s it io n s  

fo r  k^MoOj a n d  qMoO^



Fig. 1-6 In tra layer  and In te r la y e r  

Pro ton  Positions  in HyMoCh

F o r  ^M oO ^  a b o u t  ha lf  th e  p ro to n s  r e s id e  in th e  in t e r l a y e r  pos itions  

a s so c ia te d  w ith  te rm ina l o x y g e n s  in th e  van  d e r  Waals' gap .  (75)

F r ip ia t  e t a l. (76) c a r r i e d  o u t  p ro to n  NMR s tu d ie s  on h y d ro g e n  molybde

num b r o n z e s ,  a n d  co n c lu d ed  th a t  th e r e  was p re d o m in a n t ly  only  one ty p e  

of p ro to n  p r e s e n t .  E v id en ce  in d ic a te d  th a t  th is  was n o t  a h y d ro x y l  

p r o t o n .

S ienko  an d  O e s te r r e i c h e r  (77) s tu d ie d  h y d ro g e n  tu n g s te n

b ro n z e  u s in g  in f r a r e d  a n d  e le c t ro n  sp in  r e s o n a n c e  te c h n iq u e s .  T h ey

fo u n d  no e v id e n c e  fo r  th e  e x i s te n c e  of -OH in  H WO->. H ow ever,x  3

D ick en s  e t  a l .  (70 ),  c o n c lu d e d  th a t  h y d ro g e n  t u n g s t e n  b ro n z e s  Hx WO^

( 0  < x < 0 . 6 ) cou ld  b e  c la ss i f ied  as ox ide  h y d r o x id e s  WO^_x (O H )x an d  

b y  c a r r y i n g  o u t  NMR s tu d ie s  th e y  fo u n d  th a t  th e  H atoms p a r t i c ip a te d  

in a h y d ro x y l  b o n d .  T h e  ^ ^ 5 _ 2 x ^ ^ ^ 2 x  oc â îec r̂ a  to g e th e r

form ing a d i s to r t e d  ReO^ s t r u c t u r e ,  w ith an  H atom d i r e c te d  to w ard s  an 

O atom of a n e ig h b o u r in g  o c ta h e d ro n .  T h is  w o rk  of D ickens  et al. (70) 

was co n firm ed  b y  W right (7 8 ) ,  who c a r r i e d  o u t  in e la s t ic  n e u t ro n  

s c a t t e r in g  e x p e r im e n ts  on Hq 4 WO3  a n d  fo u n d  th a t  th e  s p e c t r a  p ro d u c e d
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show ed  only v ib r a t io n s  w hich  would be e x p e c te d  of a metal h y d ro x id e .

S t r u c t u r a l  m odifications to MoO^ can  ta k e  p lace  d u r in g  the

form ation  of H^ ^MoO^ from  sp illover  h y d r o g e n .  When th e  h y d ro g e n

atom s e n t e r  th e  MoO^ la t t i c e ,  th e r e  is a te n d e n c y  fo r  th e  ox ide  to c leave

in p la n e s  p a ra l le l  to  i t s  c c ry s ta l lo g ra p h ic  a x i s .  (79) T h is  r e s u l t s  in an

in c re a s e  in s u r fa c e  a r e a ,  b u t  is also d e c re a s e s  th e  c o n ta c t  b e tw een  th e

metal p a r t i c l e s ,  fo r  exam ple ,  p la tinum , an d  th e  o x id e  l a y e r s .  T h e re  is

also  a t e n d e n c y  fo r  r a t h e r  la rg e  c lu s t e r s  of m etal p a r t i c le s  to form. T h e

2 - 1s u r f a c e  a re a  can  in c re a s e  from a ro u n d  1  m g fo r  MoO^, by  a fac to r  of 

two o r  th r e e .  ( 6 8 )

Hx WOs can  b e  decom posed  u n d e r  vacuum  o r  b y  th e rm al t r e a t 

m e n t .  C ry s ta l l in e  h y d ro g e n  tu n g s te n  b ro n z e s  a r e  s ta b le  in vacuo  to 

t e m p e r a tu r e s  g r e a t e r  th a n  400K. (79) H ow ever,  th e y  a r e  u n s ta b le  in a ir

w ith  r e s p e c t  to  o x id a tio n .  O v er  th e  te m p e ra tu r e  r a n g e  470-670K,

decom position  of H^WO^ ta k e s  p lace  with th e  fo rm ation  of b o th  ^  an d  

as  g a se o u s  p r o d u c t s ,  in d ica t in g  th a t  decom position a n d  d isp ro p o r t io n a t io n  

o c c u r  s im u ltaneously  a t  e lev a te d  te m p e ra tu r e s .  (80)

H y d ro g e n  molybdenum  b ro n z e s  u n d e rg o  d e h y d ro g e n a t io n  an d  

d e h y d r a t io n  u n d e r  vacuum  a t  t e m p e ra tu re s  h ig h e r  th a n  120°C, a n d  in 

flow ing H 2  a t  t e m p e ra tu r e s  h ig h e r  th a n  100°C. (80) W ater molecules 

a r e  fo rm ed  from in s e r t e d  h y d ro g e n  atoms and  la t t ic e  o x y g e n  a tom s. T h e  

rem ova l of la t t ic e  o x y g e n  atoms in th e  form of w a te r  is  accom panied  by  

s t r u c t u r a l  m od ifica t ions .  As a r e s u l t ,  th e  e x t e r n a l  la y e r s  of th e  oxide  

becom e p a r t i a l ly  a m o rp h o u s .  D epletion of h y d r o g e n  a f fe c ts  th e  o u te r  

l a y e r s  f i r s t .
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Decomposition of h y d ro g e n  metal b ro n z e s  du e  to therm al a n d /  

or vacuum t r e a tm e n t  le ad s  to r e d u c t io n  of th e  m olybdenum  or tu n g s te n  

t r io x id e s  to low er o x id e s .  (79) B ey o n d  a c e r ta in  v a lu e ,  elimination of 

h y d ro g e n  as  w a te r  becom es i r r e v e r s i b le  a n d  th e  b ro n z e  can no lo n g e r  be 

r e s to r e d  to i ts  in itia l s ta t e .

Within ^MoO^, Mo can e x is t  in th e  +4, +5 an d  + 6  oxidation 

s t a t e s .  (81) Lower ox ides  s u c h  as Mo0 O c a n d  MoO-, a re  formed onL D C

re d u c t io n  of MoO^. S t r u c t u r a l ly  th e s e  lower o x id e s  a re  q u i te  d if fe re n t  

to M oOy F ig u re  1 .7  show s th e  s t r u c t u r e  of MoO^ which is b a sed  on a 

d i s to r t e d  r u t i le  s t r u c t u r e .

o  = oxygen 

•  =molybdenum

Fig. 1-7 Rutile S tru c tu re  of M0 O2

D e h y d ra t io n  of M o0 3  a t  a r o u n d  200°C le a d s  to th e  fo rm ation  of Mo2 0 5- 

T h e  b e h a v io u r  of Mo2 0,- form ed in th i s  way is d i f f e r e n t  to th e  norm al 

ox ide  of th is  com position . (55)
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T h e  h y d r o g e n  metal b ro n z e s  (M = Mo o r  W) form ed by

h y d r o g e n  sp i l lo v e r  may become ca ta ly t ica l ly  a c t iv e .  S erm on a n d  Bond 

( 57) fo u n d  th a t  th e  chemical s tab i l i ty  an d  r e a c t iv i ty  of h y d ro g e n  moly

b d en u m  b r o n z e ,  ^MoO^, and  h y d ro g e n  t u n g s t e n  b r o n z e ,  H q 

was d i f f e r e n t .  T h e y  fo u n d  th a t  i t  was more d i f f ic u l t  to  rem ove h y d ro g e n  

from P t /H ^  qMoO^ th a n  from Pt/HQ b y  r e v e r s e  sp i l lo v e r  u s ing

o x y g e n  o r  o th e r  h y d r o g e n  a c c e p to r s .

I t  is  b e l ie v e d  th a t  fo r  sp il lo v e r  h y d ro g e n  to  r e a c t ,  i t  m ust

f i r s t  u n d e rg o  th e  p ro c e s s  of r e v e r s e  sp i l lo v e r  from th e  s u p p o r t  back  to

th e  metal. Rem oval of h y d ro g e n  from th e  h y d r o g e n  m etal b ro n z e s  m ust 

o c c u r  v ia  r e v e r s e  sp i l lo v e r  s ince  alone in a i r  is s ta b le  at am bient

te m p e ra tu r e  (4 1 ) ,  w h e rea s  th e  in t ro d u c t io n  of a i r  in to  a m ix tu re  of 

P t / A ^ O ^  a n d  WO^ a t  am bien t te m p e ra tu r e  le ad s  to r e -o x id a t io n  of th e  

b r o n z e .  (82) I t  is  g en e ra l ly  b e l ie v e d  th a t  sp i l lo v e r  h y d ro g e n  on 

s u p p o r t s  is r a t h e r  u n re a c t iv e .  (64)

T h e  r a t e  of h y d ro g e n a t io n  of h y d ro g e n  a c c e p to r s  s u c h  as 

e th y le n e  or  o x y g e n  g ives  a m e asu re  of th e  r a t e  of r e v e r s e  sp il love r .

T h is  r a t e  d e p e n d s  on th e  c o n c e n tra t io n  of sp i l lo v e r  h y d r o g e n ,  its

s ta b i l i ty  on th e  s u p p o r t  a n d  th e  d e g re e  of c o n ta c t  b e tw e e n  th e  metal a n d

th e  h y d ro g e n  a c c e p to r  p h a s e .  (55) T h e  r a te  of r e v e r s e  sp il love r  is 

low er th a n  th e  r a t e  of sp il lo v e r .  (79)

H^ qMoO^ con ta in ing  P t  r e a c t s  w ith e th y le n e  a t  160°C to form 

e th a n e .  T h e  r e a c t io n  r a t e  d e p e n d s  on th e  p la tinum  c o n te n t ,  an d  can 

b e  in c re a s e d  b y  th e  p r e s e n c e  of gaseo u s  h y d r o g e n .  T h e  pla tinum  

p a r t ic le s  a re  r e g a r d e d  as "ga tes"  by  w hich th e  H -a tom s leave  th e  hos t 

ox ide  b y  a r e v e r s e  sp il lo v e r  p ro c e s s .  T he  p la tinum  p a r t ic le s  a re  also
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b e l ie v e d  to  b e  th e  ca ta ly t ic  s i te s  (79 , 80) w hich  a r e  in c o n ta c t  w ith  th e  

b r o n z e ,  w hich  th e r e b y  ac ts  as a h y d r o g e n  r e s e r v o i r .  (80) F or th e  

h y d r o g e n a t io n  of e th y le n e  to e th a n e ,  a b o u t  30% of th e  in i t ia l  h y d ro g e n  

c o n te n t  can  b e  rem oved , w h e reas  a b o u t  90% of th e  in i t ia l  h y d ro g e n  c o n te n t  

c an  b e  rem o v ed  b y  t r e a tm e n t  w ith  o x y g e n .  (80)

B enali e t  al. (83) found  t h a t  h y d ro g e n a t io n  of e th y le n e  on 

^MoO^ took p lace  in th e  a b se n c e  of th e  P t /A ^ O ^  r e q u i r e d  to p ro d u c e  

th e  b r o n z e .  R eaction  commenced a t  ca .  80°C a n d  r e s u l t e d  in th e  t r a n s 

fo rm ation  of H j  ^MoO^- From th i s ,  th e  a u th o r s  c o n c lu d ed  th a t  palladium  

o r  p la tinum  p a r t ic le s  d id  no t n e e d  to b e  p r e s e n t  to  a c t  as  g a te s  th r o u g h  

w h ich  th e  H atoms could  leave  th e  h o s t  la t t ic e  to h y d ro g e n a te  e th y le n e .

I f  g a se o u s  h y d ro g e n  is p r e s e n t ,  H-  ̂ ^ MoO^ can c a ta ly s e  th e  h y d r o g e n 

a tion  of e th y le n e  w ithou t s t r u c t u r a l  m od if ica tions .  (83) F r ip ia t  e t al.

(79) fo u n d  th a t  fo r  th e  h y d ro g e n a t io n  of e th y le n e  o v e r  H MoCK, th eX j

r e a c t io n  r a t e  in c re a s e d  with in c re a s in g  h y d ro g e n  p r e s s u r e ,  in d ic a t in g  

t h a t  th e  g aseo u s  h y d ro g e n  was co n su m ed  b e fo re  th e  sp il lo v e r  h y d r o g e n .

J a c k s o n  e t al. (84) in v e s t ig a t e d  th e  h y d ro g e n a t io n  of ca rb o n  

m onoxide  o v e r  G roup  VIII metals s u p p o r t e d  on m olybdenum  tr io x id e  a n d  

t u n g s t e n  t r io x id e .  By u s in g  th e s e  s u p p o r t s  r a t h e r  th a n  silica , a r a t e  

e n h a n c e m e n t  of u p  to  two o rd e r s  of m a g n itu d e  w as o b s e r v e d  fo r  Ni, R u ,  

R h  a n d  P d .  I ro n  show ed  no s u c h  en h a n c e m e n t  in  a c t iv i ty .  T he  

a u t h o r s  s u g g e s te d  th a t  f a s t  sp il lo v e r  a n d  r e v e r s e  sp i l lo v e r  took p lace 

u n d e r  re a c t io n  c o n d i t io n s ,  r e s u l t in g  in a h ig h e r  e f fe c t iv e  h y d ro g e n  

c o n c e n t r a t io n  an d  hence  an in c re a s e  in rea c t io n  r a t e .  No su c h  

e n h a n c e m e n t  was o b s e rv e d  w ith  iron  a n d  th i s  was a t t r i b u t e d  to i t s  

in a b i l i ty  to fac i l i ta te  th e  f a s t  s p i l l o v e r / r e v e r s e  sp i l lo v e r  n e c e s s a ry  to 

e n h a n c e  r a t e s .
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S a c h t l e r  (85) p ro p o s e d  th a t  th e  r a t e  d e te rm in in g  s te p  in th e  

h y d r o g e n a t io n  o f  c a rb o n  monoxide to  h y d r o c a r b o n s  was th e  add ition  of 

h y d r o g e n  to  s p e c ie s .  T h e r e f o re ,  an  in c re a s e  in  h y d ro g e n  co n ce n 

t r a t io n  a t  t h e  s u r f a c e  sh o u ld  en h an c e  th e  r e a c t io n  r a t e .  In  th e  case  

of M/MoO^ o r  M/WO^, th e  in c re a s e  in  h y d r o g e n  c o n c e n tra t io n  could  be  

p r o v id e d  b y  r e v e r s e  sp il lo v e r  of h y d r o g e n  from th e  s u p p o r t  to th e  

m etal.  (84)

1. 6  R e a c t io n s  O v e r  S u p p o r te d  Metal C a ta ly s ts

G ro u p  V III m etals  s u c h  as  p la t inum  a n d  rhod ium  a re  f r e q u e n t ly  

u s e d  to  c a ta ly s e  h y d ro g e n a t io n  r e a c t io n s .  H y d ro g e n a t io n  is  gen e ra lly  

c o n s id e r e d  to  b e  a s t r u c t u r e - in s e n s i t i v e  r e a c t io n .  I t  w ould , th e re fo re ,  

b e  e x p e c te d  t h a t  s u c h  a reac tio n  would b e  re la t iv e ly  u n a f fe c te d  by  

m e ta l - s u p p o r t  in t e r a c t io n s .  A ny o b s e rv a b le  d i f f e re n c e s  could  simply be  

d u e  to  d i f f e r e n c e s  in m e thods of c a ta ly s t  p r e p a r a t io n .  ( 8 )

In  th e  p r e s e n t  s tu d y ,  th e  h y d r o g e n a t io n  of b u ta -1 ,3 - d ie n e  

o v e r  s u p p o r t e d  p la tinum  an d  rhod ium  c a ta ly s t s  h a s  b een  of p a r t i c u la r  

i n t e r e s t .  T h e  s e le c t iv e  h y d ro g e n a t io n  of b u t a - 1 ,3 - d i e n e  is a reac tio n  

of p r a c t ic a l  im p o r ta n c e  for th e  p u r i f ic a t io n  of C ^ -o le f in s  con ta in ing  

r e s id u a l  b u t a - 1 ,3 -d ie n e  ( 8 6 ) w hils t h y d ro g e n a t io n  of d io lefins  is an 

im p o r ta n t  r e a c t io n  in oil r e f in in g ,  e sp ec ia l ly  in re fo rm in g .  (87)

T h e  s tu d y  of co n ju g a ted  d io lefins  in  p a r t i c u la r  is  a p p ro p r ia te  

b e c a u se  s tu d ie s  may show a p r e f e r e n c e  fo r  a c a ta ly s t  to p ro d u c e  mono

o le fin s  r a t h e r  th a n  a lk a n e s ,  o r  v i c e - v e r s a . In  a d d i t io n ,  h y d ro g e n a t io n  

of s u c h  a lk a d ie n e s  may lead  to p r e f e r e n t i a l  p ro d u c t io n  of one isomer of 

th e  olefin  r a t h e r  th a n  a n o th e r .  ( 8 8 )
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In  1965, Wells e t  al. (89) p u b l i s h e d  th e  f i r s t  of a s e r ie s  of 

p a p e r s  on th e  h y d ro g e n a t io n  of a lk a d ie n e s  c a ta ly sed  by  G roup  VIII 

m e ta ls .  D u r in g  th e  c o u r s e  of th i s  w o rk ,  th e  a u th o rs  exam ined  th e  

s e le c t iv i ty  of v a r io u s  c a t a ly s t s  in  th e  p ro d u c t io n  of b u t e n e s ,  s e le c t iv i ty  

(S ) b e in g  d e f in e d  as

g _ ____________ (y ie ld  of b u t e n e s ) _____________

[(y ie ld  of b u te n e s )  + (y ie ld  of b u ta n e ) ]

I t  w as d is c o v e re d  t h a t ,  in th e  m a jo r ity  of c a s e s ,  th e  in i t ia l  p r o d u c t s  of 

th e  h y d ro g e n a t io n  of b u t a - 1 , 3 -d ien e  w ere  1 - b u te n e ,  t r a n s - b u t -  2 - e n e , 

c i s - b u t - 2 - e n e  and  n - b u t a n e .  T h e  e x ce p t io n  to th i s  was pa llad ium , 

w hich  was fo u n d  to be  to ta l ly  s e le c t iv e  fo r  b u te n e  form ation . ( 8 8 )

N ega tive  o r  ze ro  o r d e r s  of re a c t io n  in b u ta d ie n e  a n d  p o s i t iv e  

o r d e r s  in  h y d ro g e n  in d ic a te d  t h a t  th e  a lkad iene  was th e  more s t ro n g ly  

h e ld  r e a c t a n t .  ( 8 8 ) B u te n e  r e - a d s o r p t i o n  was found  to b e  slow b e fo re  

a r o u n d  80% rem oval of th e  a lk a d ie n e .  ( 8 8 ) T h is  led  the  a u th o r s  to 

c o n c lu d e  th a t  th e  r e la t iv e  o r d e r  of th e  s t r e n g t h s  of a d s o rp t io n  of 

r e a c t a n t s  an d  p r o d u c t s  in th e  h y d ro g e n a t io n  of b u ta d ie n e  w as:

b u t a - 1 , 3 -d iene  > b u te n e s  > h y d ro g e n  > n - b u ta n e  ( 8 8 )

S ince  b u ta - 1 ,  3 -d iene  is  o b s e r v e d  to  b e  more s t ro n g ly  a d s o rb e d  th a n  

b u t e n e ,  th i s  may imply t h a t  th e  b u t a - 1 , 3 -d iene  is a d s o rb e d  b y  th e  

in te r a c t io n  of b o th  olefin ic  l in k a g e s  to  th e  s u r fa c e .  ( 8 8 )

In  th e  a d s o rb e d  s t a t e ,  b u t a - 1 ,3 - d i e n e  m ust b e  b o n d e d  via 

e i th e r  fo u r  c a rb o n -m e ta l  o ^ b o n d s ,  one  b o n d  p e r  c a rb o n  atom:
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H~C -  CH -  CH -  CH., (* r e p r e s e n t s  a s u r f a c e  s i te )
2 l l i i 2* * * *

3
in  w h ich  case  th e  c a rb o n  e x h ib i ts  sp  h y b r id i s a t io n ;  o r  as  a di-TT-adsorbed 

s p e c ie s ,  in w h ich  case  two TT-bonds a re  fo rm ed  be tw een  th e  s u r fa c e  a n d  

th e  o lefin ic  l in k a g e s ,  an d  th e  c a rb o n s  r e t a in  t h e i r  sp   ̂ h y b r id i s a t io n :

H2C = CH -  CH = CH 2  (89)

* *

B o n d  a n d  Wells (85) b e l iev ed  th a t  t h e r e  was more in te rn a l  s t r a in  on th e
3

G -bonded  sp e c ie s  in view of i ts  sp  h y b r id i s a t io n  a n d  as s u c h ,  conc lu d ed  

t h a t  th e  di-7T a d s o r b e d  sp ec ie s  was more l ik e ly .

D i - a d s o rb e d  b u t a - 1 ,3 -d ie n e  can  a d o p t  one of two poss ib le  

c o n fo rm a t io n s :

H^C = CH or

i \* CH = CH.,
I 2 
*

I

In  s p e c ie s  I I ,  th e  b o n d s  may r e ta in  t h e i r  o lefin ic  c h a r a c t e r ,  o r  th e  

e le c t ro n s  may delocalise  o v e r  all fo u r  c a r b o n s ,  g iv ing  sp ec ie s  II I :

CH -  CH
/ ;  r

c h 2  * vc h 2

III

A r e c e n t  p u b l ica t io n  by  O u d a r  e t a l .  (87) on th e  h y d ro g e n a t io n  of b u t a -

1 , 3 -d ie n e  on P t  (110) p ro p o s e d  th a t  b u t a - 1 ,3 - d i e n e  was in i t ia lly  a d s o rb e d

CH -  CH 

CH 2  * CH.

II



34

in th e  va lleys  of the  (110) p la n e ,  as  shown in F ig u re  1.8

Fig. 1-8 Model of Buta-1,3-diene Adsorption 
on P t (110)

T h e  f i r s t  level s a tu ra t io n  c o r r e s p o n d s  to one molecule of b u t a - 1 , 3 -d iene  

fo r  two Pt a tom s. In  th e  s eco n d  s ta g e  of a d s o rp t io n ,  th e  sp ec ie s  a re  

a d s o r b e d  on th e  to p -m o s t  la y e r  of P t  a tom s. In  th e  f i r s t  s t a g e ,  b u ta -

1 , 3 -d ien e  molecules a re  b e l ie v e d  to be  a d s o rb e d  f la t w h e reas  for the  

s eco n d  s ta g e ,  th e  sp e c ie s  a r e  b e l ie v e d  to b e  a d s o rb e d  in t h e  form of 

b u ta d ie n y l  o r  b u ty l id in e  s p e c ie s ,  c o r r e s p o n d in g  to one b u t a - 1 ,3 -d ie n e  

s p e c ie s  p e r  P t  atom.

H y d ro g en a t io n  r e a c t io n s  p ro c e e d  by  th e  following s t e p s :

i) a d so rp t io n  of o n e ,  o r  b o th ,  r e a c ta n t s

ii) form ation of o n e ,  o r  m ore ,  h a l f - h y d r o g e n a te d  s t a t e s

iii) rea c t io n  of h a l f - h y d r o g e n a te d  s t a t e  w ith  h y d ro g e n  to  g ive  

p ro d u c t .

T h is  can  be  shown schem a tica lly  for th e  h y d ro g e n a t io n  of b u t a - 1 , 3- 

d iene :
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C 4 H 6  (g )  ; = = -  C 4 H 6  (a)

-H  +K

C 4 H 7  (a)

+H

C 4 H 7  (a )  is  th e  h a l f - h y d r o g e n a te d  s t a t e .  U sing  d e u te r iu m  as  a t r a c e r ,  

B ond  a n d  v a r io u s  c o -w o rk e rs  (90-93) show ed th a t  th e  fo rm ation  of th e  

h a l f - h y d r o g e n a te d  s ta te  was a re a d i ly  r e v e r s ib le  s te p .

B u t - l - e n e  is  form ed from b u t a - 1 , 3 -d ien e  b y  1 ,2 -a d d i t io n  of two 

h y d r o g e n  atoms ( 8 8 ) :

B u t - 2 - e n e  may b e  form ed b y  th e  1 ,4 -a d d i t io n  of two h y d ro g e n  atom s to  

a d s o r b e d  b u t a - 1 , 3 -d iene :

+H

+H

+ C H 0 -C H --C H = C H 0
r 2 2  I 2

i . e .  CH 0 -CH =CH -CH

cis -  a n d  t r a n s - b u t - 2 - e n e
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H ow ever ,  b u t - 2 - e n e  may a lso  be  form ed by  isom erisa tion  of b u t - l - e n e  

fo rm ed  by  1 ,2 -a d d i t io n .  I f  b u t - 2 - e n e  is  fo rm ed  b y  1 ,4 -a d d i t io n  of 

h y d r o g e n  to  b u t a - 1 , 3 -d i e n e ,  th e  conform ation  of th e  a d s o r b e d  

d e te rm in e s  th e  c o n f ig u ra t io n  of b u t - 2 - e n e  p r o d u c e d .

In  th e  gas p h a s e ,  th e  p ro p o r t io n s  of s y n -  a n d  a n t i - b u t a - 1 , 3- 

d ie n e  lie in th e  r a n g e  93-97% a n d  3-7%, r e s p e c t iv e ly .  (94)

H ?C
H H H
C -  C C -  C

/  \  H ^
H 2C C H 2 C H 2 

a n t i  3-7% s y n  93-97%

,+H 4+ H

H-C
H H 3  \
C -  C CH -  CH

* sCH 2  /  CH 2

a n t i - 1 -methyl-TF-allyl (a )  s y n - 1 -methyl-TT-allyl (a )

|+H |+H

c i s - b u t - 2 - e n e  t r a n s - b u t - 2 - e n e

Wells et_ al. ( 8 8 ) s u g g e s t  t h a t  th e  re la t iv e  p ro p o r t io n s  of a d s o r b e d  a n t i -  

a n d  s y n - b u t a - 1 ,3 -d ie n e  r e f le c t  th e  p ro p o r t io n s  fo u n d  in th e  gas  p h a s e ,  

a n d  th a t  in  add ition , n e i th e r  th e  conform ations of a d s o r b e d  b u t a - 1 ,3 -d ie n e  

n o r  th e  confo rm ations  of a d s o r b e d  C^H^ re a d i ly  i n t e r c o n v e r t .

T he  r e s u l t s  show n would seem to in d ic a te  th a t  a h ig h  ra t io  of 

a d s o r b e d  I : a d s o r b e d  I I I ,  i . e .



r e s u l t s  in a h ig h  t r a n s : c i s  r a t io .  T h is  h a s  b een  fo u n d  to  b e  th e  case  

fo r  p a l lad ium . ( 8 8 ) Lower t r a n s : cis r a t io s  a re  o b ta in e d  o v e r  m etals  

w h ich  a re  b e t t e r  isom erisa tion  c a t a ly s t s .  In  f a c t ,  th e  t r a n s : c is  r a t io s  

o b ta in e d  from s tu d ie s  of 1 - b u t e n e  isom erisa tion  o v e r  th e  same m etals 

c o r r e la te  v e r y  well w ith th e  r a t io s  fo u n d  for b u t a - 1 , 3 -d iene  h y d r o g e n 

a t io n  ( 8 8 ) in d ic a t in g  th a t  b u t - 2 - e n e  is  almost c e r ta in ly  fo rm ed  by  isom er

is a t io n  of 1 -b u te n e .  Only a small p ro p o r t io n  of b u t - 2 - e n e  y ie ld  is  

fo rm ed  by  th e  1 ,4 -a d d i t io n  p r o c e s s .  T he  low am ount of b u t - 2 - e n e  

fo rm ed  o v e r  palladium  a p p a r e n t ly  o c c u r s  b e c a u s e ,  once fo rm ed ,  th e  

b u t e n e s  can n o t  read i ly  r e a d s o r b  on  th e  s u r f a c e .  T h e re fo re  b u te n e  

isom erisa t ion  can n o t ta k e  p lace  eas i ly  u n d e r  th e se  c i rc u m s ta n c e s ,  d e s p i te  

th e  fa c t  th a t  P d  is  a good isom erisa tion  c a ta ly s t .

In  1969, Wells et a l.  (95) p ro p o s e d  a m echanism fo r  th e  gas  

p h a s e  h y d ro g e n a t io n  of b u t a - 1 ,3 - d i e n e .  In  th e  se lec tiv e  h y d ro g e n a t io n  

o v e r  a lu m in a - s u p p o r te d  i ro n ,  c o b a l t ,  n icke l  an d  c o p p e r ,  a n d  co b a l t  an d  

n ic k e l  p o w d e rs ,  two ty p e s  of b e h a v io u r  could  be  o b s e r v e d .  In  ty p e  A, 

th e  y ie ld  of b u t - l - e n e  was h ig h  a n d  th e  t r a n s : cis ra t io  in b u t - 2 - e n e  was 

low. In  th i s  c a s e ,  m echanism  A was followed. In  ty p e  B b e h a v io u r  

th e  b u t - l - e n e  y ie ld  was re la t iv e ly  low, a h ig h  t r a n s : cis r a t io  was 

o b s e r v e d  an d  mechanism B was followed. T y p e  A b e h a v io u r  was
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Mechanism A

*  CHfCH2

Buta -1,3-diene(g)

CH2jC H -C H = C H 2
*

[ I I ]

CH2fCH 

^ . C H

CH2 HU]
k
-H *H -H +H•H

CH27 CH
*  C H -CH , 

[ I V]  I

CH?~ nCH
A

* CH-CH. 
[ v n I ]

+ H

CH3-(pH-CH=CH2 ; 
* [V]

-f

CH ~CH ~CH=CH | 2 2 2

*  [VI]

+ H
T

B u t - 1 - e n e  (g)

-H 

CH2j CH
*  9 H t v n ]  

CH *

+ H

\  ik, / /  *-

♦ H \  \
V H

/  S+w  / ^
c h 3- c h  

3 > -
* CH- CH.

[X]

c h 2^ c h - c h 2 c h 3
■*

[XI ]

CH,-£H
/A

x  ; ch

CH-3

H

CHo’ CH J A

LIX]

^ t r a n s - b u t -  2 - e n e  (g) d s - b u t - 2 - e n e  (g) 

Mechanism B

B u ta - i^ -d ie n e  (g)

CHC3H t » “

C H ,- ,C H
2  ^

* ‘c h - c h 2 
*[ IA]

C H .- .C H  
2 -AN

* <;c h

+H
k
-Hi

CH2 [ W A]

8 u t  - i - e n e  (g) H| - H

[X] [xin[ XI]ut r a n s -b u t -2 -e n e  (g) ci_s-but-2-ene (g)
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o b s e r v e d  fo r  i r o n ,  cobalt and  n icke l  r e d u c e d  below 350°C. C obalt 

a n d  n ic k e l  r e d u c e d  above  400°C show ed  ty p e  B b e h a v io u r .  In  th is  

way i t  can  b e  seen  th a t  th e  h y d ro g e n a t io n  of b u t a - l , 3 - d i e n e  can lead  

to  th e  fo rm ation  of 1 - b u te n e ,  t r a n s - b u t - 2 - e n e , c i s - b u t - 2 - e n e  an d  

n - b u t a n e .

In  1970, Wells e t a l. (96) p u b l i s h e d  th e i r  w ork  on the  

r e a c t io n  of b u t a - 1 ,3 -d ie n e  w ith  d e u te r iu m  c a ta ly s e d  by  rh o d iu m , 

pallad ium  a n d  p la t in u m . T h is  s t u d y  p r o v id e d  ev id en ce  th a t  o v e r  th e se  

m e ta ls ,  b u t - l - e n e  o c c u r r e d  by  1 , 2 - a d d i t io n  of h y d ro g e n  atoms to b u ta -

1 , 3 -d ie n e  a n d  th a t  b u t - 2 - e n e  fo rm ation  o c c u r r e d  b y  1 ,4 -a d d it io n  of 

h y d r o g e n  atom s to b u t a - 1 ,3 -d ie n e  r a t h e r  th a n  b y  th e  in itia l form ation 

a n d  s u b s e q u e n t  isom erisa tion  of b u t - l - e n e .

More r e c e n t ly ,  b u t a - 1 ,3 - d i e n e  h y d ro g e n a t io n  s tu d ie s  h av e  

b e e n  c a r r i e d  o u t  on P t  s ing le  c r y s ta l s .  O u d a r  e t  al. (97) com pared  

b u t a - 1 , 3 -d ie n e  h y d ro g e n a t io n  on P t  (100) a n d  P t  (110) a n d  found  t h a t ,  

u n d e r  s te a d y  s t a t e  c o n d it io n s ,  th e  s u r f a c e  is  c o v e re d  w ith  a r e p r o d u c 

ib le  h y d r o c a r b o n  d e p o s i t .  T h ey  b e l ieve  t h a t  on P t  (110) th e  d ep o s i t  

is  C ^ H ^ (a ) ,  w h e re a s  on P t  (100) th e  d e p o s i t  is C ^ H ^ (a ) .  In  b o th  ca se s  

th e  a c t iv a t io n  e n e rg ie s  a re  n e a r ly  th e  same a t  a r o u n d  33 k j  mol 

H eat t r e a tm e n t  above  250°C on P t  (110) a n d  200°C on P t  (100) le ad s  to 

i r r e v e r s i b l e  p o iso n in g .

B o it iau x  e t  a l. (98, 99) c a r r i e d  o u t  s tu d ie s  on liq u id  p h a s e  

h y d r o g e n a t io n  of u n s a tu r a t e d  h y d ro c a rb o n s  o v e r  p la t in u m , rhodium  a n d  

pa l lad iu m . T h e i r  rea so n  fo r  c a r ry in g  ou t th e  re a c t io n s  in the  l iq u id  

p h a s e  was to  mimic cond itions  u s e d  in d u s t r i a l ly  ( l iq u id  p h a s e ,  low 

t e m p e r a t u r e ,  s u p e r -a tm o sp h e r ic  p r e s s u r e )  w h e re  s u c h  cond itions  a r e
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ch o sen  to avo id  th e  e x c e ss iv e  e n e rg y  consum ption  in v o lv e d  in v a p o r i s 

a t ion  a n d  c o n d e n s a t io n , a n d  also to c o n t in u o u s ly  w ash  th e  c a ta ly s t  f re e  

from oligom ers  e i th e r  p r e s e n t  in th e  f e e d - s to c k  o r  fo rm ed  d u r in g  th e  

r e a c t io n .  T h e s e  a u t h o r s  fo u n d  th a t  b u t a - 1 ,3 - d i e n e  h y d ro g e n a t io n  was 

s e n s i t iv e  to pa llad ium  d is p e r s io n .  At h igh  d i s p e r s io n ,  v e r y  s t ro n g  

com plexes  w ere  fo rm ed  b e tw ee n  th e  h y d ro c a rb o n s  a n d  th e  small 

p a r t i c le s .  T h e  h y d ro g e n a t io n  re a c t io n  mainly followed th e  1 ,2 -a d d i t io n  

p a th w a y ,  t o g e th e r  w ith  a small am ount of 1 ,4 -a d d i t io n  of h y d ro g e n  atoms. 

H y d ro g e n a t io n  of 1 -b u te n e  only  o c c u r s  a f t e r  h ig h  b u ta - 1 ,3 - d i e n e  

c o n v e r s io n ,  a c o n se q u e n c e  of th e  g r e a t e r  s t r e n g t h  of a d s o rp t io n  of 

b u t a - 1 ,3 - d i e n e  th a n  th e  b u te n e s .  I t  was also o b s e r v e d  th a t  th e  r a te  

of 1 - b u te n e  h y d r o g e n a t io n  was f a s te r  th a n  th e  r a t e  of b u t a - 1 ,3 -d ien e  

h y d ro g e n a t io n .  H ow ever ,  if 1 -b u te n e  was p r e s e n t  in a f e e d - s to c k ,  it 

was h y d r o g e n a t e d  more ra p id ly  th a n  1 - b u te n e  fo rm ed  from b u t a - 1 , 3- 

d ie n e .  T h e  d i f f e re n c e  is b e l ie v e d  to b e  due  to  th e  p r e s e n c e  of b u t - 2- 

e n e s ,  in th e  l a t t e r  c a s e ,  w hich  co v e r  a n o n -n e g l ig ib le  p a r t  of th e  

s u r f a c e .

In  th e  case  of pa llad ium , th e  t u r n o v e r  n u m b e r  fo r  b u t a - 1 , 3- 

d iene  d e c r e a s e s  w ith  in c re a s in g  d is p e r s io n .  H ow ever ,  th e  tu r n o v e r  

n u m b e r  fo r  b u t a - 1 ,3 -d ie n e  on p la tinum  is c o n s ta n t  fo r  d is p e r s io n  in th e  

r a n g e  3 to 99%. (98) B o it iau x  e t  a l. (99) r e p o r t  t h a t  rhod ium  show s a 

s e n s i t iv i ty  to d is p e r s io n  for th e  h y d ro g e n a t io n  of b u t a - 1 ,3 -d ie n e  an d  

b u t - l - y n e ,  w h e re a s  p la tinum  only  show s th e  s e n s i t iv i ty  to  d is p e rs io n  for 

b u t - l - y n e  h y d r o g e n a t io n .

H y d ro g e n a t io n  r e a c t io n s  a r e  g e n e ra l ly  b e l ie v e d  to  be  s t r u c t u r e  

in s e n s i t iv e .  H ow ever ,  B oit iaux  e t  a l .  (98, 99) h a v e  show n v a r ia t io n s  in
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t u r n o v e r  n u m b e rs  w ith  c h a n g e s  in m etal d is p e r s io n .  T h e se  a u th o r s  

p r o p o s e d  th a t  th e  r a t e  c o n s ta n t  k  was c o n s ta n t ,  i r r e s p e c t iv e  of 

d i s p e r s io n ,  b u t  th a t  th e  r a t e  e q u a t io n  co n ta in ed  a "m ulticom plexation 

c o n s t a n t " ,  K ' , w hich was s e n s i t iv e  to  metal d is p e r s io n .  K' in c re a s e s  

w ith  in c re a s in g  d i s p e r s io n ,  a n d  is  a l in e a r  com bination of th e  in f lu e n c e s  

of metallic s i te s  of v a r io u s  c o o rd in a t io n  n u m b e rs .  (98)

T h e  h y d ro g e n a t io n  of c a rb o n  m onoxide is a s t r u c t u r e - s e n s i t i v e  

r e a c t io n  a n d ,  as  s u c h ,  it  is to b e  e x p e c te d  th a t  rea c t io n  r a t e  a n d  

s e le c t iv i ty  may be  a f fe c te d  b y  m etal p a r t i c le  s ize a n d  m orpho logy ,  as  well 

a s  b y  e lec tro n ic  e f f e c ts .

