
CATALYTIC ACTIVITY STUDY OF Fe, Ti LOADED TUD-1
C H A P T E R  IV

4.1 Abstract

Bimetallic Fe and Ti incorporated into TUD-1 framework is successfully 
synthesized by sol-gel method. Tetraethyl ammonium hydroxide (TEAOH) was used 
as a structural directing agent. Silatrane. iron (III) chloride hexahydrate. and titanium 
(IV) isopropoxide were utilized as the silica, iron, and titanium sources, respectively. 
The synthesized Fe.Ti-TUD-1 was characterized by XRD. N2 adsorption/desorption. 
XRF. and DRUV. The obtained material has disordered mesoporous structures with 
high surface area (708-769 irf/g). To study the catalytic activity of the synthesized 
Fe.Ti-TFID-1. phenol hydroxylation using hydrogen peroxide as oxidizing agent was 
selected as a model reaction. Many factors were investigated, including reaction 
temperature, reaction time, amount of metals loaded, amount of catalyst, and molar 
ratio of reactants. The catalytic activity and selectivity of phenol hydroxylation were 
studied, and showed the high phenol conversion up to 9 3 %  with the selectivity of 
hydroquinone reached 53% at 90 °c for 1 h. using 30 mg of 0.01Fe.().01Ti-TUD-l 
catalyst and 1:3 phenol:FFO2.

Keywords: Silatrane. TUD-1. Bimetallics. Iron. Titanium. Phenol hydroxylation. 
Sol-gel process
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4.2 Introduction

TUD-1. one type of mesoporous silica, was discovered by the researcher 
from Lunimus Technology and the Delft University of Technology in 2001 [1], It 
possesses a three-dimensional amorphous structure of random and interconnecting 
pores. Unlike most other mesoporous materials. TUD-1 has many characteristics that 
make it a promising material as the catalyst. For instance, it has a high surface area 
(400-1000 m2/g). an excellent hydrothermal stability, a tunable pore size, and a 
better diffusion of large molecules into and out of the pores [2, 3]

The first synthesis route uses tetraethylorthosilane (TEOS) as the 
monomeric silica source mixing with triethanolamine (TEA) and optionally 
tetraethylammonium hydroxide (TEAOH). TEAOH acts as a template while TEA 
acts as co-template for both meso- and some micropore formation. Moreover. 
TEAOH generates a basic environment to accelerate TEOS hydrolysis [2].

According to material safety data sheet (MSDS), TEOS has significant 
disadvantages, such as high toxicity and moisture sensitivity. In order to solve these 
problems, the moisture stable and inexpensive silica source, silatrane introduced by 
Wongkasemjifs research group was used instead. It allows controlling the 
hydrolysis rate during sol-gel process. In addition, after silatrane is hydrolyzed, it 
generates TEA molecules, which act as the directing agent for TUD-1. Thus, it 
should be an important benefit of using this precursor [4-7],

However, the pure silica TUD-1 limits its catalytic applications. 
Incorporation of metals including most of the transition metals and some main group 
elements, such as boron, gallium and indium etc. into the frameworks of mesoporous 
materials is thus studied to modify the composition and improve its catalytic activity 
of the materials [8.9], Moreover, the incorporation of multi-component of hetero 
atoms can modify the surface properties more effectively than those of mono-kind of 
heteroatom and could be widely used in the field of catalysis [8].

In this research, the objectives of this work are to synthesize bimetallic 
Fe/Ti loaded TUD-] material via a sol-gel technique using silatrane as a precursor, 
and to study catalytic activity on oxidation of phenol due to its valuable oxidation 
products, viz. catechol (CAT), hydroquinone (HQ), and 1.4-benzoquinone (BQ). In
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m a n y  r e s e a r c h e s ,  t i ta n iu m  a n d  iro n  a re  w id e ly  lo a d e d  in  m a n y  m e s o p o r o u s  s i l ic a  an d  
a re  te s te d  a s  c a ta ly s ts  fo r  th is  r e a c t io n , in c lu d in g  T i - M S U  [1 0 ] , T i - S B A - 1 2 .  T i-S B A -  
16 [ ท ] .  F e -M C M - 4 8  [1 2 ] . F e -M C M -4 1  [1 3 ] . a n d  F e -H M S  [1 4 ] . M a n y  f a c to r s  a re  
a ls o  s tu d ie d  to  f in d  th e  o p t im u m  c o n d i t io n ,  s u c h  a s  r e a c t io n  te m p e r a tu r e ,  r e a c t io n  
t im e , a m o u n t  o f  m e ta ls  lo a d e d , a m o u n t  o f  c a ta ly s t ,  a n d  m o la r  r a t io  o f  r e a c ta n ts . 
M o re o v e r ,  le a c h in g , r e c y c l in g , th e rm a l  s ta b i l i ty  o f  th e  c a ta ly s t ,  a n d  p h o to c a ta ly t ic  
r e a c t io n  a re  s tu d ie d ,  a s  w e ll .

4 .3  E x p e r i m e n t a l

4 .3 .1  M a te r ia ls
F u m e d  s i l ic a  ( S iO : ,  9 9 .8 % . N ip p o n  A e r o s i l .  J a p a n ) .  U H P  g ra d e  

n i t r o g e n  (N ? . 9 9 .9 9 %  p u r i ty ,  T h a i I n d u s tr ia l  G a s e s  P u b l ic  C o m p a n y  L im ite d  (T IG ) . 
T h a i la n d ) ,  e th y le n e  g ly c o l  (E G . 9 9 % . J .T . B a k e r .  U S A ) , T E A  (Q R ë c  c h e m ic a l .  
T h a i la n d ) ,  a c e to n i t r i le  (C H '.C N . 9 9 .9 % . L a b s c a n . T h a i la n d ) ,  m e th a n o l  ( C H 3O H . 
9 9 .9 % . L a b s c a n . T h a i la n d ) .  T E A C H  ( 3 5 %  in w a te r )  ( S ig m a - A ld r ic h .  U S A ) . C A T  
(9 9 % , S ig m a - A ld r ic h .  U S A ) . H Q  (9 9 % . S ig m a - A ld r ic h .  U S A ) . B Q  ( 9 8 % . S ig m a -  
A ld r ic h . L IS A ), p h e n o l  d e ta c h e d  c r y s ta ls  ( F i s h e r  s c ie n t i f ic ,  U K ) , h y d r o g e n  p e ro x id e  
( H T X  3 0 %  พ /พ  F is h e r  s c ie n t i f ic .  U K ) , iro n  ( I I I )  c h lo r id e  h e x a h y d r a te  ( F e C L .6 H :0 .  
S ig m a - A ld r ic h .  U S A ) , a n d  t i ta n iu m  ( IV )  i s o p r o p o x id e  ( 9 8 % . A c r o s  o r g a n ic s .  L ISA ) 
w e re  u s e d  w i th o u t  f u r th e r  p u r i f ic a t io n .

4 .3 .2  S y n th e s is  M e th o d
4.3.2.1 ร) nthesis qfSilcitrcme

W o n g k a s e m j i f s  s y n th e t ic  m e th o d  w a s  f o l lo w e d  b y  m ix in g  
fu m e d  s i l ic a  (0 .1  m o l) . E G  ( 1 0 0  m l) , a n d  T E A  (0 .1 2 5  m o l)  [1 5 ] . T h e  m ix tu re  w a s  
r e f lu x e d  a t  2 0 0  ° c  u n d e r  N :  a tm o s p h e r e  fo r  10 h in o il b a th . T h e  e x c e s s  E G  a n d  
w a te r  w e r e  r e m o v e d  u n d e r  v a c u u m  a t  100 ° c .  T h e  p r o d u c t  w a s  w a s h e d  b y  
a c e t r o n i t r i l e  to  r e m o v e  T E A  a n d  E G  re s id u e . T h e  s i l a t r a n e  p r o d u c t  w a s  v a c u u m -  
d r ie d  o v e r n ig h t  b e f o r e  c h a r a c te r iz a t io n  u s in g  T G A  a n d  F T -IR .



