
THEORETICAL BACKGROUND AND LITERATURE REVIEW
CHAPTER II

2.1 Background

F in d in g  a l t e r n a t i v e  w a y s  to  u t i l i z e  to lu e n e  is  a n  in t e r e s t in g  w a y  to  in c r e a s e  
t h e  v a lu e  o f  t o l u e n e  b e c a u s e  th e  d i r e c t  u s e s  o f  to lu e n e  a r e  s o m e w h a t  l im i te d .  In  
i n d u s t r y ,  t o l u e n e  is  w id e ly  u s e d  a s  s o lv e n t  a n d  f e e d s t o c k  f o r  b e n z e n e  a n d  x y le n e s  
p r o d u c t i o n .  In  t h i s  r e s e a r c h ,  a  n e w  w a y  to  u t i l i z e  to lu e n e  is  p r o p o s e d .  T o lu e n e  c a n  b e  

u t i l i z e d  b y  a l k y l a t e  w i th  e th a n o l  to  p r o d u c e  / 7- E T ,  a n  im p o r t a n t  p r e c u r s o r  f o r  
s u b s e q u e n t  d e h y d r o g e n a t i o n  a n d  p o ly m e r i z a t io n  to  p r o d u c e  p o ly ( /? -m e th y l  s ty r e n e )  
( P P M S ) ,  a  p o ly m e r  w h ic h  c a n  b e  r e p la c e  p o ly s ty r e n e ,  i f  r e q u i r e d .  P P M S  h a s  
a d v a n ta g e s  o v e r  p o ly s ty r e n e  s u c h  a s  h ig h e r  f la s h  p o in t  a n d  g la s s  t r a n s i t i o n  
t e m p e r a tu r e s  a n d  lo w e r  s p e c i f ic  g r a v i ty .  In  a d d i t io n ,  p - E T  p r o d u c t io n  f r o m  t o l u e n e  
w o u ld  p r o v id e  a d v a n ta g e  o f  u t i l i z in g  to lu e n e  t o  r e p la c e  b e n z e n e  in  p o ly s t y r e n e  
p r o d u c t io n .  In  a d d i t io n ,  p - E T  p r o d u c t i o n  f r o m  e th y la t io n  o f  t o l u e n e  w i th  e t h a n o l  h a s  
a n  a d v a n ta g e  o v e r  t r a d i t i o n a l  p r o c e s s  ( s u c h  a s  e t h y la t io n  o f  t o lu e n e  w i th  e t h y l e n e  
a n d  m é th y l a t i o n  o f  e th y l b e n z e n e  w i th  m e th a n o l  o r  m e th a n e ) ,  b e c a u s e  e t h a n o l  c a n  
d e r iv e  f r o m  r e n e w a b le  r e s o u r c e s .

Che m eals &
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Figure 2.1 G lo b a l  to lu e n e  d e m a n d  b y  e n d - u s e  s e g m e n t s  in  2 0 1 0 .  
( h t t p : / / w w w .g i i r e s e a r c h .c o m /p r e s s / g b i 2 1 4 3 0 5 . s h t m l )

http://www.giiresearch.com/press/gbi214305.shtml
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2.2 p-Ethyltoluene

p - E th y l to l u e n e  ( p - E T )  is a n  i m p o r t a n t  p r e c u r s o r  m a d e  f o r  s u b s e q u e n t  
d e h y d r o g e n a t i o n  t o  p - m e th y l s t y r e n e ,  th e  m o n o m e r  f o r  p o ly ( p - m e t h y l s ty r e n e )  
( P P M S )  p r o d u c t io n  ( F ig u r e  2 .2 ) .  p - E th y l to l u e n e  is t r a d i t i o n a l l y  p r o d u c e d  v ia  
a l k y la t io n  o f  t o l u e n e  w i th  e t h a n o l  o r  e th y le n e  in  th e  p r e s e n c e  o f  a c id  c a t a l y s t s .  T h e  
u s e s  o f  p o ly ( p - m e t h y l s ty r e n e )  in s t e a d  o f  p o ly s ty r e n e  p r o v id e s  n e w  a d v a n ta g e s  o f  
u t i l i z in g  to lu e n e  t o  r e p la c e  b e n z e n e  in  p o ly s ty r e n e  p r o d u c t io n .

T h e  p r o p e r t i e s  o f  p o ly ( p - m e th y ! s ty r e n e )  c o m p a r in g  to  p o ly s ty r e n e  a r e  s h o w n  
in T a b le  2 .1 .  A n  im p o r ta n t  a d v a n ta g e  o f  p o ly ( p - m e t h y l s ty r e n e )  is i ts  lo w e r  d e n s i ty  
r e l a t iv e  to  p o ly s ty r e n e  w h ic h  m a k e s  p o ly ( p - m e t h y l s ty r e n e )  l ig h t e r  th a n  p o ly s t y r e n e .  
M o r e o v e r ,  p o ly ( p - m e t h y l s ty r e n e )  h a s  a  h ig h e r  g la s s  t r a n s i t i o n  t e m p e r a tu r e  th a n  
p o ly s ty r e n e  w h ic h  m a k e s  p o ly ( / > m e t h y ls t y r e n e )  s a f e r  fo r  h ig h e r  t e m p e r a tu r e  u s e  a n d  
s to r a g e ,  a  h ig h e r  g la s s  t r a n s i t i o n  t e m p e r a tu r e  a ls o  r e s u l ts  in  a  d e c r e a s e  in  t h e  m o ld in g  
c y c le  t im e s ,  w h ic h  is b e t t e r  fo r  m o ld  f ill p r o p e r t ie s .

p - e th y l to lu e n e p-methyl styrene Poly(p-methyl styrene) 
(PPMS)

Figure 2 .2  P P M S  p r o d u c t io n  f r o m p - E T .
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Table 2.1 C o m p a r i s o n  b e tw e e n  p o ly ( /? - m e th y ls ty r e n e )  a n d  p o ly s ty r e n e  ( K a e d in g ,  

1 9 8 3 )

P r o p e r ty P o ly ( p - m e th y l s ty r e n e ) P o ly s ty r e n e

S p e c i f i c  g r a v i ty  ( g /m l ) 1 . 0 1 1 .05

M e lt  f lo w  r a t e  ( c o n d i t i o n  C ) 2 .5 2 .5

T h e r m a l  p r o p e r t i e s

G la s s  t r a n s i t i o n  t e m p  ( ° C ) 113 1 0 2

V ic a t  S o f te n in g  ( ๐C ) 1 1 6 1 0 9
H e a t  d i s to r t io n  t e m p .  ( ๐C ) 9 5 8 9

M e c h a n ic a l  p r o p e r t i e s

T e n s i l e  s t r e n g th  a t  b r e a k  (p s i  X 

1 0 3)
7 .0 7 .6

E lo n g a t io n  (  X  ) 3 .0 3 .0
T e n s i l e  m o d u lu s  ( p s i  X  10"5) 3 .2 3 .6
F le x u r a l  s t r e n g th  ( p s i  X 10'5) 1 2 13
H a r d n e s s  ( R o c k w e l l  M ) 8 2 7 4
I z o d  im p a c t  ( f t  lb s . / in .) 0 .3 0 .3

2.3 Alkylation

A lk y la t io n  is  t h e  r e a c t io n  t h a t  t r a n s f e r s  a n  a lk y l  g r o u p  f r o m  o n e  m o le c u le  to  
a n o th e r  m o le c u le ,  o n e  o r  m o re  o f  t h e  h y d r o g e n  a to m s  o n  th e  r in g  o r  s id e  c h a in  is 
r e p l a c e d  b y  a n  a lk y l  g r o u p .  T h e  a lk y l  g r o u p  m a y  b e  t r a n s f e r r e d  a s  a n  a lk y l  
c a r b o c a t i o n ,  a  f re e  r a d ic a l ,  a  c a r b a n i o n  o r  a  c a r b in e .  A lk y la t io n  is  a n  i m p o r t a n t  p a r t  
o f  o r g a n ic  s y n th e s i s  a n d  a lk y la t in g  a g e n t s  a r e  w id e ly  u s e d  in  c r e a t i n g  m e d ic in e s  a n d  
in d u s t r ia l  s p e c ia l ty  c h e m ic a l s .  A lk y la t io n  w i th  a n  e th y l  g r o u p  is  k n o w n  a s  e th y la t io n .
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2 .3 .1  A l k y l a t in g  a g e n t
A l k y l a t in g  a g e n t  is a  c h e m ic a l  s u b s t a n c e  t h a t  w i l l  a d d  a n  a lk y l  g r o u p  to  

a n o th e r  m o le c u le  in  a lk y la t io n .  A lk y la t in g  a g e n t s  a r e  c l a s s i f i e d  a c c o r d i n g  to  th e i r  
n u c le o p h i l i c  o r  e le c t r o p h i l i c  c h a r a c te r i s t i c .

