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2.1 A lk y la t io n  R ea ctio n

A l k y l a t i o n  r e a c t io n  i s  a  s u b s t i t u t io n  r e a c t io n  th a t  r e m o v e s  a n  a lk y l  g r o u p  

f r o m  o n e  m o l e c u l e  to  a n o th e r . T h e r e  a re  m a n y  d i f f e r e n t  t y p e s  o f  a lk y la t io n .  T h e s e  

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

a lk y la t in g  a g e n t  a n d  e l e c t r o p h i l i c  a lk y la t in g  a g e n t  ( M c k e t t a ,  1 9 9 3 ) .
N u c l e o p h i l i c  a lk y la t in g  a g e n t s  tr a n sp o r t  a  n e g a t i v e l y  c h a r g e d  a lk y l  g r o u p  to  

th e  h y d r o c a r b o n , w h i l e  e l e c t r o p h i l i c  a lk y la t in g  a g e n t s  tr a n s p o r t  a  p o s i t i v e l y  c h a r g e d  

a lk y l  g r o u p  to  t h e  h y d r o c a r b o n . T h e  c a t a ly s t  u s e d  in  t h is  r e a c t io n  d e p e n d e d  o n  th e  

m e c h a n i s m .  N u c l e o p h i l i c  a lk y la t in g  a g e n t s  a r e  th e  u s e  o f  o r g a n o m e t a l l i c  c o m p o u n d s  

s u c h  a s  G r ig n a r d  ( o r g a n o m a g n e s iu m ) ,  o r g a n o l i t h iu m , o r g a n o c o p p e r ,  a n d  

o r g a n o s o d iu m  r e a g e n t s .  E le c t r o p h i l i c  a lk y la t in g  a g e n t s  a r e  th e  u s e  o f  a lk y l  h a l id e s  

w it h  a  L e w is  a c id  c a t a ly s t  to  a lk y la t e  a r o m a t ic  s u b s t r a te s  in  F r ie d e l - C r a f t s  r e a c t io n s .  
F ig u r e  2 .1  s h o w s  th e  e x a m p l e  o f  a lk y la t io n  r e a c t io n .

F ig u r e  2.1 A l k y l a t i o n  r e a c t io n .

M é t h y la t io n  r e a c t io n  i s  th e  s u b s t i t u t io n  o f  a n  a t o m  o r  g r o u p  i s  r e p la c e d  b y  a  

m e t h y l  g r o u p  o r  t h e  a d d it io n  o f  a  m e t h y l  g r o u p  to  a  s u b s t r a te .  M é t h y la t io n  i s  a  fo r m  

o f  a lk y la t io n  w i t h  s p e c i f i c a l l y  a  m e t h y l  g r o u p , r a th e r  th a n  a  la r g e r  c a r b o n  c h a in ,  
r e p la c in g  a  h y d r o g e n  a to m . T h e  e x a m p le  o f  m é t h y la t io n  r e a c t io n  i s  s h o w n  in  F ig u r e
2.2.
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F ig u r e  2 .2  M é t h y la t io n  r e a c t io n .

2 .1 .1  N u c l e o p h i l i c  S u b s t i t u t io n
N u c l e o p h i l i c  s u b s t i t u t io n  o c c u r s  w h e n  th e  r e a g e n t  is  a  n u c le o p h i l e ,  

w h i c h  m e a n s ,  a n  a to m  o r  m o le c u l e  w i t h  fr e e  e le c t r o n s .
N u c l e o p h i l i c  a l ip h a t ic  s u b s t i t u t io n  r e a c t io n s  a r e  th e  r e a c t io n s  b e t w e e n  

a n u c l e o p h i l e  w i t h  a l ip h a t ic  s u b s tr a te  th a t  h a v e  t h e  a b i l i t y  t o  r o ta te  p l a n e - p o la r iz e d  

l ig h t  ( o p t ic a l  a c t i v i t y )  p r e s e n t  t h o s e  t w o  m e c h a n i s m s  fo r  t h e s e  t y p e s  o f  r e a c t io n s :  Sn I 

( u n im o le c u la r  n u c l e o p h i l i c  s u b s t i t u t io n )  a n d  S n 2  ( b im o l e c u la r  n u c l e o p h i l i c  

s u b s t i t u t io n ) .  T h e  S N 1 m e c h a n i s m  f o l l o w s  f i r s t -o r d e r  k in e t i c s  ( t h e  r e a c t io n  ra te  

d e p e n d s  o n  th e  c o n c e n t r a t io n  o f  o n e  r e a c ta n t ) ,  a n d  i t s  in t e r m e d ia t e  c o n t a in s  o n l y  th e  

s u b s tr a te  m o l e c u l e  a n d  i s  t h e r e f o r e  u n im o le c u la r .  T h is  m e c h a n i s m  h a s  t w o  s t e p s .  In  

th e  f ir s t  s t e p ,  th e  l e a v i n g  g r o u p  d e p a r t s ,  f o r m in g  a  c a r b o c a t io n .  In  t h e  s e c o n d  s t e p ,  
th e  n u c l e o p h i l i c  r e a g e n t  a t ta c k s  th e  c a r b o c a t io n  a n d  f o r m s  a  s i g m a  b o n d . T h e  S n 2  

m e c h a n i s m  f o l l o w s  s e c o n d - o r d e r  k i n e t i c s  ( t h e  r e a c t io n  r a te  d e p e n d s  o n  th e  

c o n c e n t r a t io n s  o f  t w o  r e a c ta n t s ) ,  a n d  i t s  in t e r m e d ia t e  c o n t a in s  b o t h  th e  s u b s tr a te  a n d  

th e  n u c l e o p h i l e  a n d  i s  t h e r e f o r e  b im o le c u la r .  T h is  m e c h a n i s m  h a s  o n l y  o n e  s t e p .  T h e  

a tta c k  o f  th e  r e a g e n t  a n d  th e  e x p u l s i o n  o f  th e  l e a v i n g  g r o u p  h a p p e n  s im u l t a n e o u s ly .
N u c l e o p h i l i c  a r o m a t ic  s u b s t i t u t io n  r e a c t io n s  a re  th e  r e a c t io n  in  w h ic h  

th e  n u c l e o p h i l e  w i t h  a n  a r o m a t ic  s u b s t r a te .  T h e r e  a re  6  n u c l e o p h i l i c  s u b s t i t u t io n  

m e c h a n i s m s  c a m e  u p o n  w i t h  a r o m a t ic  s y s t e m s .

•  th e  f r e e  r a d ic a l  S RN1 m e c h a n i s m

•  th e  A N R O R C  m e c h a n i s m
•  V ic a r io u s  n u c l e o p h i l i c  s u b s t i t u t io n

•  th e  S NA r  ( a d d i t io n - e l im in a t io n )  m e c h a n i s m ,  a s  s h o w n  in  F ig u r e  2 .3
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EWG = electron- a  complex
withdrawing group

N u

E W G

F ig u re  2 .3  S N A r  m e c h a n i s m .

•  t h e  a r o m a t ic  S n I m e c h a n is m  e n c o u n t e r e d  w i t h  d ia z o n i u m  s a lt s ,  a s  

s h o w n  in  F ig u r e  2 .4 .

n 2+ N u .

J l + N u H Â
R

\
H + R

aryl cation

F ig u r e  2 .4  A r o m a t ic  S N 1 m e c h a n i s m  e n c o u n t e r e d  w i t h  d ia z o n i u m  s a lt s .

