
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Analysis of Standard Chromatogram

T h e  s ta n d a r d  s u b s t a n c e s ,  w h i c h  a re  tert-b u t a n o l ,  c y c l o h e x e n e ,  c y c l o h e x e n e  

o x id e ,  2 - c y c l o h e x e n - l - o l ,  2 - c y c l o h e x e n - l - o n e ,  a n d  ( l S , 2 S ) - f r a r a - - l , 2 -  

c y c l o h e x a n e d i o l ,  w e r e  m i x e d  w i t h  d o d e c a n e  u s e d  t h e  in te r n a l s ta n d a r d . T h e  m ix t u r e  

w a s  a n a ly z e d  b y  a  G C - F I D  in  o r d e r  to  o b ta in  th e  r e t e n t io n  t im e  o f  e a c h  s u b s t a n c e .  
T h e  c h r o m a t o g r a m  o f  th e  s ta n d a r d  m ix t u r e  is  s h o w n  in  F ig u r e  4 .1 .

Figure 4.1 C h r o m a to g r a m  o f  th e  s ta n d a r d  m ix t u r e :  ( 1 )  tert-b u t a n o l ,  ( 2 )  c y c l o h e x e n e ,  
( 3 )  c y c l o h e x e n e  o x id e ,  ( 4 )  2 - c y c l o h e x e n - l - o l ,  ( 5 )  2 - c y c l o h e x e n - l - o n e ,  ( 6 )  ( 1 S ,2 S ) -  

/'rara’- l , 2 - c y c l o h e x a n e d i o l ,  a n d  ( 7 )  d o d e c a n e .

T h e  r e t e n t i o n  t i m e s  o f  c y c l o h e x e n e ,  c y c l o h e x e n e  o x i d e ,  2 - c y c l o h e x e n - l - o l ,

2 - c y c l o h e x e n - l - o n e ,  (1  ร , 2 S ) - ? r a r a - l , 2 - c y c l o h e x a n e d i o l ,  a n d  d o d e c a n e  a r e  s h o w n  in

T a b l e  4 . 1 .
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Table 4.1 R e t e n t i o n  t i m e  o f  e a c h  s u b s t a n c e  o b t a i n e d  f r o m  t h e  c h r o m a t o g r a m  o f  t h e

s t a n d a r d  m i x t u r e

Number Substance Retention time (min)
1 Tert-b u ta n o l  ( s o lv e n t ) 3 .1 2

2 C y c l o h e x e n e 4 .5 6

3 C y c l o h e x e n e  o x id e 8 .7 8

4 2 - C y c l o h e x e n - l - o l 9 .7 9

5 2 - C y c l o h e x e n - 1 - o n e 1 0 .9 2

6 (  1 ร , 2 S  y tr a n s - 1 ,2 - c y c l o h e x a n e d i o l 1 3 .7 8
7 D o d e c a n e 1 6 .2 0

it' c a n  b e  s e e n  fr o m  T a b le  4 .1  th a t  th e  r e t e n t io n  t im e  o f  d o d e c a n e  in te r n a l  
s ta n d a r d  w a s  a p p r o x im a t e ly  a t 1 6 .2 0  m in ,  w h i c h  c le a r ly  s e p a r a t e s  f r o m  t h o s e  o f  th e  

r e a c ta n t  a n d  p o s s i b l e  p r o d u c t s .  It c o u ld  b e  p o in t e d  o u t  th a t  d o d e c a n e  is  s u i t a b le  to  b e  

u s e d  a s  t h e  in te r n a l s ta n d a r d  fo r  t h is  r e a c t io n .  T h e  r e s p o n s e  f a c t o r  o f  e a c h  p r o d u c t  w a s  

th e n  c a lc u la t e d  f r o m  th e  c h r o m a t o g r a m  o f  t h e  s ta n d a r d  m ix t u r e ,  a n d  t h e  r e s u lt s  are  

s h o w n  in  T a b le  4 .2 .

Table 4.2 R e s p o n s e  f a c t o r  o f  e a c h  s u b s t a n c e  o b t a in e d  f r o m  t h e  c h r o m a t o g r a m  o f  th e  

s ta n d a r d  m ix t u r e

Substance Response factor
C y c l o h e x e n e 0 .9 3

C y c l o h e x e n e  o x id e 0 .8 0
2 - C y c l o h e x e n - 1 - o l 0 .9 0

2 - C y c l o h e x e n - 1 - o n e 0 .8 7
( 1 ร , 2 S  y tr a n s - 1,2 - c y c l o h e x a n e d i o l 0 .6 4

D o d e c a n e 1 . 0 0
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4.2 Catalyst Characterization Results

4 .2 .1  T G - D T A  R e s u l t s
T h e  T G - D T A  a n a ly s i s  w a s  u s e d  to  i n v e s t i g a t e  th e  th e r m a l  

d e c o m p o s i t i o n  b e h a v io r  o f  t h e  a s - s y n t h e s i z e d  d r ie d  T i 0 2 - C e 0 2 m i x e d  o x id e  g e l s  a n d  

t o  o b t a in  th e ir  s u i t a b le  c a lc in a t io n  te m p e r a tu r e .  F ig u r e  4 . 2  e x e m p l i f i e s  t h e  T G - D T A  

c u r v e s  o f  th e  d r ie d  0 . 9 5 T i 0 2- 0 . 0 5 C e 0 2 m i x e d  o x id e  g e l .  T h e  D T A  c u r v e  s h o w s  th r e e  

m a in  e x o t h e r m ic  r e g io n s .  T h e  f ir s t  e x o t h e r m ic  p e a k , w i t h  i t s  p o s i t i o n  lo w e r  th a n  1 2 0  

๐c ,  c o u ld  b e  a s c r ib e d  to  t h e  r e m o v a l  o f  p h y s is o r b e d  w a t e r  m o l e c u l e s .  T h e  s e c o n d  

e x o t h e r m ic  p e a k  b e t w e e n  1 2 0  a n d  2 8 0  ๐c  w a s  a t tr ib u te d  to  th e  r e m o v a l  o f  th e  

s u r fa c ta n t  m o l e c u l e s  ( L A C H )  a n d  m o d i f y i n g  a g e n t  m o l e c u l e s  ( A C A ) .  T h e  th ir d  

e x o t h e r m ic  p e a k  b e t w e e n  2 8 0  an d ; 5 0 0  ๐c  c o r r e s p o n d e d  t o  th e  c r y s t a l l i z a t io n  o f  

c a t a ly s t  a n d  th e  e l im in a t io n  o f  o r g a n ic  r e m n a n ts  a n d  c h e m is o r b e d  w a t e r  m o le c u l e s .  
T h e  T G  c u r v e  s h o w s  th a t  th e  w e i g h t  l o s s  e n d e d  a t a p p r o x im a t e ly  4 5 0  ๐c .  T h e r e f o r e ,  
th e  r e s u lt s  c o n f ir m  th a t  th e  c a lc in a t io n  te m p e r a tu r e  e q u a l  to  o r  h ig h e r  th a n  4 5 0  °c w a s  

s u f f ic i e n t  f o r  th e  c o m p l e t e  s u r fa c ta n t  r e m o v a l  a n d  th e  c a t a ly s t  c r y s t a l l i z a t io n .