N u c l e o p h i l i c  a l k y la t in g  a g e n ts  d e l iv e r  th e  e q u iv a l e n t  o f  a n  a lk y l  a n io n  

( c a r b a n io n ) .  T h e s e  c o m p o u n d s  ty p i c a l l y  c a n  a d d  to  a n  e l e c t r o n - d e f i c i e n t  c a r b o n  a t o m  
s u c h  a s  a t  a  c a r b o n y l  g r o u p .  N u c le o p h i l i c  a lk y la t in g  a g e n t s  c a n  a l s o  d i s p l a c e  h a l id e  

s u b s t i t u e n t s  o n  a  c a r b o n  a to m .
E le c t r o p h i l i c  a l k y l a t i n g  a g e n t s  d e l iv e r  th e  e q u iv a l e n t  o f  a n  a lk y l  c a t io n .  

S o m e  o f  t h e  m o s t  i m p o r t a n t  e le c t r o p h i l i c  a r o m a t i c  s u b s t i tu t io n s  a r e  a r o m a t i c  
n i t r a t i o n ,  a r o m a t i c  h a lo g é n a t io n ,  a r o m a t i c  s u l f o n a t io n ,  a n d  a c y la t io n  a n d  a lk y la t in g  
F r i e d e l - C r a f t s  r e a c t io n s .

2 .3 .2  A l k y l a t io n  m e c h a n is m
F o r  th e  e x a m p le  o f  a n  e l e c t r o p h i l i c  a lk y la t io n ,  w h ic h  in  th e  s im p le s t  c a s e  

is b e n z e n e  a s  s h o w n  in  F ig u r e  2 .3 ,  in  th e  f i r s t  s te p  o f  t h e  r e a c t i o n  th e  e l e c t r o n - r i c h  
a r o m a t i c  r i n g  a t t a c k s  th e  e l e c t r o p h i l e  A . T h is  s te p  le a d s  to  th e  f o r m a t i o n  o f  a  
p o s i t iv e l y - c h a r g e d  c y c l o h e x a d i e n y l  c a t io n  w h ic h  is  u n s t a b l e ,  o w in g  b o th  to  th e  
p o s i t iv e  c h a r g e  o n  th e  m o le c u le  a n d  to  th e  t e m p o r a r y  lo s s  o f  a r o m a t i c i ty .  H o w e v e r ,  
t h e  c y c lo h e x a d ie n y l  c a t io n  is  p a r t ia l ly  s ta b i l i z e d  b y  r e s o n a n c e ,  w h ic h  a l l o w s  th e  
p o s i t iv e  c h a r g e  to  b e  d i s t r ib u t e d  o v e r  th r e e  c a r b o n  a to m s .  In  th e  s e c o n d  s ta g e  o f  th e  
r e a c t io n ,  a  L e w i s  b a s e  B  d o n a te s  e l e c t r o n s  to  th e  h y d r o g e n  a to m  a t  t h e  p o in t  o f  
e l e c t r o p h i l i c  a t t a c k ,  a n d  th e  e l e c t r o n s  s h a r e d  b y  t h e  h y d r o g e n  r e tu r n  to  th e  p i  s y s te m ,  
r e s to r in g  a r o m a t i c i ty .

A n  e x a m p le  o f  n u c le o p h i l i c  s u b s t i tu t io n  m e c h a n is m  is s h o w n  in  F ig u r e  

2 .4 .  T h e  m e c h a n is m  in v o lv e s  a n  e le c t r o n  r ic h  n u c le o p h i le  a t t a c k  o n  th e  a r o m a t i c  r in g  
to  g iv e  a  r e s o n a n c e  s ta b i l i z e d  c a r b a n io n .  T h e  le a v in g  g r o u p ,  s u c h  a s  a  h a l id e  (X )  o n  
a n  a r o m a t i c  r in g ,  th e n  d e p a r t s  to  r e s to r e  t h e  a r o m a t ic i ty .  S t r o n g  r e s o n a n c e  e l e c t r o n  
w i th d r a w i n g  g r o u p s  u s u a l ly  m u s t  b e  p r e s e n t  in  th e  o r th o  o r  p a r a  p o s i t io n s  to  s ta b i l iz e  
t h e  c a r b a n io n  in te r m e d ia te .
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Figure 2 .3  T h e  e l e c t r o p h i l i c  a r o m a t i c  s u b s t i tu t io n  r e a c t io n .
( h t t p : / / e n .w ik i p e d ia . 0 r g / w ik i /E l e c t r o p h i l i c _ a r o m a t i c _ s u b s t i t u t i o n # R e a c t i o n _ n 1e c h a n i
s m )

EWG

X Nu

EWG
EWG = electron- o  com plex 
withdrawing group

X
±

Nu

EWG

Figure 2.4 T h e  e x a m p l e  o f  n u c le o p h i l i c  s u b s t i tu t io n .  
( h t t p : / / e n .w ik i p e d ia .o r g / w i k i / N u c le o p h i l i c _ a r o m a t i c _ s u b s t i t u t io n )

2.4 Disproportionation

D i s p r o p o r t io n a t io n  is a n  i m p o r t a n t  s id e  r e a c t io n  in  a l k y l a t i o n  o f  t o lu e n e .  T h e  
d i s p r o p o r t i o n a t io n  is t a k e n  p la c e  a t  h ig h e r  t e m p e r a tu r e s  c o m p a r e d  w i th  th e  a l k y l a t i o n  
d u e  to  h ig h e r  a c t i v a t i o n  e n e r g i e s  f o r  th e  t r a n s f e r  o f  m e th y l  g r o u p s  a t  th e  t r a n s i t i o n  
s ta te  w i th  tw o  to lu e n e  m o le c u le  a n d  a c id  s i t e s  ( V o l o s h i n a  et al., 2 0 0 9 ) .

V o lo s h in a  et al. ( 2 0 0 9 )  r e p o r t e d  th e  d is p r o p o r t i o n a t io n  m e c h a n is m  o f  t o l u e n e  
o n  p e n ta s i l  z e o l i t e s ,  t h e  p r im a r y  c o n v e r s io n  p r o d u c t s  o f  t o lu e n e  d i s p r o p o r t i o n a t io n

http://en.wikipedia.0rg/wiki/Electrophilic_aromatic_substitution%23Reaction_n1echani
http://en.wikipedia.org/wiki/Nucleophilic_aromatic_substitution
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a r e  / 7- x y le n e  a n d  e th y l b e n z e n e .  F o rm  F ig u r e  2 .5 ,  f i r s t  s te p  in  to lu e n e  

d i s p r o p o r t i o n a t io n  is  th e  p r o to n a t i o n  o f  t o l u e n e  a t  th e  m e th y l  g r o u p s ,  c a r b o c a t i o n  
w i th  a  p e n ta  c o o r d in a t e  c a r b o n  a to m  is f o r m e d .  T h e  c a r b o c a t i o n  o f  f i r s t  s t e p  m o s t  
l ik e ly  r e a c ts  w i th  th e  C H  g r o u p  o f  th e  n e x t  to lu e n e  m o le c u le  f o u n d  in  th e  p a r a  
p o s i t io n  a n d  a l s o  b e a r in g  s o m e  n e g a t iv e  c h a r g e  to  f o r m  a  b in u c l e a r  a c t iv a te d  

c o m p l e x  o r  t r a n s i t i o n  s ta te .  T h e  S u b s ta n t ia l  d i f f e r e n c e  b e tw e e n  th e  c a r b o c a t i o n  
m o i e t y  in  th e  a c t i v a t e  c o m p l e x  a n d  th e  in i t ia l  c a r b o c a t i o n  w i l l  in v o lv e  th e  w e a k e n in g  
o f  th e  b o n d  b e tw e e n  th e  - C H 4+ g r o u p  a n d  th e  b e n z e n e  r in g ,  w h ic h  w i l l  p r o m o te  
r e a l i z a t i o n  o f  a  s te p  o f  a- s c i s s io n  o f  t h i s  c o m p le x .  T h e  c a r b o c a t io n  in  s te p  3 is 
c o n v e r t e d  to  x y le n e  p r o d u c t  b y  r e tu r n in g  th e  p r o to n  to  th e  c a ta ly s t .