•  th e  b e n z y n e  m e c h a n i s m ,  a s  s h o w n  in  F ig u r e  2 .5 .

N a N H 2
liq. NI F

benzyne

F ig u r e  2 .5  B e n z y n e  m e c h a n i s m .

2 .1 .2  E le c t r o p h i l i c  S u b s t i t u t io n
C o m m o n l y  le a d  t o  e l e c t r o p h i l i c  a d d it io n  r e a c t io n  in s t e a d  o f  

e l e c t r o p h i l i c  s u b s t i t u t io n  r e a c t io n  w h e n  e l e c t r o p h i l i c  r e a c t io n s  t o  o th e r  u n s a tu r a te d  

c o m p o u n d s  th a n  a r e n e s .  A  d i f f e r e n c e  b e t w e e n  t h e s e  t w o  r e a c t io n  t y p e s  i s  th a t in  th e
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f o r m e r  t h e  p i  b o n d  is  lo s t  a n d  r e p la c e d  b y  t w o  s ig m a  b o n d s ,  a n d  in  t h e  la t te r  th e r e  is  

n o  n e t  l o s s  o f  p i  e l e c t r o n s .
E l e c t r o p h i l i c  a r o m a t ic  s u b s t i t u t io n  is  o n e  o f  t h e  p r im a r y  m e t h o d s  fo r  

f u n c t i o n a l i z in g  a r o m a t ic  r in g s .  It i s  a n  o r g a n ic  r e a c t io n  w h e r e in  a n  a t o m , u s u a l ly  

h y d r o g e n ,  a p p e n d e d  to  a n  a r o m a t ic  s y s t e m  i s  r e p la c e d  b y  a n  e l e c t r o p h i l e .  T h e  

m e c h a n i s m  h a s  t w o  s t e p s .  T h e  f ir s t  s t e p  is  th e  a t ta c k  o n  t h e  e l e c t r o p h i l e .  In th e  

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

a r o m a t ic i t y  o f  th e  r in g  a n d  g e n e r a t in g  a  c a r b o c a t io n  in t e r m e d ia t e .  In t h e  f in a l  s te p  o f  

t h e  r e a c t io n  a  s t r o n g  b a s é  a b s tr a c ts  a  p r o t o n  f r o m  th e  c a r b o n  a t o m  th a t  r e c e iv e d  th e  

e l e c t r o p h i l e  to  r e g e n e r a t e  th e  a r o m a t ic  r in g . T h e  m o s t  im p o r ta n t  r e a c t io n s  o f  th is  t y p e  

th a t  t a k e  p la c e  a r e  ( s e e  F ig u r e  2 .6  -  F ig u r e  2 .1 0 ) :

•  th e  n itr a t io n

n o 2

HNCb
-----------
H2SO4

- H 20

F ig u r e  2 .6  N it r a t io n  o f  b e n z e n e .

•  th e  h a lo g é n a t io n

X

F ig u r e  2 .7  H a l o g é n a t io n  o f  b e n z e n e .
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•  th e  s u l f o n a t io n

S O 3H

[f^ l แ 2 ร ๐ 4 ,

- h 20
โ โ ๆ

F ig u re  2 .8  S u l f o n a t io n  o f  b e n z e n e .

•  th e  F r ie d e l - C r a f t s  a c y la t io n

+ H X

F ig u re  2 .9  F r ie d e l - C r a f t s  a c y la t io n  o f  b e n z e n e .

•  th e  F r ie d e l - C r a f t s  a lk y la t io n

R + H X+ R - X
alkyl halide

A1X-,

acyl halide

F ig u re  2 .1 0  F r ie d e l - C r a f t s  a lk y la t io n  o f  b e n z e n e .

2 .2  A lk y la t io n  C a ta ly sts

A  c a t a ly s t  i s  a n y  s u b s t a n c e  w h i c h  m o d i f i e s  t h e  r a te  o f  a  c h e m ic a l  r e a c t io n  

b u t  i s  n o t  c h a n g e d  c h e m i c a l l y  a t th e  e n d  o f  th e  r e a c t io n .  C a t a ly s t s  c a n  b e  o r g a n ic ,  
s y n t h e t ic  o r  m e t a l .  T h e  p r o c e s s  b y  w h i c h  t h e  c a t a ly s t  s p e e d s  u p  o r  s l o w s  a  r e a c t io n  is  

id e n t i f ie d  c a t a ly s i s .



8

C a t a ly s t s  l o w e r  th e  a c t iv a t io n  e n e r g y  a n d  l o w e r  f r e e  e n e r g y  o f  th e  t r a n s i t io n  

s ta te ,  b y  p r o v id in g  a n  a lt e r n a t iv e  p a t h w a y .  C a t a ly s t  d o e s  n o t  a f f e c t  o v e r a l l  f r e e  

e n e r g y  c h a n g e  o f  r e a c t io n  ( s e e  F ig u r e  2 .1 1 ) .

F ig u re  2 .11  G e n e r ic  p o te n t ia l  e n e r g y  d ia g r a m s .

C a t a ly s t s  c a n  b e  h o m o g e n e o u s  o r  h e t e r o g e n e o u s ,  d e p e n d e n t  o n  w h e t h e r  a  

c a t a ly s t  e x i s t s  in  th e  s a m e  o r  d i f f e r e n c e  p h a s e  a s  th e  r e a c ta n t .

2 .2 .1  H o m o f ie n e o u s  C a t a ly s t s
H o m o g e n e o u s  c a t a ly s t  i s  in  th e  s a m e  p h a s e  a s  t h e  r e a c ta n t s .  T y p ic a l ly  

e v e r y t h in g  w i l l  b e  p r e s e n t  a s  a  g a s  o r  c o n t a in e d  in  a  s in g le  l iq u id  p h a s e .
A  w i d e l y  u s e d  h o m o g e n e o u s  a lk y la t io n  c a t a ly s t  m a y  b e  L e w i s  a c id  

c a t a ly s t s  s u c h  a s  A IC 1 3 ( a lu m in iu m  c h lo r id e ) ,  F e C b  ( f e r r ic  c h lo r i d e ) ,  a n d  B F 3 (b o r o n  

t r i f lu o r id e )  o r  B r o n s t e d  a c id  c a t a ly s t s  s u c h  a s  H F  ( h y d r o g e n  f lu o r id e )  a n d  H 2S O 4 

( s u l f u r ic  a c id ) .
N o t e  th a t , H F  i s  a d v a n t a g e o u s  in  th a t  i t s  c h e m ic a l  s t a b i l i t y  m a k e s  it  

s u i t a b le  fo r  u s e  o v e r  a  w i d e  r a n g e  o f  c o n d i t io n s .  H o w e v e r ,  H F  i s  d i s a d v a n t a g e o u s  in  

th a t it i s  a  v o la t i l e  s u b s t a n c e .
W h e n  u s in g  a lk e n e s  a s  a lk y la t in g  a g e n t s ,  a lk e n e s  a re  tr e a te d  w i t h  a  

L e w is  a c id  c a t a ly s t ,  a  s m a ll  a m o u n t  o f  a  p r o t o n  a c id  i s  t y p i c a l ly  a d d e d  a s  a  c o 
c a t a ly s t  to  p r o m o t e  t h e  f o r m a t io n  o f  c a r b o c a t io n .
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In  th e  p r e s e n c e  o f  B r ô n s te d  a c id  c a t a ly s t ,  a  p r o t o n  i s  d o n a t e d  b y  th e  

a c id  to  s u b s tr a te .  F ig u r e  2 .1 2  s h o w s  fo r m a t io n  o f  c a r b o c a t io n  b y  u s i n g  a lk e n e s  in  

B r ô n s t e d  a c id  c a t a ly s t .

