
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Photocatalyst Characterizations

4 .1 .1  T G - D T A  R e s u l t s
T h e  T G - D T A  c u r v e s  w e r e  u s e d  to  s tu d y  t h 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  th e  s y n t h e s i z e d  d r ie d  p h o t o c a t a ly s t s  a n d  t o  o b t a in  th e ir  s u i ta b le  

c a lc in a t io n  t e m p e r a tu r e s .  F ig u r e  4 .1  e x e m p l i f i e s  th e  T G - D T A  c u r v e s  o f  th e  d r ie d  

p u r e  T i 0 2 a n d  0 .0 5 I n 2C > 3 -0 .9 5 T i0 2  g e l s .  T h e  D T A  c u r v e s  s h o w  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  l o w e r  th a n  1 5 0  °c, is  

a t tr ib u te d  to  th 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 le 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 5 0  a n d  3 2 0  °c i s  a t tr ib u te d  to  th e  b u r n o u t  o f  t h e  L A H C  s u r fa c ta n t  

m o l e c u l e s .  T h e  th ir d  e x o t h e r m ic  r e g io n  b e t w e e n  3 2 0  a n d  5 0 0  ๐C  c o r r e s p o n d s  to  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  th e  p h o t o c a t a ly s t s  a n d  a ls o  t h e  r e m o v a l  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 l e c u l e s  ( H a g u e  et al., 1 9 9 4 ) .  T h e  T G  c u r v e s  r e v e a l  th a t  

th e  c a l c i n a t i o n  t e m p e r a tu r e  o f  a p p r o x im a t e ly  5 0 0  °c w a s  s u f f i c i e n t  fo r  b o t h  th e  

c o m p l e t e  s u r f a c ta n t  r e m o v a l  a n d  th e  p h o t o c a t a ly s t  c r y s t a l l i z a t i o n  f o r  b o t h  d r ie d  

p h o t o c a t a ly s t s .  T h e r e f o r e ,  th e  c a l c in a t io n  te m p e r a tu r e  in  t h e  r a n g e  o f  5 0 0  t o  8 0 0  °c 
w a s  u s e d  t o  in v e s t i g a t e  i t s  e f f e c t  o n  t h e  p h y s i c o c h e m i c a l  p r o p e r t ie s  a n d  th e  

c o n s e q u e n t  p h o t o c a t a ly t i c  C R  d y e  d e g r a d a t io n  a c t i v i t y  o f  a ll  t h e  s y n t h e s iz e d  

p h o t o c a t a ly s t s .
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Figure 4.1 T G - D T A  c u r v e s  o f  th e  d r ie d  s y n t h e s i z e d  p h o t o c a t a ly s t s :  (a )  p u r e  T iC >2 

a n d  (b )  0 .0 5 I n 2 0 3 - 0 .9 5 T iC >2 m i x e d  o x id e .
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4 .1 .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 l y s i s  w a s  u s e d  to  v e r i f y  th e  

m e s o p o r o s i t y  o f  th e  s y n t h e s iz e d  p h o t o c a t a ly s t s .  T h e  s h a p e  o f  t h e  i s o t h e r m s  e x h ib i t s  

th e  c h a r a c t e r is t ic  b e h a v io r  o f  th e  s tr u c tu r e  o f  p o w d e r ,  w h i c h  i 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  u n if o r m  p o r e  o p e n in g .  T h e  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  o f  th e  p u r e  T i 0 2, 0 .0 5 I n 20 3- 0 . 9 5 T i 0 2 m i x e d  o x id e  ( w h ic h  p r o v id e d  th e  

h ig h e s t  p h o t o c a t a ly t ic  a c t iv i t y  a m o n g  th e  In 20 3- T i 0 2 m i x e d  o x i d e  s e r i e s ,  a s  s h o w n  

la t e r ) ,  a n d  1 .5  w t .%  A g - l o a d e d  0 .0 5 I n 20 3- 0 .9 5 T i O 2 m i x e d  o x id e  p h o t o c a t a ly s t s  a re  

e x e m p l i f i e d  in  F ig u r e  4 .2 .  A l l  o f  th e  s a m p le s  e x h ib i t  a  t y p ic a l  I U P A C  t y p e  I V  p a tte r n  

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

( 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 al., 1 9 9 9 ) .  A  s h a r p  in c r e a s e  in  th e  a d s o r p t io n  c u r v e s  a t a  h ig h  r e la t iv e  

p r e s s u r e  (P /P o )  im p l ie s  a  c a p i l la r y  c o n d e n s a t io n  o f  N 2 m o l e c u l e s  i n s i d e  th e  

m e s o p o r e s ,  i m p ly in g  th e  w e l l - u n i f o r m  m e s o p o r e s  a n d  n a r r o w  p o r e  s i z e  d i s t r ib u t io n s  

s in c e  th e  p / p 0 p o s i t i o n  o f  th e  i n f l e c t i o n  p o in t  is  d i r e c t ly  r e la te d  t o  t h e  p o r e  d im e n s io n .  
F o r  th e  1 .5  w t .%  A g - l o a d e d  0 .0 5 I n 20 3- 0 .9 5 T i O 2 m i x e d  o x id e  p h o t o c a t a ly s t ,  w h i c h  

p r o v id e d  th e  h ig h e s t  p h o t o c a t a ly t ic  p e r f o r m a n c e  fo r  C R  d y e  d e g r a d a t io n  a m o n g  th e  

A g - l o a d e d  0 .0 5 I n 20 3- 0 .9 5 T i O 2 m i x e d  o x id e  s e r ie s  a s  d i s c u s s e d  la te r , i t s  i s o t h e r m s  

a ls o  e x h ib i t  th e  I U P A C  t y p e  I V  p a tte r n . T h is  i m p l i e s  th a t  t h e  A g  lo a d in g  b y  th e  

p h o t o c h e m ic a l  d e p o s i t io n  ( P C D )  m e t h o d  d id  n o t  s ig n i f i c a n t ly  a f f e c t  th e  m e s o p o r o u s  

s tr u c tu r e  o f  th e  p h o t o c a t a ly s t .  T h e r e f o r e ,  i t s  m e s o p o r o u s  s t r u c tu r e  c o u ld  b e  

m a in ta in e d .  T h e  in s e t s  o f  F ig u r e  4 .2  s h o w  th e  p o r e  s i z e  d i s t r ib u t io n s  c a l c u la t e d  fr o m  

th e  d e s o r p t io n  b r a n c h  o f  th e  i s o t h e r m s .  A l l  o f  th e  p h o t o c a t a ly s t s  p o s s e s s  q u i t e  n a r r o w  

p o r e  s i z e  d is t r ib u t io n s  e n t ir e ly  lo c a t in g  in  th e  m e s o p o r o u s  r e g i o n  ( b e t w e e n  2  a n d  5 0  

n m ) ,  i m p ly in g  a  g o o d  q u a l i t y  o f  th e  s a m p le s .
T h e  te x tu r a l  p r o p e r t ie s ,  in c lu d in g  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 ,  d e r iv e d  f r o m  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 s  o f  a l l  th e  in v e s t i g a t e d  l n 20 3- T i 0 2 

m ix e d  o x id e  p h o t o c a t a ly s t s  w it h o u t  a n d  w i t h  A g  lo a d in g  a re  s u m m a r iz e d  in  T a b le s
4 .1  a n d  4 .2 ,  r e s p e c t i v e ly .  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  l n 20 3- T i 0 2 

m ix e d  o x id e  p h o t o c a t a ly s t s  c a lc in e d  a t a  g iv e n  te m p e r a tu r e  o f  5 0 0  ๐c ,  th 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 te r ,  a n d  to ta l  p o r e  v o lu m e  t e n d e d  to  in c r e a s e  w i t h

r  A m s m
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in c r e a s in g  1ท2 0 3  c o n t e n t .  M o r e o v e r ,  th e  m e s o p o r o u s - a s s e m b l e d  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  

m i x e d  o x id e  p h o t o c a t a ly s t  w a s  s e l e c t e d  to  fu r th e r  i n v e s t ig a t e  t h e  e f f e c t  o f  c a lc in a t io n  

te m p e r a tu r e  in  t h e  r a n g e  o f  5 0 0  to  8 0 0  °c, a s  c o m p a r e d  t o  th e  m e s o p o r o u s -  

a s s e m b le d  p u r e  T i Û 2 p h o t o c a t a ly s t ,  s in c e  it  e x h i b i t e d  t h e  h i g h e s t  p h o t o c a t a ly t ic  

a c t iv i t y ,  a s  m e n t io n e d  a b o v e  a n d  s h o w n  la te 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  5 0 0  to  8 0 0  °c, it  c a n  b e  s e e n  th a t  th e  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  m ix e d  

o x id e  p h o t o c a t a ly s t  p o s s e s s e d  a  l o w e r  s p e c i f i c  s u r f a c e  a r e a ; h o w e v e r ,  it  c o u l d  r e ta in  

i t s  s p e c i f i c  s u r f a c e  a r e a  b e t te r  th a n  th e  p u r e  T i 0 2  p h o t o c a t a ly s t  a t a l l  id e n t ic a l  

c a lc in a t io n  t e m p e r a tu r e s .  T h e  s p e c i f i c  s u r f a c e  a r e a  o f  t h e  p u r e  T i Û 2 d e c r e a s e d  m o r e  

