
CHAPTER II 
LITERATURE REVIEW

2.1 Azo Dyes

2 .1 .1  G e n e r a l  R e m a r k s
T h e  te r m  o f  “ a z o  d y e s ” i s  a p p l ie d  t o  t h o s e  s y n t h e t i c  o r g a n ic  c o lo r a n t s  

th a t  a re  c h a r a c t e r iz e d  b y  th e  p r e s e n c e  o f  th e  c h r o m o p h o r ic  a z o  g r o u p  ( - N = N - ) .  T h is  

d iv a le n t  g r o u p  i s  a t ta c h e d  to  s p 2 h y b r id iz e d  c a r b o n  a t o m  o n  o n e  s id e  a n d  to  a n  

a r o m a t ic  o r  h e t e r o c y c l i c  n u c le u s  o n  th e  o th e r .  I t m a y  b e  l in k e d  t o  a n  u n s a tu r a te d  

m o le c u l e  o f  th e  c a r b o x y l ic ,  h e t e r o c y c l i c ,  o r  a l ip h a t ic  t y p e .  N o  n a tu r a l d y e s  c o n t a in  

t h is  c h r o m o p h o r e .  C o m m e r c ia l ly ,  th e  a z o  d y e s  a re  th e  la r g e s t  a n d  m o s t  v e r s a t i le  

c l a s s  o f  o r g a n ic  d y e s t u f f s .  T h e r e  a re  m o r e  th a n  1 0 ,0 0 0  C o lo r  I n d e x  ( C l )  g e n e r ic  

n a m e s  a s s ig n e d  to  c o m m e r c ia l  c o lo r a n t s ,  w h e r e  a p p r o x im a t e ly  4 , 5 0 0  a r e  in  u s e ,  a n d  

o v e r  5 0  %  o f  t h e s e  b e lo n g  to  th e  a z o  c la s s .  S y n t h e t ic  d y e s  a r e  d e r iv e d  in  w h o l e  o r  in  

p a rt fr o m  c y c l i c  in t e r m e d ia t e s .  A p p r o x im a t e ly  t w o - t h ir d s  o f  t h e  d y e s  a re  u s e d  b y  th e  

t e x t i l e  in d u s tr y  to  d y e  n a tu r a l a n d  s y n t h e t ic  f ib e r s  o r  f a b r ic s ,  a b o u t  o n e - s i x t h s  i s  u s e d  

fo r  c o lo r in g  p a p e r , a n d  th e  r e s t  i s  u s e d  c h i e f l y  in  th e  p r o d u c t io n  o f  o r g a n ic  p ig m e n t s  

a n d  in  th e  d y e i n g  o f  le a th e r  a n d  p la s t ic .  D y e s  a r e  s o ld  a s  p a s t e s ,  p o w d e r s ,  a n d  l iq u id s  

w it h  c o n c e n t r a t io n s  v a r ie d  f r o m  6  to  1 0 0  % . T h e  c o n c e n t r a t io n ,  f o r m , a n d  p u r ity  o f  a  

d y e  a re  d e t e r m in e d  la r g e ly  b y  i t s  u s e .

2 .1 .2  C l a s s i f i c a t io n  a n d  D e s ig n a t io n
T h e  m o s t  a u th o r i ta t iv e  c o m p i l a t io n  c o v e r i n g  t h e  c o n s t i t u t io n ,  

p r o p e r t ie s ,  p r e p a r a t io n s ,  m a n u f a c t u r e s ,  a n d  o th e r  c o l o r in g  d a ta  i s  t h e  p u b l i c a t io n  o f  

C o lo r  I n d e x ,  w h i c h  i s  e d it e d  j o i n t l y  b y  th e  S o c i e t y  o f  D y e r s  a n d  C o lo r i s t s  a n d  th e  

A m e r ic a n  A s s o c i a t i o n  o f  T e x t i l e  C h e m is t s  a n d  C o lo r i s t s  ( A A T C C ) .  In  th e  C o lo r  

I n d e x ,  a  d u a l c l a s s i f i c a t io n  s y s t e m  i s  e m p lo y e d  to  g r o u p  d y e s  a c c o r d in g  t o  a r e a  o f  

u s a g e  a n d  c h e m ic a l  c o n s t i t u t io n .  B e c a u s e  o f  t h e  e a s e  fo r  v a r io u s  a p p l i c a t io n s ,  a z o  

d y e s  c o m p r is e  t h e  la r g e s t  c h e m ic a l  c l a s s  in  n u m b e r s ,  m o n e t a r y  v a lu e ,  a n d  to n n a g e  

p r o d u c e d . T h e r e  a r e  m o r e  th a n  2 ,2 0 0  c h e m ic a l  s tr u c tu r e s  o f  a z o  d y e s  d i s c l o s e d  in  th e  

C o lo u r  I n d e x .
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N e a r l y  a l l  d y e  m a n u fa c tu r e s  u s e  le t t e r s  a n d  n u m e r a ls  in  th e  n a m e  o f  

th e ir  p r o d u c t s  to  d e f in e  th e  c o lo r .  F o r  e x a m p l e ,  B  i s  b lu e ;  G  i s  y e l l o w  ( g e l b  in  

G e r m a n )  o r  g r e e n ;  R  is  red ; a n d  Y  i s  y e l l o w .  N u m e r a l s ,  i .e .  2 G  (o r  G G ) ,  3 G , 4 G ,  e tc .  
in d ic a t e ,  in  t h is  c a s e ,  a  s u c c e s s i v e l y  y e l l o w e r  o r  g r e e n e r  s h a d e .  O c c a s i o n a l l y ,  
s u f f ix e d  le t te r s  a re  u s e d  t o  fe a tu r e  o th e r  p r o p e r t ie s ,  s u c h  a s  s o lu b i l i t y ,  l ig h t  f a s t n e s s ,  
b r ig h t n e s s ,  a n d  u s e  o n  s y n t h e t ic  f ib e r s .

C h e m ic a l ly ,  th e  a z o  c l a s s  i s  s u b d iv id e d  a c c o r d in g  t o  th e  n u m b e r  o f  

a z o  g r o u p s  p r e s e n t  in to  m o n o - ,  d i s - ,  t r is - ,  t e t r a k is - ,  e t c .  M o n o -  a n d  d ia z o  d y e s  a re  

e s s e n t i a l ly  e q u a l  in  im p o r t a n c e ,  t r is a z o  d y e s  a re  l e s s  im p o r ta n t ,  a n d  t e t r a k is a z o  d y e s ,  
e x c e p t  fo r  a  f e w ,  a re  m u c h  l e s s  im p o r ta n t . F o r  t h is  r e a s o n ,  s u b s t a n c e s  w i t h  m o r e  th a n  

th r e e  a z o  l in k a g e s  a re  g e n e r a l ly  in c lu d e d  u n d e r  th e  h e a d in g  o f  p o l y a z o  d y e s .  T a b le
2 .1  l i s t s  th e  C o lo r  I n d e x  o f  th e  a z o  d y e s .

T a b le  2.1 C o lo r  I n d e x  o f  d i f f e r e n t  a z o  d y e s  (M a r y , 1 9 9 1 )

C h e m ic a l  c l a s s C o lo r  I n d e x  n u m b e r  r a n g e

M o n o a z o 1 1 , 0 0 0 -  1 9 ,9 9 9
D ia z o 2 0 , 0 0 0  -  2 9 ,9 9 9

T r is a z o 3 0 , 0 0 0 - 3 4 , 9 9 9
P o ly a z o 3 5 , 0 0 0 - 3 6 , 9 9 9

2.2 Semiconductor

A  s e m ic o n d u c t o r  i s  a  m a te r ia l  w i t h  a n  e l e c t r i c a l  c o n d u c t iv i t y  th a t  is  

in t e r m e d ia t e  b e t w e e n  th a t  o f  a n  in s u la t o r  a n d  a  c o n d u c t o r .  L ik e  o th e r  s o l i d s ,  
s e m ic o n d u c t o r  m a t e r ia ls  h a v e  e l e c t r o n ic  b a n d  s tr u c tu r e  d e t e n n i n e d  b y  th e  c r y s ta l  
p r o p e r t ie s  o f  th e  m a te r ia l .  A  s e m ic o n d u c t o r  u s e d  a s  p h o t o c a t a ly s t  s h o u ld  b e  a n  o x id e  

o r  s u l f i d e  o f  m e t a ls ,  s u c h  a s  T i 0 2 , C d S ,  a n d  Z n O . T h e  a c tu a l  e n e r g y  d is t r ib u t io n  

a m o n g  e l e c t r o n s  i s  d e s c r ib e d  b y  th e  F e r m i l e v e l  a n d  te m p e r a tu r e  o f  t h e  e l e c t r o n s .  A t  

a b s o lu t e  z e r o  t e m p e r a tu r e ,  a ll  o f  th e  e l e c t r o n s  h a v e  e n e r g y  b e l o w  th e  F e r m i e n e r g y ,  
b u t a t n o n - z e r o  t e m p e r a tu r e ,  th e  e n e r g y  l e v e l s  a re  r a n d o m iz e d ,  a n d  s o m e  e le c t r o n s  

h a v e  e n e r g y  a b o v e  th e  F e r m i le v e l .
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A m o n g  th e  b a n d s  f i l l e d  w i t h  e l e c t r o n s ,  th e  o n e  w i t h  t h e  h i g h e s t  e n e r g y  l e v e l  

i s  r e fe r r e d  t o  a s  th e  v a l e n c e  b a n d , a n d  th e  b a n d  o u t s id e  o f  t h is  i s  r e fe r r e d  to  a s  th e  

c o n d u c t io n  b a n d . T h e  e n e r g y  w id t h  o f  t h e  f o r b id d e n  b a n d  b e t w e e n  th e  v a le n c e  b a n d  

a n d  th e  c o n d u c t io n  b a n d  is  r e fe r r e d  t o  a s  th e  b a n d  g a p . T h e  o v e r a l l  s tr u c tu r e  o f  b a n d  

g a p  e n e r g y  i s  s h o w n  in  F ig u r e  2 .1 .
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Figure 2.1 T h e  s t r u c tu r e  o f  b a n d  g a p  e n e r g y .

