
C H A P T E R  III  
M E T H O D O L O G Y

3.1 M a ter ia ls

3 .1 .1  G a s e s
T h e  f o l l o w i n g  a re  th e  g a s e s ,  w h i c h  w e r e  u s e d  in  t h is  r e s e a r c h  w o r k .

■  H ig h  p u r ity  o f  H e l iu m  g a s  ( 9 9 .9 9 %  o f  H e ) .
■  H ig h  p u r ity  o f  H y d r o g e n  g a s  ( 9 9 .9 9 %  o f  H 2) .
■  C a r b o n  d i o x id e  in  H e l iu m  g a s  ( 2 0 %  o f  C O 2 in  H e )
■  C a r b o n  m o n o x i d e  in  H e l iu m  g a s  ( 1 0 .3 %  C O  in  H e )
■  O x y g e n  in  H e l iu m  g a s  ( 5 .4 6 %  o f  O 2 in  H e )
■  P u r e  n i t r o g e n

A l l  th e  g a s e s  u s e d  in  t h is  r e s e a r c h  w o r k  a re  fr o m  T h a i  In d u str ia l  

G a s e s  P u b l i c  C o m p a n y  l im i t e d .

3 .1 .2  C h e m ic a l s
T h e  c h e m ic a l s  w h i c h  a re  n e e d e d  in  p r e p a r a t io n  o f  t h e  c a t a ly s t s ,  a re

l i s t e d  b e lo w .
■  A n h y d r o u s  S o d iu m  c a r b o n a te  ( N a 2 C 0 3 )  f r o m  M E R C K .
■  H y d r o g e n  t e tr a c h lo r o a u r a te  (III) t r ih y d r a te  ( 9 9 .9 %  H A u C U  3 H 2 O ) ,  

f r o m  A C R O S .
■  F e r r ic  (III) n itr a te  n o n a h y d r a te  ( 9 9 .9 %  F e ( N 0 3 ) 3 .9 H 2 0 )  fr o m  

C A R L D  E R B A .
■  C e r iu m  (III )  N itr a te  ( C e ( N 0 3 ) 3 -6 H 2 0 ) .
■  L a n th a n u m  (III) N itr a te  ( L a ( N 0 3 ) 3 -6 H 2 0 ) .
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3 .2  E q u ip m e n t
T h e  e x p e r im e n t  s y s t e m  u s e d  in  th e  c a t a ly t ic  a c t iv i t y  c a n  b e  d i v i d e d  in t o  3 m a in  

p a r ts . T h e  s c h e m a t ic  o f  t h i s  e x p e r im e n t a l  s e t  u p  i s  in  F ig u r e  3 .1 .

3 .2 .1  M a s s  F lo w  C o n t r o l le r  a n d  G a s  M ix e r
T h e  d u s t  p a r t ic le s  in  e v e r y  g a s  s t r e a m s  w e r e  r e m o v e d  b e f o r e  e n te r in g  

th e  m a s s  f l o w  c o n t r o l le r ,  u s in g  a  m ic r o  f i lt e r .  T h e  m a s s  f l o w  c o n t r o l le r  i s  th e  

e q u ip m e n t  u s e d  in  a d j u s t in g  th e  f l o w  o f  g a s e s  in t o  d e s ir e d  p e r c e n t a g e  c o m p o s i t io n .  
T h e  c o m p o s i t io n  o f  th e  r e a c ta n t  g a s e s  u s e d  in  t h is  e x p e r im e n t  i s  1%  C O , 1%  (ว2 , 
4 0 %  H 2 , a n d  F ie . S u b s e q u e n t ly ,  a f te r  th e  g a s e s  l e a v e  th e  m a s s  c o n t r o l le r ,  t h e y  e n te r e d  

th e  g a s  m ix e r  S e c t io n  w h e r e  a ll  th e  g a s e s  a re  m i x e d  t o g e t h e r .  T h e n  m i x e d  g a s e s  w e r e  

p a s s e d  t o  th e  c a t a ly t ic  r e a c to r . T h e  d e s ir e d  f l o w  r a te  in  th is  e x p e r im e n t  i s  5 0  m l /m in  

u n d e r  a t m o s p h e r ic  p r e s s u r e .