H H H H
3

(S te p  1)

(S te p  2 )

(S te p  3 )

Figure 2.5 D i s p r o p o r t io n a t io n  m e c h a n is m  o f  to lu e n e  to  / 7- x y le n e .  ( V o l o s h i n a  et al. 
2 0 0 9 )

In the case o f  the opposite  orien tation  o f  the second to luene m olecu le in step
2 in the pentasil channel, e thy lbenzene  is form ed instead o f  /7-xylene (F igure  2.6).
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HI H

Figure 2.6 D is p r o p o r t io n a t io n  m e c h a n is m  o f  t o l u e n e  to  e th y lb e n z e n e .  ( V o l o s h i n a  et 
al. 2 0 0 9 )

2.5 Alkylation catalysts

T r a d i t i o n a l  a c id  c a t a l y s t s  u s e d  in  a l k y la t io n  s u c h  a s  A l C h ,  H C 1 , h a v e  
c o n s id e r a b l e  c o r r o s i o n  o f  a p p a r a t u s ,  la rg e  c a t a l y s t  c o n s u m p t io n ,  e n v i r o n m e n ta l  
p r o b le m s ,  w h e n  t h e s e  c a t a ly s t s  a r e  u s e d ,  a  la rg e  a m o u n t  o f  n o n - d e s i r e d  i s o m e r  a n d  
p r o d u c t s  a r e  f o r m e d ,  w h ic h  is  v e r y  u n d e s i r a b le  a n d  h a v e  a n  a d v e r s e  e f f e c t  o n  th e  
q u a l i t y  o f  th e  p r o d u c ts .  F u r th e r m o r e ,  s e p a r a t io n  o f  i s o m e r s  is d i f f i c u l t  d u e  th e  s im i l a r  
b o i l i n g  p o in t s  o f  t h e  i s o m e r  p r o d u c ts .

H o m o g e n e o u s  a lk y la t io n  c a t a l y s t s  m a y  b e  B r ô n s te d  a c id s  s u c h  a s  H F  a n d  in  
F ig u r e  2 .7 ,  u s in g  a l k e n e s  a s  a l k y l a t i n g  a g e n t s ,  a  p r o to n  is d o n a te d  b y  th e  a c id  to  
s u b s t r a t e .

Figure 2.7 T h e  f o r m a t i o n  o f  c a r b o c a t i o n  b y  u s in g  a lk e n e s .  ( W a d e ,  2 0 0 9 )

In  th e  p r e s e n c e  o f  L e w is  a c id s ,  s u c h  a s  A l C h ,  a  c o m p l e x  is f i r s t  f o r m e d  w i th  
th e  a l c o h o l  a n d  F1C1 is r e le a s e d .  T h e  c o m p l e x  th e n  d o n a te s  th e  c a r b o c a t io n s .

ROH +  A ICI 3 - >  ROAlCl2 + HCl
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R O A lC l2 <-» R ++ ~ O A lC l2
A n  i m p o r t a n t  r e a c t io n  in  a r o m a t i c  a k y la t io n  is  k n o w n  a s  th e  F r i e d e l - C r a f t s  

r e a c t io n s ,  d e v e l o p e d  b y  C h a r le s  F r ie d e l  a n d  J a m e s  C r a f t s  to  a t t a c h  s i ib s t i t u e n ts  to  a n  
a r o m a t i c  r in g .  T h e r e  a r e  tw o  m a in  t y p e s  o f  F r i e d e l - C r a f t s  r e a c t io n s :  a l k y l a t i o n  
r e a c t io n s  a n d  a c y l a t io n  r e a c t io n s ,  b o th  p r o c e e d in g  b y  e l e c t r o p h i l i c  a r o m a t i c  
s u b s t i tu t io n .

F r i e d e l - C r a f t s  a lk y la t io n  in v o lv e s  th e  a l k y l a t i o n  o f  a n  a r o m a t i c  r in g  w i th  a n  
a lk y l  h a l id e  u s in g  a  s t r o n g  L e w is  a c i d  c a t a ly s t .  W i th  a n h y d r o u s  f e r r ic  c h l o r id e  a s  a  
c a t a ly s t ,  th e  a lk y l  g r o u p  a t t a c h e s  a t  t h e  f o r m e r  s i te  o f  th e  c h l o r id e  io n . T h e  g e n e r a l  
m e c h a n is m  is s h o w n  in  F ig u r e  2 .8 .

R—Cl + FeCI3 -----► R+ + FeCI4

Figure 2 .8  F r i e d e l - C r a f t s  a lk y la t io n .
( h t t p : / / e n .w ik i p e d ia .O r g / w i k i / F i l e :F r i e d e l _ C r a f t s _ m e c h a n i s m .p n g )

F r i e d e l - C r a f t s  a c y la t io n  ( F ig u r e  2 .9 )  is t h e  a c y l a t io n  o f  a r o m a t i c  r in g s  w i th  
a n  a c y l c h lo r i d e  u s in g  a  s t r o n g  L e w is  a c id  c a t a ly s t ,  a l s o  p o s s ib le  w i th  a c id  
a n h y d r id e s .  R e a c t io n  c o n d i t io n s  a r e  s im i l a r  to  th e  F r i e d e l - C r a f t s  a lk y la t io n .  T h is  
r e a c t io n  h a s  s e v e r a l  a d v a n ta g e s  o v e r  th e  a lk y la t io n  r e a c t io n  d u e  to  th e  e l e c t r o n -  
w i th d r a w i n g  e f f e c t  o f  th e  c a r b o n y l  g r o u p ,  p r o d u c t  is a lw a y s  le s s  r e a c t iv e  t h a n  th e  
o r ig in a l  m o le c u le ,  s o  m u l t ip le  a c y l a t io n s  d o  n o t  o c c u r .

http://en.wikipedia.Org/wiki/File:Friedel_Crafts_mechanism.png
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Figure 2 .9  F r i e d e l - C r a f t s  a c y la t io n .  
(h t t p : / / e n .w ik i p e d ia .O r g / w i k i / F i l e :F r i e d e l - C r a f t s - a c y l a t io n - o v e r v i e w .p n g )

A d v a n c e s  in  th e  s y n th e s i s ,  z e o l i t e s  h a v e  m a d e  it p o s s ib le  to  d e v e lo p  a  n e w  

p r o c e s s  f o r  t h e  s e l e c t iv e  p r o d u c t io n  s u c h  a s  s e l e c t iv e  i s o m e r s  d u e  to  i ts  s h a p e  
s e l e c t iv i ty  a n d  a c id i ty .

2.6 Zeolite

Z e o l i t e s  a r e  m i c r o p o r o u s ,  a l u m i n o s i l i c a te ,  c r y s t a l l i n e  m in e r a l s  w i th  u n iq u e  3 -  
D  la t t ic e s  o f  S i ,  A1 a n d  o  t h a t  m a k e  u p  s i l i c a  a n d  a lu m in a  t e t r a h e d r a l ,  w a s  d i s c o v e r e d  
in  1 7 5 6  b y  S w e d i s h  m i n e r a l o g is t  A x e l  F r e d r ik  C r o n s t e d t .  T h e r e  a r e  c u r r e n t ly  1 7 6  
u n iq u e  z e o l i t e  f r a m e w o r k  ty p e s ,  a n d  e a c h  is a s s ig n e d  a  t h r e e - l e t t e r  c o d e  b y  t h e  
S t r u c tu r e  C o m m is s io n  o f  th e  I n t e r n a t io n a l  Z e o l i t e  A s s o c i a t i o n .T h e  c h e m ic a l  
c o m p o s i t i o n  o f  a  z e o l i t e  c a n  b e  r e p r e s e n t e d  b y  a  f o l lo w in g  f o r m u la  ( W e i tk a m p ,
2000).

A ^ ; m [ ( S i O  2 ) x - ( A l 0 ^ y ]  - z H 2 0

W h e r e  A  is a  c a t io n  w i th  th e  c h a r g e  m , ( x + y )  is t h e  n u m b e r  o f  te t r a h e d r a  p e r  
c r y s t a l l o g r a p h ic  u n i t  c e l l  a n d  X /y is t h e  s o - c a l le d  f r a m e w o r k  s i l i c o n  / a l u m i n u m  r a t io .  
L o w e n s t e i n 's  r u le  p r e c l u d e s  th a t  tw o  c o n t i g u o u s  t e t r a h e d r a  c o n ta in  a l u m i n u m  o n  
t e t r a h e d r a l  p o s i t io n s ,  i .e . A l - O - A l  l i n k a g e s  a r e  f o r b id d e n .  S i l i c o n  a n d  a l u m i n u m  in  
a lu m i n o s i l i c a te  z e o l i t e s  a r e  r e f e r r e d  to  a s  th e  T - a to m s .

