
CHAPTER IV
RESULTS AND DISCUSSION

In  th is  w o r k ,  s in c e  th e  c o m m e r c ia l  c a t a l y s t s  w e r e  m o s t ly  e m p lo y e d ,  th e  
m a jo r  p r i n c ip l e s  w e r e  e m p h a s i z e d  o n  th e  c a t a ly s t  c h a r a c te r iz a t io n  a n d  c a t a ly t i c  

a c t iv i ty  t e s t i n g  r a th e r  th a n  th e  c a t a ly s t  p r e p a r a t io n  m e th o d .  T h e  f in d in g s  d is c o v e r e d  
f r o m  th e  e x p e r i m e n t a t io n  a r e  im p a r te d  in  d e t a i l s  in  th i s  C h a p t e r  IV .

4.1 Catalyst Characterization

T o  u n d e r s ta n d  th e  p r o p e r ty - r e a c t iv i ty  r e l a t io n s  o f  th e  c a t a l y s t s  u t i l i z e d  in  
t h i s  w o r k  p e r t a in in g  to  c a ta ly t i c  p e r f o r m a n c e  in  p - E T  s e l e c t iv i ty  a n d  t o l u e n e  
c o n v e r s io n ,  a  c o m p r e h e n s iv e  c h a r a c te r iz a t io n  o f  t h e  c a t a ly s t  c o m p o s i t i o n ,  s u r f a c e  

a r e a ,  p o r e  v o lu m e ,  a c id i ty  a s  w e l l  a s  t h e  a m o u n t  o f  c o k e  f o r m a t io n  w e r e  d e t e r m i n e d  
b y  v a r io u s  t e c h n iq u e s  a s  d e s c r ib e d  b e lo w .

4 .1 .1  X - r a v  f l u o r e s c e n c e  s p e c t r o s c o p y  ( X R F )
It is w e l l  k n o w n  th a t  c o m p o s i t io n  o f  S iC >2 a n d  A I 2 O 3 p la y s  a  r o le  in th e  

a c id i ty  o f  H Z S M - 5  c a t a ly s t s ,  w h ic h  a f f e c t s  th e  a c t iv i ty  a n d  s e l e c t iv i ty  o f  th e  c a t a ly s t .  
T h e  im p r o p e r  a c id i ty  m a y  le a d  to  th e  f o r m a t io n  o f  u n d e s i r e d  r e a c t i o n s  r e s u l t in g  in  
lo w e r  s e l e c t iv i ty  o f  th e  d e s i r e d  p r o d u c t .  S o , c h o o s in g  th e  p r o p e r  S iC h /A b C b  m o la r  
r a t io  o f  H Z S M - 5  is n e c e s s a r y  f o r  o b ta in in g  th e  h ig h e s t  s e le c t iv i ty  o f  th e  d e s i r e d  
p r o d u c t .  T h e  c h e m ic a l  c o m p o s i t i o n s  o f  c o m m e r c ia l  H Z S M - 5  (S iC h /A b C b  m o la r  r a t io s  
o f  2 3 .  8 0 .  a n d  2 8 0 )  a n d  s y n th e s i z e d  H Z S M - 5  w i th  S iC U /A b C b  m o la r  r a t io  o f  1 6 9  
c a t a ly s t s  w e r e  a n a ly z e d  b y  X - r a y  f lu o r e s c e n c e  ( X R F )  te c h n iq u e .  T h e  t h e o r e t i c a l  
a c id i ty  w a s  d e te r m in e d  f r o m  th e  p r o to n s  a t t a in e d  a c c o r d in g  to  its  f o r m u la .  T h e  
c h e m ic a l  c o m p o s i t i o n  a n d  t h e o r e t i c a l  a c i d i ty  a re  s h o w n  in  T a b le  4 .1 .  T h e  th e o r e t i c a l  
a c id i ty  w a s  in  th e  r a n g e  o f  0 .1 3 1 - 1 .3 9 3  m m o l /g  c a t  w i th  v a r ie d  S iC b /A b C T i m o la r  
r a t io s  o f  2 3 - 2 8 0 .

T h e  c o m p o u n d  c o m p o s i t io n s  o f  u n m o d i f ie d  H Z S M - 5  c a t a ly s t s  
(S iC b /A b C b  m o la r  r a t io  2 8 0 )  o f  a n d  o f  C L D  c h e m ic a l  l iq u id  d e p o s i t io n  ( C L D )  t r e a t e d  
c a t a ly s t s  w e r e  a n a ly z e d  to  d e t e r m in e  th e  a m o u n t s  o f  d e p o s i t e d  s i l i c a  a f t e r  c h e m ic a l
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liquid deposition (CLD) treatment at the external surface of HZSM-5. Table 4.2 
illustrates the effects of TEOS amount and CLD treating cycle on the catalyst 
composition. The results showed that SiC>2 was insignificantly increased after CLD 
treatment. This might be due to the limitation in detecting alumina at low 
concentrations by the XRF instrument employed.

