
C H A P T E R  IV
R E S U L T S  A N D  D I S C U S S I O N

4 .1  C a t a l y s t  C h a r a c t e r i z a t i o n

T h is  s e c t io n  e x h ib i te d  th e  c a ta ly s t  c h a ra c te r iz a t io n  r e s u l ts .  T h e  r e s u l ts  w e re  
d e te rm in e d  b y  u s in g  v a r ie ty  c h a r a c te r iz a t io n  te c h n iq u e s ,  in c lu d in g  X R D , B E T , T P R , 
IC P , แ 2 p u l s e  c h e m is o r p t io n  a n d  T E M . T h e  c h a ra c te r is t ic  o f  th e  c a ta ly s ts  in  th i s  p a r t  
w i l l  b e  u s e d  to  e x p la in  th e  c a ta ly t ic  a c t iv i ty  o f  e a c h  p r e p a r e d  c a ta ly s ts .

4 .1 .1  X - r a y  D i f f r a c t io n  P a t te r n s  (X R D )
T h e  X R D  p a t te r n s  o f  A u , P t  a n d  A u P t  s u p p o r te d  o n  m o r d e n i te  z e o l i te  

p re p a re d  b y  d e p o s i t io n - p r e c ip i ta t io n  a t  d if f e r e n t  m e ta l- lo a d e d  r a t io s ,  p r e t r e a tm e n t  
c o n d i t io n s ,  c a lc in a t io n  c o n d i t io n s  a n d  c o m p a r e d  w i th  b la n k  m o r d e n i te  z e o l i te  a re  
s h o w n  in  F ig u r e s  4 .1 - 4 .4 .  T h e  p r e p a r e d  c a ta ly s ts  a f te r  d ry in g  a t  6 0 ° c  w e r e  c a l le d  
“ f r e s h  c a t a ly s t s ” . T h e  f r e s h  c a ta ly s t s  p r e t r e a te d  w i th  บ 2 a t  4 0 0 ° c  w e r e  d e n o te d  a s  
“ r e d u c e d  c a t a ly s t s ” , w h i l e  th e s e  t r e a te d  a t  5 0 0 ° c  w e re  d e n o te d  a s  “ c a lc in e d  c a t a ­
ly s t s ” . A l l  t h e  s a m p le s  e x h ib i te d  s im i la r  X - ra y  d if f r a c t io n  p a t te r n s  in d ic a t in g  th e  
s tr u c tu ra l  in te n s i ty  o f  m o r d e n i te  (2 9  =  1 0 .8 ° , 2 0 .6 ° ,  2 2 .0 ° ,  2 5 .4 ° ,  2 6 .7 ° ,  2 8 .0 °  a n d  
3 2 .3 ° ) .  T h e  s tr u c tu ra l  in te g r i ty  w a s  d e m o n s t r a te d  c o m p a r in g  th e s e  p e a k s  w i th  th e  
o n e s  fo u n d  f o r  m o r d e n i te  in  s o d iu m  fo rm . H o w e v e r ,  th e  a d d i t io n a l  p e a k s  o b s e r v e d  
a t  2 0  o f  3 8 .2 ° ,  4 4 .4 ° ,  6 4 .5 ° ,  8 2 .0 ° ,  9 .8 ° ,  3 9 .8 ° ,  4 6 .2 ° ,  6 9 .5 °  a n d  8 1 .5 °  w e r e  o b s e r v e d  
c o r r e s p o n d in g  to  A u [ l l l ] ,  A u [2 0 0 ] ,  A u [ 2 2 0 ] ,  A u [ 2 2 2 ] ,  P t[2 0 0 ] ,  P t [ l l l ] ,  P t [ 2 0 0 ] ,  

P t[2 2 0 ]  a n d  P t [ 3 11] f o r  C u K a  (1 .5 4 0 6  À )  r a d ia t io n ,  r e s p e c t iv e ly ,  f o r  A u , P t  a n d  
A u P t /m o r d e n i te  c a ta ly s ts .  T h e  X R D  p a t te r n s  o f  A u  a n d  P t  p e a k s  in d ic a te d  th e  e x i s t ­
in g  m e ta ls  in  th e  p r e p a r e d  c a ta ly s ts  a n d  th e  c r y s ta l l i te  s iz e s  o f  th e  m e ta ls  w e r e  c a l c u ­
la te d  b y  S c h e r r e r ’s e q u a t io n  a s  s h o w n  in  T a b le  4 .1 . F r o m  th e  r e s u l t s ,  th e  p e a k s  o f  A u  
a n d  P t  in  A u ,  P t a n d  A u - P t /m o r d e n i te  c a ta ly s ts  w e r e  u n a b le  to  o b s e r v e  d u e  to  th e  
p a r t ic le  s iz e s  o f  A u  a n d  P t  w e re  to o  s m a l l  to  b e  d e te c te d  b y  X R D  m e th o d .  A c c o r d in g  
to  C h a n g  e t al. (1 9 9 8 ) ,  th e  l im i ta t io n  o f  X R D  fo r  r e d u c e d  g o ld  c r y s ta l l i te s  c o r r e ­
s p o n d s  to  a  p a r t ic le  s iz e  s m a l le r  th a n  5 ru n . T h e s e  r e s u l ts  w e r e  c o n f i r m e d  b y  th e  H 2
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p u ls e  c h e m is o r p t io n  a n d  T E M  m ic ro g ra p h s  a f te rw a rd .  A d d i t io n a l ly ,  th e  m a n y  p e a k s  

o f  m o r d e n i te  o v e r la p p e d  th e  p e a k s  o f  A u  a n d  P t  e s p e c ia l ly  a t  2 0  o f  4 4 .4 ° ,  6 4 .5 ° ,  a n d  
4 6 .2 ° .  H o w e v e r ,  th e  X R D  p a t te r n s  o f  1%  A u /M O R  s h o w e d  th e  p e a k  o f  A u [ l  11 ] p a r ­
t ic u la r ly  th e  c a lc in e d  l% A u /M O R . T h e re fo re ,  i t  c o n f i rm e d  th e  p re s e n c e  o f  A u  a n d  
u n a f f e c te d  s t r u c tu r e  o f  m o r d e n i te  in  c a ta ly s ts .  T h e  P t p e a k s  o f  1 %  P t /M O R  w e re  o b ­
s e r v e d  a t  3 9 .8 °  ( P t [ l  1 1 ])  a n d  6 9 .5 °  (P t[2 2 0 ] )  in  d if f e r e n t  p r e t r e a tm e n t  c o n d i t io n s  b u t  
th e  P t  p e a k s  o f  th e  c a lc in e d  l% P t /M O R  w e re  s h a rp e r  th a n  o th e r  p r e t r e a te d  c a ta ly s ts .  
I t  w a s  n o t ic e d  th a t  t h e  p r e p a r e d  c a ta ly s ts  w e r e  a g g r e g a t io n  o f  A u  a n d  P t  w h e n  th e y  

w e r e  c a lc in e d  a t  5 0 0 ° c  f o r  5 h . F r o m  th e  X R D  p a t te rn s ,  th e  A u  m e ta l l ic  p h a s e  a t  2 0  
=  3 8 .2 °  c o r r e s p o n d in g  to  A u [ l  11 ] w a s  o b s e r v e d  fo r  A u /M O R  c a ta ly s ts  a s  s h o w n  in  
F ig u r e  4 .1 . T h e  m e a n  c r y s ta l l i te  d ia m e te r s  o f  A u f l l l ]  d e te rm in e d  b y  th e  S c h e r r e r ’s 
e q u a t io n  w e re  f o u n d  to  b e  4 4 .7 ,  7 1 .2 , a n d  1 1 8 .4  n m  f o r  f r e s h ,  r e d u c e d  a n d  c a lc in e d  
A u /M O R  c a ta ly s ts ,  r e s p e c t iv e ly .  I t  w a s  in te r e s t in g  to  o b s e r v e  th a t  th e  c a l c in e d  c a ta ­
ly s t  h a d  th e  b ig g e s t  c r y s ta l l i te  s iz e s .  T h e  X R D  p a t te rn s  o f  th e  P t  m e ta l l ic  p h a s e  a t  2 0  
=  3 9 .8 ° ,  6 9 .5 ° ,  8 1 .5 °  c o r r e s p o n d in g  to  P t [ l l l ] ,  P t[2 2 0 ] ,  a n d  P t [ 3 11] w e r e  o b s e rv e d  
f o r  P t /M O R  c a ta ly s t s  a s  s h o w n  in  F ig u re  4 .2 . T h e  m e a n  c r y s ta l l i te  d ia m e te r s  o f  
P t [ l  1 1 ], P t [2 2 0 ]  a n d  P t [ 3 11] d e te rm in e d  b y  th e  S c h e r r e r ’s e q u a t io n  w e re  f o u n d  th a t  
th e  r e d u c e d  P t /M O R  h a d  th e  s m a l le s t  c r y s ta l l i te  d ia m e te r s .  I t  w a s  in f e r r e d  th a t  th e  
s iz e  o f  P t  p a r t ic le  m ig h t  b e  s m a ll  w h e n  it  w a s  p r e t r e a te d  w i th  H 2 a t  4 0 0 ° c  f o r  1 h . In  
b im e ta l l i c  c a ta ly s ts ,  th e y  c o u ld  n o t  o b s e rv e  th e  A u [ l l l ]  a n d  P t [ l  11] w h ic h  c a n  b e  
e x p la in e d  b y  th e  s m a l l  s iz e  o f  A u  a n d  P t w h e n  i t  p r e t r e a te d  w i th  H 2 a t  4 0 0 ° c  f o r  1 h . 
H o w e v e r ,  th e  c r y s ta l l i te  d ia m e te r s  o f  th e  c a lc in e d  c a ta ly s t s  h a d  th e  b ig g e s t  a m o n g  
th e  c a ta ly s t  e x a m in e d .