Z e o l i t e s  h a v e  a  p o r o u s  s t r u c tu r e  t h a t  c a n  a c c o m m o d a t e  a  w i d e  v a r i e t y  o f  
c a t io n s ,  s u c h  a s  N a +, K +, C a 2+, M g 2+ a n d  o th e r s .  T h e s e  p o s i t iv e  io n s  a r e  lo o s e ly  h e ld  
a n d  c a n  b e  e x c h a n g e d  f o r  o th e r s  in  a  c o n ta c t  s o lu t io n .  Z e o l i t e s  h a v e  th e  a b i l i t y  to  s o r t  
m o le c u le s  b a s e d  o n  s iz e  d u e  to  th e  r e g u l a r  p o r e  s t r u c tu r e .  T h e s e  d i m e n s io n s  a r e  o n  a

http://en.wikipedia.Org/wiki/File:Friedel-Crafts-acylation-overview.png
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m o l e c u l a r  le v e l  a n d  c a n  b e  u s e d  t o  c o n t r o l  th e  m o le c u le s  t h a t  c a n  e n t e r / l e a v e  t h e  

z e o l i t e  c h a n n e l .
In  p e t r o c h e m ic a l  i n d u s t r y ,  z e o l i t e s  a r e  u s e d  a s  c a t a ly s t s  f o r  f lu id  c a t a ly t i c  

c r a c k in g ,  h y d r o c r a c k i n g  a n d  a lk y la t io n .  Z e o l i t e s  c o n f in e  m o le c u le s  in  s m a l l  s p a c e s ,  
w h ic h  c a u s e  c h a n g e s  in  th e i r  s t r u c tu r e  a n d  r e a c t iv i ty .  T h e  h y d r o g e n  f o r m  o f  z e o l i t e s  

is  p o w e r f u l  s o l i d - s t a t e  a c id s ,  a n d  c a n  u s e  f o r  a c i d - c a t a ly z e d  r e a c t i o n s ,  s u c h  a s  

i s o m e r i z a t io n ,  a lk y la t io n ,  a n d  c r a c k in g .
W e i tk a m p .  ( 2 0 0 0 )  s h o w e d  t h e  s t r u c tu r e s  o f  f o u r  s e l e c t e d  z e o l i t e s  w i th  t h e i r  

r e s p e c t i v e  v o id  s y s t e m s  a n d  p o r e  d im e n s io n s  a r e  s h o w n  in F ig u r e  2 .1 0 .  In  th e s e  
c o m m o n ly  u s e d  r e p r e s e n t a t io n s ,  th e  T - a to m s  a r e  lo c a te d  a t  th e  v e r t i c e s ,  a n d  th e  l in e s  
c o n n e c t in g  th e m  s ta n d  fo r  T - O - T  b o n d s .  I f  2 4  t e t r a h e d r a  a r e  l in k e d  t o g e t h e r  a s  
s h o w n  in  th e  to p  l in e ,  it c a n  b e  r e f e r r e d  a s  a  s o d a l i t e  u n it .  T h e  s t r u c tu r e  o f  th e  
m in e r a l  f a u j a s i t e  c a m e  f r o m  th e  c o n n e c t in g  o f  s o d a l i t e  u n i t s .  Z e o l i t e  X  a n d  Y  a r e  

i d e n t ic a l  w i th  th e  s t r u c tu r e s ,  b u t  z e o l i te  X  h a s  nsi/nAi b e tw e e n  1 a n d  1.5  a n d  z e o l i t e  Y  
h a s  nsi/nAi m o re  th a n  1 .5 . Z e o l i t e  Y  is a n  i m p o r t a n t  c a ta ly s t  f o r  f lu id  c a t a ly t i c  
c r a c k in g .  I ts  p o r e  s y s t e m  is r e l a t iv e ly  s p a c io u s  a n d  c o n s i s t s  o f  s p h e r ic a l  c a g e s ,  w i th  a  
d i a m e t e r  o f  1.3 m il c o n n e c t e d  t e t r a h e d r a l ly  w i th  f o u r  n e i g h b o r in g  c a g e s  t h r o u g h  
w i n d o w s  w i th  a  d i a m e t e r  o f  0 .7 4  n m  f o r m e d  b y  12 T 0 4 - t e t r a h e d r a .  Z e o l i t e  Y  is 
c l a s s i f i e d  to  p o s s e s s  a  t h r e e - d i m e n s i o n a l ,  1 2 - m e m b e r e d - r in g  p o r e  s y s te m .  Z S M - 5  is  
b u i l t  f r o m  th e  p e n ta s i l  u n it .  T h e  f i r s t  o f  t h e s e  c h a n n e l s  is s t r a ig h t  c h a n n e l  a n d  
e l l ip t i c a l  in  c r o s s  s e c t io n  0 .5 6  X  0 .5 3  n m , th e  s e c o n d  p o r e  a r e  z ig z a g  o r  s in u s o id a l  
c h a n n e l s  in  c r o s s  s e c t io n  0 .5 5  X  0 .5 1  n m . T h e  in t e r s e c t io n  o f  b o th  c h a n n e l s  is c a l l e d  
in t e r s e c t io n  c h a n n e l .  Z S M - 5  is s u i t a b le  fo r  t h e  s y n th e s i s  o f  e t h y l b e n z e n e ,  th e  
i s o m e r i z a t io n  o f  x y le n e s ,  th e  d i s p r o p o r t i o n a t io n  a n d  a lk y la t io n  o f  t o l u e n e ,  d u e  t o  th e  
s h a p e  s e l e c t iv i ty  f o r  m o n o - a r o m a t ic  p r o d u c ts .



ZSM-12
-0.57 nm 
X 0.61 nm

0.56 nm

F igure  2.10 S t r u c tu r e s  o f  s e l e c t e d  z e o l i t e s  ( f r o m  t o p  to  b o t to m :  z e o l i t e s  X  a n d  Y ;  
z e o l i te  Z S M - 1 2 ;  z e o l i te  Z S M - 5 ;  z e o l i te  Z S M - 2 2 ) ,  th e i r  m ic r o p o r e  s y s te m s ,  a n d  

d im e n s io n s .  ( W e i tk a m p ,  2 0 0 0 )

2 .6 .1  Z S M - 5
Z S M - 5  ( Z e o l i t e  S o c o n y  M o b i l - 5 )  w h ic h  h a s  s t r u c tu r e  ty p e  M F 1 

( m o r d e n i t e  f r a m e w o r k  in v e r te d )  is c o m p o s e d  o f  s e v e r a l  p e n ta s i l  u n i t s  l in k e d  w i th  
o x y g e n  b r i d g e s  to  fo rm  p e n ta s i l  c h a in s .  T h e  p o r e  s t r u c tu r e  is  s h o w n  in  F ig u r e  2 .1 5 .  
T h e  f i r s t  o f  t h e s e  c h a n n e l s  is s t r a ig h t  c h a n n e l  a n d  e l l ip t i c a l  in  c r o s s  s e c t io n  0 .5 6  X  

0 .5 3  n m . t h e  s e c o n d  p o r e  a r e  z ig z a g  o r  s in u s o id a l  c h a n n e l s  in  c r o s s  s e c t io n  0 .5 5  X 

0 .5 1  n m . T h e  in t e r s e c t io n  o f  b o th  c h a n n e ls  is c a l l e d  in te r s e c t io n  c h a n n e l  ( W e i tk a m p ,  
2 0 0 0 ) .  T h e  p o r e  s t r u c tu r e  o f  Z S M - 5  is s h o w n  in  F ig u r e  2 .1  1.