3 .2 .2  C a t a ly t ic  R e a c t o r
T h e  g a s e s  m ix t u r e  e n te r e d  th e  m ic r o  c a t a ly t ic  r e a c to r  w h e r e  th e  

p r e fe r e n t ia l  o x id a t io n  ( P R O X )  o f  C O  i s  ta k e n  p l a c e  u n d e r  a t m o s p h e r ic  p r e s s u r e .  T h e  

r e a c to r  i s  a  บ - ร h a p e  P y r e x  g la s s  tu b e  w i t h  a n  i n s i d e  d ia m e t e r  o f  6  m m . T h e  c a ta ly s t  

w a s  p a c k e d  in  th e  m i d d le  o f  th e  r e a c to r , b e t w e e n  t w o  g la s s  w o o l s .  T h e  te m p e r a tu r e  

o f  th e  c a t a ly s t  b e d  w a s  m o n it o r e d  a n d  c o n t r o l l e d  b y  P I D  t e m p e r a tu r e  c o n t r o l le r  

e q u ip p e d  w i t h  a  c h r o m e l - a lu m e l  t h e r m o c o u p le  ( T y p e  K ) .

3 .2 .3  A n a ly t ic a l  I n s tr u m e n t
A f t e r  th e  e f f lu e n t  g a s  le f t  th e  r e a c to r ,  th e  e f f l u e n t  g a s  w a s  p a s s e d  to  

th e  a n a ly t ic a l  in s tr u m e n t ,  g a s  c h r o m a t o g r a p h . H o w e v e r ,  th e  w a t e r  c o n t e n t  in  e f f lu e n t  

g a s  m u s t  b e  r e m o v e d .  T h u s ,  th e  e f f l u e n t  g a s  w a s  p a s s e d  t h r o u g h  w a t e r  tr a p p e r  

b e f o r e  b e in g  q u a l i t a t iv e ly  a n d  q u a n t i t a t iv e ly  a n a ly z e d  b y  a u t o - s a m p l in g  in to  o n - l in e  

g a s  c h r o m a t o g r a p h  e q u ip p e d  w i t h  a  p a c k e d  c a r b o s p h e r e  c o l u m n ,  8 0 / 1 0 0  m e s h  a n d  

1 0  ft  X 1 /8  in c h ,  a n d  a  th e r m a l  c o n d u c t iv i t y  d e t e c t o r  ( T C D ) .
T h e  r e s u lt  p e a k s  w e r e  r e c o r d e d  b y  A g i l e n t  C h e m s t a t io n  s o f t w a r e  a n d  

c o m p a r e d  w i t h  th e  r e t e n t io n  t im e  o f  th e  s ta n d a r d , in  o r d e r  to  i d e n t i f y  t h e  p e a k s .  T h e
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c o n c e n t r a t io n  o f  e a c h  g a s  w a s  c a lc u la t e d  f r o m  th e  a r e a  u n d e r  t h e  p e a k s .  A n d  th e  g a s  

c h r o m a t o g r a p h  c o n d i t io n s  u s e d  in  th is  s tu d y  a re  s u m m a r iz e d  a s  f o l lo w s :  •

•  I n j e c t io n  T e m p e r a tu r e :  95°c
•  O v e n  T e m p e r a tu r e :  9 5 ° c

•  D e t e c t o r  T e m p e r a tu r e :  1 4 5 ° c

•  C a r r ie r  g a s :  H e  ( 9 9 .9 9 %  p u r ity ) ,  a t th e  f l o w  r a te  o f  3 0  m L /m in .



F i g u r e  3 .1  S c h e m a t ic  f l o w  o f  P R O X  p r o c e s s .

to o
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3.3  E x p e r im e n ta l

T h is  r e s e a r c h  w o r k  c a n  b e  d iv id e d  in t o  3  m a in  p a r t s , w h i c h  a r e  th e  

p r e p a r a t io n  o f  c a t a ly s t ,  c a t a ly s t  c h a r a c te r iz a t io n s ,  a n d  c a t a ly s t  a c t i v i t y  m e a s u r e m e n t .

3 .3 .1  C a ta ly s t  P r e p a r a t io n
In th is  r e s e a r c h , th e  L a - C e O x s u p p o r t s  w e r e  p r e p a r e d  b y  u r e a - g e la t io n  

c o - p r e c ip i t a t io n ,  c o - p r e c ip i t a t io n  ( b y  N H 4 O H ), a n d  s t e p  p r e c ip i t a t io n .  In  a d d it io n ,  
d e p o s i t io n - p r e c ip i t a t io n  t e c h n iq u e  w a s  a ls o  u s e d  fo r  lo a d in g  g o ld  o n  to  th e  s u p p o r ts .