1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0
Temperature (°C)

£
2 .cr5’

©

Figure 4.2 T G - D T A  c u r v e s  o f  th e  a s - s y n t h e s i z e d  d r ie d  0 . 9 5 T i 0 2- 0 . 0 5 C e 0 2 m ix e d  

o x id e  g e l .
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M o r e o v e r ,  t h e  T G  a n a ly s i s  w a s  u s e d  t o  d e t e r m in e  t h e  s u r f a c e  O H  

d e n s i t y  ( O H /n m 2)  a n d  s u r f a c e  O H - t o - c a t a ly s t  w e i g h t  r a t io  ( O H / g ) .  F ig u r e s  4 .3  

e x e m p l i f i e s  th e  T G  c u r v e  o f  th e  s y n t h e s iz e d  m e s o p o r o u s - a s s e m b l e d  0 .9 8 T iO 2 -  

0 .0 2 C e O 2 m i x e d  o x id e  c a t a ly s t  c a l c i n e d  a t 5 0 0  ๐c .  T h e  T G  c u r v e  c o u ld  b e  d iv id e d  

in to  t w o  r e g io n s .  T h e  f ir s t  r e g io n ,  w i t h  te m p e r a tu r e  l o w e r  th a n  1 2 0  °c, w a s  

a ttr ib u ta b le  t o  t h e  r e m o v a l  o f  p h y s is o r b e d  w a te r  m o l e c u l e s ,  a s  a f o r e m e n t io n e d ,  w h e r e  

th is  r e g io n  i s  n o t  c r u c ia l  fo r  p o w d e r  c h a r a c t e r iz a t io n  a s  it  d e p e n d s  o n l y  o n  h u m id i t y  

fr o m  th e  e n v ir o n m e n t .  T h e  s e c o n d  r e g io n ,  w i t h  te m p e r a tu r e  in  th e  r a n g e  o f  1 2 0  to  5 0 0  

๐c ,  r e p r e s e n t e d  th e  w e i g h t  l o s s  b y  th e  r e m o v a l  o f  h y d r o x y l  g r o u p s  f r o m  th e  p o w d e r  

s u r f a c e .  T h e  d e t a i l s  o f  th e  s u r f a c e  O H  d e n s i t y  a n d  s u r f a c e  O H : t o - c a t a l y s t  w e i g h t  r a tio  

o f  th e  s y n t h e s iz e d  m e s o p o r o u s - a s s e m b l e d  T i 0 2 - C e Û 2 m i x e d  o x id e  c a t a ly s t s  c a l c in e d  

at d i f f e r e n t  t e m p e r a tu r e s  a re  s u m m a r iz e d  in  T a b le s  4 .3 .  It c a n  b e  s e e n  f r o m  T a b le  4 .3  

th a t  b o th  th e  s u r f a c e  O H  d e n s i t y  a n d  s u r f a c e  O H -to -c a ta ly s ' t  .w e i g h t  r a t io  t e n d e d  to  

in c r e a s e  w i t h  in c r e a s in g  C e 0 2  c o n t e n t  in  th e  T i 0 2 - C e 0 2  m i x e d .o x i d e  c a t a ly s t  t o  r e a c h  

m a x im u m  v a lu e s  a t  t h e  C e 0 2  c o n t e n t  o f  2  m o l%  ( i .e .  0 . 9 8 T i 0 2 - 0 . 0 2 C e 0 2 ) ,  b u t  th e y  

a d v e r s e ly  d e c r e a s e d  w i t h  fu r th e r  in c r e a s in g  C e 0 2  c o n t e n t .  T h e s e  r e s u l t s  in d ic a t e  th a t  

th e  in c o r p o r a t io n  o f  C e 0 2  w i t h  th e  s u i t a b le  c o n t e n t  t o  th e  T i 0 2  c o u l d  in c r e a s e  th e  

n u m b e r  o f  s u r f a c e  O H  g r o u p s  a v a i la b le  f o r  th e  r e a c t io n .  In  th e  s a m e  m a n n e r , w it h  

in c r e a s in g  c a lc in a t io n  te m p e r a tu r e  f r o m  4 5 0  t o  6 0 0  °c  f o r  th e  s y n t h e s iz e d  

m e s o p o r o u s - a s s e m b l e d  0 . 9 8 T i 0 2 - 0 . 0 2 C e 0 2  m i x e d  o x i d e  c a t a ly s t ,  t h e  m a x im u m  

s u r f a c e  O H  d e n s i t y  a n d  s u r f a c e  O H - t o - c a t a ly s t  w e i g h t  r a t io  w e r e  o b s e r v e d  a t th e  

c a lc in a t io n  t e m p e r a tu r e  o f  5 0 0  °c. A t  a  c a l c in a t io n  te m p e r a tu r e  l o w e r  th a n  5 0 0  °c, 
th e  s m a l l  q u a n t i ty  o f  o r g a n ic  r e m n a n ts  m a y  s t i l l  e x i s t  o n  t h e  c a t a ly s t  s u r f a c e  a s  O H  

g r o u p - b in d in g  s p e c i e s ,  w h e r e a s  th e  O H  g r o u p s  m a y  b e  t h e r m a l ly  r e m o v e d  b y  s e v e r e  

c a lc in a t io n  te m p e r a tu r e  h ig h e r  th a n  5 0 0  °c. It c a n  b e  s u g g e s t e d  th a t  a  g o o d  c o n t r o l  o f  

c a lc in a t io n  t e m p e r a tu r e  c o u ld  m a in ta in  a  h ig h  l e v e l  o f  s u r f a c e  O H  g r o u p s .
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Figure 4.3 T G  c u r v e  o f  th e  s y n t h e s iz e d  m e s o p o r o u s - a s s e m b l e d  0 . 9 8 T i 0 2 - 0 . 0 2 C e 0 2  

m i x e d  o x id e  c a t a ly s t  c a lc in e d  a t 5 0 0  °c.
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Table 4.3 S u r f a c e  O H  d e n s i t y  a n d  s u r f a c e  O H - t o - c a t a l y s t  w e i g h t  r a t i o  o f  t h e

s y n t h e s i z e d  m e s o p o r o u s - a s s e m b l e d  T i 0 2 - C e 0 2  m i x e d  o x i d e  c a t a l y s t s  c a l c i n e d  a t

d i f f e r e n t  t e m p e r a t u r e s

Catalyst
Calcination
temperature

( ๐๑
พ  120°c  
( m g )

Wsoooc
( m g )