C H 3C H - C H C H 3 + H - F  C H 3C H C H 2C H 3 + F

sec-butylbenzene

F ig u re  2 .12  F o r m a t io n  o f  c a r b o c a t io n  b y  u s i n g  a lk e n e s  in  B r ô n s t e d  a c id  c a t a ly s t .

I f  th e  a lk y la t in g  a g e n t s  a re  a l c o h o l s ,  in  p r e s e n c e  o f  L e w i s  a c id s ,  a  

c o m p l e x  is  f ir s t  fo r m e d  w i t h  th e  a lc o h o l  a n d  H C 1 i s  r e le a s e d .  T h e  c o m p l e x  th e n  

d o n a t e s  th e  c a r b o c a t io n s .  F o r m a t io n  o f  c a r b o c a t io n  b y  u s i n g  a lc o h o l  in  L e w is  a c id  

c a t a ly s t  i s  s h o w n  in  F ig u r e  2 .1 3 .

R O H  +  A ICI, - >  R O A IC I2 + H C l  

R O A IC I2 o  R ++ ~ O ACl2

l i l + c h 3o h X y le n e s  + H 20

para- meta- ortho-

F ig u re  2 .13  F o r m a t io n  o f  c a r b o c a t io n  b y  u s in g  a lc o h o l  in  L e w is  a c id  c a t a ly s t  

( B r e e n  et a l ,  2 0 0 7 ) .
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In th e  p r e s e n c e  o f  B r ô n s t e d  a c id s ,  t h e y  a r e  p r o t o n a te d  a n d  

c a r b o c a t io n s  m a y  b e  f o r m e d . F ig u r e  2 .1 4  s h o w  fo r m a t io n  o f  c a r b o c a t io n  b y  u s in g  

a lc o h o l  in  B r ô n s t e d  a c id  c a ta ly s t .

R O H  + H + <-» [r O +H 2 ] <-» R + + H 2o

+ c h 3c h c h 3
\ ^  O H

แ 2 ร 0 4)โ

c h c h 3

isopropylbenzene
cumene

F ig u re  2 .1 4  F o r m a t io n  o f  c a r b o c a t io n  b y  u s in g  a lc o h o l  in  B r ô n s t e d  a c id  c a ta ly s t .

In th e  F r ie d e l - C r a f t s  a lk y la t io n  r e a c t io n  ( s e e  F ig u r e  2 . 1 5 )  a s  a lu m in u m  

c h lo r id e  (A 1 C 1 3) is  u s e d  a s  th e  c a t a ly s t ,  A lk y l  h a l id e  h a s  b e e n  g e n e r a l ly  u s e d  to  

a lk y la t in g  a g e n t .  In th is  m e c h a n i s m  a n  a lk y l  h a l id e  w i t h  A 1C 13 fo r m e d  th e  

c a r b o c a t io n ,  a n  a c t iv a t e d  e l e c t r o p h i l e ,  w h ic h  s u b s e q u e n t ly  a t t a c k e d  t h e  a r o m a t ic  

r in g .

ผ 3° ไ :  C H -C 1  + A1CI3
H 3C

^ 3C /C H - C I - A 1 C 1 3
h 3c

H 3C / C - h  + Â1CI4

F ig u re  2 .1 5  F r ie d e l - C r a f t s  a lk y la t io n  r e a c t io n .
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T h e r e  a r e  m a n y  o th e r  s o u r c e s  o f  c a r b o c a t io n s  s u c h  a s  a l c o h o l s ,  e s t e r s ,  
e th e r s  a n d  o l e f i n s  ( M c k e t t a ,  1 9 9 3 ) .

H o w e v e r ,  th e  F r ie d e l - C r a f t s  a lk y la t io n  r e a c t io n  h a s  s o m e  l im it a t io n s .  
P o ly a lk y la t io n  c a n  o c c u r  w h e n  th e  p r o d u c t  o f  t h i s  a lk y la t io n  i s  m o r e  r e a c t iv e  th a n  

b e n z e n e .  F u r th e r m o r e , c a r b o c a t io n  r e a r r a n g e m e n t  c a n  o c c u r .  A c c o r d in g ly  p r im a r y  

a lk y l  c h lo r id e s  t y p ic a l ly  g iv e  s e c o n d a r y  a lk y lb e n z e n e s  a s  th e  m a jo r  p r o d u c t .  T h e  

F r ie d e l - C r a f t s  a lk y la t io n  r e a c t io n  i s  n o t  a n  a p p r o p r ia te  r e a c t io n  to  m a k e  th e  p r im a r y  

a lk y l - s u b s t i t u t e d  b e n z e n e  d e r iv a t iv e s .
S r id e v i  et al. ( 2 0 0 1 )  s t u d ie d  th e  a lk y la t io n  o f  b e n z e n e  w i t h  e t h a n o l  o n  

A I C I 3 im p r e g n a te d  1 3 X  z e o l i t e  to  d e t e r m in e  th e  k in e t i c s  o f  b e n z e n e  a lk y la t io n ,  to  

d e v e lo p  a  k in e t ic  m o d e l ,  a n d  to  e s t im a t e  th e  u n k n o w n  p a r a m e t e r s  o f  th e  k in e t ic  

m o d e l  s o  a s  to  o b t a in  a n  in tr in s ic  ra te  e x p r e s s i o n .  T h e  e x p e r im e n t s  c a r r ie d  o u t  w ith  

d i f f e r e n t  a m o u n t s  o f  A I C I 3 g a v e  th e  m a x im u m  b e n z e n e  c o n v e r s i o n  w i t h  c a t a ly s t  

c o n t a in in g  1 5 %  A I C I 3 . M o r e o v e r ,  th e  r e s u lt s  in d ic a t e d  n o  d e a c t iv a t i o n  o f  A I C I 3 b y  

h y d r o ly s i s  w i t h  w a t e r  g e n e r a t e d  b y  th e  r e a c t io n .

