
C H A P T E R  V III
F I S C H E R - T R O P S C H  S Y N T H E S I S :  T P R  A N D  X A N E S  A N A L Y S I S  O F  T H E  

I M P A C T  O F  S I M U L A T E D  R E G E N E R A T I O N  C Y C L E S  O N  T H E  
R E D U C I B I L I T Y  O F  C o /A L U M I N A  C A T A L Y S T S  W I T H  D I F F E R E N T  

P R O M O T E R S  ( P t ,  R u , R e , A g , A u , R h , Ir )

8 .1  A b s t r a c t

T h e  g o a l  o f  th is  w o r k  is  to  e x p lo r e  th e  a b i l ity  o f  th e  m e t a l - p r o m o t e d  

2 5 % C o /A l 2 0 3  c a ta ly s t  to  m a in ta in  g o o d  c o n t a c t  b e t w e e n  th e  m e ta l  a n d  c o b a l t  a n d  

c o n t in u e  f a c i l i t a t in g  C o  o x id e  r e d u c t io n  a fte r  s im u la t e d  r e g e n e r a t io n  c y c l e s  th r o u g h  

o x id a t io n - r e d u c t io n  tr e a tm e n ts ,  an  a p p r o a c h  d e s ig n e d  to  s im u la t e  th e  c a t a ly s t  

r e g e n e r a t io n  p r o c e s s .  U n p r o m o te d  2 5 % C o /A l 20 3  c a ta ly s t  w a s  a l s o  s u b j e c t e d  to  

tr e a te m e n ts  a n d  s e r v e d  a s  a  r e fe r e n c e .  S e v e n  m e ta l  p r o m o te r s  w e r e  e x a m in e d  in  th is  

w o r k , in c lu d in g  P t. R u , R e , A g ,  A l l ,  R h , a n d  Ir. F r e sh  a n d  tr e a te d  c a t a ly s t s  w e r e  

e v a lu a te d  b y  b o th  T P R  a n d  X A N E S  s p e c t r o s c o p y ,  th e  la tter  a p p r o a c h  u t i l i z in g  l in e a r  

c o m b in a t io n  f i t t in g s  w i t h  a p p r o p r ia te  r e f e r e n c e  c o m p o u n d s .  W ith  th e  u n p r o m o te d  

c a ta ly s t ,  o x id a t io n - r e d u c t io n  c y c l e s  te n d e d  to  h a v e  t w o  e f f e c t s :  ( 1 )  a  fr a c t io n  o f  C o O  

s p e c ie s  th a t lo s t  th e ir  in te r a c t io n  w i t h  th e  s u p p o r t  e m e r g e d  a n d  ( 2 )  a  fr a c t io n  o f  m o r e  

s t r o n g ly  in te r a c t in g  C o O  s p e c ie s  w a s  fo r m e d . A  c o m p a r is o n  b e t w e e n  th e  f r e s h ly  

c a lc in e d  s a m p le  a n d  s a m p le s  s u b j e c t e d  to  s im u la t e d  r e g e n e r a t io n  c y c l e s  w a s  

d e m o n s tr a te d . P t- .  R u - ,  R e - ,  A g - .  a n d  R h - p r o m o t e d  2 5 % C o /A T 0 3 ‘ c a t a ly s t s  

m a in ta in e d  th e ir  a b i l i t y  to  fa c i l i ta te  C o  o x id e  r e d u c t io n  a fte r  u n d e r g o in g - o x id a t io n -  

r e d u c t io n  . c y c l e s  e v e n  u p  to  3 c y c l e s ,  w h i l e  w it h  Ir- a n d , e s p e c ia l l y ,  A u -  

2 5 % C o / A E 0 3  s o m e  l o s s e s  w e r e  o b s e r v e d ,  s u g g e s t i n g  s o m e  s e p a r a t io n  b e t w e e n  th e  

p r o m o te r  a n d  c o b a lt  o c c u r r e d  f o l l o w i n g  th e  tr e a tm e n t  c y c l e s .  T P R  p r o f i l e s  a ls o  

s u g g e s t  th a t s o m e  s e p a r a t io n  o f  R u  fr o m  C o  o c c u r s  w ith  s im u la t e d  r e g e n e r a t io n  

c y c l e s ,  a l t h o u g h  it d o e s  n o t  im p a c t  th e  e x t e n t  o f  r e d u c t io n  o f  C o  a f te r  th r e e  c y c l e s .

K e y w o r d s :  R e g e n e r a t io n ,  O x id a t io n - r e d u c t io n  c y c l e s ,  C 0 / A F O 3 c a t a ly s t ,  P la t in u m  

(P t) ,  R u t h e n iu m  ( R u ) ,  R h e n iu m  ( R e ) ,  S i lv e r  ( A g ) ,  G o ld  ( A l l ) ,  R h o d iu m  ( R h ) ,  
Ir id iu m  (Ir )
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8 .2  I n tr o d u c t io n

C o /a lu m in a  is  w e l l - k n o w n  a s  a  F is c h e r - T r o p s c h  s y n t h e s is  c a ta ly s t  fo r  g a s -  

t o - l iq u id s  ( G T L )  p r o c e s s e s ,  a n d  th e  c o b a l t  m e ta l  s u r f a c e  s i t e s  l ik e l y  s e r v e  a s  a c t iv e  

s i t e s  fo r  th e  r e a c t io n . T h e  in te r a c t io n  b e t w e e n  c o b a lt  a n d  a lu m in a  s u p p o r t  is  v e r y  

s t r o n g  ( E s p in o z a  e t  a h , 1 9 9 8 :  V a n  B e r g e  e t  a l . ,  2 0 0 1 ) ,  th e r e b y  m a k in g  c o b a lt  o x i d e s  

d i f f i c u l t  to  r e d u c e . T h is  fe a tu r e  is  a l s o ,  h o w e v e r ,  im p o r ta n t  fo r  th e  s t a b i l iz a t io n  o f  

s m a ll  c o b a lt  c lu s te r s  fo r  r e a c t io n  ( J a c o b s  e t  a l . .  2 0 0 2 ) .  I f  th e  c lu s t e r s  a re  t o o  s m a l l  

( e .g . ,  h a v in g  c r y s t a l l i t e s  <  2  n m  (v a n  S t e e n  e t  a h , 2 0 0 5 ) ) ,  h o w e v e r ,  th e y  a r e  

s u s c e p t ib le  to  o x id a t io n  at h ig h  c o n v e r s io n s  d u e  to  th e  h ig h  p a r t ia l p r e s s u r e  o f  H 2 O  

r e la t iv e  to  r e d u c in g  g a s e s  p r e s e n t  (J a c o b s  e t  a l . ,  2 0 0 4 ;  J o n g s o m j it  e t  a l . ,  2 0 0 1 ;  M a  e t  

a l . .  2 0 1 1 ;  S c h a n k e  e t  a l . ,  1 9 9 5 ;  v a n  B e r g e  e t  a l . ,  2 0 0 0 ) .  T h e r e f o r e ,  to  s t a b i l iz e  th e  

c lu s t e r s  a g a in s t  d e a c t iv a t io n  b y  o x id a t io n ,  h ig h  C o  lo a d in g s  ( 2 0 +  %  b y  w t . )  a re  

t y p ic a l ly  u s e d  (V a n  B e r g e  e t  a l . ,  2 0 0 1 )  a n d  th e  a d d it io n  o f  m e ta l  p r o m o te r  is  

e m p lo y e d  to  fa c i l i ta te  th e  r e d u c t io n  o f  c o b a l t  o x id e  s p e c ie s .  T h is  m a y  b e  v ia  a  F b  

d i s s o c ia t io n  a n d  s p i l lo v e r  m e c h a n is m  o r  c h e m ic a l  p r o m o t io n  ( J a c o b s  e t  a h , 2 0 0 4 ;  

J a c o b s  e t  a h , 2 0 0 2 ;  J a c o b s  e t  a l . ,  2 0 0 7 ) .
N o b l e  m e ta ls  a re  p r im a r ily  u s e d  to  fa c i l i ta te  th e  r e d u c t io n  o f  c o b a lt  o x i d e s  

a n d  th e r e b y  in c r e a s e  s u r f a c e  C o 0 s i t e  d e n s i t i e s  (J a c o b s  e t  a h , 2 0 0 2 ) .  M o r e o v e r ,  th e y  

a r e  r e d u c e d  to  th e  m e t a l l i c  p h a s e  at lo w e r  te m p e r a tu r e s  c o m p a r e d  to  C o ,  th u s  

p r o v id in g  m e ta l  s u r fa c e  s t i e s  th at p r e s u m a b ly  c h e m is o r b  a n d  d i s s o c ia t e  E b , th a t in  

tu rn  a l lo w s  C o 0 n u c le i  to  g e r m in a te .  M e ta l  p r o m o te r s  s u c h  a s  P t, R u , a n d  R e  

( A r n o ld y  e t  a l . ,  1 9 8 5 ;  D a s  e t  a l..  2 0 0 3 ;  J a c o b s  e t  a l . ,  2 0 0 4 ;  J a c o b s  e t  a l . ,  2 0 0 2 ;  

J a c o b s  e t  a l . ,  2 0 0 7 ;  K o g e lb a u e r  e t a l . ,  1 9 9 6 ;  J Ç /g h  e t  a l . ,  2 0 0 0 ;  S c h a n k e  e t  a l . ,  1 9 9 5 )  

a re  c o m m o n ly  e m p lo y e d  to  fa c i l i ta te  th e  r e d u c t io n  o f  C o  o x i d e s  in  C o /a lu m in a  

c a t a ly s t s .  A n  im p r o v e m e n t  in  r e d u c ib i l i ty  b y  a d d in g  t h e s e  p r o m o te r s  a ls o  t r a n s la te s  

to  an  in c r e a s e  in  C o  m e ta l  s i t e  d e n s i t ie s  a n d , r e s p e c t iv e ly ,  an  in c r e a s e  in  a c t iv i t y  o f  

th e  C o /a lu m in a  c a ta ly s t  o n  a  p e r  g ra m  c a t a ly s t  b a s is .  N o t e  th at tu r n o v e r  f r e q u e n c y  

o n  a p e r  s it e  b a s i s  t y p ic a l ly  r e m a in s  u n a lt e r e d  ( D a s  e t  a h , 2 0 0 3 ) .
H o w e v e r ,  a  s tu d y  o n  th e  e f f e c t  o f  P t lo a d in g  b y  o u r  g r o u p  