4. ร. 2.2 Synthesis qf'Fe. Ti Loaded TUD-l
T h e  s y n th e s i s  o f  F e .T i-T U D -1  w a s  c a r r ie d  o u t  a c c o rd in g  to  

W o n g k a s e m j i f  s  m e th o d  [1 6 ] . A  d e s i r e d  a m o u n t  o f  F e C f .ô F B O  w a s  d i s s o lv e d  in d e 
io n iz e d  w a te r  a n d  th e  s o lu t io n  w a s  s t i r r e d  c o n t in u o u s ly ,  f o l lo w e d  b y  a d d in g  s i la t ra n e  
p r e c u r s o r  in to  th e  m ix tu re .  A f te r  th a t  t i ta n iu m  ( IV )  i s o p r o p o x id e  w a s  s lo w ly  a d d e d , 
th e  m ix tu r e  w a s  s t i r r e d  fo r  1 h . f o l lo w e d  b y  s lo w  in t r o d u c t io n  o f  T E A O H . T h e  
m ix tu r e  w a s  a g e d  a t ro o m  te m p e r a tu r e  fo r  4  h b e fo re  d r y in g  a t 1 0 0  ๐c  f o r  2 4  h. T h e  
m o la r  r a t io  o f  th e  m ix tu r e  w a s  1.0 s i la tra n e :  1 4 F F O :0 .7 T E A O H :x T i .y F e .  w h e re  0 .0 1  

< x . y <  0 .0 9 . T h e  r e s u l t in g  m a te r ia l  w a s  c a lc in e d  a t  6 0 0  °c fo r  10 h u s in g  a  h e a t in g  

ra te  o f  1 ๐c / m i n .  S i- T U D - 1 .  F e -T lID -1  a n d  T i-T L ID -1  w e r e  a ls o  s y n th e s iz e d  u s in g  
th e  s a m e  p r o c e d u r e  a s  th e  b im e ta l l ic  T U D - l . f o r  c o m p a r i s o n .

4 .3 .3  M a te r ia ls  C h a ra c te r iz a t io n
T h e  p h a s e  o f  m e s o p o ro u s  p r o d u c ts  w a s  c h a r a c te r iz e d  o n  a  R ig a k u  

T T R A X  III S m a ll  A n g le  X - R a y  D i f f r a c t io n  ( S A X D )  w i th  a  s c a n n in g  s p e e d  o f  1 
° /m in  a n d  C u K a  s o u rc e  (K= 0 .1 5 4  Â ) in  a  ra n g e  o f  2 6  =  0 .4 - 8 ° .  W id e  A n g le  X -R a y  
D i f f r a c t io n  ( W A X D )  w a s  p e r f o rm e d  o n  a  R ig a k u  S m a r t l a b ' w i th  a s c a n n in g  sp e e d  
o f  10 " /m in  a n d  C u K a  s o u rc e  ( /.=  0 .1 5 4  Â )  in  a r a n g e  o f  2 6  =  2 0 - 8 0 °  to  d e te rm in e  
th e  m e ta l n a n o c r y s ta ls .  T h e  s p e c i f ic  s u r f a c e  a r e a  w a s  m e a s u r e d  b y  th e  B r u n a u e r -  
E m m e t t - T e l le r  ( B E T ) m e th o d  a n d  th e  p o re  s iz e  d i s t r ib u t io n  w a s  c a lc u la te d  b y  th e  
B a r r e t t - J o y n e r - H a le n d a  ( B J H )  o n  a Q u a n ta s o r b  J r . (A u to s o rb -1  ). P r io r  to  e a c h  
a n a ly s is ,  th e  p r o d u c t  w a s  d e g a s s e d  a t  2 5 0  °c fo r  12 h. T h e r m a l  p r o p e r t ie s  w e re  
a n a ly z e d  b y  T h e r m a l  g r a v im e tr ic  a n a ly s is - F o u r ie r  t r a n s f o r m  in f r a re d  s p e c t ro m e try  
( T G A - F T I R )  o n  P y r is  D ia m o n s  P e rk in  E lm e r  u s in g  a  h e a t in g  ra te  o f  10 ° c /m in  
u n d e r  N :  a tm o s p h e r e .  F T IR  a n a ly s is  w a s  c o n d u c te d  o n  a  P e rk in  E lm e r  (S p e c tru m  
O n e )  w ith  a  s c a n n in g  r e s o lu t io n  o f  4  c m ' 1 to  in v e s t ig a te  f u n c t io n a l  g r o u p s  o f  th e  
s y n th e s iz e d  p r e c u r s o r s .  P o w d e r  s p e c im e n s  c o n ta in e d  1 .0 %  s a m p le  w ith  9 9 %  
p o ta s s iu m  b r o m id e  (K B r) . I d e n t i f ic a t io n  o f  F e .T i lo a d e d  T U D - l  f r a m e w o rk  w a s  
o b s e rv e d  b y  D if fu s e d  r e f le c ta n c e  u l t r a v io le t - v i s ib le  s p e c t r o m e te r  ( D R U V )  o n  a 
S h im a d z u  U V - 2 5 5 0  u s in g  B aS O -i a s  th e  re fe re n c e . T h e  m e ta l  c o n te n ts  in s a m p le s  
w e re  o b s e rv e d  b y  X - ra y  f lu o re s c e n c e  ( X R F )  o n  A X IO S  pw  4 4 0 0 .



4 .3 .4  A c t iv i ty  S tu d y
T h e  s tu d y  w a s  f o l lo w e d  A d a m  a n d  c o w o r k e r s ' m e th o d  [1 7 ] fo r  th e  

o x id a t io n  o f  p h e n o l  b y  d i s s o lv in g  p h e n o l  (1 .8 8  g . 2 0  m m o l)  in  10 m L  o f  w a te r .  T h e  
m ix tu r e  w a s  th e n  t r a n s f e r r e d  in to  in  a  5 0  m L  d o u b le - n e c k e d  r o u n d - b o t to m  f la sk  f itte d  
w ith  a  w a te r - c o o le d  c o n d e n s e r ,  c o n ta in in g  3 0  m g  o f  c a ta ly s t  a n d  im m e r s in g  in  a n  o il 
b a th  w a s  a d d e d  d r o p - w is e  to  th e  v ig o ro u s ly  s t i r r e d  (6 0 0  r p m )  r e a c t io n  m ix tu re . 
A l iq u o ts  o f  th e  re a c t io n  m ix tu r e  (0 .5  c m ')  w e re  p e r io d ic a l ly  w i th d r a w n  u s in g  a 
s y r in g e . T h e  s a m p le s  w e re  a n a ly z e d  b y  a  U F L C  S h im a d z u  h ig h  p e r f o r m a n c e  liq u id  
c h r o m a to g r a p h y  ( H P L C )  e q u ip p e d  w ith  a C -1 8  r e v e r s e - p h a s e  c o lu m n  ( In e r ts i l  O D S -
3) a n d  a u v  d e te c to r  ( S P D -M 2 0 A  S h im a d z u ) .  T h e  p r o d u c ts  w e r e  f u r th e r  c o n f i rm e d  
b y  c o m p a r in g  th e  H P L C  o f  th e  r e s p e c t iv e ly  p u re  C A T . B Q . a n d  H Q . A ll r e a c t io n s  
w e re  p e r f o rm e d  in  t r ip l ic a te  a n d  a v e r a g e  v a lu e s  w e re  u s e d  in  th e  d a ta  p r e s e n ta t io n  