Table 4.1 The chemical composition of the HZSM-5 catalysts investigated

Si0 2 /Ab0 3  molar 
ratio

Chemical composition 
(mol %) Theoretical acidity 

(mmol/g)Si02 AI2O3

23 95.63 4.37 1.393
80 98.72 1.28 0.422
169 99.41 0.59 0.196
280 99.60 0.40 0.131

Table 4.2 Effects of TEOS amount and CLD cycle on the HZSM-5 (280) catalyst 
composition

CLD treatment Amount of TEOS Composition (mol %)
(cycle) (ml/g of catalyst) Si02 AI2O3

- - 99.60 0.40
1 0.2 99.62 0.38
1 0.6 99.61 0.39
1 1 99.63 0.37
1 2 99.61 0.39
2 1 99.63 0.37
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4 .1 .2  S c a n n in g  E le c t r o n  M ic r o s c o p e  ( S E M )

F ig u r e  4 .1  s h o w s  S E M  im a g e s  o f  th e  u n m o d i f ie d  c o m m e r c ia l  Z S M - 5  
c a t a ly s t s  (SiCh/AbCb m o la r  r a t io s  o f  2 3 ,  8 0 , a n d  2 8 0 )  a n d  s y n th e s iz e d  Z S M - 5  w i th  
S iC h /A b C b  m o la r  r a t io s  o f  1 6 9 ) . T h e  s t r u c tu r e s  o f  c o m m e r c i a l  Z S M - 5  c a t a l y s t s  w e r e  
a l ik e  a  s p h e r i c a l  s h a p e  f o r  t h e  H Z S M - 5  w i th  SiCVAbCb m o la r  r a t io  o f  2 8 0 ,  a n d  a  

r e c t a n g u la r  s h a p e  f o r  t h a t  w i th  S iC b /A b C b  r a t io  o f  2 3 ,  a n  o v a l  s h a p e  fo r  t h a t  o f  8 0 , a n d  
a  s p h e r ic a l  s h a p e  fo r  t h a t  o f  2 8 0 . H o w e v e r ,  th e  s t r u c tu r e  o f  th e  s y n th e s i z e d  o n e  w a s  
a l ik e  i r r e g u la r  h e x a g o n a l  p r i s m s  w i th  r e c t a n g u la r  in s e r t io n .  T h e  s y n th e s i z e d  Z S M - 5  
h a s  a  la r g e r  c r y s ta l  s iz e  c o m p a r e d  w i th  th e  c o m m e r c ia l  o n e s  w h ic h  p o s s e s s  a  s im i la r  

s iz e  o f  le s s  t h a n  0 .5  m ic r o n s .  T h e  d i f f e r e n c e  in  s t r u c tu r e  o f  th e  c o m m e r c ia l  a n d  
s y n th e s i z e d  Z S M - 5  m ig h t  b e  d u e  to  th e  d i f f e r e n t  s y n th e s i s  m e th o d s .

H Z S M - 5  2 3 H Z S M - 5  8 0

H Z S M - 5  169 H Z S M - 5  2 8 0
Figure 4.1 S E M  im a g e s  o f  t h e  u n m o d if ie d  H Z S M - 5
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4 .1 .3  S u r f a c e  A r e a  M e a s u r e m e n t s

T h e  t e x tu r a l  p r o p e r t i e s  o f  c a t a l y s t s  w e r e  d e t e r m i n e d  b y  N 2 a d s o r p t io n -  
d e s o r p t io n  m e th o d .  T h e  s u r f a c e  a r e a ,  p o r e  v o lu m e ,a s  w e l l  a s  p o r e  d ia m e t e r  o f  b o th  th e  
u n m o d i f ie d  a n d  C L D  t r e a t e d  H Z S M - 5  c a t a l y s t s  a r e  s u m m a r iz e d  in  T a b le  4 .3 .  T h e  
s u r f a c e  a r e a  o f  th e  u n m o d i f ie d  c o m m e r c ia l  a n d  s y n th e s i z e d  H Z S M - 5  c a t a l y s t s ,  w h ic h  

w a s  o b s e r v e d  t o  in c r e a s e  w i t h  in c r e a s in g  th e  S iC h /A h C b  m o la r  r a t io ,  w a s  in  t h e  r a n g e  
o f  c a  3 3 4 - 3 8 0  m 2/g .  N e v e r t h e l e s s ,  th e  s y n th e s i z e d  c a t a ly s t  p o s s e s s e d  h ig h e r  p o r e  
v o lu m e  a n d  m ic r o  p o r e  v o lu m e  th a n  t h e  c o m m e r c ia l  o n e s .  T h is  is b e c a u s e  o f  t h e  
d i f f e r e n c e  in  p r e p a r a t i o n  m e th o d .  F o r  th e  o n e - c y c le  C L D  t r e a t e d  H Z S M - 5  (1 m l  