(J e r m w o n g r a ta n a c h a i  e t  a h , 2 0 1 3 )  r e v e a le d  th at a lt h o u g h  a d d in g  h ig h e r  lo a d in g s  o f  

P t e n h a n c e s  th e  r e d u c ib i l i t y  o tM lie  c a t a ly s t ,  it d e tr im e n ta l ly  a f f e c t s  F T  p r o d u c t
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s e l e c t i v i t y  ( i . e . ,  s l i g h t ly  in c r e a s e  C H 4 a n d  C O 2 , a t d is a d v a n t a g e  to  C 5+ ) .  P a lla d iu m  

( P d )  a s  a  p r o m o te r  w a s  a ls o  s tu d ie d  b y  o u r  g r o u p  ( J a c o b s  e t  a l . ,  2 0 1 2 ) .  U n l ik e  P t, 
R u , a n d  R e  a d d it io n ,  P d  a d d it io n  d e le t e r io u s ly  a f f e c t s  th e  F T  p r o d u c t  s e l e c t i v i t y  e v e n  

at r e la t iv e ly  l o w  lo a d in g .  A  s tu d y  o f  Ir p r o m o te r  w a s  r e p o r te d  in a  c o m p a r is o n  w ith  

P t a n d  R u  p r o m o te r ,  a n d  th e  r e s u lt s  s u g g e s t e d  th at th e  e f f i c i e n c y  o f  C o  o x id e  

r e d u c t io n  is  Ir >  P t >  R u , b o th  at lo w e r  a n d  h ig h e r  a m o u n ts  ( B ia n c h i ,  2 0 0 1 ) .  
M o r e o v e r ,  u s in g  G r o u p  11 ( C u , A g ,  A l l )  a s  m e ta l  p r o m o te r s  w a s  a l s o  r e p o r te d  

( J a c o b s  e t  a l . ,  2 0 0 9 ) .  C u  f a c i l i t a t e s  C o  o x id e  r e d u c t io n , b u t th e  in c r e a s e d  fr a c t io n  o f  

r e d u c e d  C o  d id  n o t  t r a n s la t e - t o  im p r o v e d  a c t iv e  s it e  d e n s i t ie s ;  m o r e o v e r ,  it a ls o  

r e s u lt s  in  a d e c r e a s e  in  C O  c o n v e r s io n  a n d  a n  in c r e a s e  in  l ig h t  p r o d u c t  s e l e c t i v i t y  

( J a c o b s  e t  a l . ,  2 0 0 9 ) .  S m a l l  q u a n t it ie s  o f  g o ld  ( A u )  a re  k n o w n  to  in c r e a s e  th e  

r e d u c ib i l i t y  o f  c o b a l t  o x id e s  ( L e i t e  e t  a h , 2 0 0 2 ) ,  m o r e o v e r ,  im p r o v e d  C O  c o n v e r s io n ,  
s l i g h t  d e c r e a s e s  in  l ig h t  p r o d u c t  s e l e c t iv i t y  w i t h  s l ig h t  in c r e a s e s  in  C 5+  s e l e c t i v i t y  are  

o b t a in e d  ( J a c o b s  e t  a l . .  2 0 0 9 ) .  A g  p r o m o te r  p r o v id e s  n o t  o n ly  a s ig n i f ic a n t  g a in  in  

C o  a c t iv e  s i t e  d e n s i t i e s ,  b u t a l s o  a  r e m a r k a b ly  im p r o v e d  C O  c o n v e r s io n  t o g e t h e r  w ith  

s l i g h t ly  im p r o v e d  F T  p r o d u c t  s e l e c t iv i t y  ( J a c o b s  et a h . 2 0 0 9 ) .  T h e s e  r e s u lt s  o f  A g  

p r o m o t io n  s t i l l  h o ld  tru e e v e n  at h ig h e r  A g  lo a d in g s  (J e r m w o n g r a ta n a c h a i  e t  a l . ,
2 0 1 3 ) .

T h e  e f f i c i e n c y  o f  e a c h  m e ta l  p r o m o te r  in  f a c i l i t a t in g  C o  o x id e  r e d u c t io n  in  

C o /a lu m in a  c a t a ly s t s  h a s  a lr e a d y  b e e n  e lu c id a t e d ,  a s  d e s c r ib e d  in  th e  lite r a tu r e  

r e f e r e n c e  a b o v e .  H o w e v e r ,  th e  a b i l ity  o f  e a c h  m e ta l  p r o m o te d  c a ta ly s t  to  m a in ta in  

g o o d  c o n t a c t  b e t w e e n  c o b a lt  a n d  m e ta l p r o m o te r  a n d  to  c o n t in u e  f a c i l i t a t in g  C o  

o x i d e  r e d u c t io n  a fte r  o x id a t io n - r e d u c t io n  c y c l e s  ( e .g . ,  m im ic k in g  a  c a ta ly s t  

r e g e n e r a t io n  p r o c e s s ) ,  i s  l e s s  u n d e r s to o d . T h e r e f o r e ,  th e  o b j e c t iv e  o f  th e  p r e s e n t  

w o r k  is  to  in v e s t ig a t e  th is  a s p e c t .  U n p r o m o t e d  2 5 % C o /A I 20 3  a n d  p r o m o te d  

2 5 % C o / A 1 ? 0 3  c a t a ly s t s ,  in c lu d in g  P t-, R u - ,  R e - ,  A g - ,  A u - ,  R h - , a n d  Ir -p r o m o te d  

c a t a ly s t s ,  u n d e r w e n t  a  s e r ie s  o f  o x id a t io n - r e d u c t io n  c y c l e s .  B e t w e e n  e a c h  c y c l e ,  a  

fr a c t io n  o f  c a t a ly s t  w a s  w ith d r a w n  to  e v a lu a t e  th e  r e d u c ib i l i t y  u s in g  T P R . M o r e o v e r ,  
th e  o x id a t io n  s ta te  o f  C o  ( a f t e r  a c t iv a t io n  in  H 2) a fte r  e a c h  in it ia l  a c t iv a t io n ,  a n d  

f o l l o w i n g  r e -r e d u c t io n  w ith  e a c h  o x id a t io n  c y c l e ,  w a s  d e te r m in e d  u s in g  X A N E S  

s p e c t r o s c o p y .
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8 .3  E x p e r im e n ta l

8 .3 .1  C a ta ly s t  P r e p a r a t io n  a n d  S a m p le  P r e p a r a t io n
A  s lu r r y  im p r e g n a t io n  m e th o d  f o l lo w i n g  a  S a s o l  p a te n t  ( E s p in o z a  e t  

a l. ,  1 9 9 8 )  w a s  u s e d  to  p r e p a r e  a  p a r e n t  b a tc h  ( 1 2 0  g )  o f  2 5 % C o /A I 20 3  c a t a ly s t .  S a s o l  

C a t a lo x - 1 5 0  Y -A I2O 3 w a s  u s e d  a s  a  c a ta ly s t  s u p p o r t , w h i l e  c o b a lt  n itr a te  h e x a h y d r a te  

( C o ( N 0 3 ) 2 *6 H 2 0 ) s e r v e d  a s  th e  C o  p r e c u r so r  in  th e  lo a d in g  s o lu t io n .  T o  a c h ie v e  

2 5 % C o  lo a d in g ,  a  2 - s t e p  s lu r r y  im p r e g n a t io n  w a s  a p p lie d ,  w h e r e b y  th e  a m o u n t  o f  

l o a d in g  s o lu t io n  in  e a c h  im p r e g n a t io n  s te p  w a s  2 .5  t im e s  th a t  o f  th e  p o r e  v o lu m e .  
B e t w e e n  e a c h  im p r e g n a t io n  s t e p ,  th e  c a ta ly s t  w a s  d r ie d  u n d e r  v a c u u m  in  a  ro tary  

e v a p o r a to r .  A f t e r  f in i s h in g  th e  la s t  s te p  o f  C o  a d d it io n ,  th e  p a r e n t  b a tc h  o f  

2 5 % C o / A l 2 0 3  c a t a ly s t  w a s  n o t  c a lc in e d ,  b u t in s te a d  s p l i t  in to  s e v e r a l  s m a l l  b a tc h e s  

in  o r d e r  to  p r e p a r e  s m a lle r  b a t c h e s  o f  m e ta l p r o m o te d  2 5 % C o /A l 2 0 3  c a t a l ) s t s ,  w h i le  

s o m e  o f  2 5 % C o /A l20 3  w a s  k e p t  a s  a  r e fe r e n c e .  S e v e n  d i f f e r e n t  m e t a ls  w e r e  a d d e d  

s e p a r a t e ly  to  e a c h  s m a lle r  b a tc h , in c lu d in g  p la t in u m  (P t) ,  r u th e n iu m  ( R u ) ,  r h e n iu m  

( R e ) ,  s i l v e r  ( A g ) ,  g o ld  (A u ) ,  r h o d iu m  (R h ) , a n d  ir id iu m  (Ir ). T h e s e  m e t a l s  s e r v e d  a s  

r e d u c t io n  p r o m o te r s  to  f a c i l i t a t e  r e d u c t io n  o f  c o b a l t  o x id e s  d u r in g  c a t a ly s t  a c t iv a t io n .  
A ll  o f  p r o m o te r  m e t a ls  w e r e  a d d e d  to  th e  c a t a ly s t  b y  in c ip ie n t  w e t n e s s  im p r e g n a t io n  