[1 7 ] .
4 .3 .5  L e a c h i im  a n d  R e u s a b le  S tu d y

L e a c h in g  o f  m e ta l io n s  f ro m  th e  c a ta ly s t  w a s  d e te r m in e d  b y  f i l te r in g  
o f f  th e  c a ta ly s t  f ro m  th e  r e a c t io n  m ix tu re  a f te r  3 0  m in  b y  u s in g  h o t f i l t r a t io n  
te c h n iq u e .  T h e  h o t f i l t r a te  w a s  t r a n s f e r r e d  w i th o u t  d e là} ' in to  a  ro u n d  b o t to m  f la s k  
w h ic h  h a d  b e e n  im m e rs e d  in  o il b a th  a t  th e  s a m e  te m p e r a tu r e .  T h e  r e a c t io n  w a s  
a l lo w e d  to  c o n t in u e  f o r  1 It ( w i th o u t  th e  c a ta ly s t )  a n d  th e  c o u r s e  o f  th e  re a c t io n  w a s  
m o n i to re d  p e r io d ic a l ly  b y  H P L C - U V  to  c o m p a re  w i th  th e  r e s u l t s  b e f o r e  h o t f i l t r a t io n  

[1 7 ] .
R e u s a b i l i ty  w a s  s tu d ie d  b y  r e g e n e r a t in g  th e  c a ta ly s t  b y  w a s h in g  w ith  

d i s t i l le d  w a te r ,  d r ie d  in a n  o v e n  a t  353K  fo r  6 It a n d  c a lc in e d  a t  500 °c  fo r  2 h w ith  a
0.5 °C 7 m in  h e a t in g  ra te . T h e  c a ta ly s t  w a s  c o l le c te d  a n d  re u s e d  fo r  f u r th e r  ru n s , a s  
d e s c r ib e d  e ls e w h e r e  [1 7 ] ,
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4.4  R e s u lts  a n d  D isc u ss io n

4.4.1 C h a ra c te riz a tio n  o f  S ila tran e  P recu rso r
S ila t r a n e  p r e c u r s o r  w a s  id e n t if ie d  b y  F T - I R  a n d  T G A . T h e  re s u lts  

o b ta in e d  w e r e  c o n s is te n t  w i th  th o s e  r e p o r te d  p r e v io u s ly  [1 5 ] . T h e  o b s e rv e d  F T - IR  
b a n d s  w e r e  3 0 0 0 - 3 7 0 0  c m ' 1 (พ . v O - H ) .  2 8 6 0 - 2 9 8 6  c m ' 1 (ร. v C - H ) .  1 2 4 4 - 1 2 7 5  c m ' 1 

(m . v C - N ) .  1 1 7 0 - 1 1 1 7  c m ' 1 (b s . v S i - O ) .  10 9 3  c m ' 1 (ร. v S i - O - C ) .  10 73  c m ' 1 (ร. v C -

O ). 1 0 4 9  c m ' 1 (ร. v S i - O ) .  1021 c m ' 1 (ร. \ 'C - 0 ) ,  7 8 5  a n d  7 2 9  c m ' 1 (ร. v S i - O - C ) .  a n d  

5 7 9  c m ' 1 (พ . \ ’N - S i) .  a s  s e e n  in F ig u re  4 .1 . T G A  r e s u l t  in F ig u r e  4 .2  s h o w e d  o n e  

s h a r p  m a s s  lo s s  a t  3 9 0  ° c  a n d  g a v e  a 1 9 %  c e r a m ic  y ie ld  o f  N ( C H :C F F O h S i -  
O C F F C F F - N (  C F F C F F O H  K

4 .4 .2  C h a r a c te r iz a t io n  o f  F e .T i-T U D -1  C a ta ly s t
X R D  p a t te rn s  o f  th e  c a lc in e d  p u re  T U D -1  a n d  m e ta l  lo a d e d  T U D -1  

( F ig u re  4 .3 )  s h o w e d  a  s in g le  b ro a d  p e a k  a t 2 0  0 .8 - 2 ° .  c o n f i r m in g  th e  d is o r d e r  
m e s o s tr u e tu r e d  m a te r ia l  o f  T U D -1  [1 8 ] . T i-T U D -1  s a m p le s  w i th  T i S i r a t io  b e tw e e n
0 .01  a n d  0 .0 9  ( F ig u re  4 .3 ( c ) )  w e re  s u c c e s s f u l ly  p r e p a r e d  u s in g  
t i ta n iu m )  I Y ) is o p r o p o x id e  a s  a t i ta n iu m  s o u rc e  d u e  to  th e  h y d r o p h o b ic  in te r a c t io n  
b e tw e e n  i s o p r o p o x id e  a n d  T E A C H , w h ic h  s ta b i l i z e d  th e  s t r u c tu r e  o f  T U D -1  [1 9 ], 
H o w e v e r ,  in  c a s e  o f  F e -T U D -1 . fu r th e r  in c re a s e  o f  F e  S i r a t io  o v e r  0 .0 3  (F ig u re  
4 .3 ( b ) )  c a u s e d  th e  T U D -1  s t r u c tu r e  c o l la p s e d  b e c a u s e  o f  th e  le s s  e f f e c t iv e  a n io n ic  
c h lo r id e  io n  o f  th e  iro n  p re c u r s o r ,  c a u s in g  an  im b a la n c e  o f  th e  c h a r g e  m a tc h in g  a t 
h ig h  c o n c e n t r a t io n  [2 0 ] . B im e ta l l ic  s a m p le s  o f  x F e - y T i- T U D -1  w i th  0 .0 1 < x < 0 .0 3  
a n d  0 .0 1 < y < 0 .0 9  (F ig u re  4 .3 ( a ) )  a ls o  p r o v id e d  d i s o r d e r  m e s o s t r u e tu r e d  o f  T U D -1  
w ith  th e  a b s e n c e  o f  th e  c h a r a c te r is t ic  p e a k s  o f  T i f f  a n d  F e 4  ); n a n o p a r t ic le s ,  a s  
o b s e rv e d  b y  w id e  a n g le  X R D  ( F ig u re  4 .4 ) .

N :  A d s o r p t io n /d e s o r p t io n  is o th e r m s  in F ig u r e  4 .5  s h o w e d  a ty p e  IV  
is o th e rm  w i th  a  ty p ic a l H -2  h y s te r e s is  lo o p . It m e a n s  th a t  a ll T U D -1  s a m p le s  h a d  
m e s o p o ro u s  s t r u c tu r e  w i th  in te r c o n n e c te d  p o re  n e tw o rk  [1 9 ] , P u re  T U D -1 . 
m o n o m e ta l l ic  T U D -1 .  a n d  b im e ta l l ic  T U D -1  a ll e x h ib i te d  th e  n a r r o w  p o re  s iz e  
d i s t r ib u t io n  w ith  a p o re  d i a m e te r  a ro u n d  4 .5 - 7 .0  ททไ as  s h o w n  in  F ig u r e  4 .6 . T h e  
p h y s ic o -c h e m ic a l  p r o p e r t ie s  o f  a ll T U D -1  s a m p le s  w e r e  s u m m a r iz e d  in T a b le  4 .1 .



T h e  B E T  s u r f a c e  a r e a  w a s  o b ta in e d  in  a ra n g e  o f  5 6 2 - 7 7 7  n r  g  w i th  a  p o re  v o lu m e  
b e tw e e n  0 .6 3 - 1 .1 2  c c /g . In  a d d i t io n ,  th e  s u r f a c e  a r e a  a n d  p o re  v o lu m e  o f  m e ta l 
lo a d e d  T U D -1  w e r e  h ig h e r  th a n  th e  p u re  T U D -1 . T h e  r e a s o n  m a y  c o m e  f ro m  th e  
la rg e r  p o re  v o lu m e  o f  th e  m e ta l lo a d e d  T U D -1  th a n  th e  p u re  T U D -1  d u e  to  th e  
p r e s e n c e  o f  th e  la rg e  iro n  ( P a u l l in g  r a d iu s  -  6 4  p m )  a n d  t i ta n iu m  a to m s  (P a u l l in g  
r a d iu s  =  6 0  p m ) , c o m p a re d  w ith  th e  s i l ic o n  a to m  ( P a u l l in g  r a d iu s  =  4 2  p m ) , in  th e  
f ra m e w o rk ,  a s  e x p la in e d  b y  R a m a n a th a n  a n d  c o - w o r k e r s  [2 1 ] .