Table 4.1 M e ta l  c r y s ta l l i te  s iz e s  o f  th e  p re p a re d  c a ta ly s ts

— 1
. ‘ ' t a ü  t  ร ' (n m )

; 1 (2 2 0 ]

f  "  m  ^  

* ^

m
1 %  A u /M O R  (F re s h ) 4 4 .7 N o - -

1 %  A u /M O R  (R e d u c e d ) 7 1 .2 4 4 .8 - - -

1 %  A u /M O R  (C a lc in e d ) 1 1 8 .4 N o - - -

1 %  (1 :1 )  A u :P t /M O R  (F re s h ) N o 1 1 2 .0 N o 1 0 2 .9 N o

1 %  ( 1 :1 ) A u :P t /M O R  ( R e d u c e d ) N o 4 4 .8 N o 4 1 .1 8 8 .9

1 %  ( 1 :1 )  A u :P t /M O R  (C a lc in e d ) 5 0 .9 1 4 8 .2 N o 1 0 2 .9 1 4 7 .7

1 %  (1 :5 )  A u :P t /M O R  (F r e s h ) N o 1 1 2 .2 1 1 9 .0 1 0 2 .9 1 4 7 .7

1 %  (1 ะร) A u :P t /M O R  ( R e d u c e d ) N o 2 2 .3 N o N o 2 2 .3

1 %  ( 1 :5 ) A u :P t /M O R  ( C a lc in e d ) N o 1 4 8 .2 1 1 9 .0 8 1 .9 1 4 7 .7

1 %  P t /M O R  (F re s h ) - - 8 9 .9 N o 1 4 7 .7

1 %  P t /M O R  (R e d u c e d ) - - 7 1 .6 41 .1 8 8 .9

1 %  P t /M O R  (C a lc in e d ) - - N o 1 3 6 .2 1 4 7 .7

N o  =  N o  p e a k s  o f  A u  a n d  P t  w e re  o b s e r v e d  fo r  b im e ta l l ic  c a ta ly s t .
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Figure 4.1 XRD patterns of l%Au/MOR catalyst at different pretreatment conditions.
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Figure 4.2 XRD patterns of 1% Pt/MOR catalyst at different pretreatment conditions.
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Figure 4.3 XRD patterns of 1% (1:1) Au:Pt/MOR catalyst at different pretreatment conditions.
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Figure 4.4 XRD patterns of 1% (1:5) Au:Pt/MOR catalyst at different pretreatment conditions.
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4 .1 .2  S u r f a c e  A r e a  (B E T )  a n d  P o re  S iz e  M e a s u r e m e n ts
T h e  r e s u l ts  o f  s u r fa c e  a r e a  m e a s u r e m e n ts  b y  a d s o r p t io n  o f  n i t r o g e n  a t 

-196°c a re  s h o w n  in  T a b le  4 .2 . T h e  B E T  s u r f a c e  a r e a  a n d  p o r e  s iz e  o f  th e  p r e p a r e d  
c a ta ly s t s  s t r o n g ly  d e p e n d e d  o n  th e  m e ta l  lo a d in g  a n d  th e  in i t ia l  s u r f a c e  a r e a  o f  c a ta ­
ly s t  s u p p o r t .  T h e  m o r d e n i te  s u p p o r t  h a d  a  s u r fa c e  a r e a  o f  3 6 8 .4 8  m 2/g  w h ile  t h e  f re s h  
c a ta ly s t s  d id  n o t  s h o w  m u c h  d i f f e r e n t  in  th e  r a n g e  o f  3 1 4 .5 9 - 3 4 8 .7 4  m 2/g . I t  s u g ­
g e s te d  th a t  th e  h ig h  s u r f a c e  a r e a  o f  th e  c a ta ly s ts  e v e n  a f te r  c a lc in a t io n  a t h ig h  t e m ­
p e r a tu r e s .  T h e  c a lc in e d  c a ta ly s ts  d id  n o t  p r e s e n t  m u c h  d i f f e r e n t  in  th e  r a n g e  o f  
3 0 1 .4 2 - 3 1 6 .8 7  m 2/g  e x c e p t  th e  1 %  ( 1 :1 )  A u :P t /M O R  ( c a lc in e d ) ,  th a t  p r e s e n te d  th e  
b ig g e s t  d e c r e a s e  in  s u r f a c e  a r e a  (2 8 7 .5 7  m 2/g )  a s  c o m p a r e  to  f r e s h  c a ta ly s t  (3 2 6 .1 1  
m 2/g ) .  T h e  s p e c i f ic  s u r f a c e  a r e a  s h o w e d  a  d e c r e a s e  w i th  in c r e a s in g  th e  a m o u n t  o f  P t. 
M o r e o v e r ,  P t  p a r t ic le s  r e ta in e d  in  t h e  sm a ll  c h a n n e ls ,  a g g r e g a te d  a t  p o re  m o u th s  o f  
c h a n n e ls  a n d  th e r e b y  s u b s ta n t ia l ly  b lo c k e d  th e  d if f u s io n  o f  g a s  m o le c u le s  (Y u v a ra j  ร . 
e t a l ,  2 0 0 4 ) .  H o w e v e r ,  th e re  is  n o  c le a r  d i f f e r e n c e  b e tw e e n  th e  s u r f a c e  a r e a s  o f  
A u /M O R , A u - P t /M O R , a n d  P t /M O R  c a ta ly s ts .  F u r th e r m o r e ,  th e  v a lu e s  o f  t h e  p o re  
v o lu m e  o f  c a ta ly s ts  s h o w e d  in  th e  r a n g e  o f  0 .2 2 2 -0 .8 3 3  c m 3/g  w h i le  th e  m o r d e n i te  
s u p p o r t  h a d  a  p o r e  v o lu m e  o f  0 .9 6 5  c m 3/g . I t  is  a p p a r e n t  t h a t  th e  a m o u n t  o f  A u  a n d  
P t  d e c r e a s e d  th e  p o r e  s iz e s  a n d  p o re  v o lu m e  o f  th e  c a ta ly s ts  d u e  to  th e  m e ta l  a d h e re d  
in  in te r n a l  s u r f a c e  o f  m o r d e n i te  z e o l i te .  T h e s e  r e s u l t s  w e re  c o n f i r m e d  b y  E D X  o f  
A u - P t  c a ta ly s t .  I t  s h o w e d  th a t  th e  S i ,  A1 a n d  o  w e r e  c o v e r e d  th e  A u  a n d  P t  w h e n  th e  
m a p p in g  w a s  u s e d  to  f in d  th e  m e ta l .  F u r th e r m o r e ,  th e  c a lc in a t io n  o f  e a c h  c a ta ly s t  le d  
to  d e c r e a s e  th e  s u r f a c e  a r e a  b e c a u s e  th e  m e ta l  m ig h t  fo rm  a g g r e g a t io n  a t  5 0 0 ° c  fo r  5 
h  a n d  o b s t r u c t  th e  s m a l l  p o r e  o f  z e o l i te .

4 .1 .3  I n d u c t iv e ly  C o u p le d  P la s m a  ( IC P )
IC P  w a s  u s e d  to  d e te r m in e  th e  a c tu a l  c o n te n t  o f  to ta l  m e ta l  lo a d in g  

o v e r  t h e  m o r d e n i te  z e o l i te - s u p p o r te d  c a ta ly s ts .  T h e  m e a s u r e d  to ta l  m e ta l  lo a d in g  o f  
th e  p r e p a r e d  c a ta ly s t s  is  s h o w n  in  T a b le  4 .2 .  F r o m  th e  r e s u l ts ,  th e  m e a s u r e d  v a lu e s  o f  
to ta l  m e ta l  lo a d in g  in  a ll  p r e p a r e d  c a ta ly s t s  w e r e  m u c h  lo w e r  th a n  th e  e x p e c te d  v a l ­
u e s . T h e  d is a p p e a r a n c e  o f  th e  m e ta ls  m ig h t  b e  o w in g  to  th e  e r r o r  d u r in g  s a m p le  
p r e p a r a t io n  s te p . In  a d d i t io n ,  th e  a c tu a l  to ta l  m e ta l  lo a d in g  p r o v id e d  b y  I C P  te c h -
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n iq u e  s h o w e d  th a t  th e  s u r f a c e  a r e a  o f  f r e s h  c a ta ly s t s  d e c r e a s e d  w i th  in c r e a s in g  th e  
to ta l  m e ta l  lo a d in g .