T h e  b a n d  g a p  c a n  b e  c o n s id e r e d  a s  a  w a l l  th a t  e l e c t r o n s  m u s t  j u m p  o v e r  in  

o r d e r  to  b e c o m e  fr e e .  T h e  a m o u n t  o f  e n e r g y  r e q u ir e d  to  j u m p  o v e r  th e  w a l l  i s  

r e fe r r e d  to  a s  th e  b a n d  g a p  e n e r g y  (E g ) . O n ly  e l e c t r o n s  th a t  j u m p  o v e r  th e  w a l l  a n d  

e n te r  t h e  c o n d u c t io n  b a n d  ( C B ) ,  w h i c h  a re  r e fe r r e d  to  a s  c o n d u c t io n  b a n d  e le c t r o n s ,  
c a n  m o v e  a r o u n d  f r e e ly .  W h e n  l ig h t  i s  i l lu m in a t e d  a t a p p r o p r ia te  w a v e le n g t h s  w i t h  

e n e r g y  e q u a l  o r  m o r e  th a n  b a n d  g a p  e n e r g y ,  v a le n c e  b a n d  ( V B )  e l e c t r o n s  c a n  m o v e  

u p  t o  th e  c o n d u c t io n  b a n d  ( C B ) .  A t  t h e  s a m e  t im e ,  a s  m a n y  p o s i t i v e  h o l e s  a s  th e  

n u m b e r  o f  e l e c t r o n s  th a t  h a v e  j u m p e d  to  th e  c o n d u c t io n  b a n d  ( C B )  a re  c r e a te d . T h e  

v a le n c e  b a n d  ( V B ) ,  c o n d u c t io n  b a n d  ( C B ) ,  b a n d  g a p ,  a n d  b a n d  g a p  w a v e le n g t h  o f  

s o m e  c o m m o n  s e m ic o n d u c t o r s  a re  s h o w n  in  T a b le  2 .2 .
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Table 2.2 T h e  b a n d  g a p  p o s i t i o n s  o f  s o m e  c o m m o n  s e m i c o n d u c t o r  p h o t o c a t a ly s t s  

( R o b e r t s o n ,  1 9 9 6 )

S e m ic o n d u c t o r V a le n c e  b a n d  

( e V )
C o n d u c t io n  b a n d  

( e V )
B a n d  g a p  

( e V )
B a n d  g a p  

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

T i 0 2 + 3 .1 -0 .1 3 .2 3 8 7

S n 0 2 + 4 .1 + 0 .3 3 .8 3 2 6
Z n O + 3 .0 - 0 . 2 3 .2 3 8 7
Z n S +  1 .4 - 2 .3 3 .7 3 3 5

W 0 3 + 3 .0 + 0 . 2 2 . 8 4 4 3
C d S + 2 . 1 - 0 .4 2 .5 4 9 6

C d S e + 1 . 6 -0 .1 1 .7 7 2 9
G a A s + 1 . 0 - 0 .4 1 .4 8 8 6

G a P + 1 .3 - 1 .0 2 .3 5 3 9

W id e  b a n d  g a p  s e m ic o n d u c t o r s ,  s u c h  a s  o x i d e s  ( T i 0 2, Z n O , W O 3 a n d  

F e 2 0 3 )  a n d  c h a l c o g e n i d e s  ( c o m m o n l y  C d S ) ,  a re  c o m m o n l y  e m p lo y e d  a s  

p h o t o c a t a ly s t  in  h e t e r o g e n e o u s  p h o t o c a t a ly s i s ,  o f  w h ic h  it i n v o l v e s  e l e c t r o n - h o l e  p a ir  

fo r m a t io n  in i t ia t e d  b y  b a n d  g a p  e x c i t a t io n  o f  a  s e m i c o n d u c t o r  p a r t ic le .  U p o n  

p h o t o e x c i t a t io n  o f  s e v e r a l  s e m ic o n d u c t o r s  i n h o m o g e n e o u s l y  s u s p e n d e d  in  e i th e r  

a q u e o u s  o r  g a s e o u s  m ix t u r e s ,  s im u l t a n e o u s  o x id a t io n  a n d  r e d u c t io n  r e a c t io n s  o c c u r .  
M o le c u la r  o x y g e n  i s  o f t e n  a s s u m e d  to  s e r v e  a s  t h e  o x i d i z i n g  a g e n t .  H e t e r o g e n e o u s  

p h o t o c a t a ly t i c  p r o c e s s e s  c a n  b e  d e f in e d  a s  c a t a ly t ic  p r o c e s s e s ,  d u r in g  w h i c h  o n e  o r  

m o r e  r e a c t io n  s t e p s  o c c u r  b y  m e a n s  o f  e l e c t r o n - h o l e  ( e ' - h +) p a ir s  p h o t o g e n e r a t e d  o n  

th e  s u r f a c e  o f  s e m i c o n d u c t o r  m a t e r ia ls  i l lu m in a t e d  b y  l ig h t  o f  s u i t a b le  e n e r g y .  
S o m e  s t e p s  o f  a  p h o t o c a t a ly t i c  p r o c e s s  a r e  r e d o x  r e a c t io n s ,  i n v o l v i n g  th e  

p h o t o g e n e r a t e d  e l e c t r o n - h o l e  p a ir s  (A m a r ,  2 0 0 7 ) .  T h e  d e t a i l  o f  th e  p h o t o c a t a ly t ic  

d e g r a d a t io n  p r o c e s s e s  w i l l  b e  d e s c r ib e d  la te r .
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2.3 Titanium Oxide Photocatalyst

2 .3 .1  G e n e r a l  R e m a r k s
T it a n iu m  d i o x id e  ( T i 0 2) b e l o n g s  t o  t h e  f a m i ly  o f  t r a n s i t io n  m e ta l  

o x i d e s .  T i 0 2 h a s  r e c e iv e d  a  g r e a t  d e a l  o f  a t t e n t io n  d u e  t o  i t s  c h e m ic a l  s t a b i l i t y ,  
n o n - t o x ic i t y ,  l o w  c o s t ,  a n d  o th e r  a d v a n t a g e o u s  p r o p e r t ie s .  P a r t ic u la r ly ,  T i 0 2 i s  

e x t e n s i v e l y  u t i l i z e d  in  s o la r  e n e r g y  c o n v e r s i o n ,  i .e .  s o la r  c e l l  a n d  p h o t o c a t a ly s i s  

a p p l ic a t io n s  ( H o f f m a n n  et a l ,  1 9 9 5 ) .  A s  a  r e s u lt  o f  i t s  h ig h  r e f r a c t iv e  in d e x ,  it  is  

u s e d  a s  a n t i - r e f le c t io n  c o a t in g  in  s i l i c o n  s o la r  c e l l s  a n d  in  m a n y  th in  f i lm  o p t ic a l  

d e v i c e s .  T i 0 2 i s  s u c c e s s f u l l y  u s e d  a s  g a s  s e n s o r  d u e  t o  th e  d e p e n d e n c e  o f  th e  e le c t r ic  

c o n d u c t iv i t y  o n  th e  a m b ie n t  g a s  c o m p o s i t io n  a n d  is  u t i l i z e d  in  th e  d e t e r m in a t io n  o f  

C O  a n d  0 2 c o n c e n t r a t io n s  a t h ig h  t e m p e r a tu r e s  ( >  6 0 0 ° C ) ,  a n d  s im u l t a n e o u s  

d e t e r m in a t io n  o f  C 0 / 0 2 a n d  C O /C H 4 c o n c e n t r a t io n s  ( S a v a g e  et al., 2 0 0 1 ) .  D u e  to  

i t s  h e m o c o m p a t ib i l i t y  w i t h  th e  h u m a n  b o d y ,  T i 0 2 i s  a l s o  u s e d  a s  a  b io m a te r ia l  

( a s  b o n e  s u b s t i t u e n t  a n d  r e in f o r c in g  m e c h a n ic a l  s u p p o r t s ) .

2 .3 .2  C r y s ta l  S tr u c tu r e  a n d  P r o p e r t ie s
T h e  m a in  fo u r  p o ly m o r p h s  o f  T i 0 2 f o u n d  in  n a tu r e  a re  a n a ta s e  

( t e t r a g o n a l ) ,  b r o o k it e  ( o r t h o r h o m b ic ) ,  r u t ile  ( t e t r a g o n a l ) ,  a n d  T i 0 2 ( B )  ( m o n o c l i n i c ) .  
T h e  s tr u c tu r e s  o f  r u t i le ,  a n a ta s e ,  a n d  b r o o k it e  c a n  b e  d i s c u s s e d  in  t e r m s  o f  ( T i 0 26~) 
o c t a h e d r a ls .  T h e  th r e e  c r y s ta l  s tr u c tu r e s  d i f f e r  b y  t h e  d i s t o r t io n  o f  e a c h  o c ta h e d r a l  

a n d  b y  th e  a s s e m b l y  p a t te r n s  o f  th e  o c ta h e d r a l  c h a in s .  A n a t a s e  c a n  b e  r e g a r d e d  to  b e  

b u i lt u p  fr o m  o c t a h e d r a ls  th a t  a re  c o n n e c t e d  b y  th e ir  v e r t i c e s ;  in  r u t i le ,  t h e  e d g e s  a re  

c o n n e c t e d ;  a n d  in  b r o o k it e ,  b o th  v e r t i c e s  a n d  e d g e s  a r e  c o n n e c t e d ,  a s  s h o w n  in  

F ig u r e  2 .2  (C a r p  et a l ,  2 0 0 4 ) .
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Figure 2.2 C r y s ta l  s tr u c tu r e s  o f  (a )  a n a ta s e ,  (b )  r u t i le ,  a n d  ( c )  b r o o k it e .