3.3.1.1 La-CeO r Support P reparation
T h e  L a - C e O x s u p p o r ts  u s e d  in  th is  w o r k  w e r e  p r e p a r e d  b y  th e  

s a m e  m e t h o d s ,  w h ic h  a re  a s  f o l lo w .
3.3.1.1.1 Urea gela tion  C o-precip ita tion  Technique

T h e  d e s ir e d  w e i g h t  a m o u n t  o f  c e r iu m  (III) n itr a te ,  
la n th a n u m  (III )  n itr a te , a n d  u r e a  (o r  o n ly  c e r iu m  (III) n itr a te  a n d  u r e a )  w e r e  

d i s s o lv e d  in  d e io n iz e d  w a te r ,  a n d  s im u l t a n e o u s ly  th e  s o lu t io n  i s  k e p t  o n  a  h o t  p la te  

s tir r e r  fo r  c o n t in u o u s  s t ir r in g  a n d  h e a t in g  (a t  6 0 ° C ) .  T h e n  N H 4 O H  w a s  a d d e d  in  

o r d e r  to  a d ju s t  th e  p H  o f  s o lu t io n  ( ~ 8 ) . T h e  m ix t u r e  w a s  a l l o w e d  t o  s ta n d  f o r  3  h o u r s .  

N e x t  th e  s u s p e n s io n  w a s  w a s h e d  b y  w a r m  d e io n iz e d  w a te r ,  in  o r d e r  to  g e t  r id  o f  th e  

r e s id u e  i o n s ,  a n d  th e  d e io n iz e d  p r e c ip i ta te  w a s  o b t a in e d .  T h e  d e i o n i z e d  p r e c ip i t a t e  is  

d r ie d  in  th e  o v e n  fo r  1 2  h o u r s  (a t  1 0 0 ° C )  a n d  a f te r  th a t , th e  d r ie d  p r e c ip i t a t e  w a s  

c a lc in e d  in  a ir  fo r  4  h o u r s  a t 5 0 0 ° c .  F in a l ly ,  th e  s u p p o r t  w a s  o b t a in e d  a n d  k e p t  in  a  

d e s ic c a t o r .

3.3.1.1.2 C o-precipitation Technique
T h e  d e s ir e d  w e i g h t  a m o u n t  o f  c e r iu m  (III) n itr a te  a n d  

la n th a n u m  (III )  n itr a te  ( o r  o n ly  c e r iu m  (III) n itr a te )  w e r e  d i s s o l v e d  in  d e io n iz e d  

w a te r ,  a n d  s im u l t a n e o u s ly  th e  s o lu t io n  w a s  k e p t  o n  a  h o t  p la te  s t ir r e r  f o r  c o n t in u o u s  

s t ir r in g  a n d  h e a t in g  (a t  6 0 ° C ) .  T h e n  N H 4 O H  w a s  a d d e d  in  o r d e r  t o  a d ju s t  th e  p H  o f  

s o lu t io n  ( ~ 8 ) . T h e  m ix t u r e  w a s  a l l o w e d  to  s ta n d  fo r  3 h o u r s . N e x t  th e  s u s p e n s i o n  w a s
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w a s h e d  b y  w a r m  d e io n iz e d  w a te r ,  in  o r d e r  to  g e t  r id  o f  t h e  r e s id u e  io n s ,  a n d  th e  

d e io n iz e d  p r e c ip i t a t e  w a s  o b t a in e d .  T h e  d e io n iz e d  p r e c ip i t a t e  w a s  d r ie d  in  th e  o v e n  

fo r  1 2  h o u r s  (a t  1 0 0 ° C )  a n d  a f te r  th a t , th e  d r ie d  p r e c ip i ta te  w a s  c a l c in e d  in  a ir  fo r  4  

h o u r s  a t 5 0 0 ° c .  F in a l ly ,  th e  s u p p o r t  w a s  o b t a in e d  a n d  k e p t  in  a  d e s ic c a t o r .