q u ic k ly  f r o m  5 5 .9  to  1 .9  m 2-g _1 a s  c o m p a r e d  to  th e  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  m i x e d  o x id e ,  
o f  w h i c h  t h e  s p e c i f i c  s u r f a c e  a r e a  d e c r e a s e d  f r o m  8 8 .3  to  1 9 .9  m 2 -g '’ w h e n  in c r e a s in g  

c a lc in a t io n  t e m p e r a tu r e  fr o m  5 0 0  to  8 0 0  °c. T h e  o b s e r v e d  l o s s  in  t h e  s p e c i f i c  s u r f a c e  

a r e a  w i t 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  i s  p o s s i b l y  b e c a u s e  o f  th e  p o r e  

c o a l e s c e n c e  d u e  to  th e  c r y s t a l l i z a t io n  o f  w a l l s  s e p a r a t in g  m e s o p o r e s .  T h e s e  t e n d e n c y  

a ls o  c a u s e d  a n  i n c r e a s e  in  th e  m e a n  m e s o p o r e  d ia m e t e r  o f  p h o t o c a t a ly s t s ,  w h i c h  s t i l l  

lo c a t e d  in  a  n a r r o w  r a n g e  b e t w e e n  5 a n d  1 7  n m , a s  w e l l  a s  a  d e c r e a s e  in  th e ir  to ta l  
p o r e  v o lu m e .  F o r  th e  c a s e  o f  A g - l o a d e d  m e s o p o r o u s - a s s e m b l e d  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  

m i x e d  o x id e  p h o t o c a t a ly s t s  c a l c i n e d  a t 5 0 0  ๐c  ( T a b le  4 . 2 ) ,  it  w a s  f o u n d  th a t  a n  

i n c r e a s e  in  th e  A g  l o a d in g  le d  to  a  s l i g h t  i n c r e a s e  in  t h e  s p e c i f i c  s u r f a c e  a rea . 
F lo w e v e r ,  i t  d id  n o t  s ig n i f i c a n t ly  c h a n g e  th e  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  d u e  to  it s  l o w  lo a d in g s  in  th e  in v e s t ig a t e d  r a n g e  o f  0 - 2  w t .% .
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Relative pressure (P/Po)

Relative pressure (P/P0)

Figure 4.2 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 i s t r ib u t io n s  ( in s e t )  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  p h o t o c a t a ly s t  c a l c i n e d  a t 5 0 0  ๐C : (a )  p u r e  

T i 0 2, (b )  0 .0 5 In 20 3 - 0 .9 5 T i 0 2  m ix e d  o x id e ,  a n d  ( c )  1 .5  w t .%  A g - l o a d e d  0 .0 5 In 20 3 - 

0 .9 5 T i O 2 m i x e d  o x id e .
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Relative pressure (P/P0)

Figure 4.2 (Continued) 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 iz e  

d is t r ib u t io n s  ( i n s e t )  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  p h o t o c a t a ly s t  c a lc in e d  

a t 5 0 0 ° C :  ( a )  p u r e  TiC>2, ( b )  0 .0 5 1 ท2 0 3 - 0 .9 5 โ ไ 0 2  m i x e d  o x i d e ,  a n d  ( c )  1 .5  w t .%  A g -  

l o a d e d  0 .0 5 I n 2 0 3 - 0 .9 5 T i 0 2  m ix e d  o x id e .
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Table 4.1 N 2 a d s o r p t io n - d e s o r p t io n  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  p u r e  T iC >2 a n d  In 2Û 3- T i 0 2  m ix e d  o x id e  p h o t o c a t a ly s t s  c a l c i n e d  a t v a r io u s  

t e m p e r a tu r e s

P h o t o c a t a ly s t
C a lc in a t io n
te m p e r a tu r e

( ° C )

S p e c i f i c  
s u r f a c e  a r e a  

๙ g 1)

M e a n
m e s o p o r e
d ia m e t e r

( n m )

T o ta l  p o r e  
v o lu m e  
( c m V )

: P u r e  T iC >2 5 0 0 5 5 .9 5 .6 1 0 .1 1 5

0 .0 3 I n 20 3- 0 . 9 7 T i 0 2 5 0 0 1 0 0 .9 6 .5 7 0 .1 9 2

0 .0 5 I n 20 3- 0 . 9 5 T i 0 2 5 0 0 8 8 .3 7 .8 3 0 .1 9 6

0 .0 7 I n 20 3- 0 . 9 3 T i 0 2 5 0 0 1 0 1 .9 7 .8 6 0 .2 3 8

5 0 0 5 5 .9 5 .6 1 0 .1 1 5

6 0 0 1 7 .3 4 . 2 9 0 .0 4 1
P u r e  T i 0 2

7 0 0 4 .1 a a

8 0 0 1 .9 a a

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

6 0 0 6 9 .8 9 .6 6 0 .2 0 2
0 .0 5 I n 20 3- 0 . 9 5 T i 0 2

7 0 0 6 1 .0 1 2 .4 1 0 .2 0 3

8 0 0 1 9 .9 1 7 .4 3 0 .1 1 8
w  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  c o r r e s p o n d  t o  I U P A C  t y p e  II p a tte r n .
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Table 4.2 N 2 a d s o r p t io n - d e s o r p t io n  r e s u lt s  o f  th e  s y n t h e s i z e d  A g - lo a d e d  

m e s o p o r o u s - a s s e m b l e d  0 .0 5In 2C > 3 -0 .9 5 T iC )2  m i x e d  o x i d e  p h o t o c a t a ly s t s  c a l c in e d  at 

5 0 0  ° c

A g  lo a d in g  
(w t .% )

S p e c i f i c  
s u r f a c e  a r e a

( m V 1)

M e a n  m e s o p o r e  
d ia m e t e r  

( n m )

T o ta l
p o r e  v o lu m e  

( c m 3g ' )

0 8 8 .3 7 .8 3 0 .1 9 6

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

1 9 3 .9 6 .6 0 0 .1 8 5

1 .2 5 9 5 .5 6 .5 5 0 .1 8 9

1 .5 1 0 6 .0 6 .5 7 0 .2 1 2

1 .7 5 1 0 8 .0 7 .7 6 0 .2 1 2

2 1 0 4 .0 6 .5 5 0 .2 0 4

4 .1 .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  th e  c r y s t a l l in e  p h a s e s  o f  th e  

s y n t h e s i z e d  p h o t o c a t a ly s t s .  T h e  X R D  p a t t e 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  In 20 3 - T i 0 2  m i x e d  o x i d e  p h o t o c a t a ly s t s  w i t h  d i f f e r e n t  I n 2C>3- to -T iC )2 m o la r  

r a t io s  c a l c i n e d  a t  5 0 0  ° c ,  a s  c o m p a r e d  t o  th e  m e s o p o r o u s - a s s e m b l e d  p u r e  T iC >2 

p h o t o c a t a ly s t ,  a r e  s h o w n  in  F ig u r e  4 .3 .  T h e  X R D  p a t t e r n s  o f  a l l  s a m p le s  s h o w  

c r y s t a l l in e  s t r u c tu r e  o f  th e  p u r e  D O 2 a n a ta s e  p h a s e .  T h e  d o m in a n t  p e a k s  a t 29 o f  

a b o u t  2 5 . 4 ° ,  3 7 . 9 ° ,  4 8 .2 ° ,  5 4 .0 °  a n d  5 5 .2 ° ,  w h i c h  r e p r e s e n t  t h e  i n 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 ,  c o r r e s p o n d  t o  th e  a n a ta s e  T iC >2 p h a s e  

( J C P D S  C a r d  N o .  2 1 - 1 2 7 2 )  ( S m it h ,  1 9 6 0 ) .  H o w e v e r ,  it  c a n  b e  o b s e r v e d  th a t  th e  p e a k  

i n t e n s i t i e s  p r o g r e s s i v e l y  d e c r e a s e d  w i t h  in c r e a s in g  1ท2 0 3  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  th e  In 2Û 3 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  th e  T i 0 2. 
F ig u r e  4 .4  c o m p a r a t iv e ly  s h o w s  th e  X R D  p a t te r n s  o f  th e  m e s o p o r o u s - a s s e m b l e d  p u re  

T iC >2 a n d  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  m ix e d  o x id e  p h o t o c a t a ly s t s  c a l c i n e d  a t v a r io u s
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te m p e r a tu r e s  b e t w e e n  5 0 0  a n d  8 0 0  °c. F r o m  F ig u r e  4 .4 ( a ) ,  th e  X R D  p a tte r n  o f  th e  

p u r e  T iC >2 c a l c i n e d  a t 5 0 0  ๐c  s h o w s  c r y s t a l l in e  s t r u c tu r e  o f  t h e  p u r e  a n a t a s e  p h a s e ,  a s  

m e n t io n e d  a b o v e .  T h e  p u r e  T iC >2 s a m p le  u n d e r w e n t  a  p h a s e  t r a n s f o r m a t io n  f r o m  th e  

a n a ta s e  to  r u t ile  p h a s e  b e g i n n i n g  a t 6 0 0  °c, r e s u l t in g  in  t h e  c o m b in a t io n  o f  th e  

a n a ta s e  a n d  r u t i le  p h a s e s .  T h e  o c c u r r e n c e  o f  th e  d o m in a n t  p e a k s  a t 26 o f  a b o u t  2 7 .6 ° ,  
3 6 .2 ° ,  4 1 . 4 ° ,  4 4 . 2 ° ,  5 4 .3 ° ,  a n d  5 6 .7 ° ,w h i c h  c o r r e s p o n d  to  t h e  i n d ic e s  o f  ( 1 1 0 ) ,  ( 1 0 1 ) ,  
( 1 1 1 ) ,  ( 2 1 0 ) ,  ( 2 1 1 ) ,  a n d  ( 2 2 0 )  p la n e s ,  r e s p e c t i v e ly ,  in d ic a t e s  th e  p r e s e n c e  o f  th e  r u t ile  