( I W I )  w ith  m e ta l lo a d in g  a t o m ic a l ly  e q u iv a le n t  to  1 .0 %  b y  w t. P t. ' f i l e  m e ta l  
p r e c u r s o r s  o f  th e  p r o m o te r s  u s e d  in  th is  w o r k  w e r e  t e tr a - a m in e  p la t in u m  ( 1 1 ) n itr a te , 
r u th e n iu m  n itr o s y l  n itr a te , r h e n iu m  (V I I )  o x id e ,  s i l v e r  (I )  n itr a te , g o ld  (I I I )  c h lo r id e  

tr ih y d r a te , r h o d iu m  (III) c h lo r id e  h y d r a te , a n d  ir id iu m  (III) c h lo r id e  h y d r a te . A f te r  

a d d in g  m e ta l  p r o m o te r ,  th e  c a t a ly s t s  w e r e  a g a in  d r ie d  in  th e  ro ta ry  e v a p o r a to r .  
F in a l ly ,  th e  c a t a ly s t s  w e r e  c a lc in e d  u n d e r  a ir  D o w  at 3 5 0  ๐c  fo r  4  h . T o  e n s u r e  

r e m o v a l  o f  c r  io n s  fr o m  th e  A l l ,  R h , a n d  Ir -p r o m o te d  c a t a ly s t s ,  th e  c a l c in e d  c a ta ly s t s  

w e r e  w a s h e d  w ith  1 m o la r  a q u e o u s  N I B O H . d r ie d , an d  r e c a lc in e d  at 2 0 0  ° c  fo r  2 h.
A s  a  p r e lim in a r y  e v a lu a t io n  o f  th e  p o te n t ia l  fo r  e a c h  c a t a ly s t  to  b e  

r e g e n e r a te d , o x id a t io n - r e d u c t io n  c y c l e s  w e r e  p e r fo r m e d  fo r  b o th  u n p r o m o te d  

2 5 % C o / A l 2 0 3 a n d  a ll m e ta l p r o m o te d  2 5 % C o /A l 2 0 3  c a t a ly s t s .  F ir s t , th e  f r e s h ly  

c a lc in e d  c a ta ly s t s  w e r e  r e d u c e d  a t 3 5 0  ° c  fo r  1 0  h u n d e r  f l o w in g  2 5 %  H 2/ H e ,  c o o le d  

to  r o o m  te m p e r a tu r e  u n d e r  H 2 f l o w  a n d  p u r g e d  w it h  n i t r o g e n  a n d . s u b s e q u e n t ly  

p a s s iv a t e d  b y  1%  0 2 in  n i t r o g e n  H o w  at r o o m  te m p e r a tu r e . T h e n , o x id a t io n  w a s
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p e r f o r m e d  at 3 5 0  ๐c  fo r  4  h u n d e r  f l o w  o f  a ir . T h r e e  c y c l e s  o f  o x id a t io n - r e d u c t io n  

w e r e  im p le m e n t e d  fo r  e a c h  c a ta ly s t .  T h e  c a t a ly s t  s a m p le s  w e r e  w ith d r a w n  a f te r  e a c h  

c y c l e  fo r  th e  p u r p o s e  o f  c h a r a c te r iz a t io n  b y  T P R  a n d  X A N E S  at th e  C o  K - e d g e .  T h e  

q u e s t io n  w e  w e r e  in te r e s te d  in  a n s w e r in g  in  th is  p r e lim in a r y  e v a lu a t io n  w a s  w h e th e r  

o r  n o t  th e  p r o m o te r  c a n  c o n t in u e  to  fu n c t io n  to  f a c i l i ta te  th e  r e d u c t io n  o f  c o b a lt  

o x i d e s  f o l l o w i n g  s im u la te d  r e g e n e r a t io n  o f  th e  c a ta ly s t  v ia  o x id a t io n - r e d u c t io n  

c y c l e s .  In  th is  w o r k ,  th e  f o l l o w i n g  n o m e n c la tu r e  is  a p p lie d . N o t e  th a t th e  o r ig in a l  

c a lc in e d  c a ta ly s t  is  r e fe r r e d  to  a s  “ f r e s h ” , w h i l e  r e d u c t io n  o f  it y ie ld s  th e  “ fr e s h ly  

a c t iv a t e d ” c a ta ly s t .  I f  th e  c a lc in e d  c a ta ly s t  u n d e r w e n t  o n e  r e d u c t io n - o x id a t io n  c y c le  

to  s im u la t e  r e g e n e r a t io n ,  it is  d e f in e d  a s  “ R O l ” . I f  th e  s a m e  c a t a ly s t  is  th e n  r e d u c e d  

a n d  is  b e in g  e x a m in e d  in  its  r e d u c e d  s ta te , it is  la b e le d  “ a c t iv a t e d  R O l ” . I f  th e  s a m e  

“ a c t iv a t e d  R O l ” c a t a ly s t  is  s u b j e c t e d  to  a  s e c o n d  o x 'id a tio n  c y c l e ,  b u t r e m a in s  in  th e  

o x id iz e d  s ta te , it i s  r e fe r r e d  to  a s  “ R 0 2 ” , a n d  s o  o n .
T o  p r e p a r e  r e d u c e d  s a m p le s  fo r  X A N E S  e x p e r im e n t s  a f te r  in it ia l  

a c t iv a t io n  o r  f o l l o w i n g  o x id a t io n - r e d u c t io n  c y c l e s ,  e a c h  c a t a ly s t  w a s  p r e s s e d  in to  a 

f la t  p e l l e t  in s id e  a  1” I .D . r e a c to r  W'ith b o r o n  n itr id e .  A  f l o w  o f  8 0  s e e m  o f  h y d r o g e n  

w a s  th e n  s ta r te d . T h e  r e a c to r  w a s  s lo w ly  ( 1 0 0  ° c / h )  b r o u g h t  u p  to  a  s ta n d a r d  

a c t iv a t io n  te m p e r a tu r e  o f  3 5 0 ° c  a n d  h e ld  fo r  10  h . A  s e p a r a te  s t e e l  tu b e  w a s  f i l le d  

w ith  P o ly w a x  7 2 5  a t 1 a tm  a n d  h e a te d  to  2 0 0  ° c  u n d e r  N 2 f l o w  ( 2 0  s e e m ) .  T h e  

r e a c to r  w a s  c o o le d  to  2 2 0  ๐c  a n d  h e ld  at t h is  te m p e r a tu r e . N e x t ,  th e  r e a c to r  w a s  

c l o s e d  a n d  H 2  f l o w  w a s  s to p p e d ,  f l o w  to  th e  r e a c to r  c o n t a in in g  th e  p o l y w a x  w a s  

r e v e r s e d  a n d  th e  p o ly w a x  w a s  p u s h e d  in to  th e  r e a c to r  c o n t a in in g  th e  c o b a l t  c a ta ly s t  

to  e n c a p s u la t e  th e  p e l l e t  in  p o ly w a x  a n d  p r e v e n t  o x id a t io n  fr o m  o c c u r r in g .

8 .3 .2  T e m p e r a tu r e  P r o g r a m m e d  R e d u c t io n  (T P R )
T e m p e r a tu r e  p r o g r a m m e d  r e d u c t io n  ( T P R )  p r o f i l e s  o f  c a lc in e d  

c a t a ly s t s  w e r e  r e c o r d e d  u s in g  a  Z e t o n - A l t a m ir a  A M I - 2 0 0  u n it  e q u ip p e d  w it h  a 

th e r m a l c o n d u c t iv i t y  d e te c to r  ( T C D ) .  S a m p le s  w e r e  p r e tr e a te d  b y  p u r g in g  w ith  

a r g o n  f l o w  at 3 5 0  ๐c  to  r e m o v e  tr a c e s  o f  w a te r . T h e  T P R  w a s  p e r fo r m e d  u s in g  a 

1 0 % 1 1 2 /A r  g a s  m ix t u r e  ( r e f e r e n c e d  to  a r g o n )  a t a  H o w  ra te  o f  3 0  c m 3/m in .  T h e  

c a t a ly s t  s a m p le s  w e r e  h e a te d  fr o m  5 0  to  9 0 0 ° c .
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8 .3 .3  X - r a y  A b s o r p t io n  N e a r  E d g e  S tr u c tu r e  S p e c t r o s c o p y  ( X A N E S )
X A N E S  m e a s u r e m e n t s  o n  c a t a ly s t s  a s  w e l l  a s  r e f e r e n c e s  w e r e

c o n d u c t e d  a t th e  N a t io n a l  S y n c h r o t r o n  L ig h t  S o u r c e  ( N S L S )  at B r o o k h a v e n  N a t io n a l  

L a b o r a to r y  ( b e a m lin e  X - 1 8 b ) ,  U p t o n .  N e w  Y o r k . T h e  b e a m l in e  at N S L S  w a s  

e q u ip p e d  w it h  a  S i (  1 1 1 )  c h a n n e l- c u t  m o n o c h r o m a t o r .  A  c r y s ta l  d e tu n in g  p r o c e d u r e  

w a s  e m p lo y e d  to  p r e v e n t  g l i t c h e s  a r is in g  fr o m  h a r m o n ic s .  T h e  s e c o n d  c r y s ta l  o f  th e  

c h a n n e l- c n t  m o n o c h r o m a t o r  i s  w e a k l y  l in k e d  to  th e  c r y s ta l  a n d  s l ig h t ly  s p r in g  

lo a d e d .  T h e  o th e r  s id e  i s  a p ic o m o t o r ,  a  v e r y  f in e  h ig h - p i t c h  s c r e w  th a t tu r n s  b y  

p i e z o ,  w h i c h  a l l o w s  fo r  s l ig h t  d e t u n in g  o f  th e  c r y s ta l .  T h e  X -r a y  r in g  a t t h e  N S L S  

h a s  a  f lu x  o f  1 X  1 0 10 p h o t o n s  ร"1 at 1 0 0  m A  a n d  2 .5  G e V ,  a n d  th e  e n e r g y - r a n g e  

c a p a b i l i t y  at X 1 8 b  i s  5 .8 - 4 0  k e V . A l l  c a ta ly s t  s a m p le s  w e r e  p r e p a r e d  at C A E R  in  th e  

fo r m  o f  c a t a ly s t  p a r t ic le s  e m b e d d e d  in  p o ly w a x  ( i .e . ,  w ith  s to r a g e  in  in e r t  g a s )  a s  

p r e v io u s ly  d e s c r ib e d .  X A N E S /E X A F S  sp e c tr a  w e r e  r e c o r d e d  a t th e  c o b a l t  K - e d g e  