3.3.1.1.3 Step-precip iîa tion  Technique
T h e  d e s ir e d  w e i g h t  a m o u n t  o f  c e r iu m  (III) n itr a te  

w a s  d i s s o lv e d  in  d e io n iz e d  w a te r ,  a n d  s im u l t a n e o u s ly  th e  s o lu t io n  w a s  k e p t  o n  a  h o t  

p la te  s t ir r e r  fo r  c o n t in u o u s  s t ir r in g  a n d  h e a t in g  (a t  6 0 ° C ) .  T h e n  N H 4 O H  w a s  a d d e d  in  

o r d e r  to  a d ju s t  th e  p H  o f  s o lu t i o n  ( ~ 8 ) . A f t e r  th a t , d e s ir e d  a m o u n t  la n th a n u m  (III)  

n itr a te  w a s  d r o p p e d ,  w i t h  N H 4 O H , in to  th e  m ix t u r e .  T h is  s t e p  c a n  b e  s k ip p e d ,  i f  th e  

m ix t u r e  w a s  a l l o w e d  to  s ta n d  f o r  3 h o u r s . N e x t  th e  s u s p e n s io n  w a s  w a s h e d  b y  w a r m  

d e io n iz e d  w a te r ,  in  o r d e r  to  g e t  r id  o f  th e  r e s id u e  io n s ,  a n d  th e  d e io n iz e d  p r e c ip ita te  

w a s  o b t a in e d .  T h e  d e io n iz e d  p r e c ip ita te  w a s  d r ie d  in  th e  o v e n  fo r  1 2  h o u r s  (a t  

1 0 0 ° C )  a n d  a f te r  th a t , th e  d r ie d  p r e c ip ita te  w a s  c a lc in e d  in  a ir  fo r  4  h o u r s  a t 5 0 0 ° c .  

F in a l ly ,  th e  s u p p o r t  w a s  o b t a in e d  a n d  k e p t  in  a  d e s ic c a t o r .

3.3 .1 .2  G old  Loading
D e p o s i t io n - p r e c ip i t a t io n  w a s  th e  m e t h o d  c h o s e n  fo r  lo a d in g  

g o ld  in  th is  w o r k .  T h is  m e t h o d  w a s  u s e d  to  lo a d  g o ld  o n  th e  L a -C e O x  s u p p o r t , a s  

w e l l  a s  o n  to  th e  C eC >2 s u p p o r t .

3.3.1.2.1 D eposition-precip ita tion  (DP) M eth o d
T h e  d e s ir e d  w e i g h t  a m o u n t  o f  h y d r o g e n  

te t r a c h lo r o a u r a te  ( I I I )  w a s  d i s s o lv e d  in  d e io n iz e d  w a te r ,  a n d  s im u l t a n e o u s ly  th e  

s o lu t i o n  w a s  k e p t  o n  a  h o t  p la te  stir rer  fo r  c o n t in u o u s  s t ir r in g  a n d  h e a t in g  (a t  8 0 ° C ) .  
T h e n  th e  d r ie d  s u p p o r t  w a s  a d d e d  to  th e  s o lu t io n ,  f o l l o w e d  w i t h  0 .1  M  N a 2CC>3 . T h e  

p u r p o s e  o f  a d d in g  0 .1  M  N a 2 C C >3 w a s  to  a d ju s t  th e  p H  o f  s o lu t i o n  ( ~ 8 ) . T h e  m ix tu r e  

w a s  a l l o w e d  t o  s ta n d  fo r  1 h o u r . N e x t  th e  s u s p e n s io n  w a s  w a s h e d  b y  w a r m  d e io n iz e d  

w a te r ,  in  o r d e r  to  g e t  r id  o f  th e  r e s id u e  io n s ,  a n d  th e  d e io n iz e d  p r e c ip i t a t e  w a s  

o b t a in e d .  T h e  d e io n iz e d  p r e c ip i ta te  w a s  d r ie d  in  th e  o v e n  ( f o r  1 2  h o u r s  a t 1 1 0 ° C ) .
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3 .3 .2  C a t a ly s t  C h a r a c te r iz a t io n
A s  a  r e s u lt  o f  v a r y in g  g o ld  c o n t e n t ,  s u p p o r te d  m o la r  r a t io , a n d  

c a lc in a t io n  t e m p e r a tu r e  in  th is  r e s e a r c h , th e  p r o p e r t ie s  a n d  c h a r a c t e r is t ic s  o f  th e  

p r e p a r e d  c a t a ly s t s  a r e  d i s s im i la r .  M o r e o v e r ,  th e  d i f f e r e n t  in  p r o p e r t ie s  c o u ld  a ls o  

h a v e  a n  e f f e c t  o n  th e  a c t i v i t i e s  a n d  s e l e c t i v i t y  o f  th e  c a t a ly s t .  A n d  f o r  th a t  r e a s o n , th e  

c h a r a c t e r iz a t io n  o f  c a t a ly s t  i s  c r u c ia l .  In  th is  w o r k ,  s e v e r a l  c h a r a c t e r iz a t io n s  are  

u t i l i z e d .
3.3.2.1 X -R a y  D iffractom etry (XRD)