T E O S / g  o f  c a t a ly s t )  ( H Z S M - 5  C L D 1 ) ,  t h e  s u r f a c e  a r e a  a n d  p o r e  v o lu m e  o f  m o d i f i e d  
H Z S M - 5  w a s  lo w e r  th a n  th e  u n m o d if ie d  c a t a l y s t ,  p r o b a b ly ,  d u e  to  th e  n a r r o w in g  o r  
b lo c k in g  t h e  p o r e  o p e n in g  o f  t h e  z e o l i t e  ( C e jk a c t  al, 1 9 9 6 ) . T h e  t w o - c y c le  C L D  
t r e a t m e n t  ( H Z S M - 5  C L D 2 )  h a d  lo w e r  s u r f a c e  a r e a  th a n  H Z S M - 5  C L D 1 .  T h is  m ig h t  

b e  d u e  to  t h e  m o r e  p o r e  b lo c k in g  o r  n a r r o w i n g  a f t e r  th e  t r e a tm e n t .

Table 4 .3  T e x tu r a l  p r o p e r t i e s  o f  th e  H Z S M - 5  c a t a ly s t s  s tu d ie d

S u r f a c e T o ta l  p o r e M ic r o p o r e P o re
C a ta ly s t a r e a v o lu m e v o lu m e * d ia m e te r * *

( m 2/g ) ( c c /g ) ( c c /g ) (A)
H Z S M - 5  (2 3 ) 3 3 4 0 .2 6 6 0 .1 4 3 6 .1 4
H Z S M - 5  ( 8 0 ) 341 0 .2 7 4 0 .1 4 5 6 .1 4

H Z S M - 5  (1 6 9 ) 371 0 .2 9 1 0 .1 4 0 6 .1 4
H Z S M - 5  ( 2 8 0 ) 3 8 0 0 .2 5 6 0 .1 5 3 6 .1 4
H Z S M - 5  C L D 1 3 6 7 0 .2 3 2 0 .1 5 1 6 .1 4
H Z S M - 5  C L D 2 321 0 .2 1 2 0 .1 3 1 6 .1 4

* U s in g  t - p lo t  m e th o d  
* * U s i n g N L D F T  m e th o d



36

4 .1 .4  T P D  o f  I s o p r o p v l a m i n e  ( 1 P A - T P D )
T h e  a c i d i ty  o f  H Z S M - 5  z e o l i t e s  is  a n  i m p o r t a n t  f a c t o r  a f f e c t in g  th e  

a c t iv i ty  a n d  s e l e c t iv i ty  o f  t h e  r e a c t io n .  T h e  s u i t a b le  a c id i ty  d e p e n d s  o n  th e  n a tu r e  o f  
t h e  r e a c t io n s .  F o r  e t h y la t io n  o f  to lu e n e  w i th  e th a n o l ,  t o o  m u c h  a c id i ty  l e a d s  to  th e  
h ig h e r  p r o b a b i l i t y  o f  u n d e s i r e d  r e a c t io n  s u c h  a s  i s o m e r i z a t io n  o f  p-KY to  m-E T  

b e c a u s e  th e  i s o m e r i z a t io n  o c c u r s  m u c h  e a s i e r  th a n  a lk y la t io n .  S in c e  t h e  I P A - T P D  
t e c h n iq u e  is  w i d e ly  u s e d  to  in v e s t ig a te  th e  B r o n s te d  a c id  s i t e s  w h ic h  a r e  a l s o  a c t iv e  
f o r  t h e  u n d e s i r e d  r e a c t io n s  s u c h  a s  d i s p r o p o r t i o n a t io n  o f  t o lu e n e ,  t h e  c a t a ly s t s  
i n v e s t ig a te d  w e r e  s u b je c t e d  to  th e  d e t e r m i n a t io n  o f  B r o n s te d  a c id  s i t e s .  F ig u r e  4 .2  
s h o w s  I P A - T P D  p r o f i l e s  o f  t h e  H Z S M - 5  c a t a ly s t s  s tu d ie d .  B a s e d  o n  th e  a r e a  b e n e a th  
a  p r o f i le ,  B r o n s t e d  a c id  s i t e s  f o r  in d iv id u a l  c a t a l y s t s  w e r e  q u a n t i t a t iv e ly  in c r e a s e d  w i th  

a  d e c r e a s e  in  S iC h /A b C b  m o l a r  r a t io .  T h is  c a n  b e  e x p la in e d  t h a t  w h e n  a  S i4 + c a t io n  
w a s  r e p l a c e d  b y  a n  A l3+ c a t io n ,  a n  a d d i t io n a l  p o s i t iv e  c h a r g e  is r e q u i r e d  to  n e u t r a l i z e  
t h e  n e t  c h a r g e ,  h e n c e ,  a  h ig h e r  AI2O3 c o n te n t  r e q u i r e d  m o r e  p o s i t iv e  c h a r g e s  f o r  
b a l a n c in g  its  n e u t r a l  c h a r g e .  A l th o u g h ,  a  h ig h  c o n te n t  o f  p r o to n  ( H +) a s  th e  c a t io n  c a n  
r e s u l t  in  a  s t r o n g  a c id ic  m a te r ia l ,  th e  a c id  s t r e n g th  a n d  p r o to n  a c t iv i ty  c o e f f i c i e n t s  a re  
i n c r e a s e d  w i th  d e c r e a s in g  a l u m i n u m  c o n te n t  ( S a id in a  a n d  A n g g o r o ,  2 0 0 2 ) .