Table 4.2 S p e c if ic  s u r fa c e  a re a , p o r e  s iz e  a n d  p o re  v o lu m e  o f  m o r d e n i te  z e o l i te  
(M O R ) ,  l% A u /M O R ,  1 %  ( 1 :1 )  A u :P t /M O R , 1 %  (1 :5 )  A u :P t /M O R  a n d  l% P t /M O R

.-■ y ■ :

H H
M O R

1

3 6 3 .4 8 6 .5 6 0 0 .9 6 5

%

1 % A u /M O R  (F re s h ) 3 4 8 .7 4 5 .0 6 0 0 .5 5 3 0 .4 1

1 % (1 :1 )  A u :P t /M O R  ( F re s h ) 3 2 6 .1 1 5 .0 3 9 0 .6 2 9 0 .4 7

1 % ( 1 :5 )  A u :P t /M O R ( F r e s h ) 3 1 4 .5 9 5 .6 2 0 0 .3 7 8 0 .51

1 % P t /M O R ( F r e s h ) 3 1 5 .4 5 8 .8 0 7 0 .3 5 1 0 .7 7
l% A u /M O R  (C a lc in e d ) 3 1 6 .8 7 6 .0 1 6 0 .8 3 3 0 .4 1

1 % ( 1 :1 )  A u :P t /M O R  (C a lc in e d ) 2 8 7 .5 7 7 .4 5 1 0 .2 2 2 0 .4 7
1% (1 ะร) A u :P t /M O R  (C a lc in e d ) 3 1 1 .1 4 5 .9 6 0 0 .2 4 6 0 .5 1

1 % P t /M O R ( C a lc in e d ) 3 0 1 .4 2 5 .1 6 3 0 .2 4 8 0 .7 7
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4 .1 .4  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  te c h n iq u e  w a s  a ls o  u s e d  to  c h a r ­

a c te r iz e  b o th  th e  f r e s h  a n d  c a lc in e d  A u , P t  a n d  A u - P t  c a ta ly s ts  in  o r d e r  to  e x a m in e  
th e  in te r a c t io n  b e tw e e n  m e ta ls  s p e c ie s  a n d  s u p p o r t s ’ s u r fa c e . T h e  T P R  p r o f i le s  o f  th e  
p r e p a r e d  c a ta ly s t s  a n d  b la n k  m o rd e n i te  z e o l i te  c a ta ly s t  s u p p o r t  a re  r e v e a le d  in  F ig u r e
4 .5 . I t  p r e s e n t s  o n e  r e d u c t io n  p e a k  in  lo w  te m p e r a tu r e  w i th  a  m a x im u m  te m p e r a tu r e  
a t  - 5 0 - 1 6 0 ° c .  T h e  r e d u c t io n  p e a k  a t  ~ 7 0 ° c  m ig h t  b e  a t t r ib u te d  to  th e  r e d u c t io n  o f  
A u  a n d  P t  s p e c ie s  in  o n  t h e  e x te r io r  s u r fa c e  o f  m o rd e n i te .  T h e  m a in  r e d u c t io n  o f  
l% A u /M O R  o c c u r r e d  a t  ~ 7 3 ° c  th a t  w a s  s im i la r  to  th e  r e s u l ts  f ro m  W a n  e t al. (2 0 0 5 ) .  
T h e  c o m p le te  r e d u c t io n  o f  A u  (II I )  in to  A u  ( I )  i s  a c c o m p lis h e d  in  th e  7 0 - 1 5 0 ° c  
r a n g e . C o n s e q u e n t ly ,  th e  h ig h - te m p e r a tu r e  p e a k  r e p r e s e n ts  th e  r e d u c t io n  o f  A u  (I )  in  
to  A u  (0 ) . T h is  p e a k  s h o w e d  m a x im a  a t  ~ 3 2 0 ° c  in  th e  p r o f i le s  o f  A u /M O R  f r e s h  a n d  
c a lc in e d  ( F ig u r e  4 .5  (b )  a n d  (c )) . In  a d d it io n ,  th e  f re s h  1 %  A u /M O R  a p p e a r e d  a  
b ro a d e n e d  p e a k  a t  5 6 7 ° c ,  s u g g e s t in g  th a t  th e  g o ld  s p e c ie s  o n  th e  in te r io r  s u r f a c e  o f  
z e o l i te  p a r t ic le s .  B o th  f r e s h  a n d  c a lc in e d  l% P t /M O R  c a ta ly s ts  s h o w e d  lo w e r  m a in  
r e d u c t io n  te m p e r a tu r e s  th a n  o th e r  c a ta ly s ts ,  s u g g e s t in g  th a t  th e  P t  s p e c ie s  w e r e  r e ­
d u c e d  e a s i ly .  T h e  s iz e s  o f  th e s e  s p e c ie s  in  1%  P t /M O R  w e re  p r o b a b ly  s m a l le r  th a n  
th o s e  in  o th e r s ;  th e r e f o r e ,  th e s e  s p e c ie s  c a n  b e  r e d u c e d  a t  lo w  te m p e r a tu r e s .  A d d i ­
t io n a l ly ,  t h e  l% P t /M O R  h a d  th e  s e c o n d  r e d u c t io n  p e a k  a t  h ig h  t e m p e r a tu r e s ,  th e  c a l ­
c in e d  l % P t /M O R  s h o w e d  a  p e a k  a t  5 1 0 ° c  a n d  w a s  s h a r p e r  th a n  th e  f re s h  c a ta ly s t  
s i tu a te d  c lo s e  to  4 3 5 ° c .  I t  is  in te r e s t in g  to  o b s e r v e  th a t  i t  c o r r e s p o n d s  to  th e  r e d u c ­
t io n  o f  m e ta l  p r e c u r s o r  f r o m  P t  ( IV )  to  P t  (0 )  a n d  th e  f re s h  l% P t /M O R  w a s  r e d u c e d  
m o r e  e a s i ly  th a n  th e  c a lc in e d  c a ta ly s t .  F o r  f re s h  b im e ta l l i c  c a ta ly s t s ,  a  r e g io n  o f  แ 2 

u p ta k e  w i th  m a x im a  a t  5 6 0 ° c  w a s  o b s e rv e d ;  h o w e v e r ,  f o r  th e  c a lc a in e d  b im e ta l l i c  
c a ta ly s ts ,  n o  s ig n i f i c a n t  แ 2 u p ta k e  w a s  o b s e rv e d .  I t  m a y  b e  e x p e c te d  th a t  th e  p e a k  
a p p e a re d  a t  5 6 0 ° c  w a s  th e  im p u r i ty  b e c a u s e  o f  d is a p p e a r a n c e  o f  th e s e  p e a k  a f te r  c a l ­
c in a t io n .  T h e  r e d u c t io n  p e a k  a t  ~ 4 0 0 ° c  c o u ld  b e  a s c r ib e e d  to  th e  r e d u c t io n  o f  P t  io n s  
in  th e  f r e s h  b im e ta l l i c  c a ta ly s ts .  T h e  c a lc in e d  A u - P t /m o r d e n i te  c o u ld  b e  s e e n  o n e  
p e a k  a t  ~ 7 5 ° c .
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T e m p e r a tu re ,  °c

Figure 4.5 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  p r o f i le s  o f  t h e  p r e p a r e d  c a ta ly s ts :  (a )  
m o r d e n i t e  z e o l i te ,  ( b )  f r e s h  l% A u /M O R , (c )  c a lc in e d  l% A u /M O R , (d )  f r e s h  1 %  (1 :1 )  
A u :P t /M O R , (e )  c a lc in e d  1 %  ( 1 :1 )  A u :P t /M O R , ( f )  f r e s h  1 %  (1 :5 )  A u :P t /M O R , (g )  
c a lc in e d  1 %  (1 :5 )  A u :P t /M O R , (h )  f re s h  l% P t /M O R  a n d  ( i )  c a lc in e d  l% P t /M O R .
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4 .1 .5  H ? P u ls e  C h e m is o rp t io n s
A  s u m m a ry  o f  c h e m is o r p t io n  u p ta k e s  fo r  e a c h  c a ta ly s t  is  s h o w n  in  

T a b le  4 .3 .  แ 2 is  u s e d  a s  th e  a d s o r b a te  g a s  to  s tu d y  c h e m is o r p t io n  o n  m e ta l .  T h e  m e ta l  
d is p e r s io n s  w e r e  c a lc u la te d  b y  แ 2 c h e m is o r p t io n  d a ta  a s s u m in g  a n  a d s o r p t io n  
s to ic h io m e t r y  o f  o n e  h y d r o g e n  a to m  p e r  s u r fa c e  m e ta l  a to m . F r o m  th e  re s u l ts ,  w h e n  
th e  A u - P t /m o r d e n i te  a n d  P t /m o r d e n i te  p re p a re d  b y  d e p o s i t io n - p r e c ip i ta t io n ,  a  h ig h e r  
d i s p e r s io n  o f  A u  a n d  P t  c a n  b e  o b ta in e d .  D is p e r s io n s  o f  a b o u t  5 5 %  a n d  2 9 %  w e r e  
o b ta in e d  f o r  1 %  P t /M O R  a n d  1 %  (1 :5 )  A u :P t /M O R , r e s p e c t iv e ly .  I t  is  in te r e s t in g  to  
o b s e r v e  t h a t  th e  b im e ta l l i c  c a t a ly s t  (1 %  (1 :5 )  A u :P t /M O R )  s h o w e d  m u c h  lo w e r  d i s ­
p e r s io n  a s  w e l l  a s  la r g e r  p a r t ic le  s iz e  th a n  th e  m o n o m e ta l l ic  c a t a ly s t  ( l% P t / M O R )  
h a v in g  a  c r y s ta l l i te  s iz e  o f  a p p r o x im a te ly  1 .8 4 6  n m . I t  w a s  in f e r r e d  th a t  th e  1 %  ( 1 :5 )  
A u :P t /M O R  c a ta ly s t  m ig h t  fo rm  th e  a g g r e g a t io n  s ta te  o f  th e  m e ta ls  P t  a n d  A u  w h ic h  
le a d  to  l a r g e  p a r t ic le  s iz e .