T h e  to ta l  a m o u n ts  o f  th e  m e ta l in  F e -T U D - 1 .  T i - T U D - 1 .  a n d  F e -T i-  
T lJ D -1  w e r e  a ls o  d e te r m in e d  u s in g  X R F  s p e c t ro s c o p y ,  a s  s u m m a r iz e d  in  T a b le  4 .2 . 
It is r e v e a le d  th a t  th e  a c tu a l  c o n te n ts  o f  F e  a n d  T i in t r o d u c e d  in to  th e  f r a m e w o rk  o f  
T U D -1  w e re  c lo s e d  to  th e  c o m p o s i te  g e ls .

T h e  in c o r p o ra t io n  o f  T i a n d  F e  in to  th e  T U D -1  f r a m e w o rk  w a s  
e x a m in e d  b y  D R U V -V is  s p e c t ro s c o p y  ( F ig u re  4 .7 ) . F e -T U D -1  s a m p le s  w i th  F e  Si 
r a t io s  o f  0 .0 1  a n d  0 .0 3 , a s  i l lu s t ra te d  in  F ig u re  4 .7 ( a ) .  s h o w e d  th e  a b s o rp t io n  b a n d  
b e tw e e n  2 0 0  a n d  2 8 0  ททา w ith  a m a x im u m  c e n te re d  a t  2 4 0  m il. a t t r ib u te d  to  th e  
c h a r g e - t r a n s f e r  t r a n s i t io n s  in v o lv in g  is o la te d  F e ’+ in F e ''+(X| te t r a h e d r a l  c o o rd in a t io n .  
T h e  a d s o r p t io n  b a n d  b e tw e e n  3 0 0  a n d  4 0 0  m il o b s e rv e d  fo r  th e  F e -T U D -1  a re  
a t t r ib u te d  to  o c ta h e d ra l  F e 3+ in  s m a ll  o l ig o m e r ic  F e xOy c lu s te r s .  In  a d d i t io n ,  th e  b a n d  
a t  4 0 0 - 6 0 0  m il w a s  a ls o  p re s e n te d  in th e  F e -T U D -1  s a m p le s ,  in d ic a t in g  th a t  th e se  
s a m p le s  h a d  th e  b u lk  iro n  o x id e  a s  th e  e x t r a f r a m e w o r k  [2 2 ] , T i-T U D -1  s a m p le s  
(F ig u re  4 .7 ( a ) )  s h o w e d  a n  in te n s e  u v  b a n d  a t  2 0 0  m il. w h ic h  w a s  c h a r a c te r i s t ic  o f  
th e  te t r a h e d r a l  t i ta n iu m  s i te s  in  th e  f r a m e w o rk ,  w h ic h  a r e  k n o w n  a s  th e  c a ta ly t ic  
a c t iv e  s ite  f o r  th e  r e a c t io n s .  H o w e v e r ,  a s  th e  T i S i r a t io  in c re a s e d  a b o v e  0 .0 1 . a  b ro a d  
b a n d  in  th e  r e g io n  f ro m  2 2 0  to  2 6 0  m il. c o r r e s p o n d in g  to  p a r t i a l ly  p o ly m e r iz e d  T i -  
O - T i  s p e c ie s ,  a p p e a re d .  M o re o v e r ,  o c ta h e d ra l  a n a ta s e  w a s  a ls o  d e te c te d  a t  3 3 0  m il 
[1 6 ] . T h e  b im e ta l l ic  F e  a n d  T i lo a d e d  T U D -1  (F ig u re  4 .7 ( b ) )  e x h ib i te d  th e  b a n d  a t 
2 0 0  m il r e la te d  to  th e  te t r a h e d r a l  c o o rd in a t io n s  o f  i s o la te d  F e ;+ a n d  T i4\  T h e  
a b s o rp t io n  b a n d s  o f  s o m e  T i-O -T i s p e c ie s ,  s m a ll  F e -O -F e  c lu s te r s  a n d  o c ta h e d ra l  
f e rr ic  o x id e  e x t r a f r a m e w o r k  w e re  o b s e rv e d  a t 2 5 0 - 3 0 0 .  3 0 0 - 4 0 0 .  a n d  4 0 0 - 6 0 0  11111. 
r e s p e c t iv e ly . T h e  e n e r g y  b a n d  g a p s  o f  th e  te t r a h e d r a l  F e ’+ a n d  T i4+ c a lc u la te d  f ro m  
e q u a t io n  4.1 a re  5 .1 8  a n d  6 .21  e V . r e s p e c tiv e ly .



Band gap energy (E) = h*c/x (4.1)

W h e re  h =  P la n k s  c o n s ta n t  =  6 .6 2 6  X 10’34 J o u le s  se c  
c  =  S p e e d  o f  l ig h t =  3 .0  X 10s m e te r /s e c  
A, = c l i t  o f f  w a v e le n g th  ( m e te r  ) 
l e V  = 1 . 6  X  1 0 '19 J o u le s

4 .4 .3  C a ta ly t ic  A c t iv i ty  o n  P h e n o l H v d ro x v la t io n
T o  o b ta in  th e  o p t im u m  c o n d i t io n  o f  th e  r e a c t io n ,  th e  f o l lo w in g  fa c to rs

w e re  s tu d ie d .
4.4.3.1 Reliction Temperature

T h e  r e a c t io n  te m p e r a tu r e  w a s  v a r ie d  f ro m  3 0 - 9 0  ° c .  as  
p r e s e n te d  in  F ig u r e s  4 .8  a n d  4 .9 . T h e  o p t im u m  r e a c t io n  te m p e r a tu r e  w a s  c h o s e n  by  
c o n s id e r a t io n  o f  th e  te m p e r a tu r e  giv in g  th e  m o s t  d e s i r a b le  p h e n o l  c o n v e r s io n  a n d  
s e le c t iv i ty .  It w a s  o b s e rv e d  th a t  th e  p h e n o l  c o n v e r s io n  in c re a s e d  w i th  te m p e ra tu re  
f ro m  3 0 .8  to  5 9 .7 %  w i th in  1 h. In  a d d i t io n , w h e n  th e  t e m p e r a tu r e  w e n t  u p  to  9 0  ° c .  
B Q  d is a p p e a r e d  w h ile  H Q  s e le c t iv i ty  in c re a s e d  to  5 3 .1 % . T h is  in d ic a te s  th a t  B Q  is 
e n e r g e t ic a l ly  a c t iv a te d  b e fo re  c o n v e r t in g  to  a h ig h e r  e n e r g y  m o le c u le  a s  H Q  [2 3 ]. 
T h u s . 9 0  ° c  w a s  s e le c te d  a s  th e  o p t im u m  r e a c t io n  te m p e ra tu re .

4.4.3.2 Reaction Time
A t th e  o p t im u m  te m p e ra tu re ,  th e  p h e n o l  c o n v e r s io n  in c re a s e d  

r a p id ly  a n d  re a c h e d  e q u i l ib r iu m  w i th in  3 0  m in  d u e  to  th e  fa s t  d e c o m p o s i t io n  o f  H 2O 2 

a t h ig h  te m p e r a tu r e  [1 7 ] , T h e  r e a c t io n  a t 3 0  m in  s h o w e d  6 1 .0 %  o f  p h e n o l  c o n v e r s io n  
a n d  y ie ld e d  o n ly  H Q  a n d  C A T  p r o d u c ts  w i th  5 0 .2 %  s e le c t iv i ty  o f  H Q . a s  s h o w n  in 
F ig u re  4 .8 . F ig u re  4 .9  s h o w s  th a t th e  B Q  s e le c t iv i ty  w a s  I 1 .0 %  a t th e  b e g in n in g  o f  
th e  r e a c t io n  a n d  g r a d u a l ly  d e c re a s e d  to  0 %  a f te r  3 0  m in . T h e  s im i la r  r e s u lt  w a s  a ls o  
o b s e rv e d  b y  S u n  a n d  c o - w o rk e r s  [2 4 ] w h o  fo u n d  th a t  th e  s e le c t iv i ty  o f  B Q  in th e  
p r o d u c t  w a s  v e ry  h ig h  a t  th e  b e g in n in g  o f  th e  r e a c t io n . A s  p r o lo n g in g  th e  re a c t io n  
b e y o n d  4  h . B Q  s e le c t iv i ty  w a s  d o w n  to  2 .3 % . T h e  r e a s o n  m a y  c o m e  f ro m  th e  fa c t 
th a t  th e  fo rm a t io n  o f  p a ra -B Q  w a s  a fa s t  o v e r - o x id a t io n  o f  H Q  in th e  re a c t io n  
m e d iu m  b y  a  la rg e  c o n c e n t r a t io n  o f  H 2O 2 a t th e  b e g in n in g  o f  th e  re a c t io n , a s



27

d e s c r ib e d  b y  A l l ia n  a n d  c o - w o rk e r s  [2 5 ] . In  th is  s tu d y , 6 0  m in  r e a c t io n  t im e  w a s  
c h o s e n  a s  th e  o p t im u m  r e a c t io n  t im e  b e c a u s e  o f  th e  h ig h e r  p r o d u c t  s e le c t iv i ty  o f  H Q .