2 .2 .2  H e t e r o g e n e o u s  C a t a ly s t s
H e t e r o g e n e o u s  c a t a ly s t  i s  p r e s e n t  in  a  d i f f e r e n t  p h a s e  ( i . e .  s o l i d ,  l iq u id  

a n d  g a s ,  b u t a ls o  o i l  a n d  w a te r )  to  th e  r e a c ta n ts .  M o s t  h e t e r o g e n e o u s  c a t a ly s t s  a re  

s o l i d s  th a t  o p e r a t e  o n  s u b s t r a te s  in  a  l iq u id  o r  g a s e o u s  r e a c t io n  m ix t u r e .  D iv e r s e  

m e c h a n i s m s  fo r  r e a c t io n s  o n  s u r f a c e s  a re  k n o w n ,  d e p e n d in g  o n  h o w  th e  a d s o r p t io n  

t a k e s  p la c e  ( L a n g m u i r - H in s h e l w o o d ,  E l e y - R i d e a l ,  a n d  M a r s - v a n  K r e v e le n )  

( K n ô z i n g e r  et a l ,  2 0 0 3 ) .  T h e  to ta l s u r f a c e  a r e a  o f  s o l i d  h a s  a n  im p o r ta n t  e f f e c t  o n  th e  

r e a c t io n  ra te . O n e  w i l l  g e t  th e  la r g e r  s u r f a c e  a r e a  fo r  a  g iv e n  m a s s  o f  p a r t ic le s  w h e n  

o n e  u s e s  th e  s m a l l e r  c a t a ly s t  p a r t ic le  s iz e .
H e t e r o g e n e o u s  c a t a ly s t s  a re  t y p i c a l ly  '‘s u p p o r t e d ,”  w h i c h  m e a n s  th a t  

th e  c a t a ly s t  i s  d i s p e r s e d  o n  a  s e c o n d  m a te r ia l  th a t  i m p r o v e s  th e  e f f e c t i v e n e s s  o r  

m i n i m i z e s  th e ir  c o s t .  S o m e t im e s  th e  s u p p o r t  is  o n l y  a  s u r f a c e  o n  w h i c h  th e  c a t a ly s t  is  

s p r e a d  to  in c r e a s e  th e  s u r f a c e  a r ea . M o r e  o f t e n ,  th e  s u p p o r t  a n d  t h e  c a t a ly s t  in te r a c t ,  
a f f e c t in g  th e  c a t a ly t ic  r e a c t io n .

H e t e r o g e n e o u s  c a t a ly s t s  in  a lk y la t io n  r e a c t io n  h a v e  b e e n  c a r r ie d  o u t  

u s i n g  a  v a r ie t y  o f  a c id ic  o x i d e s  s u c h  a s  AI2O3 a n d  A E C b /S iC h . T h e s e  c a t a ly s t s  a ls o
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p r o m o t e  c a r b o n iu m  io n  ty p e d  r e a c t io n s .  B y  v a r y in g  th e  m e t h o d  o f  p r e p a r a t io n ,  
s i l i c a /a lu m in a  c a t a ly s t s  m a y  b e  a m o r p h o u s  o r  c r y s t a l l in e .  T h e s e  c o m p o u n d s  h a v e  

b o th  B r ô n s t e d  a n d  L e w is  a c id  s i t e s .  F o r  e x a m p l e ,  w h e n  a lk y la t in g  b e n z e n e  w it h  

e t h y le n e  o n  a  z e o l i t e  c a t a ly s t ,  a d s o r b e d  e t h y le n e  i s  p r o t o n a t e d  a t a  B r ô n s t e d  a c id  s i t e  

o n  t h e  c a t a ly s t  s u r f a c e  f o r m in g  a n  e t h y lc a r b o n iu m  io n  (M a ta r  et a l,  1 9 8 9 ) .

Zeo l -  0 ~ H + + C H  2 =  C H 2 - >  C H 3 -  C H 2 +  Zeo l -  c r

T h e  c a r b o c a t io n  th e n  a t ta c k s  th e  b e n z e n e  r in g  ( s e e  F ig u r e  2 .1 6 )  g iv i n g  

e t h y lb e n z e n e  a n d  th e  p r o t o n  i s  r e g a in e d  b y  z e o l i t e .

C H 3C H 2+ + Z e o l- O ' +

c 2h 5

+ Z e o l- O - J T

Figure 2.16 C a r b o c a t io n  a t ta c k s  th e  b e n z e n e  r in g  (M a ta r  et al., 1 9 8 9 ) .

Z e o l i t e s  w e r e  f o u n d  to  b e  m o r e  s u i t a b le  a lk y la t io n  c a t a ly s t s  th a n  th e  

a m o r p h o u s  t y p e s  b e c a u s e  o f  th e ir  a c t i v i t i e s  a n d  s e l e c t i v i t y  to w a r d  c e r ta in  r e a c t io n s .  
F o r  e x a m p l e ,  w h e n  p h e n o l  w a s  a lk y la t e d  w i t h  m e t h a n o l  in  th e  p r e s e n c e  o f  z e o l i t e  

t y p e  c a t a ly s t ,  a s  s h o w n  in  F ig u r e  2 .1 7 ,  a  h ig h e r  p e r c e n t a g e  o f  p - c r e s o l  w a s  o b t a in e d  

th a n  h o m o g e n e o u s  o r  a m o r p h o u s  s i l i c a /a lu m in a  c a t a ly s t s  w e r e  u s e d  (M a ta r  et a l,  

1 9 8 9 ) .

O H  O H  O H  O H

Figure 2.17 T h e  a lk y la t io n  o f  p h e n o l  w i t h  m e t h a n o l  u s i n g  z e o l i t e  a s  c a t a ly s t  

(M a ta r  et a l,  1 9 8 9 ) .
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T h e  s o l i d  a lk y la t io n  c a t a ly s t s  a re  a d v a n t a g e o u s  in  th a t  t h e y  m a y  b e  

r e m o v e d  f r o m  a n  a lk y la t e d  p r o d u c t  b y  s im p l e  f i l t r a t io n  o r  d e c a n t a t io n .  A l k y l a t i o n s  

u s in g  th e  s o l i d  c a t a ly s t s  a l s o  m a y  b e  a m e n a b le  to  a  f l o w  s y s t e m  in  w h i c h  th e  l iq u id  

f e e d  m a t e r ia ls  to  b e  a lk y la t e d  a re  a l l o w e d  to  f l o w  d o w n  a  c o l u m n  c o n t a in in g  th e  

c a t a ly s t .  T a b le  1 s h o w s  s o l i d  a lk y la t io n  c a t a ly s t  t y p e s  a n d  u s e s .



Table 2.1 Solid alkylation catalyst types and uses (Rase, 2000)

C a ta ly s t D e sc r ip tio n S u p p lie r s L ic e n so r U se
B o r o n S m a l l  a m o u n t  o f  BF3 o n  a lu m in a U O P  L L C U O P  L L C  ( A lk a r  p r o c e s s ) A l k y l a t i o n  o f  b e n z e n e  w i t h

tr i f lu o r id e  o n e t h y le n e  ( v a p o r - p h a s e )  to

Y -A I2O 3 p r o d u c e  e t h y lb e n z e n e

Z e o l i t e ,  Y - t y p e U S Y - t y p e  (u ltr a  s t a b le )  p o r e  s ite : U O P  L L C ( o r ig in a l  c a t a ly s t  d e v e l o p e d  b y A l k y l a t i o n  o f  b e n z e n e  w i t h

( f a u j a s i t e ) 7 .4  À  S i 0 2/ A l 20 3> 3 U n o c a l ) e t h y le n e  ( l iq u id - p h a s e )  to  

p r o d u c e  e t h y lb e n z e n e
Z e o l i t e ,  Z S M - 5 S p e c ia l ly  m o d i f i e d  m e d iu m  p o r e M o b i l M o b i l - B a d g e r ,  ( n o w  M o b i l - R a y t h e o n A l k y l a t i o n  o f  b e n z e n e  w i t h

( p e n t a s i l ) z e o l i t e  h ig h  s i l i c a /a l u m i n a  r a t io E n g in e e r s  &  C o n s t r u c t o r s )  (T h ir d e t h y le n e  ( v a p o r - p h a s e )  to