T h e  p r e p a r e d  c a t a ly s t s  w e r e  c h a r a c t e r iz e d  b y  a n  X - r a y  

d i f f r a c t o m e t e r  ( X R D ;  R I N T  2 2 0 0 V ,  R ig a k u )  u s in g  C uK f* r a d ia t io n  o p e r a t e d  a t 4 0  k v  

a n d  3 0  m A ,  t o  c o n f ir m  th e  c r y s t a l l in e  p h a s e s  o f  o x id e  s u p p o r t  a n d  t o  d e te r m in e  th e  

m e a n  p a r t ic le  s i z e  o f  g o ld .  X R D  is  c a p a b le  o f  a n a ly z in g  th e  i n t e n s i t y  o f  th e  p e a k ;  th e  

h ig h e r  o f  th e  p e a k  in d ic a t e s  th e  h ig h e r  c o n t e n t  o f  th a t p h a s e .
T h e  g o n io m e t e r  p a r a m e t e r s  o f  R I N T  2 2 0 0  a r e  d iv e r g e n c e  s l i t  

e q u a ls  t o  1° ( 2 9 ) ;  s c a t t e r in g  s l i t  i s  1° ( 2 0 ) ;  w i t h  r e c e iv i n g  s l i t  e q u a l s  0 .3  m m . T h e  

s c a n  s p e e d  o f  5 °  ( 2 0 )  p e r  m in u te  w i t h  s c a n  s t e p  o f  0 .0 2  ( 2 0 )  i s  u s e d  fo r  th e  

c o n t in u o u s  ru n  in  5 to  90°c ( 2 0 )  r a n g e . N o r m a l l y ,  th e  s a m p le  i s  g r o u n d  d o w n  to  th e  

f in e  p o w d e r  p a r t ic le  a n d  th e  id e a l  s a m p le  is  h o m o g e n e o u s  a n d  th e  c r y s t a l l i t e s  are  

r a n d o m ly  d is t r ib u te d .  T h e  s a m p le  i s  th e n  p r e s s e d  in to  a  s a m p le  h o ld e r  a n d  h e ld  in  a  

b e a m . T h e  s ig n a l  i s  s e n t  t o  th e  o n - l in e  c o m p u t e r  to  r e c o r d  a n d  a n a ly z e .  T h e  a v e r a g e  

d i m e n s io n  o f  c r y s t a l l i t e s  c a n  b e  d e t e r m in e d  b y  th e  S c h e r r e r  m e t h o d  fr o m  th e  

b r o a d e n in g  o f  t h e  d i f f r a c t io n  p e a k s  t a k in g  in to  a c c o u n t  t h e  in s tr u m e n ta l  b r o a d e n in g .  
T h e  S h e r r e r  e q u a t io n  i s  a s  in  th e  fo r m  o f  E q u a t io n  ( 3 .1 ) .

After that, the dried precipitate was calcined in air for 4 hours at various
temperatures. Finally, the sample was ground and sieved to 80-120 mesh size and
kept in a desiccator.

D h = K - A  
B j  - c o s  0 ( 3 .1 )

w h e r e :
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D b =  m e a n  c r y s t a l l in e  d ia m e t e r  ( Â ) ,

K  =  S c h e r r e r  c o n s t a n t ,  0 .9 ,
A = X - R a y  w a v e le n g t h  ( Â ) ,

B d =  a n g le  w id t h  o f  p e a k  in  te r m  o f  A ( 2 6 )  ( r a d ia n ) ,  a n d

6  = B r a g g  a n g le  o f  th e  r e f l e c t io n  ( d e g r e e ) .