4.4.3.3 Amount o f Catalyst
T h e  e f f e c t  o f  th e  c a ta ly s t  m a s s  w a s  s tu d ie d  u s in g  v a r io u s  

c a ta ly s t  c o n te n ts  (1 0  to  7 0  m g ) , a s  s h o w n  in  F ig u re  4 .1 0 . T h e  m a x im u m  p h e n o l 
c o n v e r s io n  o f  5 3 .8 %  w a s  o b ta in e d  w h e n  3 0  m g  o f  c a ta ly s t  w a s  u s e d . F u r th e r  in c re a s e  
in  th e  c a ta ly s t  m a s s  to  7 0  m g . th e  c o n v e r s io n  w a s  s l ig h t ly  d e c r e a s e d  to  5 0 .1 % . T h e  
re a s o n  w a s  e x p la in e d  b y  A d a m  a n d  c o - w o rk e r s  [1 7 ] . It c o u ld  b e  th a t  th e  la rg e r  
a m o u n t  o f  c a ta ly s t  a c c e le r a te d  th e  H T ) :  d i s s o c ia t io n ,  c a u s in g  to o  fa s t  r e a c t io n  r a te  to  
fo rm  th e  a c t iv e  in te r m e d ia te  th a t  a f fe c ts  th e  o x id a t io n  [1 7 ] , T h e  o v e ra l l  r e a c t io n s  a n d  
th e  r e a c t io n  o f  th e  a c t iv e  in te r m e d ia te  f o rm a t io n  a re  d e s c r ib e d  in  S c h e m e  4 .1 . 4 .2  
a n d  4 .3 - 4 .4 .  r e s p e c t iv e ly  [1 3 . 2 6 -2 7 ] , In  c o n t r a s t ,  th e  p r o d u c t  s e le c t iv i ty  o f  H Q  w a s  
m a x im iz e d  w h e n  th e  c a ta ly s t  c o n te n t  w a s  7 0  m g . S in c e  th e  c o n v e r s io n  w a s  d e c re a s e d  
a s  in c re a s in g  th e  c a ta ly s t  c o n te n t  to  7 0  m g . th e  o p t im u m  c a ta ly s t  m a s s  s e le c te d  w a s  
3 0  m g .

4.4.3.4 Reactants Molar Ratio
T h e  m o la r  r a t io  o f  p h e n o l  to  H 2O 2 w a s  s tu d ie d  a n d  th e  r e s u lts  

a re  p r e s e n te d  in  F ig u r e  4 .1 1 . T h e  p h e n o l  c o n v e r s io n  w a s  fo u n d  to  in c re a s e  
d r a m a t ic a l ly  w i th  a n  in c re a s e  in H 2O 2 a m o u n t  f ro m  5 3 .8  to  9 0 .5 %  ( f o r  1:1 a n d  1:3 
p h e n o l:H 2 0 2 -  r e s p e c t iv e ly ) .  W h e n  th e  m o la r  c o n c e n t r a t io n  o f  H 2O 2 w a s  f ix e d  a n d  th e  
m o la r  c o n c e n t r a t io n  o f  th e  p h e n o l  w a s  in c re a s e d , th e  p h e n o l  c o n v e r s io n  w a s  
d e c r e a s e d  to  3 8 .0 %  d u e  to  in s u f f ic ie n t  a m o u n t  o f  H 2O 2 to  r e a c t  w ith  th e  la rg e  e x c e s s  
o f  p h e n o l ,  a s  e x p la in e d  b y  A d a m  a n d  c o w o r k e r s  [1 7 ] , T h e  p r o d u c t  s e le c t iv i ty  w a s  
fo u n d  to  r e m a in  c o n s ta n t  a t 5 5 .0 %  o f  H Q  a n d  4 5 .0 %  o f  C A T  th r o u g h o u t  th e  m o la r  
r a t io  v a r ia t io n  o f  th e  r e a c ta n ts  s tu d ie d . It c a n  be  c o n c lu d e d  th a t  th e  o p t im u m  m o la r  
r a t io  w a s  1:3 p h e n o l :H :Q 2.

4.4.3.5 Amount o f Metal Loaded
T h e  e f f e c t  o f  th e  m e ta l lo a d in g  ( T a b le  4 .3 )  w a s  s tu d ie d  u n d e r  

th e  o p t im u m  r e a c t io n  c o n d i t io n s .  A ll m e ta l  lo a d e d  T U D -1  s h o w e d  th e  h ig h e r  p h e n o l  
c o n v e r s io n  th a n  th e  p u re  T U D -1 . 0 .0 1 F e ,0 .0 1 T i - T U D - l  e x h ib i te d  h ig h  p h e n o l  
c o n v e r s io n  a t  9 3 . 1 %  w ith  th e  5 3 .4 %  H Q  s e le c t iv i ty .  Its  c a ta ly t ic  a c t iv i ty  w a s  a lm o s t  
th e  s a m e  a s  th a t  o f  0 .0 1 F e - T U D - l .  L ik e w is e . 0 .0 3 F e ,0 .0 1 T i - T U D - l ,  w h ic h  h a d  th e
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lo w e r  p h e n o l  c o n v e r s io n ,  b lit h ig h e r  B Q  s e le c t iv i ty  th a n  th o s e  u s in g  th e
0 .0 1 F e .0 .0 1 T i - T U D - l ,  a l s o  s h o w e d  th e  s im ila r  c a ta ly t ic  a c t iv i ty  to  0 .0 3 F e - T U D - l .  
F ro m  th e  D R U V  r e s u l t s ,  th e  F e /S i >  0 .0 3  r e s u lte d  in  s o m e  p o ly m e r iz e d  F e  s p e c ie s  in 
th e  e x t r a f r a m e w o r k ,  a n d  th e s e  s p e c ie s  c a n  a c c e le r a te  a  d e c o m p o s i t io n  o f  F F C K  
m a k in g  th e  p h e n o l  c o n v e r s io n  d e c r e a s e  [1 4 ] , M o re o v e r ,  th e  s m a l le r  c a ta ly t ic  a c t iv e  
s i te s  c o u ld  r e d u c e  th e  d i h y d r o x y  b e n z e n e  s e le c t iv i ty  [1 3 . 14]. A l th o u g h  fu r th e r  
in c re a s e  in  th e  t i ta n iu m  lo a d in g  o f  b im e ta l l ic  c a ta ly s ts  le a d e d  to  a  d e c r e a s e  in th e  
c a ta ly t ic  a c t iv i ty ,  th e  b im e ta l l ic  T U D -1  s ti l l  s h o w e d  th e  h ig h e r  c o n v e r s io n  th a n  T i- 
T U D -1 . T h is  w a s  a ls o  a c c o m p a n ie d  w ith  a  fa ll in  th e  d ih y d r o x y b e n z e n e  s e le c t iv i ty ,  
b u t th e  in c re a s e  in  B Q  s e le c t iv i ty .  T h e  s im ila r  r e a s o n  w a s  e x p la in e d  in  th e  s a m e  w a y  
a s  th e  F e  s p e c ie s ,  w h ic h  w a s  d is c u s s e d  b y  P e re g o  a n d  c o - w o r k e r s  [2 8 ] . H e n c e , th e  
o p t im u m  m e ta l lo a d in g  o f  b im e ta l l ic  T U D -1  c h o s e n  w a s  0 . ( ) lF e .0 .0 1 T i - T U D - l .