Where th e  ra t io  of h y d r o g e n  to  c a rb o n  monoxide is  g r e a t e r  th a n  

o r  e q u a l  to t h r e e ,  th e  most l ike ly  r e a c t io n  is  th e  so -ca lled  m e thana t ion  

r e a c t i o n :

CO + 3H 2  —  ■> CH 4  + H 20

T h e  m e thana t ion  rea c t io n  is  p a r t i c u la r ly  im p o rtan t  in i n d u s t r y ,  w h e re  it 

is  u s e d  ro u t in e ly  to eliminate c a rb o n  m onoxide, which may b e  p r e s e n t  in 

small am oun ts  in h y d r o g e n - r i c h  g a s e s  s u c h  as th o se  u s e d  fo r  ammonia 

s y n t h e s i s ,  b y  c o n v e r t in g  it to m e th an e  a n d  th e re b y  p r e v e n t in g  c a ta ly s t  

p o is o n in g .  T he  re a c t io n  is a lso  c a r r i e d  ou t to p ro d u c e  a m e th a n e - r ic h  

fue l w ith  a low c a rb o n  monoxide c o n te n t .  ( 1 0 0 )

T he  e a r l ie s t  w ork  on m e th an a t io n  was c a r r i e d  o u t  b y  S a b a t ie r  

a n d  S e n d e re n s  (101) ,  who fo u n d  th a t  n ic k e l  was an ex trem ely  e f f ic ien t  

c a t a ly s t  fo r  th is  r e a c t io n .  T h e  same a u th o r s  th e n  e x te n d e d  th e i r  s tu d y  

from n ick e l  to in c lu d e  o th e r  m e ta ls .  (102) T h e y  fo u n d  th a t  c o p p e r ,  i r o n ,
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p la tinum  a n d  pa llad ium  d id  n o t  form a c t iv e  c a t a ly s t s .  In  1925, F isc h e r  

e t  a l .  (103) p u b l i s h e d  a p a p e r  on th e  m e thana t ion  a c t iv i t ie s  of v a r io u s  

m e ta ls .  T h e y  fo u n d  th a t  th e  o rd e r  of a c t iv i ty  was:

R u  > I r  > R h > Ni > C r > Os > P t  > Fe > P d

H o w ev er ,  r e s e a r c h  b y  V annice  (104) show ed  th a t  w hen  th e  specific

a c t iv i t ie s  w ere  c a lc u la te d ,  ta k in g  in to  acc o u n t th e  m etal s u r fa c e  a re a ,  

th e  o r d e r  of sp ec if ic  a c t iv i ty  was:

R u  > Fe > Ni > Co > R h > P d  > P t  > I r

V an n ice  (104) c o n c lu d e d  th a t  p a r t ic le  s ize e f fe c ts  a n d  m e ta l - s u p p o r t

in te r a c t io n s  sh o u ld  also  b e  ta k e n  in to  c o n s id e ra t io n .  He fo u n d  th a t
o

R u ,  F e ,  Ni a n d  Co h a d  la rg e  a v e ra g e  p a r t ic le  s izes  (> 100A d iam eter)  

a n d  s u g g e s te d  t h a t ,  b e c a u se  of t h i s ,  th e i r  b e h a v io u r  is  more like th a t  

of u n s u p p o r te d  m e ta ls .  R h ,  P t ,  I r  a n d  P d  w ere  m ore h ig h ly  d is p e r s e d
o

a n d  h a d  a v e ra g e  p a r t i c le  s izes  ^  40A.

In  h is  s t u d y  of th e  k in e t ic s  of th e  m e th an a t io n  reac t io n  o v er

s u p p o r te d  m e ta ls ,  V ann ice  (105) found  a c o r re la t io n  b e tw e e n  th e  s t r e n g t h  

of th e  metal-CO  b o n d  a n d  th e  specific  ac t iv i t ie s  of th e  m etals in th e  

s y n th e s i s  r e a c t io n .  T h e  h ig h e s t  a c t iv i ty  is o b s e r v e d  fo r  th e  lowest 

M-CO b o n d  s t r e n g t h .  F u r t h e r  ev id en ce  of th is  e f fe c t  was found  when 

V ann ice  (106) i n v e s t ig a t e d  the  form ation of m ethane  o v e r  s u p p o r te d  an d  

u n s u p p o r t e d  p la t inum  a n d  pa llad ium . T he  re a c t io n  was o b s e rv e d  to 

p ro c e e d  much more r a p id ly  o v e r  th e  s u p p o r te d  metal c a t a ly s t s .  S ince



43

th e  c a ta ly s t s  h a d  b een  c h a r a c te r i s e d  b y  c a r ry in g  ou t c a rb o n  monoxide 

a n d  h y d ro g e n  chem iso rp tio n  e x p e r im e n ts ,  th e  specific  a c t iv i t ie s  fo r  th e  

r e a c t io n  cou ld  be  c a lc u la te d  fo r  e ac h  c a ta ly s t .  I t  was o b s e r v e d  th a t  

th e  in c re a s e  in  specif ic  a c t iv i ty  was r e l a t e d  to an in c re a s e  in  th e  s u r f a c e  

c o n c e n tra t io n  of th e  more w eakly  b o u n d  CO s p ec ie s .  For p la t in u m ,  th is  

was fo u n d  to be a p a r t i c le  size  e f f e c t .  An in c re a s e  in p la t inum  

d is p e r s io n  b y  a fa c to r  of g r e a t e r  th a n  2 0 0  led  to an in c r e a s e  in spec if ic  

a c t iv i ty  of two o r d e r s  of m a g n itu d e  w h e re a s  v a ry in g  th e  s u p p o r t  led  to 

v a r ia t io n s  in specif ic  a c t iv i ty  of le s s  th a n  a fac to r  of two.

F ree l  (107) in v e s t ig a t e d  th e  a d s o rp t io n  of c a rb o n  m onoxide on 

p la t inum  a n d  o b s e rv e d  th a t  th e r e  was a te n d e n c y  to w a rd s  fo rm ation  of 

b r i d g e d  CO on la rg e  p la tinum  p a r t i c l e s ,  w hereas  on sm aller p la tinum  

p a r t i c l e s ,  th e  le ss  s t ro n g ly  h e ld  l in e a r  form p red o m in a te d .  T h is  

d e c re a s e  in a d so rp t io n  s t r e n g t h  was p ro p o s e d  b y  V annice  (106) a s  an  

ex p la n a t io n  of th e  in c re a s e  in spec if ic  a c t iv i ty  w ith d e c re a s in g  p la t inum  

p a r t i c le  s ize .

Palladium , h o w e v e r ,  show ed  no  s u c h  d e p e n d e n c e  on p a r t i c le

s iz e .  A lth o u g h  s u p p o r te d  palladium  h a s  a h ig h e r  spec if ic  a c t iv i ty  th a n

u n s u p p o r t e d  pa llad ium , an  in c re a s e  in d isp e rs io n  of two o r d e r s  of

m a g n itu d e  d id  n o t  lead  to a la rg e  in c re a s e  in tu r n o v e r  n u m b e r  fo r
o

m e th a n e .  For p a r t i c le s  ^  100A in d ia m e te r ,  a m e ta l - s u p p o r t  in te ra c t io n  

e x i s t e d  w hich  was in d e p e n d e n t  of p a r t i c le  s ize . I t  was th e  n a t u r e  of 

th e  s u p p o r t  i t s e l f  w hich  h a d  th e  in f lu e n c e  on specific  a c t iv i ty  by  

in c re a s in g  th e  r e la t iv e  am ount of th e  more w eakly  b o n d e d  CO w hich  in 

t u r n  e n h a n c e d  th e  r a t e  of m e th an a t io n .  T h e  m e ta l - s u p p o r t  in te ra c t io n  

may r e s u l t  in e lec tro n  t r a n s f e r  b e tw e e n  th e  metal p a r t ic le s  a n d  th e
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s u p p o r t  o r  in th e  s tab i l iz a t io n  of s u r fa c e  s t r u c t u r e s  n o t  norm ally  p r e s e n t  

on s u c h  la rg e  metal p a r t i c le s .

From th i s  i t  a p p e a r s  th a t  a n y  e f fe c t  w hich e n h a n c e s  th e  

form ation  of th e  more w eakly  b o u n d ,  l in e a r ly  a d s o rb e d  CO will en h an c e  

m e thana t ion  a c t iv i ty .  I t  h a s  b een  fo u n d  ( 8 ) th a t  th e  a c t iv i ty  of a 

T K ^ 'S u p p o r t e d  metal fo r  th e  C O /H 2  re a c t io n  is  h ig h e r  th a n  th e  a c t iv i ty  

of th e  c o r r e s p o n d in g  S K ^ -  or A ^ O ^ - s u p p o r te d  metal c a t a ly s t s  as  a 

r e s u l t  of m e ta l - s u p p o r t  in t e r a c t io n s .  Solymosi e t  a l. fo u n d  th a t  the  

p r o d u c t  d is t r ib u t io n  of th e  C O /H 2  re a c t io n  o v e r  s u p p o r te d  R h  sen s it iv e ly  

d e p e n d e d  on th e  s u p p o r t .  (108) V annice  (109) also  looked  a t  the  

m e th an a t io n  reac t io n  o v e r  s u p p o r te d  a n d  u n s u p p o r t e d  n ic k e l .  A lthough  

h e  fo u n d  th a t  th e  sm alle r ,  s u p p o r te d  n icke l  p a r t i c le s  h a d  a h ig h e r  

spec if ic  a c t iv i ty  th a n  th e  l a r g e r  u n s u p p o r te d  p a r t i c l e s ,  th e  v a r ia t io n  in 

spec if ic  a c t iv i ty  w ith  d is p e r s io n ,  a n d  w ith v a r io u s  s u p p o r t s  was found  

to be  m uch le ss  th a n  an  o r d e r  of m a g n itu d e .  I t  was b e l ie v e d  th a t  the  

c h a n g e s  in spec if ic  a c t iv i ty  r e f le c te d  c h a n g e s  in th e  h e a t  of a d so rp t io n  

of CO on th e  d i f f e r e n t  G roup  VIII m etals . I t  was to  b e  e x p e c te d  th a t  

th e  c h a n g e s  in spec if ic  a c t iv i ty  would be low fo r  Ni s ince th e  h e a t  of 

a d s o rp t io n  of CO on Ni was low re la t iv e  to  t h a t  on o th e r  G roup  VIII 

m e ta ls .

T h e  m e th an a t io n  reac tio n  can b e  accom panied  by  v a r io u s  

com plica ting  r e a c t io n s .  (110) T h ese  in c lu d e

T h e  W ater Gas S h if t  : CO + f ^ O  — *» ^^2  + ^ 2

T h e  B o u d o u a rd  R eac tion  : 2CO — >■ C + CO 2

Coke D eposition  : ^ 2  + ^  + ̂ 2 ^

C a rb id e  Form ation  : xM + C — >■ ^ x C
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S ince  w a te r  is  a p r im a ry  p r o d u c t  of th e  m e th an a t io n  r e a c t io n ,  th e  w a te r  

g as  s h i f t  r e a c t io n  o f ten  accom panies  m e th an a t io n .  T h e  w a te r  fo rm ed  

d u r in g  m e thana tion  r e a c t s  w ith  c a rb o n  m onoxide, c h a n g in g  th e  o x y g e n  

c o n ta in in g  p r o d u c t  from w a te r  to  ca rb o n  d iox ide  a n d  a l te r in g  th e  feed  

gas  r a t io .

T h e  deposit ion  of ca rb o n  or  coke on th e  c a ta ly s t  s u r f a c e  can 

a l t e r  th e  ca ta ly t ic  a c t iv i ty  of th e  m etal,  as can  c a rb id e  fo rm ation .

H ow ever ,  th e  lay -dow n  of ca rb o n  in th e  form of a h y d ro c a rb o n a c e o u s  

r e s id u e  is  b e l iev ed  to p lay  an im p o r ta n t  ro le  in c a rb o n  monoxide 

h y d ro g e n a t io n  r e a c t io n s .

Ja c k so n  e t a l .  ( I l l )  fo u n d  th a t  h y d ro c a rb o n a c e o u s  m ateria l 

was d e p o s i te d  d u r in g  c a rb o n  monoxide h y d ro g e n a t io n  o v e r  rhod ium  

c a t a ly s t s .  T h e  h y d ro c a rb o n a c e o u s  m ateria l a c t s  as  a h y d ro g e n  t r a n s f e r  

medium to s u p p ly  h y d ro g e n  to s u r fa c e  in te rm e d ia te s .  In  a f u r t h e r  s tu d y  

u s in g  iso top ic  t r a c e r s ,  J a c k s o n  e t  al. (112) fo u n d  ev id en ce  w hich 

con f irm ed  t h a t ,  f a r  from h av in g  a d e tr im en ta l  e f fec t  on th e  c a t a ly s t ,  th e  

h y d ro c a rb o n a c e o u s  r e s id u e  p la y s  a c e n t r a l  ro le  in th e  r e a c t io n .  C a rb o n  

m onoxide is  n o t  h y d ro g e n a te d  d i re c t ly  to m e th an e ,  b u t  goes t h r o u g h  th e  

h y d ro c a rb o n a c e o u s  r e s id u e  p r e s e n t  on th e  s u r f a c e .

I t  is b e l iev ed  th a t  th e  mechanism of th e  m e thana t ion  rea c t io n  

in v o lv e s  th e  d i re c t  d is so c ia tiv e  a d so rp t io n  of c a rb o n  monoxide to a d s o rb e d  

c a rb o n  a n d  a d s o rb e d  o x y g e n .

A ra k i  an d  Ponec (113) u s e d  iso topic  labelling  e x p e r im e n ts  to 

show  th a t  th e  h y d ro g e n  from a C O / ^  m ix tu re  r e a c t s  p r e f e r e n t ia l ly  w ith 

c a rb o n  a l re a d y  p r e s e n t  on th e  s u r fa c e .  T h e  a u th o r s  c a r r i e d  ou t th e  

e x p e r im e n ts  on n ic k e l ,  a n d  fo u n d  th a t  th e  c a rb o n  monoxide cou ld  be
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a d s o rb e d  in v a l ley s  among s e v e ra l  n icke l atom s o r  on top  of n ick e l  

a tom s. I t  a p p e a r s  t h a t  th e  ca rb o n  monoxide a d s o rb e d  in th e  va l leys  

is  able  to  u n d e rg o  f a s t  d issoc ia tion  an d  s u b s e q u e n t  re a c t io n .  (114)

T a n a k a  e t  a l .  (115) in v e s t ig a te d  th e  h y d ro g e n a t io n  of ca rb o n  

monoxide a n d  c a rb o n  d iox ide  o v e r  rhod ium  s u p p o r t e d  on v a r io u s  metal 

o x id e s .  T h e y  fo u n d  th a t  th e  o r d e r  of a c t iv i ty  was:

R h /Z rO  > R h /A l20 3 > Rh/SiC>2 »  Rh/M gO

T h e  a u th o r s  co n c lu d e d  th a t  th e  d issoc ia tion  of ca rb o n  monoxide was a 

k e y  to o b ta in in g  h ig h  ca ta ly t ic  a c t iv i ty ,  s u p p o r t in g  th e  w ork  of A ra k i  

a n d  P onec . (113)

T h e  w o rk  of V a n d e rv e l l  a n d  Bow ker (116) on th e  m e thana tion  

re a c t io n  on a n ic k e l  c a ta ly s t  also s u p p o r t s  th e  d is so c ia t iv e  m echanism  

fo r  m e th an a t io n .  S a c h t le r  (85) p ro p o s e d  th a t  th e  in i t ia l  s te p s  of 

m e th an a t io n ,  a n d  of F i s c h e r - T r o p s c h  s y n th e s i s ,  in v o lv ed  th e  d is so c ia t iv e  

a d s o rp t io n  of ca rb o n  m onoxide a n d  h y d ro g e n  followed by  th e  form ation  

of CH g ro u p s .  T h e  CH g ro u p s  a re  p r e c u r s o r s  fo r  CH., a n d  CH .
X  X  O Q

a n d  a re  also b u i ld in g  b locks  fo r  a lky l chain g ro w th  in F i s c h e r - T r o p s c h  

s y n th e s i s .

B o th  th e  s u p p o r t  a n d  th e  metal p r e c u r s o r  can  in f lu en ce  th e  

p r o p e r t i e s  of s u p p o r te d  rhod ium  c a ta ly s ts  fo r  th e  c a rb o n  monoxide 

h y d ro g e n a t io n  r e a c t io n .  (117) In te r a c t io n s  can  o c c u r  b e tw ee n  th e  

s u p p o r t  an d  th e  metal s a l t  p r e c u r s o r  which can  lead  to th e  form ation of 

rhod ium  sp ec ie s  w hich  a r e  d iff icu lt  to  r e d u c e .  T h is  may lead  to th e  

rhod ium  r e ta in in g  a p o s i t iv e  c h a rg e  a f t e r  r e d u c t io n ,  w hich  may o r  may
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n o t  a f fec t  i t s  c a ta ly t ic  p r o p e r t i e s . When rhodium  t r i c h lo r id e  is s u p p o r te d  

on A ^ O ^ ,  MgO o r  S iC^j th e  s u p p o r t  h y d ro ly s e s  th e  rh o d iu m  t r ic h lo r id e  

r e s u l t in g  in th e  fo rm ation  of a d i f f i c u l t - t o - r e d u c e  o x y c h lo r id e  a n d  a 

c h lo r in a te d  s u p p o r t .  (117)

If  th e  rh od ium  sp ec ie s  p r o d u c e d  on re d u c t io n  h a v e  a p o s it iv e  

c h a r g e ,  R h ^ +, w hen c a rb o n  monoxide ch em iso rp tio n  is  c a r r i e d  o u t ,  th e  

m etal-C O  b o n d  is o b s e r v e d  to b e  w eak e r  th a n  if th e  metal is p r e s e n t  as 

R h~ . T he  ca rb o n  monoxide d e s o r b s  from th e  p o s i t iv e ly  c h a rg e d  rhodium  

a t  a low er te m p e ra tu r e .  (117)

When choos ing  a metal s a l t  p r e c u r s o r ,  it  is  im p o r ta n t  to 

rem em ber  th a t  th e  p r o d u c t s  of r e d u c t io n  of su c h  s a l t s  may be r e ta in e d  

on th e  s u p p o r t .  C a ta ly s ts  d e r iv e d  from R h C l^ .B ^ O  on r e ta in

a p p re c ia b le  am oun ts  of ch lo r in e  even  following r e d u c t io n  a t  673K. (118) 

F u r th e r m o re ,  t h e r e  is  e v id en ce  to  s u g g e s t  th a t  r e s id u a l  c o u n te r - io n s  

s u c h  as ace ta te  a n d  s u lp h a te  po ison  th e  metal s u r f a c e ,  le a d in g  to minimal 

c a rb o n  monoxide a d s o rp t io n .  (119) Worley e t  al. (119) fo u n d  th a t  

R h (N O ^ ) 2 * 2 ^ 0  is r e d u c e d  more e f f ic ien t ly  on A ^ O ^  th a n  is  R h C l^ .B t^ O .  

Rh^(CO)-^^ is also r e d u c e d  more e f f ic ien t ly  th a n  R h C l ^ . B ^ O .

H yde e t  a l .  (120) in v e s t ig a t e d  rhod ium  (I I I )  n i t r a t e ,  c h lo ro p e n ta -  

mmine rhod ium  ( I I I )  c h lo r id e  a n d  rh o d iu m  ( I I I )  s u lp h i t e . T h e y  fo u n d  th a t  

r h o d iu m ( I I I ) n i t r a t e  gave  more s i te s  fo r  a d so rp t io n  of c a rb o n  monoxide 

on h y d r o g e n ,  h a d  sm aller p a r t i c le s  a n d  was b e t t e r  d i s p e r s e d  th a n  th e  

c a ta ly s t s  d e r iv e d  from o th e r  p r e c u r s o r s .

J a c k so n  e t al. (121) in v e s t ig a t e d  th e  e f fec t  of th e  rhodium  

p r e c u r s o r  on c a rb o n  monoxide h y d ro g e n a t io n  o v er  s i l i c a - s u p p o r te d  

c a t a ly s t s .  Of th e  n in e  metal sa lt  p r e c u r s o r s  in v e s t ig a t e d ,  tu r n o v e r
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n u m b e rs  w ere  fo u n d  to  v a r y  by  up  to  two o r d e r s  of m a g n itu d e  an d  

d i f f e re n c e s  w ere  o b s e r v e d  in specific  a c t iv i t ie s .  F ive  p o ss ib le  re a so n s  

w ere  p ro p o s e d  fo r  th e  v a r ia t io n s  in a c t iv i ty  a n d  s e le c t iv i ty .  T h ese  

w ere  v a r ia t io n s  in ox id a tio n  s ta te  of th e  m e ta l,  v a r ia t io n s  in  d is p e r s io n ,  

th e  p r e s e n c e  of r e s id u a l  c o u n te r - io n s  s u c h  a s  ch lo r id e ,  th e  p r e s e n c e  of 

h y d ro c a rb o n a c e o u s  r e s id u e s  on th e  s u r f a c e  of th e  c a ta ly s t  an d  d i f f e r 

e n ce s  in p a r t i c le  s ize  a n d  geom etry .

I t  was fo u n d  th a t  th e  ox ida tion  s ta t e  of th e  metal h a d  li ttle  

e f fe c t  on p r o d u c t  s e le c t iv i ty  for o x y g e n a te s .  T h e  a u t h o r s  (121) found  

th a t  t h e r e  was a l in k  be tw een  th e  spec if ic  a c t iv i ty  of th e  c a ta ly s t  an d  

th e  am ount of s u r f a c e  h y d ro c a rb o n a c e o u s  d e p o s i t  r e t a in e d  b y  each  s ite  

w ith  th e  h ig h e s t  h y d ro c a rb o n a c e o u s  d ep o s i t  to s i te  r a t io  g iv ing  the  

h ig h e s t  a c t iv i ty .  T h e  h y d ro c a rb o n a c e o u s  d ep o s i t  a c ts  as  a h y d ro g e n  

t r a n s f e r  a g e n t .  T h e  v a r ia t io n  in s e le c t iv i ty ,  b y  up  to  a f a c to r  of f iv e ,  

was a t t r i b u t e d  to v a r ia t io n s  in s i te  g eom etry  r a t h e r  th a n  p a r t i c le  

g eo m e try .  T h e  p r e s e n c e  of r e s id u a l  c o u n te r - io n s  a n d  d i f fe re n c e s  in 

m etal d is p e r s io n  a p p a r e n t ly  h a d  l i t t le  e f fe c t  on e i th e r  a c t iv i ty  or 

s e le c t iv i ty .
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CHAPTER 2 

OBJECTIVES OF THE PRESENT STUDY

T h e  main ob jec tive  of th e  w ork d e s c r ib e d  in th i s  th e s i s  was 

to  exam ine th e  e f fe c ts  of c h a n g e s  in th e  s u p p o r t  a n d  in th e  metal sa lt  

p r e c u r s o r ,  u s e d  to p r e p a r e  th e  c a ta ly s ts  on th e  p h y s ic a l  c h a ra c te r i s t ic s  

a n d  chem ical b e h a v io u r  of a s e r ie s  of s u p p o r t e d  rhod ium  a n d  p la tinum  

c a t a ly s t s .

To ach iev e  th e se  o b je c t iv e s ,  a s e r ie s  of p la t inum  c a ta ly s ts  

s u p p o r t e d  on s ilica ,  molybdenum tr io x id e  a n d  tu n g s t e n  t r io x id e  h ave  

b e e n  p r e p a r e d  b y  im p reg n a tio n  u s ing  ch lo ro p la t in ic  ac id  ( ^ P t C l ^ ) ,  an d  

a s e r ie s  of rh o d iu m  c a ta ly s ts  s u p p o r te d  on s il ica ,  m olybdenum  tr io x id e  

a n d  tu n g s t e n  t r io x id e  h a v e  b een  p r e p a r e d  b y  im p reg n a t io n  te c h n iq u e s  

u s in g  b o th  rh o d iu m  ch lo ride  an d  rhod ium  n i t r a t e  a s  p r e c u r s o r  s a l t s .

C a ta ly s ts  h a v e  b een  s u b je c te d  to c h a ra c te r i s a t io n  by :

a) t e m p e r a tu r e  p rog ram m ed  r e d u c t io n ,

b )  ch em iso rp t io n  an d  te m p e ra tu re  p rog ram m ed  d e so rp t io n  of ca rb o n  

m onox ide , to  d e te rm in e  th e  v a r ia t io n s  in th e  n a t u r e  of th e  chem i- 

s o r b e d  s ta t e  of c a rb o n  monoxide an d  th e  metal a r e a s  of th e  

d i f f e r e n t  c a t a ly s t s ,

c) th e rm o -g ra v im e tr ic  a n a ly s is  a n d  d i f fe re n t ia l  s c a n n in g  ca lo r im e try ,  

to o b ta in  in form ation  re le v a n t  to th e  chem ical n a t u r e  of th e  

s u p p o r t e d  sa l t  a n d  i ts  mode of r e d u c t io n ,
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a n d

d) b y  p h y s ic a l  a d s o rp t io n  of n i t r o g e n  to de te rm ine  to ta l  s u r f a c e  a r e a s .

T h e  in f lu en ce  of th e  c a ta ly s t  v a r ia b le s  spec if ied  above  on th e i r  

b e h a v io u r  in c a ta ly t ic  h y d ro g e n a t io n  h a s  b een  exam ined . B u ta - 1 ,3 - d ie n e  

h y d ro g e n a t io n  s tu d ie s  h a v e  b e e n  c a r r i e d  ou t o v e r  all c a t a ly s t s  to 

d e te rm in e  v a r ia t io n s  in

i) s e le c t iv i ty  a n d  b u te n e  d is t r ib u t io n  with e x te n t  of re a c t io n  a n d  

re a c t io n  te m p e r a tu r e

a n d

ii) th e  k in e t ic s  of th e  re a c t io n  »

T e m p e ra tu re  p ro g ram m ed  re a c t io n  s tu d ie s  of ca rb o n  m onoxide 

h y d ro g e n a t io n  h a v e  b e e n  c a r r i e d  o u t  on se lec ted  c a ta ly s t s .
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CHAPTER 3 

EXPERIMENTAL

3.1  In t ro d u c t io n

C h a ra c te r i s a t io n  s tu d ie s  h a v e  b een  c a r r i e d  o u t  on a s e r ie s  of

p la t inum  a n d  rhod ium  c a t a ly s t s .  C h a ra c te r i s a t io n  te c h n iq u e s  h av e

in c lu d e d  te m p e ra tu re  p ro g ram m ed  re d u c t io n  ( h e r e a f t e r  r e f e r r e d  to as

T . P . R . ) ,  c a rb o n  m onoxide c h e m is o rp t io n , te m p e ra tu r e  p ro g ram m ed

d e s o rp t io n  ( h e r e a f t e r  r e f e r r e d  to as  T . P . D . )  an d  te m p e r a tu r e  p rog ram m ed

re a c t io n  s tu d ie s .  T h e  re a c t io n  in v e s t ig a te d  in th e  te m p e r a tu r e

p ro g ram m ed  reac tio n  s tu d ie s  was th e  h y d ro g e n a t io n  of c a rb o n  m onoxide.

T h e  h y d ro g e n a t io n  of b u t a - 1 , 3 -d iene  was in v e s t ig a t e d  o ver

each  of th e  c a ta ly s t s .  R eac tions  w ere  c a r r i e d  ou t to s t u d y  th e  a c t iv i ty

a n d  s e le c t iv i ty  of each  c a ta ly s t .  K inetic  s tu d ie s  w ere  c a r r i e d  o u t  to

in v e s t ig a te  th e  o r d e r  of re a c t io n  w ith  r e s p e c t  to b o th  h y d r o g e n  a n d

b u t a - 1 ,  3 -d ien e .  T h e  r e s u l t s  w ere  exam ined  fo r  e v id e n c e  of e f fe c ts  9 \

a r is in g  from d if fe re n c e s  in  s u p p o r t  a n d  in metal s a l t  p r e c u r s o r .

3 .1 .1  M aterials

C h lo rop la tin ic  ac id ,  H^PtCl^ ( Jo h n so n  M atthey  Chem icals L t d . ) ,  

rh o d iu m  n i t r a t e ,  R h(N O ^) y n ^ O  (J o h n so n  M atthey  Chem icals  L t d . ,  

c o n ta in in g  7.95% w /w  R h) a n d  rhod ium  (H I)  c h lo r id e ,  R hC l^  (A ld r ich  

Chem ical Company I n c . )  w ere  u s e d  to p r e p a r e  th e  c a t a ly s t s  u s e d  in 

th i s  s t u d y .  T he  s u p p o r t s  u se d  w ere  m o ly b d en u m (V I)o x id e ,  99.5%

A .C . S .  r e a g e n t  (A ld r ic h  Chemical Com pany I n c . ) ,  t u n g s t e n ( V I ) o x id e ,
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99.5% (K o c h -L ig h t  L t d . )  a n d  silica (D av iso n ,  G rad e  952). T h e  molyb

denum  ox ide  a n d  t u n g s t e n  oxide w ere b o th  u s e d  as  s u p p l ie d .  T he  

silica was p r e - t r e a t e d ,  as  d e s c r ib e d  below, b e fo re  u s e .

3 .1 .2  P r e - T r e a t m e n t  of Silica

B efo re  b e in g  u s e d  as a s u p p o r t ,  th e  s ilica  was s u b je c te d  to an

oxalic ac id  w a sh  p r e - t r e a tm e n t  to rem ove iro n  im p u r i t ie s .
3

A m ix tu re  of silica (250 cm ) ,  oxalic ac id  (127 .6g) (May &

B a k e r  L t d . ,  99.5 %) , g ly ce ro l  (191 .4g)  (K o c h -L ig h t  L a b o ra to r ie s  L t d . )  

a n d  d e - io n is e d  w a te r  (319g) was p laced  in a ro u n d -b o t to m e d  f la sk .  T h e  

m ix tu re  was s t i r r e d  fo r  6 h o u r s  a t 90°C b e fo re  b e in g  f i l te r e d  th r o u g h  a 

s in te r e d  fu n n e l  (N o. 2) a n d  w ashed  with h o t ,  d e - io n is e d  w a te r .  T h e  

silica  was d r ie d  in i t ia l ly  a t  100°C to rem ove w a te r ;  th e  te m p e ra tu r e  was 

th e n  r a i s e d  to 450°C a n d  th e  silica ca lc ined  a t  th is  t e m p e ra tu r e  o v e rn ig h t .

3 .1 .3  C a ta ly s t  P r e p a ra t io n

E ach  of th e  c a ta ly s ts  u s e d  in th is  s tu d y  was p r e p a r e d  by  

im p re g n a t io n .  D e - io n ise d  w a te r  was a d d e d  to th e  ox ide  s u p p o r t  to m ake 

a s l u r r y  a n d  to th i s  was a d d e d  an a q u eo u s  so lu tion  c o n ta in in g  th e  

r e q u i r e d  am oun t of th e  a p p ro p r ia te  metal s a l t .  T h e  r e s u l t a n t  m ix tu re  

was h e a te d  g e n t ly  w ith  f r e q u e n t  s t i r r i n g ,  u n t i l  i t  h a d  b e e n  e v a p o ra te d  

to  n e a r  d r y n e s s .  T h e  s u p p o r te d  sa lt  was th e n  d r ie d  o v e r n ig h t  a t  80°C 

b e fo re  b e ing  s to r e d  fo r  f u tu r e  u s e .  Nine c a ta ly s t s  w ere  p r e p a r e d :
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H2PtCl6 /SiC>2 R h C l3 /SiC>2 R h ( N 0 3) 3 / S i 0 2

H -P tC L /M o O - I  6 3 R h C l3 /M o03 R h ( N 0 3) 3 /M o03

H 2 P tC l 6 /W0 3 R h C l3/W 03 R h ( N 0 3) 3 /WOB

A ssum ing  no  lo s se s  d u r in g  th e  im p reg n a t io n  p r o c e d u r e ,  th e  s u p p o r te d  

p la tinum  c a ta ly s t s  c o n ta in e d  1.1% p la tinum  b y  w e igh t a n d  th e  s u p p o r te d  

rhod ium  c a ta ly s ts  c o n ta in e d  1.5% rhod ium  b y  w e ig h t .

3 .1 .4  G ases

T he  following g a se s  w ere  u se d  in all e x p e r im e n ts  c a r r i e d  out 

u s in g  Flow S ystem  I o r  th e  S ta t ic  Vacuum S ys tem .

Helium (G ra d e  A , B r i t i s h  O x y g e n  C om pany , h e r e a f t e r  

r e f e r r e d  to as  B . O . C . )  was p u r i f i e d  b y  p a s s in g  it  t h r o u g h  a s e r ie s  of 

t r a p s  c o n s is t in g  of, in  o r d e r ,  c u p ro u s  ox ide  (C u O ) ,  p o w d e re d  metallic 

c o p p e r ,  m anganous  ox ide  (MnO) a n d  m olecular s ieve  (H opk in  a n d  

Williams -  4A) to rem ove t r a c e s  of w a te r ,  o x y g e n  a n d  h y d ro g e n .

6% H y d r o g e n /n i t r o g e n  ( B . O . C . ) ,  c a rb o n  monoxide ( C .P .  G rad e ,

99.5%, B . O . C . )  a n d  h y d r o g e n  ( B . O . C . )  w ere  all u s e d  w ithou t f u r t h e r  

p u r i f i c a t io n .  B u t a - 1 , 3 -d ie n e  (99%, B .D .H . )  was d e g a s s e d  b e fo re  u se .  

I s o - b u ta n e  w as d e te c ta b le  a s  an im p u r i ty  in th e  b u t a - 1 , 3 -d ien e .
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3. 2 B u ta - 1 ,3 - d i e n e  H y d ro g en a tio n

3 .2 .1  T h e  V acuum  System

A c o n v e n t io n a l  h ig h  vacuum  s y s te m ,  show n schem atica lly  in

F ig .  3 .1 ,  was u s e d  to c a r r y  ou t b u t a - 1 ,3 - d i e n e  h y d ro g e n a t io n  s tu d ie s .

-4T h is  was m a in ta in e d  a t  p r e s s u r e s  of 10 T o r r  b y  means of a m e rc u ry  

d if fu s io n  p u m p ,  b a c k e d  b y  a r o t a r y  oil p u m p . T h e  vacuum  was 

m e a su re d  u s in g  a P i r a n i  g auge  (S p e e d iv a c  P ir a n i  T y p e  Vacuum G auge, 

E d w a rd s  High V acuum  L t d . ) .  B u lb s  V I  to V3 w ere  u s e d  to s to re  th e  

g a se s  u s e d  in th e  h y d ro g e n a t io n  e x p e r im e n ts  nam ely  h y d r o g e n ,  a 3 :1 : :  

h y d r o g e n : b u t a - 1, 3 -d ien e  m ix tu re  an d  b u t a - 1 , 3 -d ien e  r e s p e c t iv e ly .  An 

ad d i t io n a l  s to r a g e  b u lb  V4 was u s e d  as r e q u i r e d .

T h e  c y l in d r ic a l  P y r e x  re a c t io n  v e s s e l  was a t ta c h e d  to the  

sy s tem  v ia  a BIO cone a n d  s o c k e t .  T h e  r e q u i r e d  w eigh t of c a ta ly s t  was 

p la c e d  on th e  bo ttom  of th e  re a c t io n  v e s s e l .  P r e s s u r e  c h a n g e s ,  which 

o c c u r r e d  d u r in g  r e a c t io n ,  w ere  m on ito red  u s in g  a p r e s s u r e  t r a n s d u c e r  

(SE L a b s E M I  L t d . ,  T y p e  SE 21/V) l in k e d  to a p o te n tio m etr ic  c h a r t  

r e c o r d e r .  O ne arm  of th e  p r e s s u r e  t r a n s d u c e r  was a t ta c h e d  ju s t  above  

th e  re a c t io n  v e s s e l ,  w ith th e  o th e r  m a in ta ined  u n d e r  vacuum . C h a n g e s  

in p r e s s u r e  cou ld  b e  m e a su re d  to an a c c u ra c y  of ± 0.01 T o r r .

G ases  cou ld  be  adm itted  to th e  e v a c u a te d  rea c t io n  v e s s e l  b y  

c losing  off th e  t a p s  to th e  vacuum  an d  o pen ing  th e  r e q u i r e d  tw o-w ay 

ta p  ( e i t h e r  T1 o r  T2) . T he  p r e s s u r e  of g a s  b e in g  a d m itted  was 

c o n t in u o u s ly  m o n ito red  b y  the  p r e s s u r e  t r a n s d u c e r  a n d  th e  a sso c ia ted  

p o te n t io m e tr ic  c h a r t  r e c o r d e r .

R eac tion  p r o d u c ts  could  be  a n a ly s e d  b y  e x p a n d in g  th e  gas 

in to  e x p a n s io n  v e s s e l ,  EV, an d  f r e e d  of u n r e a c te d  h y d ro g e n  b y  pum ping
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th r o u g h  th e  l iq u id  n i t r o g e n  cooled s p i r a l  t r a p ,  S T . T he  p r o d u c ts  w ere  

th e n  d is t i l le d  from th e  s p ira l  t r a p  in to  a l iq u id  n i t ro g e n  cooled sample 

v e s s e l ,  SV, a t t a c h e d  to th e  line via a BIO cone a n d  so c k e t .  T he  

sam ple v e s s e l  cou ld  th e n  be  t r a n s f e r r e d  to th e  gas  ch ro m a to g rap h ic  

s y s te m ,  w h e re  th e  p r o d u c ts  were a n a ly s e d .

3 .2 .2  C a ta ly s t  A c tiva tion

A c a ta ly s t  sam ple, typ ica lly  30 to  50 m g , was p laced  in th e  

re a c t io n  v e s s e l ,  w hich  was th e n  a t ta c h e d  to  th e  line an d  e v a c u a te d .

An e le c tr ic  f u rn a c e  was p laced  a ro u n d  th e  r e a c t io n  v e s se l  an d  th e  

t e m p e r a tu r e  was r a i s e d  to th e  r e q u i r e d  v a lu e  for c a ta ly s t  ac t iva tion  

(200°C u n le s s  s t a t e d  o th e rw is e ) .  T h e  pow er s u p p ly  to th e  fu rn a c e ,  

a n d  h e n c e  th e  te m p e r a tu r e ,  was c o n tro l led  b y  m eans of a V ariac v a r ia b le  

t r a n s f o r m e r .  T e m p e ra tu re s  w ere m e a su re d  u s in g  a 'Com ark ' e lec tron ic  

th e rm o m ete r  a n d  a C r /A l the rm o co u p le ,  w hich was p laced  in con tact w ith  

th e  r e a c t io n  v e s s e l .  T he  te m p e ra tu re  was r a i s e d  to 200°C while th e  

r e a c t io n  v e s se l  was u n d e r  vacuum . On re a c h in g  th e  r e q u i r e d  te m p e r 

a t u r e ,  150-200 T o r r  of h y d ro g e n  was ad m it te d  to th e  reac tio n  v e s se l .