( > 2 0 )  p o r e  s i z e  5 .5  Â  e x tr u d a te s g e n e r a t io n  E P  p r o c e s s ) p r o d u c e  e t h y lb e n z e n e

E B M A X  o r M C M - 2 2  p e n t a s i l  z e o l i t e M o b i l M o b i l - R a y t h e o n  E n g in e e r s  & A l k y l a t i o n  o f  b e n z e n e  w i t h

E B E M A X e x tr u d a te s U n i t e d C o n s tr u c to r s  ( E B M A X ) e t h y le n e  ( l iq u i d - p h a s e )  to

c a t a ly s t C a t a ly s t s p r o d u c e  e t h y lb e n z e n e

P a c k a g e d  z e o l i t e P e n t a s i l  z e o l i t e  p a c k a g e d C D T E C H A B B  L u m m u s  G lo b a l C a t a ly t i c  d i s t i l l a t io n
s im u l t a n e o u s  a lk y la t io n  

o f  b e n z e n e  w i t h  ( e t h y le n e  

o r  p r o p y le n e )  to  p r o d u c e  

e t h y lb e n z e n e  o r  c u m e n e



Table 2.1 Solid alkylation catalyst types and uses (Cont.)

C a ta ly st D e sc r ip tio n S u p p liers L icen so r U ses
P h o s p h o r ic  a c id  o n 6 5 - 7 0 %  H 3P 0 4- n - s i l i c a U n i t e d U O P  L L C A l k y l a t i o n  o f  b e n z e n e  w i t h

K ie s e lg u h r  ( S P A E x tr u d a te s :  1 /4  a n d  3 / 1 6  in , C a t a ly s t s ( S P A  p r o c e s s ,  i .e .  s o l i d p r o p y le n e  ( v a p o r - p h a s e )  to
p r o c e s s ,  i .e .  s o l id  

H 3P O 4 p r o c e s s )
s p h e r e :  1 /4  X 5 / 1 6  in , 3 / 1 6  

X 1 /4  in

U O P  L L C p h o s p h o r ic  a c id  p r o c e s s ) p r o d u c e  c u m e n e

Q - M a x  c a t a ly s t B e t a  z e o l i t e  e x t r u d a t e s U O P  L L C U O P  L L C A l k y l a t i o n  o f  b e n z e n e  w i t h  

p r o p y le n e  ( l iq u i d - p h a s e )  to  

p r o d u c e  c u m e n e

M C M - 2 2  c a t a ly s t P e n t a c i l  z e o l i t e  e x t r u d a t e s M o b i l M o b i l - R a y t h e o n  E n g in e e r s  &  

C o n s tr u c to r s
A l k y l a t i o n  o f  b e n z e n e  w i t h  

p r o p y le n e  ( l iq u i d - p h a s e )  to  

p r o d u c e  c u m e n e

3 - D D M D e a lu m in a t e d  m o r d e n i t e  to  

c r e a te  c o n t r o l l e d  3 -  

d im e n s io n a l  s tr u c tu r e

D o w D o w / K e l l o g g  : . . A l k y l a t i o n  o f  b e n z e n e  w i t h  

p r o p y le n e  ( l iq u i d - p h a s e )  to  

p r o d u c e  c u m e n e
S o l id - a c id  c a t a ly s t  

( n o t  r e v e a le d )
H e t e r o g e n e o u s  a c id  c a t a ly s t U O P  L L C U O P  ( D e t a l  p r o c e s s ) A l k y l a t i o n  o f  h ig h e r  m o le c u la r  

w e i g h t  o l e f i n s  พ /  b e n z e n e  to  

p r o d u c e  L A B  f o r  d e t e r g e n t
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2 .2 .3  Z e o l i t e s
Z e o l i t e s  a r e  c r y s t a l l in e  m ic r o p o r o u s  m in e r a ls  w h i c h  a re  w i d e l y  

d is tr ib u te d  in  n a tu r e , w h i c h  h a v e  b e e n  k n o w n  fo r  a lm o s t  2 5 0  y e a r s .  It w a s  th e  

S w e d i s h  m in e r a lo g is t  A x e l  F r e d r ic k  C r o n s te d  w h o  in  1 7 5 6  h a d  th e  h o n o u r  to  

d i s c o v e r  th e  s o  c a l le d  s t i lb i t e .  F ie  o b s e r v e d  th a t  a  la r g e  a m o u n t  o f  s t e a m  w a s  o b t a in e d  

u p o n  h e a t in g .  T h e r e f o r e ,  th is  m a te r ia l  w a s  n a m e d  “ z e o l i t e ” , w h i c h  s t e m s  fr o m  

c l a s s i c a l  G r e e k ,  w h e r e  Çeco ( z e o )  m e a n s  “ to  b o i l ”  a n d  ÀjO oç ( l i t h o s )  m e a n s  “ s t o n e ” .
Z e o l i t e  s tr u c tu r e s  c o n s i s t  o f  s i l i c o n  ( S i +4) a n d  a lu m in iu m  ( A l +3)  

c a t io n s ,  w h i c h  a re  t e t r a h e d r a lly  c o o r d in a t e d  b y  f o u r  o x y g e n  a n i o n s  (O '2) ,  th u s  

f o r m in g  a  m a c r o m o le c u la r  t h r e e - d im e n s io n a l  f r a m e w o r k  in  s u c h  a  w a y  th a t  u n ifo r m  

v o i d s  a n d  c h a n n e ls  a re  c r e a te d  in  th e  c r y s t a l s ,  w i t h  p o r e  s i z e s  r a n g in g  b e t w e e n  4 - 1 2  

Â  (W a r d , 1 9 6 7 ) .  T h e  a lu m in iu m  in  th is  p o ly m e r ic  s t r u c tu r e  g e n e r a t e s  a  n e g a t iv e  

c h a r g e ,  w h i c h  w i l l  b e  lo c a t e d  o n  o n e  o f  th e  o x y g e n  a n io n s  c o n n e c t e d  to  e a c h  

a lu m in iu m  c a t io n ,  a c c o r d in g  to  F ig u r e  2 .1 8  (L o b o  et al. , 2 0 0 5 ) .

H

F i g u r e  2 .1 8  B a s ic  c h e m ic a l  s tru ctu re  o f  a z e o l i t e  (L o b o  et a i ,  2 0 0 5 ) .

Z e o l i t e s  h a v e  a  p o r o u s  s tr u c tu r e  th a t  c a n  a c c o m m o d a t e  a  w i d e  v a r ie ty  