It i s  e s s e n t ia l  to  u n d e r s ta n d  th a t  t h e  S c h e r r e r  e q u a t io n  g i v e s  a  

c r y s t a l l in e  t h ic k n e s s  th a t  is  p e r p e n d ic u la r  to  th e  d i f f r a c t io n  p la n e s  ra th er  th a n  an  

a c tu a l  p a r t ic le  s i z e .  It i s  a ls o  c o m p u ls o r y  to  a p p ly  a  c o r r e c t io n  f a c t o r  th a t  d e p e n d s  o n  

th e  a c tu a l  s h a p e  o f  t h e  c r y s t a l l in i t i e s  a n d  o n  th e  M i l l e r s  i n d i c e s  o f  th e  d i f f r a c t io n  

p la n e s  in  o r d e r  to  o b t a in  th e  a c tu a l  c r y s t a l l i t e  s i z e  f r o m  th e  t h ic k n e s s .

3 .3 .2 .2  UV-Vis Spectroscopy
T h e  d i f f u s e  r e f l e c t a n c e  s p e c t r a  w e r e  r e c o r d e d  in  th e  

w a v e le n g t h  r a n g e  o f  8 0 0 - 2 0 0  n m , b y  U V - v i s  s p e c t r o p h o t o m e t e r - 2 5 5 0 ,  u s in g  l ig h t  in  

th e  v i s i b l e  a n d  a d j a c e n t  n e a r  in fr a r e d  ( N I R )  a n d  u l t r a v io le t  ( U V )  r a n g e s ,  w h ic h  is  

u s e d  in  th e  q u a n t i t a t iv e  d e t e r m in a t io n  th e  t r a n s i t io n  m e ta l  i o n s .  K u b e lk a - M u n k  

fo r m u la  i s  a p p l ie d  t o  c o n v e r t  th e  d a ta .

3.3 .2 .3  T em pera ture-P rogram m ed  R eduction  ( TPR) 
T e m p e r a t u r e - p r o g r a m m e d  r e d u c t io n  ( T P R )  w a s  u s e d  to

d e t e r m in e  th e  q u a n t i ty  o f  th e  r e d u c ib le  s p e c i e s  in  th e  p r e p a r e d  c a t a ly s t s  a n d  th e  

te m p e r a tu r e  a t w h i c h  th e  r e d u c t io n  o f  th e  r e d u c ib le  s p e c i e s  i s  t a k in g  p la c e .  T P R  w a s  

b e  c a r r ie d  o u t  u s in g  a n  i n - h o u s e  T P R  s y s t e m .  F ir s t ,  t h e  s a m p le  w a s  p la c e d  in  a  q u a r tz  

r e a c to r  a n d  s u b j e c t e d  t o  T P R  a n a ly s i s  u s i n g  1 0 %  H 2 in  A r  fo r  3 0  m l /m in .  T h e  in it ia l  

te m p e r a tu r e  w a s  3 0 ° c .  B u t  th e n  th e  r e d u c t io n  te m p e r a tu r e  w a s  in c r e a s e d  8 5 0 ° c  w it h  

a  r a m p  r a te  o f  1 0 ° c / m i n .  A  th e r m a l  c o n d u c t iv i t y  d e t e c t o r  w a s  u s e d  t o  o b s e r v e  

h y d r o g e n  c o n s u m p t io n  w h ic h  a l l o w e d  t h e  T P R  to  c a l c u la t e  t h e  n u m b e r  o f  r e a c t in g  

s i t e s .  T h e  T P R  a n a ly s i s  a l s o  v e r i f i e d  th e  d i f f e r e n t  s t a t e s  o f  o x id a t io n  o f  th e  c o n t a in e d  

m e ta ls .
3.3.2 .4  B E T  Surface A rea  M easurem ent



25

A s  w e l l  k n o w n ,  th e  r e a c t io n  u s u a l ly  t a k e s  p la c e  a t th e  s u r fa c e  

a r e a  o f  th e  c a ta ly s t ;  th e r e fo r e ,  it  i s  e s s e n t ia l  t o  k n o w  t h e  s p e c i f i c  s u r f a c e  a r e a  o f  a  

c a t a ly s t .  In  th is  w o r k ,  A u t o s o r b -1  G a s  S o r p t io n  s y s t e m  ( Q u a n t a c h r o m e  C o r p o r a t io n )  

w a s  u s e d  to  m e a s u r e  th e  to ta l  s u r f a c e  a rea  a n d  th e  p o r e  s i z e  a n a ly s i s  o f  th e  p r e p a r e d  

c a t a ly s t s  ( t h e  v a lu e s  a re  e x p r e s s e d  in  m 2 / g ) .  T h e  e q u ip m e n t  m e a s u r e m e n t  u s e s  th e  

p r in c ip le  o f  B r u n a u e r - E m m e t - T e l le r  ( B E T )  th e o r y , w h i c h  p r o v id e s  a  m a th e m a t ic a l  