Table 4.3 T h e  d e g r e e  o f  m e ta l  d is p e r s io n  a n d  m e a n  p a r t ic le  d ia m e te r  o f  1 %  ( 1 :5 )  
A u :P t /M O R  a n d  l% P t /M O R  c a ta ly s ts

■ 1 1  Calalyst : : : ® ไ โ ๗°" ‘ไ ! ! : “๓''’'“
1 % (1 :1 )  \ น:P t /M O R ( F r e s h ) 1 .7 0 5 ... 5 9 .7 1 5
1 % (1 :5 )  A u :P t /M O R ( F r e s h ) 2 9 .0 4 2 3 .5 0 6

1 % P t /M O R ( F  r e s h ) 5 5 .1 4 9 1 .8 4 6

4 .1 .6  T r a n s m is s io n  E le c tr o n  M ic r o g r a p h  (T E M )
T r a n s m is s io n  e le c t r o n  m ic r o g r a p h s  o f  th e  1 % P t /m o r d e n i te  a n d  1 %  

( 1 :5 )  A u :P t /m o r d e n i t e  c a ta ly s ts  (F ig u re  4 .6 -4 .7 )  s h o w  th a t  th e  n a n o p a r t i c le s  in  b o th  
c a ta ly s t s  w e r e  w e l l  d is p e r s e d  o n  th e  s u p p o r t  a n d  h a d  s im i la r  m o r p h o lo g y ,  w i th  m o s t  
m e ta l  p a r t ic le s  w e r e  s m a l le r  th a n  10 n m . T h e s e  r e s u l t s  w e re  c o m f ir m e d  b y  แ 2 p u ls e  
c h e m is o r p t io n  o f  1 %  ( 1 :5 )  A u :P t /m o r d e n i te  a n d  1 % P t /m o r d e n i te  c a ta ly s ts  h a v in g  
a v e r a g e  p a r t ic le  o f  a p p r o x im a te ly  3 .5 0 6  n m  a n d  1 .8 4 6  n m  f o r  1 %  ( 1 :5 )
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A u :P t /m o r d e n i te  a n d  fo r  l% P t /m o r d e n i t e ,  r e s p e c t iv e ly .  T h e  1 %  (1 :5 )  A u :P t /M O R  
h a d  a  la r g e r  s iz e  th a n  % P t /m o r d e n i te  b e c a u s e  A u  a n d  P t  m ig h t  fo rm  a l lo y . T h e  in ­
te r a c t io n  b e tw e e n  P t  a n d  A u  w a s  e x p lo r e d  a t  th e  n a n o m e te r  s c a le  b y  m e a n s  o f  E D X . 
W ith  th e  e le c t r o n  b e a m  c o n v e r g e d  to  n a n o m e te r  s iz e ,  X - ra y  p h o to n s  e m it te d  f ro m  th e  
lo c a l  a r e a  c o u ld  b e  d e te c te d  in  th e  m ic r o s c o p e .  A s  s h o w n  in  F ig u r e  4 .8 ,  P t  L  e d g e s  
a p p e a r  a s  s m a l l  s h o u ld e r s  a t  th e  lo w - e n e r g y  s id e  o f  th e  A u  L  e d g e s .  T h e  E D X  s p e c ­
t r u m  o f  1 %  (1 :5 )  A u :P t /m o r d e n i te  z e o l i te  h a d  t h e  p e a k  o f  A u  a n d  P t  in  in d iv id u a l  
s in g le  p a r t ic le .  I t  i n d ic a te d  th a t  th e  e x a m in e d  s in g le  p a r t ic le  d id  n o t  s e g r e g a te  o f  A u  
o r  P t.

Figure 4 .6  T E M  m ic r o g r a p h  o f  1 %  P t /m o r d e n i te  z e o l i te .
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Figure 4 .7  T E M  m ic r o g r a p h  o f  1 %  ( 1 :5 ) A u :P t /m o r d e n i te  z e o l i te .

Figure 4.8 T h e  E D X  s p e c t r u m  f o r  in d iv id u a l  s in g le  p a r t ic le  f r o m  1% (1:5 ) A u :P t /  
m o r d e n i te  z e o l i te .
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4.2 Catalytic Activity

T h e  c a ta ly t ic  a c t iv i ty  t e s t s  w e re  c a r r ie d  o u t  in  a  f ix e d  b e d  U - tu b e  m ic r o ­
r e a c to r  w i th  a n  in s id e  d ia m e te r  o f  6  m m  b y  p a c k in g  w i th  1 0 0  m g  c a ta ly s t  o f  8 0 -1 2 0  
m e s h  in s id e .  T h e  a c t iv i ty  w a s  in v e s t ig a te d  a t  v a r ie d  te m p e r a tu r e  in  th e  r a n g e  o f  5 0 -  
3 3 0 ° c  u n d e r  a tm o s p h e r ic  p re s s u r e .

4 .2 .1  E f f e c t  o f  M e ta l - lo a d e d  R a tio
T h e  C O  c o n v e r s io n  a n d  s e le c t iv e ly  v e r s u s  t e m p e r a tu r e  c u r v e s  o b ­

ta in e d  o v e r  d i f f e r e n t  m o r d e n i te  s u p p o r te d  A u , P t  a n d  A u - P t  c a ta ly s ts  a t  1 %  to ta l  
m e ta l  lo a d in g  a re  s h o w n  in  F ig u r e  4.9. T h e  A u :P t  r a t io s  w e r e  v a r ie d  a t  1:0, 1:1, 1:5  
a n d  0:1. T h e  P t  s u p p o r te d  o n  m o r d e n i te  z e o l i te  g a v e  th e  h ig h e s t  C O  c o n v e r s io n  
(100%) a n d  s e le c t iv i ty  (69.77%). F o r  a ll  c a ta ly s t s ,  th e  h ig h e r  C O  c o n v e r s io n  w a s  o b ­
t a in e d  a t  h ig h  te m p e r a tu r e s  b u t  t h e  h ig h e r  C O  s e le c t iv i ty  w a s  o b ta in e d  a t  lo w  t e m ­
p e r a tu r e s .  A u  c a ta ly s t  is  in e r t  f o r  c a ta ly t ic  a p p l ic a t io n s ,  h o w e v e r ,  i t  is  m o r e  a c t iv e  fo r  
s e le c t iv e  C O  o x id a t io n ,  a n d  m o r e  fo r  C O  c o x id a t io n  th a n  fo r  แ 2 o x id a t io n  ( O k u m u r a  
e l a l.,  2002). A c c o r d in g  to  A u  g a v e  h ig h  s e le c t iv i ty  a t  lo w  te m p e r a tu r e s ,  so  th a t  th e  
m a x im u m  s e le c t iv i ty  o f  th e  b im e ta l l i c  1 %  (1 :1 )  A u :P t /M O R  s h o w e d  a t  lo w e r  t e m ­
p e r a tu r e  th a n  -1% ( 1 :5 )  A u :P t /M O R . F r o m  th e  r e s u l ts ,  w h e n  t h e  s m a ll  a m o u n t  o f  P t  
w a s  a d d e d  to  A u /M O R , th e  C O  c o n v e r s io n  w a s  h ig h e r  a n d  th e  t e m p e r a tu r e  a t  th e  
m a x im u m  C O  c o n v e r s io n  o f  1% A u :P t /M O R  w a s  s h if te d  to  lo w e r  t e m p e r a tu r e  a c ­
c o r d in g  to  th e  r a t io  o f  P t .  In  c o m p a r is o n ,  th e  m o n o m e ta l l ic  A u  s a m p le  e x h ib i te d  th e  
lo w e s t  a c t iv i ty  a m o n g  a l l  s a m p le s  e x a m in a t io n  a n d  c o m p le te d  c o n v e r s io n  o v e r  th e  
m o n o m e ta l l ic  P t  s a m p le  w a s  r e a c h e d  a t  a p p r o x im a te ly  210°c. T h e  b im e ta l l i c  A u - P t  
s a m p le s  e x h ib i te d  th e  a c t iv i ty  b e tw e e n  m o n o m e ta l l ic  P t  a n d  A u  s a m p le s .  T h e  b e h a v ­
io r  o f  t h e  b im e ta l l i c  A u - P t  s u p p o r te d  o n  m o r d e n i te  w a s  o p p o s i te  to  w h a t  w a s  o b ­
s e rv e d  o v e r  C eC >2 ( M o n y a n o n  e t a i ,  2006). T h e  b im e ta l l i c  c a ta ta ly s t  (P tA u /C e C b )  
w e r e  m o r e  a c t iv e  th a n  m o n o m e ta l l ic  c a ta ly s ts  (P t/C e C >2 a n d  A u /C e C b )  f o r  P R O X  o f  
C O . A d d i t io n a l ly ,  t h e  p e r f o r m a n c e  o f  th e  b im e ta l l i c  A u - P t  s u p p o te d  o n  m o r d e n i te  
w a s  a ls o  in c o n s i s te n t  w i th  th e  b im e ta l l i c  A u - P t  s u p p o te d  o n  A  z e o l i te .  N a k n a m  e t a l.,
(2006) r e p o r te d  th a t  1% A u P t /A  z e o l i te  g a v e  th e  b e s t  p e r f o r m a n c e  b e c a u s e  th e  p r e s ­
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e n c e  o f  A u  o n  th e  P t /A  c a t a ly s t  im p r o v e d  th e  b o th  th e  C O  c o n v e r s io n  a n d  s e le c t iv i ty .  
F r o m  th e  I C P  re s u l t  o f  1 % A u /M O R , th e  a m o u n t  o f  A u  d e p o s i te d  o n  th e  s u p p o r t  w a s  
lo w . I t  w a s  in f e r r e d  th a t  th e  c a t a ly s t  h a d  lo w  a c t iv e  s i te s ,  s o  th i s  c a ta ly s t  p r o v id e d  a  
lo w  C O  c o n v e r s io n .  O n  t h e  o th e r  h a n d ,  t h e  l% P t /M O R  h a s  h ig h  a m o u n t  o f  P t  d e p o s ­
i te d  o n  th e  s u p p o r t  s in c e  th i s  c a ta ly s t  h a d  h ig h  a c t iv e  s i te s .  In  a d d i t io n ,  th e  P t  p a r t ic le  
h a d  sm a ll  s iz e s  o f  a p p r o x im a te ly  1 .8 -2  n m , so  th e  h ig h  s u r f a c e  le d  to  th e  h ig h  in te r ­
a c t io n  a re a . T h e  p r e s e n c e  o f  a  s m a l l  p a r t ic le  s iz e  in c r e a s e d  th e  m e ta l - s u p p o r t  in te r f a ­
c ia l  a re a , in c r e a s in g  th e  e f f e c t iv e n e s s  o f  t h e  m e c h a n is m  o f  c a r b o n  r e m o v a l  f ro m  th e  