T iC >2 p h a s e  ( J C P D S  C a r d  N o .  2 1 - 1 2 7 6 )  ( S m it h ,  1 9 6 0 ) .  A  s t e a d i ly  in c r e a s e d  

t r a n s f o r m a t io n  w a s  o b s e r v e d  u n t i l  th e  p u r e  T iC >2 c o n t a in e d  a lm o s t  th e  p u r e  r u t ile  

p h a s e  a f t e r  b e in g  c a l c i n e d  a t  8 0 0  ๐c .  H o w e v e r ,  t h is  p h a s e  t r a n s f o r m a t io n  b e h a v io r  

w a s  n o t  o b s e r v e d  f o r  t h e  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  m i x e d  o x id e  u n t i l  t h e  c a lc in a t io n  

t e m p e r a tu r e  u p  to  8 0 0  °c, a s  s h o w n  in  F ig u r e  4 .4 ( b ) .  W h e n  th e  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  

m i x e d  o x i d e  p h o t o c a t a ly s t  w a 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 t u r e s ,  t h e  a n a ta s e  T iC >2 

w a s  s t i l l  th e  m a jo r  c r y s t a l l in e  p h a s e .  T h i s  i n d ic a t e s  i t s  h ig h e r  th e r m a l  s t a b i l i t y  a s  

c o m p a r e d  t o  th e  p u r e  TiC>2 . In  a d d it io n ,  th e r e  w e r e  t h e  p e a k s  a p p e a r in g  a t 26 o f  3 0 .9 °  

a n d  3 2 .6 °  a t  th e  c a lc in a t io n  te m p e r a tu r e  o f  8 0 0  ๐c .  T h e s e  p e a k s  c o r r e s p o n d  to  th e  

i n d ic e s  o f  ( 1 0 4 )  a n d  ( 1 1 0 )  p la n e s  o f  th e  r h o m b ic  1ท2 0 3  p h a s e  ( J C P D S  C a r d  N o .  
2 2 - 0 3 3 6 )  ( S m it h ,  1 9 6 0 ) ,  r e s p e c t i v e ly .  T h e s e  r e s u l t s  i n d ic a t e  th a t  t h e  in c o r p o r a t io n  o f  

1ท2 0 3  c o u ld  d e la y  t h e  a n a t a s e - t o - r u t i le  T iC >2 p h a s e  t r a n s f o r m a t io n  u n t i l  th e  

c a lc in a t io n  te m p e r a tu r e  r e a c h e d  a s  h ig h  a s  8 0 0  ๐c ,  a t w h i c h  th e  s e p a r a t io n  o f  In 2Û 3 

p h a s e  w a s  c l e a r ly  o b s e r v e d .  T h is  i m p l i e s  th a t  a s  l o n g  a s  t h e  1ท2 0 3  p h a s e  w a s  n o t  

s ig n i f i c a n t ly  s e p a r a te d  f r o m  th e  In 2C>3- T i 0 2  m i x e d  o x id e ,  t h e  a n a t a s e  T iC >2 p h a s e  

c o u ld  b e  m a in t a in e d  a t a  g iv e n  m o r e  s e v e r e  c a l c i n a t i o n  t e m p e r a tu r e ,  w i t h o u t  

t r a n s f o r m in g  t o  th e  r u t i le  T iC >2 p h a s e .  F ig u r e  4 .5  s h o w 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  A g - l o a d e d  m e s o p o r o u s - a s s e m b l e d  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  m i x e d  o x id e  

p h o t o c a t a ly s t s  c a l c i n e d  a t 5 0 0  °c. It c a n  b e  s e e n  th a t  a l l  th e  d o m in a n t  p e a k s  

b e lo n g e d  t o  th e  a n a ta s e  T iC >2 p h a s e .  It c o u ld  b e  i n t e r e s t in g ly  f o u n d  th a t  th e  A g  

l o a d in g s  h ig h e r  th a n  1 .5  w t .%  b y  th e  P C D  m e t h o d  p a r t ia l ly  in d u c e d  a n  a p p e a r a n c e  o f  

th e  r h o m b ic  1ท2<ว3 p h a s e .  T h is  m a y  b e  h y p o t h e s i z e d  th a t  t h e  c o e x i s t e d  1ท2(ว3 p h a s e  

w a s  f o r c e d  to  d o m in a n t ly  s e p a r a te  d u r in g  th is  p r o c e s s .  In  a d d it io n ,  a t th e  A g  lo a d in g  

h ig h e r  th a n  0 .5  w t .% , t h e  p r e s e n c e  o f  th e  A g  p h a s e  w a s  o b s e r v e d  d u e  to  th e  

d o m in a n t  p e a k  o f  m e t a l l i c  s i l v e r  a t 26 o f  2 8 ° ,  w h i c h  c o r r e s p o n d s  t o  t h e  in d e x  o f  ( 1 1 0 )
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p la n e  o f  th e  f a c e - c e n t e r e d  c u b ic  A g  p h a s e  ( J C P D S  C a r d  N o .  2 2 - 0 3 3 6 )  )  ( S m it h ,  
1 9 6 0 ) .

T h e  c r y s t a l l i t e  s i z e s  o f  a ll  th e  s y n t h e s i z e d  p h o t o c a t a ly s t s  w e r e  

e s t im a t e d  fr o m  t h e  l in e  b r o a d e n in g  o f  th e  c o r r e la t iv e  X - r a y  d i f f r a c t io n  p e a k  o f  e a c h  

c r y s t a l l in e  p h a s e  b y  u s i n g  th e  S c h e r r e r  e q u a t io n  ( C u l l i t y ,  1 9 7 8 )  (E q .  4 .1 ) :

L =  -k~ —  ( 4 .1 )
/ ? c o s ( 0 )

w h e r e  L  i s  th e  c r y s t a l l i t e  s i z e ,  k i s  th e  S h e r r e r  c o n s t a n t  u s u a l l y  t a k e n  a s  0 . 8 9 ,  A  is. th e  

w a v e le n g t h  o f  th e  X - r a y  r a d ia t io n  ( 0 .1 5 4 1 8  n ra  fo r  C u  K a ) ,  (3 i s  th e  f u l l  w id t h  a t

h a l f  m a x im u m  ( F W H M )  o f  th e  d i f f r a c t io n  p e a k  m e a s u r e d  a t  2  9 ,  a n d  9  i s  th e  

d i f f r a c t io n  a n g le .  T h e  s u m m a r y  o f  X R D  r e s u l t s  o f  a ll  i n v e s t i g a t e d  p h o t o c a t a ly s t s  

w it h o u t  a n d  w i t h  A g  l o a d in g  a re  s u m m a r iz e d  in  T a b le s  4 .3  a n d  4 . 4 ,  r e s p e c t i v e ly .  T h e  

c r y s t a l l i t e  s i z e  o f  th e  In 20 3 - T i 0 2  m i x e d  o x id e  s a m p le s  d e c r e a s e d  f r o m  1 0 .5 6  t o  6 .6 2  

n m  w i t h  in c r e a s in g  1ท2 0 ร c o n t e n t ,  in d ic a t in g  t h e  r o le  o f  In 2Û 3 in  r e ta r d in g  th e  T i0 2  

c r y s t a l l i z a t io n .  In a d d it io n ,  it  w a s  o b s e r v e d  th a t  th e  c r y s t a l l i t e  s i z e  o f  th e  0 .0 5 1 ท 2 0 3 -  

0 .9 5 T i O 2 m ix e d  o x id e  p h o t o c a t a ly s t  m o d e r a t e ly  in c r e a s e d  f r o m  6 .9 2  t o  1 8 .1 6 . n m  

( a n a t a s e )  a n d  1 9 .0 5  n m  ( r u t i le )  a s  t h e  c a l c in a t io n  te m p e r a tu r e  in c r e a s e d  f r o m  5 0 0  to  