T h e  t e m p e ra tu r e  was m ain ta ined  a t 200°C fo r  a minimum of two h o u rs  

(maximum re d u c t io n  time: o v e rn ig h t  (12 h o u r s ) ) .  To e n s u re  com plete

r e d u c t io n  of th e  c a t a ly s t ,  th e  h y d ro g e n  was rem oved  from th e  reac tio n  

v e s s e l ,  b y  p u m p in g ,  a f t e r  a minimum of 30 m in u te s .  F r e s h  h y d ro g e n  

(150-200 T o r r )  was th e n  adm itted .  T h is  p r o c e d u r e  was r e p e a te d  a 

minimum of twice d u r in g  th e  co u rse  of th e  r e d u c t io n .  Following 

r e d u c t io n ,  th e  c a ta ly s t  was cooled to am b ien t te m p e ra tu re  in v a c u o .
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3 .2 .3  E x p e r im en ta l  P ro c e d u re

Following th e  re d u c t io n  of each  c a ta ly s t ,  th e  h y d ro g e n a t io n  of 

b u t a - 1 , 3 -d iene  o v e r  th e  c a ta ly s t  was s tu d ie d  u s in g  th e  s ta t ic  vacuum  

sy s tem  d e s c r ib e d  in  s ec tio n  3 .2 .1 .  Two a l te rn a t iv e  r e a c t io n  p ro c e d u re s  

w ere  u s e d .  In  th e  f i r s t  p r o c e d u r e ,  th e  r e a c t io n s  s tu d ie d  in v o lv ed  th e  

u se  of a s t a n d a r d  3: 1: : h y d ro g e n :  b u ta -1 ,  3 -d iene  g as  m ix tu re .  T he  

to ta l  p r e s s u r e  in th e  re a c t io n  v e s se l  was followed u s in g  a p r e s s u r e  

t r a n s d u c e r .  T h e  o u tp u t  from th e  p r e s s u r e  t r a n s d u c e r  was p lo t te d  

a g a in s t  time on a p o te n t io m e tr ic  c h a r t  r e c o r d e r .  In  th i s  w ay ,  p r e s s u r e  

v e r s u s  time c u r v e s  w ere  o b ta in ed .  At a v a r ie ty  of p r e s s u r e  fa lls ,  the  

re a c t io n  p r o d u c t s ,  to g e th e r  with an y  u n re a c te d  g a s e s ,  w ere  e x p a n d e d  

in to  an ex p an s io n  v e s s e l ,  pum ped  a t  -196°C to rem ove an y  u n re a c te d  

h y d ro g e n  an d  c o n d e n s e d  in to  a rem ovable  sample v e s s e l .  In  th is  way 

th e  p ro d u c t s  cou ld  b e  rem oved  from th e  vacuum  sy s tem  fo r  an a ly s is  by  

g as  c h ro m a to g ra p h y .

In  th e  se c o n d  h y d ro g e n a t io n  reac t io n  p r o c e d u r e ,  th e  b u t a - 1 , 3- 

d iene  a n d  h y d ro g e n  w ere  adm itted  s e p a ra te ly  to th e  re a c t io n  v e s s e l .  

B u ta - 1 ,3 - d ie n e  was ad m it ted  to th e  reac tio n  v e s se l  f i r s t ,  to  a p r e s s u r e  

m e a su re d  by  th e  p r e s s u r e  t r a n s d u c e r  an d  p o te n tio m etr ic  c h a r t  r e c o r d e r .  

To th i s ,  h y d ro g e n  was a d d e d  un ti l  th e  r e q u i r e d  to ta l  p r e s s u r e  was 

r e a c h e d .  T h e  to ta l  p r e s s u r e  in th e  reac tio n  v e s s e l  was m e a su re d  by  

th e  p r e s s u r e  t r a n s d u c e r ,  an d  th e  s igna l p lo t te d  a g a in s t  time on th e  

p o te n tio m e tr ic  c h a r t  r e c o r d e r .  By following th is  r e a c t io n  p r o c e d u r e ,  

e i th e r  th e  p a r t i a l  p r e s s u r e  of b u ta -1 ,3 - d ie n e  was h e ld  c o n s ta n t  while 

th e  p a r t i a l  p r e s s u r e  of h y d ro g e n  was v a r ie d ,  o r  v ic e - v e r s a .
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3 .2 .4  Gas C h ro m a to g rap h ic  System

T h e  gas  c h ro m a to g rap h ic  sy s tem  u s e d  to  an a ly se  th e  p r o d u c t s  

of th e  h y d ro g e n a t io n  re a c t io n s  is shown schem atica lly  in F ig .  3 .2 .  A 

40 foot long column c o n s is t in g  of 6 mm i . d .  g la ss  tu b in g  p a c k e d  w ith 

30% w /w  d im ethy l su lp h o lan e  (DMS) (P h a s e  S e p a ra t io n s  L t d . )  on 60-80 

m esh  NAW C h ro m aso rb  P (P h a se  S e p a ra t io n s  L t d . )  was u s e d  with helium 

as  c a r r i e r  g a s .  T he  column p ack in g  was p r e p a r e d  u s in g  10 ml DMS to 

20g NAW C hro m aso rb  P . T he  DMS was d is s o lv e d  in m ethano l,  a d d e d  to 

th e  column p a c k in g  and  s t i r r e d  to e n s u r e  an  ev en  co a t in g .  T he  e x c e ss  

so lv e n t  was th e n  rem oved  u n d e r  v a c u u m .

T h e  sample v e s se l  con ta in ing  th e  re a c t io n  p r o d u c ts  was 

a t ta c h e d  to th e  in le t  of th e  c h ro m a to g ra p h ic  sy s tem  via a B10 cone a n d

s o c k e t .  T a p s  T1 an d  T2 w ere  a r r a n g e d  in  su c h  a way th a t  th e  helium

c a r r i e r  gas cou ld  be d i r e c te d  to w a rd s  th e  co lum n, while th e  g lass  sample 

loop a n d  m e rc u ry  m anom eter w ere  e v a c u a te d  u s in g  a r o ta r y  oil pum p.

T h e  sample to  b e  a n a ly se d  was th e n  e x p a n d e d  in to  th e  sample loop to 

th e  r e q u i r e d  p r e s s u r e ,  which was m e a su re d  u s in g  th e  m e rc u ry  m anom eter .  

T a p s  T1 an d  T2 w ere  th e n  m an ipu la ted  to d iv e r t  th e  c a r r i e r  gas th r o u g h  

th e  sample loop , f lu sh in g  the  c o n te n ts  on to  th e  column.

T h e  flow r a te  of th e  helium c a r r i e r  gas  was m ain ta ined  a t  th e  

d e s i r e d  level of 60 ml min  ̂ b y  a N e g re t t i -Z a m b ra  P rec is ion  Air P r e s s u r e  

R e g u la to r .

As each  p ro d u c t  was e lu te d  from th e  colum n, th e  s igna l  c h a n g e  

d e te c te d  on th e  th e rm al co n d u c t iv i ty  d e te c to r  was am plified. T he

am plified  s ig n a l  was th e n  d e te c te d  b y  a P y e  Unicam PU4810 com puting

p r i n t e r  / i n t e g r a t o r  w hich p lo t te d  th e  c h a n g e  in s igna l  for each  p r o d u c t
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(a s  a p e a k )  a g a in s t  time. T he  s igna l  was i n t e g r a t e d ,  an d  th e  

c o r r e s p o n d in g  n u m erica l  va lue  was ta b u la te d  a g a in s t  i t s  c o r re s p o n d in g  

r e t e n t io n  tim e. By c a l ib ra t in g  th e  sy s tem  u s in g  a know n p r e s s u r e  of a 

gas  m ix tu re  c o n ta in in g  known p e rc e n ta g e s  of th e  com ponents  in th e  

p r o d u c t  m ix tu re ,  th e  v a lu es  for th e  p e a k  a r e a s  cou ld  b e  c o v e r te d  to 

p a r t i a l  p r e s s u r e s .

3. 3 T e m p e ra tu re  P rogram m ed R ed u c t io n

3 .3 .1  Flow System  I

F ig u re  3 .3  shows a schem atic  d iag ram  of th e  flow system  u s e d  

fo r  t e m p e r a tu r e  p rog ram m ed  r e d u c t io n ,  c a rb o n  monoxide chem isorp tion  

a n d  t e m p e r a tu r e  p rog ram m ed  d e so rp t io n  e x p e r im e n ts  (Flow System  I ) .

D u r in g  T . P . R .  e x p e r im e n ts ,  ta p s  T l ,  T2 a n d  T3 w ere 

a r r a n g e d  in s u c h  a way th a t  6% flowed f i r s t l y  o v e r  one side of th e

th e rm a l  c o n d u c t iv i ty  d e te c to r  th e n  t h r o u g h  th e  c a ta ly s t  reac tion  tu b e  

b e fo re  f ina lly  p a s s in g  o v er  th e  o th e r  s ide  of th e  the rm al c o n d u c t iv i ty  

d e t e c to r .  T h e  th e rm al c o n d u c t iv i ty  d e te c to r  s ig n a l  was amplified an d  

r e c o r d e d  as  a p e a k  on a po ten tiom etr ic  c h a r t  r e c o r d e r .  D u rin g  the  

t e m p e r a tu r e  p ro g ram m ed  re d u c t io n  p r o c e s s ,  t h e  6% t ^ / N ^  flow ra te  was 

20 ml min \  I t  could  be  a d ju s te d  u s in g  a N u p ro  fine  m e te r ing  v a lv e  

a n d  m on ito red  u s in g  a R otam eter  flow m eter (G EC -Ellio t 1100). T h e  

te m p e r a tu r e  of th e  c a ta ly s t  reac tio n  tu b e  was in c re a s e d  l in ea r ly  from 

am bien t te m p e r a tu r e  to 500°C a t a h e a t in g  r a t e ,  3, of 5°C min \  in th e  

c o u r s e  of th e  re d u c t io n  p ro c e s s .  T h e  h e a t in g  was c a r r i e d  out u s in g  a 

f u r n a c e  (S ta n to n  R e d c ro f t )  s u r r o u n d in g  th e  reac tio n  tu b e .  T he  fu rn a c e



Key to F ig u re  3 .3

TR1 : CuO T r a p

TR2 : C u  T r a p

TR3: : MnO T r a p

T R 4 ,T R 5  : M olecular S ieve T r a p s

V I ,  V2 : 4-Way V alves

V3 : Gas Sam pling  Valve

N .V .  : N u p ro  F ine  M etering  V alves

N .Z .  : N e g re t t i -Z a m b ra  P r e s s u r e  R e g u la to r

r  : R o ta m e te r  F lowmeter

R : R e s t r i c to r

Q .M .S .  : Q u a d ru p o le  Mass S p e c t ro m e te r

T . P .  : T u rb o m o lecu la r  Pump

R . P .  : R o ta ry  Pump

T . C . D .  : T h e rm a l C o n d u c t iv i ty  D e tec to r

T1 to  T5 : 3-Way V alves
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c u r r e n t ,  a n d  h en ce  th e  te m p e ra tu re  of th e  f u rn a c e ,  was p rogram m ed  

u s in g  a S ta n to n  R e d c ro f t  te m p e ra tu re  p ro g ram m er (C am b rid g e  P ro c e s s  

C o n tro ls  702). T h e  te m p e ra tu re  was m on ito red  u s in g  a C r /A l  th e rm o 

coup le  p laced  in c o n ta c t  w ith  th e  wall of th e  reac tio n  tu b e ,  th e  o u tp u t  

from w hich  was p lo t te d  on a c h a r t  r e c o r d e r  s im u ltaneously  w ith  p e a k s  

d u e  to  c h a n g e s  in co n c e n tra t io n  of h y d ro g e n  o c c u r r in g  d u r in g  T . P . R .

A m agnesium  p e rc h lo ra te  d ry in g  tu b e  ( to  rem ove ex ce ss  

m o is tu re  a s so c ia te d  w ith  th e  ca ta ly s t  or fo rm ed  d u r in g  th e  r e d u c t io n  

p ro c e s s )  a n d  a d r y  ic e /m e th y le n e  ch lo r id e  cold t r a p  (to  rem ove any 

p r o d u c t s  of th e  r e d u c t io n  p ro cess  w hich  may be harm fu l to th e  tu n g s te n  

f i lam en ts  of th e  th e rm a l  co n d u c tiv i ty  d e te c to r )  w ere  p laced  b e tw een  the  

c a ta ly s t  r e a c to r  tu b e  a n d  th e  therm al c o n d u c t iv i ty  d e te c to r .

3 .3 .2  E x p e r im en ta l  P ro c e d u re

A c a t a ly s t  sam ple , typically  in  th e  r a n g e  O .lg  to 0 .2 g ,  was 

p la c e d  in the  c a ta ly s t  reac t io n  tu b e .  6% was flowed th r o u g h  th e

b y - p a s s  a t  20 ml min  ̂ u n t i l  a s tead y  b ase l in e  was o b s e rv e d  on the  c h a r t  

r e c o r d e r .  T h e  6% gas was th e n  d iv e r t e d  to p a s s  th r o u g h  th e

c a t a ly s t  reac tio n  tu b e  a n d  any  a d ju s tm en ts  made to r e - e s t a b l i s h  th e  flow- 

r a t e  a t 20 ml min At th is  po in t th e  te m p e ra tu r e  p ro g ram  was s t a r t e d .  

T h is  p ro c e d u r e  in c o rp o ra te d  a 15 m inute  "delay" p e r io d  d u r in g  which time 

th e  6% flowed o v e r  th e  c a ta ly s t  a t  am bien t t e m p e ra tu r e .  T he

h e a t in g  r a te  was 5°C min  ̂ and  th e  maximum te m p e ra tu re  r e a c h e d  was 

500°C .
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3 .4  C a rb o n  Monoxide C hem iso rp tion  a n d  T e m p e ra tu re  P rog ram m ed  

D eso rp tio n

3 .4 .1  C a rb o n  Monoxide C hem iso rp tion

Flow System  I (show n schem atica lly  in F ig .  3 .3) was u s e d  to 

c a r r y  o u t  p u lsed -f lo w  c a rb o n  monoxide chem iso rp tio n  e x p e r im e n ts .

Helium was u s e d  as th e  c a r r i e r  gas .  T h e  helium was flowed th r o u g h  

ta p  T 3 ,  th r o u g h  th e  r e f e r e n c e  s ide  of th e  th e rm a l  c o n d u c t iv i ty  d e te c to r ,  

t h r o u g h  v a lve  V2 an d  in to  v a lve  V3. T h e  ca rb o n  monoxide was flowed 

th r o u g h  tap  T4 a n d  va lve  V I b e fo re  re a c h in g  v a lve  V3.

A co m prehens ive  diagram  of v a lv e  V3 (F ig . 3 .4) show s th a t  

th i s  1 0 -p o r t  va lve  (Valeo CIOU Gas Sam pling Valve) in c o rp o ra te s  two 

id e n t ic a l  50 \il sample loops. T h e s e  sam ple loops were a l te rn a te ly  filled 

w ith  c a rb o n  monoxide or f lu s h e d  ou t w ith  helium , d ep en d in g  on th e  

p o s i t io n  of th e  v a lv e .  T he  va lve  was sw itc h e d  be tw een  pos it ion  1 a n d  

p o s it io n  2 as  r e q u i r e d ,  a n d  as shown in th e  d iag ram . T h u s  th e  p a th  

of th e  helium c a r r i e r  gas  could be  d iv e r t e d  a n d  th e  ca rbon  monoxide 

p u ls e  f lu s h e d  on to th e  c a ta ly s t  sam ple.

B efo re  a c a rb o n  monoxide chem iso rp tion  exp er im en t could  be  

c a r r i e d  o u t ,  th e  c a ta ly s t  sample (O .lg  to 0 .2 g )  was f i r s t  r e d u c e d  

o v e r n ig h t  (12 h o u r s )  in 6% flowing a t  20 ml min T h e  te m p e r 

a t u r e  ch o sen  to  e n s u r e  complete r e d u c t io n  of th e  c a ta ly s t  was 10°C 

h ig h e r  th a n  th e  te m p e ra tu re  c o r r e s p o n d in g  to  th e  p eak  maximum of th e  

major re d u c t io n  p eak  ( th e  T max va lue)  fo r  th a t  c a ta ly s t .

Following r e d u c t io n ,  th e  c a ta ly s t  sample was cooled to am bien t 

t e m p e r a tu r e  in flowing 6% a n d  f lu s h e d  with helium flowing a t
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20 ml min fo r  30 m inu tes .  With th e  helium flowing th r o u g h  th e  b y 

p a s s ,  t h e  sy stem  was c a l ib ra ted  by  in jec ting  p u ls e s  of c a rb o n  m onoxide. 

T h e  p u ls e s  of ca rb o n  monoxide w ere r e c o rd e d  as p e a k s  on th e  c h a r t  

r e c o r d e r ,  th e  a re a  u n d e r  th e  p eak  be ing  p ro p o r t io n a l  to  th e  volum e of 

c a rb o n  monoxide in jec te d  into th e  sy s tem . T he c a r r i e r  gas  was 

r e - d i r e c t e d  to p a s s  th ro u g h  th e  c a ta ly s t  r e a c to r  tu b e  a n d  p u ls e s  of 

c a rb o n  monoxide in helium w ere p a s s e d  o v e r  th e  c a ta ly s t .  A ny  c a rb o n  

m onoxide n o t  a d s o rb e d  b y  th e  c a ta ly s t  was d e te c te d  as  a p e a k  on th e  

c h a r t  r e c o r d e r .

T h e  d if fe re n ce  in a re a  b e tw een  a ca l ib ra t ion  p e a k  a n d  a p e a k  

c o r r e s p o n d in g  to n o n -a d s o rb e d  c a rb o n  monoxide gave  a m e a su re  of th e  

q u a n t i t y  of ca rb o n  monoxide a d s o rb e d  by  th e  c a ta ly s t .  F u r t h e r  p u ls e s  

of c a rb o n  monoxide co n tin u ed  to  be  adm itted  un ti l  s a tu r a t io n  of th e  

c a t a ly s t  s u r fa c e  h a d  b een  re a c h e d ,  a t  w hich po in t th e  p e a k s  d e t e c te d  

w ere  th e  same size  as  th e  ca l ib ra t ion  p e a k s .

3 .4 .2  T e m p e ra tu re  P rogram m ed D eso rp tion

Immediately a f te r  c a r r y in g  ou t a chem iso rp tion  e x p e r im e n t ,  a 

t e m p e r a tu r e  p rogram m ed  d e so rp t io n  ex p e r im en t was c a r r i e d  o u t .  T h is  

in v o lv e d  flowing helium over  th e  c a ta ly s t  a t  20 ml min 1 while th e  

t e m p e r a tu r e  was in c re a s e d  a t 5°C min to 500°C. T h e  c h a n g e  in 

c o n c e n t ra t io n  of th e  d e so rb in g  spec ies  in the  e lu an t  gas was m o n ito red  

u s in g  a th e rm al c o n d u c t iv i ty  d e te c to r .  A f te r  p a s s in g  th r o u g h  th e  th e rm a l  

c o n d u c t iv i ty  d e te c to r  a p o rt ion  of th e  e lu a n t  gas was v e n te d  a n d  th e  

r e m a in d e r  p a s s e d  into a q u a d ru p o le  mass sp e c tro m e te r  (S p e c t r a m a s s
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DAQ 3 .1 )  in o r d e r  to iden tify  the  d e so rb in g  s p e c ie s .  T h e  mass s p e c t r o -
_ s - 1 1

m e te r  was e v a c u a te d  to 10 -  10 T o r r  b y  a com bination of a t u r b o -

m o lecu la r  pum p (E d w ard s  ETP 4/80) a n d  a r o t a r y  oil pum p. S ince  on ly  

c h a n g e s  in th e  r e la t iv e  concen tra t ions  of th e  d e s o rb in g  sp ec ie s  w ere 

b e in g  s tu d ie d ,  p re c i s e  calibration  of th e  mass sp e c tro m e te r  was n o t  

c a r r i e d  o u t .  H ence the  r e s u l t s  o b ta in ed  a re  only  q u a l i ta t iv e  in n a t u r e .

3 .5 .1  Flow System  II

Flow System  II, shown schem atically  in F ig . 3 .5 ,  was u s e d  to 

c a r r y  o u t  te m p e ra tu re  program m ed r e d u c t io n ,  t e m p e ra tu re  p rog ram m ed  

d e s o r p t io n ,  c a rb o n  monoxide chem isorp tion  a n d  te m p e ra tu re  p rog ram m ed  

r e a c t io n  e x p e r im e n ts  a t  I . C . I .  p ic ,  Chemicals a n d  P olym ers  G roup , 

R e s e a r c h  a n d  T echno logy  C e n tre ,  R u n c o rn .  In  s i tu  n i t ro g e n  BET 

s u r f a c e  a re a  m easu rem en ts  could also b e  c a r r i e d  o u t .

C a ta ly s ts  from the same s to ck  as th o se  d e s c r ib e d  in sec tion

3 .1 .2  w ere  u s e d .  T yp ica lly ,  0.5g of c a ta ly s t  was mixed with acid  w ash ed  

g la s s  b e a d s  (P h a s e  S ep ara t io n s  L t d . ,  85-100 m esh) w hich w ere  u se d  to 

p r e v e n t  th e  c a ta ly s t  sample com pacting a n d  to le n g th e n  th e  c a ta ly s t  b e d  

fo r  u s e  in ch rom a to g rap h ic  de tection  te c h n iq u e s .  T h e  c a ta ly s t / g la s s  

b e a d s  m ix tu re  was p laced  in a 1/4" d iam ete r  s ta in le s s  s tee l  r e a c to r  tu b e .  

T h e  c a ta ly s t  was h e ld  in place by  a p lu g  of q u a r tz  wool a t  e i th e r  en d  of 

th e  t u b e .  A the rm ocoup le  in s e r te d  in to  th e  c a ta ly s t  m on ito red  th e  

te m p e r a tu r e  d u r in g  experim en ts .
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3 . 5 . 2  T h e  Gas Feed  System

T h e  helium ( B . O . C . ,  99.995% p u r i ty )  was s c r u b b e d  by  p a s s in g  

i t  t h r o u g h  a B . O . C .  Mark III r a r e  gas p u r i f i e r  which rem o v e d ,  to p .  p . m .  

l e v e l ,  all t r a c e s  of N£, H^, H^O, CC^ an d  h y d ro c a rb o n s .  T h e  helium 

w as th e n  p a s s e d  o v e r  a molecular s ieve (Linde -4A ) b e fo re  b e in g  d iv id e d  

in to  t h r e e  in d e p e n d e n t ly  con tro lled  s t re a m s .  Each s tream  was c o n t ro l le d  

b y  a com bination  of a p r e s s u r e  re g u la to r  a n d  a f low sta t .  One s tream  

a c t e d  a s  th e  k a th a ro m e te r  r e fe re re n c e  s tream . A second  s tream  a c te d  

as  a c a r r i e r  gas d u r in g  d eso rp t io n .  T h e  th i r d  s tream  a c te d  as a 

c a r r i e r  gas  to w hich v a r io u s  g ase s ,  for example h y d ro g e n  ( B . O . C .  

99.995%),  n i t r o g e n  ( B . O . C . ) ,  carbon  monoxide (A ir P r o d u c t s ,  99%), 

o r  n i t r o u s  o x id e ,  could  be  added .  By u s ing  th e  flow sw itch in g  v a lv e ,  

e i th e r  he lium , o r  helium p lu s  re a c ta n t  g a s ,  was p a s s e d  t h r o u g h  th e  

c a t a ly s t  re a c t io n  tu b e .  T h e  helium to r e a c ta n t  ra t io  was co n tro l led  

u s in g  th e  p r e s s u r e  r e g u la to r  and  crimp p laced  in the  in le t  line for each  

r e a c t a n t  g a s .

3 . 5 . 3  T h e  Gas A naly tica l System

T h e  analy tica l system  in th is  a p p a r a tu s  c o n s is te d  of a 

k a th a r o m e te r  (T ay lo r  Servom ex M icroca tharom eter) a n d  an o n - l in e  Vacuum 

G e n e r a to r s  "S upavac"  mass s p e c t ro m e te r . T he  gas flow ( f lo w - ra te ,  25 ml 

min''*') p a s s e d  th r o u g h  th e  k a th a ro m e te r  a f te r  le av ing  th e  c a ta ly s t  

r e a c t o r .  T h e r e a f t e r ,  b y  combination of a need le  va lve  a n d  a r o ta r y  p u m p ,  

a c o n s t a n t  (20%) p o r t io n  of th e  total gas  flow was fed  to th e  mass 

s p e c t r o m e te r .
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T h e  k a th a ro m e te r  a n d  1/8" s ta in le s s  s tee l  p ipe  b e tw ee n  th e  

c a t a ly s t  r e a c to r  and  th e  mass sp e c tro m e te r  in le t  w ere  m a in ta ined  a t  

110°C to  p r e v e n t  condensa tion  of gaseous  m ateria l  b e fo re  i t  cou ld  be  

d e t e c te d  b y  th e  k a th a ro m e te r  and  mass sp e c tro m e te r .

3 . 6 . 1  T e m p e ra tu re  Program m ed R educ tion

A c a ta ly s t  sample ( ty p ica lly  0 .5g)  was mixed with g la ss  b e a d s  

a n d  a d m it te d  to the  c a ta ly s t  r e a c to r  tu b e .  A gas flow co n ta in in g  

h y d r o g e n  in n i t ro g e n  was e s ta b l i s h e d  th r o u g h  th e  b y - p a s s .  (T he  

p e r c e n t a g e  of h y d ro g e n  lay in th e  r a n g e  5 to 10% an d  was c o n s ta n t  fo r  

eac h  T . P . R .  e x p e r im e n t) .  T he  gas m ix tu re  was th e n  sw itched  to p a s s  

t h r o u g h  th e  c a ta ly s t .  A ny ch a n g e s  in k a th a ro m e te r  s igna l w ere 

am plif ied  an d  re c o rd e d  on a c h a r t  r e c o r d e r .  At th e  same tim e, th e  

e lu a n t  gas was m onitored for c h an g e s  in h y d ro g e n  and  w ater  c o n ce n 

t r a t io n  u s in g  the  mass sp e c tro m e te r .  T he  h e a t in g  r a te  u s e d  d u r in g  

th e  T . P . R .  was 8°C min \  B oth  th e  h ea t in g  r a te  and  th e  maximum 

r e q u i r e d  te m p e ra tu re  (400°C) w ere  con tro l led  by  a te m p e ra tu re  p r o g r a m 

mer in c o rp o ra te d  into th e  ch ro m a to g rap h ic  oven  which h o u se d  th e  

c a t a ly s t  r e a c to r .

3 . 6 . 2  T e m p e ra tu re  P rogram m ed D eso rp tion  Following T e m p e ra tu re  

P rogram m ed R eduction

Following T . P . R . ,  th e  c a ta ly s t  r e a c to r  tu b e  was allowed to 

cool to  am bien t in flow ing  h y d r o g e n /n i t r o g e n . T he  reac t io n  tu b e  was 

th e n  im m ersed  in liqu id  n i t ro g e n  (-1 9 6 °C ) .  H y d ro g e n /n i t r o g e n  gas

c o n t in u e d  to b e  p a s s e d  over  the  c a ta ly s t  u n t i l  th e  te m p e ra tu re  h a d
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r e a c h e d  -1 9 6 °C . At th is  po in t ,  th e  gas  flow was sw itched  from h y d r o g e n /  

n i t r o g e n  to  helium . The liqu id  n i t ro g e n  was rem oved  an d  th e  r e a c to r  

was a llow ed to  warm to am bient te m p e ra tu re .  D uring  th is  time th e  

d e s o r p t io n  w as followed on th e  mass sp e c tro m e te r  an d  k a th a ro m e te r .

When th e  r e a c t io n  te m p e ra tu re  re a c h e d  am bien t,  th e  te m p e ra tu re  p ro g ra m  

w as s t a r t e d  a n d  th e  c a ta ly s t  was h e a te d  l inea r ly  to 300°C to d e so rb  

h y d r o g e n  from th e  c a ta ly s t  before  f u r th e r  e x p e r im e n ts ,  fo r  exam ple e i th e r  

c h e m is o rp t io n  o r  te m p e ra tu re  p rogram m ed reac tio n  s tu d ie s ,  w ere  c a r r i e d  

o u t .

3.  7 In  S i tu  Total S u rface  A rea M easurem ents

T h e  to ta l  su r fa c e  area  of a c a ta ly s t  could be c a lcu la ted  b y  

c a r r y i n g  ou t a n i t ro g e n  adso rp tion  m easurem ent a t  -196°C followed by  a 

s u b s e q u e n t  n i t r o g e n  deso rp tio n  ex p er im en t .  T h is  en ab led  ca lcu la t io n  of 

th e  a r e a  u s in g  th e  modified BET po in t  B m ethod . (122)

A gas  flow com prising no t more th a n  10% n i t ro g e n  was 

e s ta b l i s h e d  via the  r e a c to r  b y - p a s s .  Helium was th e n  flowed o v e r  th e  

c a t a ly s t  a t  25 ml min T he c a ta ly s t  r e a c to r  was cooled to -196°C  u s in g

l iq u id  n i t r o g e n .  The n it ro g en /h e l iu m  gas  m ix tu re  was th e n  flow ed o v e r  

th e  c a t a ly s t .  T he  e luan t gas was m onitored  u s in g  the  k a th a ro m e te r  an d  

th e  m ass  s p e c tro m e te r .  No deflection was o b s e rv e d  un ti l  s a tu r a t io n  of 

th e  c a ta ly s t  s u r f a c e  by  n it ro g en  had  o c c u r r e d .  Using th e  te c h n iq u e  of 

f r o n ta l  c h ro m a to g ra p h y  p ioneered  by  K . C .  Waugh et al. (123) ,  th e  

q u a n t i ty  of n i t r o g e n  ad so rb e d  at -196°C can b e  ca lcu la ted  from th e  time 

ta k e n  fo r  th e  n i t ro g e n  deflection to be  d e te c te d  an d  th e  p e r c e n ta g e  of 

n i t r o g e n  in th e  gas  m ix tu re  flowing a t  a known flow r a te .  ( T h e  d e ta i ls  

of th i s  a r e  g iven  in C h a p te r  4, section 4 . 4 ) .  At s a tu r a t io n ,  th e  n i t r o g e n
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de f le c t io n  d e te c te d  b y  th e  k a th a ro m e te r  is c o n s ta n t .  A t th is  p o in t ,  th e  

gas  s tream  is sw itch ed  to helium only and  the  n i t ro g e n  is d e s o rb e d  off 

th e  c a ta ly s t  s u r f a c e .  By c a r ry in g  ou t a s t r ip -w ise  in te g ra t io n  of th e  

d e s o rp t io n  ta i l - s h a p e  p ro d u c e d  in th is  way, an d  u s in g  th e  in te g r a l s  

t o g e th e r  w ith  a know ledge  of th e  to ta l  amount of n i t ro g e n  o r ig in a lly  

a d s o r b e d  on th e  sam ple, a l in e a r is e d  BET plot was made w hich allowed 

a s e c o n d  calcu la tion  of th e  q u a n t i ty  of n i t ro g e n  a d s o rb e d ,  a n d  h en ce  th e  

to ta l  s u r f a c e  a r e a ,  to be  ca lcu la ted .  T he  su r fa c e  a rea  was d e te rm in e d  

b o th  b e fo re  a n d  a f te r  th e  c a ta ly s t  h ad  been r e d u c e d .

3 . 8 . 1  C a rb o n  Monoxide Chem isorp tion

C arb o n  monoxide chem isorp tion  experim en ts  w ere  c a r r i e d  o u t  

a t  v a r io u s  s u b -a m b ie n t  te m p e ra tu r e s ,  ra n g in g  from -196°C to -7 0 °C ,  in  

a m a n n e r  similar to th a t  employed for n i t ro g e n  a d so rp t io n  a t  -196°C .

T h e  c a ta ly s t  was f i r s t  tak en  th r o u g h  a T . P . R .  / T . P . D .  cyc le .  A g a s

s t re a m  ( f lo w - ra te ,  25 ml min con ta in ing  a f ixed p e r c e n ta g e  of c a rb o n  

m onoxide (in  th e  r a n g e  8 to 10%, c o n s ta n t  for each e x p e r im en t)  was 

p a s s e d  o v e r  th e  c a ta ly s t  which h a d  b een  cooled to th e  r e q u i r e d  s u b 

am b ien t  t e m p e ra tu r e .  T he  e lu an t  gas was m onitored  u s in g  th e  k a t h a r o 

m e te r  a n d  m ass s p e c t ro m e te r . When sa tu ra t io n  of th e  c a ta ly s t  h a d  b e e n  

a c h ie v e d ,  a deflection  c o r re sp o n d in g  to the  amount of c a rb o n  m onoxide in 

th e  gas  s tream  was o b s e rv e d  on th e  c h a r t  r e c o r d e r . T h e  q u a n t i ty  of 

c a rb o n  m onoxide a d s o rb e d  was ca lcu la ted  in a similar way to t h a t  em ployed  

to ca lcu la te  n i t r o g e n  a d so rp t io n .



67

3 .8 .2  T e m p e ra tu re  Programm ed D eso rp tion  Following C arbon  

Monoxide Chem isorption

Following carbon  monoxide chem isorp tion  e x p e r im e n ts ,  as  

d e s c r ib e d  ab o v e ,  th e  carbon  m onoxide/helium  gas s tream  was r e p la c e d  b y  

a helium  gas s tre a m , which was flowed o ver  th e  c a ta ly s t  a t  s u b -a m b ie n t  

t e m p e r a t u r e .  When th e  immediate d e so rp t io n  of ca rb o n  monoxide w as 

co m ple te ,  th e  low te m p e ra tu re  b a th  s u r ro u n d in g  th e  c a ta ly s t  r e a c to r  was 

re m o v e d  an d  th e  c a ta ly s t  allowed to warm to am bient te m p e ra tu r e  in 

flow ing  helium an d  th e  e luan t gas m onitored  by  the  k a th a ro m e te r  a n d  

m ass  s p e c t ro m e te r .  Having re a c h e d  am bient te m p e ra tu re ,  th e  c a ta ly s t  

was h e a t e d  l in ea r ly  (3 = 6 °C min 1  or  8 °C min to a maximum t e m p e r 

a t u r e  of 400°C an d  th e  e luan t gas m onitored  for f u r th e r  d e s o rp t io n .

3. 9 T e m p e ra tu re  Program m ed R eaction  S tu d ie s

T e m p e ra tu re  program m ed reac tion  s tu d ie s  w ere c a r r i e d  o u t  on 

c a t a ly s t s  p r e p a r e d  and  re d u c e d  as p re v io u s ly  d e s c r ib e d .

A gas  s tream  com prising n o t  more th a n  10% c a rb o n  m onoxide 

( r a n g e  8  to 1 0 %, fixed  for each ex p e r im en t)  in h y d ro g e n  was p a s s e d  

th r o u g h  th e  c a ta ly s t  re a c to r  as th e  te m p e ra tu re  was in c re a s e d  l in e a r ly  

(3  = 8 °C min” 1) to a maximum te m p e ra tu re  of 400°C. T he  mass 

s p e c t r o m e te r  was u s e d  to d e tec t  c h a n g e s  in c o n ce n tra t io n  of h y d r o g e n , 

c a r b o n  m onox ide , w a te r ,  methane an d  ca rb o n  d iox ide ,  which w ere  

p lo t t e d  as  a func tion  of te m p era tu re  a n d  time.
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CHAPTER 4 

TREATMENT OF RESULTS

4 .1  In t ro d u c t io n

In  o r d e r  to obta in  th e  r e s u l t s  p r e s e n te d  in C h a p te r  5, 

c a lc u la t io n s  w ere  p e rfo rm e d  on th e  raw  d a ta  ob ta ined  b y  c a r r y i n g  o u t  

e x p e r im e n ts  acc o rd in g  to th e  p ro c e d u re s  ou tlined  in C h a p te r  3. In  

th i s  c h a p t e r ,  de ta ils  a r e  p r e s e n te d  to show how th e se  ca lcu la t io n s  w ere  

c a r r i e d  o u t .

4. 2 T e m p e ra tu re  Program m ed R eduction

Flow System  I was ca l ib ra te d  for te m p e ra tu re  p ro g ram m ed  

r e d u c t io n  b y  in jec ting  p u ls e s  of h y d ro g e n  in to  a n i t ro g e n  c a r r i e r  g a s ,  

w h ich  th e n  flowed th ro u g h  a sample of silica (0 .l6 0 5 g )  in th e  re a c t io n  

t u b e .  T h e  volume of h y d ro g e n  in jec te d  was 50 |il. In  th i s  w ay , th e  

a r e a  c o r r e s p o n d in g  to 50 jil of h y d r o g e n ,  u n d e r  known c h a r t  r e c o r d e r  

s e n s i t i v i t y  s e t t in g s ,  was o b ta ined .  T he  volume of h y d ro g e n  co nsum ed  

d u r in g  a te m p e ra tu re  program m ed re d u c t io n  experim ent co u ld ,  t h e r e 

f o r e ,  b e  o b ta in e d  by  in te g ra t in g  the  p eak  a rea  of the  T . P . R .  p ro f ile  

a n d  com p arin g  it with th e  a rea  of th e  ca lib ra t ion  p eak .  T h e  volume of 

h y d r o g e n  ca lcu la ted  in th is  way was c o n v e r te d  to an e q u iv a le n t  n u m b e r  

of h y d r o g e n  m olecules, a n d  e x p re s s e d  as h y d ro g e n  molecules co n su m ed  

p e r  gram  of c a ta ly s t .
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4 .3  C a rb o n  Monoxide Chem isorption

C a rb o n  monixide chem isorption experim en ts  w ere  c a r r i e d  ou t 

in a p u l s e d  flow sy s te m ,  a s  d e sc r ib e d  in C h a p te r  3, sec tion  3 .4 .1 .

T h e  sy s tem  was c a l ib ra te d  by  in jec ting  50 ql p u lse s  of c a rb o n  monoxide 

in to  a helium c a r r i e r  g a s .  The p u lses  were d e tec te d  by  a the rm al 

c o n d u c t iv i ty  d e te c to r  l inked  to a poten tiom etric  c h a r t  r e c o r d e r .  T he  

volum e of ca rb o n  monoxide a d s o rb e d  by  the  c a ta ly s t  from a p u lse  of

c a rb o n  monoxide c o r re s p o n d s  to the  d iffe rence  in a re a  be tw een  th e

c a l ib ra t io n  p e a k  a n d  a chem isorp tion  p eak .  In th is  w ay, th e  to ta l

volum e of ca rb o n  monoxide ad so rb e d  by  th e  c a ta ly s t  was c a lc u la te d .

T h is  volume was th e n  c o n v e r te d  to th e  num ber of c a rb o n  monoxide 

m olecules  p e r  gram of c a ta ly s t .  The metal a rea  of th e  c a ta ly s t  was 

c a lc u la te d  from th e  num b er  of carbon  monoxide molecules a d s o r b e d .