In  1 9 7 2 . Z S M - 5  w a s  f i r s t  s y n th e s i z e d  b y  A r g a u e r  a n d  L a n d o l t  w i th  th r e e  
d i f f e r e n t  s o lu t io n s .  T h e  f i r s t  s o lu t io n  is  th e  a lu m in a  s o u r c e ,  s o d iu m  io n s , a n d  

h y d r o x id e  io n s . A lu m in a  w i l l  f o rm  s o lu b le  A l(O H )-t  io n s  in  th e  p r e s e n c e  o f  e x c e s s  
b a s e .  T h e  s e c o n d  s o lu t io n  h a s  th e  t e t r a p r o p y l a m m o n iu m  c a t i o n  a s  a  t e m p l a t in g  a g e n t .  
T h e  th i r d  s o lu t io n  is t h e  s i l i c a  s o u r c e .  M ix in g  th e  th r e e  s o lu t io n s  p r o d u c e s  
s u p e r s a tu r a t e d  t e t r a p r o p y l a m m o n iu m  Z S M - 5 ,  w h ic h  c a n  b e  h e a te d  to  r e c r y s t a l l i z e  
a n d  p r o d u c e  a  s o lid .
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F ig ure  2.11 T h e  p o r e  s t r u c tu r e  o f Z S M - 5 .  
( h t t p : / / c h e m e la b .u c s d .e d u /m e t h a n o l / m e m o s / Z S M - 5 . l i t m l )

Z S M - 5  h a s  h ig h  s i l i c a  to  a lu m in a  r a t i o .  W h e n e v e r  a n  A l 3+ c a t io n  r e p l a c e s  
a  S i4+ c a t io n ,  a n  a d d i t i o 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  th e  c h a r g e .  W i th  
p r o to n  ( H + )  a s  t h e  c a t io n ,  th e  m a te r ia l  b e c o m e s  v e r y  a c id ic .  T h u s  th e  a c i d i ty  is 
p r o p o r t i o n a l  to  th e  A t  c o n te n t .  T h e  s t r u c tu r e  a n d  th e  a c id i ty  o f  Z S M - 5  a r e  s u i t a b le  

f o r  a c i d - c a t a ly z e d  r e a c t i o n s  s u c h  a s  h y d r o c a r b o n  i s o m e r iz a t io n  a n d  th e  a l k y l a t i o n  o f  
h y d r o c a r b o n s .  A n  e x a m p l e  is th e  i s o m e r i z a t io n  o f  m - x y le n e  to  /> -x y le n e . W i th in  th e  
p o r e s  o f  Z S M - 5 .  £ > -x y len e  w h ic h  h a s  a  m u c h  h ig h e r  d i f f u s i o n  c o e f f i c i e n t  t h a n  m- 
x y le n e  c a n  d i f f u s e  o u t  o f  th e  c a t a l y s t  v e r y  q u ic k ly ,  a l lo w s  t h e  i s o m e r i z a t io n  o c c u r  
w i th  h ig h  y ie ld  o f  t h e  s e l e c t iv e  p r o d u c ts .

2 .6 .2  A c id i ty
Z e o l i t e s  c o n s i s t  o f  a  3 - D  n e tw o r k  o f  m e t a l - o x y g e n  t e t r a h e d r a  w h ic h  

p r o v id e  th e  m i c r o p o r o u s  s t r u c tu r e ,  in  w h ic h  th e  a c t iv e  s i te s  a r e  p a r t  o f  th e  s t r u c tu r e .  
A c id  s i t e s  r e s u l t  f r o m  t h e  im b a la n c e  o f  t h e  m e ta l  a n d  th e  o x y g e n  f o r m a l  c h a r g e  in  th e  
p r im a r y  b u i ld in g  u n i t .  A c id  s i te s  in  z e o l i t e s  c a n  b e  d e v id e d  in to  B r ô n s te d  a c id  s i t e s  
a n d  L e w is  a c id  s i t e s .  T h e  f o r m a t io n  o f  B r ô n s te d  a c id  s i te s  a r i s in g  f r o m  th e  c r e a t i o n  
o f  “ b r i d g i n g  h y d r o x y l  g r o u p s "  w i th in  th e  p o r e  s t r u c tu r e  o f  t h e  z e o l i t e s .  T h e s e  
" b r i d g i n g  h y d r o x y l  g r o u p s ”  a r e  u s u a l ly  f o r m e d  e i t h e r  b y  a m m o n iu m  o r  p o ly v a l e n t  
c a t io n  e x c h a n g e  f o l lo w e d  b y  a  c a l c i n a t io n s  s te p  ( S to c k e r ,  2 0 0 5 ) .  T h e  B r ô n s te d  a c id  
s i te s ,  is  s h o w n  in  F ig u r e  2 .1 2 .

http://chemelab.ucsd.edu/methanol/memos/ZSM-5.litml
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H
). „CL „CL f„c> 1 - > 1 - > i/  \  /  \  /  \  /  \  /  \

or

HI-O. I ./ 0 ไร''0 ไAI' ■  X  ■  X  ’  X  / \ / \ / \ / \ /  \
F ig ure  2.12 B r ô n s t e d  a c id  s i t e s  ( ‘ ‘b r id g in g  h y d r o x y l  g r o u p s ” ) in  z e o l i t e s .  ( S to c k e r ,  

2 0 0 5 )

T h e  p r o to n s  a r e  q u i te  m o b i le  a t  h ig h e r  t e m p e r a tu r e s ,  a n d  a t  5 5 0  ° c  th e y  
a r e  lo s t  a s  w a t e r  m o le c u le s  f o l lo w e d  b y  th e  f o r m a t io n  o f  L e w is  a c id  s i t e s  ( F ig u r e  
2 .1 3 ) .

H*
-๐^ \  / x ° ; s r ° ;

,๐
Al\

B ron sted  acid  s ite
55 0  ~ c
-  h 2o

' ๐ ' '  A t  \  /  \ / SC ๐;
Lewis acid  s ite

F ig u re  2.13 F o r m a t io n  o f  L e w is  a c id  s i t e s  in  z e o l i t e s .  ( S to c k e r .  2 0 0 5 )

2 .6 .3  S h a p e  s e l e c t iv i ty
T h e  m o l e c u l a r  s h a p e - s e l e c t iv e  m e c h a n is m s  o f  z e o l i t e s  c a n  b e  d iv i d e d  in to  

r e a c ta n t ,  p r o d u c t  a n d  r e s t r i c te d  t r a n s i t i o n  s ta t e - ty p e  s e l e c t iv i ty  a s  s h o w n  in  F ig u r e  
2 .1 4  ( S to c k e r ,  2 0 0 5 ) .

R e a c ta n t  s e l e c t iv i ty  d e s c r ib e s  th e  p h e n o m e n o n  o f  m ic r o p o r o u s  c a ta ly s t s  
a c t in g  a s  m o l e c u l a r  s ie v e s  a n d  e x c lu d in g  b u lk y  m o le c u le s  f r o m  e n te r in g  th e  p o r e  
w h i l e  a l l o w in g  o n ly  th e  s m a l l e r  m o le c u le s  e n t e r .  T h e  c r i t i c a l  e x c l u s i o n  l im i t  c a n  b e  
v a r i e d  o v e r  a  w id e  r a n g e  o f  d i f f e r e n t  z e o l i te s .
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Product selectivity refers to discrete diffusivities of the reaction products 
formed in zeolites with respect to the microporous pore structure. Small product 
molecules may easily leave the zeolite pore, while larger product molecules stay 
much longer in the cavities of the zeolites.

Restricted transition state-type selectivity occurs when the spatial 
configuration around a transition state or a reaction intermediate located in the intra­
crystalline volume is such that only certain configurations are possible. This means 
the formation of reaction intermediates and/or transition states is sterically limited 
due to the shape and size of the microporous lattice allowing the access of the species 
formed to interact with the active sites.

Reactant selectivity

Restricted tra n s itio n  state-type selectivity

P o re  wall

XX —  xxxx
I P o re  wall ______

Pore waft

XX --- xxcc
Pore พ ร !

Figure 2.14 Schematic representation of the three types of shape selectivity. 
(Stocker, 2005)

2.6.4 Si/Al Ratio
Shirazi e t al. (2008) studied the effects of Si/Al ratio ofZSM-5 zeolite on 

the morphology, acidity and crystal size of ZSM-5 by synthesized ZSM-5 with 
different Si/Al molar ratios from 10 to 50. They found that an increasing the
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a l u m in u m  c o n te n t  o f  th e  s a m p le  r e s u l t s  in  t h e  d e c r e a s in g  in  c r y s t a l  s iz e  in  th e  r a n g e  

f r o m  1 to  10  p m .  F r o m  X R D  r e s u l t s  t h e  in t e n s i t i e s  o f  t h e  p e a k s  in c r e a s e  s l i g h t l y  
w h e n  in c r e a s in g  S i /A l  r a t i o s  f r o m  10 t o  5 0 ,  i n d ic a t in g  t h a t  Z S M - 5  z e o l i t e  c a n  f o r m  
e a s i e r  a s  t h e  S i /A l  r a t i o s  in c r e a s e .  T h e  s iz e  a n d  m o r p h o l o g y  o f  t h e  c r y s t a l s  a l s o  
d e p e n d e d  o n  th e  S i /A l  m o l a r  r a t io .  S E M  im a g e s  s h o w e d  th a t ,  t h e  m o r p h o l o g y  o f  th e  
s y n th e s i z e d  z e o l i t e s  w a s  o f  c u b ic a l ,  h e x a g o n a l  a n d  e l l ip s o id a l  in  s h a p e .  In  c a s e  w i th  

S i /A l  m o la r  r a t io  o f  10 , h ig h ly  i n t e r g r o w th  a n d  a g g r e g a t io n  h a d  o c c u r r e d .  S u r f a c e  
a r e a s  o f  z e o l i t e s  i n c r e a s e d  w i th  in c r e a s in g  S i /A l  m o la r  r a t io  o f  t h e  s a m p le s .  N F b -  
T P D  r e s u l t s  s h o w e d  t h a t  d i f f e r e n t  S i /A l  m o l a r  r a t io s  a f f e c t  t h e  a c i d i ty  o f  z e o l i te s .  
T o ta l  a c id i ty  o f  Z S M - 5  d e c r e a s e d  w i th  i n c r e a s in g  th e  S i /A l  m o la r  r a t io .