8 0 0  °c, w h e r e a s  th a t  o f  th e  p u r e  T iC >2 p h o t o c a t a ly s t  r e m a r k a b ly  i n c r e a s e d  f r o m  1 0 .5 6  

to  2 9 .6 3  n m  ( a n a t a s e )  a n d  3 7 .6 6  n m  ( r e t u le ) .  T h is  i s  d u e  t o  t h e  f a c t  th 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  r e s u lt e d  in  th e  g r o w t h  a n d  s in t e r in g  o f  s m a l l  p a r t ic le s .  F o r  

th e  A g  lo a d e d  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  m i x e d  o x i d e  p h o t o c a t a ly s t s  c a l c i n e d  a t 5 0 0  °c, 
th e  r e s u l t s  s h o w  th a t  th e  A g  l o a d in g  in  th e  in v e s t i g a t e d  r a n g e  o f  0 - 2  w t .%  d id  n o t  

s ig n i f i c a n t ly  a f f e c t  t h e  c r y s t a l l i t e  s i z e  o f  t h e  TiC>2 , w h e r e a s  t h e  in c r e a s e  in  A g  

l o a d in g  le d  to  in c r e a s e  in  c r y s t a l l i t e  s i z e  o f  t h e  1ท2 0 3 . T h i s  m a y  b e  p o s s i b l y  d u e  to  

th e  in f l u e n c e  o f  a  h ig h e r  c o n t e n t  o f  th e  lo a d e d  A g  t o  m o r e  s ig n i f i c a n t l y  in d u c e  th e  

s e p a r a t io n  a n d  g r o w t h  o f  th e  1ท2 0 3  c r y s t a l l i t e .
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F igure 4 .3  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  In 2Û 3- T i 0 2  

m i x e d  o x id e  p h o t o c a t a ly s t s  c a l c i n e d  a t 500 °c ( A  =  A n a t a s e  TiC>2) .
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Figure 4.4 XRD patterns of the synthesized mesoporous-assembled photocatalysts
calcined at various temperatures: (a) pure TiC>2 and (b) 0 .0 5 In2 0 3 -0 .9 5 Ti0 2  mixed
oxide (A = Anatase TiC>2 , R = Rutile TiC>2 ,1 = Rhombic In2Û3).
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Figure 4.5 X R D  p a t t e r n s  o f  t h e  s y n t h e s iz e d  A g - l o a d e d  m e s o p o r o u s - a s s e m b l e d  

0 .0 5 I n 20 3- 0 . 9 5 T i 0 2  m i x e d  o x i d e  p h o t o c a t a ly s t s  c a l c i n e d  a t 5 0 0  °c ( A  =  A n a t a s e  

T i 0 2, 1  =  R h o m b ic  1ท20 3 , A g  =  C u b ic  A g ) .
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Table 4.3 XRD results of the synthesized mesoporous-assembled T i0 2 and ln20 3-
T i0 2 mixed oxide photocatalysts calcined at various temperatures

C a lc in a t io n P h a s e R u t i le
r a t io

C r y s t a l l i t e  s iz e  (n m )

P h o t o c a t a ly s t T e m p e r a tu r e
( ๐๑

fr o m  X R D  
p a tte r n A n a t a s e

T i 0 2
R u t i le
T i 0 2

R h o m b ic
1ท20 3

P u r e  T i 0 2 5 0 0 A n a t a s e - 1 0 .5 6 - -
0 .0 3 I n 20 3- 0 . 9 7 T i 0 2 5 0 0 A n a t a s e - 7 .0 3 - -
0 .0 5 I n 20 3- 0 . 9 5 T i 0 2 5 0 0 A n a t a s e - 6 .9 2 - -
0 .0 7 I n 20 3- 0 . 9 3 T i 0 2 5 0 0 A n a t a s e - 6 .6 2 - -

5 0 0 A n a t a s e - 1 0 .5 6 - -

P u r e  T i 0 2
6 0 0 A n a t a s e  +  

R u t i le 9 .6 2 1 3 .9 2 1 4 .1 0 -

7 0 0 A n a t a s e  +  
R u t i le 8 9 .5 8 2 9 .3 2 3 0 .9 0 -

8 0 0 A n a t a s e  +  
R u t i le 9 6 .3 8 2 9 .6 3 3 7 .6 6 -

5 0 0 A n a t a s e - 6 .9 2 - -

6 0 0 A n a t a s e - 8 .1 0 - -

0 .0 5 I n 20 3- 0 . 9 5 T i 0 2 7 0 0 A n a t a s e - 8 .7 4 - -
A n a t a s e  +

8 0 0 R u t i le  +  
R h o m b ic

5 .3 0 1 8 .1 6 1 9 .0 5 2 9 .7 9
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Table 4.4 XRD results of the synthesized Ag-loaded mesoporous-assembled
0.05In2C>3-0.95Ti02 mixed oxide photocatalysts calcined 500 ๐c

A g  l o a d in g  
c o n t e n t  
( w t .% )

C r y s t a l l i t e  s i z e  ( n m )

P h a s e  fr o m  
X R D  p a tte r n A n a t a s e

T i 0 2
R h o m b ic

l n 20 3

0 A n a t a s e 6 .9 2 -
0 .5 6 .8 4 1 4 .8 8

1 7 .5 7 2 2 .7 4

1 .2 5 A n a t a s e
+

6 .8 1 2 3 . 3 9
1 .5 R h o m b ic 6 .5 6 3 0 .3 2

; 1 .7 5 7 .9 3 3 2 .7 5
' 2 6 .4 6 4 0 .9 5

4 . 1 .4  U V - V i s i b l e  S p e c t r o s c o p y  R e s u l t s
U V - v i s i b l e  s p e c t r o s c o p y  w a s  u s e d  t o  e x a m in e  t h e  l ig h t  a b s o r p t io n  

a b i l i t y  o f  a l l  s y n t h e s i z e d  p h o t o c a t a ly s t s .  T h e  U V - v i s i b l e  s p e c t r a  o f  th e  m e s o p o r o u s -  

a s s e m b l e d  In 2 0 3 - T i 0 2  m i x e d  o x id e  p h o t o c a t a ly s t s  w i t h  d i f f e r e n t  In 2 0 3 - t o - T i0 2  m o la r  

r a t io s  c a l c i n e d  a t 5 0 0  ๐บ ,  m e s o p o r o u s - a s s e m b l e d  p u r e  T iC >2 p h o t o c a t a ly s t  c a l c in e d  a t  

5 0 0 - 8 0 0  ๐บ ,  m e s o p o r o u s - a s s e m b l e d  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  m i x e d  o x id e  p h o t o c a t a ly s t  

c a lc in e d  a t  5 0 0 - 8 0 0  ๐บ ,  a n d  A g - l o a d e d  m e s o p o r o u s - a s s e m b l e d  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  

m i x e d  o x id e  p h o t o c a t a ly s t s  c a lc in e d  a t  5 0 0  ๐บ  a re  c o m p a r a t i v e l y  s h o w n  in  F ig u r e
4 .6 .  T h e  r e s u l t s  o f  a b s o r p t io n  o n s e t  w a v e le n g t h  a n d  c o r r e s p o n d in g  b a n d  g a p  e n e r g y  

o f  a ll  p h o t o c a t a ly s t s  w i t h o u t  a n d  w i t h  A g  lo a d in g  a r e  s u m m a r iz e d  in  T a b le s  4 .5  a n d
4 .6 ,  r e s p e c t i v e ly .  It w a s  o b s e r v e d  th a t  th e  a b s o r p t io n  b a n d  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  In 2Û 3- T i 0 2  m i x e d  o x id e  p h o t o c a t a ly s t s  w a s  m a in ly  in  th e  U V  

l ig h t  r a n g e  o f  l e s s  th a n  4 0 0  n m  (F ig u r e  4 .6 ( a ) ) ,  a n d  th e  a b s o r p t io n  o n s e t  w a v e le n g t h  

s h i f t e d  to  a  s h o r te r  v a lu e  w i t h  in c r e a s in g  1ท2บ 3 c o n t e n t  ( T a b le  4 . 5 ) .  F r o m  T a b le  4 .5 ,  
th e  b a n d  g a p  e n e r g y  (Eg, e V )  o f  th e  m e s o p o r o u s - a s s e m b l e d  In ^ C b -T iC b  m i x e d  o x id e  

p h o t o c a t a ly s t s  th e r e f o r e  g r a d u a l ly  in c r e a s e d  in  t h e  r a n g e  o f  3 . 2 0  t o  3 .3 1  e V ,  w h ic h
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w a s  o b t a in e d  f r o m  e x t r a p o la t in g  th e  a b s o r p t io n  o n s e t  o f  t h e  r i s in g  p a r t t o  x - a x i s  (Xg, 

n m )  o f  th e  p lo t s ,  a s  s h o w n  b y  d o t t e d  l in e s  in  F ig u r e  4 .6 ( a ) ,  a n d  c a l c u la t in g  b y  E q .
( 4 .2 ) .