T h e  ca lcu la t io n  is  b a s e d  on the  assum ption th a t  th e  ca rb o n  monoxide 

was a d s o r b e d  l in e a r ly  on th e  s u p p o r te d  metal, with a metal to ca rb o n  

m onoxide ra t io  of one to one. T h u s ,  the  metal a rea  was o b ta in e d  by  

m u l t ip ly in g  th e  n u m b e r  of carbon  monoxide molecules a d s o rb e d  b y  th e

a r e a  o c c u p ied  b y  one carbon  monoxide molecule when it is a d s o r b e d

— ?f) ? 2l i n e a r ly  (1 6 .8  x  10 m ) .  T he  answ er was e x p re s s e d  in m per

gram  of c a t a ly s t .  T h e  n um ber  of carbon  monoxide molecules a d s o r b e d

was also  u s e d  to ca lcu la te  i t s  d isp e rs io n .  D isp e rs io n ,  D, is  d e f in e d  as

_ n u m b e r  of su rface  metal atoms ^  1 0 0

to ta l  num ber of metal atoms 1

A ssu m in g  th a t  th e  metal to ca rbon  monoxide ra t io  is one to  o n e ,  th e  

n u m b e r  of s u r f a c e  metal atoms is equal to th e  n um ber  of ca rb o n
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m onox ide  molecules a d s o rb e d  by th e  ca ta ly s t .  T he  to tal n u m b e r  of 

m etal atom s in a one gram sample is  ca lcu la ted  from its  metal lo a d in g .

4. 4 In  S i tu  Total S u rface  A rea  Calculations

E x p er im en ts  w ere c a r r ie d  o u t,  u s ing  Flow System I I ,  to  

d e te rm in e  th e  to ta l su r fa c e  a rea  of c a ta ly s t  samples by  N-, a d s o rp t io n  

a t  - 1 9 6 °C . T h e  experim en ts  were c a r r ie d  ou t acco rd ing  to  th e  

p r o c e d u r e  o u tl in ed  in C h a p te r  3, section  3 .7 .

T h e  tech n iq u e  of f ro n ta l  ch rom a tog raphy  (123) was u s e d  to  

follow th e  a d so rp t io n  of N 2  a t  -196°C. F ig u re  4.1 shows a ty p ica l  

f r o n ta l  ch rom atogram  ob ta ined  by adso rb in g  n i t ro g en  on a c a ta ly s t  

sam ple  a t  -1 96°C . At poin t a ,  the  gas pass in g  over the  c a ta ly s t  was 

s w i tc h e d  from helium only to a m ix ture  of x% N 2 /H e, w here  x  ^  1 0 %.

T h e  d e a d - t im e  of th e  system is th e  time re q u i re d  for th e  n i t r o g e n  to 

re a c h  th e  d e te c to r  when no ad so rp tio n  takes  p lace. The d ead - t im e  of 

th e  sy s te m  c o r re s p o n d s  to poin t t  on F ig u re  4.1  (po in t b) . If  no  

a d s o r p t io n  ta k e s  p lace , a deflection would be ex p ec ted  h e re .  H o w ev er ,  

w hen  a d s o rp t io n  did take p lace , no n i t ro g en  was d e te c te d  un ti l  p o in t  c ,  

w hen  a s h a r p  deflection was o b se rv e d ,  r is in g  to po in t d. T he  h e ig h t  

of t h e  de f lec tion  a t  po in t d is p ropo r t io n a l  to the  co n ce n tra t io n  of 

n i t r o g e n  in th e  gas p h a s e .  The volume of n i t ro g e n  a d s o rb e d  b y  th e  

c a t a ly s t  sample a t-196°C  was ca lcu la ted  as follows:

Volume of N 2  = time of N 2  flow x flow r a te  x  x% N 2  

(time betw een po in t (25 ml min * ) 

b an d  poin t c)
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T h is  c o r re s p o n d s  to th e  a re a  'b c d e 1 in F igu re  4 .1 .  T h is  volume was 

c o n v e r t e d  to th e  n u m b e r  of N 2  molecules a d s o rb e d  p e r  gram of c a ta ly s t .  

T h e  to tal s u r fa c e  a re a  of th e  c a ta ly s t  was ob ta ined  by  m ultip ly ing  the  

n u m b e r  of N 2  molecules a d s o rb e d  by  the  a re a  occup ied  by  one 

molecule (16.2  x  1 0  ^  m^)

e________ d.
No Cone.

Uptake

timet

Fig 4*1 Frontal Chromatogram of Adsorption at-196*C

T h e  va lue  th u s  o b ta in ed  was confirm ed by  following th e  d e s o rp t io n  of 

n i t r o g e n  from th e  s u r fa c e  a t  -196°C. At po in t f in F ig .  4 .1 ,  th e  

N 2 /He gas m ix tu re  was sw itched  to helium only , c a u s in g  th e  n i t r o g e n  to 

d e s o rb  from th e  c a ta ly s t  s u r fa c e .  A fte r  th e  gas sw itch in g  po in t 

(p o in t  f) th e re  was a sweep ou t time co r re sp o n d in g  to th e  d ead  time of 

th e  sy s tem . A f te r  th i s  time, n i t ro g e n  deso rp tion  was o b s e rv e d .
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S t r ip - w i s e  in t e g r a t i o n  of th e  d e s o rp t io n  ta i l - s h a p e ,  to g e th e r  w ith  a 

k n o w le d g e  of t h e  to ta l  q u a n t i ty  of n i t r o g e n  o r ig ina lly  a d s o r b e d  b y  th e  

c a t a l y s t ,  a l low ed  ca lcu la t io n  of th e  volum e of n i t r o g e n  s t i l l  on th e  

s u r f a c e  a t  p a r t i c u l a r  p r e s s u r e s .  T h u s  an  iso the rm  of th e  a d s o r p t i o n

of n i t r o g e n  a t  -1 9 6 °C , as  show n in F ig u r e  4 .2 ,  was o b ta in e d .

A c c o rd in g  to B r u n a u e r , Emmett a n d  T e l le r ,  (122) a d s o r p t i o n  

of N 2  a t  -196°C  on s u b s t r a t e s  g e n e r a te s  an S - s h a p e d  i s o th e rm .  A p o in t ,  

d e f in e d  b y  B r u n a u e r  e t  al. (122) a s  p o in t  B , a t  th e  s t a r t  of th e  l in e a r  

r e g io n  of th e  is o th e rm  c o r r e s p o n d s  to m onolayer c o v e ra g e  of th e  sam ple  

b y  a d s o r b e d  n i t r o g e n .  T he  iso th e rm  can  b e  l in e a r is e d  w ith  r e s p e c t  to 

th e  B . E . T .  e q u a t io n ,  w hich is of th e  form:

P _ 1 , c -1  _ _p

V (p  -  p )  V c V c p *o  r  m m o

w h e re  p  = p r e s s u r e  of gas

p Q = s a tu r a t io n  v a p o u r  p r e s s u r e

V = volum e c o r r e s p o n d in g  to  m onolayer c o v e ra g em

c = c o n s ta n t

A p lo t  of — r  v e r s u s  -P- g iv e s  a s t r a i g h t  line of g r a d i e n t  ^ 7 :
^P o P , Po m

a n d  i n t e r c e p t  • T h u s ,  V , th e  volume of n i t r o g e n  c o r r e s p o n d in g
r  V c mm

to  m o n o lay e r  c o v e r a g e  of th e  c a ta ly s t  sam p le ,  can  b e  o b ta in e d .  T h is  

v a lu e  can  th e n  b e  c o n v e r t e d  to th e  to ta l  s u r f a c e  a r e a  b y  m u l t ip ly in g  b y  th e  

a r e a  o c c u p ie d  b y  one  molecule of n i t r o g e n .

S u b - a m b ie n t  ca rb o n  m onoxide ch em iso rp tio n  e x p e r im e n t s  w ere  

c a r r i e d  o u t  a c c o rd in g  to  th e  p r o c e d u r e  d e s c r ib e d  in C h a p te r  3, s e c t io n
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3 .8 .1 .  T h e  u p ta k e  of ca rbon  monoxide by  the  c a ta ly s t  sample was 

c a lc u la te d  from th e  f ro n ta l  chrom atogram s ob ta ined ,  in a m an n er  

a n a lo g o u s  to  th a t  u sed  to calcula te n i t ro g e n  u p ta k e .

4. 5 Gas C hrom atograph ic  Analysis of B u ta -1 ,  3-diene H y d ro g e n a t io n  

P r o d u c ts

T h e  gas  ch rom atograph ic  system  shown in C h a p te r  3, s ec tio n  

3 . 2 .4 ,  was c a l ib ra te d  u s ing  a s ta n d a rd  gas m ix tu re  con ta in ing  know n 

p e r c e n t a g e s  of th e  re a c ta n t  and  p ro d u c t  h y d ro c a rb o n s .  T h e  g a se s  w ere  

e lu te d  from th e  column in th e  o rd e r :

b u t a n e  < 1 -b u te n e  < t r a n s - b u t - 2 -e n e  < c i s - b u t - 2 - e n e  < b u t a - 1 ,3 -d ie n e

S e p a r a t e  p e a k s  w ere o b se rv e d  for each p ro d u c t .  S ince b o th  th e  to ta l  

p r e s s u r e  of th e  sample be ing  ana ly sed  and th e  p e rc e n ta g e  of each  

c o m p o n en t in th e  m ix ture  w ere know n, by  in te g ra t in g  th e  p e a k  a re a  fo r  

e ac h  p r o d u c t ,  a re sp o n s e  fac to r  in un its  of a r e a /T o r r  could be  ca lcu la 

t e d .  T h e s e  r e s p o n s e  fac to rs  w ere u sed  to calcu la te  th e  p a r t i a l  

p r e s s u r e s  of p ro d u c ts  p r e s e n t  in gas m ix tu res  of unknow n com position .

D u r in g  b u ta -1 ,3 -d ie n e  h y d ro g en a t io n  re a c t io n s ,  th e  b u te n e  

d i s t r i b u t io n  was ca lcu la ted  for reac tio n s  in which e i th e r  th e  t e m p e r a tu r e  

o r  th e  re a c t io n  e x te n t  was v a r ie d .  T he  calculation of th e  b u te n e  

d i s t r i b u t io n  invo lved  e x p re s s in g  the  p a r t ia l  p r e s s u r e  of each  b u te n e  as 

a p e r c e n t a g e  of th e  to tal b u te n e  p r e s s u r e .
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T h e  reac t io n  e x te n t  is defined  as

re a c t io n  e x t e n t - = { 2 d , ,  , . + p . ,  v } / £ P
(b u ta n e )  (b u te n e s )  (h y d ro c a rb o n s )

w h e re  P ( k u f-e n e s ) sum °f  th e  p a r t ia l  p r e s s u r e s  of 1 - b u t e n e ,

t r a n s - b u t - 2 - e n e  a n d  c i s - b u t - 2 -e n e .

T h e  se lec tiv i ty ,  S , of a ca ta ly s t  a t  a p a r t i c u la r  te m p e ra tu re  

o r  re a c t io n  e x t e n t  is def ined  as:

^  ^ ( b u t e n e s )   ̂ ^ ( b u t e n e s )  + ^ (b u ta n e )  ^

T h e  r a t e  v a lu e s  u s e d  to calcu la te  the  o rd e r  of reac t io n  w ith  r e s p e c t  to 

th e  r e a c t a n t s ,  o r  th e  ac tiva tion  en e rg y  for each c a ta ly s t ,  w ere  o b ta in e d  

from th e  p r e s s u r e  fall v e r s u s  time p lots  p ro d u c e d  d u r in g  th e  c o u rs e  of 

th e  r e a c t io n .  T he  r a t e s  qu o ted  c o r re sp o n d  to th e  in i t ia l  r a t e s ,  s ince  

th e  r a t e  of re a c t io n  can change  d u r in g  the  cou rse  of th e  re a c t io n .

T h e  r a t e  was o b ta in e d  by f ind ing  the  g rad ie n t  of a t a n g e n t  to th e  c u r v e  

a t  th e  s t a r t  of th e  p re s s u re / t im e  p lo t.

B y  v a ry in g  th e  te m p e ra tu re  a t which b u t a - 1, 3 -d iene  h y d r o 

g e n a t io n  was c a r r i e d  o u t ,  w ith all o th e r  v a r iab les  he ld  c o n s ta n t ,  a

v a r ia t io n  in th e  in itia l r a te  of reac tion  was o b s e rv e d .

” E /R  TT h e  A r rh e n iu s  equa t ion ,  r a te  = Ae a , w here  th e  r a te

is  th e  in itia l r a t e ,  a n d  E is the  activation  e n e rg y ,  show s th e  re la t io n  -a

sh ip  b e tw een  th e  in itia l r a te  and  the  activation  e n e rg y .  By p lo t t in g

th e  n a t u r a l  log of th e  in itia l r a te  ag a in s t  the  in v e rs e  of th e  t e m p e ra tu re
-E £

in K e lv in ,  a s t r a i g h t  line with a g ra d ie n t  of — is o b ta in e d .  H ence ,
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th e  a c t iv a t io n  e n e rg y  for each  ca ta ly s t  can be calcu la ted .

K ine t ics  experim en ts  were c a r r ie d  out to de te rm ine  th e  o r d e r  

of r e a c t io n  w ith  r e s p e c t  to th e  p a r t ia l  p r e s s u re  of each of th e  r e a c t a n t s .  

T h e  r a t e  of re a c t io n  d e p en d s  on th e  p a r t ia l  p r e s s u re  of b o th  r e a c t a n t s ,  

a n d  on  th e  r a t e  c o n s ta n t ,  k .  T h ey  can be  linked  by  an e q u a t io n  of 

th e  fo rm :

r a t e  = k.pX p ^  
2 4 6

w h e re  x  a n d  y  a r e  th e  o rd e r s  of reac tion  with r e s p e c t  to p  a n d
H 2

P C H * r e s p e c t iv e ly .
4 6

By ho ld ing  th e  p a r t ia l  p r e s s u r e  of one re a c ta n t  c o n s ta n t  while 

th e  o th e r  is v a r i e d ,  an y  varia tion  in r a te  which o c c u r re d  as  a r e s u l t  of 

v a r y in g  th e  p a r t i a l  p r e s s u r e  of one r e a c ta n t ,  could be o b s e r v e d .  A 

l in e a r  p lo t  of e i th e r  th e  initia l r a t e  ag a in s t  the  p a r t ia l  p r e s s u r e  of one 

r e a c t a n t ,  o r  of log ( in itia l r a te )  a g a in s t  log (pa r t ia l  p r e s s u r e  of r e a c ta n t )  

y ie ld s  th e  o r d e r  of reac tion  with r e s p e c t  to th a t  r e a c ta n t .
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CHAPTER 5 

RESULTS

In  view of th e  fac t th a t  n ine  ca ta ly s ts  w ere p r e p a r e d  a n d  

u s e d  in  th i s  s tu d y ,  it  was n e c e ssa ry  to find  a method of d i s t in g u is h in g  

th e  c a t a ly s t s .  In  th e  r e s u l t s  p r e s e n te d  in th is  c h a p te r ,  c a ta ly s ts  

p r e p a r e d  u s in g  ch lorop la tin ic  acid will be  denoted  ( a ) ,  th o s e  p r e p a r e d  

from rh o d iu m  n i t r a t e  will be  deno ted  ( b ) ,  and  those  p r e p a r e d  from 

rh o d iu m  ch lo r id e  will be  deno ted  ( c ) .

F o r  exam ple :

P t / S i C ^ a )  : silica s u p p o r te d  pla tinum , p r e p a r e d  from

chloroplatin ic  acid

R h/M oO ^(b) : molybdenum tr iox ide  s u p p o r te d  rh o d iu m ,

p re p a re d  from rhodium n i t r a t e

Rh/W O^(c) : tu n g s te n  tr iox ide  s u p p o r te d  rh o d iu m ,

p re p a re d  from rhodium ch lo ride

5 .1  T e m p e ra tu re  Program m ed R eduction

5 .1 .1  T . P . R .  Using Flow System I

A s e r ie s  of te m p e ra tu re  program m ed re d u c t io n  e x p e r im e n ts  was 

c a r r i e d  o u t ,  u s in g  Flow System I ,  following th e  p ro c e d u re  d e s c r ib e d  in 

C h a p te r  3, sec tion  3 .3 .
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T ab le  5 .1 shows the  values ( th e  te m p e ra tu re  a t  each

p e a k  maximum) o b ta in ed  for each ca ta ly s t ,  to g e th e r  w ith  th e  to ta l

q u a n t i ty  of h y d ro g e n  invo lved  in the  red u c t io n  of the  c a ta ly s t .

F ig u re s  5 .1  to 5.9 show the  te m p e ra tu re  p ro f iles  o b ta in e d

fo r  e a c h  c a ta ly s t .  T h ro u g h o u t ,  the hea ting  r a te  was 5°C m in"1.

T h e  th e o re t ic a l  q u an t i ty  of h y d ro g en  r e q u i r e d  fo r  re d u c t io n

of lg  of c a ta ly s t  w hich g ives  1.1% w/w P t / s u p p o r t  on re d u c t io n  or 1.5%

w /w  R h / s u p p o r t  on re d u c t io n  was ca lcu la ted . lg  of th e  p la tinum

19c o n ta in in g  c a ta ly s t  r e q u i r e s  6 . 8  x  1 0  molecules of fo r  complete 

r e d u c t io n  of th e  s u p p o r te d  platinum salt to s u p p o r te d  p la tinum  metal. 

Com plete  r e d u c t io n  of e i th e r  of the  su p p o r te d  rhodium  sa lts  to s u p p o r te d  

rh o d iu m  metal r e q u i r e s  1.32 x 1 0 ^  molecules of H^.

To e n s u re  complete reduction  of each c a ta ly s t  d u r in g  i ts  

p r e p a r a t io n  fo r  ca rb o n  monoxide chem isorption , the  re d u c t io n  te m p er

a t u r e s  u s e d  w ere  10°C g re a te r  than  the  T of th e  major re d u c t io n°  max

p e a k  fo r  each  c a ta ly s t .  Table  5.2 shows the te m p e ra tu re s  u s e d  to 

r e d u c e  each  c a ta ly s t  p r io r  to ca r ry in g  out chem isorp tion  e x p e r im e n ts .

5 .1 .2  T . P . R .  U sing Flow System II

T e m p e ra tu re  program m ed reduc tion  ex p er im en ts  w ere  also 

c a r r i e d  o u t  on a se lec tion  of ca ta ly s ts  us ing  Flow System  I I .  T he  

c a t a ly s t s  s tu d ie d  w ere  Pt/SiC^Ca)* P t/M oO ^(a ) , Pt/W O^(a) a n d  

Rh/MoC>3 ( c ) .

F ig u re  5.10 shows the  tem pera tu re  program m ed red u c t io n  

p ro f i le  fo r  P t /M o 0 3 ( a ) .  Following the  f i r s t  red u c t io n  p eak  a t  a ro u n d  

80°C, th e  p a r t i a l  p r e s s u r e  of h y d rogen  in the  system  d ro p p e d  d ram a-
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T a b le  5 .1  . T e m p e ra tu re  Programm ed R eduction  R esu l ts

S u p p o r t e d  Salt T (°C ) max Total H ydrogen  U p tak e  

(No. of molecules (g  c a ta ly s t )

H2P tC l6 / S i 0 2 162 2 . 1 2  x  1 0
19

H 2 P tC l 6 /Mo0 3 29

106

257

500

6.57 x  10 20

H 2 P tC l 6 /W0 3 118

385

4.59 x  1 0

20

R h ( N 0 3 ) 3 / S i 0 2 167

250

6.91 x  1 0

20

R h ( N 0 3 ) 3 /M o0 3

R h ( N 0 3 ) 3 /W 0 3

R h C l 3 / S i 0 2

24

164

269

584

158

406

120

6.71 x  1020

1.09 x  1 0

21

1.77 x  10
20

R h C l 3 /MoQ 3 106

140

262

500

1.49 x  1 0

21

R h C l 3 /WC> 3 111

385

500

5.89 x  1 0 2 0



T ab le  5 .1  ( c o n t d . )

S u p p o r t e d  S a lt  ^ m a x   ̂ Total H ydrogen  U ptake

(No. of molecules (g  c a ta ly s t )  ^)

S i 0 o 642 2.8 x l 0 1 92

3MoO, 756 4.16 x l O 2 1

891

WOo 693 7.83 x l O 2 13
835
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Table  5 . 2 . R e d u c t io n  T e m p e ra tu re s

S u p p o r te d  S a lt

R h ( N 0 3 ) 3 / S i 0 2

R h C l 3 / S i 0 2

H 2 P tC l 6 /S i 0 2

R h ( N 0 3 ) 3 /M o 0 3

R h C l 3 /Mo0 3  

H 2 P tC l 6 /Mo0 3

R h ( N 0 3 ) 3 /W 0 3

R h C l 3 /W 0 3

H 2 P tC l 6 /W0 3

R eduction  T e m p e ra tu re  (°C ) 

176 

135 

180 

175 

155 

120 

170 

125 

140
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tically to  v e r y  low le v e ls ,  and. rem ained at low levels  for th e  d u ra tio n  of

the te m p e r a tu r e  r a n g e  s tu d ie d .  F u r th e r  water peak s  w ere o b s e rv e d  a t

ap p rox im ate ly  100°C, 176°C an d  250°C. Above 250°C, th e  p a r t ia l

p r e s s u r e  of w a te r  b e in g  d e te c te d  rose  dram atically , an d  rem ained  a t

very  h ig h  le v e ls  o v e r  th e  rem ainder  of the  tem p era tu re  r a n g e  s tu d ie d .

T h e  t e m p e r a tu r e  program m ed reduction  profile  o b ta ined  for

Pt/W O^(a) (F ig u r e  5.11) again  shows the  partia l  p r e s s u r e  of h y d ro g e n

d ec re a s in g  s h a r p ly  as  red u c t io n  of the  platinum salt p ro c e e d s ,  as  shown

by th e  form ation  of w a te r .  In  th is  case , the p a r t ia l  p r e s s u r e  of

h y d ro g e n  r e t u r n e d  to h ig h  levels as reduction  n e a re d  com pletion, as

shown b y  th e  d e c r e a s in g  p a r t ia l  p r e s s u r e  of w ater .  The red u c t io n

profile  fo r  th e  c a t a ly s t  (show n in te rm s of water formation) is a complex

se r ie s  of u n re s o lv e d  p e a k s  with peak  maxima over th e  r a n g e  100°C to

150°C. S ince  th e  maximum te m p era tu re  reached  was 190°C, th e re  was

no major e v id e n c e  of s u p p o r t  reduc t ion  of the k ind  o b s e rv e d  for

red u c t io n  of P t/W O ^ (a )  in Flow System I (F igure  5 .3 ) ,  w here  th e

maximum te m p e r a tu r e  r e a c h e d  was 500°C.

A m uch  s im pler  red u c t io n  profile was ob ta ined  fo r  P t / S i C ^ ^ )

(F ig u re  5 .1 2 ) .  T is a ro u n d  100°C, with a s l ig h t  sh o u ld e r  a t  170°C.
max

A v e r y  com plex red u c t io n  profile was o b ta ined  for the

red u c t io n  of R h / M o O ^ c ) ,  as  shown in Fig. 5.13. R e d u c t io n ,  s ign if ied

by th e  p ro d u c t io n  of w a te r ,  s t a r t s  a ro u n d  50°C, w ith th e  of th e

f ir s t  r e d u c t io n  p e a k  o c c u r r in g  a t  85°C. The second  major red u c t io n

peak , T = 301°C, a p p e a r s  as an un reso lved  sh o u ld e r  on th e  th i rd  
max

red u c t io n  p e a k ,  w h ich  h as  a T v -  380°C. (The T max of th e  th i r dmdA

reduc t ion  p eak  is e s t im a ted  to occur a t 380°C - th e  peak  maximum is 

o f f - s c a le ) .
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5 .1 .3  T e m p e ra tu re  Program m ed D esorp tion  Following T e m p e ra tu re  

P rogram m ed  R eduction

Follow ing each  te m p e ra tu re  program m ed re d u c tio n  e x p e rim e n t

c a r r ie d  o u t u s in g  Flow System  I I ,  a te m p e ra tu re  p rogram m ed d e so rp tio n

e x p e r im e n t w as c a r r ie d  ou t to rem ove a d so rb e d  h y d ro g en  from  th e

c a ta ly s ts .  T h e  ex p erim en ts  w ere c a r r ie d  ou t acco rd ing  to  th e  p ro c e d u re

o u tl in e d  in C h a p te r  3, section  3 .6 .2 .

T h e  te m p e ra tu re  p rogram m ed d eso rp tio n  p ro file  o b ta in e d

im m ediately  a f te r  a T .P .R .  experim en t fo r Pt/M oO ^(a) is  show n in

F ig u re  5 .1 4 . H y d ro g en  is o b se rv e d  to d eso rb  a t te m p e ra tu re s  >, 30°C .

A bove 190°C, w a te r is o b se rv e d  to d e so rb . The peak  maxima a re

o b s e rv e d  a t  40°C , 160°C, 240°C and  247°C. The to ta l n u m b er of

20h y d ro g e n  m olecules d e so rb e d  was ca lcu la ted  as 2.25 x 10 (b y  p r io r

c a lib ra tio n  of th e  m ass sp e c tro m e te r) . Even assum ing a 1:1 H :P t r a t io ,

th is  g iv e s  a to ta l f a r  in ex cess  of the  num ber of p latinum  atom s in  th e

sam p le , in d ic a tin g  th a t  h y d ro g en  h as  sp illed  over on to th e  s u p p o r t .

F ig u re  5.15 shows th e  te m p e ra tu re  program m ed d e so rp tio n

p ro file  fo r  P t/W O ^ (a ). O ver th e  te m p e ra tu re  ra n g e  s tu d ie d  ( -1 9 6 °C to

240°C) on ly  one d e so rp tio n  peak  is o b se rv a b le . C a lib ra tion  of th e  m ass

s p e c tro m e te r  e n ab led  a calcu la tion  of th e  to ta l num ber of h y d ro g e n

m olecules d e so rb e d  to be  made. For Pt/WC>3 ( a ) ,  th e  v a lu e  o b ta in e d  was

4.46 x  10"^ m olecules (g .c a ta ly s t)  F or R h /M oO ^(c), a la rg e
20

d e so rp tio n  p eak  was o b se rv e d , w ith T = 390°C. 3.47 x  10 m oleculesm3, x

^2 ( g .c a ta ly s t )  ^ w ere d e so rb e d . T he d eso rp tio n  p ro file  fo r 

R h /M o 0 3 (c )  is  show n in F ig u re  5.16. D esorp tion  of h y d ro g e n  b e g in s  a t 

te m p e ra tu re s  ab o v e  180°C.
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5. 2 C arb o n  M onoxide C hem iso rp tion  an d  T e m p e ra tu re  P ro g ram m ed  

D eso rp tio n

5 .2 .1  A m bient T e m p e ra tu re  C arb o n  M onoxide C h em iso rp tion

C arb o n  m onoxide ch em iso rp tio n  ex p erim en ts  w ere  c a r r ie d  o u t

in  a p u ls e d  flow re a c to r  sy stem , Flow System  I ,  a t  am bien t te m p e ra tu re ,

fo llow ing th e  p ro c e d u re  d e sc r ib e d  in C h a p te r  3, sec tio n  3 .4 .1 .  From

th e  n u m b e r of m olecules of ca rb o n  m onoxide ca lcu la ted  to b e  p r e s e n t  on

th e  s u r f a c e ,  th e  m etal a re a  an d  th e  d isp e rs io n  can be  c a lc u la te d . T h e

ca lc u la tio n  of th e se  v a lu es  in v o lv es  m aking two assu m p tio n s : i) e ac h

c a rb o n  m onoxide molecule is  b o n d e d  to  one m etal atom in a lin e a r

m a n n e r , a n d  ii) th e  a re a  o ccup ied  b y  one carb o n  m onoxide m olecule

c o r re s p o n d s  to th e  van  d e r Waals' ra d ii  of th e  ca rb o n  m onoxide m olecu le ,

- 2 0  2c a lc u la te d  to b e  16.8 x  10 m . T he  r e s u l ts  o b ta in e d  a re  p r e s e n te d  

in  T ab le  5 .3 . T he  m etal a rea  a n d  d isp e rs io n  ca lcu la tio n s  a re  d e s c r ib e d  

in  C h a p te r  4, sec tio n  4 .3 .

M etal p a r tic le  sizes can  b e  ca lcu la ted  from th e  m etal a re a  of 

a c a ta ly s t  sam ple u s in g  th e  follow ing m ethod:

S .A . _ 4 f f r 2  _ 3
4 3g m etal j  irr p r  p

w h e re  S .A . is  th e  m etal su rfa c e  a r e a ,  r  is th e  ra d iu s  of th e  m etal 

p a r t ic le  a n d  p is  th e  d e n s ity  of th e  m etal. T he m etal p a r t ic le  s iz e s  

c a lc u la te d  in  th is  m anner a re  p r e s e n te d  in  T able 5 .4 a . T ab le  5 .4b  

sh o w s th e  a v e ra g e  p a r tic le  sizes fo r  each  c a ta ly s t o b ta in e d  b y  t r a n s 

m ission  e le c tro n  m icroscopy .



T ab le  5 .3 . C a rb o n  M onoxide C hem isorp tion

C a ta ly s t  No. of CO Molecules Metal A rea  D isp e rs io n
2  - 1  

m (g  c a ta ly s t)  %

P t / S i 0 2 (a ) 8 .69  x  1 0 1 8 1.46 26

P t /M oO ^(a) 2 .50 x  101 7 0.042 0 .7

P t/W 0 3 (a ) 9 .23 x  101 8 1.55 27

R h /S i 0 2 (b ) 191.40 x  10' 2.35 16

R h /M o 0 3 (b ) - N eglig ible -

R h/W O s (b ) 6 .61  x  1 0 ^ 8 1 . 1 1 8

R h /S i0 2 (c) 4 .17  x  101 8 0.70 5

R h /M o 0 3 (c) 2 .14  x  10 1 8 0.36 2

R h /W 0 3 (c) 2 .76 x  10 1 9 4.64 31

( a ) :  p r e p a r e d  from  ch lo ro p la tin ic  acid

( b ) :  p r e p a r e d  from  rhod ium  n i t r a te

(c ) :  p r e p a r e d  from  rhod ium  ch lo ride
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T a b le  5 . 4a. C alcu la ted  M etal P a rtic le  S izes

D iam eter of M etal P a r t ic le s  

(C a lcu la ted )

C a ta ly s t

P t /S i 0 2 (a)

P t/M o 0 3 (a)

P t/W 0 3 (a )

R h /S i0 2 (b )

R h /M o 0 3 (b)

R h /W 0 3 (b )

R h /S i0 2 (c )

R h /M o0 3 (c )

R h /W 0 3 (c )

2 . 1 0  x  1 0 ” 8  m 

7 .36  x  10” 7  m 

1 .99  x  1 0 ~ 8  m 

3 .0 8  x  10 ' 8  m

6 .5 4  x  10 8  m

1 .04  x  10 7  m

2 . 0 2  x  1 0  7  m

1.56  x  1 0  8  m

from  c h lo ro p la tin ic  a c id( a ) : p r e p a re d

( b ) :  p r e p a re d  from  rhod ium  n i t r a te

( c ) : p r e p a re d  from  rh o d iu m  ch lo rid e



T ab le  5 .4 b . P a r tic le  S izes O b tained  by  T .E .M .

C a ta ly s t  A v erag e  P a rtic le  S ize R an g e

(nm) (nm )

P t / S i 0 2 (a )  1.4 0 .3  to  2 .96

P t/M oO s (a )  2 .7  0 .6 9  to  5 .75

P t/W O B(a )  2 .7  0 .5 9  to  4 .7

R h /S i0 2 (b )  1 .7  0 .5 9  to  2 .96

R h /M o 0 3 (b )  1.3 0 .5 9  to  3 .6

R h/W O s (b )  2 .2  0 .8 9  to  3 .6

R h /S iQ 2 (c ) 1.6 0 .6  to  5 .4

R h /M o 0 3 (c ) 2 .4  0 .9  to  4 .2

R h/W O s (c )  2 .9  1 .2  to  7 .5
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5 .2 .2  T e m p e ra tu re  P rogram m ed D eso rp tio n  Follow ing A m bien t 

T e m p e ra tu re  C arbon  M onoxide C hem isorp tion

Im m ediately  following each  c a rb o n  m onoxide ch em iso rp tio n  

e x p e rim e n t a t  am bien t te m p e ra tu re , a te m p e ra tu re  p rog ram m ed  d e s o rp 

tio n  e x p e rim e n t was c a r r ie d  o u t. T em p e ra tu re  p rogram m ed  d e so rp tio n  

p ro f ile s  su c h  a s  th o se  shown in  F ig u re s  5.17 an d  5.18 w ere o b ta in e d . 

F ig u re  5.17 show s th e  d e so rp tio n  of ca rb o n  m onoxide a n d  c a rb o n  

d io x id e  from  P t/W O ^(a). F ig u re  5.18 show s h y d ro g e n  ( l ^ )  a n d  w a te r  

d e s o rb in g  from Rh/M oO ^(c) follow ing a ca rb o n  m onoxide ch e m iso rp tio n ; 

no  c a rb o n  m onoxide or carb o n  d iox ide was d e te c te d  d u r in g  th i s  T .P .B .

T ab le  5 .5  sum m arises th e  d a ta  o b ta in ed  from  T .P .D .  follow ing 

c a rb o n  m onoxide chem iso rp tio n . T he r e s u l ts  w ere o b ta in e d  u s in g  a  m ass 

s p e c tro m e te r .  S ince th e  m ass sp e c tro m e te r  was n o t c a l ib ra te d ,  th e  

r e s u l t s  a re  on ly  q u a lita tiv e  in n a tu re .

5 .2 .3  T e m p e ra tu re  P rogram m ed D eso rp tio n  Follow ing T e m p e ra tu re  

P rogram m ed R eduction

T h e  form ation  of b o th  h y d ro g e n  an d  w ate r w as o b s e rv e d  d u r in g  

T .P .D .  follow ing carb o n  m onoxide ch em iso rp tio n . I t  w as, th e r e f o r e ,  

d e c id e d  th a t  th e  m olybdenum  tr io x id e -  a n d  tu n g s te n  t r io x id e - s u p p o r te d  

c a ta ly s ts  sh o u ld  b e  in v e s tig a te d  b y  c a r ry in g  ou t te m p e ra tu re  p ro g ram m ed  

d e so rp tio n  e x p e rim e n ts  im m ediately a f te r  c a r ry in g  o u t te m p e ra tu re  

p rog ram m ed  re d u c tio n  (u s in g  Flow System  I ) .  T h is  w as to  e n a b le  a 

com parison  to  b e  m ade betw een  d eso rp tio n  p ro file s  o b ta in e d  im m ediately  

a f te r  re d u c tio n  of th e  c a ta ly s t  w ith th o se  o b ta in ed  following c a rb o n  

m onoxide c h e m iso rp tio n .
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T ab le  5 .5 . T e m p e ra tu re  Program m ed D eso rp tio n

C a ta ly s t D eso rb ing  S p ec ies 'm ax  (d e s )

P t / S i 0 2 (a )
H 2

358

P t/M oO ^(a) CO 251
c o 2 426

P t/W 0 3 (a ) CO 140

C ° 2
303

R h /S i0 2 (b ) CO 90
c o 2 35©

R h/M oO s (b )
H 2

471

R h /W 0 3 (b ) none -

R h /S iO z (c ) O O
tv

) 114

co2 361

R h/M oQ 3 (c )
H 2

25®
h 2° 50®

R h/W Q 3 (c ) CO 13®

c o 2 295

T  / j  % ~ te m p e ra tu re  a t  th e  d e so rp tio n  p e a k  maxmrann.. m ax (c ies;
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F o r each  of th e  c a ta ly s ts  s tu d ie d , nam ely Rh/MoC>3 ( b ) ,  

Rh/M oO^Cc) an d  Rh/W O^Cc), th e  te m p e ra tu re  p rogram m ed  re d u c t io n  

p ro c e d u re  w as id e n tic a l to  th a t  u sed  to  p re p a re  th e  c a ta ly s t  fo r 

c a rb o n  m onoxide ch em iso rp tio n .

F ig u re  5 .19  show s th e  T .P .D . p ro file  o b ta in ed  fo r R h /M o 0 3 (c) 

follow ing te m p e ra tu re  program m ed re d u c tio n . is  o b s e rv e d  to

d e s o rb .  T h e  T x  a p p e a rs  a t 305°C. A com parative  s tu d y ,  w h ere  

th e  c a ta ly s t  was ta k en  th ro u g h  an id e n tica l h ea tin g  c y c le , b u t  th is  

tim e in  flow ing helium , r a th e r  th a n  6 % b efo re  b e in g  ta k e n

th ro u g h  th e  T .P .D .  p ro c e d u re , was c a rr ie d  o u t. T h e  d e s o rp tio n  

p ro f ile  o b ta in e d  show ed no ev idence  of ch an g es  in re la tiv e  c o n c e n tra t

io n s  o f h y d ro g e n  o r w a te r .

F ig u re  5 .20 show s th e  d eso rp tio n  p ro file  o b ta in ed  im m ediately 

a f te r  c a r ry in g  o u t a ca rb o n  monoxide chem isorp tion  e x p e rim e n t on 

Rh/M oO^Cb) . T h is  show s h y d ro g e n  d eso rb in g  w ith a T ° f  239°C 

a n d  w a te r  d e so rb in g  w ith  = 463°C. T h is  can b e  co m p ared  w ith

th e  d e so rp tio n  p ro file  o b ta in ed  following te m p e ra tu re  p ro g ram m ed  

re d u c t io n  (F ig u re  5.21) of a f r e s h  c a ta ly s t sam ple. T h e  T max f° r  

h y d ro g e n  d e s o rp tio n  o c c u rs  a ro u n d  237°C, w ith  th e  fo r w a te r

fo rm atio n  a t  500°C (m /e  = 17).

F ig u re  5 .2  2 show s th e  d eso rp tio n  p ro file  o b ta in e d  follow ing

c a rb o n  m onoxide chem iso rp tio n  on R h/W 0 3 ( c ) .  C arb o n  m onoxide is

o b s e rv e d  to  d e so rb  a t T = 106°C, an d  h y d ro g e n  d e s o rb e d  w ithmax

T = 290°C H ow ever, a T .P .D .  experim en t c a r r ie d  o u t im m ediately 
max

a f te r  te m p e ra tu re  p rogram m ed  red u c tio n  of R h/W 0 3 ( c ) ,  fa iled  to show 

an y  e v id e n c e  of h y d ro g e n  o r w ater d eso rp tio n  o v e r th e  te m p e ra tu re  

ra n g e  s tu d ie d .
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5 .2 .4  S u b -A m b ien t C arbon  Monoxide C hem iso rp tion

S u b -a m b ie n t ca rb o n  monoxide chem iso rp tio n  e x p e rim e n ts  w ere

c a r r ie d  o u t on P t /S i 0 2 ( a ) ,  Pt/MoC>3 ( a ) ,  Pt/WC>3 (a )  an d  R h /M o 0 3 (c )

u s in g  Flow S ystem  I I ,  as d e sc rib e d  in C h a p te r  3, sec tio n  3 .8 .1 .