T h e r m o d y n a m ic  c a lc u la t io n s  b a s e d  o n  c a lo r im e t r ic  d a ta  p r e d ic t  th a t  r u t i le  is  

th e  m o s t  s t a b le  p h a s e  a t a l l  t e m p e r a tu r e s  a n d  p r e s s u r e s  u p  to  6 0  k b a r . T h e  s m a ll  

d i f f e r e n c e s  in  th e  G ib b s  f r e e  e n e r g y  ( 4 - 2 0  k j / m o l )  a m o n g  t h e  th r e e  p h a s e s  s u g g e s t  

th a t  th e  m e t a s t a b le  p o ly m o r p h s  a re  a lm o s t  a s  s t a b le  a s  r u t i le  a t n o r m a l  p r e s s u r e s  a n d  

t e m p e r a tu r e s .  P a r t ic le  s i z e  e x p e r im e n t s  a f f ir m  th a t  th e  r e la t iv e  p h a s e  s t a b i l i t y  m a y  

r e v e r s e  w h e n  p a r t ic le  s i z e s  d e c r e a s e  to  s u f f i c i e n t ly  l o w  v a lu e s  d u e  to  s u r f a c e  e n e r g y  

e f f e c t s  ( s u r f a c e  f r e e  e n e r g y  a n d  s u r f a c e  s t r e s s ,  w h i c h  d e p e n d  o n  p a r t ic le  s i z e ) .  I f  th e  

p a r t ic le  s i z e s  o f  th e  th r e e  c r y s t a l l in e  p h a s e s  a r e  e q u a l ,  a n a t a s e  i s  th e  m o s t  

t h e r m o d y n a m ic a l ly  s t a b le  a t s i z e s  l e s s  th a n  11 n m , b r o o k it e  i s  th e  m o s t  s ta b le  

b e t w e e n  11 a n d  3 5  n m , a n d  r u t ile  i s  th e  m o s t  s t a b le  a t s i z e s  g r e a te r  th a n  3 5  n m  

( Z h a n g  a n d  B a n f ie ld ,  2 0 0 0 ) .
T h e  e n t h a lp y  o f  th e  a n a t a s e - r u t i le  p h a s e  t r a n s f o r m a t io n  i s  l o w .  H o w e v e r ,  

th e r e  a re  w id e s p r e a d  d i s a g r e e m e n t  in  th e  v a lu e ,  w h i c h  r a n g e s  f r o m  - 1 .3  t o  -6 .0  ±  0.8 
k J /m o l .  K i n e t i c a l l y ,  a n a t a s e  i s  s t a b le ,  i .e .  i t s  t r a n s f o r m a t io n  in t o  r u t i le  a t r o o m  

te m p e r a tu r e  i s  s o  s l o w  th a t  th e  t r a n s f o r m a t io n  p r a c t ic a l ly  d o e s  n o t  o c c u r .  
A t  m a c r o s c o p i c  s c a le ,  th e  t r a n s fo r m a t io n  r e a c h e s  a  m e a s u r a b le  s p e e d  fo r  b u lk  

T iC >2 a t t e m p e r a tu r e  g r e a te r  th a n  6 0 0 ° c .  D u r in g  th e  t r a n s f o r m a t io n ,  a n a ta s e  

p s e u d o c l o s e - p a c k e d  p la n e s  o f  o x y g e n  a r e  r e ta in e d  a s  r u t i le  c l o s e - p a c k e d  p la n e s ,  a n d  

a  c o - o p e r a t iv e  r e a r r a n g e m e n t  o f  t i ta n iu m  a n d  o x y g e n  i o n s  o c c u r s  w i t h in  th is  

c o n f ig u r a t io n .  T h e  p r o p o s e d  m e c h a n i s m  i m p l i e s  a t le a s t  s p a t ia l  d is t u r b a n c e  o f  th e
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o x y g e n  io n  f r a m e w o r k  a n d  a  m in im u m  b r e a k in g  o f  T i - 0  b o n d s  a s  a  r e s u lt  o f  s u r fa c e  

n u c lé a t io n  a n d  g r o w t h .  T h e  n u c lé a t io n  p r o c e s s  i s  v e r y  m u c h  a f f e c t e d  b y  th e  

in t e r f a c ia l  c o n t a c t  in  n a n o c r y s t a l l in e  s o l i d s ,  a n d  o n c e  in i t ia t e d ,  it  q u ic k ly  s p r e a d s  o u t  

a n d  g r a in  g r o w t h  o c c u r s  ( D i n g  a n d  L iu ,  1 9 9 8 ) .
T h e  a n a t a s e - r u t i le  t r a n s f o r m a t io n  h a s  b e e n  s t u d ie d  fo r  b o th  

m e c h a n is t ic - d r iv e n  a n d  a p p l ic a t io n - d r iv e n  r e a s o n s  b e c a u s e  t h e  T iC >2 p h a s e  ( i .e .  
a n a ta s e  o r  r u t i le )  i s  o n e  o f  th e  m o s t  c r i t ic a l  p a r a m e t e r s  d e t e r m in in g  th e  u s e  a s  a  

p h o t o c a t a ly s t ,  c a t a ly s t ,  o r  a s  c e r a m ic  m e m b r a n e  m a te r ia l .  T h i s  tr a n s fo r m a t io n ,  
a c h i e v e d  b y  in c r e a s e d  te m p e r a tu r e  o r  p r e s s u r e ,  i s  i n f lu e n c e d  b y  s e v e r a l  f a c t o r s ,  s u c h  

a s  c o n c e n t r a t io n  o f  l a t t ic e  a n d  s u r f a c e  d e f e c t s ,  p a r t ic le  s i z e ,  a n d  a p p l ie d  te m p e r a tu r e  

a n d  p r e s s u r e .
In  p h o t o c a t a ly s i s  a p p l ic a t io n s ,  b o th  c r y s t a l  s tr u c tu r e s ,  i .e .  a n a ta s e  a n d  r u t ile ,  

are c o m m o n l y  u s e d ,  w i t h  a n a ta s e  s h o w i n g  a  g r e a te r  p h o t o c a t a ly t i c  a c t iv i t y  fo r  m o s t  

r e a c t io n s .  It h a s  b e e n  s u g g e s t e d  th a t  t h is  in c r e a s e d  p h o t o r e a c t iv i t y  i s  d u e  to  a n a t a s e ’ร 

s l i g h t ly  h ig h e r  F e r m i l e v e l ,  l o w e r  c a p a c i t y  to  a d s o r b  o x y g e n ,  a n d  h ig h e r  d e g r e e  o f  

h y d r o x y la t io n  ( i . e .  n u m b e r  o f  h y d r o x y l  g r o u p s  o n  th e  s u r f a c e ) .  R e a c t io n s ,  in  w h ic h  

b o th  c r y s t a l l in e  p h a s e s  h a v e  th e  s a m e  p h o t o r e a c t iv i t y  ( D e n g  et a l . , 2 0 0 2 )  o r  r u t ile  a  

h ig h e r  o n e  ( M i l l s  et al., 2 0 0 3 ) ,  a re  a l s o  r e p o r te d . F u r th e r m o r e , th e r e  a re  a l s o  s t u d ie s ,  
w h i c h  c la im  th a t  a  m ix t u r e  o f  a n a ta s e  ( 7 0 - 7 5  % ) a n d  r u t i le  ( 3 0 - 2 5  % ) is  m o r e  a c t iv e  

th a n  p u r e  a n a ta s e  ( M u g g l i e  a n d  D i n g ,  2 0 0 1 ) .  T h e  d i s a g r e e m e n t  o f  th e  r e s u lt s  m a y  l ie  

in  th e  in t e r v e n in g  e f f e c t  o f  v a r io u s  c o e x i s t i n g  f a c t o r s ,  s u c h  a s  s p e c i f i c  s u r f a c e  a r ea ,  
p o r e  s i z e  d is t r ib u t io n ,  c r y s ta l  s i z e ,  a n d  p r e p a r a t io n  m e t h o d s ,  o r  in  th e  w a y  th e  

a c t iv i t y  i s  e x p r e s s e d .  T h e  b e h a v io r  o f  D e g u s s a  P - 2 5  c o m m e r c ia l  T iC >2 p h o t o c a t a ly s t ,  
c o n s i s t in g  o f  a  m ix t u r e  o f  a n a ta s e  a n d  r u t i le  in  a n  a p p r o x im a t e  p r o p o r t io n  o f  8 0 /2 0 ,  is  

fo r  m a n y  r e a c t io n s  m o r e  a c t iv e  th a n  b o th  th e  p u r e  c r y s t a l l in e  p h a s e s .  T h e  e n h a n c e d  

a c t i v i t y  a r i s e s  fr o m  t h e  in c r e a s e d  e f f i c i e n c y  o f  th e  e ' /h + s e p a r a t io n  d u e  to  th e  

m u lt ip h a s e  n a tu r e  o f  th e  p a r t ic le s .

2 .3 .3  S e m ic o n d u c t o r  C h a r a c te r is t ic  a n d  P h o t o c a t a ly t ic  A c t i v i t y
D u e  t o  o x y g e n  v a c a n c i e s ,  T iC >2 i s  a n  n - t y p e  s e m ic o n d u c t o r .  A  

s e m ic o n d u c t o r  p h o t o c a t a ly s t  i s  c h a r a c t e r iz e d  b y  i t s  c a p a b i l i t y  t o  a d s o r b  

s im u l t a n e o u s ly  t w o  r e a c ta n t s ,  w h i c h  c a n  b e  r e d u c e d  a n d  o x i d i z e d  b y  a  p h o t o n ic
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a c t iv a t io n  t h r o u g h  a n  e f f i c i e n t  a b s o r p t io n  (h V > Eg). T h e  a b i l i t y  o f  a  s e m ic o n d u c t o r  

to  u n d e r g o  p h o t o in d u c e d  e le c t r o n  tr a n s fe r  t o  a n  a d s o r b e d  r e a c ta n t  i s  g o v e r n e d  b y  th e  

b a n d  e n e r g y  p o s i t i o n s  o f  th e  s e m ic o n d u c t o r  a n d  th e  r e d o x  p o t e n t ia l  o f  th e  a d s o r b a te s .  
T h e  e n e r g y  l e v e l  a t t h e  b o t t o m  o f  c o n d u c t io n  b a n d  i s  a c t u a l ly  t h e  r e d u c t io n  p o te n t ia l  

o f  p h o t o e le c t r o n s .  T h e  e n e r g y  l e v e l  a t th e  t o p  o f  v a l e n c e  b a n d  d e t e r m in e s  th e  

o x id iz in g  a b i l i t y  o f  p h o t o g e n e r a t e d  h o l e s ,  e a c h  v a lu e  r e f l e c t in g  th e  a b i l i t y  o f  th e  

s y s t e m  to  p r o m o t e  r e d u c t io n s  a n d  o x id a t io n s .  T h e  f la t  b a n d  p o t e n t ia l  (Vjb) lo c a t e s  th e  

e n e r g y  o f  b o th  c h a r g e  c a r r ie r s  a t th e  s e m i c o n d u c t o r - e l e c t r o ly t e  in t e r f a c e ,  d e p e n d in g  

o n  th e  n a tu r e  o f  th e  m a te r ia l  a n d  s y s t e m  e q u i l ib r iu m . F r o m  th e  t h e r m o d y n a m ic  p o in t  

o f  v i e w ,  a d s o r b e d  c o u p l e s  c a n  b e  r e d u c e d  p h o t o c a t a ly t i c a l ly  b y  c o n d u c t io n  b a n d  