( 4 .2 )

w h e r e  Xg i s  t h e  a b s o r p t io n  o n s e t  w a v e le n g t h  ( n m )  o f  th e  e x c i t i n g  l ig h t .  In  c a s e  o f  

in c r e a s in g  c a l c i n a t i o n  te m p e r a tu r e  f r o m  5 0 0  to  8 0 0  ๐c  o f  t h e  m e s o p o r o u s - a s s e m b l e d  

p u r e  T iC >2 a n d  0 .0 5 In 2 0 3 - 0 .9 5 T iC >2 m i x e d  o x id e  p h o t o c a t a ly s t s ,  a s  s h o w n  in  F ig u r e s
4 .6 ( b )  a n d  4 .6 ( c ) ,  r e s p e c t i v e ly ,  th e  s h i f t  o f . t h e  a b s o r p t io n  o n s e t  e d g e s  t o w a r d  a  lo n g e r  

w a v e le n g t h  w i t h  a n  in c r e a s e  in  th e  c a lc in a t io n  te m p e r a tu r e  w a s  o b s e r v e d  o n l y  in  th e  

p u r e  T iC >2 p h o t o c a t a ly s t  (F ig u r e  4 .6 ( b ) ) .  T h is  s h i f t  i s  n o r m a l ly  d u e  to  t h e  n a r r o w in g  

o f  t h e  b a n d  g a p  e n e r g y ,  w h i c h  r e s u lt s  in  a  lo w e r  e n e r g y  r e q u ir e d  fo r  e le c t r o n  to  b e  

e x c i t e d  f r o m  th e  v a l e n c e  b a n d  to  c o n d u c t io n  b a n d  ( S r e e t h a w o n g  et a l,  2 0 0 9 ) .  T h e  

a b s o r p t io n  o n s e t  w a s  a p p r o x im a t e ly  a t 3 8 7  n m  f o r  th e  m e s o p o r o u s - a s s e m b l e d  p u re  

T iC >2 p h o t o c a t a ly s t  c a l c i n e d  a t 5 0 0  °c ( T a b le  4 . 5 ) ,  w h i c h  c o r r e s p o n d s  t o  th e  b a n d  

g a p  e n e r g y  o f  th e  a n a t a s e  T iC >2 o f  3 .2 0  e V :  F o r  t h e  m e s o p o r o u s - a s s e m b l e d  p u r e  T iC >2 

p h o t o c a t a ly s t  c a l c i n e d  a t 6 0 0  °c, th e  a b s o r p t io n  o n s e t  s h i f t e d  to  th e  w a v e le n g t h  o f  

4 0 0  n m , w h i c h  i s  c o r r e la t e d  to  th e  b a n d  g a p  e n e r g y  o f  t h e  m i x e d  r u t i le  a n d  a n a ta s e  

T iC >2 b e t w e e n  3 .0 2  a n d  3 .2 0  e V ,  w h e r e a s  t h e  a b s o r p t io n  o n s e t  o f  th e  m e s o p o r o u s -  

a s s e m b l e d  p u r e  T iC >2 p h o t o c a t a ly s t  c a lc in e d  a t 7 0 0  a n d  8 0 0  ๐c  fu rther s h i f t e d  to  th e  

w a v e le n g t h  o f  a p p r o x im a t e ly  lo n g e r  4 1 0  n m , w h i c h  i s  c o r r e la t e d  to  th e  b a n d  g a p  

e n e r g y  o f  th e  r u t i le  TiC>2. T h e ir  b a n d  g a p  e n e r g ie s  r e p o r te d  c o r r e s p o n d s  v e r y  w e l l  to  

th e ir  c r y s t a l l in e  p h a s e s  o b t a in e d  f r o m  th e  X R D  a n a ly s i s  ( F ig u r e  4 .4 ( a ) ) .  In  c o n t r a s t ,  
th e  b a n d  g a p  e n e r g y  o f  th e  m e s o p o r o u s - a s s e m b l e d  0 .0 5 In 2 0 3 - 0 .9 5 T iC >2 m i x e d  o x id e  

p h o t o c a t a ly s t  w a s  m a in t a in e d  a p p r o x im a t e ly  a t t h e  a n a t a s e  T iC >2 b a n d  g a p  e n e r g y ,  
e v e n  t h o u g h  it  w a s  c a l c i n e d  a t a s  h ig h  a s  8 0 0  °c, i n d ic a t in g  i t s  h ig h e r  th e r m a l  
s t a b i l i t y  c o m p a r e d  to  t h e  p u r e  T iC >2 p h o t o c a t a ly s t ,  a s  m e n t io n e d  a b o v e .  T h e s e  r e s u lt s  

c o n f ir m  th a t  t h e  in c o r p o r a t io n  o f  1ท2 0 3  c a n  in h ib i t  th e  p h a s e  t r a n s f o r m a t io n  o f  T iC >2 

fr o m  t h e  a n a ta s e  t o  r u t i le  p h a s e .  M o r e o v e r ,  th e  U V - v i s i b l e  s p e c tr a  o f  th e  

m e s o p o r o u s - a s s e m b l e d  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  m i x e d  o x i d e  p h o t o c a t a ly s t s  w i t h o u t  a n d  

w it h  1 .5  w t .%  A g  lo a d in g  c a lc in e d  a t 5 0 0  ๐c  a re  e x e m p l i f i e d  in  F ig u r e  4 .6 ( d ) .  It c a n  

b e  s e e n  th a t  th e  a b s o r p t io n  o n s e t  w a v e le n g t h  o f  t h e  m e s o p o r o u s - a s s e m b l e d
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0 .0 5 In 20 3 ' 0 .9 5 T i 0 2  m ix e d  o x id e  p h o t o c a t a ly s t  s l i g h t ly  s h i f t e d  t o  a  s h o r te r  v a lu e  w it h  

th e  A g  lo a d in g .  T h e  b a n d  g a p  e n e r g y  o f  th e  A g - l o a d e d  m e s o p o r o u s - a s s e m b l e d  

0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  m i x e d  o x id e  p h o t o c a t a ly s t s  w a s  in  t h e  r a n g e  o f  3 .3 2 - 3 .4 1  e V  (kg 

~  3 6 4 - 3 7 4  n m )  a s  c o m p a r e d  to  3 .3 0  e V  (kg ~  3 7 6  n m )  o f  t h e  u n lo a d e d  m i x e d  o x id e  

p h o t o c a t a ly s t  ( T a b le  4 .6 ) .  In  a d d it io n ,  it  w a s  c l e a r ly  o b s e r v e d  th a t  t h e  A g - l o a d e d  

m i x e d  o x id e  p h o t o c a t a ly s t s  s h o w e d  m o r e  v i s i b l e  l ig h t  a b s o r p t io n  a b i l i t y  th a n  th e  

u n lo a d e d  m i x e d  o x id e  p h o t o c a t a ly s t ;  h o w e v e r ,  t h is  i s  n o t  c o n s id e r e d  to  b e  th e  m a in  

f o c u s  s in c e  t h e  l ig h t  s o u r c e  u s e d  f o r  th e  p h o t o c a t a ly t i c  a c t i v i t y  t e s t s  e m it t e d  m o s t ly  

u v  l ig h t  (k <  4 0 0  n m ) .
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Figure 4.6 U V - v i s i b l e  s p e c tr a  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  

p h o t o c a t a ly s t s :  ( a )  p u r e  T iC h  a n d  ๒ 2(ว3- T i 0 2  m i x e d  o x id e  c a l c i n e d  a t 5 0 0  °c, (b )  

p u r e  T i Ü 2 c a l c i n e d  a t 5 0 0 - 8 0 0  ๐c ,  ( c )  0 .0 5 I n 20 3- 0 .9 5 T i 0 2 m i x e d  o x i d e  c a l c in e d  a t 

5 0 0 - 8 0 0  °c, a n d  (d )  0 .0 5 I n 20 3- 0 .9 5 T i0 2 m ix e d  o x id e  w i t h o u t  a n d  w i t h  1 .5  w t .%  A g  

l o a d in g  c a l c i n e d  a t  5 0 0  ๐c .
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Wavelength (nm)

Figure 4.6 (Continued) U V - v i s i b l e  s p e c tr a  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  p h o t o c a t a ly s t s :  (a )  p u r e  T iC b  a n d  ๒ 2(ว3-T iC b  m i x e d  o x id e  c a l c in e d  at 

5 0 0  °c, (b )  p u r e  T i 0 2 c a l c in e d  a t 5 0 0 - 8 0 0  ๐c ,  ( c )  0 .0 5 I n 20 3- 0 .9 5 T i 0 2 m i x e d  o x id e  

c a l c i n e d  a t 5 0 0 - 8 0 0  ๐c ,  a n d  (d )  0 .0 5 I n 20 3- 0 .9 5 T iO 2 m i x e d  o x id e  w i t h o u t  a n d  w i t h  1 .5  

w t .%  A g  lo a d in g  c a l c i n e d  a t 5 0 0  ๐c .
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Table 4.5 Absorption onset wavelength and band
synthesized mesoporous-assembled pure T i02 and
photocatalysts calcined at various temperatures

g a p  e n e r g y  r e s u lt s  o f  th e  

l n 20 3- T i 0 2 m i x e d  o x id e

C a lc in a t io n A b s o r p t io n
o n s e t

w a v e le n g t h ,  Xg 
( n m )

B a n d  g a p
P h o t o c a t a ly s t te m p e r a tu r e

( ๐๑
e n e r g y

( e V )

P u r e  T i 0 2 5 0 0 3 8 7 3 .2 0

0 .0 3 I n 20 3- 0 . 9 7 T i 0 2 5 0 0 3 8 0 3 .2 6

0 .0 5 ! n 20 3- 0 . 9 5 T i 0 2 5 0 0 3 7 6 3 .3 0

0 .0 7 I n 20 3- 0 .9 3 T i O 2 5 0 0 3 7 5 3 .3 1

5 0 0 3 8 7 3 .2 0

6 0 0 4 0 0 3 .1 0
P u r e  T i 0 2

7 0 0 4 1 0 3 .0 2

8 0 0 4 1 2 3 .0 1

5 0 0 3 7 6 3 .3 0

6 0 0 3 7 8 3 .2 8
0 .0 5 I n 20 3- 0 .9 5 T i O 2

7 0 0 3 8 0 3 .2 6

8 0 0 3 8 2 3 .2 5
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Table 4.6 A b s o r p t io n  o n s e t  w a v e le n g t h  a n d  b a n d  g a p  e n e r g y  r e s u lt s  o f  th e  

s y n t h e s iz e d  A g - l o a d e d  m e s o p o r o u s - a s s e m b l e d  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  m ix e d  o x id e  

p h o t o c a t a ly s t s  c a lc in e d  a t 5 0 0  °c

A g  lo a d in g  
( w t .% )