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 i v e  i o n s  a re  ra th e r  

l o o s e l y  h e ld  a n d  c a n  r e a d i ly  b e  e x c h a n g e d  f o r  o th e r s  in  a  c o n t a c t  s o lu t i o n .
N a tu r a l  z e o l i t e s  fo r m  w h e r e  v o lc a n ic  r o c k s  a n d  a s h  la y e r s  r e a c t  w i t h  

a lk a l in e  g r o u n d w a te r .  Z e o l i t e s  a ls o  c r y s t a l l i z e  in  p o s t - d e p o s i t i o n a l  e n v ir o n m e n t s  

o v e r  p e r io d s  r a n g in g  f r o m  th o u s a n d s  t o  m i l l i o n s  o f  y e a r s  in  s h a l l o w  m a r in e  b a s in s .  
N a t u r a l ly  o c c u r r in g  z e o l i t e s  a re  r a r e ly  p u r e  a n d  a re  c o n t a m in a t e d  t o  v a r y in g  d e g r e e s  

b y  o th e r  m in e r a ls ,  m e t a l s ,  q u a r tz , o r  o th e r  z e o l i t e s .  F o r  th is  r e a s o n ,  n a tu r a lly
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o c c u r r in g  z e o l i t e s  a rc  e x c l u d e d  fr o m  m a n y  im p o r ta n t  c o m m e r c ia l  a p p l i c a t io n s  w h e r e  

u n i f o r m it y  a n d  p u r ity  a re  e s s e n t ia l .
S y n t h e t ic  z e o l i t e s  a re  c r y s t a l l in e  c o m p o u n d s  w h i c h  h a v e  s im i la r  

s tr u c tu r e  to  n a tu r a l f a u j a s i t e  a n d  m o d e m i t e .  Z e o l i t e s  c a n  b e  s y n t h e s i z e d  b y  r e a c t in g  

s o d iu m  a lu m in a t e  a n d  s o d iu m  s i l i c a t e  in  p r e s e n c e  o f  s o d iu m  h y d r o x id e  u n d e r  p r o p e r  

r e a c t io n  c o n d i t io n s .

N a A l(O H )4 (a q) + N a2S i0 2(aq) + N aO (aq) —> N a x \^AlO 2 ) x (S i0 2 ) y jz H 2o

A  g e n e r a l  fo r m u la  fo r  z e o l i t e  c o u ld  b e  r e p r e s e n t e d  as:

.(ร; ๐2) , ) zH  2o

w h e r e  M  r e p r e s e n t s  th e  m e ta l  c a t io n  a n d  ท i s  th e  o x id a t io n  n u m b e r  o f  th e  c a t io n ,  a n d  

a  g e n e r a l  s t r u c tu r e  o f  te tr a h e d r a l b u i ld in g  u n it s  fo r m  r in g  s t r u c tu r e s  a n d  p o ly h e d r a l .  
Z e o l i t e  c a t a ly s t s  a re  s t r o n g ly  d e s ir e d  b e c a u s e  o f  th e ir  h ig h  d e n s i t y  o f  a c t iv e  a c id  

s i t e s ,  h y d r o th e r m a l  s t a b i l i t y ,  a n d  h ig h  s i z e  s e l e c t i v i t y  (M a ta r  et a l . , 1 9 8 9 ) .
Z e o l i t e s  a re  th e  a lu m in o s i l i c a t e  m e m b e r s  o f  t h e  f a m i ly  o f  m ic r o p o r o u s  

s o l i d s  k n o w n  a s  m o le c u la r  s i e v e s .  T h e  te r m  m o le c u la r  s i e v e  r e fe r s  to  a  p a r t ic u la r  

p r o p e r ty  o f  t h e s e  m a t e r ia ls ,  i .e . ,  th e  a b i l i t y  to  s e l e c t i v e l y  s o r t  m o l e c u l e s  b a s e d  

p r im a r i ly  o n  a  s i z e  e x c l u s i o n  p r o c e s s .  T h is  is  d u e  to  a  v e r y  r e g u la r  p o r e  s tr u c tu r e  o f  

m o le c u la r  d i m e n s io n s .  T h e  m a x im u m  s i z e  o f  th e  m o le c u la r  o r  i o n i c  s p e c i e s  th a t  c a n  

e n te r  th e  p o r e s  o f  a  z e o l i t e  is  c o n t r o l le d  b y  th e  d i m e n s io n s  o f  th e  c h a n n e ls .  T h e s e  a re  

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

"8 -r in g "  r e fe r s  to  a  c l o s e d  lo o p  th a t  i s  b u i lt  fr o m  8  t e t r a h e d r a lly  c o o r d in a t e d  s i l i c o n  

( o r  a lu m in u m )  a t o m s  a n d  8  o x y g e n  a t o m s .  T h e s e  r in g s  a r e  n o t  a lw a y s  p e r f e c t ly  

s y m m e t r ic a l  d u e  to  a  v a r ie ty  o f  e f f e c t s ,  in c lu d in g  s tr a in  in d u c e d  b y  t h e  b o n d in g  

b e t w e e n  u n i t s  th a t a r e  n e e d e d  to  p r o d u c e  th e  o v e r a l l  s t r u c tu r e ,  o r  c o o r d in a t io n  o f  

s o m e  o f  th e  o x y g e n  a t o m s  o f  th e  r in g s  to  c a t io n s  w i t h in  th e  s tr u c tu r e . T h e r e f o r e ,  th e  

p o r e s  in  m a n y  z e o l i t e s  a re  n o t  c y l in d r ic a l .
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F u r th e r m o r e  a c id  s i t e s  r e s u lt  f r o m  t h e  i m b a la n c e  o f  th e  m e t a l  a n d  th e  

o x y g e n  fo 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 it .  T h is  c a n  e a s i l y  b e  r e c o g n iz e d  in  

th e  c a s e  o f  z e o l i t e s ,  w h ic h  c o n s i s t  o f  a  t h r e e - d im e n s io n a l  n e t w o r k  o f  S i - 0  

te tr a h e d r a l. A  la t t ic e  c o m p r is in g  o f  o n ly  S i - 0  te tr a h e d r a l  i s  n e u tr a l  ( t h e  4 + c h a r g e  at 

t h e  s i l i c o n  i s  b a la n c e d  b y  f o u r  o x y g e n  a t o m s  w i t h  e a c h  2 ' c h a r g e ,  h o w e v e r ,  
b e l o n g i n g  to  t w o  t e tr a h e d r a l) .  R e p la c in g  o n e  S i 4+ a to m  b y  A l 3+ c a u s e s  a  fo r m a l  
c h a r g e  o n  th e  te tr a h e d r o n  o f  r .  T h is  n e g a t iv e  c h a r g e  is  th e n  b a la n c e d  b y  a  p r o to n  o r  

m e t a l  c a t io n  f o r m in g  a n  a c id  s i t e .  T h e  b a r e , n e g a t i v e l y  c h a r g e d  te tr a h e d r o n  i s  th e n  

th e  c o r r e s p o n d in g  b a s e  ( S t o c k e r ,  2 0 0 5 ) .
In  A I P O 4 t y p e  m ic r o p o r o u s  m a t e r ia ls  th e  f r a m e w o r k  s tr u c tu r e  c o n s i s t s  

o f  a  s t r ic t ly  a lt e r n a t in g  A l - O - P  s e q u e n c e  ( A l 3+ a n d  p 5+, b a la n c e d  b y  fo u r  o x y g e n  

a t o m s  w i t h  e a c h  T  c h a r g e ,  h o w e v e r ,  b e lo n g i n g  to  t w o  te tr a h e d r a l) ,  r e s u l t in g  in  a  

c o m p l e t e l y  n e u tr a l  la t t ic e  a s  w e l l ,  l ik e  in  th e  c a s e  o f  p u r e  s i l i c a  z e o l i t e s .  D e p e n d in g  

o n  t h e  c o m b i n a t i o n s  o f  th e  m e ta l  c a t io n  in  th e  la t t ic e ,  f r a m e w o r k s  w i t h  p o s i t i v e  o r  

n e g a t i v e  c h a r g e s  a re  in  p r in c ip a l  p o s s ib le ;  h o w e v e r ,  s o  fa r  o n l y  c a t io n  e x c h a n g e d  