e le c t r o n s  i f  t h e y  h a v e  m o r e  p o s i t i v e  r e d o x  p o t e n t ia ls  th a n  Vfi o f  th e  c o n d u c t io n  b a n d ,  
a n d  c a n  b e  o x i d i z e d  b y  v a l e n c e  b a n d  h o l e s  i f  t h e y  h a v e  m o r e  n e g a t i v e  r e d o x  

p o t e n t ia ls  th a n  Vjb o f  th e  v a l e n c e  b a n d  ( R a j e s h w a r ,  1 9 9 5 ) .
U n l i k e  m e t a ls ,  s e m ic o n d u c t o r s  la c k  a  c o n t in u u m  o f  in fe r b a n d  s t a t e s  to  

a s s i s t  th e  r e c o m b in a t io n  o f  e l e c t r o n - h o l e  ( e ‘/ h +)  p a ir s ,  w h i c h  a s s u r e  a  s u f f i c i e n t ly  

l o n g  l i f e  t im e  o f  th e  p a ir s  t o  d i f f u s e  t o  th e  p h o t o c a t a ly s t  s u r f a c e  a n d  in i t ia t e  a  r e d o x  

r e d u c t io n . T h e  d i f f e r e n c e s  in  la t t ic e  s tr u c tu r e s  o f  a n a t a s e  a n d  r u t i le  T iC >2 c a u s e  

d if f e r e n t  d e n s i t i e s  a n d  e l e c t r o n ic  b a n d  s tr u c tu r e s ,  l e a d in g  t o  d i f f e r e n t  b a n d  g a p s  ( fo r  

b u lk  m a te r ia ls :  a n a ta s e  3 .2 0  e V  a n d  r u t i le  3 .0 2  e V ) .  T h e r e f o r e ,  th e  a b s o r p t io n  

t h r e s h o ld s  c o r r e s p o n d  to  w a v e le n g t h s  o f  a p p r o x im a t e ly  3 8 4  a n d  4 1 0  n m  fo r  th e  

t w o  TiC >2 f o r m s ,  r e s p e c t i v e ly .  T h e  m e n t io n e d  v a lu e s  c o n c e r n  s in g le  c r y s t a l s  o r  

w e l l - c r y s t a l l i z e d  s a m p le s .  H ig h e r  v a lu e s  a r e  u s u a l ly  o b t a in e d  f o r  w e a k l y  c r y s t a l l i z e d  

th in  f i lm s  o r  n a n o s i z e d  m a te r ia ls .  T h e  b lu e  s h i f t  o f  th e  f u n d a m e n t a l  a b s o r p t io n  e d g e  

in  T iC >2 n a n o s iz e d  m a t e r ia ls  h a s  b e e n  o b s e r v e d ,  a m o u n t in g  t o  0 .2  e V  f o r  c r y s t a l l i t e  

s i z e s  in  th e  r a n g e  o f  5 - 1 0  n m .

2 .3 .4  A p p l ic a t i o n s  o f  T i e r  P h o t o c a t a ly s t
T iC >2 p h o t o c a t a ly s t  c a n  b e  m a in ly  a p p l ie d  in  f i v e  a r e a s ,  a s  f o l lo w :
2.3.4.1 F og P r o o f  and  Self-C lean ing  G lass:  A  c o m b i n a t i o n  o f  a  T iC >2 

p h o t o c a t a ly s t  a n d  h y d r o p h i l i c  s i l i c o n  m a te r ia l  w i l l  f o r m  a  th in  la y e r  o f  w a t e r  w h e n  

e x p o s e d  to  uv l ig h t ,  w h i c h  i s  c a l le d  a  s u p e r - h y d r o p h i l i c  p h e n o m e n o n .  T h is  fe a tu r e  

i s  a t tr a c t iv e  f o r  t h e  a p p l ic a t io n  fo r  a r c h ite c tu r a l  o r  a u t o m o b i l e  w i n d o w s  a n d  m irro r .
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2.3 .4 .2  A nti-bacterial, Anti-viral, a n d  A n ti-fung icidal:  T iC >2

p h o t o c a t a ly s t  h a s  s t r o n g  a b i l i t y  a s  d i s in f e c t a n t ,  a n d  d e c o m p o s e s  a n d  r e m o v e s  th e  

d e a d  g e r m s  o r  t o x in s .  It w i l l  o n l y  g e n e r a t e  a n t ib a c te r ia l  e f f e c t  w h e n  e x p o s e d  t o  l ig h t .
2. ร.4.3 A n ti-so iling  a n d  Self-cleaning:  T h e  p h o t o c a t a ly t i c  a c t i v i t y  o f  

T iC >2 in  th in  c o a t in g s  o f  th e  m a te r ia l  w i l l  e x h ib i t  a  s e l f - c l e a n i n g  a n d  d i s i n f e c t in g  

p r o p e r t ie s  w h e n  e x p o s e d  to  uv r a d ia t io n . T h e s e  p r o p e r t ie s  m a k e  th e  m a te r ia l  a  

c a n d id a te  fo r  a p p l ic a t io n s  l ik e  m e d ic a l  d e v i c e s ,  f o o d  p r e p a r a t io n  s u r f a c e s ,  
a ir - c o n d it io n in g  f i l t e r s ,  a n d  s a n ita r y  w a r e  s u r f a c e s .

2.3 .4 .4  D eodorizing  a n d  A ir  Purification:  In th e  p r o c e s s  o f  t r e a t in g  a ir  

s tr e a m s , T iC >2 m u s t  b e  m o u n t e d  o n  s o m e  s o r ts  o f  m a tr ix  w i t h  a  h ig h  s u r f a c e  a r e a  to  

a l l o w  th e  g a s  to  p a s s  o v e r  it a n d  r e a c t . A n  a ir  tr e a tm e n t  s y s t e m  fo r  e t h y le n e  r e m o v a l  

h a s  b e e n  d e v e lo p e d .  T h is  s y s t e m  c a n  b e  p la c e d  in  p r o d u c e  s e c t i o n s  o f  g r o c e r y  s t o r e s  

to  r e m o v e  th e  n a tu r a l ly  o c c u r r in g  e t h y le n e  th a t c a u s e s  fr u it s  a n d  v e g e t a b l e s  to  s p o i l .  
T iC >2 i s  a l s o  d e p o s i t e d  o n  t i l e s  fo r  th e  e l im in a t io n  o f  b a d  s m e l l s  a n d  a t m o s p h e r ic  

p o l lu t a n t s ,  a n d  o n  in o r g a n ic  f ib r e s  fo r  p h o t o c a t a ly t i c  a ir - c le a n in g .
2.3.4 .5  W ater Treatm ent and  W ater P urification:  In  p h o t o c a t a ly t i c  

d e g r a d a t io n , h y d r o x y l  r a d ic a ls  (O H * ) a re  g e n e r a t e d  w h e n  a  T i Û 2 p h o t o c a t a ly s t  is  

i l lu m in a t e d  in  th e  p r e s e n c e  o f  w a te r  a n d  a ir . T h e s e  r e a c t iv e  s p e c i e s  a s s o c i a t e d  w i t h  

o x y g e n  a re  a b le  to  a c h i e v e  a  c o m p le t e  m in e r a l iz a t io n  o r  o r g a n ic s  p o l lu t a n t s  in to  

c a r b o n  d i o x id e ,  w a te r ,  a n d  o th e r  n o n - t o x ic  p r o d u c t s  ( A m a r ,  2 0 0 7 ) .  E v e n  t h o u g h  th e  

p h o t o c a t a ly t ic  t r e a tm e n t  o f  a  la r g e  v o lu m e  o f  w a s t e w a t e r  i s  p r o b le m a t ic  f o r  s e v e r a l  

r e a s o n s :  ( i )  t o o  m u c h  o r g a n ic  m a tte r  in  r o u g h  w a s t e w a t e r s ;  ( i i )  e v a p o r a t io n  o f  

w a s t e w a t e r  f r o m  th e  la r g e  s u r f a c e s  e x p o s e d  to  th e  s u n l ig h t ;  ( i i i )  s l o w  d e g r a d a t io n  o f  

o r g a n ic  s u p p o r ts ;  a n d  ( i v )  d e v e lo p m e n t  o f  a lg a e  o r  o t h e r  b i o l o g i c a l  o r g a n i s m s  w i t h  

b io - tr e a t e d  w a s t e w a t e r s ,  th e  p h o t o c a t a ly t i c  t r e a tm e n t  m a y  b e  p r o p o s e d  fo r  th e  

d e c o n t a m in a t io n  o f  s m a ll  v o lu m e s  o f  h ig h ly  t o x ic  w a s t e w a t e r s ,  s u c h  a s  th e  e f f lu e n t s  

o f  p e s t i c i d e s  o r  p h a r m a c e u t ic a l  in d u s tr ie s  ( R a o  et al., 2 0 0 4 ) .
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2.4 Nano-Photocatalysts

2 .4 .1  G e n e r a l  R e m a r k s
N a n o c r y s t a l l in e  p h o t o c a t a ly s t s  a re  u l t r a - s m a l l  s e m i c o n d u c t o r  p a r t ic le s ,  

w h i c h  a r e  f e w  n a n o m e t e r s  in  s i z e .  D u r in g  th e  p a s t  d e c a d e ,  th e  p h o t o c h e m is t r y  

o f  n a n o s i z e d  s e m ic o n d u c t o r  p a r t ic le s  h a s  b e e n  o n e  o f  th e  f a s t e s t  g r o w in g  r e s e a r c h  

a r e a s  in  p h y s ic a l  c h e m is t r y .  T h e  in te r e s t  in  t h e s e  s m a l l  s e m i c o n d u c t o r  p a r t ic le s  

o r ig in a t e s  fr o m  th e ir  u n iq u e  p h o t o p h y s ic a l  a n d  p h o t o c a t a ly t i c  p r o p e r t ie s .  S e v e r a l  

r e v i e w  a r t ic le s  h a v e  b e e n  p u b l i s h e d  c o n c e r n in g  th e  p h o t o p h y s ic a l  p r o p e r t ie s  

o f  n a n o c r y s t a l l in e  s e m ic o n d u c t o r s .  S u c h  s t u d ie s  h a v e  d e m o n s t r a t e d  th a t  s o m e  

p r o p e r t ie s  o f  n a n o c r y s t a l l in e  s e m ic o n d u c t o r  p a r t ic le s  a r e  in  f a c t  d i f f e r e n t  f r o m  t h o s e  