A b s o r p t io n  o n s e t  
w a v e le n g t h  

X g (n m )

B a n d  g a p  e n e r g y  
( e V )

0 3 7 6 3 .3 0

0 .5 3 7 4 3 .3 2

1 3 7 3 3 .3 2

1 .2 5 3 7 0 3 .3 5

1 .5 3 6 8 3 .3 7

1 .7 5 3 6 6 3 .3 9

2 3 6 4 3 .4 1

4 .1 .5  S E M - E D X  R e s u l t s
T h e  S E M  i m a g e s  o f  th e  s y n t h e s iz e d  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  a n d  1 .5  w t .%  

A g - l o a d e d  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  m i x e d  o x id e  p h o t o c a t a ly s t s  a re  s h o w n  in  F ig u r e s  

4 .7 ( a )  a n d  4 .8 ( a ) ,  r e s p e c t i v e ly .  T h e  S E M  i m a g e s  s h o w  th e  q u i t e  u n i f o r m - s iz e  

p a r t ic le s  o f  th e  s a m p le s  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 s i s t i n g  o f  m a n y  

n a n o p a r t ic le s .  T h i s  n a n o p a r t ic le  a g g r e g a t io n  c a n  b e  p o s s i b l y  t h e  c a u s e  o f  th e  

m e s o p o r o u s - a s s e m b l e d  s tr u c tu r e  f o r m a t io n  in  th e  s y n t h e s i z e d  p h o t o c a t a ly s t s .  T h e  

e l e m e n t a l  d is t r ib u t io n  o f  th e  s a m p le s  w a s  in v e s t i g a t e d  b y  th e  E D X  m a p p in g s ,  a s  

s h o w n  in  F ig u r e s  4 .7 ( b )  a n d  4 .8 ( b ) .  T h e  w h i t e  d o t s  in  e a c h  e le m e n t a l  m a p p in g  im a g e  

in d ic a t e  t h e  e x i s t e n c e  a n d  d is t r ib u t io n  o f  a ll  th e  i n v e s t i g a t e d  c o m p o n e n t s  ( T i ,  In , o, 
a n d  A g )  in  t h e  p h o t o c a t a ly s t  s a m p le s .  It c a n  b e  c l e a r ly  s e e n  th a t  a ll  e l e m e n t s  o f  th e  

0 .0 5 I n 2 C > 3 -0 .9 5 T i0 2  a n d  A g - l o a d e d  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2 m i x e d  o x i d e  p h o t o c a t a ly s t s  

w e r e  w e l l  d i s p e r s e d .  T h e  r e s u lt s  a ls o  im p ly  th a t  t h e  A g  l o a d in g  b y  th e  P C D  m e t h o d  

p r o v id e d  a  h ig h  A g  d is t r ib u t io n  t h r o u g h o u t  th e  h o s t  m i x e d  o x id e .  A  q u a n t ity  o f  e a c h  

e le m e n t  in  t h e  s y n t h e s i z e d  0 .0 5 In 20 3 - 0 .9 5 T i 0 2  m i x e d  o x i d e  p h o t o c a t a ly s t  w a s  a ls o
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o b t a in e d  b y  a n  a n a l y s i s  o f  th e  E D X  m a p p in g  r e s u l t s ,  a s  s u m m a r iz e d  in  T a b le  4 .7 .  
T h e  r e s u l t s  s h o w  th a t  t h e  n u m b e r  o f  m o le  o f  a l l  c o m p o n e n t s  b a s e d  o n  0 .9 5  m o l  o f  T i  
in  th e  p h o t o c a t a ly s t  m o le c u la r  s tr u c tu r e  w a s  n e a r ly  t h e  s a m e  a s  th a t  in  i t s  t h e o r e t ic a l  
c h e m ic a l  fo r m u la .

(b )

เท La1

F i g u r e  4 .7  (a )  S E M  im a g e  a n d  ( b )  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 iz e d
m e s o p o r o u s - a s s e m b l e d  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  m i x e d  o x i d e  p h o t o c a t a ly s t  c a l c in e d  a t 

5 0 0  ° c .
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(b )

E lect/on Im age  1 o  K al T lK a l

เก u t AgLal

F i g u r e  4 .8  ( a )  S E M  im a g e  a n d  (b )  E D X  a r e a  m a p p in g s  o f  t h e  s y n t h e s i z e d  E 5  w t .%  

A g - l o a d e d  m e s o p o r o u s - a s s e m b l e d  0 .0 5 In 20 3 - 0 .9 5 T i 0 2  m i x e d  o x i d e  p h o t o c a t a ly s t  

c a l c i n e d  a t 5 0 0  °c.
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T a b l e  4 .7  E D X  m a p p in g  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  

0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  m i x e d  o x id e  p h o t o c a t a ly s t  c a l c i n e d  a t 5 0 0  ๐c

E le m e n t W e ig h t  p e r c e n t a g e
(V o )

M o la r  p e r c e n t a g e
(% )

N u m b e r  o f  m o l e (a)

In 1 1 .5 7 2 .1 7 0 .0 7 9
T i 4 6 .0 8 2 6 .0 9 0 .9 5 0
0 4 2 .3 5 7 1 .7 4 2 .6 1 2

(a) B a s e d  o n  0 .9 5  m o l  o f  T i  in  th e  p h o t o c a t a ly s t  m o le c u l a r  s tr u c tu r e

4 . 1 .6  T E M - E D X  R e s u l t s
T h e  m o r p h o lo g i e s  a n d  p a r t ic le  s i z e 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 le d  p h o t o c a t a ly s t s ,  i .e .  th e  p u r e  T iC >2 c a l c i n e d  a t 5 0 0  ๐c  a n d  th e  0.05In2C >3- 

0 .9 5 T iO 2 m i x e d  o x id e  c a lc in e d  a t 5 0 0 - 8 0 0  ๐c ,  w e r e  i n v e s t i g a t e d  b y  th e  T E M  

a n a ly s i s ,  a s  i l lu s tr a t e d  in  F ig u r e  4 .9 .  F o r  a ll  th e  p h o t o c a t a ly s t s ,  t h e  a g g r e g a t io n  o f  

s e v e r a l  n a n o p a r t ic le s  w a s  c le a r ly  o b s e r v e d ,  a n d  t h is  c o n f ir m s  th e  m e s o p o r o u s -  

a s s e m b le d  s tr u c tu r e  o f  th e  s y n t h e s iz e d  p h o t o c a t a ly s t s ,  a s  m e n t io n e d  a b o v e  in  th e  

S E M  r e s u lt s .  T h e  a v e r a g e  p a r t ic le  s i z e s  o f  th e  p u r e  T iC >2 a n d  0 .0 5 I n 2 C > 3 -0 .9 5 T i0 2  

m i x e d  o x id e  p h o t o c a t a ly s t s  c a lc in e d  a t 5 0 0  °c w e r e  in  th e  r a n g e  o f  1 0 - 1 5  a n d  5 - 1 0  

n m , r e s p e c t i v e ly .  A  l o w e r  p a r t ic le  s i z e  o f  th e  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  m ix e d  o x id e  

p h o t o c a t a ly s t  v e r i f i e s  th a t  th e  in c o r p o r a t io n  o f  In 2Û 3 to  T iC >2 r e ta r d  th e  p a r t ic le  

c r y s t a l l i z a t io n  a n d  g r o w t h .  W h e n  c o n s id e r in g  t h e  0 .0 5 In 2 0 3 - 0 .9 5 T i 0 2  m ix e d  o x id e  

p h o t o c a t a ly s t  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 tu r e s  b e t w e e n  5 0 0  a n d  8 0 0  °c, it  c a n  b e  

c l e a r ly  s e e n  th a t  a  m o r e  s e v e r e  c a lc in a t io n  te m p e r a tu r e  le d  t o  a  h ig h e r  p a r t ic le  

g r o w t h ,  a s  e x p e c t e d .  In  a d d it io n ,  i t  w a s  o b s e r v e d  th a t  th e  p a r t ic le  s i z e s  o f  a ll  th e  

s y n t h e s iz e d  p h o t o c a t a ly s t s  w e r e  s im i la r  t o  th e  c r y s t a l l i t e  s i z e s  c a l c u la t e d  fr o m  th e  

X R D  p a tte r n s  b y  th e  S c h e r r e r  e q u a t io n  ( T a b le  4 . 3 ) ,  in d ic a t in g  a  s in g le  c r y s t a l l in e  

c h a r a c t e r is t ic  o f  th e  s a m p le s .  B e s i d e s ,  th e  T E M  a n d  E D X  m a p p in g  a n a ly s e s  o f  th e  

s y n t h e s iz e d  1 .5  w t .%  A g - l o a d e d  m e s o p o r o u s - a s s e m b l e d  0 .0 5 I n 2 0 3 - 0 .9 5 T i 0 2  m ix e d  

o x id e  p h o t o c a t a ly s t  c a l c i n e d  a t 5 0 0  ๐c  w a s  p e r f o r m e d . A s  s h o w n  in  F ig u r e  4 .1 0 ,  th e  

e x i s t e n c e  o f  th e  A g  n a n o p a r t ic le s  o n  th e  0 .0 5 I n 20 3- 0 . 9 5 T i 0 2  p h o t o c a t a ly s t  w a s
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clearly observed, as confirmed by the EDX result. The average particle size of the 
Ag nanoparticles was approximately 5-10 nm.