4.4. 3. 6 Leaching and Catalyst Recycling
L e a c h in g  e f fe c t  a n d  c a ta ly s t  r e u s a b i l i t y  w e r e  p e r f o rm e d  b y  

u s in g  0 .01  F e .0 .0 1 T i - T U D - l  d u e  to  its  h ig h e s t  p h e n o l  c o n v e r s io n .  T h e  r e s u l t s  s h o w e d  
th a t  a f te r  th e  c a ta ly s t  w a s  F ilte red  b y  h o t f i l t r a t io n  fo r  3 0  m in . th e  p h e n o l  c o n v e r s io n  
w a s  s ig n if ic a n t!} ' in c re a s e d  a s  th e  r e a c t io n  t im e  in c re a s e d ,  a s  p r e s e n te d  in  T a b le  4 .4 . 
It in d ic a te d  th a t th e  e x t r a f r a m e w o r k  F e  w h ic h  w a s  r e ta in e d  in  th e  s u p p o r t  o n ly  b y  
w e a k  V a n  d e r  W a a ls  b o n d s , le a c h e d  o u t to  th e  r e a c t io n  m ix tu r e  [2 9 ] , M o re o v e r ,  
s t r o n g  c o m p le x in g  a n d  s o lv o ly t ic  p r o p e r t ie s  o f  th e  o x id a n t  a n d /o r  in te rm e d ia te  
p r o d u c ts  ( e .g . c a te c h o l )  m a y  ru p tu r e  th e  m e ta l - o x y g e n  b o n d s ,  r e s u l t in g  in  th e  m e ta l 
le a c h in g  [2 9 ] , T h e  le a c h in g  r e s u l t  w a s  c o n f i rm e d  b y  th e  d r a m a t ic  d e c r e a s e  o f  p h e n o l  
c o n v e r s io n  fo r  th e  s e c o n d  a n d  th e  th ird  r e c y c l in g  c y c le ,  a s  s h o w n  in  T a b le  4 .5 . T h e  
th ird  r e u s e d  c a ta ly s t  w a s  c h a r a c te r iz e d  b y  S A X D  a n d  S A A . a s  s h o w n  in  F ig u re  4 .1 2  
a n d  T a b le  4 .6 .  r e s p e c t iv e ly .  T h e  r e s u lt s  s h o w e d  th e  d i s a p p e a r a n c e  o f  th e  
c h a r a c te r i s t ic  p e a k  o f  T U D -1  a n d  th e  d e c r e a s e  o f  th e  B E T  s u r f a c e  a r e a . T h is  is a n  
in d ic a t iv e  o f  th e  c o l la p s e  in  th e  c a ta ly s t  s tru c tu re .

4.4.3.~ H) 'drothennal Stabilit) ■
T o  s tu d }  th e  h y d r o th e r m a l  s ta b i l i ty  o f  th e  c a ta ly s t ,  th e  u se d

0 .0 1 F e - T U D - l .  ( ) .0 1 T i - T U D - l . a n d  0 .01  F e .0 .0 1 T i - T U D - l  w e re  r in s e d  w ith  w a te r  
a n d  c a lc in e d  a t 5 0 0  °c w ith  a h e a t in g  ra te  0 .5  ° c / m i n  fo r  2 h to  r e m o v e  th e  o rg a n ic  
re s id u e . T h e  c a lc in e d  c a ta ly s t  w a s  e x a m in e d  b v  S A X D  a n d  S A A . a s  i l lu s t ra te d  in
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F ig u re  4 .1 2  a n d  T a b le  4 .6 . r e s p e c tiv e ly . T h e  r e s u l t s  s h o w e d  th a t  th e  B E T  s u r fa c e  
a r e a  o f  th e  u s e d  c a ta ly s ts  d e c re a s e d . T h e  c h a r a c te r is t ic  p e a k  o f  th e  b im e ta l l ic  c a ta ly s t  
w a s  d i s a p p e a re d .  H o w e v e r ,  m o n o m e ta l l ic  c a ta ly s t  s t i l l  e x h ib i te d  th e  c h a r a c te r is t ic  
p e a k  o f T U D - 1 .  T h e  le s s  h y d ro th e rm a l s ta b i l i ty  o f  b im e ta l l ic  T U D -1  m a y  c o m e  fro m  
th e  la rg e r  p o re  s iz e  th a n  th e  m o n o m e ta l l ic  T U D -1 . a s  s h o w n  in  T a b le  4 .1 .  r e s u l t in g  in 
th e  le s s  w a ll th ic k n e s s ,  w h ic h  is o n e  o f  th e  f a c to r s  r e s p o n s ib le  fo r  th e i r  h y d ro th e rm a l 
s ta b i l i ty  [3 0 ] ,

4.4.3.8 Photocataly tic Reaction
T a b le  4 .7  s h o w s  th e  p h o to c a ta ly t ic  a c t iv i ty  o f  th e  

m o n o m e ta l l ic  a n d  b im e ta l l ic  T U D -1  fo r  p h e n o l  h y d r o x y la t io n  w h ic h  w a s  p e r fo rm e d  
u n d e r  10 0  พ  o f  u v  ra d ia t io n . B o th  p u re  T U D -1  a n d  0 .0 1 T i - T U D - l  h a d  lo w  
p h o to c a ta ly t ic  a c t iv i ty .  H o w e v e r ,  t i ta n iu m  m o d if ie d  s a m p le s  e x h ib i t  th e  a c t iv i ty  a s  a 
f u n c t io n  o f  t i ta n iu m  lo a d in g . T h e  h ig h e s t  a c t iv i ty  w a s  o b s e r v e d  a t  0 .0 7 %  o f  T i/S i . A  
f u r th e r  in c re a s e  in  t i ta n iu m  lo a d in g  r e s u lte d  in  a  d e c r e a s e  o f  a c t iv i ty ,  p o s s ib ly  d u e  to  
a  c o m b in a t io n  o f  f a c to r s  in c lu d in g  d e c r e a s e  in  s u r fa c e  a r e a ,  p o re  s iz e  a n d  in c re a s e  in 
T i e r  p a r t i c le  s iz e  in s id e  th e  c h a n n e ls  [3 1 ] . T h e  s im i la r  r e s u lt  w a s  a ls o  o b s e rv e d  in 
b im e ta l l ic  T U D -1 . M o re o v e r ,  th e  in c re a s e  in  iro n  c o n te n t  d id  n o t im p ro v e  th e  
p h o to c a ta ly t ic  a c t iv i ty  fo r  b o th  m o n o m e ta l l ic  a n d  b im e ta l l ic  T U D -1 .  in d ic a t in g  th a t 
th e  in c o r p o ra t io n  o f  t i ta n iu m  s p e c ie s  e n h a n c e d  th e  p h o to c a ta ly t ic  a c t iv i ty .