m e ta l l ic  s u r f a c e ,  w h ic h  t a k e s  p la c e  a t  th e  m e ta l - s u p p o r t  in te r f a c ia l  p e r im e te r  ( M a t -  

t o s  e t  a l ,  2 0 0 5 ) .
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Figure 4.9 Dependencies of the CO conversion (a) and the CO selectivity (b) of
mordenite supported catalysts: (A) l%Au/MOR, (▼ ) 1% (1:1) Au:Pt/MOR, (O) 1%
(1 ะร) Au:Pt/MOR, and ( • )  l%Pt/MOR.
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4 .2 .2  E f f e c t  o f  C a ta ly s t  P r e tr e a tm e n t
S u p p o r te d  A u , P t  a n d  A u -P t  c a ta ly s t s  p r e p a r e d  b y  d e p o s i t io n -  

p r e c ip i ta t io n  w e r e  s tu d ie d  w i th  d if f e r e n t  p r e t r e a tm e n t  c o n d i t io n s  a s  s h o w n  in  F ig u re s  
4.10-4.13. A ll  c a ta ly s t s  w e r e  p r e t r e a te d  w i th  d if f e r e n t  c o n d i t io n s ;  n o n - p r e tr e a tm e n t ,  
H 2 a t  400°c, 0 2 a t  200°c a n d  H e  a t  110°c fo r  1 h .

A s  s h o w n  in  F ig u re  4 .1 0 , th e  1%  A u /M O R  p r e t r e a te d  w i th  H 2, 0 2 a n d  
H e  g a v e  y ie ld  m o r e  a c t iv e  th a n  n o n - p r e tr e a tm e n t .  T h e  n o n - p r e t r e a tm e n t  o f  th i s  c a ta ­
ly s t  g a v e  th e  lo w e s t  C O  c o n v e r s io n  a n d  lo w e s t  C O  s e le c t iv i ty .  I t  w a s  a b le  to  o b s e rv e  
th a t  H e  p r e t r e a tm e n t  g a v e  th e  h ig h e s t  C O  s e le c t iv i ty  o f  4 7 .1 0 %  a t  ~ 1 0 0 ° c .  I n  s u m ­
m a r y ,  T h e  C O  c o n v e r s io n  o f  l% A u /M O R  o f  a ll  p r e t r e a tm e n ts  d id  n o t  e x c e e d  2 0 % . 
T h e  r e a c t io n  r e s u l t s  p r e s e n te d  th a t  th is  c a ta ly s t  is  in a c t iv e . I t  is  p la u s ib le  th a t  th i s  is  a  
c o n s e q u e n c e  o f  th e  c o m p le te  a b s e n c e  o f  A u  a n d  th e  p r e t r e a tm e n t  c o n d i t io n s  c o u ld  
n o t  a c t iv a te  th e  u n c a lc in e d  s a m p le .

F o r  1 %  (1 :1 )  A u :P t /M O R  a s  s h o w n  in  F ig u r e  4 .1 1 ,  i t  is  l ik e ly  th a t  0 2 
a n d  H e  in d u c e d  th e  g r o w th  o f  A u  s p e c ie s  b e c a u s e  th e  p r e t r e a tm e n t  in  H 2 a tm o s p h e r e  
a n d  n o n - p r e t r e a tm e n t  d id  n o t  c a u s e  a p p re c ia b le  g ro w th  o f  A u  p a r t ic le s .  I t  c a n  b e  s e e n  
th a t  th e  C O  c o n v e r s io n  p r o f i le  o f  th e  o x id iz in g  p re t r e a tm e n t  w a s  s im i la r  to  th e  in e r t  
p r e t r e a tm e n t .  T h e s e  c a ta ly s t s  o f  th e  o x id iz in g  p r e t r e a tm e n t  a n d  th e  in e r t  p r e t r e a tm e n t  
s h o w e d  h ig h e r  C O  c o n v e r s io n  th a n  th e  r e d u c in g  p re t r e a tm e n t  a n d  n o n - p r e t r e a tm e n t .  
W h e n  th e  p r e t r e a tm e n t  c o n d i t io n  w a s  c o n v e r te d  to  0 2 a n d  H e , th e  m a x im u m  C O  
c o n v e r s io n  w a s  s h if te d  to  lo w e r  t e m p e r a tu r e  (~ 2 3 0 ° C ) .  In  th e  s e le c t iv i ty  p r o f i le ,  H e  
p r e t r e a tm e n t  g a v e  th e  h ig h e s t  C O  s e le c t iv i ty  o f  9 9 .5 1 %  a t  lo w  t e m p e r a tu r e s ,  w h i le  
th e  s e le c t iv i ty  p r o f i le  o f  o x id iz in g  p r e t r e a tm e n t  w a s  s im i la r  to  th e  n o n - p r e t r e a tm e n t .  
I t  is  in te r e s t in g  to  o b s e r v e  th a t  th e  s e le c t iv i ty  o f  p r e t r e a tm e n t  in  H 2, 0 2 a n d  n o n ­
p r e t r e a tm e n t  w e r e  n o t  m u c h  d if f e r e n t  in  th e  te m p e r a tu r e  r a n g e  o f  1 7 0 -  330°c, w h ile  
th e  s e le c t iv i ty  o f  th e  r e d u c in g  p r e t r e a tm e n t  g a v e  th e  lo w e s t  s e le c t iv i ty .

F o r  1% (1:5) A u :P t /M O R  a s  s h o w n  in  F ig u r e  4.12, th e  C O  c o n v e r s io n  
o f  a ll  p r e t r e a tm e n ts  w a s  m a x im iz e d  in  r a n g e  o f  210-250°c a n d  th e n  s l ig h t ly  d e ­
c r e a s e d  w i th  in c r e a s in g  te m p e r a tu r e .  T h e  c a ta ly s ts  p r e t r e a te d  w i th  H 2 a tm o s p h e r e  
g a v e  th e  h ig h e s t  C O  c o n v e r s io n  a t  lo w  te m p e r a tu r e s ,  w h i le  t h e  c a ta ly s t s  o f  n o n ­
p r e t r e a tm e n t  g a v e  th e  h ig h e s t  C O  c o n v e r s io n  a t  h ig h  te m p e r a tu r e s .  T h e  m a x im u m  
C O  c o n v e r s io n  o f  1 %  (1:5) A u :P t /M O R  w a s  90.05% o f  n o n - p r e t r e a tm e n t  a t  250°c.
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T h e  t e m p e r a tu r e  a t  th e  m a x im u m  CO c o n v e r s io n  w a s  s h if te d  to  230°c w h e n  p r e ­
t r e a te d  in  O2 a tm o s p h e r e .  In  a d d i t io n ,  T h e  H 2 p r e t r e a tm e n t  s h o w e d  th e  h ig h e s t  CO 
s e le c t iv i ty  o f  9 3 .5 8 %  a t  lo w  te m p e r a tu r e s  b u t  in c r e a s in g  t e m p e r a tu r e  d r a m a t ic a l ly  
m in im iz e d  th e  CO s e le c t iv i ty .  T h e  s e le c t iv i ty  o f  n o n - p r e tr e a tm e n t ,  o x id iz in g  p r e ­
t r e a tm e n t  a n d  in e r t  p r e t r e a tm e n t  in c r e a s e d  d r a m a t ic a l ly  a t  lo w  t e m p e r a tu r e s ,  w h i le  
d e c r e a s e d  s l ig h t ly  a t  h ig h  te m p e ra tu re s .  H o w e v e r ,  a ll  p r e t r e a tm e n ts  o f  c a ta ly s ts  
s h o w e d  a  s im i la r  t r e n d  in  th e  te m p e r a tu r e  r a n g e  o f  190-330°c.