OH/nm2 OH/g
( x i o 2®)

P u r e  T i 0 2

5 0 0

1 0 .3 1 1 0 .1 9 6 . 8 8 6 .5 9
0 . 9 9 T i 0 2 - 0 . 0 1 C e 0 2 1 0 .8 9 1 0 .7 3 6 .6 9 6 . 0 1

0 . 9 8 T i 0 2- 0 . 0 2 C e 0 2 1 0 .7 3 1 0 .5 2 7 .5 3 6 .8 3
0 . 9 7 T i 0 2- 0 . 0 3 C e 0 2 1 0 .2 7 1 0 . 1 0 6 .5 9 6 .2 7
0 . 9 5 T i 0 2- 0 . 0 5 C e 0 2 1 0 .5 8 1 0 .3 7 6 .8 2 6 .2 3
0 . 9 3 T i 0 2- 0 . 0 7 C e 0 2 1 0 .2 5 1 0 .0 6 5 .5 2 5 .2 2

0 . 9 0 T i 0 2- 0 . 1 0 C e 0 2 1 0 .7 5 1 0 .5 6 4 .8 9 4 .4 0

0 . 9 8 T i 0 2- 0 . 0 2 C e 0 2

4 5 0 1 0 .0 9 9 .9 3 4 .7 4 4 .4 3
5 0 0 1 0 .7 3 1 0 .5 2 7 .5 3 6 .8 3
5 5 0 1 0 .3 4 1 0 .1 7 7 .1 2 6 .6 5
6 0 0 1 0 .6 0 1 0 .4 8 5 .2 6 4 .8 6

4 .2 .2  N ?  A d s o r p t io n - D e s o r p t io n  R e s u l t s

T h e  N 2 a d s o r p t io n - d e s o r p t io n  a n a ly s i s  a t th e  l iq u id  N 2 t e m p e r a tu r e  w a s  

u s e d  t o  th e  s tu d y  m e s o p o r o s i t y  a n d  te x tu r a l  p r o p e r t ie s  o f  t h e  s y n t h e s i z e d  T i 0 2 - C e 0 2  

m i x e d  o x id e  c a t a ly s t s .  T h e  N 2 a d s o r p t io n - d e s o r p t io n  i s o t h e r m s  a n d  p o r e  s i z e  

d is t r ib u t io n  ( i n s e t )  o f  th e  s y n t h e s iz e d  m e s o p o r o u s - a s s e m b l e d  0 . 9 8 T i 0 2 - 0 . 0 2 C e 0 2  

m i x e d  o x id e  c a t a ly s t  c a lc in e d  a t 5 0 0  °c a re  e x e m p l i f i e d  in  F ig u r e  4.4. It c o u ld  b e  s e e n  

th a t  th e  i s o t h e r m s  o f  th e  c a t a ly s t  e x h ib i t e d  t y p ic a l  I U P A C  t y p e  I V  p a t te r n  w it h  H 2 -  

t y p e  h y s t e r e s i s  l o o p ,  w h i c h  i s  th e  m a in  c h a r a c t e r is t ic  o f  m e s o p o r o u s  m a te r ia ls  

( m e s o p o r o u s  s i z e  b e t w e e n  2  a n d  5 0  n m )  a c c o r d in g  to  t h e  c l a s s i f i c a t i o n  o f  I U P A C  

(R o u q u e r o l  et a l . , 1 9 9 9 ) .  T h e  s h a p e  o f  th e  i s o t h e r m s  r e v e a l s  th e  s tr u c tu r a l  
c h a r a c t e r is t ic  o f  th e  c a t a ly s t  p o w d e r s ,  w h i c h  w a s  c o m p o s e d  o f  a n  a s s e m b ly  o f  

p a r t ic le s  w i t h  n a r r o w  a n d  u n if o r m  p o r e  s i z e ,  a s  c le a r ly  s e e n  fr o m  t h e  i n s e t  o f  F ig u r e
4 .4 .  T h e  te x tu r a l  p r o p e r t ie s  o b ta in e d  fr o m  th e  i s o t h e r m s  a n d  p o r e  s i z e  d is t r ib u t io n .
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n a m e ly  s p e c i f i c  s u r f a c e  a r e a , m e a n  m e s o p o r e  d ia m e te r ,  a n d  to ta l  p o r e  v o lu m e ,  o f  th e  

s y n t h e s iz e d  m e s o p o r o u s - a s s e m b l e d  T i 0 2 - C e 0 2 m ix e d  o x i d e  c a t a ly s t s  a re  g iv e n  in  

T a b le  4 .4 .  It c o u ld  b e  o b s e r v e d  th a t  th e  in c o r p o r a t io n  o f  C e 0 2 to  th e  T i 0 2 

s ig n i f ic a n t ly  in c r e a s e d  t h e  s p e c i f i c  s u r f a c e  a r e a  a n d  to ta l  p o r e  v o l u m e  o f  th e  T i 0 2- 

C e 0 2 m i x e d  o x id e  c a t a ly s t s  ( P a v a s u p r e e  et al. , 2 0 0 4 ) ,  w h e r e a s  t h e  m e a n  m e s o p o r e  

d ia m e t e r  o n l y  s l i g h t ly  c h a n g e d .  I n t e r e s t in g ly ,  it w a s  f o u n d  th a t  e v e n  th o u g h  th e  

s p e c i f i c  s u r f a c e  a r e a  in c r e a s e d  w ith  in c r e a s in g  C e 0 2 c o n t e n t ,  th e  s u r f a c e  O H  d e n s i t y  

a n d  s u r f a c e  O H - t o - c a t a ly s t  w e ig h t  r a t io  p r o g r e s s iv e ly  d e c r e a s e d  w h e n  th e  C e 0 2 

c o n t e n t  e x c e e d e d  2  m o l%  (T a b le  4 .3 ) .  T h is  i s  p o s s i b l y  b e c a u s e  o f  th e  im p e r f e c t  

c r y s t a l l i z a t io n  o f  th e  m e s o p o r o u s - a s s e m b l e d  T i 0 2 - C e 0 2 m i x e d  o x i d e  c a t a ly s t s  a t h ig h  