m ic r o p o r o u s  m a t e r ia ls  a r e  k n o w n .  V ij a y a r a g h a v a n  et al. ( 2 0 0 4 )  s t u d ie d  th e  a c t iv i t y  

o f  la r g e  p o r e  A I P O 4-5  m o le c u la r  s i e v e s  s u b s t i t u t e d  w i t h  M g ,  M n  a n d  Z n  in  th e  

v a p o r - p h a s e  e t h y la t io n  o f  b e n z e n e  w i t h  e t h a n o l .  T h e y  f o u n d  th a t  M A P O - 5 ,  Z A P O - 5  

a n d  M n A P O - 5  g i v e  h ig h e r  c o n v e r s i o n  th a n  A I P O 4 -5  d u e  to  i s o m o r p h o u s  s u b s t i t u t io n  

o f  m e t a l  in  th e  f r a m e  w o r k  o f  th e  c a ta ly s t .  A m o n g  th e  c a t a ly s t ,  M n A P O - 5  i s  m o r e  

a c t i v e  th a n  o t h e r s  b e c a u s e  o f  th e  p r e s e n c e  o f  u n p a ir e d  e l e c t r o n s  in  t h e  d - s u b s h e l l .
T a b le  2 .2  s u m m a r iz e s  th e  a p p l ic a t io n  o f  z e o l i t e s  s e q u e n t ia l ly .  T h e  

f ir s t  r e le v a n t  a p p l i c a t io n  w a s  fo r  th e  p h y s ic a l  s e p a r a t io n s  o f  l iq u id  o r  g a s  m ix t u r e s ;  

t h e r e f o r e ,  t h e y  w e r e  in c lu d e d  in  th e  f a m i ly  o f  m o le c u la r  s i e v e s ,  w h e r e  th e ir  w e l l -  

d e f in e d  p o r e s  s y s t e m  h a s  b e e n  r e c o g n iz e d  to  a l l o w  s e p a r a t io n s  a t m o le c u la r  l e v e l s  

w it h  h ig h  s e l e c t i v i t i e s  ( M e ie r  et a l ,  1 9 6 8  a n d  B a r r e r  et al., 1 9 8 2 ) .  It m o t iv a t e d  th e  

f ir s t  i n v e s t i g a t i o n s  a b o u t  th e  s tr u c tu r a l  c h a r a c t e r iz a t io n  o f  z e o l i t e s ,  m a in ly  b y  X -r a y  

d i f f r a c t io n  ( X R D )  ( M e ie r  et a l. , 1 9 7 9  a n d  B a r r e r  et al., 1 9 7 9 ) .  A t  th e  b e g in in g ,  
z e o l i t e s  w e r e  a p p l ie d  a s  a d s o r b e n t s  in  th e  p u r i f ic a t io n  o f  g a s  f l o w s  t o  r e m o v e  w a te r  

a n d  v o la t i l e  o r g a n ic  s p e c ie s ,  a n d  in  th e  s e p a r a t io n  o f  d i f f e r e n t  i s o m e r s  a n d  g a s -  

m ix t u r e s  ( D e s s a u  et a l ,  1 9 8 4 ) .
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T a b le  2 .2  H is to r ic a l  e v e n t s  a n d  fu tu re  a p p lic a t io n  fo r  th e  z e o l i t e s  (L o b o  et a i ,  2 0 0 5 )

Y ea r E v e n t
1 7 5 6
1 8 6 2
1 8 9 6
1 9 2 5

1 9 2 7
1 9 3 0
1 9 3 2
1 9 4 5

1 9 4 8
1 9 4 9 - 1 9 5 4

1 9 5 4

1 9 5 5  

1 9 5 9

1 9 6 2
1 9 6 9

1 9 7 4
1 9 8 2
In  o u r  d a y s

C r o n s te d  d i s c o v e r e d  i n t u m e s c e n c e  o f  s t i lb i t e  in  b l o w p i p e  f la m e :  z e o l i t e  

C la ir e  D e v i l l e  s y n t h e s iz e d  l e v y n i t e
F r ie d e l  d e v e lo p e d  o p e n - f r a m e w o r k  id e a :  o c c l u s i o n  v a r io u s  l iq u id s
W e ig e l  a n d  S t e i n h o f f  d i s c o v e r e d  t h e  m o le c u la r  s i e v e  e f f e c t  ( t h e y
o b s e r v e d  th a t  d e h y d r a t e d  c h a b a z i t e  a d s o r b e d  w a te r ,  m e t h a n o l ,  e t h a n o l ,
b u t  e x c l u d e d  a c e t o n e ,  e t h e r  a n d  b e n z e n e
L e o n a r d  u s e d  X R D  fo r  s tr u c tu r a l  i d e n t i f i c a t io n
T a y lo r  a n d  P a u l in g  d e t e r m in e d  th e  f ir s t  s tr u c tu r e s
M c B a in  in t r o d u c e d  th e  c o n c e p t  o f  “ M o le c u la r  S i e v e s ”
B a r r e r  p r e s e n t e d  th e  f ir s t  c l a s s i f i c a t io n  b a s e d  o n  m o le c u la r  s i z e  

c o n s id e r a t io n s
B a r r e r  s y n t h e s i z e d  s y n t h e t i c  a n a lo g u e  o f  m in e r a l  m o r d e n i t e
M i l t o n  a n d  B r e c k  d i s c o v e r e d  z e o l i t e s  A ,  X ,  a n d  Y
U n io n  C a r b id e  c o m m e r c i a l i z e d  z e o l i t e s  a s  s e p a r a t io n  a n d /o r  p u r i f ic a t io n
m a te r ia ls
B r e c k  a n d  R e e d  r e p o r te d  o n  t h e  s t r u c tu r e  o f  z e o l i t e  A
U n io n  C a r b id e  d e v e lo p e d  n / i s o - p a r a f f m  s e p a r a t io n  a n d  i s o m e r iz a t io n

c a t a ly s t  b a s e d  o n  z e o l i t e  Y
M o b i l  O i l  u s e d  z e o l i t e  X  a s  c r a c k in g  c a t a ly s t
G r a c e  d e s c r ib e d  f ir s t  m o d i f i c a t io n :  s t e a m i n g  o f  z e o l i t e  Y  t o  u l t r a - s ta b le  

z e o l i t e  Y  ( U S - Y )
H e n k e l  u s e d  z e o l i t e  A  in  d e t e r g e n t s
U n io n  C a r b id e  d e s c r ib e d  a lu m in o p h o s p h a t e s  (AIPO4)

Z e o l i t i c  m a t e r ia ls  a re  m a in ly  b e in g  e x p lo r e d  a s  s u p p o r t  m a te r ia ls  fo r  

h ig h ly  a c t iv e  h o m o g e n e o u s  c a t a ly s t s
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However, the major use of zeolites is as ion exchange, due to its 
interchanging cation (see Figure 2.18). For example, they remove calcium and 
magnesium dissolved in water in laundry detergents.

Furthermore, the enormous interest in these materials is due to their 
wide catalytic applications within industrial areas such as oil refining, 
petrochemistry, and the synthesis of special chemicals. Nowadays, zeolites are 
broadly available on a large scale and used in a variety of applications (Hôlderich et 
a i ,  1986).