T h e  r e s u l t s  a re  p re s e n te d  in te rm s of th e  n u m b e r o f c a rb o n

m onoxide m olecules ca lcu la ted  to  be on th e  s u r fa c e  a t s a tu ra t io n  of

th e  c a ta ly s t .  T h is  n u m b er is  th e n  c o n v e rte d  to  a m etal a r e a ,  a ssu m in g

-2 0  2a 1:1  ra t io  of m etal: CO, an d  an a re a  of 16.8 x  10 m fo r  each  CO 

m olecu le .

T h e  su b -a m b ie n t ca rb o n  monoxide ch em iso rp tio n  e x p e rim e n ts  

w ere  c a r r ie d  o u t u s in g  th e  te ch n iq u e  of f ro n ta l ch ro m a to g ra p h y  

d ev e lo p ed  b y  W augh e t a l. (123 ). F ig u re  5 .23 show s a  ty p ic a l t r a c e  

o b ta in e d  d u r in g  c a rb o n  m onoxide chem iso rp tion . T h e  q u a n t i ty  o f 

c a rb o n  m onoxide a d so rb e d  b y  th e  c a ta ly s t was c a lc u la te d  from  su c h  

r e s u l t s  u s in g  th e  m ethod d e sc r ib e d  in C h a p te r  4, sec tio n  4 .4 .

F o r each  c a ta ly s t ,  th e  r e s u l ts  a re  p re s e n te d  in  T ab le  5 .6  in  

th e  o rd e r  in  w hich  th e  ex p erim en ts  w ere p e rfo rm e d .

5.3 T h erm al A n aly sis

5 .3 .1  D iffe re n tia l S cann ing  C alorim etry

D iffe re n tia l scan n in g  ca lo rim etry  (o r  D .S .C .)  e x p e rim e n ts

w ere  c a r r ie d  o u t on fo u r  s u p p o r te d  s a l ts ,  nam ely R h /S i0 2 ( c ) ,  R h /W 0 3 ( c ) ,

P t/M o O -(a ) a n d  P t/W O ^ (a ) . T he ex p erim en ts  w ere  p e rfo rm e d  a t  X .C .I .
3 3

p ic ,  C hem icals a n d  Polym ers G ro u p , B illingham . T h e  D .S .C .  p ro f ile s
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T a b le  5 .6 . S u b -A m b ien t C arb o n  M onoxide C hem iso rp tio n

C a ta ly s t  T e m p e ra tu re  No. of CO m olecules

P t/S iC ^C a) -  78

(g c a ta ly s t)   ̂

1.32 x  10 1 9

P t/S K ^ C a ) -196 1.14 x  102 1

P t/M oO ^(a) -  78 4.83 x  101 9

P t/M o O ^(a ) -196 3.54 x  102 0

P t/M oO ^(a) -  97 1.29 x  102 0

P t/M oO s (a) -137 198.79 x  1 0 1 7

P t/W O s (a) -196 3.32 x  10 1 9

Pt/W O s (a ) -  78
1  o

3.28 x  10

R h/M oO s (c) -196 8.14  x  101 9

R h/M oO «(c) -  70
199.95 x  10 7

A rea
2

m (g  c a ta ly s t)  

2.22  

191.52 

8.11  

59.47

21.67 

14.77

5.57

0.55

13.67 

16.72
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o b ta in e d  fo r sam ples of Rh/SiC>2 ( c ) ,  Rh/WC>3 ( c ) ,  Pt/MoC>3 (a ) an d

P t/W 0 3 (a) a re  show n in F ig u re s  5.24 to 5 .27, r e s p e c t iv e ly .

T h e  p ro f ile  o b ta in ed  for Rh/SiC^Cc) show s on ly  one major

decom position  p e a k ,  w ith  th e  p eak  maximum (T ) a t  35°C.max

R h /W 0 3 (c )  show s a m uch more com plicated p ro file . T h e  s h a r p ,  m ajor

decom position  p e a k  h as  T = 65°C, w ith  a sh o u ld e r  a t  135°C. Amax

sm a lle r , b ro a d e r  p eak  w ith T = 370°C can also be o b s e rv e d .max

T h e  s u p p o r te d  p latinum  c a ta ly s ts  show v e ry  com plex decom po

s itio n  p ro f i le s .  P t/M o 0 3 (a ) show s seven  peak  m axim a, a t  30°C, 55°C, 

75°C , 315°C, 450°C an d  565°C. T he major p eak s  h av e  maxima a t 

75°C, 155°C, 315°C, 450°C an d  565°C; the  maxima a t th e  o th e r  

te m p e ra tu re s  a re  fo r u n re so lv e d  's h o u ld e rs '.  F o r P t/W 0 3 ( a ) ,  th e  p e a k  

maxima a re  o b s e rv e d  a t 40°C, 80°C, 130°C, 410°C, 465°C a n d  540°C.

5 .3 .2  T h erm o -G rav im etric  A nalysis

T h e rm o -g ra v im e tric  an a ly sis  (T .G .A .)  was c a r r ie d  o u t on 

P t / S i 0 2 ( a ) ,  P t/M o 0 3 ( a ) ,  P t/W 0 3 ( a ) ,  R h /S i0 2 ( c ) ,  R h /M o 0 3 ( c ) ,  

R h /W 0 3 ( c ) ,  S i0 2 , M o03 , W03 , R hC l 3 .3H 20  an d  P t  foil.

T h e  p la tinum  foil re fe re n c e  in d ica te s  a n eg lig ib le  w eigh t lo ss  

up  to  1150°C. T .G .A . of f re s h  silica gel show ed w eig h t lo sse s  

c o r re s p o n d in g  to  th e  p re se n c e  of betw een  0 .8  a n d  1.5% b y  w eigh t of 

w a te r  up  to  65°C . An ad d itional 0.2% (b y  w eigh t) maximum cou ld  b e  

rem o v ed  b y  h e a tin g  to  300°C due to fu r th e r  d e h y d ra t io n , b u t  no  f u r th e r  

w e ig h t lo ss  w as o b s e rv e d  up  to 1000°C.

T h e  m olybdenum  trio x id e  was h ea ted  in b o th  n i t ro g e n  a n d  in  

5.5% h y d r o g e n /n i t r o g e n .  In  n itro g e n , no w eigh t lo ss  was o b s e rv e d
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below  600°C . A bove 630°C, the MoO^ was b e lie v e d  to  v o la til is e , slow ly 

a t f i r s t ,  b u t  ab o v e  690°C, th e  ra te  in c re a s e d  as th e  m a te ria l su b lim ed ..

In  5.5% in N£, no s ig n if ican t w eigh t c h a n g e s  w ere o b s e rv e d  

u n ti l  th e  s t a r t  of re d u c tio n  a t 540°C. T h e re  is  an  in d ica tio n  th a t  

v a r io u s  o x id e s  of m olybdenum  w ere fo rm ed . By 800°C , th e  re s id u e  

c o n ta in e d  MoO^ an d  tra c e s  of m olybdenum  m etal.

When tu n g s te n  tr io x id e  was h e a te d  in  n i t ro g e n ,  a 0.5% w eig h t 

lo ss  w as o b s e rv e d  up to 250°C due to  a d s o rb e d  w a te r . B etw een  250°C 

a n d  500°C, a f u r th e r  0.55% w eight lo s s , w hich o c c u rre d  in two s ta g e s ,  

w as o b s e rv e d ,  a n d  w hich was a t t r ib u te d  to  f u r th e r  d e h y d ra tio n  of w a te r 

from  th e  la t t ic e .  No fu r th e r  s ig n ifican t w eigh t lo sse s  w ere o b se rv e d  

b e tw e e n  500°C a n d  1150°C.

When tu n g s te n  tr io x id e  was h e a te d  in  a i r ,  a sim ilar w eig h t lo ss  

p a t te r n  to  th a t  fo u n d  in n itro g e n  was o b se rv e d .

X -ra y  d iffrac tio n  s tu d ie s  w ere c a r r ie d  o u t on f r e s h  WO^, an d  

WO^ w hich  h a d  b een  h ea ted  to e ith e r  600°C in a ir  o r 1000°C in a i r .

T he  same form  of WO^ was o b se rv ed  in all th re e  c a s e s ,  b u t  th e  f re s h  

WO^ a d d itio n a lly  show ed s ig n s  of be ing  h y d ra te d ,  w hich may acco u n t fo r 

th e  w e ig h t lo s se s  o b se rv e d  to 500°C.

T h e  tu n g s te n  trio x id e  was also h e a te d  in 5.5% T he

0.55% w eig h t lo ss  o b se rv e d  in air o r n itro g e n  b e tw een  250°C an d  500°C 

was a lso  o b s e rv e d  in  h y d ro g e n /n i tro g e n . R ed u c tio n  a p p e a rs  to com mence 

a t a ro u n d  430°C . T he main red u c tio n  lo ss  b e g in s  a t a ro u n d  890°C, 

p o s s ib ly  d u e  to  re d u c tio n  of WO^ to m etallic tu n g s te n .  T he  re d u c tio n  to  

m etallic tu n g s te n  was incom plete when h e a tin g  was s to p p e d  a t 1100°C.
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T .G .A . a n a ly s is  of rhodium  tr ic h lo r id e  s u g g e s te d  a form ula 

c lo se  to  R h C l^ . 4. 34H20  ra th e r  than  th e  more commonly q u o te d  R hC l^ . 

3 ^ 0 .  When R hC l^ . 4. 3 4 ^ 0  was h ea ted  in n it ro g e n , th e  m ost r a p id  

rem oval of w a te r w as o b se rv e d  a t a ro u n d  65°C , slow ing down betw een  

100°C an d  200°C an d  ta ilin g  off tow ards 500°C. A bove ab o u t 550°C 

th e ,  b y  now a n h y d ro u s ,  R hC l3  s ta r te d  to decom pose. T h e  r a te  of 

decom position  in c re a s e d  w ith in c re a s in g  te m p e ra tu re . T he  c u rv e  show ed  

an  a b r u p t  h a lt  in  th e  ra p id  decom position a t~ 8 1 0 ° C . B etw een  870°C 

a n d  1050°C th e re  w as a p p a re n tly  no s ig n ifican t w eigh t lo s s . B etw een 

1050°C to  1130°C th e re  may be a g rad u a l w eight lo ss  c o rre sp o n d in g  to 

th e  decom position  of Rh^O^.

R l^ O ^  w as b e liev ed  to be form ed d u rin g  rhod ium  ch lo rid e  

decom position  due  to  th e  p re sen ce  of a small am ount of oxy g en  im p u rity  

in th e  n i t ro g e n .  T h e  w eigh t loss a t 1130°C a p p a re n tly  c o rre s p o n d e d  to  

th e  fo rm ation  of m etallic rhodium . When rhodium  tr ic h lo r id e  is h e a te d  

in  a i r ,  th e  w e ig h t lo ss  p a t te rn  is v e ry  sim ilar to th a t  fo u n d  in n itro g e n  

up  to th e  fo rm ation  of an h y d ro u s  RhCl^ at ^550°C . T h e re a f te r ,  th e  

w e ig h t lo ss  b e tw e e n  550°C and  810°C c o rre sp o n d e d  to th e  fo rm ation  of 

R h^O ^. No f u r th e r  w eigh t loss o c c u rre d  u n til th e  decom position of 

Rh^O^ took  p lace  be tw een  1050 and 1125°C, re s u lt in g  in th e  form ation of 

rhod ium  m etal. When rhodium  tr ic h lo rid e  was h e a te d  in 5.5% th e

w eigh t lo ss  c o r re s p o n d in g  to d eh y d ra tio n  o v e rla p p ed  w ith  th e  w eigh t 

loss c o r re s p o n d in g  to  red u c tio n  to rhodium  m etal. I t  is  p o ssib le  th a t  

re d u c tio n  of th e  rhod ium  trich lo rid e  commenced betw een  85°C a n d  100°C, 

w ith ex tre m e ly  r a p id  re d u c tio n  o ccu rrin g  betw een  120°C a n d  170°C.

T h e re  was n e g lig ib le  w eigh t loss betw een  "V200°C a n d  750°C, w hen a
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f u r t h e r  l-o w e ig h t lo ss  took p lace. T he  to ta l w eight lo ss  is c o n s i s te n t  

w ith  th e  fo rm ation  of rhodium  metal, as  fo u n d  for hea t in g  in n i t r o g e n .

When P t / S i 0 2 (a )  was hea ted  in n i t r o g e n ,  a w eigh t lo ss  of 7 . 3 4 %

o c c u r r e d  below 100°C, which p robab ly  c o r re s p o n d s  to a d s o rb e d  w a te r .

In  5.5% h y d r o g e n /n i t r o g e n ,  an additional w eigh t loss of ~  0.5% was

o b s e r v e d  b e tw e e n  ^  120°C an d  200°C which does no t to ta lly  acc o u n t fo r

th e  w e ig h t  lo ss  e x p e c te d  on reduc t ion  of e i th e r  H0PtC L -> P t  or
2 6

PtC > 2  P t ,  s u g g e s t in g  th a t  red u c t io n  o c c u rs  in s ta g e s ,  w ith th e  in i t ia l  

s t a g e s  o f  r e d u c t io n  o cc u rr in g  a t th e  same time as the  d e h y d ra t io n .

When Rh/SiO^Cc) was h ea ted  in 5.5% H 2 /N 2 , th e  to ta l  w eigh t 

loss  to 150°C was 7.57% which c o r re sp o n d s  to w eight loss du e  to w a te r  

lo ss  from th e  silica  a n d  possib ly  the h y d r a te d  s a l t ,  be fo re  th e  sa lt i t se lf  

u n d e r g o e s  r e d u c t io n .  T h is  may involve th e  formation of from

R hC l^  b e fo re  th e  re d u c t io n  to Rh metal is complete.

When P t /M o O ^ a )  was hea ted  in n i t ro g e n  only , a w e igh t  loss 

of o n ly  1.78% w as o b s e rv e d .  In 5.5% a weight loss  of 21.1% was

o b s e r v e d  a t  te m p e ra tu re s  up to 450°C. Possib ly  ~1.2% can  b e  a t t r i b u t e d  

to r e d u c t io n  of H ^ t C l ^  to P t .  The rem a in d er  of the  w eight loss  may b e  

due  to  r e d u c t io n  of th e  MoO^ to lower o x id e s ,  or even  molybdenum m etal.

R h /M o O ^ c )  showed a w eight loss  of ^3.34% up to  600°C in 

n i t r o g e n .  In  5.5% H 2 /N 2 , th e  w eight loss was 21.28%, similar to th a t  

fo u n d  fo r  Pt/MoC>3 (a) u n d e r  similar cond itions .  T h is  s u g g e s t s  th a t  th e  

w e igh t lo s s  is  l a rg e ly  due to reduc t ion  of th e  s u p p o r t  in b o th  c a se s .  

F ig u re  5.28 show s a typ ica l T .G .A .  t ra c e  p ro d u c e d  when R h /M o 0 3 (c) 

was h e a t e d  in a) N 2  a n d  b) 5.5% H 2 /N 2 «
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T herm al t rea tm e n t of Pt/WO^ led  to a w eigh t loss  of 22.31%. 

M uch of th i s  m ust be  due to red u c t io n  of th e  s u p p o r t .  (A w e ig h t lo ss  

of ^ 2 0 .  7% can  b e  a t t r ib u t e d  to th e  red u c t io n  of tu n g s te n  t r io x id e  to  

t u n g s t e n  metal) .

When R h /W O ^ c )  was h ea ted  in n i t r o g e n ,  a w eight lo ss  of 

3.15% d u e  to  th e  removal of asso c ia ted  w a te r  was o b s e rv e d .  T h is  

o c c u r r e d  in  s e v e ra l  s tag es :  be tw een  am bient a n d  200°C, a t  a r o u n d

400°C , b e tw e e n  600°C an d  700°C an d  be tw een  800°C a n d  850°C, a n d  

m u s t  b e  a t t r i b u t e d  to loss of w ate r  from th e  ox ide . In  5.5% H ^/N ^ , th e  

to ta l  w e ig h t  lo ss  was 22.78% up to 1000°C. T h is  o ccu rs  in s ta g e s :  

am b ien t -  100°C, 100-150°C, 320-420°C an d  580-980°C. T he  w eigh t 

lo ss  c o r r e s p o n d s  to red u c t io n  of th e  s u p p o r t  to tu n g s te n  metal a n d  

in c lu d e s  th e  w a te r  loss found when the  c a ta ly s t  was h e a te d  in  n i t r o g e n  

a lone .

5. 4 N itro g e n  B .E .T .  A reas

N itro g en  B .E .T .  a re a s  w ere m easu red  m  s i tu  fo r  a se lec tion  

of th e  c a t a ly s t s ,  namely P t/S iC ^C a),  P t/M oO ^(a ),  P t/W O ^(a) a n d  

R h /M o O ^ (c ) .  M easurem ents  were made b o th  b e fo re  a n d  a f te r  

r e d u c t io n  of th e  ca ta ly s t  sample. T he  q u a n t i ty  of n i t ro g e n  a d s o r b e d  

a n d ,  h e n c e  th e  to ta l s u r face  a rea  of th e  c a ta ly s t ,  was ca lcu la ted  as  

d e s c r ib e d  in C h a p te r  4, section 4 .4 .

T ab le  5 .7  shows th e  n i t ro g e n  B .E .T .  a re a s  ca lcu la ted  fo r  a 

s e lec tio n  of c a ta ly s ts  b o th  befo re  an d  a f te r  r e d u c t io n .



T ab le  5 .7 . N^, B . E . T .  A reas

C a ta ly s t A rea  B efore  R eduction  

(m ^(g ca ta ly s t)  ^)

A re a  A f te r  R educ tion  

(m ^(g  c a ta ly s t )  ^)

P t/S iO . 142.5 144.7

Pt/MoO.

Pt/WO.

Rh/MoO.

MoO.

2.15

6.12

2.4

2.11

82.9

5.04

87.5

1.65

[ B . E . T .  a re a  m e asu re d  a f te r  1 T . P . R . / T . P . D .  cycle]
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5 .5  T e m p e ra tu re  Programm ed R eaction S tu d ie s

T e m p e ra tu re  program m ed rea c t io n  s tu d ie s  w ere c a r r i e d  o u t  on 

a se le c t io n  of th e  c a ta ly s ts  s tu d ie d ,  nam ely Pt/SiC> 2 ( a ) ,  Pt/MoC>3 ( a ) ,  

P t /W 0 3 (a )  a n d  Rh/MoC>3 ( c ) .

T h e  reac tion  s tu d ie d  was th e  h y d ro g e n a t io n  of c a rb o n  m onox ide . 

T h is  p a r t i c u l a r  reac tion  was s tu d ie d  for two re a s o n s :  f i r s t ,  th e  r e a c t io n

is in d u s t r i a l ly  im portan t  for the  rem oval of c a rb o n  monoxide from h y d r o g e n  

f e e d - s t r e a m s ;  second ,  i t  was d es irab le  to in v e s t ig a te  any  d i f fe re n c e s  

w hich  may b e  due to using  d if fe re n t  s u p p o r t s .

F o r  P t / S i 0 2 ( a ) ,  no reac tion  was o b se rv a b le  o ver  th e  te m p e ra 

t u r e  r a n g e  s tu d ie d  (am bient to 400°C) . H ow ever, as  F ig u re s  5 .29 , 5 .30 

a n d  5 .31  show , reac tio n  did  take  p lace o ver  P t /M o 0 3 ( a ) ,  Pt/WC>3 (a )  a n d  

R h /M o 0 3 (c) . T h ese  r e s u l t s  show a d e c re a se  in c a rb o n  monoxide p a r t i a l  

p r e s s u r e  w ith  in c re a s in g  te m p e ra tu re  a n d  a c o r re sp o n d in g  in c re a s e  in 

m e th a n e ,  w a te r  an d  carbon  dioxide p a r t i a l  p r e s s u r e s .

5 . 6  B u ta -1 ,3 -d ie n e  H ydrogenation  S tu d ie s

T h ro u g h o u t  th is  section , b u t - l - e n e ,  t r a n s - b u t - 2 - e n e , c i s - b u t -  

2 -e n e  a n d  b u t a - 1 ,3 -d ien e  will be r e f e r r e d  to  as  1-B, t - 2 - B ,  c -2 -B  a n d  

b u ta d i e n e ,  r e s p e c t iv e ly .

5 .6 .1  P r e s s u re /T im e  C u rv es

D u r in g  each  bu tad iene  h y d ro g e n a t io n  reac tio n  c a r r i e d  o u t ,  th e  

v a r ia t io n  of th e  to ta l  p r e s s u r e  in th e  system  with time was m onito red  

u s in g  a p r e s s u r e  t r a n s d u c e r ,  the o u tp u t  from which was p lo t te d  on a
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p o te n t io m e tr ic  c h a r t  r e c o rd e r .  In  th is  w ay, p r e s s u r e  v e r s u s  time 

c u r v e s  w ere  o b ta in ed .

In  o r d e r  to  de term ine  th e  overall o rd e r  of rea c t io n  a n d  to

d e te c t  a n y  acce le ra t io n  p o in t s , p lo ts  of th e  log of th e  in s ta n ta n e o u s

p r e s s u r e  a g a in s t  time w ere made. T he  acce lera tion  po in t is  th e  p o in t

a t  w h ich  th e  re a c t io n  r a te  is o b s e rv e d  to in c re a se .

A p lo t of log P v s .  t  for f re sh ly  r e d u c e d  P t/S iC ^C a) in d ic a te d

th a t  r a t e  c h a n g e s  were found  a t AP = 7.8 T o r r ,  19.3 T o r r  a n d  30 .9  T o r r ,

w h e re  th e  in itia l p r e s s u r e  P q , was 104 T o r r  and  th e  com position of th e

gas  m ix tu re  was 3 .1 :1  C^H^. AP = 7.8 T o r r  in d ic a te s  th e  e n d  of an

in d u c t io n  per iod .  With in c re a s in g  u sa g e ,  the  acce le ra tion  p o in t  becam e

m uch  le s s  p ro n o u n c e d .

P t/M oO ^(a) showed no acce lera tion  p o in t ,  e i th e r  b e c a u s e  th e

re a c t io n s  m onito red  were be lieved  to b e  diffusion co n tro l le d ,  o r  t h e y  w ere

n o t  m on ito red  to a su ff ic ien tly  h ig h  p r e s s u r e  fall.

F ig u re  5.32 shows th e  log P v s .  t p lot o b ta in ed  fo r  f r e s h ly

r e d u c e d  P t /W O ^ (a ) . The in itia l p r e s s u r e ,  Pq , was 79.65 T o r r  a n d  th e

H - r C .H ,  ra t io  was 3 .5 :1 .  T he  acce lera tion  po in t was fo u n d  a t  
2 4 o

AP = 17.55 T o r r .  A gain , acce le ra tion  po in ts  became le ss  n o t iceab le  
acc

w ith  in c re a s in g  c a ta ly s t  u sag e .

T he  acce le ra tion  p o in t for f re sh ly  r e d u c e d  R h / S i C ^ b )  w as

fo u n d  a t  AP = 14.1 T o r r ,  when P = 104 T o r r  a n d  th e  H 9 :C AH, ra t io  
acc °  c * 0

was 3 .0 :1 .  T y p ica l  p re s s u re / t im e  c u rv e s  ob ta ined  fo r  th is  c a ta ly s t  

a f t e r  f u r t h e r  u s e  show ed a d e c re as in g  r a te  with in c re a s in g  r e a c t io n  

e x t e n t .



Fig. 5-32 Log P Versus t R o t  for Pt/WCya)

a .

54 6 7B21
time (mins)
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A log P v e r s u s  t p lo t fo r  Rh/MoC>3 (b) is shown in F ig u re  5 .33 . P Q

w as 125 T o r r ,  a n d  th e  gas m ix ture  composition was 3:1  H 0 :C . .H , .  T h e
2 4 5

a c c e le ra t io n  po in t  o c c u r r e d  a t AP = 32.5 T o r r .  A f te r  f u r t h e r  u s e ,acc

a n d  w ith  P = 80.6 T o r r ,  AP was found  to be 22.0 T o r r .  o acc

F or  R h /W 0 3 ( b ) ,  a Pq of 83.7  T o r r ,  and  a 3: 1 H 2 :C 4 H 6  gas

m ix tu re  p ro d u c e d  an acce lera tion  po in t a t  11.3 T o r r .  An in d u c t io n

p e r io d ,  which f in ish e d  a t  AP = 2.4 T o r r ,  was also o b s e r v e d .  F ig u re

5.34  show s a log P v e r s u s  t p lot for R h /W 0 3 (b) a f te r  in c re a s e d  c a ta ly s t

u s a g e .  Pq was 81 T o r r ,  an d  th e  acce lera tion  po in t was fo u n d  a t

AP = 17.6 T o r r .  acc

R h / S i 0 2 (c) show ed no ev idence  of an acce le ra tion  po in t w hen 

th e  p r e s s u r e  fall v e r s u s  time c u rv e  was monitored up to 108% re a c t io n  

e x t e n t .  D u r in g  th is  time, the reac tion  r a te  d e c re a se d  w ith  in c re a s in g  

r e a c t io n  e x te n t .

R ate  ch a n g e s  a t  AP = 10.7 T o r r ,  18.3 T o r r  a n d  23 .5  T o r r  w ere  

o b s e r v e d  fo r  f r e s h ly  re d u c e d  R h /M o0 3 (c ) ,  when P q was 98.8 T o r r  a n d  

th e  g as  m ix tu re  was composed of 3:1 With in c re a s in g

c a t a ly s t  u s a g e ,  th e  p r e s s u re / t im e  c u rv e s  showed a d e c re a se  in r a t e  w ith  

in c re a s in g  p r e s s u r e  fall.

For R h /W 0 3 ( c ) ,  th e  log P v e r s u s  t  p lo t in d ic a te d  a s l ig h t  

a c c e le ra t io n  po in t  a t  AP = 27.1 T o r r  (F ig .  5 .35).
ciC C

T he  in i t ia l  p r e s s u r e  was 80.6 T o r r ,  and  the  gas  m ix tu re  was 

com posed  of 2 .5 :1  H ^ C ^ .  With in c re a s in g  ca ta ly s t  u s a g e ,  th e  r a t e  

e i th e r  d e c r e a s e d  v e ry  gen t ly  with in c re a s in g  p r e s s u r e  fa ll ,  o r  was 

a p p ro x im a te ly  c o n s ta n t  o ver  the  p r e s s u r e  fall ra n g e  c o v e re d .



Fig. 5-33 Log P vs. t Plot for Rh/MoO (b)
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Fig. 5 3 4  Log P vs. f Plot for Rh/WCL(b)
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Fig. 5 3 5  Log P vs. t  P lo t  for  Rh/WO^c)
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5 .6 .2  V aria t ion  of Se lec tiv i ty  an d  B u tene  D is tr ib u t io n  w ith  

R eaction  E x ten t

A se r ie s  of b u ta d ie n e  h y d ro g en a t io n  re a c t io n s  was c a r r i e d  ou t 

o v e r  each  r e d u c e d  c a ta ly s t  u s ing  a 3: 1 h y d ro g e n :b u ta d ie n e  gas  m ix tu re .  

F o r  eac h  s e r ie s ,  th e  in itia l p r e s s u r e  was c o n s ta n t .  T h e  re a c t io n  

p r o d u c t s  w ere e x t ra c te d  a t  v a r io u s  p r e s s u r e  falls a n d  th e  p r o d u c t s  

a n a ly s e d  u s in g  gas  c h ro m a to g rap h y .  The reac t io n s  w ere c a r r i e d  o u t  in 

a random  o r d e r  to minimise any  effec t on b u te n e  d is t r ib u t io n  w ith  

c a ta ly s t  deac tiva tion  with in c re a s in g  ca ta ly s t  u sa g e .  T h e  v a r ia t io n  of 

s e le c t iv i ty  a n d  b u te n e  d is tr ib u t io n  with v a ry in g  p r e s s u r e  fall is show n 

in T a b le s  5 .8a  to 5 .8 i.  T h e s e  r e s u l t s  a re  shown d iag ram atica lly  in 

F ig u r e s  5.36 to  5.43. T h e re  is no diagram to accom pany th e  r e s u l t s  

fo r  T ab le  5 .8 i.

5 .6 .3  O rd e r  of Reaction w ith R espec t to a) H y d ro g en  a n d  

b) B u ta d ien e

A se r ie s  of experim en ts  was c a r r ie d  ou t o v e r  each  c a ta ly s t  to 

d e te rm in e  th e  o r d e r  of reac tio n  with r e s p e c t  to th e  p a r t i a l  p r e s s u r e  of 

eac h  r e a c t a n t .

To de term ine  the  o rd e r  of reac tion  with r e s p e c t  to  h y d r o g e n ,  

th e  p a r t i a l  p r e s s u r e  of b u ta d ie n e  was k e p t  c o n s ta n t  a t  26 T o r r .  T h e  

p a r t i a l  p r e s s u r e  of h y d ro g e n  was v a r ie d  random ly from 52 to  130 T o r r .  

T h e  in i t ia l  r a t e  of reac tion  was o b ta ined  from th e  p r e s s u r e  fall v e r s u s  

time c u r v e s ,  as  exp la in ed  in C h ap te r  4, section 4.5.
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T ab le  5. 8 a . V aria t ion  of B u tene  D is tr ib u t io n  with Reaction  E x te n t .

C a ta ly s t :  P t / S i 0 2 (a) Weight of Sample = 0.0887g

R eac tio n  T e m p e ra tu re  = 20°C In it ia l  P r e s s u r e  = 104 T o r r

R eac tion

N um ber

R eac tion

E x te n t
O
0

B utene  D is tr ibu tion  

1-B t-2 -B  c-2-B
9 - 9 -  o
0  0  O

t r a n s
cis

1 - B
2 - B

S e lec tiv i ty

5 29 70.4 2 2 . 2 7.4 3.0 2.4 0 . 6 8

3 6 8 70.0 21.7 8.3 2 . 6 2.3 0.63

6 85 69.9 21.7 8.4 2 . 6 2.25 0.59

4 106 67.1 23.7 9.2 2 . 6 2.04 0.54

1 119 65.8 27.4 6 . 8 4 .0 1.92 0.48
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T a b le  5. 8 b . V ar ia t io n  of B utene D is tr ib u t io n  with R eaction  E x te n ts .

C a ta ly s t :  Rh/SiC> 2 (b) Weight of Sample = 0 . 0483g

R e a c t io n  T e m p e ra tu re  = 20°C In itia l P r e s s u r e  = 104 T o r r

R eac tio n

N um ber

R eac tion

E x te n t
O
0

B uten e  D is tr ibu tion  

1-B t-2 -B  c-2-B
9 - 9 .  0 
0  0  0

t r a n s
cis

1 -  B
2 -  B

Selec tiv ity

4 16 58.8 29.4 1 1 . 8 2.5 1.43 0.87

2 30 59.1 27.3 13.6 2 . 0 1 1.44 0.85

6 77 50.9 33.3 15.8 2 . 1 1.04 0 . 8 6

7 104 49.1 36.4 14.5 2.5 0.96 0.77

5 139 29.4 52.9 17.6 3.0 0.42 n / a

3 145 34.6 46.2 19.2 2.4 0.53 n / a



Fig. 5-37 Variation of Butene Distr ibution and

S e le c t iv i ty  with R e ac t io n  Extent (R h/S iO Jb))
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T ab le  5 . 8 d . V aria tion  of B u tene  D is tr ib u t io n  with R eaction  E x te n t .

C a ta ly s t :  P t/M oO ^(a) Weight of Sample = 0. 0694g

R eac t io n  T e m p e ra tu re  = 20°C In it ia l  P r e s s u r e  = 104 T o r r

R eac tio n

N um ber

R eaction

E x te n t
O
0

B utene  D is tr ib u t io n  

1-B t-2 -B  c-2-B
o. o. o 
0  0  0

t r a n s
cis

1 -  B
2 -  B

S e le c tiv i ty

2 34.3 53.1 28.1 18.8 1.50 1.13 0.80

4 58.2 55.1 28.6 16.3 1.75 1.23 0.73

5 8 8 . 0 46.3 33.3 20.4 1.63 0 . 8 6 0.69

3 1 1 1 . 0 39.024 40.244 20.732 1.94 0.64 0.54

6 124.0 24.0 50.0 26.0 1.92 0.32 0.47

1 151.6 9.1 63.6 27.3 2.33 0 . 1 0 n / a



Fig. 5-39 Variation of Butene D is tr ibu t ion  and

S e le c t iv i ty  with Reaction Extent (Pf/MoOJa))
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Fig. 5-40 Variation of Butene D is tr ibu t ion

and Se lec t iv i ty  with Reaction  Extent(Rh/MoCMb))
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T a b le  5. 8 g . V ariation of B u tene  D is tr ib u t io n  with R eac tion  E x te n t

C a ta ly s t :  P t /W 0 3 (a) Weight of Sample -  0 ,0947g

R eac tio n  T e m p e ra tu re  = 0°C '  In i t ia l  P r e s s u r e  s  78 T o r r

R eac tio n

N um ber

R eaction

E x te n t
o
0

B utene  D is tr ib u t io n  

1-B t-2 -B  c-2 -B
O O a 
0  0

t ra n g
cis

1  -  B
l - t

S e le c t iv i ty

3 13.3 83.3 15.1 1.7 8.9 4 ,96 0,60

6 49.0 77.0 17.0 6 .0 2.83 0,56

4 70.0 78.6 15.7 5 .7 2.75 3 ,67
|

0 ,55

5 119.0 71.7 20.8 7 .5 2.77 2.53 0,40

1 161.0 61.0 30.0 9 .0 3,33 1,56 nils.

f



Fig. 5-42 Variation of Butene Distribution and

S e l e c t i v i t y  with Reaction E x ten t  (Pt/WCLla))

o  = t-2 -8  

□ •= c-2-B

30
O

10 80 100 120 140 160
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T a b le  5. 8 h . V aria tion  of B u ten e  D is tr ib u tio n  w ith R eaction  E x te n t.

C a ta ly s t :  Rh/WC>3(b ) W eight of Sam ple = 0.0297g

R eac tio n  T em p e ra tu re  = 19°C In itia l P r e s s u re  = 78 T o r r

R eac tio n

N um ber

R eaction

E x te n t
0.O

B uten e  D is trib u tio n  

1-B t_-2-B c-2-B
0. O O O O  "0

tra n s
cis

1 -  B
2 -  B

S e le c tiv ity

3 11 57.1 28.6 14.3 2.0 1.33 0. 88

1 57 56.8 29.7 13.5 2.2 1.31 0.80

6 73 47.9 37.1 15.1 2.46 0.92

4 88 46. 6 35.9 17.5 2.05 0.87 0.75

2 102 38.6 43.2 18.2 2.37 0.63 0.56

5 133 31.0 51.0 18.0 2.83 0.45 n /a



Fig. 5-43 V ar ia t ion  of Butene Distribution

a n d  S e lec t iv i ty  with Reaction E x ten t  (Rh/WOJb))

o = 1 - 8  

o  = t - 2 - B  

o  = c -2 -B

0 10 20 30 40 50 60 70 80 90 100 110 120130 140150
Reaction E x ten t (% )
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T a b le  5. 8 i. V aria tion  of B u te n e  D is tr ib u tio n  w ith R eaction  E x te n t .

C a ta ly s t :  R h/W O ^(c) W eight of Sam ple = 0 .0360g

R eac tio n  T e m p e ra tu re  = 20°C In itia l P r e s s u re  = 78 T o r r

R eac tio n

N um ber

R eaction

E x te n t
00

B u tene  D is tr ib u tio n  

1-B t_-2-B c -2 -B
o a o 0 0 *o

t r a n s
cis

1 - B  
2 -  B

S e le c tiv ity

8 55 37.5 43.75 18.75 2.33 0 .6 0 .38

2 66 46.1 38.5 15.4 2.50 0.86 0 .33

6 86 42.2 39.4 25.4 1.55 0.65 0 .63

4 95 40.74 40.74 18.52 2.20 0 .69 0 .3 9

5 100 40.0 60.0 0 .0 - 0.67 0 .3 3

3 117 29.4 47.1 23.5 2 .0 0.42 n / a

1 118 37.5 50.0 12.5 4 .0 0 .6 n / a

7 122 36.0 44.0 20.0 2 .2 0 .56 n / a
f



I l l

If  a g ra p h  of in itia l r a te  v e r s u s  h y d ro g e n  p a r t ia l  p r e s s u re  

fa ile d  to  d isp la y  a s t r a ig h t  line in d ica tin g  f i r s t  o rd e r  b e h a v io u r , a p lo t 

ra-te) v e rs u s  l°g-^Q (p a r tia l p r e s s u r e  of h y d ro g e n )  w as 

m ade. T h e  o rd e r  of reac tio n  w ith r e s p e c t  to  h y d ro g e n  p a r t ia l  p r e s s u r e  

w as o b ta in e d  d ire c tly  from the  g ra d ie n t of th e  s t r a ig h t  lin e  p ro c e d u re  

in th e  log-^Q ( in itia l ra te )  v e rs u s  log^Q p lo t.

In  a sim ilar m anner, th e  o rd e r  of re a c tio n  w ith  r e s p e c t  to  th e  

p a r t ia l  p r e s s u r e  of b u ta d ie n e  was d e te rm in ed . T h is  in v o lv ed  v a ry in g  

th e  p a r t i a l  p r e s s u r e  of b u ta d ien e  from 7 .8  T o r r  to  52 T o r r  while th e  

h y d ro g e n  p a r t ia l  p r e s s u r e  was he ld  c o n s ta n t a t  e i th e r  78 T o r r  o r 104 

T o r r  ( c o n s ta n t  fo r  one s e r ie s ) .

T h e  r e s u l t s  ob ta ined  from th is  s e r ie s  of re a c tio n s  a re  p r e s e n te d  

in  T a b le  5. 9

5 .6 .4  V aria tio n  of S e lec tiv ity  an d  B u ten e  D is tr ib u tio n  w ith  

T e m p e ra tu re

A s e r ie s  of ex p erim en ts  was c a r r ie d  o u t fo r each  c a ta ly s t to  

exam ine th e  v a r ia tio n  of b u te n e  d is t r ib u tio n , s e le c tiv i ty  a n d  in itia l r a t e  

w ith  te m p e ra tu re .  A ctivation  e n e rg ie s  w ere c a lc u la te d  from  th e  

v a r ia tio n  of in itia l r a te  w ith te m p e ra tu re .