4 .5  C o n c lu s io n s

T h e  b im e ta l l ic  F e .T i-T U D -1  w a s  s u c c e s s f u l ly  s y n th e s iz e d  v ia  s o l-g e l 
p r o c e s s  u s in g  s i la t r a n e .  t i ta n iu m ( I V ) is o p r o p o x id e  a n d  iro n t III ( c h lo r id e  a s  s i l ic a , 
t i ta n iu m , a n d  iro n  s o u rc e s ,  r e s p e c tiv e ly . T h e  o b ta in e d  O .O lF e .O .O lT i-T U D -1  w a s  
u t i l i z e d  a s  th e  c a ta ly s t  fo r  p h e n o l  h y d r o x y la t io n ,  u s in g  th e  f o l lo w in g  o p t im u m  
c o n d i t io n s :  9 0  ° c  r e a c t io n  te m p e ra tu re .  6 0  m in  r e a c t io n  t im e .  1:3 p h e n o l :h y d ro g e n  
p e r o x id e  r a t io ,  a n d  3 0  m g  o f  c a ta ly s t  c o n te n t .  T h e  h ig h e s t  p h e n o l  c o n v e r s io n  o f  
9 3 .1 %  w ith  th e  5 3 .4 %  s e le c t iv i ty  o f  h y d r o q u in o n e  w a s  o b ta in e d .  H o w e v e r ,  le a c h in g  
o f  th e  m e ta l io n  in to  th e  r e a c t io n  m ix tu re  w a s  o b s e rv e d ,  m a k in g  th e  c a ta ly s t  u n a b le  
to  b e  r e u s e d . T h e  th in n e r  w a ll th ic k n e s s  o f  0 .0 ] F e .0 .0 1 T i - T U D - l  s h o w e d  th e  lo w e r  
h y d r o th e r m a l  s ta b i l i ty  th a n  0 .0 1 F e - T U D - l  a n d  O .O lT i-T lJ D -1 . h a v in g  th e  th ic k e r
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w a ll. T h e  p h e n o l  h y d r o x y la t io n  u n d e r  th e  u v  r a d ia t io n  s h o w e d  th e  lo w e r  p h e n o l  
c o n v e r s io n  ( 1 7 .4 % ) .
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Table 4.1 T h e  B E T  a n a ly s is  o f  T U D -1  a n d  m e ta l  lo a d e d  T U D -1  c o n ta in in g  d i f f e re n t  
m e ta l  c o n te n ts

S a m p le s B E T  S u r fa c e  
A r e a  ( i r f / g )

P o re  V o lu m e  
( c c /g )

A v e ra g e  P o re  
S iz e  (n m )

T U D -1 5 6 2 0 .6 3 4.51

0 .0 1 - T i - T U D - l 7 0 6 0 .8 8 4 .9 9

0 .0 3 - T i - T U D - l 7 1 8 0 .9 3 5 .1 9

0 .0 5 - T i- T U D - l 7 7 7 0 .9 5 4 .9 0

0 .0 7 - T i - T U D - l 7 6 8 0 .9 2 4 .81

0 .0 9 - T i - T U D - l 7 4 5 0 .8 5 4 .5 9

0 .0 1 - F e - T U D - l 741 1.05 5 .6 9

0 .0 3 - F e - T U D - l 5 7 9 1.01 6 .9 5

0 .0 1 F e .0 .0 1 T i - T U D - l 711 1 .0 4 5 .8 4

0 .0 1  F e .0 .0 3 T i - T U D - 1 7 6 9 1 .07 5 .5 5

0 .0 1  F e .0 .0 5 T i - T U D - 1 74 5 1 .07 5 .7 7

0 .0 1  F e ,0 .0 7 T i - T U D - 1 7 6 7 1 .0 6 5 .5 2

0 .01  F e .0 .0 9 T i - T U D - 1 7 4 6 1.02 5 .4 5

0 .0 3 F e .0 .0 1 T i - T U D - 1 7 0 8 1 .12 6 .3 3
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Table 4.2 T h e  X R F  a n a ly s is  o f  F e -T U D - 1 .  T i-T U D -1  a n d  b im e ta l l ic  F e .T i-T U D -1

S a m p le
F e /S i

( m o le  r a t io )
T i/S i

( m o le  r a t io )
G e l P ro d u c t* G e l P ro d u c t*

T U D -1 0 0 0 0

0 .01  F e -T U D -1 0 .01 0 .0 1 4 0 0

0 .0 3 F e - T U D - l 0 .0 3 0 .0 3 3 0 0

0 .0 1  T i-T U D -1 0 0 0 .01 0 .0 1 1

0 .0 3 T i - T U D - l 0 0 0 .0 3 0 .0 3 7

0 .0 5 T i - T U D - l 0 0 0 .0 5 0 .0 5 9

0 .0 7 T i - T U D - l 0 0 0 .0 7 0 .0 7 9

O .O O T i-T U D -1 0 0 0 .0 9 0 .1 0 1

0 .01  F e -0 .0 1  T i-T U D -1 0.01 0 .0 1 2 0 .01 0 .011

0 .0  lF e - 0 .0 3 T i - T U D - 1 0.01 0 .0 1 2 0 .0 3 0 .0 3 2

0 . 0 lF e - 0 .0 5 T i - T U D - 1 0 .01 0 .0 1 4 0 .0 5 0 .0 6 5

0 .0 1  F e - 0 .0 7 T i - T U D - 1 0 .01 0 .0 1 3 0 .0 7 0 .0 8 8

0 .0 1 F e - 0 .0 9 T i - T U D - l 0 .01 0 .0 1 3 0 .0 9 0 .1 1 0

0 .0 3 F e -0 .0 1  T i-T U D -1 0 .0 3 0 .0 3 1 0 .01 0 .0 1 0

* D a ta  w e r e  o b ta in e d  f ro m  X R F .



Table 4.3 E f f e c t  o f  th e  m e ta l  lo a d in g  o n  p h e n o l  h y d r o x y la t io n  ( T h e rm a l  r e a c t io n )

S a m p le c o n v e r s io n S e le c t iv i ty
H Q C A T B Q

T U D -1 3 .4 9 ± 1 .81 - 1 6 .8 8 i4 .9 5 8 3 .1 2 i4 .9 5
0 .01  F e -T U D -1 9 3 .1 5 ± 0 .8 7 5 5 .7 9 ± 0 .8 3 4 4 .2 1 i0 .8 3 -
0 .0 3 F e - T U D - l 2 6 .4 7 ± 5 .4 0 3 5 .3 5 i3 .1 2 5 4 . 8 4 i l . 7 3 9 . 8 1 Ü .4 7
0 .0 1 T i - T U D - l 8 .3 U 5 .3 2 2 2 .2 5 i3 .3 3 3 6 .1 5 i 3 .3 7 4 l . 6 0 i 2 . 0 3
0 .0 3 T i - T U D - l 1 0 .0 7 ± 0 .3 5 2 6 .6 7 i3 .7 2 3 5 . 0 5 i l . 1 2 3 8 .2 8 i4 .7 9
0 .0 5 T i - T U D - l 1 0 .5 5 ± 0 .4 9 1 5 .6 8 i3 .5 4 1 0 . 8 2 i l . 2 7 7 3 .5 0 i4 .8 1
0 .0 7 T i - T U D - l 1 1 .2 3 ± 0 .8 4 1 5 .8 2 i0 .3 5 6 . 8 9 Ü .1 3 7 7 . 2 9 i l . 3 8
0 .0 9 T i - T U D - l 1 3 .6 4 ± 1 .7 7 0 . 7 Ü 0 .2 8 0 .7 8 i 0 .2 5 9 8 .5 1 i0 .3 3
0 .01  F e O .0 1 T i - T U D - 1 9 3 .0 6 i0 .2 4 5 3 .4 0 i0 .7 7 4 6 .6 0 i 0 .7 7 -
0 .01  F e 0 .0 3 T i - T U D - 1 9 0 .5 3 i0 .3 2 5 4 .9 8 i0 .1 7 4 5 .0 2 i 0 .1 7 -
0 .0 1  F e 0 .0 5 T i - T U D - 1 4 0 .5 2 ±  1 1 .0 9 3 5 . 0 9 i l . 0 3 6 0 . 8 5 i l . 2 2 4 .0 6 i 0 .2 0
0 .01  F e 0 .0 7 T i - T U D - 1 2 5 .1 8 ± 3 .9 7 3 4 .8 0 i2 .5 1 5 2 .4 0 i2 .6 1 1 2 .8 0 i0 .8 1
0 .0 1  F e 0 .0 9 T i - T U D - 1 1 4 .5 7 i l . 3 5 2 4 .1 6 i3 .9 5 4 6 .8 1 i 0 .5 0 2 9 .0 3 i3 .4 8
0 .0 3 F e 0 .0 1  T i - T U D - 1 2 8 . 2 0 i l . 8 0 3 0 . 0 4 i l . 9 7 5 7 .6 6 i 0 .2 9 1 2 .3 0 i2 .0 5
N o  I T O : - - - -
N o  c a ta ly s t 2 .1 9 ± 0 .4 3 - 7 .6 9 i 2 .7 4 9 2 .3 1 i2 .7 4