o f  b u lk  m a te r ia ls .
N a n o s i z e d  p a r t ic le s  p o s s e s s  p r o p e r t ie s  w i t h  f a l l i n g  in t o  th e  r e g io n  o f  

t r a n s i t io n  b e t w e e n  t h e  m o le c u la r  a n d  b u lk  p h a s e s .  In  th e  b u lk  m a t e r ia l ,  t h e  e le c t r o n  

e x c i t e d  b y  l ig h t  a b s o r p t io n  fu n d s  a  h ig h  d e n s i t y  o f  s t a t e s  in  th e  c o n d u c t io n  b a n d ,  
w h e r e  it c a n  e x i s t  w i t h  d i f f e r e n t  k in e t ic s  e n e r g ie s .  In th e  c a s e  o f  n a n o p a r t ic le s ,  
h o w e v e r ,  th e  p a r t ic le  s i z e  is  th e  s a m e  a s  o r  s m a l le r  th a n  th e  s i z e  o f  th e  f ir s t  e x c i t e d  

s ta te . T h u s ,  th e  e l e c t r o n s  a n d  h o l e s  g e n e r a te d  u p o n  i l lu m in a t io n  c a n n o t  s u i t  in to  s u c h  

a p a r t ic le ,  u n le s s  t h e y  a s s u m e  a  s ta te  o f  h ig h e r  k in e t i c s  e n e r g y .
H e n c e ,  a s  th e  s i z e  o f  th e  s e m ic o n d u c t o r  p a r t ic le  i s  r e d u c e d  b e l o w  a  

c r i t ic a l  d ia m e te r ,  th e  s p a t ia l  c o n f in e m e n t  o f  th e  c h a r g e  c a r r ie r s  w i t h in  a  p o te n t ia l  

w e l l ,  l ik e  “ a  p a r t ic le  in  a  b o x ” , c a u s e s  th e m  to  m e c h a n i c a l l y  b e h a v e  q u a n tu m . In  

s o l i d  s ta te  t e r m i n o l o g y ,  t h is  m e a n s  th a t th e  b a n d s  s p l i t  in to  d i s c r e t e  e l e c t r o n ic  s ta te s  

( q u a n t iz e d  l e v e l s )  in  th e  v a le n c e  a n d  c o n d u c t io n  b a n d s , a n d  th e  n a n o p a r t ic le  

p r o g r e s s i v e l y  b e h a v e s  s im i la r  to  a  g ia n t  a to m . N a n o s iz e d  s e m i c o n d u c t o r  p a r t ic le s ,  
w h ic h  e x h ib i t  s i z e - d e p e n d e n t  o p t ic a l  a n d  e l e c t r o n ic  p r o p e r t ie s ,  a re  c a l le d  q u a n t iz e d  

p a r t ic le s  o r  q u a n tu m  d o t s  (K a m a t ,  1 9 9 5 ) .

2 .4 .2  A c t i v i t y  o f  N a n o - P h o t o c a t a ly s t s
O n e  o f  th e  m a in  a d v a n t a g e s  o f  th e  a p p l i c a t io n  o f  n a n o s iz e d  p a r t ic le s  

i s  th e  in c r e a s e  in  th e  b a n d  g a p  e n e r g y  w i t h  d e c r e a s in g  p a r t ic le  s i z e .  A s  th e  s i z e  o f  a 

s e m ic o n d u c t o r  p a r t ic le  f a l l s  b e l o w  th e  c r it ic a l  r a d iu s ,  th e  c h a r g e  c a r r ie r s  b e g in  to
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b e h a v e  m e c h a n i c a l l y  q u a n tu m , a n d  th e  c h a r g e  c o n f in e m e n t  l e a d s  to  a  s e r ie s  o f  

d is c r e t e  e l e c t r o n ic  s ta te s .  A s  a  r e s u lt ,  th e r e  i s  a n  in c r e a s e  in  th e  e f f e c t i v e  b a n d  g a p  

a n d  a  s h i f t  o f  th e  b a n d  e d g e s .  T h u s  b y  v a r y in g  th e  s i z e  o f  th e  s e m ic o n d u c t o r  p a r t ic le s ,  
it i s  p o s s i b l e  to  e n h a n c e  th e  r e d o x  p o t e n t ia l  o f  th e  v a l e n c e  b a n d  h o l e s  a n d  th e  

c o n d u c t io n  b a n d  e le c t r o n s .
H o w e v e r ,  th e  s o lv e n t  r e o r g a n iz a t io n a l  f r e e  e n e r g y  f o r  c h a r g e  tr a n s fe r  

to  a  s u b s t r a te  r e m a in s  u n c h a n g e d .  T h e  in c r e a s in g  d r iv in g  f o r c e  a n d  th e  u n c h a n g e d  

s o lv e n t  r e o r g a n iz a t io n a l  f r e e  e n e r g y  a re  e x p e c t e d  to  le a d  t o  a n  i n c r e a s e  in  th e  ra te  

c o n s t a n t s  fo r  c h a r g e  tr a n s fe r  a t th e  s u r f a c e .  T h e  u s e  o f  n a n o s i z e d  s e m ic o n d u c t o r  

p a r t ic le s  m a y  r e s u lt  in  a n  in c r e a s e d  p h o t o c a t a ly t i c  a c t iv i t y  fo r  s y s t e m s ,  in  w h ic h  th e  

r a t e - l im it in g  s t e p  is  in t e r f a c ia l  c h a r g e  tr a n s fe r . H e n c e ,  n a n o s i z e d  s e m ic o n d u c t o r  

p a r t ic le s  c a n  p o s s e s s  a n  e n h a n c e d  p h o t o r e d o x  c h e m is t r y  w i t h  r e d u c t io n  r e a c t io n s ,  
w h ic h  m ig h t  n o t  o t h e r w is e  p r o c e e d  in  b u lk  m a te r ia ls ,  b e in g  a b le  to  o c c u r  r e a d ily  

u s in g  s u f f i c i e n t ly  s m a l l  p a r t ic le s .  A n o t h e r  f a c to r ,  w h ic h  c o u ld  b e  a d v a n t a g e o u s ,  is  

th e  fa c t  th a t  th e  f r a c t io n  o f  a t o m s  th a t a re  lo c a t e d  a t th e  s u r f a c e  o f  a  n a n o p a r t ic le  is  

v e r y  la r g e .  N a n o s i z e d  p a r t ic le s  a ls o  h a v e  h ig h  s u r f a c e  a r e a - t o - v o l u m e  r a t io , w h ic h  

fu r th e r  e n h a n c e s  th e ir  c a t a ly t ic  a c t iv it y .  O n e  d is a d v a n t a g e  o f  n a n o s i z e d  p a r t ic le s  is  

th e  n e e d  fo r  l ig h t  w i t h  a  s h o r te r  w a v e le n g t h  f o r  p h o t o c a t a ly s t  a c t iv a t io n .  T h u s ,  a  

s m a l le r  p e r c e n t a g e  o f  a  p o ly c h r o m a t ic  l ig h t  s o u r c e  w i l l  b e  u s e f u l  fo r  p h o t o c a t a ly s i s .
In  la r g e  T i Û 2 p a r t ic le s  ( Z h a n g  et al., 1 9 9 8 ) ,  v o lu m e  r e c o m b in a t io n  o f  

th e  c h a r g e  c a r r ie r s  i s  th e  d o m in a n t  p r o c e s s  a n d  c a n  b e  r e d u c e d  b y  a  d e c r e a s e  in  

p a r t ic le  s i z e .  T h i s  d e c r e a s e  a l s o  le a d s  to  a n  in c r e a s e  in  th e  s u r f a c e  a r e a , w h i c h  c a n  b e  

t r a n s la te d  a s  a n  in c r e a s e  in  th e  a v a i la b le  s u r f a c e  a c t iv e  s i t e s .  T h u s ,  a  d e c r e a s e  in  

p a r t ic le  s i z e  s h o u ld  a ls o  r e s u lt  in  h ig h e r  p h o t o n ic  e f f i c i e n c i e s  d u e  t o  a n  in c r e a s e  in  

th e  in t e r f a c ia l  c h a r g e  c a r r ie r  tr a n s fe r  r a te s . H o w e v e r ,  a s  t h e  p a r t ic le  s i z e  i s  lo w e r e d  

b e l o w  a  c e r ta in  l im i t ,  s u r f a c e  r e c o m b in a t io n  p r o c e s s e s  b e c o m e  d o m in a n t ,  s in c e  

f i r s t ly  m o s t  o f  th e  e l e c t r o n s  a n d  h o l e s  a re  g e n e r a t e d  c l o s e  t o  t h e  s u r f a c e ,  a n d  

s e c o n d l y  s u r f a c e  r e c o m b in a t io n  i s  fa s te r  th a n  in t e r f a c ia l  c h a r g e  c a r r ie r  tr a n s fe r  

p r o c e s s e s .  T h is  i s  th e  r e a s o n  w h y  th e r e  e x i s t s  a n  o p t im u m  p a r t ic le  s i z e  fo r  m a x im u m  

p h o t o c a t a ly t i c  e f f i c i e n c y .
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2.5 Photocatalytic Degradation Mechanisms

2 .5 .1  P h o t o c a t a ly t ic  O x id a t io n
It i s  w e l l  e s t a b l i s h e d  th a t  c o n d u c t io n  b a n d  e l e c t r o n s  ( e ”) a n d  v a le n c e  

b a n d  h o l e s  ( h +) a re  g e n e r a t e d  w h e n  a q u e o u s  T iC >2 s u s p e n s i o n  i s  ir r a d ia te d  b y  l ig h t  

w it h  e n e r g y  g r e a te r  th a n  it s  b a n d  g a p  e n e r g y  (E g , 3 .2  e V ) .  T h e  p h o to g e n e r a te d  

e l e c t r o n s  c a n  r e d u c e  t h e  d y e  o r  r e a c t  w i t h  e le c t r o n  a c c e p t o r s ,  s u c h  a s  O 2 a d s o r b e d  o n  

th e  T iC >2 s u r f a c e  o r  d i s s o l v e d  in  w a te r ,  r e d u c in g  it to  s u p e r o x id e  r a d ic a l  a n io n ,  O 2 ’ . 
T h e  p h o t o g e n e r a t e d  h o l e s  c a n  o x i d i z e  th e  o r g a n ic  m o l e c u l e  to  fo r m  R + o r  r e a c t  w it h  