2.7 Ethylation of toluene using ZSM-5 catalysts

P a p a r a t to  et al. ( 1 9 8 6 )  s tu d ie d  t h e  e f f e c t s  o f  s t r u c tu r a l  a n d  m o r p h o l o g i c a l  
f e a tu r e s  o f  t h e  Z S M - 5  a n d  Z S M - 1 1 o n  th e  a c t i v i t y  a n d  s e l e c t iv i ty  to  p - E T  in  t o l u e n e  
a lk y l a t i o n  w i th  e th a n o l .  C a ta l y s t s  w e r e  p r e p a r e d  w i th  th e  d i f f e r e n t  S i /A l  r a t io s  a n d  
o r g a n ic  c a t io n s  s u c h  a s  t e t r a p r o p y l a m m o n iu m  ( T P A ) .  t r i e th a n o l a m i n e  ( T E A )  a n d  
t e t r a b u t y l a m m o n i u m  ( T B A ) .  T h e y  f o u n d  t h a t  t h e  p-ET s e l e c t iv i ty  r i s e s  o n  in c r e a s in g  
t h e  p r im a r y  p a r t ic le  a s  s h o w n  in  T a b le  2 .2 ,  a n d  th e  b e s t  p e r f o r m a n c e  w a s  o b ta i n e d  o n  
T E A  s a m p le s .  T h e y  s u m m a r i z e d  th e  b e h a v io r  o f  Z S M - 5  c a t a ly s t s  b y  t h e  t w o - s t e p  
m e c h a n is m .  T h e  f i r s t  r e a c t io n  is th e  s h a p e  s e l e c t iv e  a l k y l a t i o n  o n  th e  a c id  s i t e s  in s id e  
th e  z e o l i te  c h a n n e l s ,  w h e r e  th e  f o r m a t io n  o f p - i s o m e r  is  f a v o r e d .  W h e n  th e  / ; - i s o m e r  
p a s s e s  t h r o u g h  th e  Z S M  p o r e s ,  it c o m e s  in to  c o n ta c t  w i th  th e  a c id  s i t e s  o n  th e  
e x te r n a l  s u r f a c e  a n d  i s o m e r i z e s  to w a r d  ทา- a n d  O -E T . A n  in c r e a s e  in  p a r t ic le  s iz e  
r e s u l t s  in  lo w e r  th e  e x t e r n a l  s u r f a c e  a r e a ,  u n d e s i r e d  s id e  r e a c t i o n s  s u c h  a s  
i s o m e r i z a t io n  a r e  le s s  f a v o r a b le .

C h e n  a n d  F e n g  ( 1 9 9 2 )  s tu d ie d  th e  e f f e c t s  o f  p r e p a r a t i o n  m e th o d  o n  a c t iv i ty  o f  
c a t a ly s t  in  t o l u e n e  a l k y l a t i o n  w i th  e th a n o l .  N o n - s k e l e t a l  b o r o n - c o n t a i n in g  z e o l i t e  
c a t a ly s t  ( B Z S M - 5 )  w a s  p r e p a r e d  b y  u s in g  io n  i m p r e g n a t io n  o f  b o r ic  a c i d  o n  Z S M - 5 .  
T h e  s k e le ta l  b o r o n - c o n t a i n in g  z e o l i t e  c a t a l y s t  ( S B )  w a s  p r e p a r e d  b y  in t r o d u c in g  
b o r o n  d u r in g  th e  s y n th e s i s .  P a r t i a l  d e a l u m i n a te d  b o r o n - c o n t a i n in g  z e o l i t e  c a t a ly s t  
( W B Z )  w a s  p r e p a r e d  b y  th e  t r e a t m e n t  o f  Z S M - 5  z e o l i t e  w i t h  b o r ic  a c id  s o lu t io n  in  a
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f lo w  c o n d i t i o n  a t  h ig h  t e m p e r a tu r e .  T h e y  f o u n d  t h a t  B Z S M - 5  h a s  h ig h  /7 - s e le c t iv i ty  
h u t  lo w  s ta b i l i ty .  F o r  S B , /7 - s e l e c t i v i t y  in c r e a s e s  w i th  th e  in c r e a s e  o f  s k e le ta l  b o r o n .  
F o r  W B Z , th e  / 7 - s e le c t iv i t ie s  a n d  s t a b i l i t i e s  a r e  h ig h e r  th a n  S B  c a ta ly s t .  T h e y  
c o n c lu d e  t h a t  b e c a u s e  o f  th e  e f f e c t  o f  m o d i f ie r s ,  t h e  a m o u n t  o f  s t r o n g  a c id  s i t e s  is  
r e d u c e d  a n d  s o m e  u n d e s i r e d  s id e  r e a c t i o n s  s u c h  a s  i s o m e r i z a t io n  a r e  p r o h ib i te d .  

S u c h  a  r e s u l t  is in  f a v o r  o f  /7 - s e le c t iv i ty .

Table 2.2 S u m m a r y  o f  th e  c h a r a c te r i s t i c s  o f  th e  c a t a l y s t s  in  c o m p a r i s o n  w i th  t h e i r  
p e r f o r m a n c e s  in  m - X y le n e  i s o m e r i z a t io n  a n d  T o lu e n e  A l k y l a t io n  w i th  E th a n o l  

( P a p a r a t to  et ai, 1 9 8 6 )

Organic
cation

SiCVAkOî 
Molar ratio Structure d x R D

(nm)
dsE M

(pm)
d s

(nm)
S e x

(m2/g)
Conversion

(%)

P-ET
selectivity

(%)
TPA 25 ZSM-5 34 0.5 36 88 74 31
TPA 25 ZSM-5 64 1-2 640 5 44 85
TPA 58 ZSM-5 87 1-4 160 20 65 41
TPA 63 ZSM-5 90 1-4 320 10 61 48
TEA 25 ZSM-5 83 1 145 22 71 46
TEA 25 ZSM-5 63 1 400 8 65 57
TEA 25 ZSM-5 145 3-7 460 7 61 57
TEA 25 ZSM-5 77 3-7 530 6 55 75
TEA 48 ZSM-5 300 4-8 750 4 50 87
TEA 63 ZSM-5 300 4-8 700 4-5 46 92
TBA 40 ZSM-11 50 1 35 90 54 33
TBA 80 ZSM -11 58 1 40 80 45 45

W h e re

dxRD is t h e  c r y s t a l l i t e  s iz e
dsEM  is  t h e  s h a p e  a n d  th e  d im e n s io n  r a n g e  o f  th e  c r y s t a l s  o r  t h e i r  a g g r e g a te s ,
d s  is  t h e  s iz e  o f  th e  p r im a r y  p a r t i c le s
Sex is  t h e  s u r f a c e  a r e a  o u ts id e  th e  z e o l i t i c  p o r e s
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B h a n d a r k a r  a n d  B h a t i a  ( 1 9 9 4 )  s tu d ie d  th e  s e l e c t iv e  f o r m a t io n  o f  p - E T  u s in g  

to lu e n e  a n d  e t h a n o l  b e tw e e n  u n m o d i f ie d  a n d  m o d i f i e d  s h a p e - s e l e c t iv e  H Z S M - 5  
c a t a ly s t s .  T h e y  f o u n d  t h a t  H Z S M - 5  m o d i f i e d  w i th  p h o s p h o r u s ,  b o r o n ,  a n d  
m a g n e s iu m  y ie ld e d  b e t t e r  s e l e c t iv i ty  ( a r o u n d  9 0 % )  a s  c o m p a r e d  t o  u n m o d i f ie d  
H Z S M - 5  c a t a l y s t  ( a r o u n d  5 0 % )  u n d e r  id e n t ic a l  c o n d i t io n s .  T h e y  c o n c l u d e d  t h a t  w i th  

m o d i f i c a t io n ,  t h e  s t r e n g th  o f  th e  s t r o n g  B r ô n s te d  a c id  s i t e s  d e c r e a s e s  a n d  m o r e  w e a k  

L e w is  a c id  s i t e s  a r e  f o r m e d .