( 7 .7 0 9  k e V )  in  t r a n s m is s io n  m o d e  a n d  a 'C o  m e t a l l i c  fo i l  s p e c tr u m  w a s  m e a s u r e d  

s im u l t a n e o u s ly  w i t h  e a c h  s a m p le  s p e c tr u m  fo r  th e  p u r p o s e  o f  e n e r g y  c a l ib r a t io n .
X A N E S  s p e c tr a  w e r e  p r o c e s s e d  u s in g  th e  W in X A S  p r o g r a m . A  

s im u l t a n e o u s  p r e -  a n d  p o s t - e d g e  b a c k g r o u n d  r e m o v a l  s te p  w a s  c a r r ie d  o u t  u s in g  2  

p o l y n o m i a l s  ( d e g r e e  2 ) a n d  th e  r e s u l t in g  s p e c tr a  w e r e  n o r m a l iz e d  b y  d i v id in g  b y  th e  

h e ig h t  o f  th e  a b s o r p t io n  e d g e .  N o r m a l i z e d  X A N E S  sp e c tr a  w e r e  c o m p a r e d  w ith  

t h o s e  o f  r e f e r e n c e s  ( C o  f o i l  a n d  C o O ) .  N o t e  th a t  C o O  s p e c tr u m  o b ta in e d  f r o m  th e  

T P R - X A N E S  s p e c t r u m  o f  0 .5 % P t-2 5 % C o /A l2 O 3  c a ta ly s t  a s  it i s  a  m o r e  p e r t in e n t  

r e f e r e n c e  s p e c tr u m  fo r  C o O  fr o m  th e  c a ta iy s t .  A  lin e a r  c o m b in a t io n  f i t t in g  w a s  a ls o  

c o n d u c t e d  to  q u a n t i fy  th e  p e r c e n t a g e  - o f  C o  m e ta l  p r e s e n t in g  in  c a t a ly s t  a fter  

r e d u c t io n  u s in g  t h o s e  t w o  C o  c o m p o u n d s  a s  r e f e r e n c e s  fo r  th e  f it t in g .

8 .3 .4  X -r a y  D i f f r a c t io n  ( X R D )
P o w d e r  d i f f r a c t o g r a m s  o n  c a lc in e d  c a t a ly s t s  w e r e  r e c o r d e d  u s in g  a  

P h i l ip s  X ’P e r t d i f f r a c to m e te r .  T h e  lo n g  t im e  s c a n  w a s  u s e d  o v e r  a  sh o r t  r a n g e  in  

o r d e r  to  q u a n t i fy  a v e r a g e  C 0 3 O 4 d o m a in  s iz e s  u s in g  l in e  b r o a d e n in g  a n a ly s i s  fo r  th e  

p e a k  a t 2 0  =  3 7 °  r e p r e s e n t in g  ( 3 1 1 ) .  T h e  c o n d i t io n s  a re  a  s c a n  ra te  o f  0 .0 1  7 s t e p  a n d  

a s c a n  t im e  o f  3 0  s / s t e p  o v e r  a  2 0  r a n g e  o f  3 0 - 4 5 ° .
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8 .3 .5  I n d u c t iv e ly  C o u p le d  P la s m a  O p t ic a l  E m is s io n  S p e c tr o m e tr y
( I C P - O E S )
F r e s h ly  c a lc in e d  s a m p le  a n d  R 0 3  tr e a te d  s a m p le  (u n d e r w e n t  3  c y c l e s  

o f  o x id a t io n - r e d u c t io n )  o f  e a c h  m e ta l  p r o m o te d  c a t a ly s t  w e r e  b r o u g h t to  p e r fo r m  

e le m e n t a l  a n a ly s i s  in  o r d e r  to  c h e c k  i f  m e ta l p r o m o te r  v o la t i l e s  d u r in g  th e  c y c l e s .  
T h e  w e i g h e d  s a m p le s  w e r e  d ig e s t e d  u s in g  a n  a q u a  r e g ia  s o lu t io n ,  a m ix t u r e  o f  

c o n c e n tr a t e d  n itr ic  a n d  h y d r o c h lo r ic  a c i d s ' o p t i m a l l y  in  a  v o lu m e  r a tio  o f  1 : 3 a n d .  
th e n , d i lu t e d  u s in g  a  v o lu m e t r ic  f la s k .  T h e  s a m p le  s o lu t io n s  w e r e  a s p ir a te d  in to  a  

V a r ia n  7 2 0 - E S  IC P  o p t ic a l  e m i s s i o n  s p e c tr o m e te r .

8 .4  R e s u lt s  a n d  D is c u s s io n

8 .4 .1  C r y s ta l  S i z e  a n d  E le m e n t a l  A n a ly s i s
X R D  l in e  b r o a d e n in g  a n a ly s e s  o f  th e  f r e s h ly  c a l c in e d  u n p r o m o te d  a n d  

p r o m o te d  c a t a ly s t s  r e v e a le d  th at th e  C o 0 c lu s te r  s i z e ,  a s s u m in g  a  0 .7 5  c o n t r a c t io n  

fr o m  th e  c a lc u la te d  C 0 3 O 4 d ia m e t e r  f o l lo w i n g  r e d u c t io n ,  w a s  a p p r o x im a t e ly  1 0  n m  

in  e a c h  c a s e .  T o  d e t e r m in e  i f  a n y  s ig n i f ic a n t  m a s s  lo s s  w a s  o b s e r v e d  a f te r  th r e e  

o x id a t io n - r e d u c t io n  c y c l e s  ( R 0 3 ) ,  IC P  w a s  c o n d u c t e d  o n  f r e s h  a n d  R 0 3  c a t a ly s t s .  
N o  s t a t i s t i c a l ly  s ig n i f ic a n t  d i f f e r e n c e  in  p r o m o te r  c o n c e n t r a t io n  w a s  o b s e r v e d  a s  

s h o w n  in  T a b le  8 .1 ,  in d ic a t in g  th a t th e  p r o m o te r  d id  n o t  v o la t i l i z e  to  a  s ig n i f ic a n t  

e x te n t  d u e  to  th e  tr e a tm e n ts .

8 .4 .2  T e m p e r a tu r e  P r o u r a m m e d  R e d u c t io n
T P R  p r o f i l e s  o f  u n p r o m o t e d  2 5 % C o / A l 2 0 3  a re  s h o w n  in  F ig u r e  8 .1 ,  

a n d  c o n s i s t  o f  th e  f r e s h ly  c a lc in e d  c a t a ly s t ,  a n d  th e  c a ta ly s t  a f te r  p e r fo r m in g  1 , 2 , or  

3 c y c l e s  w h e r e b y  th e  c a t a ly s t  w a s  s u b je c te d  to  s u c c e s s i v e  r e d u c t io n  a n d  o x id a t io n  

tr e a tm e n ts .  It i s  w i d e l y  a c c e p t e d  th a t th e  f ir s t  p e a k  r e p r e s e n ts  th e  f ir s t  s t e p  o f  

r e d u c t io n  o f  C 0 3 O 4 : C 0 3 O 4 +  แ 2 —► 3 C o O  +  F E O , w h i l e  th e  s e c o n d  p e a k  r e p r e s e n t s  a 

s u b s e q u e n t  r e d u c t io n  r e a c t io n  o f  C o O :  3 C o O  +  3 F E  —» 3 C o °  +  3 H 2 O  (J a c o b s  e t  a h ,
2 0 0 7 ) .  T h e  s t o ic h io m e t r y  o f  th r e e  t im e s  th e  H 2 c o n s u m p t io n  o f  th e  s e c o n d  r e a c t io n  

c o m p a r e d  to  th e  f ir s t  r e a c t io n  is  a l s o  in  a g r e e m e n t  w i t h  an  a r e a  r a tio  o f  th e  s e c o n d  

p e a k  to  th e  f ir s t  p e a k  in  T P R  p r o f i l e s .
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T a b le  8 .1  E le m e n ta l  a n a ly s i s  r e s u lt s  o f  fr e sh  a n d  R 0 3  tr e a te d  s a m p le s  o f  m e ta l  

p r o m o te d  2 5 % C o /A l 2 0 3  c a ta ly s t s

C a ta ly s t M e ta l  c o n t e n t  (% w t)
fr e s h R 0 3  tr e a te d

1 .0 % P t - 2 5 % C o /A l2O 3 0 . 8 6 0 .8 2

0.52%Ru-25%Co/A12O3 0 .4 8 0 .5 6
0 .9 5 % R e - 2 5 % C o /A l2O 3 0 .8 2 0 .8 1

0 .5 5 % A g - 2 5 % C o /A l 2O 3 0 .5 9 0 .5 5

1,0 % A u - 2 5 % C o /A b O 3 0 .9 8 0 .9 7
0 .5 3 % R h - 2 5 % C o /A l2O 3 0 .4 6 0 .4 9
0 .9 9 % I r - 2 5 % C o /A I 2O 3 1 .1 7 1 .0 9