(e)
F ig u re  4 .9  TEM images of the synthesized mesoporous-assembled photocatalysts: 
(a) pure Ti02 calcined at 500 °c and (b, c, d, and e) 0.05In203-0.95Ti0 2 mixed oxide 
calcined at 500, 600, 700, and 800 ๐c , respectively.
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F ig u r e  4 .1 0  T E M  image and E D X  point mapping of the synthesized E5 wt.% 
Ag-loaded mesoporous-assembled 0.05In203-0.95Ti0 2 mixed oxide photocatalyst 
calcined at 500 ๐c.
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4.1.7 แ 2 Chemisorption Results
The แ 2 chemisorption analysis was used to determine the Ag 

dispersion, as well as the agglomeration of the Ag nanoparticles. The results of Ag 
dispersion of all Ag-loaded mesoporous-assembled 0.05In203-0.95Ti02 mixed oxide 
photocatalysts are summarized in Table 4.8. It can be seen that the Ag dispersion 
initially increased with increasing Ag loading to 1.5 wt.%, and then it decreased with 
further increasing Ag loading up to 2 wt.%. These results imply that the Ag 
nanoparticle agglomeration occurred at the Ag loadings higher than 1.5 wt.%.

T able 4.8 Ag dispersion results of the synthesized Ag-loaded mesoporous- 
assembled 0.05In203-0.95Ti02 mixed oxide photocatalysts calcined at 500 °c

Ag loading (wt.%) Ag dispersion (%)

0.5 15.43
1 23.59

1.25 39.31
1.5 62.21

1.75 22.06
2 10.46
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4 .2  P h o to c a ta ly tic  C R  D ye D eg r a d a tio n  R esu lts

UV-visible spectroscopy was used to investigate the CR dye degradation 
performance of the synthesized mesoporous-assembled 1ท203-1ไ(ว2 mixed oxide 
photocatalysts without and with Ag loading. The UV-visible spectrum of CR dye 
solution reveals the maximum absorbance wavelength (iAmax) value at 498 nm, as 
shown in Figure 4.11. This absorbance can be attributed to the 71 —* 71* transition in 
the azo group (-N=N-) during the light absorption, which represents the color of the 
CR dye (รนท et a l ,  2007). Therefore, the decrease in this Amax value was used to 
evaluate the CR dye degradation performance in terms of decolorization.

F ig u re  4.11 UV-visible spectrum of CR dye solution.
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4.2.1 Effect ofIn?Or to-Ti02 Molar Ratio in Mixed Oxide Photocatalysts 
In this research, the mesoporous-assembled In203-TiÛ2 mixed oxide 

photocatalysts synthesized with various In203-to-Ti02 molar ratios calcined at 500 
°c were used to investigate the photocatalytic CR dye degradation performance in 
order to find the suitable In203-to-Ti02 molar ratio that exhibits the highest 
photocatalytic activity. It must be first noted that no appreciable CR dye degradation 
was detected in the absence of either light irradiation or photocatalyst. The results of 
reaction rate constant (k) as a function of In203-to-Ti02 molar ratio in terms of In2Ü3 
content are shown in Figure 4.12. It can be observed that the reaction rate constant 
significantly increased with increasing In2Û3 content and reached a maximum value 
at the In2Û3 content of 5 mol% (In203-to-Ti02 molar ratio of 0.05:0.95). However, it 
adversely decreased with further increasing 1ท2(ว3 content more than 5 mol%. 
Therefore, the synthesized mesoporous-assembled 0.05In203-0.95Ti02 mixed oxide 
photocatalyst (with 95 mol% TiC>2 and 5 mol% 1ท2(ว3) provided the highest 
photocatalytic CR dye degradation activity (k = 0.86 h '1), which was also much 
higher than that of the commercial P-25 TiC>2 (k = 0.04 h '1). According to the specific 
surface area analysis (Table 4.1), the incorporation of In2Û3 enhanced the specific 
surface area and total pore volume of the In203-TiC>2 mixed oxide photocatalyst, 
consequently resulting in more available active sites on the photocatalyst surface, 
whereas from the XRD results (Figure 4.3 and Table 4.3), the more 1ท2(ว3 
incorporation led to a smaller crystallite size and lower crystallinity. However, the 
band gap energy of the In2Û3-Ti02 mixed oxide photocatalysts only slightly 
increased with more In203 incorporation; therefore, it might have insignificant role in 
affecting the photocatalytic activity at the investigated In203 content of 0-7 mol%. 
Hence, the higher photocatalytic activity with an increase in the In2Û3 content up to 5 
mol% is possibly because of the higher surface active sites available due to the 
increases in the specific surface area and pore volume, as well as the lower 
probability of charge carrier recombination at the bulk traps due to the decrease in 
the crystallite size. Even though the decrease in the crystallinity was observed, its 
negative effect might not exceed the positive effects of the specific surface area, total 
pore volume, and crystallite size in improving the photocatalytic activity in the In2Û3 
content range of 0-5 mol%. However, the observed decrease in the photocatalytic
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activity with the further increase in the 1ท20ร content higher than 5 mol% can be 
explained by the combination of very small crystallite size and very low crystallinity, 
which might increase the probability of charge carrier recombination at both the 
surface and bulk traps. Even though the higher specific surface area and total pore 
volume were obtained a higher 1ท203 content, their positive effects might not be 
sufficiently high to enhance the photocatalytic activity. These results indicate that a 
well-controlled balance among the physicochemical properties is desired by 
manipulating the 1ท2<33 content in the the In203-TiC>2 mixed oxide photocatalyst in 
order to achieve the highest photocatalytic activity. In overall, the synthesized 
mesoporous-assembled 0.05In203-0.95Ti02 mixed oxide photocatalyst with a 
uniform pore size, comparatively high specific surface area and pore volume, and a 
suitable crystallite size could facilitate the electron and hole transport for reacting 
with water and/or oxygen molecules adsorbed on its surface along the mesoporous- 
assembled structure to generate many active species, such as (ว2 *\ OH*, and OH2\  for 
the photocatalytic CR dye degradation. Therefore, the synthesized mesoporous- 
assembled 0.05In203-0.95Ti02 mixed oxide photocatalyst was selected for further 
experiments to investigate the effect of calcination temperature.
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F ig u re  4 .1 2  Effect of Iri203-to-Ti02 molar ratio in terms of In203 content of the 
synthesized mesoporous-assembled In203-Ti02 mixed oxide photocatalysts calcined 
at 500 °c on the reaction rate constant for CR dye degradation (Photocatalyst, 0.5 g; 
total reaction mixture volume, 100 ml; initial CR dye concentration, 200 mg/1; initial 
solution pH, 7.04; and irradiation time, 4 h).

4.2.2 Effect of Calcination Temperature
The effect of calcination temperature of the synthesized mesoporous- 

assembled 0.05In203-0.95Ti0 2 mixed oxide photocatalyst on the photocatalytic CR 
dye degradation was next investigated. The photocatalytic activity results of the 
0.05In203-0.95Ti02 mixed oxide photocatalyst as compared to the pure Ti02 
photocatalyst calcined at various temperatures between 500 and 800 °c are shown in 
Figure 4.13. It was found that the reaction rate constants of both the 0.05In2C>3- 
0.95TiO2 mixed oxide and pure Ti02 photocatalysts decreased with increasing 
calcination temperature. These results indicated that the calcination temperature 
strongly affected the photocatalytic activity of CR dye degradation. These can be 
explained by the physicochemical properties of the photocatalysts, which were 
directly governed by the calcination temperature. Even though the higher
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crystallinity (Figure 4.4) and the lower band gap energy (Table 4.5) were obtained at 
a higher calcination temperature, the significant decreases in the specific surface area 
and the total pore volume (Table 4.1) and the large increase in the crystallite size 
(Table 4.3) might have more negative influence on the photocatalytic activity by both 
drastically decreasing the accessibility of the reactant molecules to the surface active 
sites and increasing the probability of the charge carrier recombination at the bulk 
traps. In addition, the anatase-to-rutile TiC>2 phase transformation at a higher 
calcination temperature might exert a negative effect on the photocatalytic activity 
due to the less driving force of the rutile TiC>2 for the transport of generated electrons 
to generated active species as compared to the anatase TiC>2, partly leading to the 
decreased photocatalytic activity at a very high calcination temperature.