Temperature (°C)

Figure 4 .2  I P A - T P D  p r o f i le s  o f  t h e  F IZ S M -5  c a ta ly s t s  s tu d ie d .
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4 .1 .5  X - r a y  D i f f r a c t io n  (X R JD )

F ig u r e  4 .3  s h o w s  th e  X R D  p a t t e r n s  o f  u n m o d if ie d  H Z S M - 5  a n d  t w o -  
c y c le  C L D  t r e a t e d  H Z S M - 5 .  T h e  s c a n n in g  r e g io n  o f  th e  d i f f r a c t io n  a n g le  2 9  w a s  5 to  
4 0 ° ,  w h ic h  c o v e r e d  m o s t  o f  t h e  s ig n i f ic a n t  d i f f r a c t io n  p e a k  o f  t h e  z e o l i te .  T h e  M F I  
s t r u c tu r e  in H Z S M - 5  z e o l i te  c a n  b e  s u b s t a n t ia t e d  b y  th e  in te n s i ty  p e a k s  a t  2 9  o f  7 .9 4 .  
8 .8 8 ,  1 3 .9 6 , 1 4 .7 8 ,  2 9 .9 9 ,  2 3 .9 8 ,  2 3 .2 4 ,  2 3 .4 9 ,  2 3 .9 6 ,  2 4 .5 8 ,  a n d  2 5 .8 4 °  in  X R D  
p a t te r n s .  T h e  h ig h  in te n s i ty  o f  p e a k s  in  th e  X R D  p a t te r n s  in d ic a te d  t h a t  t h e  z e o l i te  
s a m p le s  h a v e  h ig h  c ry s ta l l in i ty .  T h e  s im ila r  X R D  p a t te r n s  o f  H Z S M - 5  b e f o r e  a n d  a f t e r  
s i ly la t io n  im p lie d  t h a t  th e  c r y s ta l  s t r u c tu r e  o f  t h e  c a ta ly s t s  r e m a in e d  u n c h a n g e d  a f te r  

t h e  s i ly la t io n  b e c a u s e  th e  in e r t  s i l ic a  o n ly  d e p o s i t e d  o n  th e  e x t e r n a l  s u r f a c e s  o f  z e o l i te  
a n d  d id  n o t  in f lu e n c e  Z S M - 5  f r a m e w o r k  s t r u c tu r e .

5 10 15 20 25 30 35 40
20 (degree)

Figure 4 .3  X R D  p a t te r n s  o f  ( a )  u n m o d i f ie d  H Z S M - 5  ( 2 8 0 )  (b )  t w o - c y c le  C L D  
t r e a t m e n t ^  m l /g  c a t .  o f T E O S ) .
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4.2 Catalytic Activity Testing

T o  s tu d y  t h e  s e l e c t iv e  f o r m a t i o n  o f p - e t h y l t o l u e n e  ( p - E T )  in  th e  e t h y l a t i o n  o f  
t o l u e n e  w i th  e th a n o l  u s in g  H Z S M - 5  c a t a ly s t s .  T h e  e f f e c ts  o f  S iC b /A b C b  m o la r  r a t io s  
a n d  r e a c t io n  c o n d i t i o n s  o n  p -E T  s e l e c t iv i ty  w e r e  s tu d ie d  o v e r  u n m o d i f ie d  H Z S M - 5  

z e o l i t e s .  A f t e r  t h a t ,  t h e  s u i ta b le  S iC b /A b C b  m o la r  r a t io  o f  H Z S M - 5  w a s  m o d i f i e d  v ia  
C L D  u s in g  T E O S  a s  a  d e p o s i t io n  a g e n t .

4 .2 .1  E f f e c t  o f S i C b / A b C b  M o l a r  R a tio

T o  i n v e s t ig a te  th e  s u i t a b l e  S iC b /A b C b  m o la r  r a t io  o f  H Z S M - 5 ,  v a r io u s  
r a t i o s  o f  H Z S M - 5  c a t a l y s t s  w e r e  s tu d ie d  u n d e r  a  g iv e n  r e a c t io n  c o n d i t io n .  F i g u r e  4 .4  