* T h e  r e a c t io n  p e r f o rm e d  a t  9 0  ° c  fo r  1 h  u s in g  3 0  m g  o f  c a ta ly s t  a n d  1: 
p h e n o l : H : 0 :  ra tio .
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Table 4.4 S tu d y  o n  th e  c a ta ly s t  le a c h in g  o f  b im e ta l l ic  F e .T i-T U D -1  a f te r  w a s h in g  
w i th  h o t  w a te r  fo r  3 0  m in

T im e C o n v e r s io n S e le c t iv i ty

H Q C A T B Q

3 0 m 3 1 .4 0 ± 3 .3 0 1 7 . 3 3 i l . 8 4 3 6 .4 8 i 2 .6 4 4 6 .1 8 i4 .4 8
4 0 m 3 6 .3 1 ± 5 .4 1 2 0 .8 9 ± 1 .5 8 4 0 . 2 4 i l . 8 3 3 8 .8 7 i3 .4 1
5 0 m 6 0 .3 0 ± 6 .3 7 3 0 . 9 6 i l . 2 4 4 4 .8 7 i 0 .5 8 2 4 .1 7 i l .8 1
6 0 m 7 2 .0 8 ± 6 .4 2 2 7 .4 8 i l . 9 1 4 8 . 8 5 i l . 1 5 2 3 .6 7 i0 .7 6

* T h e  r e a c t io n  p e r f o rm e d  a t  9 0  °c fo r  1 h  u s in g  3 0  m g  o f  0 .0 1 F e .0 .0 1 T i- T U D - ]  a n d  

1 :3 p h e n o F F F C K
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Table 4.5 S tiid y  o f  th e  c a ta ly s t  r e c y c l in g  o f  b im e ta l l ic  T U D -1

N o . o f  
R e c y c l in g

C o n v e r s io n S e le c t iv i ty

H Q C A T B Q
#1 9 3 .4 0 ± 0 .2 9 4 2 .1 5 ± 0 .5 1 5 7 .8 5 ± 0 .5 1 -
# 2 2 4 .8 8 ± 2 .4 0 20.53=1=2.03 3 2 .2 0 ± 1 .0 8 4 7 .2 7 ± 2 .7 8
# 3 2 2 .2 2 ± 6 .4 3 - - lOOiO.OO

* T h e  r e a c t io n  p e r f o rm e d  a t  9 0  °c fo r  1 h  u s in g  3 0  m g  o f  0 .0 1 F e .0 .0 1 T i - T U D - l  a n d  
1 :3 p h e n o h H iO : .
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Table 4.6 S tu d y  o f  th e  h y d r o th e r m a l  s ta b i l i ty  o f  th e  c a ta ly s ts

S a m p le B E T  S u r fa c e  
A re a  ( n r / g )

P o re  V o lu m e  
( c c /g )

A v e ra g e  P o re  
S iz e  (n m )

0 .01  F e .0 .0 1 T i - T U D - 1 6 1 7 0 .8 4 5 .4 5
( H y d ro th e rm a l  )
0 .0 1 F e - T U D - l 6 7 4 0 .9 3 5 .5 4
( H y d r o th e r m a l)
0 .01  T i - T U D - 1 6 5 7 0 .8 2 4 .9 6
( H y d ro th e rm a l  )
0 .01  F e .0 .0 1 T i - T U D - 1 5 2 9 0 .9 0 6 .8 0
( 3 Kl R e c y c l in g )

* T h e  r e a c t io n  p e r f o r m e d  a t  9 0  °c fo r  1 h u s in g  3 0  m g  o f  c a ta ly s ts  a n d  1:3 
p h e n o l iH jC K
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Table 4.7 Effect of the metal loading on phenol hydroxylation under u v  irradiation

S a m p le C o n v e r s io n S e le c t iv i ty

H Q C A T B Q
T U D -1 1 1 .0 8 i2 .9 4 - 9 . 8 U 0 . 9 0 9 0 .1 9 i0 .9 0
0 .0 1 F e - T U D - l 14 .3 4 ± 3 .2 0 - 1 4 .8 0 i2 .7 9 8 5 .2 0 i2 .7 9
0 .0 3 F e - T U D - l 14.81 ±  1.23 - - 1 0 0 .0 0 i0 .0 0
0 .01  T i-T U D -1 1 0 .6 9 ± 4 .1 2 - 2 3 .3 8 i 2 .8 9 7 6 .6 2 i2 .8 9
0 .0 3 T i - T U D - l 1 4 .8 7 ± 0 .4 2 - l l . 2 5 i l . 0 3 8 8 . 7 5 i l . 0 3
0 .0 5 T i - T U D - l 1 9 .3 1 i7 .8 7 - 2 .4 5 i0 .9 1 9 7 .5 5 i0 .9 1
0 .0 7 T i - T U D - 1 1 9 .7 6 ± 2 .6 5 - 1 .0 3 ± 0 .5 3 9 8 .9 7 i0 .5 3
0 .0 9 T i - T U D - l 5 .6 5 ± 0 .8 2 - - 1 0 0 .0 0 i0 .0 0
0 .01  FeO .O l T i-T U D -1 1 7 .3 5 ± 1 .7 3 - l l . 0 0 i 0 . 9 1 8 9 .0 0 i( ) .9 1
0 .01  F e 0 .0 3 T i - T U D - l 1 9 .1 0 i2 .9 9 - 8 .2 8 i 0 .4 7 9 1 .7 2 i0 .4 7
0 .0 1 F e 0 .0 5 T i - T U D - l 1 4 .6 6 i5 .8 6 - 3 . 2 7 i 0 .3 0 9 6 .7 3 i0 .3 0
0 .01  F e 0 .0 7 T i - T U D - 1 1 7 .1 2 i3 .2 6 - 1 .7 2 i0 .2 3 9 8 .2 8 i0 .2 3
0 .0 1  F e 0 .0 9 T i - T U D - 1 7 .0 8 Ü .9 8 - 2 .3 3 i 0 .7 3 9 7 .6 7 i0 .7 3
0 .0 3 FeO .O l T i-T U D -1 1 4 .4 9 i l . 0 2 - - 10 0 .0 0 i0 .0 0
N o  F F O : - - - -
N o  c a ta ly s t 2 .2 3 i 0 .0 6 - - 1 0 0 .0 0 i0 .0 0

* T h e  r e a c t io n  p e r f o rm e d  u n d e r  100 พ  o f  u v  r a d ia t io n  f o r  1 h  u s in g  30 m g  o f  
c a ta ly s t  a n d  1 :3 p h e n o l:  E D O : ra tio .
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W a v e n u m b e r  ( c m '1)

F i g u r e  4 .1  F T IR  s p e c t ru m  o f  s i l a t r a n e  p r e c u r s o r .
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Figure 4.3 SAXE) patterns of (a) Fe.Ti-TUD-1. (b) Fe-TUD-1 and (c) Ti-TUD-1
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Figure 4.10 Effect of the catalyst content performed at 90 °c  using 0.01Fe.0.03Ti- 
TUD-1 and 1:1 phenol.'EECb ratio.
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Scheme 4.3 P roposed  reaction  m echan ism  fo r  the fo rm a tio n  o f  HQ in  pheno l 

h y d ro x y la t io n  [27],
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Scheme 4.4 Proposed reaction mechanism for the formation of CAT in phenol 
hydroxylation [27],
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