T h e  f ir s t  T P R  p e a k  o f  th e  f r e s h ly  c a lc in e d  c a ta ly s t  i s  lo c a t e d  at 3 0 0  °c, w h i l e  th e  

s e c o n d  p e a k  is  s itu a te d  a t 5 0 0  °c w it h  a  s m a ll  s h o u ld e r  at - 6 4 0  ๐c. T h is  s m a l l  

s h o u ld e r  i s  l ik e l y  a ttr ib u ted  to  a  s m a l le r  C o O  s p e c ie s  s t r o n g ly  in te r a c t in g  w ith  A I 2 O 3 

su p p o r t  ( J a c o b s  e t a h , 2 0 0 2 ) . .  A f t e r  u n d e r g o in g  c y c l e s  i n v o lv i n g  r e d u c t io n  a n d  

o x id a t io n  to  s im u la t e  r e g e n e r a t io n , th e  T P R  p r o f i le  c h a n g e d ,  s u c h  th a t th e  f ir s t  a n d  

s e c o n d  p e a k s  s h i f t e d  s l i g h t ly  to  h ig h e r  te m p e r a tu r e , w h i l e  th e  h ig h  t e m p e r a tu r e  

s h o u ld e r  p e a k  o f  th e  s e c o n d  p e a k  g r e w  in  in te n s ity  a n d  s h i f t e d  to  h ig h e r  t e m p e r a tu r e .  
M o r e o v e r ,  a  h ig h  te m p e r a tu r e  fe a tu r e  f o r m e d  at th e  h ig h  te m p e r a tu r e  s id e  o f  th e  f ir s t  

l o w  te m p e r a tu r e  p e a k . T h is  h a s  b e e n  a s s ig n e d  p r e v io u s ly  to  th e  r e d u c t io n  o f  la r g e r  

C o O  p a r t ic le s  th a t lo s e  th e ir  in te r a c t io n  w i t h  th e  s u p p o r t  ( J a c o b s  e t  a h , 2 0 0 2 ) .  T h e  

c h a n g e s  in  T P R  p r o f i le s  th u s  s u g g e s t  th a t  th e  s im u la te d  r e g e n e r a t io n  c y c l e s  le a d  to  a  

fr a c t io n  o f  la r g e r  C o O  p a r t ic le s  r e s u lt in g  fr o m  a g g lo m e r a t io n ,  a s  w e l l  a s  a fr a c t io n  o f  

C o O  s p e c ie s  th a t are in  s tr o n g e r  in te r a c t io n  w ith  th e  a lu m in a  su p p o r t .
T h e  T P R  p r o f i l e s  o f  m e ta l  p r o m o te d  2 5 % C o /A l 2 0 3  c a t a ly s t s  a re  

i l lu s tr a te d  in  F ig u r e  8 .2 .  T h e  T P R  p r o f ile ,  o f  1 ,0 % P t-2 5 % C o /A l2 O 3  c a t a ly s t  in  F ig u r e  

8 .2 ( A )  s h o w s  th a t, b y  c o m p a r is o n  w i t h  u n p r o m o te d  c a ta ly s t ,  P t is  a b le  to  

s ig n i f ic a n t ly  f a c i l i t a t e  C o  o x id e  r e d u c t io n  ( i . e . ,  - 1 4 0  °c s h i f t  fo r  th e  f ir s t  p e a k  a n d  -
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1 2 0  ° c  s h i f t  fo r  th e  s e c o n d  p e a k  c o m p a r e d  to  u n p r o m o te d  c a ta ly s t ) .  T h is  i s  in  

a g r e e m e n t  w i t h  p r e v io u s  r e p o r ts  (J a c o b s  e t  a h . 2 0 0 4 ;  J a c o b s  e t  a h , 2 0 0 2 ;  J a c o b s  e t  

a h , 2 0 0 7 ;  J e r m w o n g r a ta n a c h a i  e t  a h , 2 0 1 3 ;  S c h a n k e  e t  a h , 1 9 9 5 ) .  A f te r  c y c l e s  

in v o lv i n g  r e d u c t io n  a n d  o x id a t io n ,  Pt m a in ta in s  its  p r o m o t in g  e f f e c t ,  s u g g e s t in g  th a t  

P t s t i l l  r e m a in s  in  c o n t a c t  w ith  C o  o x id e  to  a s s is t  in  a c c e le r a t in g  th e  r e d u c t io n  o f  C o  

o x id e s ,  p e r h a p s  b y  a  แ 2 d i s s o c ia t io n  a n d  s p i l lo v e r  m e c h a n is m  ( J a c o b s  e l  a h , 2 0 0 4 ;  

J a c o b s  e t  a h . 2 0 0 2 ;  J a c o b s  e t  a h , 2 0 0 7 ) .

T(°C)

F i g u r e  8 .1  C o m p a r a t iv e  T P R  s p e c tr a  o f  u n p r o m o te d  2 5 % C o /A l 2 0 3  c a t a ly s t s  b e f o r e  

a n d  a fte r  s im u la t e d  r e g e n e r a t io n  c y c l e s  in c lu d in g  a fte r  1 c y c l e  ( R O l ) .  2  c y c l e s  

( R 0 2 ) ,  a n d  3  c y c l e s  ( R 0 3 ) .

M o r e o v e r ,  th e  f ir s t  p e a k  a n d . e s p e c ia l ly ,  th e  s e c o n d  p e a k  s h if t  to  lo w e r  te m p e r a tu r e s  

w it h  c y c l in g  tr e a tm e n ts .  T h e y  a p p e a r  at — 1 4 5  ° c  a n d  - 3 2 0  ° c ,  r e s p e c t iv e ly ,  a n d  

r e m a in e d  at a lm o s t  p r e c i s e ly  th e  s a m e  te m p e r a tu r e  e v e n  a fte r  u n d e r g o in g  th r e e
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s im u la t e d  r e g e n e r a t io n  c y c le s .  T h e r e f o r e ,  th e  p r e lim in a r y  f in d in g s  in d ic a t e  th at  

e n o u g h  Pt is  in  c l o s e  e n o u g h  p r o x im it y  to  c o n t in u e  its  f u n c t io n  in  f a c i l i t a t in g  c o b a l t  

o x i d e  r e d u c t io n . F o r  0 .5 2 % R u - 2 5 % C o /A l2 O 3  c a ta ly s t ,  th e  T P R  p r o f i l e  in  F ig u r e  

8 .2 ( B )  c o n f ir m s  a  r o le  o f  R u  a s  a  m e ta l p r o m o te r ,  in  w h ic h  th e  r e d u c t io n  te m p e r a tu r e  

o f  th e  f ir s t  a n d  th e  s e c o n d  p e a k  s h if t  to  lo w e r  c o m p a r e d  to  u n p r o m o te d  c a ta ly s t .  
A f t e r  c y c l e s  i n v o lv i n g  r e d u c t io n  a n d  o x id a t io n ,  th e  s h a p e s  o f  T P R  p r o f i l e s  a re  

o b v i o u s l y  c h a n g e d ,  s u g g e s t in g  s tru c tu ra l c h a n g e s  in c o o r d in a t io n  b e t w e e n  _the 

p r o m o te r  a n d  c o b a lt .  U n l ik e  P t -p r o m o te d  c a t a ly s t ,  R u - p r o m o te d  c a ta ly s t  t e n d s  to  b e  

m o r e  d i f f i c u l t  to  r e d u c e  a fte r  s im u la te d  r e g e n e r a t io n  c y c l e s  a s - th e  te m p e r a tu r e  o f  th e  

s e c o n d  p e a k  in  T P R  s l ig h t ly  in c r e a s e s  w it h  th e  n u m b e r  o f  tr e a tm e n t  c y c l e s .  
F lo w e v e r ,  th e  te m p e r a tu r e  o f  th e  s e c o n d  p e a k  is  s t i l l  lo w e r  th a n  th a t o f  th e  

u n p r o m o te d  c a t a ly s t ,  s o  th a t th e  a b i l i t y  o f  th is  c a ta ly s t  to  r e g e n e r a te  is  s t i l l  

s a t is f a c t o r y  a fte r  th r e e  c y c le s .  F ig u r e  8 .2 ( C )  d e p ic t s  th e  T P R  p r o f i le s  o f  0 .9 5 % R e -  

2 5 % C o /A l 2 0 3  c a t a ly s t .  T h e  p r o f i l e s  a ls o  c o n f ir m s  th e  r o le  o f  R e  in  f a c i l i t a t in g  C o  

o x i d e  r e d u c t io n . T h is  h o ld s  tr u e  e v e n  a f te r  th r e e  s im u la te d  r e g e n e r a t io n  c y c l e s .  In 

t h is  c a ta ly s t ,  th e  p r o m o t io n  b y  R e  o c c u r s  a f te r  th e  first s t e p  o f  r e d u c t io n  o f  C 0 3 O 4 

s i n c e  R e  o x id e  r e d u c e s  at - 3 4 7  ๐c  ( J a c o b s  e t  a k , 2 0 0 2 )  w h i l e  C 0 3 O 4 r e d u c e  at - 3 1 0  

°c, s u c h  th a t R e  m e ta l  p la y s  a  s ig n i f ic a n t  r o le  in  f a c i l i ta t in g  p r im a r ily  th e  r e d u c t io n  

o f  C o O ;  a  s h if t  in  th e  s e c o n d  p e a k  to  lo w e r  te m p e r a tu r e  is  e v id e n t .  A f t e r  s im u la te d  

r e g e n e r a t io n  c y c l e s ,  th e  te m p e r a tu r e  o f  th e  s e c o n d  p e a k  is  s l i g h t ly  lo w e r  th a n  th at o f  

th e  f r e s h ly  c a lc in e d  c a ta ly s t  a n d  s t i l l  r e m a in s  at th e  saTne te m p e r a tu r e  ( i . e . ,  - 3 6 0  ° C )  

e v e n  u p  to  3 c y c l e s  o f  r e d u c t io n  a n d  o x id a t io n .  L ik e  th e  c a s e  o f  P t. R e  d o e s  a n  

e x c e l l e n t  j o b  in  m a in ta in in g  it s  a b i l i ty  to  fa c i l i ta te  r e d u c t io n . In th e  c a s e  o f  

0 .5 5 % A g - 2 5 % C o /A l2 O 3  c a ta ly s t ,  th e  T P R  p r o f i l e  in  F ig u r e  8 .2 ( D )  s h o w s  th a t A g  

e x h i b i t s  a  g o o d  a b i l i t y  to  f a c i l i t a t e  C o  o x id e  r e d u c t io n . T h e  f ir s t  p e a k  s h i f t s  to  - 2 4 5  