s h o w s  th e  e f f e c t  o f  v a r io u s  S iC b /A b C b  m o la r  r a t io s  o n  c o n v e r s io n  o f  t o lu e n e  a n d  p- 
E T  s e l e c t iv i ty  in  l iq u id  p r o d u c ts .  T h e  h ig h e s t  p - E T  s e l e c t iv i ty  w a s  a t t a in e d  a t  7 1 .6 0  
w t  %  o n  th e  H Z S M - 5  w i th  S iC b /A b C b  m o la r  r a t io  o f  2 8 0 . p - E T  s e l e c t iv i ty  in c r e a s e d  
w i th  a n  in c r e a s e  in  S iO V A b C h  m o la r  r a t io ,  b u t  th e  to lu e n e  c o n v e r s io n  w a s  d e c r e a s e d .  
T h e s e  c a n  b e  a s c r ib e d  th a t  H Z S M - 5  w i th  lo w  S iC h /A b C b  m o l a r  r a t io s  w h ic h  h a v e  
m o r e  s t r o n g  a c id  s i t e s  c a n  le a d  to  h ig h e r  p r o b a b i l i ty  fo r  th e  u n d e s i r e d  r e a c t i o n s  s u c h  
a s  t o l u e n e  d i s p r o p o r t i o n a t io n  to  x y le n e s  a n d  b e n z e n e .  M o r e o v e r  th e  m o r e  a c id  s i t e s  
c a n  le a d  to  th e  h ig h e r  i s o m e r i z a t io n  o f ; > E T  to  ทไ- E T  w h ic h  o c c u r r e d  m u c h  e a s i e r  t h a n  
a l k y l a t i o n  (L iu  el al., 2 0 1 0 ) .  T h e  p r o d u c t  s e l e c t iv i ty  f r o m  T a b le  4 .4  r e v e a l s  t h a t  th e  
m o r e  u n d e s i r e d  p r o d u c t s  fo r m e d  a s  a  l o w e r  S iC b /A b C b  m o la r  r a t io  o f  H Z S M - 5 .
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Figure 4.4 E f f e c t  o f  S iC E /A h C E  m o la r  r a t io  o n  ( a )  p-ET s e l e c t iv i ty  in  p r o d u c t s  a n d  
( a )  t o lu e n e  c o n v e r s io n  o v e r  H Z S M - 5 ;  r e a c t io n  t e m p e r a tu r e  3 5 0  ๐c ,  to lu e n e  to  e th a n o l  
m o la r  r a t io  o f  3 , W H S V  =  2 0  h"1, a n d  T O S  =  3 9 0  m in .

Table 4.4 E f f e c t  o f  S iC E /A b C E  m o la r  r a t io  o n  t h e  l iq u id  p r o d u c t  s e l e c t iv i ty ;  r e a c t i o n  
t e m p e r a tu r e  3 5 0  °c, t o l u e n e  to  e th a n o l  m o la r  r a t io  o f  3 , W H S V  =  2 0  h '1, a n d  T O S  =  
3 9 0  m in

Si02/A.b03 Liquid product selectivity (พt %)
molar ratio p-ET m-ET O-ET Xylenes Benzene Others*

23 27.77 61.53 2.47 1.48 0.35 6.40
80 30.98 61.67 4.22 0.45 0.09 2.59
195 68.72 27.54 0.09 0.58 0.25 2.82
280 71.60 27.07 0.11 0.25 0.06 0.91

* F o r  i n s t a n c e ;  e th y le n e ,  e th y lb e n z e n e ,  t r im e th y l benzene, and heavy aromatics
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F ig u r e  4 .5  s h o w s  th e  e f f e c t  o f  T O S  o n p - E T  s e l e c t iv i ty  in  p r o d u c t s  o v e r  
v a r io u s  S iC E /A b C E  m o la r  r a t i o s  o f  H Z S M - 5 .  p - E T  w a s  s l ig h t ly  i n c r e a s e s  w i th  a n  
in c r e a s e  in  T O S  d u e  to  th e  c o k e  f o r m a t io n  a t  t h e  e x te r n a l  s u r f a c e  o f  H Z S M - 5 .  T h e  
p o r t i o n  o f  c o k e  a t  th e  e x te r n a l  c a u s e d  th e  d e c r e a s e d  e x te r n a l  s u r f a c e  a c t i v i t y  r e s u l t i n g  
in  lo w e r in g  th e  i s o m e r i z a t io n  o f  p - E T  to  W7-ET w h ic h  m a in ly  o c c u r r e d  a t  t h e  e x t e r n a l  

s u r f a c e  ( C e jk a  et al., 1 9 9 6 ) .  F ig u r e  4 .6  s h o w s  th e  e f f e c t s  o f  T O S  o n  to lu e n e  
c o n v e r s io n ,  t o lu e n e  c o n v e r s io n  s l ig h t ly  d e c r e a s e  w i th  a n  in c r e a s e  in  T O S  f o r  H Z S M -  
5 d u e  to  th e  d e c r e a s e  in  a c t iv e  s i t e s  f r o m  d e p o s i t e d  c o k e .

H Z S M -5

H Z S M -5

H Z S M -5

H Z S M -5

(23)

(80)

(169)

(280)

Figure 4.5 ; > E T  s e l e c t iv i ty  in  p r o d u c t s  a s  a  f u n c t io n  o f  T O S  o v e r  v a r io u s  S iC E /A h C E  
m o la r  r a t io s  o f  H Z S M - 5 ;  r e a c t i o n  t e m p e r a tu r e  350 °c, t o l u e n e  t o  e th a n o l  m o la r  r a t io  
o f  3 , W H S V  =  2 0  h 1.