C e 0 2 c o n t e n t s ,  a s  s h o w n  n e x t  in  s e c t i o n  4 .2 .3 .  T h e  s p e c i f i c  s u r f a c e  a r e a , m e a n  

m e s o p o r e  d ia m e t e r ,  a n d  to ta l  p o r e  v o lu m e  r e s u lt s  o f  th e  s y n t h e s i z e d  m e s o p o r o u s -  

a s s e m b le d  0 . 9 8 T i 0 2- 0 . 0 2 C e 0 2 m ix e d  o x id e  c a t a ly s t  c a l c in e d  a t d i f f e r e n t  te m p e r a tu r e s  

a re  a l s o  s h o w n  in  T a b le  4 .4 .  T h e  in c r e a s e  in  c a lc in a t io n  te m p e r a tu r e  r e s u lt e d  in  th e  

d e c r e a s e  in  s p e c i f i c  s u r f a c e  a r e a  a n d  t h e  in c r e a s e  in  m e a n  m e s o p o r e  d ia m e te r ,  
w h e r e a s  th e  t o t a l  p o r e  v o lu m e  o n ly  s l ig h t ly  d e c r e a s e d .  T h e  p e r c e iv e d  l o s s  in  s p e c i f i c  

s u r f a c e  a r e a  c a n  b e  e x p la in a b le  to  th e  p o r e  c o a l e s c e n c e  d u e  to  t h e  c r y s t a l l i z a t io n  o f  

w a ll  s e p a r a t in g  m e s o p o r e s  a n d  th e  s in t e r in g  o f  c a t a ly s t  p a r t ic le s  (L in  et al., 2 0 0 7 ) ,  
c o n s e q u e n t l y  r e s u l t in g  in  th e  d e c r e a s e  in  s u r f a c e  O H  g r o u p s  ( T a b le  4 .3 ) .
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Figure 4.4 N 2 a d s o r p t io n - d e s o r p t io n  i s o t h e r m s  a n d  p o r e  s i z e  d is t r ib u t io n  ( i n s e t )  o f  

th e  s y n t h e s iz e d  m e s o p o r o u s - a s s e m b l e d  0 . 9 8 T i 0 2 - 0 . 0 2 C e 0 2 m i x e d  o x id e  c a ta ly s t  

c a lc in e d  a t 5 0 0  °c.
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Table 4.4 N 2 a d s o r p t i o n - d e s o r p t i o n  r e s u l t s  o f  t h e  s y n t h e s i z e d  m e s o p o r o u s - a s s e m b l e d

T i 0 2 - C e 0 2  m i x e d  o x i d e  c a t a l y s t s  c a l c i n e d  a t  d i f f e r e n t  t e m p e r a t u r e s

C a ta ly st
C a lc in a tio n

tem p e r a tu r e
(°C )

S p e c ific
su r fa c e

area
(m 2/g)

M ea n
m e so p o r e
d ia m e te r

(n m )

T o ta l
p ore

v o lu m e
(c m 3/g)

P u r e  D O 2

5 0 0

6 3 .4 8 . 1 0 0 . 1 2

0 . 9 9 T i 0 2 - 0 . 0 1 C e 0 2 9 1 .9 9 .1 4 0 . 2 1

0 . 9 8 T i 0 2- 0 . 0 2 C e 0 2 1 0 7 .0 7 .8 3 0 .2 4
0 . 9 7 T i 0 2- 0 . 0 3 C e 0 2 1 0 5 .0 7 .8 0 0 .2 6

0 . 9 5 T i 0 2- 0 . 0 5 C e 0 2 1 2 1 . 6 6 .5 4 0 .2 3

0 . 9 3 T i 0 2- 0 . 0 7 C e 0 2 1 3 6 .2 1 0 .0 6 0 .3 4

0 . 9 0 T i 0 2- 0 . 1 0 C e 0 2 1 5 3 .8 8 .7 5 0 .3 4

0 . 9 8 T i 0 2- 0 . 0 2 C e 0 2

4 5 0 1 4 4 .6 4 .9 0 0 .2 4
5 0 0 1 0 7 .0 7 .8 3 0 .2 4
5 5 0 1 0 1 . 6 6 .5 9 0 . 2 2

6 0 0 8 4 .0 7 .2 1 0 . 2 0

4 .2 .3  X R D  R e s u l t s
T h e  X R D  a n a ly s i s  w a s  u s e d  to  i d e n t i f y  c r y s t a l l in e  p h a s e s  p r e s e n t  in  th e  

s y n t h e s i z e d  c a t a ly s t s .  T h e  X R D  p a tte r n s  o f  th e  s y n t h e s i z e d  m e s o p o r o u s - a s s e m b l e d  

T i 0 2 -C e C >2 m i x e d  o x id e  c a t a ly s t s  w i t h  d i f f e r e n t  C eC >2 c o n t e n t s  c a l c i n e d  a t 5 0 0  ๐c  a re  

s h o w n  in  F ig u r e  4 .5 .  T h e  X R D  p a tte r n s  o f  a l l  th e  i n v e s t i g a t e d  c a t a l y s t s  e x h ib i t e d  

c r y s t a l l in e  s tr u c tu r e  o f  th e  p u r e  a n a ta s e  T iC >2 p h a s e  o w i n g  t o  th e  o b s e r v e d  d o m in a n t  

p e a k s  a t  26  o f  a b o u t  2 5 .6 ° ,  3 8 .0 ° ,  4 8 .2 ° ,  5 3 .8 ° ,  a n d  5 4 .8 ° ,  w h i c h  r e p r e s e n t  th e  in d ic e s  

o f  ( 1 0 1 ) ,  ( 0 0 4 ) ,  ( 2 0 0 ) ,  ( 1 0 5 ) ,  a n d  ( 2 1 1 )  p la n e s ,  r e s p e c t i v e ly  ( S m it h ,  1 9 6 0 ) .  H o w e v e r ,  
th e  p e a k  i n t e n s i t i e s  d e c r e a s e d  w i t h  in c r e a s in g  C e 0 2 c o n t e n t  p o s s i b l y  b e c a u s e  a  fu r th e r  

in c r e a s e  in  C e C b  c o n t e n t  r e ta r d s  th e  c r y s t a l l i z a t io n  p r o c e s s  o f  T iC >2 ( P a v a s u p r e e  et a l ,  
2 0 0 4 ) .  T h e  c r y s t a l l i t e  s i z e s  o f  th e  m e s o p o r o u s - a s s e m b l e d  T i 0 2 -C e C >2 m i x e d  o x id e  

c a t a ly s t s  c a l c u la t e d  u s i n g  th e  S c h e r r e r  e q u a t io n  a re  s h o w n  in  T a b le  4 .5 .  It c a n  b e  s e e n  

th a t  th e  c r y s t a l l i t e  s iz e  d e c r e a s e d  w i t h  in c r e a s in g  C e C >2 c o n t e n t  d u e  to  th e  

c r y s t a l l i z a t io n  r e ta r d a t io n , a s  m e n t io n e d  a b o v e .