m o d e l  fo r  th e  p r o c e s s  o f  g a s  s o r p t io n  ( B E T  e q u a t io n ) .  T h is  t e c h n iq u e  i s  d o n e  b y  

c a lc u la t in g  th e  p h y s is o r p t io n  o f  a  g a s  o n  th e  m a te r ia l ,  in  o th e r  w o r d s  th e  p h y s ic a l  

m u lt i - la y e r  a d s o r p t io n  o f  a  g a s  o v e r  th e  e n t ir e  e x p o s e d  s u r f a c e  o f  a  m a te r ia l  a n d  th e  

f i l l i n g  o f  p o r e s .  T h e  g a s  w h i c h  i s  u s e d  fo r  p h y s i s o r p t io n  i s  N 2 g a s  ( w i t h  th e  c r o s s -  

s e c t io n a l  a r e a  o f  1 6 .2 x lO '20 m 2/ m o l e c u l e ) .  T h is  p r o c e s s  i s  d o n e  a t th e  l iq u id  n itr o g e n  

t e m p e r a tu r e ,  w h i c h  i s  ( - 1 9 6 ° C ) .
B e f o r e  th e  s u r f a c e  a r e a  a n a ly z in g  s t e p ,  th e  s a m p le  w i l l  b e  

d e g a s s e d  a n d  th e n  o u t g a s s e d  in  o r d e r  to  r e m o v e  a n y  a d s o r b e d  g a s e s  a t th e  s u r fa c e .  
T h e  s u r f a c e  a r e a  w i l l  b e  c a lc u la t e d  fr o m  th e  2 2  p o in t s  n i t r o g e n  a d s o r p t io n .  T h e  

a v e r a g e  p o r e  d ia m e t e r  a n d  p o r e  v o lu m e  w i l l  b e  o b t a in e d  a t P /P o  r a t io s  c l o s e  to  u n ity .  
T h e  r e s u lt  w i l l  b e  a n a ly z e d  b y  A u t o s o r b  A n y g a s  S o f t w a r e  v e r s i o n  2 .1 ,  w h ic h  are  

c a lc u la t e d  u s in g  t h e  B E T  e q u a t io n ,  a s  s h o w n  in  E q u a t io n  3 .2 .

( 3 .2 )

w h e r e :
p  =  p r e s s u r e  o f  g a s ,

P0 = s a tu r a te d  v a p o r  p r e s s u r e  o f  th e  l iq u id  a t th e  o p e r a t in g  

te m p e r a tu r e ,
พ  =  w e i g h t  o f  g a s  a d s o r b e d  a t a  r e la t iv e  p r e s s u r e ,  Po,

พ m =  w e i g h t  o f  a d s o r b a te  c o n s t i t u t in g  a  m o n o la y e r  o f  s u r f a c e

c o v e r a g e ,  a n d
c  = c o n s t a n t  th a t  is  r e la te d  to  th e  e n e r g y  o f  a d s o r p t io n  in  th e  f ir s t
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adsorbed layer and magnitude o f the adsorbent/adsorpbate 
interaction.

The surface area is calculated by Equation 3.3.

5 3 A  .(6.02* '°  ” ) (3 .3)
M  พ ,  N  2

Where:

ร  = specific surface area (m2/g),
ฟ = cross-sectional area o f one molecule N2,

= 0.162 nm2 (-196°C),and 
M w A, = molecule weight o f nitrogen (28 g/g-mol).

3.3.2.5 Transmission Electron M icroscopy (TEM)
Transmission Electron Microscopy (TEM) is well known 

technique for characterizing the microstructure o f materials with very high spatial 
resolution. Information about the morphology, crystal structure and defects, crystal 
phases and composition, and magnetic microstructure can be obtained by a 
combination o f electron-optical imaging (2.5Â point resolution), electron diffraction, 
and small probe capabilities. In this work, this technique is used to determine the 
average crystalline size o f gold particle.

The transmission electron microscope uses a high energy 
electron beam transmitted through a very thin sample to image. The electrons are 
focused with electromagnetic lenses and the image is observed. The electrons are 
accelerated at several hundred kV, giving wavelengths much smaller than that of 
light: 200kV electrons have a wavelength o f 0.025Â.