T h e  a m o u n t s  o f  d e p o s i t e d  c o k e  a n d  T P O  p r o f i l e s  a r e  s h o w n  in  T a b le  4 .5  
a n d  F ig u r e  4 .7 ,  r e s p e c t iv e ly .  T h e  a m o u n t s  o f  d e p o s i t e d  c o k e  w e r e  d e c r e a s e d  a n d  
t e n d e d  to  f o r m  s o f t  c o k e  in s te a d  o f  h a rd  c o k e  a s  S iC b /A h C b  m o la r  r a t io  o f  H Z S M - 5  
w a s  in c r e a s e d .  F r o m  a l l  th e  c a t a l y s t s  s tu d ie d .  T h e  H Z S M - 5  w i th  S iC E /A h C E  m o la r  
r a t i o  o f  2 8 0  w a s  o b s e r v e d  to  b e  m o s t  s u i ta b le  in  t e r m s  o f  s e l e c t iv i ty  to  p - E T  a s  w e l l  a s  
lo w  c o k e  f o r m a t io n ,  b u t  lo w  t o lu e n e  c o n v e r s io n .
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Figure 4.6 T o lu e n e  c o n v e r s io n  a s  a  f u n c t io n  o f  T O S  o v e r  v a r io u s  S iC V A h C b  m o la r  
r a t i o s  o f  H Z S M - 5 ;  r e a c t io n  t e m p e r a tu r e  350 °c, t o lu e n e  t o  e th a n o l  m o la r  r a t io  o f  3, 
W H S V  =  2 0  h"1.

Temperature ( ° C )

Figure 4 .7  T P O  p r o f i l e s  o f  th e  H Z S M - 5  c a t a ly s t s  s tu d ie d .
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Table 4.5 The amount of coke formed on the unmodified HZSM-5 catalysts after 390 
min on stream (Reaction condition: 350 ๐c, toluene to ethanol molar ratio of 3, WHSV 
= 20 h-')

Catalyst
Amount of 

carbon 
(wt.%)

HZSM-5 (23) 19.91
HZSM-5 (80) 7.85
HZSM-5 (280) 2.98

4.2.2 Effect of Reaction Temperature
To investigate the proper reaction temperature of the reaction, HZSM-5 

with SiCE/AhCE molar ratio of 280 was studied at various reaction temperatures under 
a given WHSV and toluene to ethanol molar ratio. Figure 4.8 illustrates that the toluene 
conversion reaches a maximum at 400 °c  and is decreased with further increasing 
temperature. The decline in conversion of toluene at high temperatures was due to the 
dealkylation of products instead of undergoing alkylation. The low conversion at low 
temperature (300 °C) was probably due to the insufficient energy for the alkylation. 
As seen in Table 4.6 the p-ET selectivity was dropped and m -ET selectivity was 
increased with an increase in reaction temperature. This can be explained that when 
the reaction temperature was increased, isomerization activity was increased and yet 
the diffusivity difference between the เท- and p-isomers was decreased resulting in the 
higher probability of m-ET formation by isomerization of p-ET. At high temperature 
(500 ๐C), benzene and xylenes selectivity were significantly increased resulting from 
the disproportionation of toluene, which was taken place at higher temperatures 
compared with the alkylation due to higher activation energies for the transfer of 
methyl groups at the transition state with two toluene molecules and acid sites 
(Voloshina et al., 2009). On the other hand, a too low reaction temperature can result 
in lowering the diffusion out from the pore of the products leading to the higher 
probability of undesired reactions. From all temperatures studied, the temperature of
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350 °c providing both high toluene conversion and high p-ET selectivity was selected 
for further studies.

Figure 4.8 Effect of reaction temperature: on (■ ) p -ET selectivity in products, (ฒ) 
ethanol conversion, and ( ) toluene conversion over HZSM-5 with SiCb/AbCE ratio 
of280; Toluene to ethanol molar ratio = 3, WHSV = 10 h'1, and TOS = 390 min.

Table 4.6 Effect of temperature on the liquid product selectivity over HZSM-5 with 
SiCE/AbCE molar ratio of280, toluene to ethanol molar ratio = 3. WHSV = 10 h"1, and 
TOS = 390 min

Temperature Liquid product selectivity (wt %)
(°C) P -  ET m -ET O-ET Xylenes Benzene Others*
300 69.69 26.10 0.21 0.40 0.04 3.56
350 66.58 31.95 0.10 0.24 0.02 1.11
400 62.46 35.72 0.16 0.35 0.07 1.23
450 57.33 38.33 0.26 1.25 0.29 2.54
500 52.19 36.08 0.26 3.94 2.86 4.66

* For instance; ethylene, ethylbenzene, trimethylbenzene, and heavy aromatics
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Figure 4.9 Toluene conversion as a function of TOS over HZSM-5 with Si0 2 /Ab0 3

molar ratio of 280 at reaction temperature 350 °c and 500 °C; toluene to ethanol molar 
ratio of 3, WHSV = 20 h 1.