F o r each  se r ie s  of ex p erim en ts  th e  in itia l p r e s s u r e  o f 3 :1  

h y d r o g e n : b u ta d ie n e  an d  th e  reac tio n  e x te n t  w ere k e p t  c o n s ta n t ,  w hile 

th e  te m p e ra tu re  of th e  reac tion  was v a r ie d  random ly  to  minimise 

v a r ia t io n s  w ith  c a ta ly s t  u sag e . T h e  p ro d u c ts  w ere  e x t ra c te d  a t  th e  

p r e s s u r e  fa lls  in d ic a te d  in T ab les 5 .10a to  5.101. Tme p r e s s u r e  fa l ls ,



T a b le  5 .9 . O rd e rs  of R eaction

O rd e r  of R eaction  

C a ta ly s t  With R e sp e c t to  P
H

P t / S i 0 2(a )  0 .7  -0 .5 4

P t/M o 0 3(a ) 2 .33 -0 .7 4

1 .2  -^-corrected plots-*- -1 .2

P t/W O s (a ) 0 .9  -0 .2

0 .7  -3 .6

R h /S i 0 2(b )  0 .68 - 0 .4

R h /M o 0 3(b )  1 .0  -0 .7 6

R h/W O s (b )  1 .4  -0 .9 5

1. 2  - 0 . 6

R h /S i 0 2 (c ) 1 .0  - 0 .9

R h /M o 0 3(c ) 1.6 "0 -4

R h /W 0 3(c ) 1 .0  -°* 1

O rd e r  of R eac tio n  

With R esp ec t to  P
C A H



Fig. 5-44 Variation of Butene D is t r ib u t io n  and
S e l e c t i v i t y  with Temperature {Pt/SiCL(a)}

•  =S 
o = 1-B 
o  = t - 2 -B  
□ = c-2 -B

O
O
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Fig. 5*45 Variation of Butene D is t r ib u t io n  and
S e le c t iv i ty  with Tem perature  (R h /S i0 2(b)
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Fig. 5*49 Varia t ion  of Butene D is t r ib u t io n
S e lec t iv i ty  with Temperature (Rh/MoO^c))
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Fig. 5 50 V ar ia t io n  of B utene  D is t r i b u t io n
a n d  S e l e c t i v i t y  with Temperature(Pt/WO (a))
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Fig. 5-51 Varia t ion  of Butene Distr ibution and
S e le c t iv i ty  with Temperature (Rh/WO (b))
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q u o te d  as  re a c tio n  e x te n ts ,  w ere approx im ate ly  c o n s ta n t fo r one c a ta ly s t ,  

b u t  v a r ie d  from  one c a ta ly s t to a n o th e r . T ab les  5 .10a to  5.101 show  

th e  r e s u l t s  o b ta in e d  from th e se  ex p erim en ts . T h e se  r e s u l t s  a r e  show n 

d iag ram atica lly  in F ig u re s  5.44 to 5 .52. T he in itia l r a te  of re a c tio n  

w as d e te rm in e d  fo r each  reac tio n  in  th e  se r ie s  u s in g  th e  m ethod  

d e s c r ib e d  in C h a p te r  4, section  4.5 F o r each  s e r ie s  o f r e a c tio n s ,  an  

A r rh e n iu s  ty p e  p lo t of Jin (in itia l ra te )  v e rs u s  ( te m p e ra tu re  In K elv in )  ̂

a llow ed ca lcu la tio n  of th e  a c tiv a tio n  e n e rg y . T he  a c tiv a tio n  e n e rg y  

v a lu e s  c a lc u la te d  fo r each  c a ta ly s t a re  p re s e n te d  in  T a b le  5 .13 ,

F ig u re s  5 .53 to  5 .55 show th e  A rrh e n iu s  ty p e  p lo ts  o b ta in e d  fo r  each  

c a t a ly s t .

I f  th e  in itia l r a te  exceeds ca . 10 T o r r /m m , i t  is  e x p e c te d  

th a t  th e  re a c tio n  is  d iffu sion  co n tro lled . S uch  re a c tio n s  will b e  m ark ed  

w ith  an a s te r i s k  (* ) .

T ab le  5 .11 co n ta in s  th e  ac tiv a tio n  e n e rg ie s  fo r  each  c a ta ly s t .  

F ig u re  5 .53  to  5.55 a re  th e  A rrh e n iu s  p lo ts  ( i n  ( in itia l r a te )  v s ,  ^ )  

w hich  w ere  m ade to  ob ta in  th e  ac tiv a tio n  e n e rg ie s  fo r  e ac h  c a ta ly s t .  

F ig u re  5.53 show s th e  ac tiv a tio n  e n e rg y  p lo ts  fo r  th e  s u p p o r te d  

p la tin u m  c a ta ly s ts ,  F ig u re  5.54 fo r  th e  c a ta ly s ts  p r e p a r e d  from  

rh o d iu m  ( I I I )  n i t r a te  an d  F ig u re  5.55 show s th e  a c tiv a tio n  e n e rg y  p lo ts  

fo r  c a ta ly s ts  p r e p a re d  from rhodium  (H I) c h lo rid e .

In  T ab le  5 .11 , th e  E va lues q u o te d  fo r  Rh//MoOU(b) w ere  

b o th  o b ta in e d  from  f r e s h  sam ples. Ho E v a lu e  w as o b ta in e d  fo r  u s e d  

R h /M o O g (b ). T h e  va lue  q u o ted  fo r  Rb/SiO ^Cc) c o r re s p o n d s  to  

d iffu s io n  c o n tro lle d  re a c tio n s .



T ab le  5 .1 1 . A ctivation  E nerg ies

C a ta ly s t A ctiva tion  E n e rg y  (k J  mol 

F re sh  C a ta ly s t U sed  C a ta ly s t

P t / S i 0 2(a ) 28 34

P t/M oO s (a ) 72 22

P t/W 0 3(a )

R h /S iQ 2(b )

55

56 42

R h /M o 0 3(b )

{
31

39

R h/W O s (b ) 30 45

R h /S iQ 2(c ) 72

R h /M o 0 3(c )

R h/W Q 3(c )

120

44

68

39



In 
(in

iti
al

 
ra

te
)
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Fig. 5 54 A ctivation  Energy Plot For Supported  Rhodium Catalysts 
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CHAPTER 6 

DISCUSSION

6 • 1 T e m p e ra tu re  Program m ed R eduction and  Therm al A nalysis

T he  r e s u l t s  ob ta ined  by  c a r ry in g  out te m p e ra tu re  p rog ram m ed  

r e d u c t io n ,  d if fe re n tia l  scann ing  calorim etry and  th e rm o g rav im e tr ic  

a n a ly s is  on th e  various  su p p o r te d  platinum and  rhodium  c a ta ly s ts  show 

th a t  t h e r e  is  ev idence for red u c t io n  of both  the  metal sa lt  an d  th e  s u p p o r t ,  

w hen  th e  l a t t e r  is molybdenum tr iox ide  or tu n g s te n  tr io x id e .

C ons ider ing  f i r s t  th e  T .G .A .  and D .S .C .  r e s u l t s ,  th e  T . G . A . ' s  

p ro v id e  d i re c t  ev idence for h y d ro g en  molybdenum b ro n ze  fo rm ation , while 

th e  q u a n t i ty  of h y d ro g e n  consumed during  the  red u c t io n  of many of th e  

s a l t s  g ives  a s t ro n g  indication th a t  hydrogen  sp illover on to th e  s u p p o r t  

h a s  ta k e n  p lace . In  the  case of molybdenum tr iox ide  a n d  tu n g s te n  

t r io x id e  as  s u p p o r t s ,  it is believed  th a t  the  spillover h y d ro g e n  h a s  le d  to 

h y d ro g e n  metal b ronze  formation, and  to reduction  of th e  s u p p o r t  a t  

e le v a te d  te m p e ra tu re s .

T h erm o-g rav im etr ic  analysis  of rhodium chloride (R hC l^ .xH ^O ) 

in  a ir  s t r o n g ly  su g g e s ts  th a t  d u ring  its  decomposition, some rhod ium  

c h lo r id e  may r e a c t  to form rhodium oxide, Rh^O^. T his  is c o n s is te n t  

w ith  th e  w eigh t loss found between ca. 550°C and ca. 810°C. Rhodium 

ox ide  i t s e l f  decomposes in air to rhodium metal between ca. 1050°C and  

1125°C. In  5.5% H-/N-,, th e re  is an overlap between th e  re d u c t io n  of
u Ca

th e  rhod ium  ch lo ride  with w ater loss from the ca ta ly s t .  H ow ever, th e  

r e s u l t s  show th a t  red u c t io n  beg ins  between 85°C and  100 C , w ith  th e
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m ost r a p id  red u c t io n  occu rr in g  betw een 120°C and  170°C. R hC D .xH JD
J u

decom poses  a t  100°C (124) and it is ,  th e re fo re ,  possib le  t h a t ,  d u r in g  

c a t a ly s t  p r e p a ra t io n ,  the  decomposing RhCl^.xH^O  has  r e a c te d  with 

w a te r  d u r in g  th e  d eh y d ra t io n  p ro c e s s .  T h is  may h av e  r e s u l t e d  in some 

of th e  rhod ium  being  p re s e n t  as rhodium  ox ide , Rh^O^, in th e  u n r e d u c e d  

s t a t e ,  th e  rem a in d e r  being p r e s e n t  as R hC l3 .x H 20 .

Jack so n  (117) su g g e s te d  th a t  when rhodium  t r ic h lo r id e  was 

s u p p o r t e d  on silica, th e  su p p o r t  h y d ro ly s e d  th e  rhodium  tr ic h lo r id e  

r e s u l t in g  in th e  formation of oxy-ch lo r ide  sp ec ie s ,  which a re  d iff icu lt  to  

r e d u c e ,  an d  a ch lo r in a ted  su p p o r t .

D iffe ren t ia l  scann ing  calorim etry  c a r r ie d  ou t on R hC l^ /S iC ^  show s 

on ly  one major decomposition peak with a peak  maximum a t  35°C (F ig .  5 .2 4 ) .  

T h e  D . S . C .  p rofile  ob ta ined  for RhCl^/WO^ (F ig .  5 .2 5 ) ,  h o w ev e r ,  show s 

t h a t  th e  f i r s t  decomposition peak  occu rs  with = 65°C, w ith  a sh o u ld e r

a t  135°C. I t  is  possib le  in both  cases  th a t  th e se  p e a k s  a re  a t t r ib u t a b le  to  

rh o d iu m  ch lo ride  decomposition. In  add i t ion ,  fo r  RhCl^/W O^, a f u r t h e r  

decom position  peak  can be o bse rved  with T max = 370°C, which may be  d u e  

e i t h e r  to d e h y d ra t io n  or decomposition of th e  s u p p o r t .

T .G .A .  of R h /S i0 2(c) in 5.5% H 2/N 2 shows th a t  red u c t io n  is 

com plete  b y  150°C, b u t  the reduction  is no t d is t in c t  from th e  d e h y d ra t io n  

of th e  s u p p o r te d  sa l t .  Formation of rhodium  oxide, R h 2C>3 , from rhod ium  

c h lo r id e  may ta k e  place before  reduc tion  to rhodium  metal.

T .G .A .  of R h /W 03(c) in 5.5% H2/N 2 occu rs  in s t a g e s .  T he  

w e ig h t  lo ss  up  to 150°C occurs  in two s ta g e s :  am bient to 100°C a n d  100°C

to 150° C . T he  to tal weight loss up to 150°C c o r re s p o n d s  to d e h y d ra t io n  

of th e  metal sa lt  to g e th e r  with reduc tion  of the  salt to rhod ium  metal.
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A lth o u g h  th e se  p ro c e sse s  o v e r la p ,  it is likely  th a t  th e  sa lt d e h y d r a t io n ,  

t o g e th e r  with the  formation of rhodium  oxide from rhodium  ch lo r id e  ta k e s  

p lace  below 100°C. H owever, th e se  p ro c e s se s  over lap  with th e  w eigh t 

lo ss  b e tw een  100°C and  150°C which a re  a t t r ib u t e d  to re d u c t io n  of 

rh o d iu m  oxide to rhodium  metal. F u r th e r ,  more e x te n s iv e  w eigh t lo ss  

o c c u r s  betw een 320°C and  420°C, a n d  be tw een  580°C a n d  980°C. T h is  

w e ig h t loss  is co n s is te n t  with s u p p o r t  r e d u c t io n .

The T .G .A .  of P t/W O^(a) showed a similar w eigh t lo ss  p a t t e r n  

to  t h a t  o b s e rv e d  for Rh/WC>3 (c) . T he  initial red u c t io n  p e r io d  up  to 

150°C would seem to c o r re sp o n d  to red u c t io n  of th e  p la tinum  sa l t ,  w h e re 

as  b e tw ee n  350°C an d  450°C, 620-750°C a n d  750-1020°C, th e  w eigh t lo sse s  

m u s t  b e  due to s u p p o r t  r e d u c t io n .  The D .S .C .  p rofile  o b ta in e d  for 

Pt/WO^(a.) (F ig .  5.27) shows peak  maxima a t  40°C, 80°C a n d  130°C, w hich 

a r e  most p ro b ab ly  due to decomposition of the  platinum  s a l t ,  a n d  w hich 

a r e  sim ilar to those  found  by  T .G .A .  . T he  peak maxima a t  410°C, 465°C 

a n d  540°C co rre la te  closely with th e  T .G .A .  p eak s  a t t r i b u t e d  to  r e d u c t io n  

of th e  s u p p o r t .

The D .S .C .  profile  ob ta ined  fo r  P t /M o O ^ a )  (F ig .  5.26) show s 

major p e a k  maxima a t  75°C an d  155°C, which can be a t t r i b u t e d  to  

decom position  of the  pla tinum  sa lt .  T h is  can be re la te d  to th e  T .G .A .  

p ro f i le  w hich shows th a t  platinum salt red u c t io n  is a p p a re n t ly  com plete 

b y  c a .  120°C. F u r th e r ,  more ex ten s iv e  w eight loss ,  c o r re s p o n d in g  to 

s u p p o r t  red u c t io n  is o b se rv e d  by T .G .A .  between ca .  300°C a n d  750°C. 

S im ilarly ,  the  D .S .C .  profile  shows evidence of s u p p o r t  decom position , 

w ith  p e a k  maxima a t 315°C, 450°C and  565°C. In ad d i t io n ,  th e  T .G .A .  

p ro f i le  of P t /M o 0 3(a) in 5.5% H2/N 2 shows a w eight in c re a se  which



im m ediate ly  follows the  weight loss c o r re sp o n d in g  to p la tinum  salt 

r e d u c t io n .  I t  is p ro p o sed  tha t th is  w eight in c re a s e  is due to h y d r o g e n  

m olybdenum  b ro n z e ,  H^MoO^, form ation. T h e  w eigh t in c re a se  c o r r e s p o n d s  

to  a v a lu e  of x  of 0 .9 .

T h e  T .G .A .  profile  of Rh/M oO^(c) show s th a t ,  in add i t ion  to 

th e  w e ig h t  loss  found  for Rh/SiC>2(c) up  to 150°C, a t t r ib u ta b le  to  

r e d u c t io n  of th e  rhodium  salt ,  a w eight gain , similar to th a t  fo u n d  fo r  

Pt/MoO^Ca) is o b s e rv e d .  This  w eight gain may b e  due  to h y d ro g e n  

m olybdenum  b ro n z e  formation. In  th is  case ,  x is  fo u n d  to be 0 .7 ,  a n d  

th e  b r o n z e ; th e re fo re ,  has  the  composition HQ ^MoO^. H y drogen  metal 

b r o n z e  form ation  o ccu rs  when the d issocia tive a d so rp t io n  of molecular 

h y d r o g e n  ta k e s  p lace on the  su p p o r te d  metal. T he  atomic h y d ro g e n  

so - fo rm e d  can th e n  spill over on to the  s u p p o r t ,  in th is  case  m olybdenum  

t r io x id e .  S u b s e q u e n t  migration of the  h y d ro g e n  in to th e  s u p p o r t  

r e s u l t s  in th e  formation of the  h y d ro g en  molybdenum b ro n z e .  H ow ever ,  

a s  th e  te m p e ra tu r e  is f u r th e r  in c re a se d ,  for example d u r in g  T . G . A . ,  

th e  h y d r o g e n  molybdenum b ronze  will u n d e rg o  bo th  d eh y d ro g e n a t io n  a n d  

d e h y d r a t io n ,  le ad in g  to su p p o r t  red u c t io n  (8 0 ) ,  as can  be  seen  from th e  

T . G . A .  p ro f i le s .  The T .G .A .  profile  ob ta ined  fo r  Rh/M oO^(c) show s 

th a t  w e ig h t  lo ss  o ccu rs  between 200 an d  350°C an d  be tw een  ca. 450 a n d  

700°C. T h is  m ust co rre sp o n d  to b ronze  d e h y d ro g e n a t io n -d e h y d ra t io n  

a n d  s u p p o r t  re d u c t io n .

T h e  T . P . R .  re su l ts  will now be co n s id e re d  in th e  l ig h t  of th e  

T . G . A .  a n d  D .S .C .  r e s u l t s  d iscussed  above. T he  te m p e ra tu re  

p ro g ra m m e d  re d u c t io n  profiles obta ined u s ing  Flow System  I I ,  p r e s e n te d  

in C h a p te r  5, sec tion  5 .1 .2 ,  show t h $ t  the  red u c t io n  is s ign if ied  by
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w a te r  fo rm ation . This is s ign if ican t s ince th e  T . P . R .  p ro f i le s  show n in 

F ig u r e s  5.10 to 5.13 follow th e  red u c t io n  of f re s h  sam ples of s u p p o r te d  

s a l t s .  F o r  th e se  p a r t ic u la r  sam ples, it would be e x p e c te d  th a t  r e d u c t io n  

w ould  b e  accom panied by  the  formation of HC1. H ow ever, only  t in y  

q u a n t i t i e s  of HC1 w ere d e te c te d ,  w ith w ater  being th e  sp ec ie s  p r e s e n t  in 

h ig h e s t  a b u n d a n c e .  This  s u g g e s ts  th a t  d u r in g  c a ta ly s t  p r e p a ra t io n  th e  

m etal s a l t s  h ave  re a c te d  to form o x ides .  F igu re  5.10 shows th e  r e d u c t io n  

p ro f i le  o b ta in e d  fo r  P t/M o 0 3(a ) .  T he f i r s t  reduc tion  p eak  o c c u rs  a t  ca .

80°C. By com parison with the  T .G .A .  r e s u l t s ,  th is  can be  a t t r i b u t e d  

to  p la t in u m  sa lt  (o r  oxide) red u c t io n .  T he  T .G .A .  p rofile  in d ic a te s  

t h a t  r e d u c t io n  of th e  su p p o r t  ta k es  place above 300°C. T h is  s u g g e s t s  

t h a t  th e  red u c t io n  peak  maxima o bservab le  a t 176°C an d  250°C cou ld  still 

b e  d u e  to p la tinum  salt r e d u c t io n ,  a l though  since th e  h y d ro g e n  m olybdenum  

b r o n z e  form ation occu rs  a t approxim ate ly  150°C, as  shown by  T .G .A .  , 

t h e  176°C p eak  maximum may be due to b ronze  formation d u r in g  T . P . R .  , 

w ith  th e  p eak  a t  250°C being  e i th e r  f u r th e r  hy d ro g en  sp illover in to th e  

m olybdenum  tr io x id e ,  or the  early  s tag es  of su p p o r t  re d u c t io n .

F ig u re  5.11 shows the  T .P .R .  profile of Pt/WO^Ca). By 

co m p ar iso n  with th e  T .G .A .  r e s u l t s ,  it a p p e a rs  th a t  th e  T . P . R .  p ro f i le  

is  m ain ly  show ing evidence of platinum oxide red u c t io n .  A lth o u g h  th e  

T . G . A .  p ro v id e d  no evidence of h y d ro g en  tu n g s te n  b ro n ze  fo rm ation , i t  

is p o s s ib le  th a t  su ch  a b ronze  is formed d u r in g  T .P .R .  *

T h e  T . P . R .  profile of P t / S i 0 2(a) is  shown in F ig u re  5 .12.

T h e  p e a k  maximum of ca. 100°C, with a shou lder at ca. 170°C a g re e s  

w ith  th e  te m p e ra tu re  of platinum oxide reduc t ion  ob ta ined  for P t /M o 0 3(a)
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a n d  P t /W O ^ (a ) .  T he  T .P .R .  profile  of Rh/MoO^Cc) shown in  F ig u re

5.13 p ro v id e s  ev idence  of rhodium oxide r e d u c t io n  s ta r t in g  a t  ca . 50°C, 

w ith  -  85°C. T his  ag ree s  with th e  T .G .A .  p ro f i le ,  which

p ro v id e s  ev id en ce  for rhodium ch loride , o r  o x id e ,  r e d u c t io n  up  to ca.

150°C . T he  T . P .R .  profile  also p ro v id e s  ev id en ce  of s u p p o r t  r e d u c t io n ,  

o r  b ro n z e  decom position , above 300°C, which again  a g re e s  w ith th e  T .G .A .  

r e s u l t s .

T h e  te m p e ra tu re  program m ed re d u c t io n  r e s u l t s  p r e s e n te d  in

C h a p te r  5, section  5 .1 .1  were ob ta ined  u s in g  Flow System  I .  T he  T . P . R .

p ro f i le s  show n in F ig u re s  5.1 to 5.9 a re  c h a ra c te r i s t ic  " f in g e r - p r in t s "  of

th e  c a t a ly s t s  invo lved .  F igu re  5.1 shows th e  T . P . R .  p ro file  for

P t / S i 0 o ( a ) .  Only one reduction  peak is o b s e rv a b le ,  w ith T = 162°C. ̂ max

T h is  a g r e e s  w ith th e  T . P .R .  profile for Pt/SiO^Ca) shown in F ig u re  5 .12 ,

w hich  h a s  a sh o u ld e r  at ca. 170°C. T he  h y d ro g e n  consum ption  was

19c a lc u la te d  to  be  2.12 x 10 molecules of h y d ro g e n  p e r  gram of c a ta ly s t .

19T h is  is  le s s  th a n  one th i rd  of the  theore tica l q u a n t i ty  of 6 .8  x 10 H ^

IV 2.molecules r e q u i r e d  to red u ce  Pt to P t . S ince ch lorop la tin ic  ac id ,  the  

p la t in u m  sa lt  u s e d  to p re p a re  the  s u p p o r te d  p la tinum  ca ta ly s ts  in th is  

s t u d y ,  m elts a t  60°C (124), it is possib le  th a t  th e  decom posing p la tinum  

s a l t  h a s  r e a c te d  with water du ring  ca ta ly s t  p r e p a ra t io n  to form pla tinum  

o x id e ,  P t 0 9 . H owever, th is  does not expla in  th e  lower th a n  e x p e c te d
L*

h y d r o g e n  consum ption  which could be due to incomplete red u c t io n  of th e  

p la t in u m  sa lt  o r  oxide . However, bo th  P t/M oO ^(a) a n d  Pt/WO^(a.) 

co n su m ed  more h y d ro g en  d u ring  reduction  th a n  was th eo re tica l ly  p r e d ic te d .  

F o r  P t /M o O ^ (a ) , the  reduc tion  peaks a t  29°C a n d  106°C a re  a t t r i b u t e d  to 

p la t in u m  s a l t ,  or oxide reduction  while those  w ith  T max ~ 257°C an d  500°C
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a r e  a t t r i b u t e d  to b ro n ze  decomposition an d  s u p p o r t  re d u c t io n .  T he  

h y d r o g e n  consum ption  is 9 .7  times th e  theo re tica lly  ca lcu la ted  am oun t.

I f  we assum e th a t  the  su p p o r te d  p la tinum  sa lt  o r  oxide is r e d u c e d  from 

P t  to  P t  , which r e q u i re s  6 .8  x  10"^ molecules p e r  gram of c a t a ly s t ,  

th e  d i f fe re n c e  betw een  the  theo re tica lly  ca lcu la ted  q u a n t i ty ,  a n d  th e  

a c tu a l  h y d ro g e n  consumption can be acco u n ted  for in te rm s of h y d ro g e n  

m olybdenum  b ro n z e  form ation. In th e  case of Pt/MoC>3(a ) ,  th e  e x c e ss  

h y d r o g e n  c o r re s p o n d s  to the  formation of HQ ^MoC^. T h is  is b a s e d  on 

th e  a s su m p tio n  th a t  all h y d ro g en  consum ption above th a t  r e q u i r e d  fo r  

com plete  red u c t io n  of th e  salt is u sed  in h y d ro g en  metal b ro n ze  fo rm atio n .  

I t  is  also assu m ed  th a t  little  chem isorp tion  of h y d ro g e n  by  th e  s u p p o r te d  

m eta l h a s  ta k e n  p lace u n d e r  the  conditions of th e  experim en t .  T h e  

com position  of th e  b ro n ze  ca lcu la ted  in th is  way is lower th a n  th e  b ro n z e  

com position  of Hq ^MoO^ ca lcu la ted  by  T .G .A .  .

T he  re d u c t io n  profile  o b ta ined  fo r  P t /W 0 3(a) (F ig u re  5 .3 )  show s 

two major red u c t io n  p e a k s .  T he peak  with = 118°C can be  a t t r i b u 

t e d  to  p la tinum  sa lt  or oxide re d u c t io n ,  while the  peak  with T = 385°C “ max

can  b e  a t t r i b u t e d  to sp illover leading  to b ronze  formation a n d  s u b s e q u e n t  

decom position ,  a n d  f u r th e r  red u c t io n  of th e  s u p p o r t .  T he  h y d ro g e n  

c o n su m p tio n  is 6 .8  times h ig h e r  th an  th e  theore tica lly  p r e d ic te d  h y d r o g e n  

c o n su m p tio n .  A ssum ing th a t  th is  excess  h y d ro g en  is due to h y d ro g e n  

t u n g s t e n  b ro n z e  form ation, th e  b ro n ze  has the  composition Hq ^WO^.

Sermon an d  Bond (57) found  th a t  fo r  Hx WC>3 formed b y  h y d ro g e n  

sp i l lo v e r ,  x  h a d  a maximum value of 0.46. T hese  a u th o rs  also fo u n d  th a t

fo r  H MoO form ed by  h y d ro g en  sp illover,  x  h ad  a maximum v a lu e  of 1 .63.
x  3

T h e s e  v a lu es  a re  h ig h e r  than  the  values  calcu la ted  from th e  p r e s e n t  s tu d y .
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T h is  may be  b e c a u se  b ronze  formation is incomplete in th is  s tu d y  due to 

th e  m e thod  of re d u c t io n .  D uring  th e  T . P .R .  p r o c e d u r e ,  th e  te m p e ra tu re  

is  in c re a s e d  l in e a r ly  a t  5°C min \  I t  i s ,  th e re fo r e ,  p o ss ib le  th a t  d u r in g  

th e  re d u c t io n  p ro c e s s ,  th e  h y d rogen  h as  sp illed  o v er  to form a b ro n ze  

w ith  th e  oxide s u p p o r t  in closest proxim ity  to th e  m etal.  As th e  te m p e r 

a t u r e  is  f u r t h e r  in c re a s e d ,  dehydrogena tion  an d  d e h y d ra t io n  of the 

b ro n z e  may ta k e  p lace . T h u s ,  no t all of the  oxide p r e s e n t  can u n d e rg o  

b ro n z e  form ation in a single  reduc tion  cycle. In d e e d ,  t h e r e  is ev idence  

from th e  su b -am b ien t  carbon  monoxide chem isorp tion  r e s u l t s ,  p r e s e n te d  

in C h a p te r  5, section  5 .3 .4 ,  which s u g g e s ts  th a t  a t  le a s t  fo r  th e  MoO^- 

s u p p o r te d  c a ta ly s t s ,  f u r th e r  reduction  of th e  s u p p o r t  may ta k e  place 

w ith  e v e ry  te m p e ra tu re  program m ed r e d u c t io n / te m p e ra tu r e  program m ed 

d e s o rp t io n  cyc le .  T h e re  is also evidence to s u g g e s t  th a t  fo r  Pt/WO^, 

m ovem ent of h y d ro g e n  th ro u g h  WO^ remote from P t  was slow (52 ) .

T he  T . P . R .  r e s u l t s  obtained for th e  s u p p o r te d  rhodium  

c a ta ly s t s  show th a t  th e  ca ta ly s ts  p re p a re d  from rhod ium  ch lo ride  u n d e rg o  

r e d u c t io n  a t  lower te m p e ra tu re s  than  those  p r e p a re d  from rhodium  (III)  

n i t r a t e .  T h is  is c o n t ra ry  to the r e p o r ts  of Jackson  (117) a n d  Worley e t  

a l .  (119), who s u g g e s te d  th a t  ca ta ly s ts  p r e p a re d  from rhodium  n i t r a te  

w ere  r e d u c e d  more easily  than  those p r e p a re d  from rhodium  ch lo ride .

T he  r e s u l t s  p re s e n te d  in Table 5.1 show th a t  th e  s u p p o r te d  

metal c a ta ly s ts  p r e p a r e d  from rhodium (III)  n i t r a te  all consum e more 

h y d r o g e n  th a n  th e  theore tica lly  p red ic ted  q u an t i ty  r e q u i r e d  to re d u c e  

R h 111 to R h  metal ( 1.32 x 102° H2 molecules p e r  gram of c a t a ly s t ) .  T he  

s ilica  s u p p o r te d  c a ta ly s t  consumed 5. 2 times as much h y d ro g e n  as the  

th e o re t ic a l ly  ca lcu la ted  va lue . Two reduction  p eak s  with -  167°C
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T he volume of h y d ro g e n  consumed d u ring  te m p e ra tu re  p r o g 

ram m ed red u c t io n  of R h /S i C ^ c )  is approxim ately  1.3 times th e  th e o re t ic 

ally  ca lcu la ted  va lue .  T he  T value of the  single  re d u c t io n  p eak  ismax °  ^

120°C, which is n e a r ly  50°C lower th an  the  red u c t io n  p e a k  maximum fo r

th e  ana logous  R h/S iC ^C b). This  m ust be a consequence  of u s in g  th e

d i f f e r e n t  metal salt p r e c u r s o r .  .

T he  d iffe rence  in red u c t io n  tem p era tu re  fo u n d  fo r  th e  s il ica -

s u p p o r te d  rhodium  c a ta ly s ts  is also shown by the  molybdenum tr io x id e

s u p p o r t e d  c a ta ly s ts ,  a l though  in th is  case the  d iffe rence  in re d u c t io n

p e a k  maxima is 25° C . By comparison with the T .G .A .  r e s u l t s ,  it

a p p e a r s  th a t  th e  red u c t io n  peaks  with T = 106 °C a n d  140 °C fo rr  max

R h/M oO ^(c) can be a t t r ib u te d  to the  reduction  of th e  rhod ium  s a l t ,  or

o x id e ,  w hereas  the  p eak s  with T = 262°C and  500°C a re  p ro b a b ly  duer  max r  1

to  b ro n z e  decomposition and  su p p o r t  reduc t ion .  T he to ta l h y d ro g e n  

con su m p tio n  was 11.3 times the  theore tica lly  ca lcu la ted  v a lu e .  Again 

a s su m in g  th e  h y d ro g e n  consumption in excess of th e  th e o re t ic a l  q u a n t i ty  

was d u e  to h y d ro g e n  molybdenum b ro n ze  formation, th e  ca lcu la ted  

com position  of the  b ro n ze  is H q ^MoO^, which is th e  same as th e  b ro n z e

com position  ca lcu la ted  by T .G .A .  .

T he red u c t io n  of R h/W 03(c) also takes  place a t  a lower

te m p e r a tu r e  th a n  R h /W 0 3(b ) ;  the tem pera tu re  d iffe rence  is over  50°C.

T h e  re d u c t io n  p eak  with T = 111°C can be a sc r ib e d  to re d u c t io n  ofr  max

th e  rhod ium  sa lt ,  or oxide , w hereas th e  peaks with T max = 385°C a n d  

500°C a r e  a s c r ib e d  to su p p o r t  reduc tion  and b ronze  decom position.

T h e  h y d ro g e n  consumption d u ring  reduction  is 4 .5  times the th e o re t ic a l ly
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a n d  250°C can  b e  o b s e rv e d .  These  m ust b e  a t t r ib u t e d  to th e  re d u c t io n  

of rh o d iu m  ( I I I )  ( e i th e r  n i t r a te  or oxide) to rhodium  metal. T he  h ig h e r  

th a n  e x p e c te d  v a lue  of h y d ro g en  consum ption  may be  du e  to some 

d e h y d r a t io n  of th e  silica s u p p o r t  as  th e  te m p e ra tu re  is in c re a s e d .  

A l te rn a t iv e ly ,  h y d ro g e n  may have sp illed  o v e r  on to the  silica s u p p o r t .  

T h is  is  s u p p o r te d  by  the  f ind ings  of Altham a n d  Webb (6 6 ) ,  who fo u n d  

th a t  t h e r e  was s ign if ican t h y d ro g en  m igration be tw een  th e  metal a n d  th e  

s ilica  s u p p o r t .

T h e  r e s u l t s  o b ta ined  for Rh/M oO^(b) show th a t  th e  h y d ro g e n

co n su m p tio n  is  approx im ate ly  5.1 times th e  theo re tica l ly  ca lcu la ted  f ig u re .

T h e  p e a k s  w ith  T = 24°C and  164°C can be  a t t r ib u t e d  to  Rh^ + r  max

re d u c t io n  to rhod ium  metal. The h ig h e r  te m p e ra tu re  red u c t io n  p e a k s ,

w ith  T = 269°C an d  584°C may be  due to b ro n ze  decomposition a n dmax 3

s u p p o r t  r e d u c t io n .  I t  can be ca lcu la ted  th a t ,  assum ing th e  e x c e ss  

h y d r o g e n  consum ption  above th a t  r e q u i r e d  fo r  metal s a l t ,  o r  o x id e ,  

r e d u c t io n ,  is a t t r ib u ta b le  to h y d ro g en  molybdenum b ro n ze  fo rm ation , th e  

b r o n z e  h a s  th e  composition Hq

F o r  R h /W O ,(b ) ,  th e  red u c t io n  p e a k  with T = 158°C m u s t  b e3 IBEX

a t t r i b u t a b l e  to  metal s a l t ,  or oxide r e d u c t io n ,  w h e re a s ,  b y  com parison  

w ith  T . G . A .  r e s u l t s ,  the  peak  with T  -  406°C may b e  due  to  s u p p o r t
uidX

r e d u c t io n .  A g a in ,  th e  h y d ro g en  consum ption  d u r in g  T . P . R .  ex ce ed s  

th e  th e o re t ic a l ly  p re d ic te d  q u a n t i ty . T h e  ac tu a l  h y d ro g en  consum ption  

is  8 .3  t im es  th e  th eo re tica lly  p re d ic te d  q u a n t i ty .  A h y d ro g e n  tu n g s t e n  

b r o n z e  com position  of Hq yWO^ is ca lcu la ted ,  which i s  h ig h e r  th a n  th e  

h i g h e s t  v a lu e  p r e d ic te d  by  Sermon an d  B ond  (o 7 ) ,  which w as 0 .46 .



134

p r e d ic t e d  v a lu e .  T h is  leads to a ca lcu la ted  h y d ro g e n  tu n g s te n  b ro n ze  

com position  of Hq 3 6 ^ 0 ^.

T h e  d if fe re n c e s  in reduction  te m p e ra tu re  be tw een  rhodium 

c h lo r id e  a n d  rhod ium  n i t r a te  derived  c a ta ly s ts  a re  most likely  due to 

d i f f e r e n c e s  in  th e  sa l ts  them selves. T h erm o -g rav im e tr ic  ana ly s is  has  

show n th a t  rhod ium  chloride reac ts  to form rhodium  ox ide , R h ?0 ~ , b e fo re
u  J

b e in g  r e d u c e d  to rhodium  metal. As n o te d  e a r l ie r ,  Jack so n  (117) also 

claim ed th a t  rhod ium  chloride reac ted  with s u p p o r ts  s u c h  as  silica to form 

o x y - c h l o r i d e s , w hich were found to be d ifficu lt to r e d u c e ,  a n d  often th e  

rh o d iu m  re ta in e d  a positive  charge  even a f te r  red u c t io n  up  to 773K. 

H o w ev er ,  J a c k so n  (117) found tha t if th e  s u p p o r te d  sa lt  was ca lc ined , 

r e s u l t i n g  in th e  formation of rhodium oxide, red u c t io n  led  to th e  formation 

of rh o d iu m  m etal.  <

I t  is po ss ib le  th a t  the rhodium chloride r e a c t s  to form s u p p o r te d  

rh o d iu m  ox ide  d u r in g  ca ta lys t p rep a ra t io n ,  which could  lead to a low ering 

of t h e  r e d u c t io n  te m p e ra tu re  compared with the  re d u c t io n  te m p era tu re  of 

rh o d iu m  c h lo r id e  i t se lf ,  or rhodium n i t ra te .  If  th e  s u p p o r te d  rhodium 

ch lo r id e  r e a c te d  more easily than the s u p p o r te d  rhodium  n i t r a te  to form 

rh o d iu m  o x id e ,  th i s  could explain why the  rhodium ch lo ride  d e r iv ed  

c a ta ly s t s  u n d e rg o  red u c t io n  at lower te m p era tu res  th a n  th e  rhodium  

n i t r a t e  d e r iv e d  c a ta ly s ts .
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6. 2 C a rb o n  Monoxide C hem isorp tion

T he  ca rb o n  monoxide chem isorp tion  r e s u l t s  p r e s e n te d  in  T ab le

5 .3  w ere  o b ta in ed  u s in g  p u ls e d  flow ca rb o n  monoxide chem iso rp tion .

C o n s e q u e n t ly ,  th e  q u a n t i ty  of c a rb o n  monoxide ca lcu la ted  to b e  a d s o rb e d

on eac h  c a ta ly s t  r e p r e s e n t s  only i r r e v e r s ib ly  b o u n d  carbon  m onoxide,

s in ce  th e  re v e r s ib ly  b o u n d  f rac t io n  of c a rb o n  monoxide would b e  rem oved

b y  th e  helium c a r r i e r  g a s ,  which h a s  th e  same e ffec t a s  evacu a tio n .

14[ C] r a d io t r a c e r  s tu d ie s  show th a t  evacua tion  rem oved  up to ca .  33% of 

th e  c a rb o n  monoxide from s u p p o r te d  pla tinum  c a ta ly s ts  (125) a n d  ca . 25% 

of t h e  c a rb o n  monoxide from s u p p o r te d  rhodium  c a ta ly s ts  (126).  T he  

d is p e r s io n  r e s u l t s  p r e s e n te d  in Tab le  6 .1  h a v e ,  th e re fo r e ,  b een  ca lcu la ted  

b y  a s su m in g  th a t  the  m onolayer co v era g e  of c a rb o n  monoxide is g iven  b y :

a l th o u g h  th is  may n o t  be  a b so lu te ly  va l id ,  p a r t ic u la r ly  for rhod ium  (119).

T he  d isp e rs io n  f ig u re s  show th a t  fo r  the  s u p p o r te d  p la tinum  

c a t a ly s t s ,  th e  molybdenum t r io x id e - s u p p o r te d  c a ta ly s t  h as  th e  p o o re s t  

d i s p e r s io n ,  w hereas  th e  d is p e rs io n s  fo r  th e  tu n g s te n  t r io x id e -  a n d  silica- 

s u p p o r t e d  c a ta ly s ts  a re  much h ig h e r ,  a n d  com parable  a t  ca .  40-s. T he  

m olybdenum  t r io x id e - s u p p o r te d  rhodium  c a ta ly s ts  a re  also p o o r ly  d is p e r s e d  

w h ich  m ust be  a re f lec tion  of th e  low su r fa c e  a rea  of the  molybdenum 

t r io x id e  (c a .  5 m^ g” "S- H ow ever, a similar reason  canno t be  a d v a n c e d

(n
C T O T A L

( n  )
V CO I R R E V + (n

(w h e re  (n  )
C O  R E V

with x = 0.33 (P t)  a n d  0.25 ( R h ) ) .