From the comparative photocatalytic activity tests, the 0.05In203- 
0.95TiO2 mixed oxide photocatalyst provided much significantly higher CR dye 
degradation performance than the pure TiC>2 photocatalyst over the entire range of 
investigated calcination temperature. The higher specific surface area, higher total 
pore volume, lower crystallite size, and delayed anatase-to-rutile TIO2 phase 
transformation of the 0.05In2C>3-0.95Ti02 mixed oxide photocatalyst might be the 
possible reasons in achieving a higher photocatalytic activity at a given Calcination 
temperature as compared to the pure TiC>2 photocatalyst. From the overall results, the 
calcinations temperature of 500 ๐c  provided superior physicochemical properties for 
the 0.05In203-0.95Ti02 mixed oxide photocatalyst; therefore, it was considered as 
the optimum value to be used in further experiments.
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F ig u re  4 .1 3  Effect of calcination temperature of the synthesized mesoporous- 
assembled pure TiC>2 and 0.05In2C>3-0.95Ti02 mixed oxide photocatalysts on the 
reaction rate constant for CR dyë degradation (Photocatalyst, 0.5 g; total reaction 
mixture volume, 100 ml; initial CR dye concentration, 200 mg/1; initial solution pH, 
7.04; and irradiation time, 4 h).

4.2.3 Effect of Ag Loading
The synthesized mesoporous-assembled 0.05In203-0.95Ti02 mixed 

oxide photocatalyst calcined at 500 ๐c  was used for further investigating the effect of 
Ag loading in the range of 0.5-2 wt.% prepared by the PCD method on the 
photocatalytic CR dye degradation. The results of the photocatalytic CR dye 
degradation in terms of reaction rate constant of the Ag-loaded 0.05In203-0.95Ti02 
mixed oxide photocatalysts are shown in Figure 4.14. The reaction rate constant 
increased with increasing Ag loading up to 1.5 wt.%, at which the highest reaction 
rate constant of 1.36 h' 1 was observed, and then it adversely decreased with further 
increasing Ag loading. It was also found that the Ag dispersion increased with 
increasing Ag loading to 1.5 wt.% and then decreased dramatically with further 
increasing Ag loading. The results indicate that the Ag dispersion is a prime factor 
that governs the photocatalytic activity of the Ag-loaded photocatalyst. Therefore, in
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the Ag loading range of 0-1.5 wt.%, the highly dispersed Ag nanoparticles loaded on 
the 0.05In2C>3-0.95Ti02 surface could help accelerate the electron transfer and act as 
an electron sink after band gap excitation in order to prevent the charge carrier 
recombination. The electrons can accumulate on the Ag nanoparticles and then 
quickly react with <ว2 molecules adsorbed on the photocatalyst surface and/or 
dissolved in the reaction solution, while the holes can react effectively with H2O 
molecules. These suggest that the redox reactions to generate several active species, 
e.g. (ว2*\ OH*, and OH2\  can occur more easily, resulting in an observed 
enhancement of the photocatalytic activity. However, for. an excessive Ag loading 
(higher than 1.5 wt.%), the observed decrease in the photocatalytic activity can be 
explained in that too much Ag loading resulted in higher probability of the Ag 
nanoparticles to agglomerate and undesirably behave as recombination centers, and 
this consequently led to a marked increase in the charge carrier recombination 
frequency because the average distance between trapping sites decreases by 
increasing the number and the size of Ag nanoparticles confined within a 
photocatalyst particle (Sreethawong e t a l ,  2006). In overall, the optimum Ag loading 
for the present investigated system was considered to be 1.5 wt.%.
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F ig u re  4 .1 4  Effect of Ag loading on the synthesized mesoporous-assembled 
0.05In203-0.95TiC>2 mixed oxide photocatalyst calcined at 500 °c on the reaction 
rate constant for CR dye degradation (Photocatalyst, 0.5 g; total reaction mixture 
volume, 100 ml; initial CR dye concentration, 200 mg/1; initial solution pH, 7.04; and 
irradiation time, 4 h).

4.2.4 Effect of Water Hardness
The presence of water hardness, as a part of natural organic matters, 

has been a problem in the many industries due to their water-soluble property and 
non-biodegradability. Hardness is generally referred to calcium and magnesium 
present in water with a typical Ca-to-Mg ratio of 3:2, and the normal total hardness 
concentration is about 120-240 mg/1 (Tanthakit e t a l., 2009). For the photocatalytic 
activity tests in this work, two different types of water hardness, i.e. pure Ca and 
mixture of Ca and Mg (Ca-to-Mg ratio of 3:2), were investigated with different total 
concentrations of 200 and 500 mg/1. The hardness concentration of 500 mg/1 was 
used in the experiments to represent the extremely hard water. The photocatalytic 
activity results over the 1.5 wt.% Ag-loaded mesoporous-assembled 0.051ท203- 
0.95TiC>2 mixed oxide photocatalyst calcined at 500 °c in the presence of water 
hardness are shown in Figures 4.15. The results clearly indicate that the reaction rate
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constant significantly decreased with increasing hardness concentration. In addition, 
it could be observed that the mixture of Ca and Mg more negatively affected the 
photocatalytic degradation efficiency as compared to the pure Ca at the extremely 
high hardness concentration of 500 mg/1. The results indicate that the competitive 
adsorption between dye and hardness molecules played a significant role on the 
photocatalytic degradation, since the photocatalytic reaction mainly occurred on the 
photocatalyst surface, but not in the bulk solution (Li e t a l., 2002). When the 
hardness was present in the solution, the net positive charge in the solution was 
dramatically increased due to the positive cation of the hardness molecules. This led 
to an obstruction of the negatively charged CR dye molecules to adsorb on the 
photocatalyst surface because of their preferable interaction with the positively 
charged cations. Particularly, since the Mg cation has a smaller ionic radius than the 
Ca cation, the Mg cation more easily interacted with the dye molecules as compared 
to the Ca cation. This caused the dye molecules to approach the photocatalyst surface 
more difficult, resulting in the observed drastic decrease in the photocatalytic activity. 
Therefore, the total hardness concentration of 500 mg/1 of the mixture of Ca and Mg, 
which led to the lowest photocatalytic activity, was chosen to further enhance the 
photocatalytic degradation efficiency by solution pH adjustment.
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F ig u r e  4 .1 5  Effect of water hardness type and concentration on reaction rate 
constant for CR dye degradation over the synthesized 1.5 wt.% Ag-loaded 
mesoporous-assembled 0.05In203-0.95Ti02 mixed oxide photocatalyst calcined at 
500 ๐c  (Photocatalyst, 0.5 g; total reaction mixture volume, 100 ml; initial CR dye 
concentration, 200 mg/1; initial solution pH, 7±0.2; and irradiation time, 4 h).

4.2.5 Effect of Initial Solution pH
The pH of solution is an important parameter in the photocatalytic 

processes, since it not only plays an important role on the characteristics of 
wastewater but also determines the surface charge properties of a photocatalyst, the 
charge of dye molecules, the dye adsorption on photocatalyst surface, and the 
concentration of hydroxyl radicals. In this work, HC1 was used to adjust the initial 
pH of CR dye solution, containing hardness concentration of 500 mg/1 in the form of 
the mixture of Ca and Mg, in the range of 4-7 prior to the photocatalytic activity tests. 
Figure 4.16 shows the photocatalytic CR dye degradation results over the 1.5 wt.% 
Ag-loaded mesoporous-assembled 0.05In203-0.95Ti02 mixed oxide photocatalyst 
calcined at 500 ๐c  at various initial solution pHs. The results reveal that the 
adjustment of the initial solution pH from the original initial solution pH of 7.14
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to 5.03 improved the photocatalytic activity. Particularly, a much higher 
photocatalytic activity was obtained at an initial solution pH lower than the point of 
zero charge (pzc) of TiC>2 (the main component in the 0.05In203-0.95Ti02 mixed 
oxide), which is about 6.0±0.3 (Parks, 1965). When the CR dye was dissolved in the 
aqueous solution, its structure became negatively charged; however, the 
photocatalyst surface became more positively charged when the initial solution pH 
was lower than its pzc. Hence, these opposite charges favorably led to the 
enhancement of the photocatalytic activity due to their increased interaction. In the 
presence of water hardness, the decrease in the initial solution pH could result in the 
more positively charged photocatalyst surface; therefore, this helped regain the 
interaction between the dye molecules and photocatalyst surface to achieve a higher 
photocatalytic degradation activity. However, at too low initial solution pH of 4.05 
with the excess concentration of H+, the H+ ions tend to interact with the azo link 
(-N=N-), at which can preferentially be electrophilically attacked by hydroxyl 
radicals, leading to decreasing the electron densities at the azo group. Consequently, 
the reactivity of hydroxyl radicals to attack the dye molecules by electrophilic 
mechanism unfavorably decreases (รนท e t a l., 2007), resulting in the observed low 
photocatalytic degradation activity. It can therefore be concluded that the initial 
solution pH adjustment to a proper value could be employed to enhance the 
photocatalytic CR dye degradation in the presence of water hardness.
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F ig u re  4 .1 6  Effect of initial solution pH on reaction rate constant for CR dye 
degradation over the synthesized 1.5 wt.% Ag-loaded mesoporous-assembled 
0.05In2C>3-0.95Ti02 mixed oxide photocatalyst calcined at 500 ๐c  (Photocatalyst, 0.5 
g; total reaction mixture volume, 100 ml; initial CR dye concentration, 200 mg/1; and 
irradiation time, 4 h).

In itia l so lu tio n  pH


	CHAPTER IV RESULTS AND DISCUSSION
	4.1 Photocatalyst Characterizations
	4.2 Photocatalytic CR Dye Degradation Results