Table 4.7 The amounts of formed coke on the unmodified HZSM-5 catalyst at 350 °c 
and 500 °c after 390 min on stream (Toluene to ethanol molar ratio of 3, WHSV = 20
h-1)

Reaction temperature
(°C)

Amount of 
carbon 
(wt.%)

350 2.98
500 4.02

Figure 4.9 shows toluene conversion of HZSM-5 with SiCb/AhCb molar 
ratio of 280 at different reaction temperature of 350 °c and 500 °c. The changes in 
toluene conversion were insignificantly observed for both temperatures. This can be 
implied that the coke formation had a little influence on the toluene conversion. On 
the other hand, toluene conversion at 350 °c was observed to be higher than that at 
500 °c due to the dealkylation of ethyltoluene at high temperature (Parikh e t a l., 1992). 
Table 4.7 presents the amount of deposited coke at reaction temperatures of 350 °c 
and 500 °c. The amount of deposited coke was increased with an increase in reaction 
temperature. This due to the increased decomposition activity of products at higher
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temperature. This is because the decomposition (dealkylation and cracking) reactions 
are favorable at high temperature.

4.2.3 Effect of Weight Hourly Space Velocity (WHSV)
To investigate the optimum WHSV of the reaction, HZSM-5 with 

SiCE/AhCh molar ratio of 280 was studied at various WHSV’s under a given reaction 
temperature and toluene to ethanol molar ratio. The effect of WHSV on /?-ET 
selectivity in the liquid product, and toluene conversion are depicted in Figure 4.10. 
The p -ET selectivity was increased, whereas the toluene conversion was decreased 
with an increase in WHSV. With a decrease in the WHSV, a longer contact time 
between the active sites of the catalyst surface and feed reactants can lead to the higher 
probability for the secondary reactions such as isomerization of the primary products 
to occur.

WHSV (1/h)
Figure 4.10 Effects of WHSV on (■ ) />ET selectivity in products and (a) toluene 
conversion of HZSM-5 with SiCh/AkCh ratio of 280; reaction temperature 350 °c, 
toluene to ethanol molar ratio of 3, and TOS = 390 min.

Table 4.8 shows the liquid product selectivity over HZSM-5 with 
SiCE/AhCb molar ratio of 280 at various WHSV's./7-ET selectivity was increased with 
an increase in WHSV, but W7-ET. Less undesired product was observed as WHSV 
increased. So, isomerization activity seemed to be decreased as a WHSV was
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increased. In the experiment range, the maximum p -ET selectivity was more than 70 
wt % at WHSV of 20 h"1. To attain the highest selectivity of p -  ET, the WHSV of 20 
h"1 was selected for further studies.

Table 4.8 Effect of WHSV on the liquid product selectivity over HZSM-5 with 
SiCE/AbCE molar ratio of280 at various WHSV; reaction temperature 350 °c toluene 
to ethanol molar ratio = 3, and TOS = 390 min

WHSV Liquid product selectivity (wt %)
๙ ) p -  ET m-ET O-ET Xylenes Benzene Others*

5 58.57 39.65 0.20 0.27 0.12 1.19
10 66.58 31.95 0.10 0.24 0.02 1.11
15 68.66 29.65 0.12 0.25 0.06 1.27
20 71.60 27.07 0.11 0.25 0.06 0.92

* For instance; ethylene, ethylbenzene, trimethylbenzene, and heavy aromatics

4.2.4 Effect of Toluene to Ethanol Molar Ratio
Figure 4.11 shows the effect of toluene to ethanol molar ratio on the 

catalytic performance. Toluene conversion was decreased with an increase in toluene 
to ethanol molar ratio, while ET and p -ET selectivities were increased and remained 
unchanged at toluene to ethanol molar ratio of more than 3. The decline in ET 
selectivity as the increased toluene to ethanol molar ratio was low because of the higher 
probability of ethanol to access the active sites, resulting in the formation of undesired 
products other than ET such as over-alkylated products and heavy aromatics (Yu and 
Tan, 2006). An excess of toluene might lead to the higher probability of toluene 
disproportionation, but this was not obviously observed, at least in the experimental 
range (toluene to ethanol molar ratio from 1 to 5). This might be due to the catalyst 
employed (SiCb/AhCE) was not suitable for the toluene disproportionation reaction, 
which prefers low SiCb/AbCE molar ratios HZSM-5 (Hui e t al., 2011). Toluene 
conversion was decreased with an increase in toluene to ethanol ratio because lesser 
ethanol could react with toluene.
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Figure 4.11 Effect of toluene to ethanol molar ratio on (■ ) ET selectivity in products. 
(ฒ) P -E T  selectivity in products, and (a) toluene conversion over HZSM-5 with 
SiCh/AhCh ratio of 280; reaction temperature 350 ๐c , WHSV = 20 h"1, and TOS = 390 
min.