3 3

T h e  X R D  p a t te r n s  o f  th e  s y n t h e s iz e d  m e s o p o r o u s - a s s e m b l e d  0 .9 8T iC > 2 - 

0 .0 2 C e O 2 m i x e d  o x id e  c a t a ly s t  c a lc in e d  a t d i f f e r e n t  te m p e r a tu r e s  a re  s h o w n  in  F ig u r e  

4 .6 .  T h e  X R D  p a t te r n s  o f  th e  s y n t h e s iz e d  m e s o p o r o u s - a s s e m b l e d  0 . 9 8 T i 0 2 - 0 . 0 2 C e 0 2  

c a t a ly s t  a l s o  s h o w e d  o n l y  c r y s t a l l in e  s tr u c tu r e  o f  th e  p u r e  a n a ta s e  T i 0 2 p h a s e ,  a n d  th e  

a n a ta s e  T iC >2 p h a s e  w a s  m a in t a in e d  a t th e  c a lc in a t io n  te m p e r a tu r e  o f  a s  h ig h  a s  6 0 0  

๐c  w i t h o u t  i t s  p a r t ia l t r a n s fo r m a t io n  to  th e  r u t i le  T iC >2 p h a s e  n o r m a l ly  o b s e r v e d  at th is  

h ig h  c a lc in a t io n  te m p e r a tu r e  ( S r e e t h a w o n g  et al., 2 0 0 5 ) .  A s  e x p e c t e d ,  th e  h ig h e r  

c r y s t a l l i t e  s i z e  o f  t h e  a n a ta s e  T iC >2 p h a s e  w a s  o b s e r v e d  a t a  h ig h e r  c a lc in a t io n  

t e m p e r a tu r e  ( T a b le  4 .5 ) ,  p o s s i b l y  r e s u lt in g  in  th e  d e c r e a s e  in  th e  s u r f a c e  O FI g r o u p s  

a s  w e l l  ( T a b le  4 .3 ) .  -

( g )

( f )

(e )

(d )

(c )

(b )

(a )
2 0  3 0  4 0  5 0  6 0

2 T h e t a  ( d e g r e e )

F i g u r e  4 .5  X R D  p a t t e r n s  o f  th e  s y n t h e s iz e d  m e s o p o r o u s - a s s e m b l e d  T i 0 2 - C e 0 2 

m i x e d  o x i d e  c a t a ly s t s  c a l c i n e d  a t 5 0 0  °C : ( a )  p u r e  T i 0 2, ( b )  0 .9 9 T i 0 2 - 0 .0 1 CeC>2 , ( c )  

0 . 9 8 T i 0 2- 0 . 0 2 C e 0 2, ( d )  0 . 9 7 T i 0 2- 0 . 0 3 C e 0 2, ( e )  0 . 9 5 T i 0 2- 0 . 0 5 C e 0 2, ( f )  0 .9 3 T iO 2- 
0 .0 7 C e O 2, a n d  ( g )  0 . 9 0 T i 0 2 - 0 . 1 0 C e 0 2  (A :  A n a t a s e  D O 2 ).
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Figure 4 .6  X R D  p a t t e r n s  o f  th e  s y n t h e s iz e d  m e s o p o r o u s - a s s e m b l e d  0 .9 8T iC > 2 -  

0 .0 2 C e C >2 m ix e d  o x id e  c a t a ly s t s  c a l c i n e d  a t d i f f e r e n t  te m p e r a tu r e s  (A :  A n a t a s e  TiC>2 ).
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Table 4.5 C r y s t a l l i z e  s i z e  r e s u lt s  o f  th e  s y n t h e s i z e d  m e s o p o r o u s - a s s e m b l e d  T i 0 2- 
C e 0 2 m ix e d  o x id e  c a t a ly s t s  c a lc in e d  a t d i f f e r e n t  t e m p e r a tu r e s

Catalyst Calcination 
temperature (๐C)

Anatase (101) crystallite size 
(nm)

P u r e  T i 0 2

5 0 0

1 5 .6 2

0 . 9 9 T i 0 2 - 0 . 0 1 C e 0 2 9 .0 4
0 . 9 8 T i 0 2- 0 . 0 2 C e 0 2 6 .9 3
0 . 9 7 T i 0 2- 0 . 0 3 C e 0 2 6 .9 4
0 . 9 5 T i 0 2- 0 . 0 5 C e 0 2 6 .2 3

0 . 9 3 T i 0 2- 0 . 0 7 C e 0 2 5 .7 6
0 . 9 0 T i 0 2- 0 . 10 C e O 2 5 .4 9  ■

0 . 9 8 T i 0 2- 0 . 0 2 C e 0 2

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

4 .2 .4  S E M - E D X  a n d  T E M - E D X  R e s u l t s
T h e  in f o r m a t io n  a b o u t  t h e  s u r f a c e  m o r p h o lo g y  a n d  e le m e n t a l  

d is t r ib u t io n  o f  t h e  s y n t h e s iz e d  m e s o p o r o u s - a s s e m b l e d  T i 0 2 - C e 0 2 m i x e d  o x id e  

c a t a ly s t s  w a s  o b t a in e d  b y  th e  S E M  a n a ly s i s .  F ig u r e  4 .7  e x e m p l i f i e s  th e  S E M  im a g e  o f  

th e  m e s o p o r o u s - a s s e m b l e d  0 . 9 8 T i 0 2 - 0 . 0 2 C e 0 2  m i x e d  o x id e  c a t a ly s t  c a l c i n e d  a t 5 0 0  

๐c .  T h e  c a t a ly s t  n a n o p a r t ic le s  w i t h  q u ite  u n i f o r m  s i z e  c o u ld  b e  o b s e r v e d  in  th e  fo r m  

o f  a g g r e g a t e d  c lu s t e r s  c o n t a in in g  m a n y  n a n o p a r t ic le s .  T h e  e l e m e n t a l  d i s t r ib u t io n s  o n  

th e  m e s o p o r o u s - a s s e m b l e d  0 . 9 8 T i 0 2 - 0 . 0 2 C e 0 2  m i x e d  o x i d e  c a t a ly s t  w e r e  a ls o  

o b t a in e d  b y  th e  E D X  a n a ly s i s ,  a s  s h o w n  in  F ig u r e  4 .8 .  T h e  e l e m e n t a l  a r e a  m a p p in g s  

s h o w  th a t  th e  T i a n d  C e  s p e c ie s  w e r e  w e l l  d i s p e r s e d  t h r o u g h o u t  th e  b u lk  m e s o p o r o u s -  

a s s e m b le d  0 . 9 8 T i 0 2 - 0 . 0 2 C e 0 2  m ix e d  o x i d e  c a t a ly s t .  In  o r d e r  to  o b t a in  th e  

in f o r m a t io n  a b o u t  th e  p a r t ic le  s i z e  o f  th e  m e s o p o r o u s - a s s e m b l e d  T i 0 2 -C e C >2 m ix e d  

o x id e  c a t a ly s t s ,  th e  T E M  a n a ly s i s  w a s  p e r f o r m e d . F ig u r e  4 .9  e x e m p l i f i e s  th e  T E M  

im a g e  o f  th e  m e s o p o r o u s - a s s e m b l e d  0 . 9 8 T i 0 2 - 0 . 0 2 C e 0 2  m i x e d  o x id e  c a t a ly s t

T  3 & n * \ 6 6
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c a l c i n e d  a t 5 0 0  ° c  w i t h  i t s  c o r r e s p o n d in g  E D X  p o in t  m a p p in g .  T h e  p r e s e n c e  o f  b o th  

th e  T i a n d  C e  s p e c ie s  w a s  c o n f ir m e d .  T h e  a v e r a g e  p a r t ic le  s i z e  o f  t h e  m i x e d  o x id e  

c a t a ly s t  w a s  in  th e  r a n g e  o f  5 - 1 0  n m , w h ic h  a g r e e s  w e l l  w i t h  i t s  c r y s t a l l i t e  s i z e  

e s t im a t e d  f r o m  th e  X R D  a n a ly s i s  (T a b le  4 .5 ) .