O H ” o r  H 2 O , o x i d i z i n g  th e m  in to  O H * r a d ic a ls .  T o g e th e r  w i t h  o t h e r  h i g h ly  o x id a n t  

s p e c ie s  ( p e r o x id e  r a d ic a l s ) ,  t h e y  a re  r e p o r te d  to  b e  r e s p o n s ib le  fo r  th e  h e t e r o g e n e o u s  

T i 0 2  p h o t o d e c o m p o s i t i o n  o f  o r g a n ic  s u b s t r a te s ,  i .e .  d y e s .  A c c o r d in g  to  th is ,  th e  

r e le v a n t  r e a c t io n s  a t th e  s e m ic o n d u c t o r  s u r f a c e  c a u s i n g  th e  d e c o m p o s i t i o n  o f  d y e s
c a n  b e  e x p r e s s e d  a s  f o l l o w s :

T i 0 2 +  M ’( U V )  - *  T i 0 2( e CB~ +  h VB+) ( 1 )
T i 0 2( h VB+) +  H 20  - >  T iQ 2 +  H + +  O H * ( 2 )
T i 0 2( h VB+)  +  O H ” - >  T i 0 2 +  O H ’ ( 3 )
T i0 2 ( e c B  )  +  O 2 —* T i 0 2  +  0 2  ( 4 )
0 2*“ +  H + - *  H 0 2* ( 5 )
D y e  +  O H *, H O 2*, O 2 ’ —» d e c o m p o s i t i o n  p r o d u c t s  ( 6 )
D y e  +  h v B + —* o x id a t io n  p r o d u c t s  ( 7 )
D y e  +  ecB  r e d u c t io n  p r o d u c t s  ( 8 )

T h e  r e s u l t in g  O H ’ r a d ic a l ,  b e in g  a  v e r y  s t r o n g  o x i d i z i n g  a g e n t  

( s ta n d a r d  r e d o x  p o t e n t ia l  o f  + 2 .8  V ) ,  a s  w e l l  a s  H O 2 ’ a n d  O 2 ” , c a n  o x i d i z e  m o s t  o f  

a z o  d y e s  to  th e  m in e r a l  e n d - p r o d u c t s .  S u b s tr a te s  n o t  r e a c t iv e  to w a r d  h y d r o x y l  

r a d ic a ls  a r e  d e c o m p o s e d  e m p lo y i n g  T iC >2 p h o t o c a t a ly s i s  w i t h  r a te s  o f  d e c a y  h ig h ly  

in f lu e n c e d  b y  th e  s e m ic o n d u c t o r  v a le n c e  b a n d  e d g e  p o s i t i o n .  T h e r o le  o f  r e d u c t iv e  

p a t h w a y s  ( E q u a t io n  ( 8 ) )  in  h e t e r o g e n e o u s  p h o t o c a t a ly s i s  h a s  b e e n  e n v i s a g e d  a l s o  in  

th e  d e c o m p o s i t i o n  o f  s e v e r a l  d y e s  b u t  in  a  m in o r  e x t e n t  th a n  o x id a t io n .



16

2 .5 .2  P h o t o s e n s i t i z e d  O x id a t io n
T h e  m e c h a n i s m  o f  p h o t o s e n s i t i z e d  o x id a t io n  ( c a l le d  a ls o  

p h o t o a s s i s t e d  d e c o m p o s i t i o n )  b y  v i s i b l e  r a d ia t io n  (2  >  4 2 0  n m )  i s  d i f f e r e n t  fr o m  th e  

p a t h w a y  im p l ic a t e d  u n d e r  u v  l ig h t  r a d ia t io n . In  th e  f o r m e r  c a s e ,  th e  m e c h a n i s m  

s u g g e s t s  th a t  e x c i t a t i o n  o f  th e  a d s o r b e d  d y e  t a k e s  p la c e  b y  v i s i b l e  l ig h t  to  a p p r o p r ia te  

s in g le t  o r  t r ip le t  s t a t e s ,  s u b s e q u e n t ly  f o l l o w e d  b y  e le c t r o n  in j e c t io n  f r o m  t h e  e x c i t e d  

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

c o n v e r t e d  to  th e  c a t io n ic  d y e  r a d ic a ls  (D y e " +) th a t  u n d e r g o e s  d e c o m p o s i t i o n  to  y ie ld  

p r o d u c t s  a s  f o l lo w s :
D y e  +  h v ( V I S )  - -> 1D y e * o r 3D y e * ( 9 )
' D y e * o r 3D y e *  + T i 0 2 —* D y e ’+ +  T i 0 2( e c B") ( 1 0 )

T i 0 2( e c B )  +  0 2 -—> 0 2 +  T i 0 2 ( 1 1 )
D y e ’+ —» d e c o m p o s i t i o n  p r o d u c t s ( 1 2 )

T h e  c a t io n ic  d y e  r a d ic a l s  r e a d i ly  r e a c t  w i t h  h y d r o x y l  io n s  u n d e r g o in g  o x id a t io n  v ia  

E q u a t io n s  ( 1 3 )  a n d  ( 1 4 ) ,  o r  in te r a c t  e f f e c t i v e l y  w i t h  0 2’", H 0 2", o r  H O ’-  s p e c i e s  to  

g e n e r a t e  in t e r m e d ia t e s  th a t u l t im a t e ly  le a d  to  C O 2 ( E q u a t io n s  ( 1 5 )  -  ( 1 9 ) ) .
D y e ’+ +  O H  - >  D y e  +  H O ' ( 1 3 )
D y e  +  2 H O ’ —> H 2 O  +  o x id a t io n  p r o d u c t s  ( 1 4 )
0 2’~ +  H + - *  H 0 2’ ( 1 5 )
H 0 2’ +  H + +  T i 0 2( e CB“)  - »  H 20 2 +  T i 0 2 ( 1 6 )
H 2 O 2 +  T i 0 2( e CB") - >  H O ' +  H O "  +  T i 0 2 ( 1 7 )
D y e ' + +  0 2’ —>» D 0 2 —> d e c o m p o s i t i o n  p r o d u c t s  ( 1 8 )
D y e ’+ +  H 0 2*(or H 0 ‘)  —> d e c o m p o s i t i o n  p r o d u c t s  ( 1 9 )

W h e n  u s in g  s u n l ig h t  o r  s im u la t e d  s u n l ig h t  ( la b o r a t o r y  e x p e r im e n t s ) ,  it 

i s  s u g g e s t e d  th a t  b o t h  p h o t o o x id a t io n  o r  p h o t o s e n s i t i z in g  m e c h a n i s m  o c c u r s  d u r in g  

th e  ir r a d ia t io n , a n d  b o th  th e  T i 0 2 a n d  l ig h t  s o u r c e  a r e  n e c e s s a r y  fo r  th e  r e a c t io n  to  

o c c u r . In  th e  p h o t o c a t a ly t i c  o x id a t io n ,  T i 0 2 h a s  t o  b e  ir r a d ia te d  a n d  e x c i t e d  in  a  

n e a r - U V  e n e r g y  to  in d u c e  c h a r g e  s e p a r a t io n . O n  t h e  o t h e r  h a n d , d y e s  ra th e r  th a n  

T i 0 2 c a n  b e  e x c i t e d  b y  v i s i b l e  l ig h t  f o l l o w e d  b y  e l e c t r o n  in j e c t io n  in to  T i 0 2 

c o n d u c t io n  b a n d , w h i c h  le a d s  to  p h o t o s e n s i t i z e d  o x id a t io n .  It i s  d i f f i c u l t  to  c o n c lu d e  

w h e t h e r  th e  p h o t o c a t a ly t i c  o x id a t io n  is  s u p e r io r  to  th e  p h o t o s e n s i t i z e d  o x id a t io n
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mechanism, but the photosensitized mechanism will help improve the overall
efficiency and make the photobleaching o f dyes using solar light more feasible. The
mechanism o f TiC>2 photocatalysis is shown in Figure 2.3.

Figure 2.3 G e n e r a l  m e c h a n i s m  o f  Ü O 2 p h o t o c a t a ly s i s  ( A m a r ,  2 0 0 7 ) .

2.6 Immobilization of TiC>2 Photocatalyst

2 .6 .1  P r e p a r a t io n  T e c h n iq u e s  fo r  I m m o b i l i z i n g  T iO ?  o n  a  S u p p o r t
In  o r d e r  to  i m m o b i l i z e  T iC >2 o n t o  a  s u i t a b le  s u p p o r t ,  r e s e a r c h e r s  h a v e  

in v e s t ig a t e d  a n d  d e v e lo p e d  v a r io u s  t e c h n iq u e s .  N u m e r o u s  t e c h n i q u e s ,  s u c h  a s  

a n o d iz a t io n ,  e l e c t r o d e p o s i t io n ,  s o l - g e l ,  r e a c t iv e  d c  m a g n e t r o n  s p u t t e r in g ,  c h e m ic a l  

v a p o r  d e p o s i t io n  ( C V D ) ,  e le c t r o s t a t ic  s o l - s p r a y  d e p o s i t io n ,  a n d  a e r o s o l  p y r o ly s is ,  
h a v e  b e e n  u s e d  fo r  p r e p a r in g  s u p p o r te d  TiC>2 . T h e  p r o c e s s  o f  s e l e c t i n g  a  s u i ta b le  

d e p o s i t io n  m e t h o d  d e p e n d s  o n  th e  ty p e  o f  s u p p o r t ,  th e  t y p e  o f  p o l lu t a n t  to  b e  

d e g r a d e d ,  a n d  th e  d e g r a d a t io n  e n v ir o n m e n t ,  i .e .  l iq u id  o r  g a s  e n v ir o n m e n t .  T h is  is  

b e c a u s e  l o a d in g  th e  T iC >2 o n t o  a  su p p o r t  c a n  h a v e  a  p r o f o u n d  a n d  i r r e v e r s ib le  e f f e c t  

o n  th e  p h o t o c a t a ly t i c  p r o p e r t ie s  o f  TiC>2 . A l t e r a t io n  o f  t h e  c h e m ic a l  a n d  p h y s ic a l  

p r o p e r t ie s  o f  TiC>2 , i n c lu d in g  i t s  m ic r o c r y s t a l l in e  s tr u c tu r e  ( d u e  to  th e  te m p e r a tu r e  o f  

p r e p a r in g  th e  s u p p o r te d  TiC>2 )  a n d  th e  c h e m ic a l  b o n d  f o r m e d  b e t w e e n  th e  s u p p o r t
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and 1ไ(ว2 particles, can drastically change the TiÛ2 energy band gap. This energy 
band determines the effectiveness of the TiC>2 in producing hydroxyl radicals in an 
aqueous system. The surface area reduction due to the TiC>2 particles bonding with 
the support and due to the loss of some TiC>2 particles in pore trappings of some 
types of support (e.g. activated carbon), where u v  radiation cannot reach, is also a 
cause for concern. However, the degradation ability of the TiC>2 particles trapped in 
the support’s pore can still be effectively exploited by using sonication. There are 
two main routes for the preparation of a supported photocatalyst. For the first route, 
an initially made TiC>2 powder is manipulated to procure coating on a suitable 
support material, and for the second route, an ‘in situ’ supported T i02 generation is 
used (Puma et al., 2008).