Sample preparation for TEM will be started with the grinding 
and crushing o f the sample (catalyst) in a mortar in order to get the fine powder. 
Then the sample in the form o f fine powder will be dispersed in ethanol by use o f an 
ultrasonic bath, and drop o f the suspension will be placed on a thin carbon film
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supported on a standard electron microscope grid. Image processing for contrast 
enhancement and image evaluation will be done by means o f the programs Digital 
Micrograph. However, many materials require extensive sample preparation to 
produce a sample thin enough to be electron transparent, which makes TEM analysis 
a relatively time consuming process with a low throughput o f samples.

3.3.3 Catalyst Activity Measurement
As already mentioned, the reaction will be conducted in a fixed-bed 

catalytic micro reactor under atmospheric pressure; The activity will be observed at 
various temperatures over the range o f 6 0 -1 80°O under gas mixture conditions of 
1% CO, 1% O2, and 40% H2 balanced in He, which is allowed to pass through the 
80-120 mesh in size o f 100 mg catalyst bed at the total flow rate o f 50 ml min-1. The 
effluent gas from the reactor will be analyzed both qualitatively and quantitatively by 
auto-sampling in an on-line gas chromatograph equipped with a packed carbon 
sphere column, 80/100 mesh, lO f tx  1/8  in. and a thermal conductivity detector 
(TCD).

3.3.3.1 Effect o f  Au Loading
Additional o f gold to the catalysis is one way to improve the 

catalytic activity o f the catalysts in PROX reaction. In this work, the deposition- 
precipitation method was used to load gold on the support; therefore, the effect of 
different gold loadings on the support was investigated. The gold loading 
percentages was varied from 1 %wt to 5%wt.

3.3.3.2 Effect o f  Preparation Technique
There are many ways that can be used for preparation o f ceria 

support. Da Silva et al. (2007) studied the activity o f the Cu/Ce0 2  and Cu/CeC>2- 
ZrC>2 for low temperature water-gas shift reaction when three different preparation 
methods for CeC>2 were used, e.g. the urea gelation co-precipitation (Ce0 2 -UGC), 
hydrothermal (CeCVHT), and Pechini (Ce0 2 -Pe). Similarly, in order to study the 
effect o f preparation methods on the activity o f the catalysts for PROX reaction, the 
activity o f the catalysts prepared by three methods (co-precipitation by N H 4 O H , urea 
gelation co-precipitation, and step precipitation) were examined in this work.



28

3.3.3.3 Effect o f  Drying M ethod
Kwak et al. (2006) had mentioned that the drying method has 

some effect on the activity o f the prepared catalysts, as the average pore diameter and 
total pore volume o f a catalyst could be change when different drying methods were 
used. Thus, in this work, the effect o f various drying methods (such as oven, freezed 
dry, and vacuum cry) on the activity o f prepared catalyst was investigated.

3.3.3.4 Effect o f  Calcination Temperature
Boccuzzi et al. (2001) studied the effect o f calcinations 

temperature on the CO oxidation o f Au/Ti0 2  nanosized samples. The result showed 
that the catalyst calcined at lower temperature showed achieved 100% CO 
conversion at lower reaction temperature. While, the catalyst calcined at higher 
temperature achieved 100% CO conversion at higher reaction temperature. In 
addition, the mean diameters increased with the increased in calcination temperature. 
Therefore, in order to confirm the result, this work also investigated the effect o f the 
calcination temperature (non-calcined, 300, 400, and 500°C) on the activity o f the 
catalyst.

3 .4  C a lcu la tio n

The CO and O2 conversion calculations are based on the CO and O2 

consumption. The CO selectivity are calculated by the ratio o f O2 consumption for 
the desired CO oxidation reaction to the total O2 consumption. CO conversion and 
the selectivity o f O2 to CO oxidation will be calculated by following equations.

CO conversion (%) = - — [COfu: x IQQ (3.4)
[CO] in

O2 conversion (%) = ^ 2  ̂ ^ 2 —̂ x io o  (3.5)[O 2 \m

Selectivity (%) = ■ ■■ ------X100[0 2]c o + [0 2]H 2 (3.6)



[C O ] in  = concentration o f C O  in the introduced reactant gas, 
[C O ]o u t = concentration o f C O  in the effluent gas,
[ O 2 ] in = concentration o f O 2  in the introduced reactant gas, 
[ O 2 ]out = concentration o f O 2 in the effluent gas,
[0 2 ]co = amount o f O2 for CO oxidation and 
[0 2 ]h2 =  amount o f O2 for H2 oxidation.
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