F i g u r e  4 .7  S E M  im a g e  o f  th e  s y n t h e s iz e d  m e s o p o r o u s - a s s e m b l e d  0 .9 8 T iÛ 2 -  

0 .0 2 C eC >2 m i x e d  o x id e  c a t a ly s t  c a lc in e d  a t 5 0 0  ° c .



37

C e  K a l  O  K a l

F i g u r e  4 .8  S E M  im a g e  a n d  E D X  a r e a  m a p p in g s  o f  th e  s y n t h e s i z e d  m e s o p o r o u s -  

a s s e m b le d  0 . 9 8 T i 0 2- 0 . 0 2 C e 0 2  m ix e d  o x id e  c a t a ly s t  c a lc in e d  a t 5 0 0  ๐c .
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F i g u r e  4 .9  T E M  im a g e  a n d  E D X  p o in t  m a p p in g  o f  th e  s y n t h e s i z e d  m e s o p o r o u s -  

a s s e m b le d  0 . 9 8 T i 0 2 - 0 . 0 2 C e 0 2  m i x e d  o x id e  c a t a ly s t  c a l c in e d  a t 5 0 0 ° c .
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4.3 Catalytic Activity Results of Cyclohexene Epoxidation

4 .3 .1  B la n k  T e s t
C y c l o h e x e n e  e p o x id a t io n  r e a c t io n  w a s  in i t ia l ly  s t u d ie d  w i t h  c o n t r o l  

e x p e r im e n t s  in  o r d e r  t o  d e t e r m in e  th e  e f f e c t s  o f  c a t a ly s t  ( s y n t h e s i z e d  m e s o p o r o u s -  

a s s e m b le d  0 . 9 8 T i 0 2 - 0 . 0 2 C e 0 2  m ix e d  o x id e ,  w h ic h  e x h i b i t e d  th e  h ig h e s t  e p o x id a t io n  

p e r f o r m a n c e ,  a s  s h o w n  in  n e x t  s e c t io n )  a n d  o x id a n t  ( H 2 O 2 ). T h e  c o n t r o l  e x p e r im e n t s  

w e r e  p e r f o r m e d  u n d e r  3 d i f f e r e n t  c o n d i t io n s ,  in c lu d in g  c a s e  1 : w i t h o u t  c a t a ly s t  ( w i t h  

o x id a n t ) ,  c a s e  2 : w i t h o u t  o x id a n t  ( w i t h  c a t a ly s t ) ,  a n d  c a s e  3 : w i t h o u t  b o th  c a t a ly s t  a n d  

o x id a n t .  T h e  r e s u lt s  o f  c y c l o h e x e n e  c o n v e r s i o n  a n d  p r o d u c t  s e l e c t i v i t i e s  fo r  a ll  th e  

c a s e s  a re  s h o w n  in  T a b le  4 .6 .  It w a s  f o u n d  th a t  th e  r e a c t io n  d id  n o t  o c c u r  in  th e  c a s e  

w it h o u t  b o th  th e  c a t a ly s t  a n d  o x id a n t .  O n  th e  o th e r  h a n d , t h e  r e a c t io n  o n l y  s l ig h t ly  

o c c u r r e d  in  t h e  c a s e  w i t h o u t  c a t a ly s t  a n d  s c a r c e ly  o c c u r r e d  in  t h e  c a s e  w it h o u t  

o x id a t io n ,  w i t h  t h e  c a s e  w i t h o u t  c a t a ly s t  e x h i b i t i n g  a  h ig h e r  c o n v e r s i o n  ( 1 .6 7  % ) th a n  

th a t  w i t h o u t  o x id a n t  ( o n l y  0 .2 5  % ). F o r  th e  c a s e  o f  w i t h o u t  c a t a ly s t  ( w i t h  o x id a n t ) ,  th e  

r e s u l t s  s h o w  t h e  a u t o - o x id a t io n  o f  c y c l o h e x e n e  to  fo r m  c y c l o h e x e n e  o x id e  a n d  2 - 

c y c l o h e x e n - l - o l  w i t h  v e r y  l o w  s e l e c t i v i t y ,  a s  w e l l  a s  2 - c y c l o h e x e n - l - o n e  w it h  

c o m p a r a t iv e ly  m u c h  h ig h e r  s e l e c t i v i t y .  T h i s  is  p o s s i b l y  d u e  to  t h e  s t r o n g  o x id iz in g  

a b i l i t y  o f  H 2 O 2 , w h e r e  it  r e a c ts  w i t h  /e r t - b u t a n o l  to  p r im a r i ly  fo r m  th e  in  s it u  

g e n e r a t e d  tert- b u t y l  h y d r o p e r o x id e  ( t - B u O O H ) ,  w h i c h  f u n c t io n s  a s  a  m a jo r  s o u r c e  o f  

th e  in i t ia t o r  t o  g e n e r a t e  a c t i v e  fr e e  r a d ic a ls  u p o n  th e r m a l  d e c o m p o s i t i o n ,  s u c h  a s  tert- 
b u t o x y  r a d ic a l  ( t - B u O ‘) a n d  h y d r o x y l  r a d ic a l  ( O H ' )  ( S r e e t h a w o n g  et al., 2 0 0 5 ) ,  a s  

s h o w n  in  F ig u r e  4 .1 0 .  T h e s e  fr e e  r a d ic a l s  c a n  r e a c t  w i t h  c y c l o h e x e n e  to  fo r m  

c y c l o h e x e n e  r a d ic a l ,  w h i c h  fu r th e r  r e a c t s  w i t h  m o le c u la r  O 2 t o  f o r m  in t e r m e d ia t e  

c y c l o h e x e n e  p e r o x id e  r a d ic a l .  S in c e  s u c h  in t e r m e d ia t e  p e r o x id e  r a d ic a l  h a s  l o w  

th e r m a l  s t a b i l i t y ,  it  fu r th e r  d e c o m p o s e s  to  fo r m  n o n - r a d ic a l  p r im a r y  p r o d u c t s ,  w h ic h  

a re  c y c l o h e x e n e  o x i d e  ( e p o x i d e )  a n d  2 - c y c l o h e x e n - l - o l  ( a l c o h o l ) .  D u e  to  th e  p r e s e n c e  

o f  t h e  m e n t io n e d  a c t iv e  f r e e  r a d ic a ls ,  t h e s e  p r im a r y  p r o d u c t s  fu r th e r  tr a n s fo r m  v ia  

f r e e  r a d ic a l  o x id a t io n  to  f in a l ly  fo r m  2 - c y c l o h e x e n - l - o n e  ( k e t o n e ) ,  a s  o b s e r v e d  in  