4.2.5 Effect of CLP treatment
The parent HZSM-5 with SiCh/AbCb molar ratio of 280 was modified 

by silylation via CLD using TEOS to deactivate the external acid sites. The effects of 
TEOS and CLD cycle onp -ET selectivity and toluene conversion are shown in Table 
4.9. p -ET selectivity reaches a maximum at TEOS of 1 ml/g of catalyst, and the 
conversion of toluene is decreased with an increase in TEOS amount. The two-cycle 
CLD treatment could improve p -ET selectivity, but lower the toluene conversion. 
These can be explained that a low amount of TEOS was not able to influence 
substantially the ̂ -selectivity because of a low coverage of deposited silica. An excess 
of TEOS might cause the formation of an uneven silica layer, and thus resulted in a 
lower shape-selectivity, and multi-cycle depositions could improve the uniformity of 
the silica layer. (Hui et a l., 2011). Toluene conversion was decreased after 
modification due to the deactivation of external acid sites and narrowing or blocking 
the pore opening of the zeolite.
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Table 4.9 Effects of TEOS amount and CLD cycle on toluene conversion and p-ET 
selectivity in liquid products

C L D  trea tm en t A m oun t o f  T EO S T oluene co n v ers io n p -K Y  se lec tiv ity  in p ro d u c ts
(cycle) (m l/g  o f  ca ta lyst) (% ) (w t % )

- - 1 3 .1 5 6 9 .6 7

1 0 .2 1 3 .0 6 7 9 .3 6

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

1 1 1 2 .5 7 8 5 .1 3

1 2 1 1 .8 9 8 0 .0 8

2 1 9 .8 6 8 9 .0 5

Reaction temperature 350 ๐c, toluene to ethanol molar ratio of 3, WHSV = 20 h"1, 
particle size 60-80 mesh, and TOS = 390 min.

The product selectivity in Table 4.10 reveals that p -K Y  selectivity was 
increased, but เท-ET was dropped after the CLD treatment. This is because due to the 
reduction of external acid sites, was achieved resulting in the suppression of the 
isomerization activity o fp -ET to m-ET. O-ET which typically formed at the external 
surface was observed to decrease after the modification.

Table 4.10 Effect of CLD treatment on the liquid product selectivity; reaction 
temperature 350 °c toluene to ethanol molar ratio = 3, WHSV = 20 h'1, and TOS = 
390 min

Catalyst Liquid product selectivity (wt %)
P -  ET m-ET O-ET Xylenes Benzene Others*

HZSM-5 (280) 69.67 28.05 0.18 0.40 0.04 1.67
HZSM-5 CLD1 85.13 13.33 0.03 0.32 0.04 1.15
HZSM-5 CLD2 89.05 8.98 0.01 0.37 0.02 1.57

* For instance; benzene, toluene and other aromatics
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Table 4.11 The amount of coke formed on the parent and CLD treated HZSM-5 
catalysts after 390 min on stream (Reaction temperature 350 °c Toluene to ethanol 
molar ratio of 3, WHSV = 20 h"1, particle size 60-80 mesh)

Catalyst
Amount of 

carbon 
(wt.%)

HZSM-5 (280) 7.08
HZSM-5 CLD1 6.03
HZSM-5 CLD2 5.98

The amounts of deposited coke on the parent and CLD treated HZSM-5 
catalysts were showed in Table 4.11. The amounts of deposited coke on CLD treated 
HZSM-5 were lower than that of the parent one. This might be due to the decreased 
acid sites after the treatment, which lower the probability of the coke formation from 
the decomposition of hydrocarbon species.

4.2.6 0 -Xylene isomerization
In order to investigate catalytic properties at external acid sites, o-xylene 

which has a kinematic diameter larger than the pore opening ofHZSM-5, was selected 
for the isomerization at the external surface ofHZSM-5. The composition in feed is 
showed in Table 4.12. The reaction was studied over unmodified HZSM-5 with 
SiCL/AhCL 280, the one-cycle and two-cycle CLD treated HZSM-5 (280). The 
composition in products and conversion are shown in Table 4.13. The results reveal 
that the conversion of o-xylene was significantly decreased from 9.37 to 3.83 % after 
modification. Moreover, w-xylene formation typically formed by isomerization at the 
external surface was decreased after modification. This could be conformed to the 
deactivation of external acid sites after modification.
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Table 4.12 Composition of o-xylene as a feed reactant
Compound Composition (พt%)

0 -Xylene 97.75
p-Xylene 0.41
ffî-Xylene 0.02

Others 1.82
* For instance; benzene, toluene and other aromatics

Table 4.13 Composition in liquid products and o-xylene conversion in o-xylene 
isomerization

Catalyst
o-Xylene

Conversion
(%)

Composition in liquid products (wt %)

o-Xylene />Xylene /W-Xylene Others*

HZSM-5 (280) 9.37 88.38 3.46 3.92 4.24
HZSM-5 CLD1 4.99 92.76 2.68 1.49 3.06
HZSM-5 CLD2 3.83 93.92 2.43 1.49 2.16

* For instance; benzene, toluene and other aromatics
Reaction temperature 350 ๐c, WHSV = 20 hr1, particle size 60-80 mesh, and TOS =
120 min.
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