°c (A  =  -6 5  ๐C )  w h i l e  th e  s e c o n d  p e a k  s h i f t s  to  - 4 1 0  °c (A -  - 9 2  ° C ) .  A f te r  

s im u la t e d  r e g e n e r a t io n  c y c le s ,  th e  p r o f i le  s h a p e  is  s l ig h t ly  c h a n g e d  b u t th e r e  is  a  n e w  

p e a k  th a t fo r m s  a t th e  h ig h  te m p e r a tu r e  s id e  o f  th e  fir s t p e a k , a n d  th is  is  l ik e ly  d u e  to  

a  f r a c t io n  o f  C o  w it h  a la r g e r  s i z e  th at l o s e s  s o m e  in te r a c t io n  w i t h  th e  s u p p o r t .  
N o n e t h e l e s s ,  th e  r e d u c t io n  te m p e r a tu r e  o f  th e  s e c o n d  p e a k  s t i l l  r e m a in s  a lm o s t  th e  

s a m e  a s  th a t o f  th e  f r e s h ly  c a lc in e d  c a ta ly s t .  T h e r e f o r e ,  A g  c o n t in u e s  to  f a c i l i t a t e  th e  

r e d u c t io n  o f  c o b a l t  o x id e s  e v e n  a f te r  s im u la t e d  r e g e n e r a t io n  c y c le s .  T P R  p r o f i l e s  o f
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1 .0 % A u -2 5 % C o /A l2 O 3  c a ta ly s t  in  F ig u r e  8 .2 ( E )  i l lu s tr a te  th a t a lt h o u g h  A u  c a n  

f a c i l i t a t e  C o  o x id e  r e d u c t io n , i t s  a b i l i ty  to  d o  s o  b e c o m e s  w o r s e  a f te r  c y c l e s  o f  

r e d u c t io n  a n d  o x id a t io n ,  a s  th e  t e m p e r a tu r e s  o f  r e d u c t io n  o f  th e  f ir s t  a n d  s e c o n d  

p e a k s  c le a r ly  s h if t  to  h ig h e r  te m p e r a tu r e s . M o r e o v e r ,  t h o s e  te m p e r a tu r e s  a p p e a r  to  

s l i g h t ly  in c r e a s e  w i t h  in c r e a s in g  n u m b e r  o f  s im u la t e d  r e g e n e r a t io n  c y c l e s ,  in d ic a t in g  

th a t A u  a p p a r e n t ly  s e p a r a te s  fr o m  C o  d u r in g  r e g e n e r a t io n , a n d  a d d e d  c o m p l e x i t y  fo r  

th e  d e v e lo p m e n t  o f  th is  c a ta ly s t .  T h a t i s ,  a d i f f e r e n t  r e g e n e r a t io n  tr e a tm e n t  o th e r  

th a n  a ir  m a y  b e  r e q u ir e d . F ig u r e  8 .2 ( F )  r e p r e s e n t s  th e  T P R  p r o f i l e s  o f  0 .5 3 % R h -  

2 5 % C o / A l 2 0 3  c a t a ly s t .  It w a s  o b s e r v e d  th a t R h  p la y s  a  s ig n i f ic a n t  r o le  in  f a c i l i t a t in g  

C o  o x i d e  r e d u c t io n . T h e  f ir s t  p e a k  s h i f t s  to  —1 8 0  ๐c  a n d  th e  s e c o n d  p e a k  s h i f t s  to  

- 3 6 0  ๐c .  T h e  a b i l i t y  o f  R h  to  fa c i l i t a t e  C o  o x id e  r e d u c t io n  s e e m s  to  b e  c l o s e  to  th at  

o f  P t. F u r th e r m o r e , R h  a ls o  m a in ta in s  it s  a b i l i t y  to  fa c i l i ta te  C o  o x id e  r e d u c t io n  a fte r  

s im u la t e d  r e g e n e r a t io n  c y c le s .  L ik e  P t -p r o m o te d  c a ta ly s t ,  R h - p r o m o te d  c a ta ly s t  

p r o v id e s  s im ila r  p r o f i l e s  a f te r  r e d u c t io n  a n d  o x id a t io n  c y c l e s ,  s u c h  th a t th e  

te m p e r a tu r e  o f  th e  s e c o n d  p e a k  o f  th e  c a t a ly s t  a f te r  s u c c e s s i v e  tr e a tm e n t  c y c l e s  is  

l o w e r  th a n  th at o f  th e  f r e s h ly  c a lc in e d  c a ta ly s t .  F ig u r e  8 .2 ( G )  s h o w s  T P R  p r o f i l e s  o f  

0 .9 9 % I r -2 5 % C o /A l2 O 3  c a ta ly s t .  It i s  o b v io u s  th a t Ir is  a ls o  a b le  to  f a c i l i t a t e  th e  

r e d u c t io n  o f  C o  o x id e .  A l t h o u g h  a f te r  s im u la t e d  r e g e n e r a t io n  c y c l e s ,  th e  s h a p e  o f  

th e  T P R  p r o f i le s  c h a n g e d  s ig n i f ic a n t ly ,  e s p e c ia l l y  a fter  th e  2 nd a n d  3 rd c y c l e s ,  th e  

te m p e r a tu r e  o f  th e  s e c o n d  p e a k  s t i l l  r e m a in e d  r e la t iv e ly  c l o s e  to  th a t o f  th e  f r e s h ly  

c a lc in e d  c a ta ly s t .  T h is  s u g g e s t s  th a t Ir s t i l l  m a in t a in s  its  a b i l i t y  to  f a c i l i t a t e  C o  o x id e  

r e d u c t io n  a fte r  t r e a tm e n t  c y c le s ,  b u t th at s o m e  s e p a r a t io n  b e t w e e n  C o  a n d  Ir l ik e ly  

o c c u r r e d . _
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F i g u r e  8 .2  C o m p a r a t iv e  T P R  sp e c tr a  o f  u n p r o m o te d  2 5% C o/A l2C > 3 c a ta ly s t  

( b o t t o m )  w i t h  m e ta l  p r o m o te d  2 5 % C o / A 120 3 c a t a ly s t s  b e fo r e  a n d  a f t e r  s im u la te d  

r e g e n e r a t io n  c y c l e s ,  in c lu d in g  ( A )  1 .0 % P t - 2 5 % C o /A l2C>3. ( B )  0 .5 2 % R u -  

2 5 % C o / A 120 3, (C )  0 .9 5 % R e - 2 5 % C o /A l2O 3, ( D )  0 .5 5 % A g - 2 5 % C o /A l 2O 3, (E )  

1 .0 % A u - 2 5 % C o / A 12O 3, (F )  0 .5 3 % R h - 2 5 % C o /A l2O 3 ( G )  0 .9 9 % I r - 2 5 % C o /A l2O 3, 
in c lu d in g  a f t e r  1 c y c l e  ( R O l  ), 2  c y c l e s  ( R 0 2 ) ,  a n d  3 c y c l e s  ( R 0 3 ) .

8 .4 .3  X A N E S  a n d  L in e a r  C o m b in a t io n  ( L C )  F it t in g
F ig u r e  8 .3  s h o w s  n o r m a l iz e d  X A N E S  s p e c tr a  at th e  C o  K - e d g e  o f  

e a c h  c a t a ly s t  b e fo r e  a n d  a f t e r  o x id a t io n - r e d u c t io n  c y c l e s  c o m p a r e d  t o  t w o  r e f e r e n c e  

C o  c o m p o u n d s ,  w h ic h  a re  a  C o  fo i l  a n d  C o O  e x tr a c te d  fr o m  a T P R - X A N E S  ru n  o v e r  

0 .5 % P t - 2 5 % C o /A l2 Ü 3 ( J a c o b s  e t  a h , 2 0 0 7 ) .  T h r e e  s a m p l e s  o f  e a c h  c a ta ly s t ,  in c lu d in g  

f r e s h ly  c a l c in e d ,  a c t iv a t e d  R O l  c a t a ly s t  ( c a ta ly s t  u n d e r w e n t  s im u la t e d  r e g e n e r a t io n  

c y c le ) ,  a n d  a c t iv a t e d  R 0 2  c a ta ly s t ,  w e r e  e x a m in e d  fo r  X A N E S  m e a s u r e m e n t s .  P r io r  

to  s c a n n in g  th e  s a m p le s ,  th e y  w e r e  p r e -r e d u c e d  a t 3 5 0  ๐c  fo r  10  h  in  f l o w in g  H 2.
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T h e  e x t e n t  o f  C o  r e d u c t io n  f o l lo w i n g  e a c h  tr e a tm e n t  w a s  in v e s t ig a t e d .  C o n s id e r in g  

n o r m a l iz e d  X A N E S  s p e c tr a  o f  0 .5 % P t-2 5 % C o /A l2 O 3  c a ta ly s t  in  F ig u r e  8 .3 ( A ) ,  th e  

X A N E S  s p e c tr u m  o f  th e  f r e s h ly  r e d u c e d  c a ta ly s t  in d ic a t e s  a h ig h  e x t e n t  o f  r e d u c t io n .  
A fte r  s im u la t e d  r e g e n e r a t io n  c y c le s ,  th e  sp e c tr a  o f  tr e a te d  s a m p le s  ( i . e . ,  a c t iv a t e d  

R O l  a n d  a c t iv a t e d  R 0 2 )  a re  a lm o s t  th e  s a m e  in  w h i t e  l in e  in te n s ity  a s  t h o s e  o f  th e  

fr e s h ly  r e d u c e d  s a m p le .  T h is  is  g o o d  e v id e n c e  c o n f ir m in g  th e  r o le  o f  P t in  

f a c i l i t a t in g  C o  o x id e  r e d u c t io n  e v e n  a f te r  s im u la t e d  r e g e n e r a t io n  c y c l e s ,  a n d  in  g o o d  

a g r e e m e n t  w i t h  T P R  r e s u lt s  (F ig u r e  8 .2 ( A ) ) .  Q u a n t i ta t iv e  a n a ly s i s  o f  th e  X A N E S  

r e s u lt s  w a s  a l s o  p e r fo r m e d  b y  lin e a r  c o m b in a t io n  f i t t in g  u s in g  th e  X A N E S  s p e c tr a  o f  