2.6.2 Support for TiO? Photocatalyst
TiC>2 powder can, by itself, photodegrade pollutant molecules when 

radiated with u v  radiation. If TiC>2 powder is deposited in a pool of polluted water 
under sunlight conditions, it will degrade the pollutant in the water. However, 
researchers have discovered that during the photodegradation process, interaction by 
certain pollutant molecules or their intermediates could cause the TiC>2 powder to 
coagulate, thereby reducing the amount of u v  radiation to reach the TiC>2 active 
centers (due to reduction of its surface area) and thus reducing its photocatalytic 
effectiveness. In order to overcome this coagulation problem, some researchers have 
used different materials as a support for the TiC>2 photocatalyst. Various substrates 
have been used as a support for the photocatalytic degradation of polluted water. For 
example, glass materials (e.g. glass mesh, glass fabric, glass wool, glass bead, and 
glass reactor) have been commonly used as a support for TiC>2. Other uncommon 
materials, such as microporous cellulosic membranes, alumina clays, ceramic 
membranes, monoliths, zeolites, and even stainless steel, have also been 
experimented as a support for Ti02- Therefore, from the literature survey, we can 
establish certain underlying criteria for selecting an optimal support for TiÛ2, as 
follows (Puma et al., 2008):
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(a) The supporting material should be transparent or at least allow 
some uv radiation to pass through it and be chemically inert or non-reactive to the 
pollutant molecules, its intermediates, and the surrounding aqueous system.

(b) The supporting material should sufficiently bond either physically 
or chemically to the TiC>2 without reducing the TiC>2 reactivity.

(c) The supporting material should have a high surface area and a 
strong adsorption affinity towards the pollutants (organic or inorganic compounds) to 
be degraded. This criterion reduces or eliminates the intermediates produced during 
the photocatalytic degradation while further increasing mass transfer rates and 
processes for an efficient photodegradation.

(d) The supporting material should allow fast and easy photocatalyst 
recovery and reuse with or without regeneration.

2.6.3 Immobilization of TiO? Photocatalyst
The development of recyclable photocatalysts continues to be one of 

the most active areas in applied organic synthesis, and in particular organometallic 
research in light of ever-growing environmental and economic concerns. The 
influence of photocatalyst recycling on its efficiency was not much studied so far. 
Several methods for the efficient recycling of photocatalysts have been studied in the 
last two decades. Among these, the immobilization of photocatalysts on solid 
supports has gained special prominence, as this tact allows precious photocatalysts to 
be separated from the reaction mixture by simple filtration for reuse (Lee et a l, 
2005). As mentioned above, TiC>2 photocatalyst is the most widely used in 
environmental applications due to its high activity, and conventional photocatalytic 
studies have been carried out with TiC>2 dispersions in aqueous solutions due to the 
large surface area available for photocatalytic reaction. Unfortunately, the aqueous 
suspension of powder TiC>2 is limited for industrial application because the use of 
suspended TiÛ2 photocatalyst powder requires the separation or filtration of the 
powder from the treated wastewater prior to the discharge, which can be a 
time-consuming and expensive process. This problem can be avoided by the 
immobilization o f TiC>2 photocatalyst on suitable supports. Thus, the immobilization
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of TiC>2 photocatalyst is gaining importance in wastewater treatment area (Amar, 
2007 and Park et al., 2008).

Many research works have proposed the immobilization of TiCE on 
various solid supports, such as glass, glass bead, quartz, silica, activated carbon, 
fiberglass cloth, zeolites, stainless steel, ceramics, clothes, monolith, and polymer 
membranes. The immobilization of TiC>2 can be prepared by many deposition 
techniques, such as dip coating, sol-gel, atmospheric pressure metal organic chemical 
vapour deposition, electron beam evaporation, reactive magnetron sputtering, spray 
pyrolysis, electrophoresis, anodic oxidative hydrolysis of Ti3+, reactive thermal 
deposition, and static-dynamic films compressed method (Amar, 2007).

Some research works using epoxidized natural rubber (ENR) to 
immobilize TiC>2 photocatalyst have also been established. Lim (2004) had also 
immobilized TiC>2 photocatalyst using electrophoretic method for the degradation of 
phenol. TiC>2 could be immobilized quickly and easily via this method using small 
amount of ENR and methanol as solvent. The support used was carbon-coated 
polyethylene terephthalate (PET) plastic, which acted as a conductor in TiC>2 

immobilization. The method also allows commercially available TiC>2 with high 
photocatalytic activity (such as Degussa P25) to be immobilized on comparatively 
inexpensive support substrates, such as aluminium, stainless steel, and even 
conducting plastics (Amar, 2007).

2,7 Factors Influencing the Photocatalytic Degradation

2.7.1 Effect of Initial Dye Concentration
Yao et al. (2004) studied the decomposition of methyl orange by 

bismuth titanate, Bi4Ti30 i2, prepared by using the chemical solution decomposition 
(CSD) method. The results showed that with different methyl orange concentrations 
varied from 5 to 20 mg/1, the decomposition efficiency decreased with increasing 
concentration of methyl orange. The decrease in the observed rate constants with the 
increase in initial dye concentration was attributed to the significant absorption of 
light by the substrate in the same wavelength range of photocatalyst excitation. For 
increasing the initial methyl orange concentration, the photon flow reaching the
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photocatalyst particles decreased due to the fact that with increasing aliquots, 
photons are absorbed by the methyl orange molecules present in the solution and/or 
on the photocatalyst surface. Moreover, this dependence can also be related to the 
formation of several layers of adsorbed dye on the photocatalyst surface, which is 
higher at higher dye concentrations. The large amount of adsorbed dye inhibits the 
reaction of dye molecules with photogenerated holes or hydroxyl radicals because of 
the increased distance between reactants and photocatalysts.

2.7.2 Effect of Tip? Immobilization
Some new and effective methods for the preparation of immobilized 

TiC>2 on rubber sheet have been presented. One proposed method is simple and 
cost-effective, based on the use of commercial TiC>2 powder directly mixed with 
rubber latex and distilled water. The results showed that small grains with dense 
structure and good surface coverage were observed. The photocatalytic activity was 
also evaluated using, methylene blue (MB) as a model organic compound. The 
photocatalytic experiments demonstrated that the MB in aqueous solution could be 
effectively photodegraded by the immobilized TiC>2 under uv light irradiation 
(Sriwong et al., 2008).

Rao et al. (2004) studied the immobilization of TiC>2 on pumice stone, 
organic fibres, and polymer film. However, a long-term use of immobilized TiC>2 

causes a significant decrease in photocatalytic efficiency for elimination of dyes or 
decontamination of wastewater. This effect could be attributed to two main reasons: 
(1) the loss of some TiC>2 from the support surfaces by washing out and (2) the 
fouling of the TiC>2 surface by the by-products of degradation. Such fouling also 
occurs in the case of suspended TiC>2, but it can be partly cleaned by 
exposing the photocatalyst for a long time of irradiation. By-products adsorbed on 
photocatalyst surface may be also eliminated by calcination, but it is detrimental to 
the photocatalytic properties of the suspended photocatalyst.

2.7.3 Effect o f Binder
In general, there are two approaches to immobilize the photocatalyst: 

one is to immobilize it by a binding method, and the other one is to immobilize it by
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direct formation of photocatalyst film. Since the direct formation method usually 
results in poorer crystalline quality of photocatalyst materials compared to the 
binding method, the binding method is more desirable to keep the crystalline 
properties of photocatalyst. Proper binding materials are very important for the 
binding method. Since organic-type binders could be decomposed by photocatalytic 
reaction, inorganic-type binders are required. However, they have poor adhesion 
properties. So, several binding materials have been studied systematically to obtain 
inorganic-type binders with good mechanical properties (Park et a l, 2008).

Kajitvichyanukul (2005) studied a sol-gel method for coating TiC>2 0n 
clear substrates. This technique was successfully developed to form the TiC>2 thin 
film coated on glass and stainless steel with a superb characteristic for environmental 
abatement. Two types of metal alkoxide, i.e. titanium tetraisopropoxide and 
tetrabutyl orthotitanate, were used as the TiC>2 precursors for the thin film 
coating along with alcohol as the solvent. Various types of additive, which were 
polyethylene glycol (PEG), diethanolomine, and acetyl acetone, improved the quality 
of the film substantially in different features: PEG introduced much more anatase 
structure and increased photocatalytic activity of the film. Diethanolamine enhanced 
the film strength and improved the adhesive property. Acetyl acetone provided the 
superior smoothness and robustness of the film.

2.7.4 Effect of Solution pH
The heterogeneous photocatalysis has been found to be pH-dependent. 

Yao et al. (2004) studied the decomposition of methyl orange by bismuth titanate, 
Bi4Ti30 i2, under various initial solution pH values. The results showed that with 
different pH values (1.22, 2.43, 5.18, 7.13, 10.2, and 12.7), the reaction rate 
increased under acidic pH, but decreased under alkaline pH. The effect of pH on the 
decomposition of the pollutants is variable and controversial. The increase in 
decomposition rate under acidic pH was explained on the basis that at low pH, HO2" 
radical will form, and this will compensate for the effect of decreasing OH’ 
concentration. The decrease in decomposition rate under alkaline pH is assumed to 
be due to the poor interaction between the anions and the highly negative 
charged oxide surface, and the decomposition would, thus, depend on diffusion of
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surface-generated OH" towards the inside layer of methyl orange anion at the low 
concentration, which is a slower process than direct charge transfer.