Y u  a n d  T a n  ( 2 0 0 6 )  s tu d ie d  th e  p a r a - s e l e c t i v e  H Z S M - 5  c r y s ta ls  p r e p a r e d  b y  

th e  c h e m ic a l  l iq u id  d e p o s i t io n  ( C L D )  w i th  t e t r a e th y l  o r t h o s i l i c a t e  ( T E O S )  a s  th e  
c a t a ly s t  f o r  a l k y l a t i o n  o f  t o l u e n e  w i th  e t h y le n e  in  s u p e r c r i t i c a l  c a r b o n  d io x id e .  T h e y  
c o n c lu d e d  t h a t  a n  e n h a n c e m e n t  o f  p - E T  s e l e c t iv i ty  r e s u l t s  f r o m  th e  r e d u c t io n  o f  p o r e  
o p e n in g  a n d  t h e  lo w e r  e x te r n a l  a c id i ty  d u e  t o  th e  s e le c t iv e  s i l i c a  d e p o s i t io n  n e a r  p o r e  

m o u th  a n d  e x t e r n a l  s u r f a c e  o f  t h e  c r y s t a l s  b y  c h e m ic a l  l iq u id  d e p o s i t io n .
L iu  et al. ( 2 0 1 0 )  r e p o r t e d  th a t  H Z S M - 5  w i th  S i /A l  =  1 5 0  s h o w s  b o th  h ig h  

s e l e c t iv i ty  a n d  c a t a ly t i c  a c t i v i t y  f o r  a l k y l a t i o n  o f  to lu e n e  w i th  e th y le n e .  In  a d d i t io n ,  
t h e y  s tu d ie d  th e  e f f e c t s  o f  m o d i f i e d  c a t a l y s t s  o n  th e  s h a p e - s e l e c t iv i ty  f o r  p - E T  
p r o d u c t io n  w i th  a l k y l a t i o n  o f  t o lu e n e  a n d  e th y l e n e .  M o d i f i e d  c a t a ly s t s  w e r e  p r e p a r e d  
b y  c h e m ic a l  l iq u id  d e p o s i t io n  o f  s i l i c a  (S iC H -C L D ), c h e m ic a l  v a p o r  d e p o s i t io n  o f  
s i l i c a  (S iC E - C V D )  a n d  im p r e g n a t io n  w i th  La2C>3 a n d  M g O . T h e  r e s u l t s  a r e  s h o w n  in  
T a b le  2 .3 .

Table 2.3 C a ta ly t ic  p e r f o r m a n c e  f o r  to lu e n e  a l k y la t io n  o v e r  m o d if ie d  H Z S M - 5  
( S i /A l  =  1 5 0 ) . ( L iu  et ai, 2 0 1 0 )

Sam ple
Toluene

conversion
%

Ethylene
conversion

%

Total ET 
selectivity

%

Total p-E T  
selectivity

%
U nm odified HZSM -5 29.4 95.5 91.2 74.9
SiOz-CLD/HZSM -5 27.9 93.5 91.3 90.7
S i0 2-C V D /H ZSM -5 26.1 91.0 89.7 87.2

S i0 2-C LD & M gO /H ZSM -5 25.0 90.7 95.1 98.6
S i0 :-C L D & L ar 0 3/HZSM -5 25.6 91.3 94.8 98.2

T h e y  c o n c lu d e d  t h a t  S iC > 2 -C L D /H Z S M -5  s h o w s  h ig h e r  c a t a ly t i c  a c t iv i ty  a s  
S iC > 2 -C V D /H Z S M -5  lo s e s  m o r e  a c id ic  s i t e s  in  c h a n n e l s  d u r in g  m o d i f ic a t io n .
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B e c a u s e  t w o  s id e  r e a c t i o n s  t h a t  l o w e r  th e  ^ - s e l e c t i v i t y  s u c h  a s  

d is p r o p o r t i o n a t io n  o f  to lu e n e  a n d  d e a l k y l a t i o n  o f  m e th y l  e th y l b e n z e n e  r e q u i r e d  th e  
s t r o n g e r  a c id ic  s i t e s .  In  o r d e r  to  r e d u c e  th e  s id e  r e a c t io n s  o f  b o th  d i s p r o p o r t i o n a t io n  
a n d  d e a lk y la t io n ,  m e ta l l i c  o x id e s  w e r e  a d d e d  to  d e c r e a s e  H Z S M - 5  a c id ic  s t r e n g th .  

T h e  a c id  c h a r a c t e r i z a t i o n  is s h o w n  in  T a b le  2 .4 .  M o r e o v e r ,  th e  f u r t h e r  L a 2Û 3 o r  M g O  
m o d i f i c a t io n  r e d u c e s  c o k in g  d e a c t iv a t io n  f r o m  e t h y le n e  p o ly m e r i z a t io n  o v e r  H Z S M -  
5 c a t a ly s t ,  im p r o v in g  its  s t a b i l i ty

Table 2.4 R e s u l t s  o f  NH3-TPD c h a r a c t e r i z a t i o n  f o r  th e  a c id i ty  o f  m o d i f ie d  Z S M - 5  

(L iu  et ai, 2 0 1 0 )

Sam ple

W eak acidic sites Strong acidic sites
T em perature

K
Desorbed

n h 3
m m ol/g

Tem perature
K

D esorbed
N H j

m m ol/g
U nm odified HZSM -5 529 0.67 778 0.31
S i0 2-CLD /H ZSM -5 528 0.53 775 0.25
S i0 2-C V D /H ZSM -5 526 0.48 773 0.20

SiO: -C LD & M gO /H ZSM -5 525 0.50 750 O i l
S K V C L D & L aJo , /H ZSM -5 529 0.51 754 0.12

2.8 Zeolite modification

A l th o u g h  z e o l i t e  is  a  s u i t a b l e  c a t a l y s t  f o r  m a n y  p r o c e s s e s ,  m o d i f i c a t io n  o f  
z e o l i te  is  s t i l l  n e c e s s a r y  to  o b ta in  th e  h ig h e r  p r o d u c t  s e l e c t iv i ty .  T h e  f o l lo w in g  
l i t e r a tu r e  r e v ie w s  a r e  th e  r e la te d  H Z S M - 5  m o d i f i c a t io n  th a t  c a n  a p p l i e s  fo r  e t h y la t io n  
o f  t o lu e n e  w i th  e th a n o l .

Y . S u g i  et al. ( 2 0 0 5 )  d e a c t iv a te  e x te r n a l  a c id  s i t e s  fo r  a l k y l a t i o n  a n d  r e l a t e d  
r e a c t io n s  o f  m o n o n u c le a r  a r o m a t ic  h y d r o c a r b o n s  o v e r  H - Z S M - 5  b y  im p r e g n a t io n  o f  
H - Z S M - 5  w i th  La2C>3 a n d  C eC >2 w h ic h  a re  l a r g e r  th a n  z e o l i t e  p o r e  s iz e . T h e y  
f o u n d e d  th a t  th e  e x t e r n a l  a c id  a m o u n t  d e c r e a s e d  w i th  a n  in c r e a s e  in  lo a d in g  a m o u n t  
o f  La2C>3, b u t  n o  s u c h  d e c r e a s e  is  o b s e r v e d  b y  th e  C e C >2 m o d i f i c a t io n  a n d  f o u n d  t h a t  
th e  L a^C L  m o d i f i c a t io n  c a u s e s  th e  a d ju s tm e n t  o f  p o r e  e n t r a n c e .