C o  m e ta l a n d  C o O  a s  r e f e r e n c e s ,  an d  th e  r e s u lt s  a re  q u a n t if ie d  in  T a b le  8 .2 .  A f t e r  

r e d u c t io n , th e  P t -p r o m o te d  C o /a lu m in a  c a t a ly s t  c o n t a in s  m o r e  th a n  7 0 %  o f  C o  m e ta l  

a n d  th is  a m o u n t  is  m a in ta in e d  e v e n  a f te r  s im u la t e d  r e g e n e r a t io n  c y c l e s .  P r e v io u s ly ,  
P t-C o  c o o r d in a t io n  w a s  e x p lo r e d  in  Pt p r o m o te d  C 0 /A I 2 O 3 c a t a ly s t  a n d  it i s  

p r e s u m a b ly  th e  d e s ir e d  s tr u c tu r e  th at f a c i l i t a t e s  C o  o x id e  r e d u c t io n  ( C o o k  e t  a h ,  
2 0 1 2 ;  G u c z i  e t  a l . ,  2 0 0 2 ;  J a c o b s  e t  a l . ,  2 0 0 4 ;  S a d e q z a d e h  e t  a l . ,  2 0 1 1 ) .  T h e  

p r e fe r e n c e  o f  P t to  c o o r d in a t e  w ith  C o  w a s  a ls o  r e v e a le d  in  o u r  r e c e n t  r e p o r t  

(J e r m w o n g r a ta n a c h a i  e t  a h , 2 0 1 3 )  d e m o n s t r a t in g  th a t , e v e n  u p  to  5 .0 %  b y  w t . P t, P t-  

C o  c o o r d in a t io n  p r e d o m in a t e s ,  in d ic a t in g  th a t P t -C o  a l l o y  fo r m a t io n  is  l ik e ly .  F r o m  

th is  p o in t  o f  v ie w ,  p r o x im it y  o f  P t to  C o  is  l ik e l y  m a in ta in e d  a f te r  s im u la t e d  

r e g e n e r a t io n  c y c l e s ,  s in c e  th e r e  are  n o  s ig n i f ic a n t  c h a n g e s  in  T P R  a n d  X A N E S  

r e s u lt s .  N o r m a l iz e d  X A N E S  sp e c tr a  o f  th e  0 .5 2 % R u - 2 5 % C o /A l2 O 3 c a t a ly s t  a re  

d e p ic te d  in  F ig u r e  8 .3 ( B ) .  In a g r e e m e n t  w ith  th e  T P R  r e s u lt s  d i s c u s s e d  p r e v io u s ly ,  
R u  f a c i l i t a t e s  th e  r e d u c t io n  o f  C o  o x id e  e v e n  a fte r  s im u la t e d  r e g e n e r a t io n  c y c l e s .  T h e  

n o r m a l iz e d  X A N E S  s p e c tr a  fu r th er  u n d e r s c o r e  th is  c o n c lu s io n  b y  c o m p a r in g  th e  

sp e c tr a  o f  fr e s h  an d  tr e a te d  s a m p le s ;  m o r e o v e r ,  it is  o b v i o u s  fro m  th e  p e r c e n t a g e  o f  

C o  m e ta l in  T a b le  8 .2  th a t th e  a m o u n t  o f  C o  m e ta l  is  m a in ta in e d  a b o v e  7 5 %  a fte r  

s im u la te d  r e g e n e r a t io n  c y c l e s  a n d  f o l l o w i n g  a c t iv a t io n  o f  th e  tr e a te d  c a ta ly s t .  T h e  

p r o m o t io n  o f  R u  m a y  b e  d e s c r ib e d  b y  R u - C o  a l lo y  f o r m a t io n , w h i c h  w a s  s u g g e s t e d  

in  o u r  p r e v io u s  E X A F S  w o r k  (J a c o b s  e t  a h , 2 0 0 7 ) ,  a s  w e l l  a s  th a t  o f  I g le s ia  e t  a l. 
( I g le s ia  e t  a l . ,  1 9 9 3 )  w h o  u s e d  T iC >2 a s  th e  s u p p o r t.
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Figure 8.3 N o r m a l iz e d  X A N E S  s p e c tr a  at th e  C o  K - e d g e  o f  c o b a l t  r e f e r e n c e  

c o m p o u n d s  c o m p a r e d  to  m e ta l  p r o m o te d  2 5 % C o / A 12C>3 c a t a ly s t s  b e fo r e  a n d  a fte r  

s im u la t e d  r e g e n e r a t io n  c y c l e s ,  in c lu d in g  ( A )  1 .0 % P t-2 5 % C o /A l2 O 3 , ( B )  0 .5 2 % R u -  

2 5 % C o / A l 20 3, ( C )  0 .9 5 % R e - 2 5 % C o /A l2O 3, ( D )  0 .5 5 % A g - 2 5 % C o /A l 2O 3,
(E )  1 .0 % A u - 2 5 % C o /A I 2O 3, ( F )  0 .5 3 % R h - 2 5 % C o /A l2O 3, a n d  ( G )  0 .9 9 % I r -  
2 5 % C o /A l20 3 ,  in c lu d in g  a fte r  1 c y c l e  ( A c t iv a t e d  R 0 1 ) o r  2  c y c l e s  ( A c t iv a t e d  R 0 2 ) .

N o t w it h s t a n d in g ,  T P R  r e s u lt s  s u g g e s t  th at s o m e  s e p a r a t io n  b e t w e e n  R u  a n d  C o  is  

o c c u r r in g  w it h  o x id a t io n - r e d u c t io n  c y c l e s ,  s u c h  th at fu r th e r  c y c l in g  c o u ld  d im in is h  

th e  e x t e n t  o f  r e d u c t io n ,  th o u g h  th is  w a s  n o t  c o n f ir m e d  in  t h is  w o r k . T h e  n o r m a l iz e d  

X A N E S  s p e c tr a  o f  th e  0 .9 5 % R e - 2 5 % C o /A l2O 3 c a ta ly s t  a re  s h o w n  in  F ig u r e  8 .3 ( C ) .  
It i s  c le a r  th a t X A N E S  s p e c tr a  o f  tr e a te d  s a m p le s  ( i . e . ,  a c t iv a t e d  R O l a n d  a c t iv a t e d  

R 0 2 )  r e m a in e d  c l o s e  to  th e  X A N E S  s p e c tr u m  o f  th e  f r e s h ly  r e d u c e d  c a t a ly s t ,  a s  

v ir tu a l ly  th e  s a m e  w h i t e  l in e  in t e n s it y  w a s  r e ta in e d . M o r e o v e r ,  th e  q u a n t i ta t iv e  

r e s u lt s  in  T a b le  8 .2  a l s o  s h o w  th a t m o r e  th a n  7 0 %  C o  m e ta l  i s  m a in ta in e d  e v e n  a fte r  

s im u la t e d  r e g e n e r a t io n  c y c l e s  (a n d  r e -a c t iv a t io n  o f  th e  c a t a ly s t ) .  T h is  i s  in  g o o d  

a g r e e m e n t  w it h  th e  T P R  r e s u lt  in  F ig u r e  8 .2 ( C ) .  P r e v io u s  s t u d ie s  o n  R e - p r o m o t e d
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C o  c a t a ly s t s  b y  E X A F S  s h o w e d  th e  fo r m a t io n  o f  R e - C o  c o o r d in a t io n  a n d  th is  

c o o r d in a t io n  w a s  b e l i e v e d  to  b e  im p o r ta n t  in  f a c i l i t a t in g  C o  o x id e  r e d u c t io n  ( B a z in  

e t  a h , 2 0 0 2 ;  J a c o b s  e t  a h , 2 0 0 4 ;  R o n n in g  e t  a h , 2 0 0 1 ) .  T h e r e f o r e ,  th e  a b i l i t y  o f  R e  to  

c o n t in u e  to  p r o m o t e  C o  o x id e  r e d u c t io n  a fte r  u n d e r g o in g  o x id a t io n - r e d u c t io n  c y c l e s  

s u g g e s t s  th e  t e n d e n c y  o f  R e  to  r e m a in  in  c o n t a c t  w it h  C o  a fte r  s im u la t e d  

r e g e n e r a t io n  c y c l e s .  F ig u r e  8 .3 ( D )  p o r tr a y s  th e  n o r m a l iz e d  X A N E S  s p e c tr a  o f  