T a b le  4 .6 .  T h e  s im i la r  r e s u lt s  w e r e  a ls o  o b s e r v e d  fo r  t h e  c a s e  o f  w i t h o u t  o x id a n t  ( w i t h  

c a t a ly s t ) .  T h is  i m p l i e s  th a t  w i t h  th e  a id  o f  th e  h y d r o x y l  g r o u p s  o n  th e  c a t a ly s t  s u r f a c e ,  
th e  t e r t -b u ta n o l  m a y  a l s o  b e  t h e r m a lly  d e c o m p o s e d  t o  fo r m  f r e e  r a d ic a ls  th a t a re
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initiators for the aforementioned chain reactions, but with less probability, resulting in 
the observed lower conversion as compared to the case without catalyst (with 
oxidant). The overall results indicate that both the catalyst and oxidant are required 
for the cyclohexene epoxidation reaction.

t - B u O O H  ____________ ►  t -B u O *  +  -O H

F ig u re  4 .1 0  Proposed pathway for cyclohexene auto-oxidation.
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T a b le  4 .6  Control experiments for cyclohexene epoxidation by (1) without catalyst, 
(2) without oxidant, and (3) without both catalyst and oxidant (Reaction conditions: 
cyclohexene 30 mmol; ter/-butanol 30 ml; H 2O2 30 mmol; the synthesized 
mesoporous-assembled 0.98Ti02-0.02Ce02 mixed oxide catalyst; reaction 
temperature 70 °C; reaction time 5 h)

C a se  1: 
N o ca ta ly st NoaHใ o ,

C a se  3: 
N o ca ta ly st  
an d  H 2O 2

Cyclohexene conversion (%). 1.67 0.25 0

Selectivity (%)

Cyclohexene oxide 4.40 3.61 0

2-Cyclohexen-1 -ol 8.76 6.01 0

2-Cyclohexen-l *-one 86.85 90.38 0

(lS,2S)-frarcs-l,2-
cyclohexanedibl 0 0 0

4.3.2 Effect o f TiCF-to-CeO? Molar Ratio in Mixed Oxide Catalysts
The synthesized mesoporous-assembled TiCVCeCF mixed oxide 

catalysts with various TiC>2-to-Ce0 2  molar ratios were tested for the cyclohexene 
epoxidation with H2O2. The catalytic performances o f the catalysts in terms of 
cyclohexene conversion and product selectivities as a function o f Ti0 2 -to-CeC>2 molar 
ratio in terms o f CeÛ 2 content are shown in Figure 4.11. It can be seen that even 
though the slight change in the cyclohexene conversion over the catalysts was 
observed, the 0.98Ti02-0.02Ce02 mixed oxide catalyst (with 2  mol% Ce0 2 ) provided 
the highest cyclohexene oxide selectivity (desired product) and comparatively low 
undesired product selectivities. According to the specific surface area analysis (Table 
4.4), the incorporation o f CeC>2 to Ti0 2  increased the specific surface area o f the 
catalyst, which basically resulted in more active sites on the catalyst surface; however, 
too much CeC>2 incorporation (higher than 2  mol%) caused a decrease in the 
cyclohexene oxide selectivity, indicating that the specific surface area is not a prime 
factor governing the cyclohexene epoxidation. Based on the proposed pathway for 
cyclohexene epoxidation at TiC>2 surface (see Figure 2.7), where the cyclohexene 
epoxidation was performed in ter/-butanol-Fl202  system, /er/-butyl hydroperoxide (t-
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BuOOH) was generated at the early stage. Upon the exposure o f the hydroxyl group 
on the Ti0 2  surface (Ti-OH) with tert-butyl hydroperoxide, the tert-butyl 
peroxotitanium complex was formed. The cyclohexene epoxidation was then 
proceeded by oxygen transfer from the tert-butyl peroxotitanium complex to the 
cyclohexene double bond to form cyclohexene oxide (Sreethawong et al., 2005). This 
proposed pathway points out that the surface OH group significantly affects the 
cyclohexene epoxidation activity in the way that the higher number o f surface OH 
groups can induce more cyclohexene oxide formation. As clearly observed from 
Table 4.3, both the surface OH density and surface OH-tp-catalyst weight ratio 
reached maximum values at the Ce0 2  content o f 2  mol%, which agree well with the 
observed maximum cyclohexene oxide selectivity. The results confirm that the 
synthesized mesoporous-assembled 0.98Ti02-0.02Ce02 mixed oxide catalyst 
possessing the largest number o f surface OH groups was the most suitable for the 
cyclohexene epoxidation in this work. Moreover, this catalyst exhibited a much 
higher cyclohexene oxide selectivity (44.37 %) as compared to the commercially 
available non-mesoporous-assembled P-25 Ti0 2  (27.46 % with the cyclohexene 
conversion o f 13 % under the identical reaction conditions).
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F ig u re  4 .11 Effect o f Ti0 2 -to-CeC>2 molar ratio in terms o f CeC>2 content on (a) 
cyclohexene conversion and (b) product selectivities over the synthesized 
mesoporous-assembled Ti0 2 -Ce0 2 mixed oxide catalysts calcined at 500 °c 
(Reaction conditions: cyclohexene 30 mmol; tert-butanol 30 ml; H2O2 30 mmol; 
reaction temperature 70 °C; reaction time 5 h).
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4.3.3 Effect o f FbCb-to-Cyclohexene Molar Ratio
The H2O2 concentration is another significant parameter affecting the 