In  F ig u re  4.13, C O  w a s  c o m p le te ly  c o n v e r te d  to  C O 2 b y  1 %  P t  s u p ­
p o r te d  o n  m o r d e n i te  z e o l i te  w i th  a ll  p r e t r e a tm e n ts  in  th e  te m p e r a tu r e  r a n g e  190- 
230°c. T h e  t e m p e r a tu r e  a t  th e  m a x im u m  C O  c o n v e r s io n  o f  O 2 p r e t r e a te d  c a ta ly s t  
w a s  210°c, w h ile  th e  te m p e r a tu r e  a t  th e  m a x im u m  C O  c o n v e r s io n  o f  H 2 p r e t r e a t ­
m e n t  w a s  s h if te d  to  170°c. T h e  C O  c o n v e r s io n  o f  O 2 p r e t r e a tm e n t  a n d  H 2 p r e t r e a t ­
m e n t  f o l lo w e d  th e  s a m e  t r e n d  a s  in  th e  te m p e r a tu r e  r a n g e  o f  50- 130°c r o s e  c o n s id ­
e ra b ly .  H o w e v e r ,  th e  C O  c o n v e r s io n  d e c l in e d  m o d e r a te ly  a t  h ig h  t e m p e r a tu r e s .  A t  
th e  lo w  te m p e r a tu r e s ,  t h e  C O  s e le c t iv i ty  o f  O 2 p r e t r e a tm e n t  a n d  H 2 p r e t r e a tm e n t  d e ­
c r e a s e d  r a p id ly  w h i le  t h e  C O  s e le c t iv i ty  o f  H e  p re t r e a tm e n t  a n d  n o n - p r e t r e a tm e n t  
in c r e a s e d  d ra m a tic a l ly .  H o w e v e r ,  th e  C O  s e le c t iv i ty  o f  a ll  p r e t r e a tm e n t  d id  n o t  s h o w  
m u c h  d i f f e r e n t  in  th e  r a n g e  o f  190-330°c. T h e  s e le c t iv i ty  o f  a ll  p r e t r e a tm e n t  s h o w e d  
in  th e  r a n g e  o f  47.1-49.9%. T h is  s u g g e s te d  th a t  o n ly  a  s l ig h t  d i f f e r e n c e  in  t h e  v a lu e  
o f  s e le c t iv i ty  w a s  o b s e rv e d .

A m o n g  A u - P t /M O R  c a ta ly s ts ,  1%  P t  s u p p o r te d  o n  m o r d e n i te  z e o l i te  
w i th  H 2 p r e t r e a tm e n t  g a v e  th e  b e s t  p e r f o r m a n c e  d u e  to  th e  C O  c o n v e r s io n  o f  1 0 0 %  
a n d  t h e  C O  s e le c t iv i ty  o f  4 8 .1 4 %  w a s  o b ta in e d  a t  th e  lo w  t e m p e r a tu r e  ( 1 7 0  °C ). 
H o w e v e r ,  1 %  P t /M O R  w i th  n o n - p r e tr e a tm e n t  a n d  H e  p r e t r e a tm e n t  g a v e  t h e  w id e r  
r a n g e  o f  t e m p e r a tu r e  a t  t h e  m a x im u m  C O  c o n v e r s io n .
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Figure 4.10 Dependencies of the CO conversion (a) and the CO selectivity (b) of 1%
Au/mordenite zeolite catalyst: ( • )  Non-pretreatment, (O) H2 pretreatment at 400°c
for 1 h, (T) O2 pretreatment at 200cc  for 1 h, (A) He pretreatment at 110°c for 1 h.
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Figure 4.11 D e p e n d e n c ie s  o f  th e  C O  c o n v e r s io n  (a )  a n d  th e  C O  s e le c t iv i ty  (b )  o f  1%  
( 1 :1 )  A u :P t /m o r d e n i te  z e o l i te  c a ta ly s t :  ( • )  N o n - p r e t r e a tm e n t ,  ( O )  H 2 p r e t r e a tm e n t  a t  
400°c f o r  1 h , ( T )  O 2 p r e t r e a tm e n t  a t  200°c f o r  1 h ,  (A ) H e  p r e t r e a tm e n t  a t  110°c 
fo r  1 h .
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Figure 4.12 D e p e n d e n c ie s  o f  th e  C O  c o n v e r s io n  (a )  a n d  th e  C O  s e le c t iv i ty  (b )  o f  1%  
(1 :5 )  A u :P t /m o r d e n i t e  z e o l i te  c a ta ly s t :  ( • )  N o n - p r e t r e a tm e n t ,  (O) H 2 p r e t r e a tm e n t  a t 
400°c f o r  1 h , ( T )  0 2 p r e t r e a tm e n t  a t  200°c f o r  1 h , (A ) H e  p r e t r e a tm e n t  a t  110°c 
fo r  1 h .
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Figure 4.13 Dependencies of the CO conversion (a) and the CO selectivity (b) of 1%
Pt/mordenite zeolite catalyst: ( • )  Non-pretreatment, (O) แ 2 pretreatment at 400°c
for 1 h, (▼ ) O2 pretreatment at 200°c for 1 h, (A) He pretreatment at 110°c for 1 h.
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4 .2 .3  E f fe c t  o f  C a lc in a t io n
T o  in v e s t ig a te  th e  in f lu e n c e  o f  th e  c a lc in a t io n  c o n d i t io n s ,  th e  a c t iv i ty  

o f  u n c a lc in e d  a n d  c a lc in e d  s a m p le s  is  m e a s u r e d . I n  th e  c a lc in a t io n  c o n d i t io n s ,  th e  
s a m p le s  w e r e  c a lc in e d  in  a i r  a t  5 0 0 ° c  fo r  1 h . B o th  u n c a lc in e d  a n d  c a lc in e d  c a ta ly s ts  
w e r e  p r e t r e a t e d  w i th  แ 2 a t  4 0 0 ° c  f o r  1 h  o r  w i th  O 2 a t  2 0 0 ° c  f o r  1 h .

T h e  r e a c t io n  w a s  p e r f o r m e d  w i th  u n c a lc in e d  a n d  c a lc in e d  A u /M O R  
u n d e r  t h e  s a m e  c o n d i t io n  a t  th e  te m p e r a tu r e  r a n g e  o f  50-330°C a s  s h o w n  in  F ig u re  
4 .1 4 . I t  w a s  f o u n d  th a t  th e  C O  c o n v e r s io n  o f  u n c a lc in e d  c a ta ly s t  w a s  - 1 2 - 1 5 % .  
W h e r e a s ,  th e  c o n v e r s io n  o f  c a lc in e d  c a ta ly s ts  w a s  -21-25%, w h ic h  w a s  h ig h e r  th a n  
th e  u n c a lc in e d  s a m p le .  A f te r  c a lc in a t io n s  a t  500°c, th e  c a lc in e d  A u /m o r d e n i te  w a s  
m e ta l l i c  fo rm  ( f r o m  X R D  r e s u l ts )  a n d  i t  w a s  m o r e  a c t iv e  th a n  th e  u n c a lc in e d  o n e . 
F o r  t h e  c a ta ly s ts  p r e t r e a te d  w i th  แ 2, th e  C O  c o n v e r s io n  o f  u n c a lc in e d  c a ta ly s t s  w e re  
h ig h e r  th a n  c a lc in e d  c a ta ly s ts  a t  lo w  te m p e r a tu r e s ,  w h i le  t h e  C O  c o n v e r s io n  o f  u n ­
c a lc in e d  c a ta ly s ts  w e r e  lo w e r  th a n  c a lc in e d  c a ta ly s t s  a t  h ig h  te m p e r a tu r e s .  T h e  s e le c ­
t iv i ty  o f  c a ta ly s ts  p r e t r e a te d  w i th  O 2 a n d  แ 2 in  t h e  te m p e r a tu r e  ra n g e  o f  210-330°c 
d e c l in e d  c o n s id e r a b ly .  I t  is  in f e r r e d  th a t  th e  A u /M O R  c a ta ly s t s  a t  h ig h  t e m p e r a tu r e s  
g a v e  lo w  C O  s e le c t iv i ty  d u e  to  a t  h ig h  t e m p e r a tu r e  แ 2 o x id a t io n  w a s  a b le  to  o c c u r  
e a s ie r  t h a n  C O  o x id a t io n  ( M a r in o  et. a l . , 2005).