0 .5 5 % A g - 2 5 % C o /A l2 O 3  c a ta ly s t .  T h e  r e s u lt  is  p r o m is in g  a n d  in  g o o d  a g r e e m e n t  

w ith  th e  T P R  p r o f i l e s  in  F ig u r e  8 .2 ( D ) .  T h e  X A N E S  sp e c tr a  o f  th e  r e - a c t iv a t e d  R O l  

a n d  R 0 2  c a ta ly s t  s a m p le s  s t i l l  r e ta in e d  h ig h  e x t e n t s  o f  r e d u c t io n ;  th e  w h i t e  l in e  p e a k  

in t e n s i t i e s  w e r e  a lm o s t  th e  s a m e  a s  th at o f  th e  f r e s h ly  r e d u c e d  s a m p le .  T h e  L C  

f i t t in g  r e s u lt s  in  T a b le  8 .2  a ls o  s h o w  th at a fte r  s im u la te d  r e g e n e r a t io n  c y c l e s  th is  

c a t a ly s t  m a in ta in s  m o r e  th an  7 0 %  C o  m e ta l .  N o t  o n l y ' i s  A g - C o  c o o r d in a t io n  fo u n d ,  
b u t a l s o  A g - A g  c o o r d in a t io n  is  p r e s e n t  in  th is  c a t a ly s t  (J e r m w o n g r a ta n a c h a i  e t  a h ,
2 0 1 3 ) .  T h e  p r o x im it y  o f  A g  to  C o , a s  A g - C o  c o o r d in a t io n ,  w a s  s u g g e s t e d  to  f a c i l i t a t e  

r e d u c t io n  o f  C o  o x id e .  T h u s , a f r a c t io n  o f  A g  p r o m o te r  m o s t  l ik e ly  r e m a in s  in  

p r o x im it y  to  C o  to  c o n t in u e  f a c i l i t a t in g  C o  o x id e  r e d u c t io n  a f te r  s im u la t e d  

r e g e n e r a t io n  c y c l e s .  A s  w e  c o n t in u e  to  e x p lo r e  th e  p o s s ib i l i t y  th a t A g ,  w h i c h  is  

m u c h  l e s s  e x p e n s i v e  r e la t iv e  to  a lt e r n a te  p r o m o te r s ,  m a y  b e  u s e d  a s  a s u b s t i t u t e ,  th e  

r e s u lt  p r o v id e s  a n o th e r  b e n e f i t  o f  A g ,  in  a d d it io n  to  it s  c a p a b i l i t i e s  o f  f a c i l i t a t in g  C o  

o x id e  r e d u c t io n  a n d  im p r o v in g  F T  p r o d u c t  s e l e c t i v i t y  ( i . e . ,  s l i g h t ly  in c r e a s e  C j +  a n d  

s l i g h t ly  d e c r e a s e  C F E  a n d  C O 2 ) th a t w e  r e p o r te d  b e fo r e  (J a c o b s  e t  a h , 2 0 0 9 ) .  F ig u r e  

8 .3 ( E )  s h o w s  th e  n o r m a l iz e d  X A N E S  s p e c tr a  o f  1 ,0 % A u - 2 5 % C o / A 12O 3 c a ta ly s t .  
บ ท like_ p r e v io u s  m e t a l s ,  A u  d is p la y s  a  c le a r  p r o b le m . B y  L C  f i t t in g  o f  X A N E S  

s p e c tr a ,  th e  fr e s h  c a t a ly s t  c o n t a in s  C o  m e ta l  o f  - 6 0 %  w t . A f te r  s im u la t e d  

r e g e n e r a t io n  c y c l e s ,  it is  o b v io u s  th a t th e  a b i l i t y  o f  A l l  to  fa c i l i ta te  C o  o x id e  

r e d u c t io n  d im in i s h e s .  X A N E S  s p e c tr a  o f  a c t iv a t e d  R O l  a n d  a c t iv a t e d  R 0 2  s a m p le s  

are a lm o s t  id e n t ic a l  to  e a c h  o th e r , b u t s ig n i f ic a n t ly  d if f e r e n t  f r o m  th e  f r e s h ly  r e d u c e d  

c a t a ly s t  s a m p le .  T h e  h ig h e r  w h ite  l in e  in te n s ity  o f  tr e a te d  s a m p le s  c o m p a r e d  to  t h o s e  

o f  th e  fr e s h  s a m p le  s u g g e s t  th at A l l  is  s e p a r a t in g  fr o m  c o b a l t  a fte r  s im u la t e d  

r e g e n e r a t io n  c y c le s .  T a b le  8 .2  s h o w s  th a t % C o  m e ta l  d e c r e a s e s  fr o m  - 6 0 %  in  fr e s h  

s a m p le s  to  - 4 5 %  in  tr e a te d  s a m p le s  (a c t iv a t e d  R O l  a n d  a c t iv a t e d  R 0 2 ) .
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Table 8.2 Linear combination fittings of promoted 25%Co/Al203 catalysts (i.e.,
before and after simulated regeneration cycles and re-activation) with Co0 and CoO*

Catalyst Condition %  weight

ท ๐ o CoO

1,0% Pt-25% Co/Al2O3 Freshly activated 73.4 26.6

Activated R O l 77.7 22.3

Activated R 02 71.7 28.3

0.52% Ru-25% Co/AI2O3 Freshly activated 75.5 24.5

Activated ROl 83.5 16.5

Activated R02 79.3 20.7

0.95% Re-25% Co/Al2O3 Freshly activated 72.4 27.6

Activated RO l 75.1 24.9

Activated R 02 76.4 23.6

0.55% Ag-25% Co/A I2O3 Freshly activated 74.7 25.3

Activated RO 1 73.0 27.0

Activated R 02 75.7 24.3

1.0% Au-25% Co/AI2O3 Freshly activated 59.8 40.2

Activated RO 1 44.9 55.1

Activated R 02 45.1 55.0

0.53% Rh-25% Co/AI2O3 Freshly activated 72.0 28.0

Activated RO l 76.7 23.3

Activated R 02 74.7 25.3

0.99% Ir-25% Co/A I2O3 Freshly activated 87.0 13.0

Activated R O l - 84.6 15.4

Activated R 02 79.1 21.0

* T h e  C o O  re fe re n c e  s p e c t ru m  w a s  o b ta in e d  d u r in g  a  T P R  t r a je c to r y  f ro m  th e  p o in t o f  
m a x im u m  C o O  c o n te n t  o f  a  0 .5 % P t- 2 5 % C o /A I 2C>3 c a ta ly s t  d u r in g  T P R -X A N E S  ( J a c o b s  e t 
a h ,  2 0 0 7 ) .  T h e  w h ite  l in e  in te n s i ty  fro m  th is  c a ta ly s t  w a s  fo u n d  to  b e  s l ig h t ly  h ig h e r  th a n  th a t  
o f  a b u lk  C o O  re fe re n c e  c o m p o u n d ,  an d  th u s  m o re  a p p r o p r ia te  as a r e f e re n c e .

This XANES results are in good agreement with the TPR results of Figure 8.2(E), in
which the reduction temperature of Au-promoted catalyst shifts to higher
temperature after undergoing simulated regeneration cycles. The loss in the
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promoting property of Au after simulated regeneration cycles may be because Au is 
no longer in good contact with Co oxide after treatment cycles, perhaps as a result of 
Au agglomeration. Figure 8.3(F) illustrates the XANES spectra of the 0.53%Rh- 
2 5 %Co/Al2 0 3  catalyst. It is obvious that XANES spectrum of the freshly reduced 
sample appears to be closer to that of Co metal rather than to CoO and, after 
undergoing treatment cycles and reactivation (i.e., activated ROl and activated 
R02), the catalyst spectra remain almost identical to that of the freshly reduced 
catalyst. Examining LC fitting results in Table 8.2, it is evident that the catalyst still 
maintains a high percentage of Co reduction even after OR cycles (and reactivation), 
and the wt. % of Co is > 70%. This result is consistent with the TPR result of Figure 
8.2(F). Therefore, Rh metal not only facilitates Co oxide reduction but also maintains 
its ability to promote Co oxide reduction even after simulated regeneration cycles. 
The last promoter examined was Ir, and normalized XANES spectra of 0.99%Ir- 
2 5 %Co/AE0 3  are shown in Figure 8.3(G). Like the other promoters examined -in 
this work, Ir also does an excellent job in facilitating Co oxide reduction. 
Interestingly, Ir seems to be the most effective promoter, in that the XANES spectra 
at the Co K-edge more closely resemble that of Co metal even after simulated 
regeneration cycles (and reactivation). As summarized in Tabic 8.2, the percentage 
of Co metal is higher compared to other metal-promoted catalysts. This is also in 
agreement with a previous report suggesting that Ir is more efficient than Pt and Ru 
in facilitating Co oxide reduction (Bianchi. 2001). However, Co metal content 
appears to decrease with the number of simulated regeneration cycles (and 
reactivation), and especially after 2 cycles, in which the percentage of Co metal 
dropped by 8 % by weight (i.e., more cobalt present in the oxidized state). This 
correlates well with the TPR profile of the R02 sample in Figure 8.2(G), in that the 
reduction temperature of the R02 sample shifts to higher temperature relative to that 
of the ROl sample. Although Ir initially seems to be the best promoter among those 
examined in this study from the standpoint of initial reduction, when considering the 
losses in % reduction as a function of number of cycles, it may prove to be 
problematic for commercial applications. That is, a more complex regeneration 
procedure may be required.
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8 . 5  C o n clu sio n

In conclusion, Pt and Re, which are currently used as common promoters 
for C0 /AI2 O3 FT catalysts, show a capability to maintain their ability to facilitate 
cobalt oxide reduction after oxidation-reduction cycles, and this is important from 
the perspective of catalyst regeneration. Ru appears to exhibit some promoter-cobalt 
segregation with number of simulated regeneration cycles. Rh and Ir were further- 
examined in this work, and while both metals can facilitate initial Co oxide reduction 
as_well as Pt, Ru, and Re promoters, Rh conserves its ability to facilitate Co oxide 
reduction after treatment cycles, while some separation between Ir and Co appears to 
be occurring. In previous work Au and Ag were suggested as possible alternative 
promoters, and exhibited some benefits in terms of selectivity relative to the 
unpromoted catalyst. Here it is shown that Au is able to facilitate Co oxide reduction 
but gradually loses this function after simulated regeneration cycles. On the other 
hand, Ag is able to facilitate Co oxide reduction as well as Pt, Ru, Re, and Rh, and 
furthermore, it appears to maintain this function even after simulated regeneration 
cycles, maintaining more than 70% by weight Co metal even after 2 oxidation- 
reduction cycles (and reactivation). Ag thus far offers a number of distinct 
advantages: ( 1 ) cost: (2 ) ability to facilitate reduction of cobalt oxides and maintain 
this function after oxidation-reduction cycles; and (3) improvements in product 
selectivity. The next step will be to determine whether the activity of the Ag- 
promoted Co/alumina catalyst can be regenerated, and to determine if any surface 
enrichment by Ag occurs with simulated regeneration cycles that may be detrimental 
to catalyst performance.
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