I t  i s  a lso  a ssu m ed  th a t  th e  CO ra tio  is one in each  c a se ,
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to  ex p la in  why R h /S i O ^ c )  has  only a 6.3% d isp e rs io n .  O ne p o s s ib i l i ty  

i s  t h a t  ex ce ss  ch lo ride  p r e s e n t  re a c ts  w ith th e  s u p p o r t  to form S iC l^ , 

w h ich  can  then  m igrate  an d  decompose to form S i0 2 on th e  m etal,  le ad in g  

to  e n ca p su la t io n  of th e  metal (127). T h is  would lead  to a r e d u c t io n  in 

th e  ava i lab le  metal su rface  for CO chem iso rp tion . By com p ariso n ,  

R h/S iO ^C b) h as  a d isp e rs io n  of 21.3%, which h ig h l ig h ts  th e  d e tr im e n ta l  

e f f e c t  on d ispe rs ion  o b s e rv e d  in th e  case  of Rh/SiC>2(c )  w h ich  o c c u r s  

w hen  a c h lo r id e -co n ta in in g  metal sa lt  is u s e d  d u r in g  c a ta ly s t  p r e p a r a t io n .

Rh/W O^(c) has  a d ispers ion  of 41.9%, which show s t h a t  th e

d is p e r s io n  is a re f lec tion  no t only of th e  metal sa lt  p r e c u r s o r  b u t  of th e

s u p p o r t  i t se lf .  I t  has  been  p o s tu la ted  above th a t  th e  p r e s e n c e  of Cl

h a s  an  a d v e r s e  effec t on th e  d ispers ion  of s i l ic a - s u p p o r te d  rh o d iu m

p r e p a r e d  from rho d iu m (II I )  ch loride . However, in th e  c a se  of Rh/W O^Cc),

if  a n y t h i n g ,  an  e n h an c ed  d ispers ion  has  been  o b s e rv e d ,  s in c e  i f  t h e

d is p e r s io n  only d ep en d e d  on the  s u r face  a re a  of th e  s u p p o r t ,  i t  w ould  be

e x p e c t e d  th a t  th e  molybdenum tr io x id e -  a n d  tu n g s te n  t r i o x id e - s u p p o r te d

c a t a ly s t s  would have  com parable, re la t iv e ly  low d is p e r s io n s ,  r e f le c t in g

2 - 1t h e i r  low s u r fa c e  a re a s  of ca .  5 m g , com pared  w ith  th e  h ig h  s u r f a c e  

2 - 1a r e a  s ilica  (250 m g )  which shou ld  enab le  h igh ly  d i s p e r s e d  c a t a ly s t s  

to  b e  p r e p a r e d .  T he  enhanced  d isp e rs io n  o b s e rv e d  fo r  Rh/WO^Cc) may 

b e  t h e  r e s u l t  of an  in te rac t ion  betw een th e  metal sa l t  a n d  th e  s u p p o r t .

I t  i s  p o s s ib le  th a t  th e  tu n g s te n  tr io x id e  s u p p o r t  may b e  ab le  to  s ta b i l i s e  

a n y  e x c e s s  ch lo ride  ions which remain a f t e r  re d u c t io n .  T h i s  m ay a lso  

le a d  to  a  s tab i lisa t ion  of th e  metal p a r t ic le s  in a h igh ly  d i s p e r s e d  m a n n e r .  

T h e  d is p e r s io n  of R h /W 03(c) is ju s t  o v e r  fo u r  times th e  d i s p e r s io n  

c a lc u la te d  for R h /W 0 3( b ) .  This  again  s u g g e s t s  th a t  €1 i n t e r a c t s
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w ith  th e  WO^ s u p p o r t  in th e  case  of Rh/WO^Cc), le ad ing  to e n h a n c e d  

d i s p e r s io n .  The lower d isp e rs io n  of Rh/WO^Cb) may simply be  a 

re f le c t io n  of th e  low su r fa c e  a rea  of th e  tu n g s te n  t r io x id e  s u p p o r t .  

A lth o u g h  th e  d isp e rs io n  ca lcu la ted  for Rh/SiC>2(b) is fa ir ly  low a t  21.3%, 

i t  is h ig h e r  th a n  the  10.0% d ispers ion  ob ta ined  fo r  Rh/WC>3( b ) ,  re f le c t in g  

th e  h ig h e r  su r fa c e  a rea  of silica com pared with tu n g s te n  t r io x id e .

No ca rb o n  monoxide chem isorption could be o b s e rv e d  for 

R h /M o 0 3( b ) ,  ind icating  th a t  it was e i th e r  incom pletely r e d u c e d ,  v e ry  

p o o r ly  d i s p e r s e d ,  o r  p e rh a p s  th e  re d u c e d  molybdenum oxide h a d  m ig ra ted  

to  c o v e r  th e  rhodium  metal. I f  the  rhodium re ta in s  a n e t  p o s it iv e  

c h a r g e  on re d u c t io n ,  th e re  is evidence to s u g g e s t  th a t  when c a rb o n  

monoxide chem isorp tion  is c a r r ie d  ou t,  the  r e s u l t a n t  Mn+-CO b o n d  

s t r e n g t h  is w eaker th an  th a t  found  betw een completely r e d u c e d  metal an d

CO (117) .  However, it may be  th a t  in th is  case  only r e v e r s ib ly  b o u n d

CO is fo rm ed , and  th e re fo re ,  it would no t be  seen  in th e  flow m e asu re 

m en ts  made in th e  p r e s e n t  s tu d y .

D uring  h y d ro g e n  molybdenum b ro n ze  formation th e r e  is a 

t e n d e n c y  for  the  MoO^ to be cleaved  along its  c c ry s ta l lo g ra p h ic  ax is  

( 7 9 ) .  T h is  leads  to an in c re a se  in s u r face  a re a ,  an d  a d e c re a se  in 

c o n ta c t  be tw een  th e  s u p p o r te d  metal p a r t ic le s  a n d  th e  s u p p o r t .  T h ese  

a u t h o r s  (79) also o b s e rv e d  th a t  the  platinum p a r t ic le s  te n d e d  to form 

l a r g e  c lu s t e r s  as  a r e s u l t  of the  s t r u c tu ra l  c h an g e s  tak in g  p la ce .  T h e

in c re a s e  in p a r t ic le  size and  the  decrease  in co n tac t  be tw een  th e  metal

a n d  th e  s u p p o r t  leads  to a decrease  in d isp e rs io n .  T h is  cou ld  expla in  

w hy Pt/MoC>3(a )  an d  Rh/M oO^tc) have such  poor d is p e r s io n s .
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T he  p a r t ic le  sizes ob ta ined  by  transm ission  e lec tro n  m icroscopy  

show  t h a t ,  as d iscu ssed  below, th e  metal pa r t ic le  s izes a re  ac tu a lly  much 

sm aller th a n  th e  CO chem isorption r e s u l t s  s u g g e s t .  F ig u re s  6 .1  to 6 .3  

show th e  p a r t ic le  size d is tr ib u tio n s  fo r  th e  c a ta ly s ts  p r e p a r e d  from 

ch lo ro p la t in ic  ac id ,  rhodium (III)  n i t r a te  and  rhodium ( I I I )  ch lo ride  

r e s p e c t iv e ly .  For each ca ta ly s t ,  th e  d is t r ib u tio n  is qu ite  b ro a d ,  w ith  

th e  n a r r o w e s t  d is tr ib u tio n  and  smallest p a r t ic le s  being  fo u n d  for th e  

s ilica s u p p o r te d  ca ta ly s ts .  L a rg e r  p a r t ic le s  were found  w ith th e  moly

b d en u m  tr io x id e  and  tu n g s te n  tr iox ide  s u p p o r ts .

Table  6 .2  shows a com parison of the av e ra g e  p a r t ic le  s izes  

c a lc u la te d  from carbon  monoxide chem isorption  ( i r r e v e r s ib ly  b o u n d  CO 

o n ly )  w ith  the  p ar tic le  sizes c o r re c te d  to include the  r e v e r s ib ly  as  well 

a s  th e  i r r e v e r s ib ly  bound  CO, an d  with the  par tic le  sizes o b ta in ed  b y  

t ra n s m is s io n  e lec tron  microscopy. The calculation of the  p a r t ic le  s izes  

from CO chem isorp tion  f igu res  is d e sc r ib e d  in C h a p te r  5, sec tion  5 .3 .1 .

T he  pa r t ic le  sizes calcu la ted  from carbon  monoxide chem iso rp tion

a r e ,  b y  com parison with the electron  microscopic v a lu es ,  r a t h e r  h ig h ,

in d ic a t in g  th a t  ca rbon  monoxide chem isorption is a poor p re d ic to r  of

p a r t i c le  s ize s .  Possible  reasons for th is  include s ite -b lo ck in g  of th e

s u p p o r t e d  metal which occurs  as a r e s u l t  of s u p p o r t  m ig ra t io n . I t  is

a lso  p o ss ib le  th a t  Cl” not removed d u r in g  metal salt r e d u c t io n  could
2 -

p o iso n  th e  su r fa c e  for CO chem iso rp tion , as  could s u p p o r t  O 

A n o th e r  poss ib le  reason  for the  inaccu racy  of the  f ig u re s  is  th e  a s s u m p t

ion th a t  th e  metal to CO ratio  is one to  one. T h ere  is ev idence  to show 

t h a t  c a rb o n  monoxide can bond to rhodium as l in ea r ,  b r id g in g  o r  digem inal 

s p e c ie s  (119):
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L inear B rid g in g Digeminal

T he  bond ing  of c a rb o n  monoxide to pla tinum  is  mainly l in e a r ,  

w ith  some digeminal and  a small amount of b r id g in g  spec ies  (1 2 8 ) .  I t  

w ou ld ,  th e re fo r e ,  be e x p e c te d  th a t  b e t t e r  ag reem en t sho u ld  b e  o b ta in ed  

b e tw e e n  th e  p a r t ic le  s izes ca lcu la ted  by  CO chem isorp tion  a n d  those  

o b ta in e d  b y  transm ission  e lec tron  m icroscopy for pla tinum  th a n  fo r  rhod ium . 

H ow ever ,  th e  r e s u l t s  p r e s e n te d  in Table  6 .2  show th a t  th e  p a r t ic le  s izes  

c a lc u la te d  from CO chem isorp tion  are  no more a c c u ra te  fo r  th e  s u p p o r te d  

p la t in u m  c a ta ly s ts  th an  th e y  a re  for th e  s u p p o r te d  rhodium  c a t a ly s t s .

When te m p e ra tu re  program m ed d eso rp tio n  e x p e r im en ts  were 

c a r r i e d  o u t  immediately a f te r  ca rbon  monoxide chem iso rp tion , v a r io u s  

s p e c ie s ,  namely carbon  monoxide, ca rbon  d iox ide , h y d ro g e n  a n d  w a te r ,  

w ere  o b s e rv e d  to d eso rb ,  depend ing  on the  c a ta ly s t .  T ab le  6 .3  sum m arises 

th e  sp ec ie s  which were o b se rv e d  to d e s o rb ,  a n d  th e  te m p e ra tu r e s  a t  th e  

p e a k  maxima at which th ey  d eso rb ed .

T he  deso rp tion  of h y d ro g e n  from P t / S i O ^ a )  may in d ica te  th a t  

d e h y d ra t io n  or dehyd ro x y la t io n  of th e  silica is tak ing  p lace . T he  a b se n c e  

of c a rb o n  monoxide in th e  gas ph ase  may be an indication  th a t  th e  c a rb o n  

m onoxide was b onded  fa ir ly  weakly to th e  p la tinum , a n d  may h a v e  been  

d e s o r b e d  d u r in g  the  initial sweep ou t of th e  ca ta ly s t  reac t io n  system  with 

th e  helium c a r r i e r  gas a t  room te m p e ra tu re .  This  is s u p p o r te d  b y  th e  

o b s e rv a t io n  th a t  T .P .D .  following su b -am b ien t  ca rbon  monoxide chemi

s o rp t io n  show s evidence for desorp tion  maxima below 0°C.
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T ab le  6 . 3 . T . P . D .  Following CO C hem isorp tion

C a ta ly s t D esorb ing  Species m a x (d e s)

(°C )

P t / S i 0 2(a) H. 358

P t /M o 0 3(a) CO

CO.

251

426

P t /W 0 3(a) CO

CO.

140

303

R h /S iO z (b ) CO

CO.

90

350

R h /M oQ 3(b ) H. 471

R h /W 0 3(b ) none

R h /S iO z (c) CO.

CO.

114

361

R h /M o 0 3(c)

R h /W 0 3(c)

{

1
H.

h 2°

CO

CO.

250

500

295

295
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C arbon  monoxide d e so rb e d  from P t/M o 0 3(a) a t  251°C, followed 

b y  ca rb o n  dioxide d eso rp tion  a t  426 °C. The formation of ca rb o n  d iox ide  

cou ld  h a v e  a r ise n  f ro m :

(a )  T he  B oud o u ard  reac tion :

2CO ------► C + C 0 2

(b )  by  reac tion  of ca rbon  monoxide with any  o x y g en  p r e s e n t  a s  a 

con tam inan t,  for example in th e  c a r r i e r  g a s ,  or

(c )  th e  w a te r -g a s  sh if t  reac tion :

CO + H20 co2 + h2

w h ich  invo lves  w ater from the  s u p p o r t .  I t  is n o tab le  in th is  c o n te x t  

t h a t  w a te r  is p ro d u c e d  d u r in g  h y d ro g e n  molybdenum b ro n z e  decom position .

C arbon  monoxide d eso rp tion  from Pt/WO^Ca) a t  140°C is 

followed by  ca rbon  dioxide deso rp tion  a t  303°C. T he  c a rb o n  d ioxide is 

fo rm ed  b y  one of th e  ro u te s  s u g g e s te d  above .

Similar r e s u l t s  were ob ta ined  fo r  R h /S i 0 2(b )  a n d  R h / S i 0 2(c) 

w ith  r e s p e c t  to the  te m p era tu res  a t  which deso rp tio n  p e a k s  w ere o b s e rv e d .  

H o w ev er ,  w hereas  carbon  monoxide was d eso rb ed  from Rh/SiC>2(b )  a t  

90°C, ca rb o n  dioxide was the  p ro d u c t  of d eso rp tion  a t  114°C from 

R h /S iO ? ( c ) .  C arbon dioxide deso rp tion  peaks  w ere also o b s e rv e d  with
La

R h / S i 0 2(b ) a n d  Rh/SiC>2 (c) a t  350°C an d  36l°C , r e s p e c t iv e ly .  T he  

r e s u l t s  o b ta in e d  with R h /S i0 2(c) imply th a t  e i th e r  th is  c a ta ly s t  was 

incom plete ly  r e d u c e d ,  th a t  is th e  su r fa c e  was con tam ina ted  with su r fa c e  

o x y g e n ,  or th a t  the  p re sen ce  of s u r fa c e  chlorine  following re d u c t io n
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e ffe c t iv e ly  prom otes the  B oudouard  reac tio n  a t  low te m p e ra tu r e .

H o w ev er ,  from th e  p r e s e n t  s tu d y  it is n o t  poss ib le  to  d is t in g u is h  

b e tw e e n  th e se  p ossib ili t ie s .

H ydrogen  was o b se rv ed  to d eso rb  from R h/M oO ^(b) a t  471°C. 

T h is  can  be  com pared  with the  deso rp tion  of h y d ro g e n  a t  250°C an d  

w a te r  a t  500°C from Rh/MoO^Cc) . D eso rp tion  of h y d ro g e n  a n d  w a te r  

from th e s e  c a ta ly s ts  can be  cons idered  as  b e in g  due  to decomposition of 

th e  h y d r o g e n  molybdenum b ro n ze .  The a b sen ce  of ca rb o n  monoxide, o r  

ev e n  c a rb o n  d iox ide , may be a consequence  of th e  low ca rb o n  monoxide 

c o v e ra g e  o b ta in ed  d u r in g  ch em iso rp tion .

C arb o n  monoxide desorp tion  from Rh/W O^(c) was o b s e rv e d  a t  

130°C, w ith ca rbon  dioxide desorp tion  o c c u r r in g  a t  ca. 295°C. T h e se  

te m p e ra tu r e s  a re  close to the  desorp tion  te m p e ra tu re s  found  for b o th  

R h /S iC ^C b) an d  R h / S i C ^ c ) ,  a lthough  i t  m ust be  n o te d  th a t  ca rb o n  

d iox ide  d e s o rb e d  from R h /S iC ^ c )  a t th e  lower d eso rp tio n  te m p e ra tu re ,  

w h e re a s  c a rb o n  monoxide deso rbed  from b o th  Rh/SiC^Cb) a n d  Rh/W O^(c) 

a t  sim ilar te m p e ra tu re s .  The similarity in d e so rp t io n  te m p e ra tu re s  fo r  

R h / S i C ^ b ) ,  R h /S i C ^ c )  an d  R h /W O ^ c) in d ica te s  th a t  th e  s t r e n g t h  of 

a d s o rp t io n  of ca rbon  monoxide on rhodium is no t s ign if ican tly  a f fec ted  

b y  th e  u se  of a d if fe re n t  s u p p o r t ,  or  a d i f f e re n t  metal sa lt  p r e c u r s o r ,  

in th e s e  p a r t i c u la r  cases .

In  a r e c e n t  s tu d y  (129) it h as  been  found  th a t  th e  h ea t  of 

a d s o rp t io n  of ca rbon  monoxide was approx im ate ly  c o n s ta n t  fo r  a v a r ie ty  

of d i f f e r e n t  s u p p o r te d  rhodium c a ta ly s ts .  T he  h e a t  of a d so rp t io n  of 

c a rb o n  monoxide on Rh/S iC ^ was — 92.49 k J  mol . On Rh/M oO^, it was 

-9 9 .7 7  k J  mol- 1 . Both  ca ta lys ts  were p r e p a r e d  from rhodium  ch lo r id e .
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T a b le  6 .4  shows the  ac tiva tion  e n e rg y  of d eso rp tion  ca lcu la ted  fo r  th e  

d e s o rp t io n  te m p era tu re s  fo r  th e  s u p p o r te d  pla tinum  an d  rhod ium  

c a t a ly s t s  in th is  s t u d y . T he  R edhead  equation  (130):

F a "E /R T^  A maxe
R T 2 ^max

w h e re  E is th e  activation  e n e rg y  of d e so rp t io n ,  3 is th e  h e a t in g  r a t e  

a n d  T max is the  te m p e ra tu re  a t  th e  deso rp tio n  p eak  maximum, can  be  

u s e d  to  calcu la te  th e  ac tiva tion  e n e rg y  of d e s o rp t io n .

A usefu l c ru d e  approx im ation  to th e  deso rp tion  ac t iv a t io n

e n e r g y  is:

E = T x  0.294 (131)max

w h e re  T is te m p e ra tu re  in K elvin, an d  E is  in k J  mol- ^. U sing  

th i s  approx im ation , the  ac tiva tion  e n e rg y  of d eso rp tion  v a lu es  p r e s e n t e d  

in T ab le  6 .4  were ca lcu la ted .

I t  can be  seen th a t  th e  activation  e n e rg y  of d e so rp t io n  f ig u re s  

c a lc u la te d  fo r  th e  lower of th e  two d eso rp tion  peak  maxima te m p e r a tu r e s  

fo r  R h / S i 0 2( b ) ,  Rh/SiC>2(c) an d  R h /W 0 3(c) a re  similar in v a lue  to th e  

AH , f ig u re s  obta ined  by  G reen  an d  Webb (129).
cL CIS

By c a r ry in g  out te m p e ra tu re  program m ed d eso rp tion  e x p e r i 

m en ts  immediately a f te r  te m p era tu re  program m ed red u c t io n  u s in g  th e  

m olybdenum  t r io x id e -s u p p o r te d  c a ta ly s ts ,  it was confirm ed th a t  th e  

a p p e a ra n c e  of hy d ro g en  and  w ater in the  gas p h ase  d u r in g  T . P .D .  

a f t e r  ca rb o n  monoxide chem isorption was due to th e  d e so rp t io n  of
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T ab le  6.

C a ta ly s t

P t/M oO s

p t / w o 3(

R h / S i 0 2

R h / S i 0 2

Rh/W Q 3

4. H eats  of D esorption

D eso rb ing  Species T e m p e ra tu re  A ctivation  E n e rg y

of D eso rp tion  

(K) (k J  mol"1)

(a) f  CO 524 154

CO., 699 206{

{
a) f  CO 413 121

C 0 2 576 169

(b )  f  CO 363 107

C 0 2 623 183

1(c )  [  C 0 2 3g7 114

CO^ 634 186

(c) f  CO 403 118

C O , 568 167
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h y d ro g e n  an d  w ater p ro d u c e d  d u r in g  th e  d eh y d ro g en a t io n  a n d  d e h y d r a 

tion  of th e  h y d ro g e n  metal b ro n z e s .  F o r  exam ple, h y d ro g e n  d e s o rb e d  

from f re s h ly  r e d u c e d  P t /M o 0 3(a) a t  305°C, com pared  with 250°C from 

Pt/MoO^Ca) on which carbon  monoxide chem isorp tion  h a d  b e e n  c a r r i e d  

o u t .  H ydrogen  d e so rb e d  a t  239°C from f re s h ly  re d u c e d  R h /M o 0 3 ( b ) ,  

co m p ared  with 471°C from R h /M o 0 3 (b) on which ca rb o n  monoxide 

chem iso rp tion  h ad  been  c a r r ie d  o u t .  T he  te m p e ra tu re  d i f fe re n c e  of 

ap p ro x im ate ly  200°C could be due to th e  p re s e n c e  of ca rb o n  monoxide 

on th e  rhodium  s u r fa c e .  Jackson  (132) h a s  shown th a t  d eu te r iu m  

ex c h a n g e  with th e  b ro n ze  h y d ro g e n  will no t take  place if c a rb o n  m onox

ide  h a s  been  chem isorbed  on to th e  s u p p o r te d  metal, w h ereas  d e u te r iu m  

e x c h a n g e  will take  place in the  ab se n c e  of ca rbon  monoxide. T he  200°C 

d i f fe re n c e  in d eso rp tio n  te m p e ra tu re  fo r  h y d ro g e n  from Rh/MoO^Cb) is  

c o n s i s te n t  with a s i te -b lock ing  effec t in which the  metal s i te s  a r e  b lo c k e d ,  

p r e v e n t in g  r e v e r s e  sp illover from th e  h y d ro g e n  molybdenum b ro n z e .  I t  

is n o t  know n w he the r  the  s ites  a re  b locked  by  ca rbon  monoxide o r  b y  

r e d u c e d  s u p p o r t  species  which h ave  m ig ra ted  to p a r t ia l ly  c o v e r  th e  

rh od ium  p a r t ic le s .

B ecause  of th e  re la tive ly  low q u a n t i ty  of ca rbon  monoxide 

a d s o r b e d  a t am bient te m p e ra tu re ,  it  was dec ided  to c a r r y  ou t ca rb o n  

m onoxide chem isorption experim ents  a t  te m p e ra tu re s  be tw een  -78°C  a n d  

-1 9 6 °C . T hese  r e s u l t s  are  p r e s e n te d  in Table 5.6 in C h a p te r  5.

C arbon  monoxide chem isorp tion  c a r r ie d  out on P t/S iC ^C a) gave  

2 - 1an  a r e a  of 2.22 m (g .c a ta ly s t )  . T he  num ber  of CO molecules

19a d s o r b e d  was 1.32 x 10 , which c o r re s p o n d s  to approx im ate ly  39% of th e

p la t in u m  atoms p r e s e n t ,  assuming a 1:1 P t:C O  ra t io .  A t -196°C ,



148

21
1.14 x  10 molecules of CO were a d s o rb e d  by  th e  c a ta ly s t ,  c o r re sp o n d in g  

to  an  a re a  of 191.52 m ( g .c a ta ly s t )  \  T h e  n u m b e r  of CO molecules is 

g r e a t e r  th a n  th e  to ta l  num ber  of p la tinum  atoms p r e s e n t  in th e  sample, 

in d ic a t in g  th a t  some ca rb o n  monoxide h as  b een  a d s o rb e d  b y  th e  s u p p o r t .

With Pt/M oO ^(a) a t  -78°C , th e  am ount of CO a d s o rb e d  

c o r r e s p o n d s  to  a ra t io  of C O :P t of g r e a te r  th a n  u n i ty ,  in d ica tin g  th a t  

some ca rb o n  monoxide was a d s o rb e d  on th e  s u p p o r t .  A p ro p o r t io n  of 

th e  c a rb o n  monoxide may have  been a d s o rb e d  on s i te s  form ed by  the  

p a r t i a l  red u c t io n  of th e  molybdenum oxide d u r in g  c a ta ly s t  r e d u c t io n /  

a c t iv a t io n .  As th e  te m p e ra tu re  is  f u r t h e r  d e c re a s e d  to w ard s  -196°C, 

th e  p ro p o r t io n  of ca rbon  monoxide which is a d s o rb e d  on th e  s u p p o r t  

i n c r e a s e s .

Since th e  p ro p o r t io n  of ca rbon  monoxide in  helium was le ss  

th a n  10% d u r in g  each experim en t ,  it is h ig h ly  un like ly  th a t  p h y s ica l  

a d s o rp t io n  of ca rbon  monoxide on the  c a ta ly s t  h a s  ta k e n  p lace .

On P t/W O ^(a) ,  th e  ra tio  of C O :P t is  ap p rox im ate ly  1:10 a t  

-7 8 °C .  T h is  in c re a se s  to 0 .98:1  C O :P t a t  -1 9 6 °C. In  th is  c a se ,  the  

in c re a s e  may be  a t t r ib u t e d  to g re a te r  co v erag e  of th e  p la tinum  b y  ca rb o n  

monoxide a t lower te m p e ra tu re s .  However, th e  poss ib il i ty  th a t  some of 

th e  c a rb o n  monoxide may have  been a d s o rb e d  b y  th e  tu n g s te n  tr iox ide  

s u p p o r t  can n o t be d isco u n ted .

With R h /M oO ^(c ) , the  ex te n t  of c a rb o n  monoxide ad so rp t io n  is  

c o n s i s te n t  w ith almost 93% of the  available rhod ium  chem iso rb ing  one 

c a rb o n  monoxide molecule. However, as  with Pt/MoC>3( a ) ,  it is  likely 

th a t  some of th e  ca rbon  monoxide has  been  a d s o rb e d  on to th e  su p p o r t  

a t  th i s  low te m p e ra tu re .  At -70°C, it a p p e a r s  th a t  th e  am ount of ca rb o n
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m onoxide chem iso rbed  c o r re s p o n d s  to a C O :R h  ra t io  of 1 .1 :1 ,  w hich is  

h ig h e r  th a n  th e  ra t io  found  a t  -196°C . H ow ever, s ince th e  chemi

s o rp t io n  s tu d y  a t -196°C was c a r r ie d  ou t f i r s t ,  followed b y  a T . P . R . /  

T . P . D .  cyc le  b e fo re  c a r ry in g  ou t th e  chem iso rp tion  s tu d y  a t  -7 0 °C ,  i t  

is  l ike ly  th a t  a g re a te r  p ro p o r t io n  of th e  m olybdenum tr io x id e  s u p p o r t  

h a d  u n d e rg o n e  red u c t io n  by  th e  time th e  l a t t e r  ex p er im en t h a d  b e e n  

c a r r i e d  o u t ,  a n d ,  th e re fo re ,  a d so rp t io n  on th e  s u p p o r t  is c o n s id e re d  to 

a c c o u n t  fo r  th e  in c rease  in th e  am ount of ca rb o n  monoxide a d s o rb e d .

From th e  r e s u l t s  o b ta in ed  for low te m p e ra tu re  a d so rp t io n  of 

c a rb o n  monoxide on b o th  platinum  and  rhodium  c a ta ly s ts ,  it would a p p e a r  

t h a t  th e  c a rb o n  monoxide has  chem iso rbed  on to a h ig h e r  p ro p o r t io n  of 

th e  to ta l  n u m b e r  of s u p p o r te d  metal atoms th a n  a t  am bient t e m p e ra tu r e .  

H o w ev er ,  as  n o te d  above , it is  likely th a t  th e  su b -am b ien t ch em iso rp tion  

is  com plica ted  by  th e  carbon  monoxide chem iso rb ing  on th e  p a r t ia l ly  

r e d u c e d  s u p p o r t .  As y e t ,  we have  no  m eans of d is t in g u is h in g  b e tw ee n  

c a rb o n  monoxide a d so rb e d  on th e  metal a n d  c a rb o n  monoxide a d s o rb e d  on 

th e  s u p p o r t  a t  such  low te m p e ra tu re s .

6. 3 N itro g en  N .E .T .  A reas

T h e  n i t ro g en  B .E .T .  a re a s  of fo u r  c a ta ly s ts ,  Pt/SiC>2( a ) ,  

P t /M o O ^ (a ) ,  P t /W O ^ a )  and  R h /M o O ^ c )  w ere m e asu re d  b o th  b e fo re  a n d  

a f t e r  th e  c a ta ly s t  had  been r e d u c e d .  With Pt/SiC>2(a) a n d  P t /W 0 3( a ) ,  

t h e r e  is  l i t t le  d if fe rence  in the  to ta l su r fa c e  a re a s  found  b e fo re  o r  a f t e r  

r e d u c t io n .  P t / S i 0 2(a) shows a s l ig h t  in c re a se  in a re a  a f t e r  r e d u c t io n  

a n d  P t /W 0 3 (a) shows a s ligh t d ec re ase  in a re a  a f t e r  r e d u c t io n .  H ow ever ,
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th e  r e s u l t s  o b ta in e d  for Pt/MoO^(a.) ind ica te  th a t  th e  s u r fa c e  a re a  h a s  

i n c r e a s e d  from 2.15 m g  to 82.9 m^ g \  S im ilarly , for Rh/M oO ^(c) ,
2 —1 2 _ i

th e  p r e - r e d u c t io n  s u r fa c e  a rea  of 2 . 4  m g in c re a s e s  to 87.5 m g 

a f t e r  r e d u c t io n . In  b o th  cases th is  must be  a r e s u l t  of th e  p a r t ia l  

r e d u c t io n  of th e  molybdenum tr iox ide  s u p p o r t .  R eduction  of m olybdenum  

t r io x id e  to m olybdenum dioxide, for exam ple, r e s u l t s  in a ch an g e  in 

s t r u c t u r e  from d is to r te d  ReC> 3  (72) to ru t i le  (133),  which h as  a more open  

s t r u c t u r e .

D u r in g  th e  formation of h y d ro g e n  metal b ro n z e s  by  h y d ro g e n  

s p i l lo v e r ,  th e  su r fa c e  area  of the  molybdenum tr io x id e  can in c re a se  by  a 

f a c to r  of two or th r e e  ( 6 8 ) .  Decomposition of h y d ro g e n  metal b ro n z e s  

b y  e i th e r  th e rm a l or vacuum trea tm en t leads to re d u c t io n  of th e  m olybdenum  

tr io x id e  to a low er oxide (79) an d  th is  red u c t io n  is  accom panied b y  some 

s t r u c t u r a l  m odifications which must be re sp o n s ib le  fo r  th e  la rg e  in c re a se  

in to ta l  s u r fa c e  a re a ,  found for b o th  P t /M o 0 3 (a) an d  R h /M o 0 3 ( c ) .

6 . 4 T e m p e ra tu re  Programmed Reaction S tud ies

C a rb o n  monoxide h y d rogena t ion  was c a r r ie d  out as  a te m p e r 

a t u r e  p rog ram m ed  reac tion  over P t / S i C ^ a ) ,  P t /M o 0 3 ( a ) ,  P t /W 0 3 (a )  a n d  

R h /M o 0 3 ( c ) .  T he  e luan t gas was monitored for th e  p re s e n c e  of m e th an e ,

c a rb o n  d ioxide  a n d  w a te r .

O v er  th e  te m p era tu re  ra n g e  am bient to 400°C, no reac t io n  was 

o b s e r v e d  o v e r  P t / S i 0 2 ( a ) . However, over  P t /M o 0 3 ( a ) ,  P t /W 0 3 (a )  a n d  

R h /M o 0 3 ( c ) ,  re ac tio n  did take p lace, as shown by  th e  te m p e ra tu re  

p ro g ram m ed  reac t io n  profiles  re p ro d u c e d  in F ig u re s  5 .29, 5.30 an d  5 .31 ,

r e s p e c t i v e l y .
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T h ese  show th a t  th e  in c re a s in g  o rd e r  of ac t iv i ty  for th e se  

c a t a ly s t s  is:

P t / S i 0 2 (a) «  P t /W 0 3 (a) < P t /M o 0 3 (a) < Rh/M oOs (c)

T he  reac tio n  p ro d u c ts  which a re  o b s e rv e d  to form o ver  

P t /M o 0 3 ( a ) , P t /W 0 3 (a )  and  R h /M o03( c) a re  c o n s is te n t  w ith  a model in 

w h ich  m ethane  p rod u c tio n  o ccu rs  b y  th e  reac tion :

CO + 3H2   + CH 4  + H20

w h ich  is accom panied by  th e  w a te r -g a s  sh if t  reac tion :

CO + h2o co2 + h2

An a l te rn a t iv e  p roposal which invo lves

CO + h2o 5==^ co2 + h2

followed b y

C 0 2  + 4H2   *  CH 4  + 2H20

c a n  b e  r u le d  ou t b ecau se  carbon dioxide will no t u n d e rg o  h y d ro g e n a t io n  

in th e  p r e s e n c e  of ca rbon  monoxide ( 1 0 0 ).

T he  reac tion  profile ob ta ined  for th e  reac tion  of c a rb o n  m onox

ide  w ith  h y d ro g e n  over  Rh/MoC>3 (c) (F ig u re  5.31) shows a maximum in
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c a rb o n  d ioxide a t  208°C. The ra te  of ca rb o n  dioxide form ation th en  

d e c r e a s e s  w ith in c re a s in g  tem p era tu re  as th e  w a te r -g a s  s h i f t  reac t io n :

co + h2o —^ co2 + h2

becom es le ss  feas ib le .

T he  r e s u l t s  ob ta ined  for th e  h y d ro g e n a t io n  of ca rb o n  monoxide 

o v e r  th e s e  fo u r  c a ta ly s ts  su p p o r t  th e  work of Jack so n  e t  al. (8 4 ) ,  who 

in v e s t ig a te d  th e  h y d ro g en a t io n  of carbon  monoxide o v e r  i ro n ,  n ick e l ,  

ru th e n iu m ,  rhodium  an d  palladium s u p p o r te d  on molybdenum tr io x id e  an d  

tu n g s t e n  t r io x id e .  With the  exception of i ro n ,  th e  ac t iv i ty  of th e se  

m etals  was en h a n c e d  by  up to two o rd e rs  of m agnitude  when molybdenum 

tr io x id e  o r  t u n g s t e n  tr iox ide  was used  as a s u p p o r t ,  r a t h e r  th a n  silica. 

T h e  a c t iv i ty  enhancem ent was a t t r ib u te d  to th e  fa s t  s p i l lo v e r / r e v e r s e  

sp i l lo v e r  of h y d ro g e n  which can occur be tw een  molybdenum tr io x id e  an d  

tu n g s t e n  t r io x id e  an d  the  su p p o r ted  metal. T h is  in c re a se s  the  concen

t r a t io n  of a d s o rb e d  h y d ro g en  which can re a c t  with th e  a d s o rb e d  c a rb o n  

m onoxide , fac il i ta ting  the  carbon monoxide h y d ro g e n a t io n  reac tio n  (8 4 ) .

The te m p e ra tu re  programmed reac tion  r e s u l t s  p r e s e n te d  in 

C h a p te r  5 would seem to indicate  th a t  fa s t  h y d ro g e n  s p i l lo v e r / r e v e r s e  

sp i l lo v e r  o ccu rs  most easily between rhodium  an d  molybdenum tr io x id e .  

T h e  r a t e  an d  e x te n t  of hyd rogen  s p i l lo v e r / r e v e r se  sp illover seems to be 

f a s t e r  be tw een  platinum and  molybdenum tr io x id e  th a n  be tw een  pla tinum  

a n d  tu n g s t e n  t r io x id e .  The h igher ac t iv ity  of Rh/MoC>3 (c) com pared  

w ith  P t /M o 0 3 (a)  r e s u l t s  from the fact th a t  rhodium  is a more ac tive  

c a ta ly s t  fo r  c a rb o n  monoxide hydrogenation  th a n  platinum  (103, 104) .
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I n d e e d ,  s ince  p latinum is a no to r ious ly  poo r  c a ta ly s t  for th e  m e th an a t io n  

r e a c t io n  ( 1 0 0 ) it  was somewhat s u r p r i s in g  to o b se rv e  any  rea c t io n  a t  ail 

o v e r  P t /M o 0 3 (a )  an d  Pt/WC>3 ( a ) .  T he  fac t  th a t  no reac tion  was 

o b s e r v e d  o v er  Pt/SiO^Ca) s t ro n g ly  s u p p o r t s  th e  view th a t ,  with 

m olybdenum  tr io x id e  and  tu n g s te n  tr io x id e  as  c a ta ly s t  s u p p o r t s ,  t h e r e  

is  an  in te ra c t io n  between th e  metal an d  th e  s u p p o r t  which r e s u l t s  in th e  

p la t in u m  a n d  th e  rhodium p o sse ss in g  a s ign if ican tly  en h an c ed  a c t iv i ty  

fo r  m e th an a t io n ,  no t p re s e n t  when more conven tional s u p p o r t  o x id es  a re  

u s e d .

6 . 5 B u ta -1 ,  3-diene H ydrogenation  S tud ies

B u ta -1 ,3 -d ie n e  h y d ro g en a t io n  s tu d ie s  were c a r r ie d  o u t  u s in g  

th e  v a r io u s  s u p p o r te d  platinum and  rhodium  ca ta ly s ts  to examine th e  

e f f e c t s ,  if  a n y ,  of chang ing  e i th e r  th e  s u p p o r t ,  or in th e  case  of th e  

s u p p o r t e d  rhodium  ca ta ly s ts ,  the  metal sa lt  p r e c u r s o r .  T he r e s u l t s  of 

th e s e  s tu d ie s  a re  p re s e n te d  in C h a p te r  5, section 5.6 .

T ab le  6 .5  summarises the  in itia l b u te n e  d is t r ib u t io n s  a n d  

se le c t iv i t ie s  o b ta ined  by  ex trapo la t ing  th e  g ra p h s  showing th e  v a r ia t io n  

of b u te n e  d is t r ib u t io n  and  se lec tiv i ty  w ith reac tion  e x te n t  to 0 % c o n v e r 

s io n .  I t  can be  seen th a t  th e  h ig h e s t  se lec tiv i ty  ob ta ined  fo r  an y  of 

t h e  c a ta ly s t s  was found for Rh/MoC>3 (b )  which showed an initial 

s e le c t iv i ty  of 0 . 9 4 5  for b u te n e  formation a t  0~6 convers ion .