S u r p r is in g ly ,  th e  u n c a lc in e d  c a ta ly s t  1 %  ( 1 :1 )  A u :P t /M O R  p re t r e a te d  
w i th  O 2 w a s  m o r e  a c t iv e  th a n  th e  u n c a lc in e d  c a ta ly s t  w h e n  t r e a te d  w i th  แ 2 a s  s h o w n  
in  F ig u r e  4.15. T h e  f a i lu r e  o f  H 2 r e d u c t io n  a t  400°c to  a c t iv a te  A u - P t /m o r d e n i te  in ­
d ic a te s  t h a t  p r o d u c t io n  o f  m e ta l l i c  A u  is  n o t  th e  o n ly  r e q u i r e m e n t  fo r  a n  a c t iv e  c a t a ­
ly s t .  I n  c o m p a r is o n  o f  th e  u n c a lc in e d  a n d  c a lc in e d  1 %  (1 :1 )  A u :P t /M O R  p r e t r e a te d  
w i th  FI2 s h o w e d  t h a t  th e  C O  c o n v e r s io n  d id  n o t  s h o w  m u c h  d i f f e r e n t  in  th e  t e m p e r a ­
tu r e  r a n g e  o f  50-330°C, w h ile  th e  c a lc in e d  c a ta ly s t  g a v e  h ig h e r  s e le c t iv e  th a n  u n c a l ­
c in e d  c a ta ly s t .  H o w e v e r ,  th e  u n c a lc in e d  c a ta ly s t  p r e t r e a te d  w i th  O 2 d is p la y e d  th e  
h ig h e s t  s e le c t iv i ty  a l l  th e  te m p e r a tu r e  r a n g e  o f  in te r e s t .  T o  s u m m a ry ,  th e  u n c a lc in a ­
t io n  a n d  o x id iz in g  p r e t r e a tm e n t  o f  1 %  ( 1 :1) A u :P t /M O R  g a v e  h ig h  C O  c o n v e r s io n  o f  
6 3 .7 6 %  a n d  h ig h  s e le c t iv i ty  o f  34.82% a t  230°c.

S im ila r ly ,  th e  u n c a lc in e d  A u - P t /m o r d e n i te  c a ta ly s t s  w e re  m o r e  a c t iv e  
in  th i s  r e a c t io n  th a n  th e  c a lc in e d  c a ta ly s ts .  F ig u r e  4 .1 6  s h o w s  th e  C O  c o n v e r s io n s  
a n d  s e le c t iv i ty  w i th  u n e a lc in e d  a n d  c a lc in e d  1 %  (1 :5 )  A u :P t /M O R . T h e  m a x im u m
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C O  c o n v e r s io n s  w e r e  in  th e  o r d e r  o f  1 %  (1 :5 )  A u :P t /M O R  u n c a lc in a t io n  a n d  O 2 p r e ­
t r e a tm e n t  >  u n c a lc in a t io n  a n d  แ 2 p r e t r e a tm e n t  >  c a lc in a t io n  a n d  O 2 p r e t r e a tm e n t  >  
c a lc in a t io n  a n d  แ 2 p r e t r e a tm e n t .  A d d i t io n a l ly ,  th e  t e m p e r a tu r e  a t  th e  m a x im u m  c o n ­
v e r s io n  o f  u n c a lc in e d  c a ta ly s t s  p r e t r e a te d  w i th  O 2 w a s  s h if te d  f ro m  230°c to  lo w e r  
t e m p e r a tu r e  th a n  th e  c a lc in e d  c a ta ly s ts  p r e t r e a te d  w i th  O 2. T h e  u n c a lc in e d  1 %  ( 1 :5 )  
A u :P t /M O R  p r e t r e a te d  w i th  O 2 a c h ie v e d  th e  m a x im u m  C O  c o n v e r s io n  a t  a ro u n d  
8 9 % . F r o m  th e  s e le c t iv i ty  p r o f i l e  a s  s h o w n  in  F ig u re  4 .1 6  (b ) ,  a ll  c a ta ly s ts  s h o w e d  
d if f e r e n t  c h a r a c te r i s t ic  o f  s e le c t iv i ty  a t  te m p e r a tu r e  lo w e r  th a n  200°c. T h e  s e le c t iv i ty  
o f  c a lc in e d  c a ta ly s t  p r e t r e a te d  w i th  O 2 h a s  th e  h ig h  v a lu e  a t  lo w  t e m p e r a tu r e s  a n d  
d e c re a s e d  s l ig h t ly  a t  h ig h  te m p e r a tu r e s .  O n  th e  o th e r  h a n d ,  th e  s e le c t iv i ty  o f  u n c a l ­
c in e d  c a ta ly s t  p r e t r e a te d  w i th  O 2 w a s  a p p r o x im a te ly  c o n s ta n t ,  i t  s l ig h tly  f lu c tu a te  b e ­
tw e e n  4 4 - 6 1 %  in  th e  t e m p e r a tu r e  r a n g e  o f  50-250°C.

T h e  d i f f e r e n c e  o f  C O  c o n v e r s io n  a n d  s e le c t iv i ty  b e tw e e n  u n c a lc in e d  
a n d  c a lc in e d  o f  1 %  P t /M O R  is  i l lu s t r a te d  in  F ig u re  4 .1 7 . C O  w a s  c o m p le te ly  c o n ­
v e r te d  to  C O 2 b y  t h e  u n c a lc in e d  c a ta ly s t  p r e t r e a te d  w i th  H 2 a n d  O 2. T h e  te m p e r a tu r e  
a t  th e  m a x im u m  C O  c o n v e r s io n  o f  u n c a lc in e d  c a ta ly s t  p r e t r e a te d  w i th  O 2 w a s  a t  
210°c, w h e r e a s  th e  u n c a lc in e d  c a ta ly s t  p r e t r e a te d  w i th  H 2 g a v e  th e  t e m p e r a tu r e  a t  
th e  m a x im u m  C O  c o n v e r s io n  s h if te d  40°c to  lo w e r  t e m p e r a tu r e .  O n  th e  c o n tr a ry ,  th e  
C O  c o n v e r s io n  o f  c a lc in e d  c a t a ly s t  c o u ld  n o t  a c h ie v e  100% C O  c o n v e r s io n .  T h e  C O  
c o n v e r s io n  p r o f i le  o f  c a lc in e d  c a ta ly s t  p r e t r e a te d  w i th  O 2 w a s  s im i la r  to  th e  u n c a l ­
c in e d  c a t a ly s t  p r e t r e a te d  w i th  O 2; h o w e v e r ,  th e  m a x im u m  C O  c o n v e r s io n  o f  th e  c a l ­
c in e d  c a t a ly s t  p r e t r e a te d  w i th  O 2 w a s  a b o u t  9 9 %  a t  210°c. M o r e o v e r ,  th e  m a x im u m  
C O  c o n v e r s io n  o f  c a ta ly s t  p r e t r e a t e d  w i th  แ 2 w a s  d r o p p e d  4 %  w h e n  t h e  c a ta ly s t  w a s  
c a lc in e d  a t  500°c f o r  1 h  a n d  th e  t e m p e r a tu r e  a t  th e  m a x im u m  C O  c o n v e r s io n  w a s  
a ls o  s h if te d  40°c to  h ig h e r  t e m p e r a tu r e .  F o r  C O  s e le c t iv i ty ,  a ll  c a ta ly s t s  s h o w e d  
s im i la r ly  s e le c t iv i ty .  I t  d e c r e a s e d  s ig n i f ic a n t ly  a t  lo w  te m p e r a tu r e s  a n d  d e c re a s e d  
s l ig h tly  a t  h ig h  te m p e r a tu r e s .

T h e  c a ta ly t i c  a c t iv i ty  o f  c a lc in e d  a n d  u n c a lc in e d  c a ta ly s t s  p re t r e a te d  
w i th  H 2 a n d  O 2 w a s  d i f f e r e n c e  f o r  A u - P t /M O R  c a ta ly s ts .  T h e  c a lc in a t io n  h a s  a  p o s i ­
t iv e  e f f e c t  o n  th e  C O  c o n v e r s io n  o f  1 %  A u /M O R  a t  h ig h  te m p e r a tu r e s .  B y  c o n tr a s t ,  
th e  b im e ta l l i c  A u - P t /M O R  a n d  l% P t /M O R  w a s  n e g a t iv e ly  a f f e c te d  b y  c a lc in a t io n  
500°c f o r  1 h .
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F ig u r e  4 .1 4  D ep e n d e n c ie s  o f  th e  C O  co n v ers io n  (a ) and  the  C O  se lec tiv ity  (b ) o f  1% 
A u /m o rd e n ite  zeo lite : ( • )  u n c a lc in e d  a n d  แ 2 p r e t r e a tm e n t  a t  400°c fo r  1 h ,  ( O )  u n c a l ­
c in e d  a n d  O 2 p r e t r e a tm e n t  a t  200°c f o r  1 h  (▼ ) c a lc in e d  a n d  น 2 p r e t r e a tm e n t  a t 
400°c f o r  1 h ,  (A ) c a lc in e d  a n d  O 2 p r e t r e a tm e n t  a t  200°c fo r  1 h .
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Figure 4.15 D ep en d en c ie s  o f  th e  C O  co n v e rs io n  (a) an d  th e  C O  se lec tiv ity  (b ) o f  1%  (1 :1 )  
A u :P t/m o rd e n ite  zeo lite : ( • )  u n c a lc in e d  a n d  H 2 p r e t r e a tm e n t  a t  4 0 0 ° c  f o r  1 h , ( O )  u n ­
c a lc in e d  a n d  0 2 p r e t r e a tm e n t  a t  2 0 0 ° c  f o r  1 h  (▼ ) c a lc in e d  a n d  H 2 p r e t r e a tm e n t  a t  
4 0 0 ° c  f o r  1 h ,  (A ) c a lc in e d  a n d  0 2 p r e t r e a tm e n t  a t  2 0 0 ° c  f o r  1 h .