cyclohexene oxide selectivity to be further optimized. By maintaining the 
cyclohexene amount constant, the effect o f H2O2 concentration was studied over a 
wide range o f H20 2-to-cyclohexene molar ratio from 0.125:1 to 2:1 using the 
synthesized mesoporous-assembled 0.98Ti02-0.02Ce02 mixed oxide catalyst calcined 
at 500 °c. The effect o f H20 2 -to-cyclohexene molar ratio on the cyclohexene 
conversion and product selectivities is shown in Figure 4.12. It was observed that the 
increase in the H2C>2-to-cyclohexene molar ratio enhanced the cyclohexene 
conversion, but not significantly, whereas the cyclohexene oxide selectivity increased 
with increasing FfC^-to-cyclohexene molar ratio until reaching a maximum at 0.25:1 
and then decreased with further increasing FFCVto-cyclohexene molar ratio. At the 
H20 2 -to-cyclohexene molar ratio higher than 0.25:1, large amount o f H2O2 might be 
left in the solution phase, being able to react with cyclohexene via free radical chain 
reactions upon the aforementioned auto-oxidation pathway. In conjunction with the 
surface epoxidation reaction pathway, these eventually resulted in higher undesired 
product selectivities and lower cyclohexene oxide selectivity. On the other hand, at 
the H2 0 2-to-cyclohexene ratio lower than 0.25:1, the oxygen transfer reaction at the 
catalyst surface to form cyclohexene oxide as the main product might less 
predominantly occur, due to the limited quantity o f H2O2 available to form tert-butyl 
peroxotitanium complex for the cyclohexene epoxidation. Therefore, a well- 
controlled balance o f the H20 2 -to-cyclohexene molar ratio is required in order to 
achieve high cyclohexene oxide selectivity and low undesired product selectivities, 
exhibiting the optimum TfCh-to-cyclohexene molar ratio o f  0.25:1 in this work. 
Moreover, when comparing the obtained optimum FfCh-to-cyclohexene molar ratio 
with the optimum ratio o f 1:1 in a previous work using the Ru0 2 -loaded mesoporous- 
assembled TiC>2 catalyst prepared by incipient wetness impregnation method and 
calcined at 550 °c  ( พ oragamon, 2009), it was found that regardless o f other optimum 
reaction conditions, a lower H2O2 amount was required in this work using the 
mesoporous-assembled 0.98Ti02-0.02Ce02 mixed oxide catalyst, which possessed a 
higher surface OH-to-catalyst weight ratio (6.83 X 1020 OH/g) than that o f the catalyst 
used in the previous work (3.92 X 1020 OH/g).
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F ig u re  4 .12  Effect o f HhCh-to-cyclohexene molar ratio on (a) cyclohexene 
conversion and (b) product selectivities over the synthesized mesoporous-assembled 
0.98Ti02-0.02Ce02 mixed oxide catalyst calcined at 500 ๐c  (Reaction conditions: 
cyclohexene 30 mmol; te/y-butanol 30 ml; catalyst 0.5 g; reaction temperature 70 °C; 
reaction time 5 h).
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4.3.4 Effect o f Calcination Temperature
The effect o f calcination temperature o f the synthesized mesoporous- 

assembled 0.98Ti02-0.02Ce02 mixed oxide catalyst was further investigated for the 
cyclohexene epoxidation by using the H20 2 -to-cyclohexene molar ratio o f 0.25:1. The 
results o f cyclohexene conversion and product selectivities at different calcination 
temperatures in the range o f 450 to 600 ๐c  are shown in Figure 4.13. It could be seen 
that the cyclohexene conversion only slightly increased with increasing calcination 
temperature, whereas distinct differences in the product selectivities were observed. 
The calcination temperature o f 500 °c provided a higher cyclohexene oxide 
selectivity with lower product selectivities as compared to the other calcination 
temperatures. Even though the calcination temperature o f 450 °c resulted in the 
0.98Ti02-0.02Ce02 mixed oxide catalyst with a higher specific surface area as 
compared to 500 °c (Table 4.4), the less degree o f crystallization at the lower 
calcination temperature o f 450 ๐c  (Figure 4.6) negatively resulted in a lower quantity 
o f surface OH groups (Table 4.3), leading to less probability o f  the epoxidation 
reaction pathway at the catalyst surface. Moreover, when further increasing 
calcination temperature higher than 500 °c, the decrease in surface OH groups due to 
the specific surface area reduction (Table 4.4) and the crystal growth (Table 4.5) 
unfavorably decreased the cyclohexene oxide selectivity. Therefore, the calcination 
temperature o f the catalyst was required to be suitably controlled in order to achieve 
the most active catalyst surface possessing the largest quantity o f OH groups. It can 
be concluded that the optimum calcination temperature o f the synthesized 
mesoporous-assembled 0.98Ti02-0.02Ce02 mixed oxide catalyst in this work was 
500 °c, providing the highest cyclohexene oxide selectivity.
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F ig u re  4 .1 3  Effect o f calcination temperature o f the synthesized mesoporous- 
assembled 0.98Ti02-0.02Ce02 mixed oxide catalyst on (a) cyclohexene conversion 
and (b) product selectivities (Reaction conditions: cyclohexene 30 mmol; tert-butanol 
30 ml; H2O2 7.5 mmol; catalyst 0.5 g; reaction temperature 70 ๐C; reaction time 5 h).
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4.3.5 Effect o f Catalyst-to-Reaction Volume Ratio
The effect o f the content o f the synthesized mesoporous-assembled 

0.98Ti02-0.02CeC>2 mixed oxide catalyst in terms o f catalyst-to-reaction volume ratio 
on the cyclohexene epoxidation activity was further examined. The results of 
cyclohexene conversion and product selectivities as a function o f catalyst-to-reaction 
volume ratio are shown in Figure 4.14. Regardless o f the almost unchanged 
cyclohexene conversion with respect to the catalyst-to-rection volume ratio, it could 
be seen that the cyclohexene oxide selectivity increased with increasing catalyst-to- 
reaction volume ratio from 1.67 mg/ml to reach a maximum value at 3.33 mg/ml and 
then decreased with, further increasing catalyst-to-reaction volume ratio. The initial 
increase in the catalyst-to-reaction volume ratio simply increases the surface active 
sites available for the surface epoxidation reaction, as expected. However, when the 
catalyst-to-reaction volume ratio exceeded a critical limit o f  3.33 mg/ml, the 
aggregation among the catalyst particles during the reaction might be more dominant, 
resulting in a loss o f reactant accessibility to the available surface active sites and 
subsequently lowering the overall catalytic activity. The results suggest that an excess 
catalyst amount is not required for the cyclohexene epoxidation via the surface 
oxygen transfer pathway, o f which the largest accessible surface OH groups are 
essentially important. Therefore, the optimum catalyst-to-reaction volume ratio in this 
work was considered to be 3.33 mg/ml. In addition, such optimum catalyst-to-reaction 
volume was relatively lower than the optimum value o f  16.67 mg/ml obtained in the 
previous work (W oragamon, 2009). This indicates that under any operating conditions 
with different catalyst types, the catalyst amount required to obtain the highest 
cyclohexene oxide selectivity must be optimized.
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F igure 4.14 Effect o f catalyst-to-reaction volume ratio on (a) cyclohexene 
conversion and (b) product selectivities over the synthesized mesoporous-assembled 
0.98Ti02-0.02Ce02 mixed oxide catalyst calcined at 500 ๐c  (Reaction conditions: 
cyclohexene 30 mmol; tert-butanol 30 ml; H2O2 7.5 mmol; reaction temperature 70 
๐C; reaction time 5 h).


	CHAPTER IV RESULTS AND DISCUSSION
	4.1 Analysis of Standard Chromatogram
	4.2 Catalyst Characterization Results
	4.3 Catalytic Activity Results of Cyclohexene Epoxidation