P re v io u s  work using  r a d io - t r a c e r s  to follow th e  h y d ro g e n a t io n  

of a c e ty le n e  to e thy lene  and  e thane  has  shown th a t  th e  se lec tiv i ty  is 

d e te rm in e d  b y  th e  re la tive  amounts of th e  com petitive reac t io n s :
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T a b le  6 . 5 . Summary Table of B u ta -1 ,3 -d ie n e  H y d ro g e n a t io n :  V aria t ion

of P ro d u c t  D is tr ibu tion  and  Selec tiv i ty  w ith  R eac tion  E x te n t ,  

E x t ra p o la te d  to 0% C onversion .

In it ia l  B utene D is tr ibu tion  (%)

C a ta ly s t 1-B t_-2-B C -2 -B S

P t /S i O z (a) 71.0 2 2 . 0 7 .0 0.705

P t /M o 0 3 (a) 55.5 27.5 17.0 0.85

P t /W 0 3 (a ) 84.5 14.5 ... 1 . 0 0.61

R h / S i 0 2 (b ) 6 1 . 5 2 2 . 0 11.5 0.895

Rh/M oO s (b ) 54.0 33.0 13.0 0.945

R h /W 0 3 (b) 60.0 28.5 11.5 0.89

R h / S i 0 2 (c) 60.5 24.0 15.5 0.78

R h /M o 0 3 _(c) 58.3 29.2 12.5 0.746



With ^ 2 ^ 2  as r e a c ta n t  an d  in t ro d u c e d  as an i n t e r 

m e d ia te ,  i t  was found  th a t  v e ry  l i t t le  was fo rm ed . T h is  was th e

c a s e  r e g a r d l e s s  of th e  metal u sed  an d  h en ce  of th e  ac tua l va lue  of th e

13s e l e c t i v i t y . S im ilarly , C -iso tope  labelling e x p e r im en ts  h av e  also show n

t h a t  w ith  pla tinum  and  palladium c a ta ly s t s ,  th e  reac t io n s  to  form th e

n - b u t e n e s  o r  n - b u ta n e  from b u t a - 1 , 3 -d iene  a re  also com petit ive .

H o w e v e r ,  th e se  experim en ts  also show ed th a t  d u r in g  th e  f i r s t  s ta g e  of

th e  r e a c t io n  on p la tinum , b u t - l - e n e  could  isom erise  to b u t - 2 - e n e  (c is  o r

t r a n s )  o r  could be h y d ro g e n a te d  to n - b u ta n e  (135).

In  th e  reac tio n s  s tu d ie d  in th e  p r e s e n t  w ork , n - b u ta n e  was

a lw ays  p r e s e n t  as an initia l p ro d u c t ,  even  a t  th e  v e ry  e a r l ie s t  s ta g e s  of

th e  re a c t io n  be tw een  b u ta -1 ,3 -d ie n e  an d  h y d ro g e n .  T h ese  r e s u l t s  a r e ,

13 14t h e r e f o r e ,  c o n s is te n t  w ith th e  C- an d  C -iso top ic  labelling  s tu d ie s  

d i s c u s s e d  above . T he  r e s u l t s  p r e s e n te d  in th is  s tu d y  a re  c o n s is te n t  

w ith  th e  formation of n -b u ta n e  d irec tly  b y  h y d ro g e n a t io n  of b u ta -1 ,  3- 

d ien e  as  well as by the  s u b se q u e n t  h y d ro g e n a t io n  of b u t - l - e n e  o r  b u t - 2 -  

e n e ,  w hich  a re  formed as in term ed ia te  p r o d u c t s .  B u t -2 - e n e  can be  

fo rm ed  by  e i th e r  isom erisation of b u t - l - e n e  o r  d irec t ly  by  1 ,4 -a d d it io n  

of h y d ro g e n  to a d s o rb e d  b u t a - 1 ,3 -d ie n e .  T he  d ec re a s in g  1 -B :2 -B  ra t io  

w ith  in c re a s in g  reac tion  e x te n t  is c o n s is te n t  with th e  1-B to 2-B isom er

isa t io n  m echanism , a l though  some b u t - 2 - e n e  is  formed d ire c t ly  by  

h y d ro g e n a t io n  of b u t a - 1 , 3-diene. T he  overa l l  reac tio n  schem e can th u s
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b e  r e p r e s e n t e d  as :

I
B u t a - 1 ,3 -d ie n e  — >

i
I
I
I

F o r  the  s u p p o r te d  pla tinum  c a ta ly s ts ,  s e le c t iv i ty  d e c re a se s  in

th e  o r d e r :

P t /M o 0 3 (a) > P t / S i 0 2 (a) > Pt/WC>3 ( a ) .

T h e  low t r a n s  to cis r a t io s  determ ined  for th e  s u p p o r te d  p la tinum  c a ta ly s ts  

s u g g e s t  th a t  Mechanism A, as  p ro p o sed  by  Wells e t  a l .  (95) is  o p e ra t iv e .

F o r  th e  s u p p o r te d  rhodium  ca ta ly s ts  p r e p a r e d  from rhod ium  ( I I I )  

n i t r a t e ,  th e  se lec tiv i ty  is found  to d ec rease  in th e  o rd e r :

Rh/M oOs (b ) > R h /S i 0 2 (b )  > Rh/WC>3 (b)

T h is  was th e  same o rd e r  as was found for th e  s u p p o r te d  p la tinum  c a ta ly s ts  

w h ich  s u g g e s t s  th a t  th e  s u p p o r t  can influence th e  se lec t iv i ty  of th e  m etal. 

T h e  r e s u l t s  o b ta in ed ,  which show a low t r a n s  to cis r a t io ,  a r e  aga in  

c o n s i s te n t  with Mechanism A (95) being followed. However, s ince  

M echanism A does no t allow for  th e  formation of n - b u t a n e  as  an  in i t ia l  

p r o d u c t ,  an add itional mechanism for n -b u ta n e  form ation d ire c t ly  from

B u t - l - e n e  — >■ C „H 0/ N—> n - b u ta n e  4 9(a)

B u t-2 -e n e
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a d s o r b e d  b u ta  1,3 d iene m ust also be  c o n s id e re d .  T he  following 

s e q u e n c e  of re a c t io n s  a re  p ro p o sed :

H?C=CH-CH=CH? — >- H 9 C - C H 9 -CH=CH-
I I 2 2 i 2 | 2

*  * *  *

i
H 3 C -C H 2 -C H 2 -C H 3  H 2 C - C H 2 - C H 2 - C H 2

* *

T h e  r e s u l t s  o b ta ined  for th e  s u p p o r te d  rhod ium  ca ta ly s ts  

p r e p a r e d  from rh od ium (III)  ch loride  show a d i f f e r e n t  o r d e r  of d e c re a s in g  

s e le c t iv i ty  th a n  th a t  ob ta ined  for the  rhod ium  ( I I I )  n i t r a t e  d e r iv e d  

c a t a l y s t s , n am e ly :

R h / S i 0 2 (c) > R h /M o0 3 (c) > Rh/WC>3 (c} .

T h e  d i f fe re n c e  in th e  o rd e r  of se lec tiv ity  m ust b e  a re f lec t ion  of th e  

c h a n g e  in  th e  metal sa lt  p r e c u r s o r .

T h e  d if fe re n ces  o b se rv e d  in s e lec t iv i ty  b y  ch an g in g  th e  s u p p o r t  

may b e  r e la te d  to  th e  d iffe rences  in d isp e rs io n  as  de te rm in ed  b y  c a rb o n  

m onoxide ch em iso rp tion .  For the  s u p p o r te d  p la tinum  c a ta ly s t s ,  th e  

d e c re a s in g  o r d e r  of d isp e rs io n  is:

P t /W 0 3 (a) > P t / S i 0 2 (a)  > P t /M o 0 3 ( a ) .

w h ich  would  s u g g e s t  th a t  th e  most h igh ly  se lec tiv e  c a ta ly s t  h a s  th e  low est 

d i s p e r s io n .  H ow ever,  th e  same a rgum en t does n o t  ho ld  fo r  th e  s u p p o r te d
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rh o d iu m  c a ta ly s ts  d e r iv e d  from rhodium n i t r a t e ,  which show th a t  

R h / S i C ^ b ) has  a h ig h e r  d isp e rs io n  th a n  R h /W O ^ (b ) . T h e  s u p p o r te d  

rh o d iu m  c a ta ly s ts  p r e p a r e d  from rhodium  ch loride  show a d e c re a s in g  

o r d e r  of d isp e rs io n  of:

R h /W 0 3 (c) > R h /S i 0 2 (c) > R h /M o 0 3 (c)

O vera ll ,  th e  r e s u l t s  ob ta ined  in th e  p r e s e n t  w ork  s t ro n g ly  

s u g g e s t  th a t  se lec tiv i ty  is d e p e n d e n t  upon  th e  s u p p o r t ,  th e  metal a n d ,  

fo r  a g iven  metal, th e  p r e c u r s o r  sa lt .

T h e re  is cons iderab le  ev idence th a t  sp illover h y d ro g e n  p r e s e n t  

in  h y d ro g e n  metal b ro n zes  can u n d e rg o  a r e v e r s e  sp illover p r o c e s s ,  

w h e re  it  can th e n  r e a c t  with a h y d ro g en  accep to r  su c h  as e th y le n e  

(7 9 ,  80, 83). I t  is  genera lly  accep ted  th a t  as th e  s u r fa c e  co n ce n tra t io n  

of h y d ro g e n  in c re a s e s ,  se lec tiv ity  d e c re a se s .  Since th e  molybdenum 

t r io x id e - s u p p o r te d  c a ta ly s ts  a re  the  most h igh ly  se lec tiv e ,  it  would a p p e a r  

t h a t  b ro n z e  h y d ro g en  is no t involved in th e  h y d ro g en a t io n  of b u ta -1 ,  3- 

d ie n e .  I f  b ronze  h y d ro g e n  were invo lved ,  the  in c re a se  in th e  available  

h y d r o g e n  concen tra tion  would lead to a d e c re ase  in s e le c t iv i ty .

Following th e  f ind ings  of F r ip ia t  et al. (79 ),  and  in ag reem en t w ith  the  

p r e s e n t  r e s u l t s ,  b ro n ze  h y d ro g en  is no t ex p ec ted  to be consum ed un ti l  

all th e  gas  p h ase  h y d ro g e n  has been  consum ed. In  th e  p r e s e n t  s tu d y ,  

e x c e s s  gaseous  h y d ro g e n  was p r e s e n t  a t all times and  th u s  any  e f fec t  of 

b r o n z e  h y d ro g e n  would be d ifficult to o b se rv e .

I t  has  b een  p ro p o sed  th a t  th e  r a t e  of h y d ro g e n a t io n  of e th y le n e  

a n d  o th e r  h y d ro g e n  accep to rs  is a m easure  of th e  r a te  of r e v e r s e  spill—
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o v e r  (5 5 ) .  T he  r a te  d ep en d s  on th e  h y d ro g e n  sp illover  c o n c e n tra t io n ,  

i t s  s ta b i l i ty  a n d  th e  d e g re e  of con tac t be tw een  th e  metal an d  th e  

s u p p o r t .  T h e  p r e s e n t  r e s u l t s  have  shown th a t  th e  molybdenum tr io x id e -  

s u p p o r te d  c a ta ly s ts  a re  poorly  d is p e r s e d ,  with la rg e  metal p a r t i c le s  an d  

c o n s e q u e n t  po o r  co n tac t  be tw een  the  metal and  th e  s u p p o r t  w hich , 

t h e r e f o r e ,  le ads  to poor r e v e r s e  sp illover.  H ow ever, th e  s i tu a tio n  may 

b e  d i f f e re n t  w ith  th e  tu n g s te n  t r io x id e - s u p p o r te d  c a ta ly s ts  w hich a re  

th e  le a s t  s e lec tiv e  of th e  c a ta ly s ts  s tu d ie d .  I t  i s ,  t h e re fo r e ,  p ro p o s e d  

th a t  with th e  tu n g s te n  t r io x id e - s u p p o r te d  c a ta ly s t s ,  r e v e r s e  sp illover  of 

h y d ro g e n  from th e  h y d ro g e n  tu n g s te n  b ro n ze  ta k es  p lace  an d  th a t  th e  

sp il lo v e r  h y d ro g e n  can r e a c t  with b u ta -1 ,3 -d ie n e .  T h is  is in keep ing  

w ith  th e  o b s e rv a t io n s  of Sermon and  Bond (5 7 ) ,  who found  th a t  th e  

r e a c t iv i t ie s  of h y d ro g e n  molybdenum b ro n z e ,  ^MoO^, and  h y d ro g e n  

tu n g s t e n  b ro n z e ,  Hq ^WO^, were d if fe re n t  in th a t  i t  was more d iff icu lt  

to  rem ove h y d ro g e n  from P t/H ^  ^MoO^ th an  from P t/H ^  5 ^ 0  ̂ b y  r e v e r s e  

sp il lo v e r  u s in g  o x y g en  o r  o th e r  h y d ro g en  a c c e p to rs .

The in itia l b u te n e  d is t r ib u t io n s  p r e s e n te d  in  T ab le  6 . 5 show 

th a t  th e  y ie ld  of b u t - l - e n e  is g re a te r  th a n  th e  y ie ld  of th e  b u t - 2 - e n e s .  

T h e  r e s u l t s  p r e s e n te d  in Tables  5.8a to 5 .8i show th a t  as  th e  reac tio n  

e x t e n t  in c re a s e s ,  th e  1 -B /2-B  ra tio  d e c re a se s ,  a l th o u g h  th e  t_-2-B to 

c -2 -B  ra t io  rem ains  approxim ate ly  co n s ta n t ,  ind ica ting  th a t  th e  b u t - l - e n e

is  iso m erised  to  b u t - 2 -ene-.

K inetic  s tu d ie s  were ca r r ied  ou t to de te rm ine  th e  o r d e r  of 

re a c t io n  w ith  r e s p e c t  to th e  r e a c ta n ts .  H ow ever, th e  o rd e r  of reac tio n  

w ith  r e s p e c t  to  b o th  h y d ro g e n  and  b u ta —1 ,3—diene was found  to v a ry  

c o n s id e ra b ly  w ith  c a ta ly s t  usage an d ,  in co n seq u en c e ,  a c c u ra te
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v a lu e s  p ro v e d  d iff icu lt to ob ta in . H ow ever, ove ra l l ,  p o s i t iv e  re a c t io n  

o r d e r s  w ere ob ta ined  for h y d ro g e n  a n d  nega t ive  o r d e r s  w ere  found  for 

b u ta - 1 ,3 - d ie n e  for each  of th e  n in e  c a ta ly s ts .  T h is  in d ic a te s  t h a t ,  as 

e x p e c te d ,  b u t a - 1 ,3 -d ien e  is  th e  more s t ro n g ly  a d s o rb e d  r e a c ta n t .

A com parison betw een th e  ac tiva tion  e n e rg y  v a lu e s  o b ta in ed  

on f r e s h ly  r e d u c e d  and  u sed  c a ta ly s t s ,  as shown in T ab le  5 .11 , 

in d ic a te s  th a t  b o th  P t /M o O ^ a )  an d  R h /M o O ^ c ) ,  w hen f r e s h ly  r e d u c e d ,  

g ive  a v e ry  h igh  ac tiva tion  e n e rg y  v a lu e .  H ow ever, th e s e  v a lues  

d e c re a s e d  by  abou t 50 k J  mol  ̂ w hen the  activation  e n e rg y  was d e t e r 

m ined o v e r  a w ell-used  ca ta ly s t .  T h is  s u g g e s ts  th a t  d u r in g  th e  in i t ia l  

r e a c t io n s  c a r r ie d  ou t on th e  c a ta ly s t ,  a change  in th e  c a ta ly s t  is ta k in g  

p la c e .  T h e re  is ev idence  (136) to s u g g e s t  th a t  s u c h  c h a n g e s  may 

invo lve  th e  b u i ld -u p  of carbonaceous  over la y e rs .  A l th o u g h ,  in g e n e ra l ,

th i s  p ro c e s s  is simply a deac tiv a tin g  p ro c e s s ,  it a p p e a r s  t h a t ,  in th e  

c a se  of th e  molybdenum t r io x id e - s u p p o r te d  c a ta ly s ts ,  o th e r  c h a n g e s  may 

also o c c u r .  The decrease  in ac tiva tion  e n e rg y  to th e  more ty p ica l  levels  

show n b y  th e  o th e r  ca ta ly s ts  may ind ica te  a change  in  th e  r a t e  d e t e r 

m ining s tep  for th e  molybdenum tr io x id e - s u p p o r te d  c a ta ly s ts  d u r in g  th e

in itia l  ru n n in g  in p h a se .

T he  var ia tion  of th e  b u te n e  d is t r ib u t io n  an d  se le c t iv i ty  w ith 

t e m p e ra tu r e  was examined over each  c a ta ly s t .  B ecause  of th e  

d if f icu lt ie s  invo lved  in obta ining m easurab le  reac tion  r a t e s ,  i t  was n o t  

p o ss ib le  to obta in  overlap  in te rm s of te m p e ra tu re  o r  re a c t io n  e x te n t  

w hich  would h av e  enabled  b e t te r  com parisons to be  made. H ow ever, 

c e r t a in  t r e n d s  a re  ev iden t in the  r e s u l t s  p r e s e n te d  in T ab le s  5.10a to

5 . i 0 i .  In  g e n e ra l ,  it can be concluded  th a t ,  as the  te m p e ra tu re  is
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in c re a s e d ,  the  b u t - l - e n e  yie ld  d ec re ase s  and  b o th  th e  t r a n s -  an d  

c i s - b u t - 2 - e n e  y ie ld s  in c re a se .  The se lec tiv i ty  in c re a s e d  as th e  

te m p e ra tu re  is in c re a se d ,  in ag reem en t with p re v io u s  s tu d ie s  (137), 

p ro v id e d  the  reac tion  d id  n o t become d iffus ion  c o n tro l le d ,  in  which case  

th e  se lec tiv i ty  fell d ra s t ica l ly  to v e ry  low lev e ls .  T he  r e s u l t s  o b ta ined  

s u g g e s t  th a t ,  with in c re a s in g  te m p e ra tu re ,  th e  reac t io n  p a th w ay  to 

b u te n e  formation becomes more favourab le  th a n  th a t  to b u ta n e  o r ,  

a l te rn a t iv e ly ,  th a t  the  concen tra t ion  of a d s o rb e d  h y d ro g e n  d e c re a se s  as 

th e  te m p e ra tu re  is in c re a s e d .

P re s s u re  fall v e r s u s  time c u rv e s  have  been  exam ined  fo r  each 

of th e  n ine  c a ta ly s ts  s tu d ie d .  For all c a ta ly s ts  s tu d ie d  e x c e p t  P t/M oO ^(a) 

a n d  R h/S iC ^C c), acce lera tion  po in ts  could be  fo u n d ,  a t  le a s t  d u r in g  th e  

in i t ia l  reac tio n s  c a r r ie d  ou t over f re sh ly  r e d u c e d  c a ta ly s t  sam ples.

T h e  d a ta  ob ta ined  from th e  p r e s s u r e  fall v e r s u s  time c u r v e s  is  summar

ised  in  Table  6 . 6 . In d u c tio n  periods  were o b s e rv e d  fo r  f r e s h ly  r e d u c e d  

sam ples  of R h /W O ^ (b ) , Rh/MoO^(c) and P t / S i O ^ a ) .  T h e se  induc tion  

p e r io d s  a re  s u g g e s te d  as  co rresp o n d in g  to the  b u i ld -u p  of h y d ro c a rb o n -  

aceous  m ateria l on the  c a ta ly s t  which is c o n s id e re d  to ta k e  p lace  b e fo re  

th e  c a ta ly s t  r e a c h e s  i ts  s tead y  s ta te .  T h is  would exp la in  why th e  

in d u c t io n  pe r iods  were no t o b se rv ed  on w ell-used  c a ta ly s t s .  T he  

p r e s s u r e  fall v e r s u s  time c u rv e s  for all c a ta ly s ts  show a d e c re a se  in 

in i t ia l  r a t e  with in c re a s in g  ca ta ly s t  u sa g e ,  which is again  c o n s is te n t  w ith 

th e  su g g e s t io n  th a t  a carbonaceous o v e r la y e r  is b u i l t -u p  a n d  th a t ,  in 

g e n e ra l ,  th is  causes  ca ta ly s t  deac tiva tion .

In  g en e ra l ,  th e  r a te  of b u ta -1 ,3 -d ie n e  h y d ro g e n a t io n  has  

b e e n  found  to be less  th a n  the  ra te  of b u te n e  h y d ro g e n a t io n  (98) an d
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th i s  is  c o n s is te n t  w ith  th e  o b se rv a t io n  of acc e le ra t io n  p o in ts  in th e  

p r e s e n t  s tu d y .  Whilst it  is genera lly  a c c e p te d  th a t  b u t a - 1 ,3 - d ie n e  is 

more s t r o n g ly  a d s o rb e d  th a n  th e  b u te n e s  ( 8 8 ) ,  th e  s u r f a c e  c o n c e n tra t io n  

of th e  mono-olefin may be  u n a f fe c te d  b y  th e  p r e s e n c e  of th e  diun s a tu r a te d  

h y d ro c a rb o n  (13 4). T h e  o c c u r re n c e  of an  acc e le ra t io n  p o in t ,  n e v e r t h e 

l e s s ,  shows th a t  b u t a - 1 ,3 -d ie n e  is h y d ro g e n a te d  in p r e f e r e n c e  to th e  

b u t e n e s ,  e i th e r  du e  to s i te -b lo ck in g  by  b u t a - 1 , 3 -d ie n e  fo r  th e  r e - a d s o r p -  

tion  of b u te n e  o r  b e c a u se  of a lack of ava ilab ility  of s u r f a c e  h y d ro g e n  

fo r  th e  b u te n e  h y d ro g e n a t io n  reac tion  when b u t a - 1 , 3 -d ien e  is p r e s e n t  in 

th e  sy s tem .

With in c re a s e d  ca ta ly s t  u sa g e ,  th e  acc e le ra t io n  p o in ts  become 

le s s  p ro n o u n c e d ,  a n d  th e  r a te  e i th e r  d e c re a se s  g e n t ly  o r  rem ains  

app rox im ate ly  c o n s ta n t  with in c re a s in g  p r e s s u r e  fall . T h is  s u g g e s t s  th a t  

th e  c a ta ly s t  deac tiva tion  which o ccu rs  with in c re a s in g  c a ta ly s t  u sag e  h a s  

a g r e a t e r  e f fec t  on th e  r a te  of b u te n e  h y d ro g e n a t io n  th a n  on th e  r a te  of 

b u t a - 1 ,  3-d iene  h y d ro g e n a t io n .

A com parison  of th e  tu r n o v e r  f r e q u e n c ie s  ca lcu la ted  fo r  each  

c a ta ly s t  a t th e  n e a r e s t  te m p e ra tu re  to 293K is p r e s e n t e d  in  T ab le  6 .7 .

F o r  th e  s u p p o r te d  pla tinum  c a ta ly s ts ,  th e  d e c re a s in g  o rd e r  of 

t u r n o v e r  f re q u e n c y  is:

P t /M o 0 3 (a) > P t /W 0 3 (a) > P t / S i 0 2 (a )  .

R h /W 0 3 (b) has  a h ig h e r  tu rn o v e r  f r e q u e n c y  th a n  R h / S i C ^ b ) .  No va lue  

cou ld  be  o b ta ined  fo r  R h /M o 0 3 (b) s ince , as n o te d  e a r l i e r ,  i t  was no t 

p o ss ib le  to ca lcu la te  th e  metal a re a  by  ca rb o n  monoxide ch em iso rp tio n .
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T h e  d e c re a s in g  o rd e r  of tu r n o v e r  f r e q u e n c y  found  fo r  th e  s u p p o r te d  

rh od ium  ca ta ly s ts  p r e p a r e d  from rhodium  ch lo rid e  is:

R h /M o 0 3 (c) > R h / S i 0 2 (c) > R h /W 0 3 ( c ) .

T h e r e f o re ,  in  te rm s of th e i r  tu r n o v e r  f r e q u e n c ie s ,  th e  most ac t iv e  

c a ta ly s ts  a re  th o se  s u p p o r te d  on m olybdenum t r io x id e .  T h is  s u g g e s t s  

t h a t  a m e ta l - s u p p o r t  in te ra c t io n  may ta k e  p lace  be tw een  th e  s u p p o r te d  

metal a n d  th e  re d u c e d  m olybdenum  sp ec ie s  p r e s e n t  following r e d u c t io n .  

T h e  r e s u l t s  p r e s e n te d  in th i s  sec tion  c lea r ly  ind ica te  t h a t  t h e  s u p p o r t  

e x e r t s  a d i re c t  in fluence  on th e  metal. T h is  in f luence  is  g r e a t e r  w hen 

m olybdenum  tr io x id e  is th e  s u p p o r t .  I t  is  also n o ta b le  t h a t  m olybdenum  

tr io x id e  u n d e rg o e s  e x te n s iv e  red u c t io n  u n d e r  th e  cond itions  u s e d  to  

r e d u c e  th e  s u p p o r te d  metal s a l t .  In te ra c t io n  b e tw ee n  th e  s u p p o r t e d  

m etal an d  th e  r e d u c e d  m etal ions of th e  s u p p o r t  may r e s u l t  h i a  g r e a t e r  

m odification of p h y s ic a l  a n d  ca ta ly t ic  c h a ra c te r i s t i c s  of m olybdenum  

t r io x id e - s u p p o r te d  c a ta ly s ts  th a n  o c c u rs  w ith  t h e  o th e r  o x id e  s u p p o r t e d  

c a t a l y s t s .
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CHAPTER 7 

GENERAL CONCLUSIONS

T he  r e s u l t s  p r e s e n te d  in th is  th e s is  p ro v id e  ev id en ce  for 

e f fe c ts  of changes  in th e  metal s a l t  p r e c u r s o r  and  th e  s u p p o r t ,  w hich  

g ive  r i s e  to var ia t io n s  in re d u c t io n  te m p e ra tu r e s ,  th e  q u a n t i t ie s  of 

c a rb o n  monoxide chem iso rbed ,  d is p e r s io n s ,  and  ac t iv i t ie s  a n d  se lec t iv i t ie s  

in  b u t a - 1 ,3 -d ien e  h y d ro g e n a t io n  w ith  th e  var ious  s u p p o r te d  p la tinum  a n d  

rhod ium  c a ta ly s ts .

As well as p ro v id in g  d i r e c t  ev idence  fo r  h y d ro g e n  m olybdenum  

b ro n z e  form ation , th e rm o -g ra v im e tr ic  ana ly s is  p ro v id e d  e v id en ce  w hich  

was c o n s is te n t  w ith rhodium  (III)  ch lo ride  reac tin g  to form rhod ium  ox ide ,  

R l^ O ^ ,  b e fo re  be ing  r e d u c e d  to rhod ium  metal. T he  form ation of 

rh od ium  oxide as an in te rm ed ia te  may expla in  why s u p p o r te d  rhod ium  

c a ta ly s t s  p r e p a r e d  from rhodium  ( I I I )  ch lo ride  can b e  r e d u c e d  a t low er 

te m p e ra tu re s  th an  th o se  p r e p a r e d  from rhodium  (III)  n i t r a t e .

Examination of th e  r e s u l t s  o b ta ined  by  T . P . R . ,  in  th e  l ig h t  of 

th e  T .G .A .  r e s u l t s ,  leads  to th e  conclusion  th a t  in th e  c a se s  of 

m olybdenum tr io x id e  and  tu n g s te n  t r io x id e ,  red u c t io n  of th e  s u p p o r t s  

h a d  ta k e n  p lace.

By examining th e  c a rb o n  monoxide chem isorption  a n d  d is p e rs io n  

f ig u r e s  o b ta ined ,  it  can be con c lu d ed  th a t  th e  molybdenum tr io x id e  a n d  

tu n g s t e n  tr iox ide  s u p p o r te d  c a ta ly s ts  ex h ib i t  the  p o o re s t  d is p e r s io n .  

H ow ever,  th e  tu n g s te n  t r i o x id e - s u p p o r te d  rhodium  c a ta ly s t  p r e p a r e d  from 

rhod ium  (III)  ch loride a p p e a rs  to show en h an c ed  d isp e rs io n  com pared  w ith
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th e  rhod ium  on tu n g s te n  t r io x id e  p r e p a re d  from rhod ium  n i t r a te  or even  

th e  rhod ium  on silica p r e p a r e d  from rhodium  c h lo r id e ,  which show s a 

p o o re r  th a n  e x p e c te d  d isp e rs io n .  T he v a r ia t io n s  in d is p e rs io n  from th e  

e x p e c te d  v a lu es  for b o th  R h / S i C ^ c )  and  Rh/W O^(c) s u g g e s t s  the  

e x is te n c e  of a metal s u p p o r t  in te ra c t io n .  T he d is p e r s io n s  of th e  

s u p p o r te d  rhod ium  c a ta ly s ts  p r e p a re d  from rhodium  n i t r a t e ,  on th e  o th e r  

h a n d ,  follow th e  o rd e r  e x p ec ted  if the  d isp e rs io n  d e p e n d e d  only on th e  

s u r fa c e  a re a  of th e  s u p p o r t .  From th is  it can b e  co nc luded  th a t  

d isp e rs io n  d e p e n d s  on bo th  the  s u p p o r t  and  th e  metal sa lt  p r e c u r s o r .

Com parison  of the  a v e ra g e  p a r t ic le  s izes  o b ta in e d  b y  c a rb o n  

monoxide chem iso rp tion  with those  ob ta ined  by  t ra n sm is s io n  e lec tron  

m icroscopy , sh o w s  th a t  ca rbon  monoxide chem isorp tion  is a poor 

p r e d ic to r  of p a r t i c le  s ize . In  add ition , th e  low ca rb o n  monoxide 

chem iso rp tion  f ig u re s  ob ta ined  for the  s u p p o r te d  rhodium  c a ta ly s ts  

p r e p a r e d  from rh o d iu m (II I )  ch loride  s u g g e s ts  th a t  ch lo r id e  p r e s e n t  a f te r  

r e d u c t io n  may ac t  as a po ison , p re v e n t in g  ca rb o n  monoxide from be ing  

ch em iso rb ed .

By te m p e ra tu re  program m ed d eso rp tio n  it  has  b een  found  th a t  

d e so rp t io n  of h y d ro g e n  a f te r  ca rbon  monoxide chem iso rp tion  on 

R h/M oO ^(b) o c c u rs  a t  a te m p e ra tu re  200°C h ig h e r  th a n  from a f r e s h ly  

r e d u c e d  c a ta ly s t .  T h is  is be lieved  to be  due  to s i te -b lo c k in g  by  e i th e r  

r e d u c e d  s u p p o r t  spec ies  which have  m igra ted  to p a r t ia l ly  e n c a p su la te  th e  

rh o d iu m , o r  to th e  con tinued  p re s e n c e  of ca rb o n  monoxide on th e  rhod ium  

even  a t  e lev a te d  te m p e ra tu re s ,  in bo th  cases  p r e v e n t in g  th e  r e v e r s e  

sp il lo v e r  of h y d ro g e n .
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By examination of th e  su b -a m b ie n t  c a rb o n  monoxide chemi

s o rp t io n  r e s u l t s ,  i t  can be conc luded  th a t  a l th o u g h  th e  q u a n t i ty  of 

ca rb o n  monoxide chem isorbed  in c re a s e s  w ith d e c re a s in g  te m p e ra tu r e ,  

t h e r e  was no  way to determ ine how much c a rb o n  monoxide had  b een  

ch em iso rb ed  b y  th e  s u p p o r te d  metal, an d  how much b y  th e  s u p p o r t .

T h e  la rg e  in c re a se  in to ta l s u r fa c e  a rea  of molybdenum t r io x id e -  

s u p p o r te d  p la tinum  and  rhodium  c a ta ly s ts  following re d u c t io n  p ro v id e s  

ev id en ce  fo r  th e  o c c u r re n c e  of s t r u c t u r a l  ch a n g e s  w ith in  th e  m olybdenum  

tr io x id e  d u r in g  r e d u c t io n .

T he  u se  of molybdenum tr io x id e  an d  tu n g s te n  tr io x id e  as 

s u p p o r t s  h a s  been  shown to fac ilita te  th e  h y d ro g e n a t io n  of ca rbon  

m onoxide o v e r  s u p p o r te d  pla tinum  c a ta ly s ts ,  com pared  with th e  u se  of 

s ilica as  a s u p p o r t .  T h is  is be lieved  to be  th e  r e s u l t  of a metal- 

s u p p o r t  in te ra c t io n  and  th e  involvem ent of sp illover  h y d ro g e n  in th e  

r e a c t io n .

S ev e ra l  conclusions can be  d raw n from th e  b u ta -1 ,3 - d ie n e  

h y d ro g e n a t io n  s tu d ie s .  T he s u p p o r t  is seen  to in f lu en ce  se le c t iv i ty ,  as  

show n b y  th e  d ec re as in g  o rd e r  of s e lec tiv i ty :

P t /M o 0 3 (a) > P t / S i 0 2 (a )  > P t /W 0 3 (a)  

a n d  R h /M o 0 3 (b) > Rh/SiC>2 (b) > Rh/WC>3 (b )

H o w ev er ,  in th e  case  of rhod ium , th e  metal sa l t  p r e c u r s o r  a lso  in f lu e n c e s  

th e  s e le c t iv i ty ,  as  shown b y  th e  d ec re a s in g  o rd e r  of s e lec tiv i ty  o b ta in e d  

fo r  s u p p o r te d  rhodium  c a ta ly s ts  p r e p a r e d  from rhod ium  ch lo ride :
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R h / S i 0 2 (c )  > R h /M o 0 3 (c) > Rh/WC>3 (c )

I t  is  co n c lu d ed ,  th e re fo r e ,  t h a t  fo r  a g iven  m etal,  se lec t iv i ty  is  d e p e n d 

e n t  u p o n  b o th  th e  s u p p o r t  a n d  th e  metal sa l t  p r e c u r s o r .

T he  molybdenum t r i o x id e - s u p p o r te d  c a ta ly s ts  e x h ib i t  th e  

h ig h e s t  s e le c t iv i ty ,  which s u g g e s t s  th a t  b ro n z e  h y d ro g e n  is n o t  invo lv ed  

in th e  h y d ro g e n a t io n  of b u t a - 1, 3 -d iene  o v e r  th e s e  c a ta ly s ts .  H ow ever,  

in th e  case  of th e  tu n g s te n  t r i o x id e - s u p p o r te d  c a ta ly s ts ,  it  is  l ik e ly  th a t  

b ro n z e  h y d ro g e n  is invo lved  s ince  th e se  c a ta ly s ts  ex h ib i t  a p o o re r  

s e l e c t iv i t y .

Whilst th e  r e s u l t s  o b ta in e d  for v a r ia t io n  of p r o d u c t  d i s t r ib u t io n s  

a n d  se le c t iv i t ie s  with in c re a s in g  co n v ers io n  can be  i n t e r p r e t e d  in te rm s  

of a mechanism by  which (i) b u t - 2 - e n e  form ation o ccu rs  b y  b o th  1 ,4 -  

ad d i t io n  of h y d ro g e n  to a d s o rb e d  b u t a - 1 , 3 -d iene  an d  b y  th e  s u b s e q u e n t  

isom erisa tion  of b u t - l - e n e  form ed b y  1 , 2 -a d d i t io n  of h y d ro g e n  a n d  (ii) a 

d i r e c t  r o u te  fo r  th e  form ation of n - b u ta n e  from a d s o rb e d  b u t a - 1 , 3 -d ien e ,  

n o t  in v o lv in g  th e  in te rm ed ia te  form ation of b u te n e s ,  is e x ta n t .

T h e  p r e s s u r e  fall v e r s u s  time c u rv e s  show th a t  w ith  f r e s h ly  

r e d u c e d  c a ta ly s t s ,  in d u c tio n  p e r io d s  a re  o ften  o b s e rv e d ,  a l th o u g h  th e se  

a r e  n o t  ev id en t  w ith w e ll-u sed  c a ta ly s t s .  T h e se  in d u c tio n  p e r io d s  a re  

b e l ie v e d  to c o r re sp o n d  to an  in itia l b u i ld -u p  of ca rb o n a ceo u s  o v e r la y e r s  

on th e  s u r fa c e  to p ro d u c e  th e  ac t iv e  c a ta ly s t .  T he  o b s e rv e d  d e c re a se  in 

r a t e  w ith  in c re a s in g  c a ta ly s t  u s a g e  is also c o n s is te n t  w ith th e  b u i ld -u p  

of s u r f a c e  ca rbonaceous  o v e r la y e r s  which g ive  r i s e  to d eac t iv a t io n .  

A lth o u g h  th e  l a t t e r  is t r u e  in th e  majority  of c a s e s , th is  p ro c e s s  a p p e a r s  

to  c a u se  a ch an g e  in th e  overa ll  mechanism of th e  reac tio n  o v e r
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R h/M oO ^(c) a n d  P t /M o O ^ (a ) , s ince  th e se  c a ta ly s ts  e x h ib i t  a m arked  

d e c re a s e  in ac t iv a t io n  e n e rg y  of ca .  50 k J  mol  ̂ a f t e r  th e y  h a v e  b e e n  

well u s e d  re la t iv e  to  w hen th e y  a r e  f re sh ly  r e d u c e d .  T h is  d e c re a se  in 

a c t iv a t io n  e n e rg y  to a more e x p e c te d  va lue  may b e  c o n s is te n t  w ith  th e  

s u g g e s t io n  th a t  th e  r a te  d e te rm in in g  s tep  becom es th e  same fo r  a g iven  

metal fo r  all of th e  c a ta ly s ts  u se d  in the  p r e s e n t  s tu d y  following th e  

b u i ld - u p  of h y d ro c a rb o n a c e o u s  o v e r la y e r s .  T h e  a b s e n c e  of acce le ra tion  

p o in ts  on w e ll-u sed  c a ta ly s ts  is c o n s is te n t  w ith th e  c a ta ly s t  d eac tiv a tio n  

h a v in g  a g r e a t e r  e f fec t  on th e  b u te n e  h y d ro g e n a t io n  th a n  on th e  b u ta -  

1, 3 -d iene  h y d r o g e n a t io n .

C om parison of th e  tu r n o v e r  f re q u e n c ie s  show th a t  th e  s u p p o r t  

h a s  an  in f lu en ce .  T h is  in f lu en ce  is g re a te s t  in th e  case  of molybdenum 

t r io x id e .  T h is  may b e  d u e  to an in te rac t io n  b e tw ee n  th e  r e d u c e d  

m olybdenum  spec ie s  know n to be  p r e s e n t  following c a ta ly s t  r e d u c t io n ,  

a n d  th e  s u p p o r te d  metal p a r t i c le s .

O v era ll ,  i t  can  b e  conc luded  th a t  th e  p h y s ic a l  c h a r a c te r i s t ic s  

a n d  th e  ca ta ly t ic  p ro p e r t i e s  of th e  s u p p o r te d  p la tinum  an d  rhodium  

c a ta ly s t s  a re  in f lu e n c e d  b y  a combination of th e  s u p p o r t ,  th e  m etal,  an d  

th e  metal sa l t  p r e c u r s o r .
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