2.7.5 Effect of Light Intensity and Irradiation Time
Oillis et al. (1991) reviewed the studies reported for the effect of light 

intensity on the kinetics of the photocatalysis process and stated that (i) at low light 
intensities (0-20 mW/cm2), the rate would increase linearly with increasing light 
intensity (first order), (ii) at intermediate light intensities beyond a certain value 
(approximately 25 mW/cm2), the rate would depend on the square root of the light 
intensity (half order), and (iii) at high light intensities, the rate is independent of 
light intensity. This is likely because at low light intensity, reactions involving 
electron-hole formation are predominant, and electron-hole recombination is 
negligible. However, when increasing light intensity, electron-hole pair separation 
competes with their recombination, thereby causing lower effect on the reaction rate. 
It is also evident that the percentage of degradation increases with an initial increase 
in irradiation time. However, the reaction rate decreases with further increasing 
irradiation time since it follows apparent first-order kinetics, and additionally a 
competition for decomposition may occur between the reactant and the intermediate 
products. The slow kinetics of dye decomposition after a certain time limit is due to 
(Konstantinou and Albanis, 2004):

• The difficulty in converting the N-atoms of dye into oxidized nitrogen 
compounds

• The slow reaction of short chain aliphatics with OH’ radicals
• The short life-time of photocatalyst because of active site deactivation by 

strong by-product adsorption.

2.7.6 Effect of H7O7 Addition
The influence of the strong oxidant species additives, such as H2O2, 

has been in some case controversial, and it appeared strongly dependent on substrate 
type and on various experimental parameters. Their usefulness should be accurately 
checked under each operative condition. Yao et al. (2004) also studied the
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decomposition of methyl orange at different concentrations of H2O2 (0, 0.1 , and 1 

mol/1) and found that when the H2O2 was added, a significant increase in 
decomposition rate was noted but must be in the presence of photocatalyst and 
irradiation. Moreover, partial decomposition was observed for methyl orange under 
irradiation of the homogeneous systems in the presence of H2O2. In their work, the 
highest decomposition rate was achieved with 0.1 M H2O2 added. The added H2O2 

contributed to the reactive radical intermediates (OH’) formed from the oxidants by 
reaction with the photogenerated electrons, which can exert a dual function: as strong 
oxidant themselves and as electron scavengers, thus inhibiting the electron-hole 
recombination at the semiconductor surface.

2.7.7 Effect of Calcination Temperature of Photocatalyst
Yao et al. (2004) also studied the effect of different calcination 

temperatures of photocatalyst for 5 min (400, 500, 600, and 700°C) at the same 
concentration of methyl orange (10 mg/1). The results showed that the photocatalytic 
activity of photocatalyst had no significant difference among the calcination 
temperatures of 400, 500, and 600°c, but the photocatalytic activity of the prepared 
photocatalyst was significantly reduced at higher calcination temperature (700°C).

Zhang et al. ( 2 0 0 4 )  studied the photocatalytic activity of ZnO-SnC>2 

for decomposition of methyl orange, and the effect of heat treatment at different 
calcination temperatures was investigated (300, 3 5 0 ,  4 0 0 ,  4 5 0 ,  5 0 0 ,  600, 7 0 0 ,  800, 
and 900°C). The results showed that the degradation rate of methyl orange was 
increased with increasing calcination temperature, except for 3 0 0 ° c  because of the 
partial formation of crystallite oxides. With increasing calcination temperature, the 
size of crystallite oxides increased, contributing to the increase in photocatalytic 
activity. However, at temperatures higher than 7 0 0 ° c ,  the photocatalyst exhibited 
poor activity because of the negative effect of the coupled oxides.

2.7.8 Effect of Calcination Time of Photocatalyst
Yao et al. (2004) also studied the effect o f calcination time on the 

photocatalytic activity of the prepared bismuth titanate thin-film photocatalyst 
calcined at 600°c. The results showed that at 1 min of calcination time, the highest
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decomposition of methyl orange was obtained. While the rate constant increased 
with increasing calcination temperature, but at calcination time of 5 min, the rate 
constant reached the highest value because at the higher calcination time of 10 min, 
the sintering of photocatalyst occurred.

2.8 Porous Materials

The classification of pores according to size has been under discussion for 
many years, but in the past, the terms “ micropore” and “ macropore” have been 
applied in different ways by physical chemists and some other scientists. In an 
attempt to clarify this situation, the limits of size of the different categories of pores 
included in Table 2.3 have been proposed by the International Union of Pure and 
Applied Chemistry (IUPAC) (Ishizaki et al., 1988 and Rouquerol et al., 1999). As 
indicated, the “ pore size” is generally specified as the “ pore width” , i.e. the 
available distance between the two opposite walls. Obviously, pore size has a precise 
meaning when the geometrical shape is well defined. Nevertheless, for most 
purposes, the limiting size is that of the smallest dimension, and this is generally 
taken to represent the effective pore size. Micropores and mesopores are especially 
important in the context of adsorption.

Table 2.3 Definitions about porous solids

Term Definition
Porous solid Solid with cavities or channels which are deeper than they are wide
Micropore Pore of internal width less than 2 nm
Mesopore Pore of internal width between 2 and 50 nm
Macropore Pore of internal width greater than 50 nm
Pore size Pore width (diameter of cylindrical pore or distance between

opposite walls of slit)
Pore volume Volume of pores determined by stated method
Surface area Extent of total surface area determined by given method under

stated conditions
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According to the IUPAC classification, porous materials are regularly 
organized into three categories on a basis of predominant pore size as follows:

• Microporous materials (pore size < 2 nm) include amorphous silica and 
inorganic gel to crystalline materials, such as zeolites, 
aluminophosphates, gallophosphates, and related materials.

• Mesoporous materials (2 nm < pore size < 50 nm) include the M41 ร 
family (e.g. MCM-41, MCM-48, MCM-50, etc.) and other non-silica 
materials synthesized via intercalation of layered materials, such as 
double hydroxides, metal (titanium, zirconium) phosphates, and clays.

• Macroporous materials (pore size > 50 nm) include glass-related 
materials, aerogels, and xerogels.
Nowadays, micro- and mesoporous materials are generally called 

“ nanoporous materials” . Particularly, mesoporous materials are remarkably very 
suitable for catalysis applications, whereas the pores of microporous materials may 
become easily plugged during catalyst preparation if high metal loading is required.

2.9 Sol-Gel Process

Several key techniques have been adopted to prepare mesoporous T i02, 
such as sol-gel process, hydrothermal process, and ultrasonic irradiation process. 
The sol-gel process is one of the versatile methods to prepare nano-sized 
mesoporous materials (Sreethawong et al., 2006). This technique does not require 
complicated instruments, such as in chemical vapor deposition method. It 
provides a simple and easy means of synthesizing nano-sized particles, which is 
essential for nano-photocatalysts (พน and Chen, 2004). Besides, it is capable of 
producing photocatalysts with a high surface area. It involves the formation of 
metal-oxo-polymer network from molecular precursors, such as metal alkoxides, and 
subsequent polycondensation as follows:

M-OR + H20  
M-OH + M-OR 
M-OH + M-OH

M-OH + ROII 
M-O-M + R-OH 
M-O-M + H20

(20)
(21)
(22)
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where M = Ti, Si, Zr, Al, and R = alkyl group. The relative rates of hydrolysis and 
polycondensation strongly influence the structure and properties of the resulting 
metal oxides. Typically, sol-gel-derived precipitates are amorphous in nature, 
requiring further heat treatment to induce crystallization. The calcination process 
frequently gives rise to particle agglomeration and grain growth and may induce 
phase transformation (Wang and Ying, 1999).

Factors affecting the sol-gel process include the reactivity of metal 
alkoxides, pH of the reaction medium, water-to-alkoxide ratio, reaction temperature, 
and nature of solvent and additive. The water-to-alkoxide ratio governs the 
sol-gel chemistry and the structural characteristics of the hydrolyzed gel. High 
water-to-alkoxide ratio in the reaction medium ensures a more complete hydrolysis 
of alkoxides, favoring nucléation versus particle growth, in addition, an increase in 
water-to-alkoxide ratio leads to reducing the crystallite size of the calcined catalyst. 
An alternative approach to control the sol-gel reaction rates involves the use of acid 
or base catalyst. It was reported that for a system with a water-to-alkoxide ratio of 
165, the addition of HC1 resulted in the reduction of the crystallite size from 2 0  to 14 
nm for a material calcined at 4 5 0 ° c .  Besides, a finer grain size and a narrower pore 
size distribution with a smaller average pore diameter were also attained for a sample 
synthesized with HCl (Wang and Ying, 1999). The size of alkoxide group in 
alkoxides also plays an important role in controlling the particle size. The titanium 
alkoxide containing bulky groups, such as titanium amiloxide, reduces the hydrolysis 
rate, which is advantageous for the preparation of fine colloidal particles (Murakami 
et a l, 1999).

2.10 Immobilization Procedure

As above mentioned, immobilized TiC>2 has become more popular due to the 
complications in the TiC>2 suspension systems. Among the complications is the 
post-treatment separation of TiC>2 powder from the partially treated water, resulting 
in additional treatment cost. As TiC>2 immobilization procedures have been 
developed over the past few decades, it can be quite perplexing in determining a 
suitable immobilization procedure, particularly if using economical and simple
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equipment (Lim et al., 2009). TiC>2 immobilization can be achieved by several 
methods, such as dip coating, physical vapor deposition (PVD), chemical vapor 
deposition (CVD), sol-gel, and thermal spraying techniques. The PVD, CVD, and 
thermal spraying techniques are normally used to coat metal on ceramic substrates at 
high process temperatures, and therefore they cannot be used to apply for TiC>2 

immobilization on some substrates that cannot withstand high temperatures. Recently, 
sputtering technologies, such as magnetron sputtering, have been used to apply for 
TiC>2 immobilization on such substrates, but the low deposition rate and long 
fabrication setting time have been limiting factors. TiC>2 immobilization on some 
substrates requires low process temperatures to prevent thermal damage, and 
applications for photocatalytic surfaces and gas sensors require large surface areas to 
improve the chemical reaction (Chun et al., 2008). The overall performance of the 
TiOb immobilization can be affected by various factors depending on the 
immobilization method. In addition, it is also difficult to evaluate the photocatalytic 
efficiency of the immobilized TiC>2 as its photocatalytic activity is system-dependent. 
The efficiency can vary due to many factors, such as light source (artificial light 
source and real solar source) and chemical compounds (organics and dyes). There are 
also many alternative types of substrates typically used, e.g. optical fibre, fibreglass, 
quartz, borosilicate glass, and stainless steel. The substrate shape also can affect 
performance, such as cylinder, tube, sheets or plate, bead, etc (Lim et al., 2009). 
Therefore, TiC>2 immobilization procedure involves the determination of a suitable 
combination of immobilization method and substrate, prior to the determination of 
suitable number of coating cycles, calcination duration, and calcination temperature.
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