56

Temperature, °c

Figure 4.16 D ep en d en cies o f  the CO  conversion  (a) and the CO se lectiv ity  (b) o f  1% (1:5 )  
A u:Pt/m ordenite zeolite: ( • )  u n c a lc in e d  an d  แ 2 p re trea tm en t at 400°c fo r  1 h , (O) u n ­
c a lc in e d  an d  O 2 p re trea tm en t at 200°c fo r  1 h (▼ ) c a lc in e d  an d  แ 2 p retrea tm en t at 
400°c fo r  1 h, (A) c a lc in e d  an d  O 2 p retrea tm en t at 200°c fo r  1 h.
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Temperature, °c

Figure 4.17 Dependencies of the CO conversion (a) and the CO selectivity (b) of 1% 
Pt/mordenite zeolite: ( • )  uncalcined and แ 2 pretreatment at 400°c for 1 h, (O) uncal­
cined and O2 pretreatment at 200°c for 1 h (▼ ) calcined and H2 pretreatment at 
400°c for 1 h, (A) calcined and O2 pretreatment at 200°c for 1 h.
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4.2.4 Stability Testing
Long-term test with the unclcined 1% Pt/mordenite catalyst pretreated 

with แ 2 were conducted to evaluate the catalyst stability under PROX reaction condi­
tions. The feed gas mixture contained 40% แ 2, 1% CO and 1% O2 balanced in He. 
The reaction was run for 12 hours at 170°c. Figure 4.18 shows that there was no loss 
of CO conversion or CO selectivity over the time period tested. This is an indication 
that this catalyst exhibited a stable catalytic performance during 12 hours of testing 
time.

Time, h

Figure 4.18 Stability testing of 1% Pt/mordenite at 170°c under atmospheric pres­
sure; ( • )  CO conversion and (O) CO selectivity.
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4.2.5 Bench-scale Fuel Processor Testing
After the catalytic testing for the preferential CO oxidation was inves­

tigated, the proper catalysts of the catalytic performance in bench-scale experiments 
were studied. The optimum condition from lab-scale was applied for PROX unit in 
fuel processing system for a hydrogen production of 50 1/day, utilizing natural gas as 
a hydrogen feedstock. The experimental conditions between the lab-scale and bench- 
scale experiments are presented in Table 4.4. In bench-scale experiments, reactant 
gases were controlled by three mass controllers for natural gas, He and O2, respec­
tively. The liquid feed of water was controlled by a syringe pump. The reactants 
were fed through a series of steam reformer (SR), high-temperature water-gas shift 
(HT-WGS), low-temperature water-gas shift (LT-WGS) and PROX reactors. Addi­
tionally, Table 4.5 presents the comparison of the gas composition before and after 
reaction in PROX unit between the lab scale and bench-scale experiments. The gas 
composition of bench-scale was collected at 8 hrs time on stream.

Table 4.4 Comparison of the experimental conditions between lab-scale and bench- 
scale experiments for 1 %Pt/MOR catalyst

Catalyst pretreatment non non
Weight of catalyst (g) 0.1 0.7

Temperature (°C) 2 0 0 2 0 0

Inlet flow rate (ml min’1) 50 110

GHSV (ml h’1 gcat-‘) 
at dry basis 30,000 9,429

Diameter of reactor 6 mm 10 mm
Particle size of catalyst 250-425 pm 0.85-1.50 mm
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Table 4.5 The gas composition of lab-scale and bench scale experiment

Composition
1 b 
Before

, , ,1

After
Bench-scale Experiment (at 8 Ill's)

lielore 1 Alter; ; ' - ,
h 2 40% 39 8% 60.6% 57.1%
CO 1% 0 % 0 .2 % 334.8 ppm
02 1% 0 % 1 .1% 0.7%
co2 0 % 1% 18.1% 18.0%
c h 4 - - 3.1% 2 .8%

The lab-scale results over Pt and Au supported on mordenite zeolite 
catalysts indicated that the catalysts based on Pt were more active than Au catalyst; 
therefore, the Pt/MOR catalyst was applied in the PROX unit in a fuel processing 
system. From studied pretreatment and calcinations of Pt/MOR, these results did not 
show much different the catalytic activity. The temperature at maximum CO conver­
sion showed in the range of 170-210°c as well as CO conversion and selectivity 
gave in the range of 96.2-100% and 47.1-49.9%, respectively. However, the uncal­
cined Pt/MOR catalysts of all pretreatment conditions gave 100% CO conversion. 
The non-pretreated and uncalcined Pt/MOR catalyst was selected for the PROX unit 
because it was easy to prepare in the bench-scale experiment. As consequence of 
these studies, the operational conditions for the developed PROX catalyst were de­
rived in order to reduce the CO concentration in the gas mixture after LT-WGS unit.

A fuel processor was a complex system. There were many reactions 
that could possibly happen although only four of them were independent. For the SR 
alone, the possible reactions are as follows:

C H ,+ H 20  -> CO + 3H 2

CnH m + nH 2o  -> nCO + m + 2n
(1)

(2)

CHa +2H 2o  -> C02+4H 2 (3)
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CH4 -> C + 2H 2 (4)
CO + H 2 0 -> c o 2+ h  2 (5)
CO + 3H 2 -> CH 4 +น 20 (6)
C 02 +4 H 2 -+ CH4 +2H20 (7)

When a steady condition was reached at around 700°c, SR in Equa­
tions (1), (2) and (3) were predominant while the thermal cracking (Equation (4)) or 
WGS (Equation (5)) or methanation (Equations (6) and (7)) reactions could be either 
ignored or their reverse reactions were pronounced. In the HT-WGS and LT-WGS 
units, the WGS reaction would primarily take place to reduce the CO level below 
0.5-1%. CO would further be eliminated to below 1000 ppm by PROX unit in this 
work. In Figure 4.18, the stream gas composition along with time-on-stream at the 
output of fuel processor was 55.9-58.0% of H2, 15.2-17.4% of CO2, 2.5-2.9 of CH4 
and 229-883 ppm of CO concentration. Figure 4.19 shows the CO conversion and 
selectivity for 8 h long-term test. The CO conversion and selectivity showed in the 
range of 75.0-92.6% and 28.2-37.2%, respectively. It was observed that the catalytic 
activities of PROX catalysts in bench-scale experiment were dropped down from the 
results in lab-scale. This suggests that the decreasing catalytic activity depended on 
many factors such as H2O and CO2 concentrations in the gas mixture before PROX 
unit. Not only CO2 was produced from SR, HT-WGS and LT-WGS, but also H2O 
vapor was remained in the gas stream and it was produced by H2 oxidation. In gen­
eral the catalytic activity of zeolite is liable to be depressed in the presence of water 
vapor. However, Igarashi et. al. (1997) reported that the degradation of the activity 
by H2O should be negligible over Pt/Mordenite when 20% H2O was added to the gas 
stream. In previous work, Naknum et. al. (2007) found that the adding of 10% H2O 
in feed stream did not reduce the catalytic activity of 1% (1:2) AuPt/A zeolite. In 
contrast, Manasilp and Gulari (2002), reported that the presence of H2O increases the 
formation of hydroxyl groups on the catalyst support, with make water a better oxi­
dant than oxygen and increases the oxidation rate of CO and H2. In addition, there 
might be reverse water-gas shift reaction limiting the CO oxidation at high tempera-
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tures in the presence of CO2. To determine the extent of reverse water-gas shift reac­
tion, the stream after LT-WGS unit composed -17-19% CO2 and -58-61% H2.

2 3 4  5 6

Time-on-stream, h

4 *Çp
รรุนริ
P

ปีริC5๐น

Figure 4.19 Reformate concentration profiles after PROX unit of fuel processor sys­
tem over 1% Pt/Mordenite along with time-on-stream.

0 1 2 3 4 5 6 7 8 9

Time-on-stream, h
Figure 4.20 Dependencies of the CO conversion (a) and the CO selectivity (b) of 1% 
Pt/Mordenite from PROX unit of fuel processor system along with time-on-stream.
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Figure 4.21 Reformate concentration profile as a function of reaction zones at 8 hrs.

After starting-up 8 hrs, the performance of each reaction zone was ex­
plored by the concentration of gas mixture after each reaction zone. As shown in 
Figure 4.20, at SR section where operation temperature was generally as high as 
700°c, the natural gas was fully reformed into CO, CO2 and H2 although small 
amount of CH4 could still remain in stream. Because the reaction temperature was so 
high, all reactions were presumed to approach their equilibriums. At HT-WGS zone, 
only to the expected reaction of WGS was believed to happen. Although, CO con­
centration increased from 2.1 to 3.7%, while H2 concentration decreased from 86.7 to 
58.7%. This suggested that the WGS zone occurred other reactions. However, in LT- 
WGS CO cloud be massively suppressed from above 3.7 to 0.2% by making good 
use of the high WGS reaction rate at low temperature, with a H2 concentration in­
creasing from 58.7 to 60.6%. The PROX zone reduced CO concentration to 334 ppm, 
however, the H2 concentration lessened a lot because of the parasitic consumption as 
well as He dilution. Therefore, it was essential to promote CO selective oxidation 
reaction with as little parasitic hydrogen consumption as possible. Additionally, the 
designing two-stage PROX reactor (Srinivas and Gulari, 2006) and developing H2O, 
CO2 resistant catalysts (Snytnikov et. a l, 2003) for PROX were quite helpful.
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