X . G u a n  et al. ( 2 0 0 6 )  d e a c t i v a te  a c id  s i t e s  f o r  e t h y la t io n  o f  e t h y l b e n z e n e  w i th  
e th a n o l  b y  n i t r id a t io n  b y  t r e a t in g  H Z S M - 5  w i th  a m m o n ia  a t  e l e v a t e d  t e m p e r a tu r e .
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T h e y  f o u n d  t h a t  th e  s t r o n g  a c id  s i t e s  o f  z e o l i t e s  r e d u c e d  d r a m a t i c a l l y  w h i l e  th e  

s t r u c tu r e s  s t i l l  h a d  h ig h  c r y s t a l l i n i t y  a n d  h ig h  s p e c i f ic  s u r f a c e  a r e a s .
T o  p r e v e n t  t h e  u n d e s i r e d  r e a c t i o n  th a t  o c c u r s  a t  e x te r n a l  s u r f a c e ,  e x t e r n a l  

s u r f a c e  m o d i f i c a t io n  is  n e c e s s a r y .  M a n y  s u r f a c e  m o d i f i c a t io n  t e c h n iq u e s  w e r e  
s tu d ie d  to  im p r o v e  c a t a l y t i c  s e l e c t iv i ty  s u c h  a s  i m p r e g n a t io n  o f  m e ta l l i c  o r  n o n -  

m e ta l l i c  c o m p o u n d s  a n d  p r e - c o k in g .  A l th o u g h  la r g e  m o le c u la r  s iz e  o r g a n ic  b a s e  
c o m p o u n d s  c o u ld  d e a c t i v a t e  th e  e x te r n a l  a c id ic  s i t e s  b u t  o r g a n ic  c o m p o u n d s  a r e  n o t  
s ta b le  a t  h ig h  r e a c t io n  t e m p e r a tu r e s ,  a n  im p r e g n a t io n  o f  m e ta l l i c  o r  n o n - m e t a l l i c  
c o m p o u n d s  s u c h  a s  H3PO4, C a O , M g O  a l s o  c o u ld  e l i m i n a t e  th e  e x t e r n a l  a c id ic  s i t e s ,  
b u t  g r e a t l y  d e c r e a s in g  t h e  a c id ic  s i t e s  in  c h a n n e l s .  T h e  p r e - c o k in g  m o d i f i c a t io n  is  
d i f f i c u l t  to  b e  o p e r a t e d ,  a n d  h a s  to  b e  c o n d u c te d  a g a in  a f t e r  r e g e n e r a t i o n  o f  z e o l i t e  
c a t a ly s t .  T o  r e p la c e  th e  p r e - c o k in g  m o d i f i c a t io n ,  t h e  c h e m ic a l  l iq u id  d e p o s i t i o n  
( C L D )  a n d  c h e m ic a l  v a p o r  d e p o s i t io n  ( C V D )  a re  a n o th e r  m e th o d  to  m o d i f y  e x t e r n a l  
a c id i ty  o f  c a t a ly s t s .  T h e  d i f f e r e n c e  b e tw e e n  C L D  a n d  C V D  is t h e  p h a s e  o f  t h e  
d e p o s i t io n  a g e n t s .  C o m p a r e d  w i th  C V D , C L D  m a y  b e  m o re  e a s i ly  o p e r a t e d  a n d  
t r a n s f e r r e d  to  a n  in d u s t r ia l  s c a le  p r e p a r a t io n .  A n  in t r o d u c t io n  o f  a  s u b s t i tu t e d  s i ly l  
g r o u p  to  a  m o le c u le  is k n o w n  a s  S i ly la t io n .

2.9 Silylation

S i ly la t io n  is a  p r o c e s s  in  w h ic h  z e o l i te  w a s  t r e a t e d  w i th  s i l i c o n  c o m p o u n d s  
s e l e c t e d  f r o m  th e  g r o u p  o f  a lk o x y s i la n e  a n d  p o ly s i lo x a n e s .  S i ly la t io n  c a n  m o d i f y  th e  
e x te r n a l  a c id  s i te  o f  z e o l i t e s  b y  a n  in t r o d u c t io n  o f  a  s i l i c o n  c o m p o u n d s  w h ic h  h a v e  a  
la r g e r  k in e t i c  d i a m e t e r  th a n  th e  p o r e  o f  z e o l i t e s  s u c h  a s  t e t r a e th y l  o r t h o s i l i c a t e  
( T E O S ) ,  t e t r a m e th y l  o r t h o s i l i c a t e  ( T M O S )  a n d  p o ly s i lo x a n e .  A n  e x a m p l e  s t r u c tu r e  
o f  s i l y l a t i o n  a g e n t s  a r e  s h o w n  in  F ig u re  2 .1 5 .
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Figure 2 .1 5  S i ly la t io n  a g e n t s  ( a )  T e t r a e t h y l  o r t h o s i l i c a t e ,  (b )  T e t r a m e th y l  

o r th o s i l i c a t e ,  a n d  ( c )  p o ly s i lo x a n e .

I n  S i ly la t io n  p r o c e s s  th e  s i l i c o n  c o m p o u n d  w i l l  r e a c t  w i th  th e  h y d r o x y l  g r o u p  
o f  z e o l i t e s  a t  th e  e x te r n a l  s u r f a c e  w h ic h  r e s u l t  in  s i l i c a  d e p o s i t io n  o n  th e  e x t e r n a l  
s u r f a c e .  A f t e r  c a l c in a t io n ,  s i l i c a  d e p o s i t i o n  a t  th e  e x t e r n a l  s u r f a c e  w i l l  d e c o m p o s e  
a n d  le a v e  c o a t in g  o f  in a c t iv e  S iC >2 o n  th e  e x t e r n a l  s u r f a c e  o f  z e o l i t e ,  r e s u l t s  in  
d e a c t iv a t io n  o f  th e  a c t iv e  s i t e s  a n d  r e d u c i n g  th e  p o r e  s iz e  o n  e x te r n a l  s u r f a c e .  T h e  
S i ly la t i o n  p r o c e s s  is s h o w n  in  F ig u r e  2 .1 6 .

Z h u  et al. ( 2 0 0 7 )  s tu d ie d  th e  e f f e c t s  o f  c h e m ic a l  l iq u id  d e p o s i t i o n  ( C L D )  w i t h  
p o ly s i lo x a n e  o n  a c i d i ty  a n d  c a t a ly t i c  p r o p e r t i e s  o f  th e  F 1 Z S M -5  c a t a ly s t  ( S i /A l  =  2 4 ) .  
H Z S M - 5  w a s  m ix e d  w i th  h e x a n e  s o lu t io n  o f  p o ly s i lo x a n e  c o m p o u n d  a t  10 w t  %  o f  
p o ly s i lo x a n e .  T h e y  f o u n d  th a t  th e  a c id ic  a m o u n t  o f  t h e  m o d i f ie d  Z S M - 5  d e c r e a s e d  
w i th  i n c r e a s in g  e x t e n t  o f  t h e  m o d i f i c a t io n ,  b u t  th e  a c id ic  s t r e n g th  d i s t r i b u t i o n  o f  t h e  
m o d i f ie d  Z S M - 5  w a s  a l m o s t  u n c h a n g e d  c o m p a r e d  to  p a r e n t  Z S M - 5 .  A f t e r  th e  f o u r ­
c y c le  m o d i f i c a t io n ,  th e  e x te r n a l  s u r f a c e  o f  t h e  m o d i f i e d  Z S M - 5  m a y  b e  r e g a r d e d  to  
b e  a l m o s t  n o n - a c id i c  d u e  t o  c o v e r a g e  o f  d e p o s i t io n  s i l i c a .
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Figure 2.16 S i ly la t io n  p r o c e s s .

( h t tp : / / w w w .s l i d e b o o m .c o m / p r e s e n ta t i o n s / 2 7 9 4 9 7 / S i I y l a t i o n - A n d - M e t a l - o x i d e - o n -
s o l id - A c id s )

H u i  et al. ( 2 0 1 1 )  s tu d ie d  th e  d i s p r o t io n a t i o n  o f  t o l u e n e  b y  m o d i f i e d  Z S M - 5  
c a t a ly s t s  ( S i / A l  =  19) w i th  c h e m ic a l  l iq u id  d e p o s i t io n  w i th  t e t r a e t h y l  o r t h o s i l i c a t e  
( T E O S ) .  H Z S M - 5  w a s  m ix e d  w i th  c y c l o h e x a n e  c o n ta in i n g  T E O S .  T h e y  f o u n d  th a t  
t h e  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  m o r e  f a v o r e d  a t  lo w  S i /A l  r a t io .  A m o n g  o f  th e

http://www.slideboom.com/presentations/279497/SiIylation-And-Metal-oxide-on-
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tested CLD agents and solvents, TEOS with cyclohexane as a solvent showed the 
highest activity. They also found that doing organic acid treatment before CLD, 
improve the activity of CLD modified catalysts, and the best activity obtained from 
treatment with citric acid.
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