In general the major benefit of the zeolites as catalysts is that they 
contain a unique microporous structure (Hôlderich e t a i ,  1989). The shape and size 
of the particular pore system exerts a steric influence on the reaction, controlling the 
adsorption of reactants and desorption of products. It is for that reason that zeolite's 
micropores can induce various kind of shape selectivity (reactant, transition state, 
and product shape selectivity). Besides the highly favourable role in providing shape 
selectivity, the presence of micropores in some cases limits the catalytic performance 
of the zeolites. For example, titanium silicalate (TS-1) can bring about selective 
heterogeneous epoxidation with aqueous hydrogen peroxide (H2O2), but its catalytic 
activity is limited by the small pore diameter (c.a 5.5 Â); therefore, the oxidation of 
olefins with molecular sizes larger than 5.5 À has been ineffective.

Zeolites are commonly obtained by hydrothermal synthesis, which 
consist of water as the solvent, a silicon source, an aluminium source, a mineralizing 
agent and a structure-directing agent (Barrer e t a i ,  1961). The latter component plays 
a very important role in the control of the resulting structures, and in the prediction 
of a specific structure (Venuto et a i ,  1968). With regards to this have stated some 
general rules between the structure-directing agent and the structure of zeolites with 
high silica content:

• In the absence of structure-directing agent dense crystalline and 
layered materials are obtained.

• One-dimensional structures with 10 or 12-ring channels are 
obtained from linear structure-directing agents, for example in the case of mordenite 
(MOR).
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• Multi-dimensional zeolites with pore diameters of 4-7 À are 
formed when branched structure-directing agents are used. Two typical examples are 
ferrierite (FER) and zeolites X and Y (FAU). Ferrierite is a two-dimensional zeolite 
with 10-ring main channels, which are interconnected via smaller 8-ring side 
channels. Zeolites X and Y are three-dimensional structures with large cavities that 
are interconnected by 12-ring channels, which means that there are 12 cations (Si+4 
and Al+3) and 12 O'2 anions present in the ring (Lobo e t a i ,  2005).

An important property relating to the activity of zeolites is their 
acidity. The activity requested is based on the formation of Brônsted acid sites 
arising from the creation of “bridging hydroxyl groups” within the pore structure of 
the zeolites. These “bridging hydroxyl groups” are usually formed either by 
ammonium or polyvalent cation exchange followed by a calcinations step. The 
“bridging hydroxyl groups”, which are protons associated with negatively charged 
framework oxygen linked into alumina tetrahedra, are the Brônsted acid sites, as 
shown in Figure 2.19..

H

^Si > 1 -  > i  > 1 -/  \  /  \  /  \  /  \  /  \
or

H H

,0 ^  .0 . ,0 ^  ,0 ^  ,0 X .0 , 
^Si > 1  Si Al 
/ \ / \ / \ / \ /  \

Figure 2.19 Brônsted acid sites (“bridging hydroxyl groups”) in zeolites 
(Stocker, 2005).

The protons are quite mobile at higher temperatures, and at 550 c  
they are lost as water molecules followed by the formation of Lewis acid sites, as 
shown in Figure 2.20. For zeolites, it can be stated that the concentration of 
aluminum in the lattice is directly proportional to the concentration of acid sites 
(Stocker, 2005).
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„CL ,CL .0^  .0^  X  
^Si Al- ^Si Al-/  \  /  \ / \ /  \

Bronsted acid site

550 cc  

- HjO

° ; s i ^ A I^  ^ r ^ A h S î f 0
Lewis acid site

Figure 2.20 Formation of Lewis acid sites in zeolites (Stocker, 2005).

2.2.4 ZSM-5 Zeolites
Zeolite Sieve of Molecular porosity (or Zeolite Socony Mobil) -  5, 

(the structure type MFI-Mordenite Framework Inverted) is an aluminosilicate zeolite 
mineral belonging to the pentasil family of zeolites. It contains a two dimensional 
10-ring pore structure, with one set of pores in zig-zag, or sinusoidally shaped.

In ZSM-5 (or to be precise H+-ZSM-5), there are very few 
replacements of Si by Al, so that the concentration of H+ ions in the solid is relative 
small. In absolute terms, however, it is considerable, and the ease with which the H+ 
ions (protons) are detached from the “active site”, at which they are initially 
anchored, lies at the root of the remarkable catalyst performances of ZSM-5.

Zeolite ZSM-5 (MFI) is perhaps the most versatile solid-acid catalyst 
known. There are more than 50 processes that use zeolite ZSM-5 as one of the main 
components of the catalysts. It is the second most used zeolite catalyst after zeolite Y. 
The zeolite is form largely of 5-rings that are organized as columns and connected to 
each other as in Figure 2.21. This zeolite belongs to the orthorhombic crystal system, 
but this framework is quite flexible and the exact crystallographic symmetry depends 
on composition, temperature and the presence of adsorbed molecules. There are two 
distinct 10-ring channels of nominally about 5.6 Â apertures. A straight channel runs 
along the [0 1 0] direction and a sinusoidal channel runs along the (100) direction.
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The geometry of the channel intersection (slightly larger than the free diameter of the 
channels) is also illustrated (Scott e t a l., 1996).

One of the reasons for the catalytic versatility of this zeolite is the 
broad range of compositions in which we can prepare it. It is possible to prepare 
ZSM-5 with Si/Al ratios from about 8 to infinity. In addition, it is possible to prepare 
material with the MFI framework with B, Ga, Ti, Co, and many others in the 
framework. This flexibility allows the industrial chemist and engineer to tune their 
catalytic properties to the desired optimum.

Figure 2.21 Framework structure of zeolite ZSM-5 (MFI).

2.2.5 Zeolite Synthesis
Zeolites are generally synthesized by a hydrothermal process from a 

source of alumina, source of silica and an alkali such as NaOH, and/or a quaternary 
ammonium compound. An inhomogeneous gel is produced which gradually 
crystallizes, in some cases forming more than one type of zeolite in succession. 
Nucléation effects can be important, and an initial induction period at near ambient 
temperature may be followed by crystallization temperatures that may range up to 
200 °c or higher. The pressure is equal to the saturated vapor pressure of the water 
present.

The final product depends on a complex interplay between many 
variables including Si02/Al20 3 ratio in the starting medium, nucleating agents, 
temperature, pH, water content, aging, stirring, and the presence of various inorganic 
and organic cations. Much remains to be learned about how the initial reaction
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mixture formร the precursor species and how these arrange into the final crystalline 
products. A key concept is that the cations present give rise to a templating action, 
but clearly the process is more complex than this.

Synthetic zeolites are generally made by mixing solutions of 
aluminates and silicates, often with the formation of a gel, and by maintaining the 
mixture at temperatures of 100 °c or more for selected periods.

The synthesis of zeolites involves several steps, as shown below:

Reactant
I

Reactant mixtures
1

Nucléation
4

Crystal Growth

The mechanisms of zeolite formation are very complex due to the 
plethora of chemical reactions, equilibrium, and solubility variations that occur 
through the heterogeneous synthesis mixture during the crystallization process. The 
process of zeolitization is thermally activated and usually takes place at elevated 
temperatures in order to achieve a high yield of crystals in an acceptable period of 
time. The variables in the synthesis of zeolites are temperature, alkalinity (pH), and 
chemical composition, of the reactant mixtures. These variables do not necessarily 
determine the products obtained in hydrothermal reactions, because nucléation 
appears to be kinetically rather than thermodynamically determined and controlled. 
The kinetic variables include the treatment of reactants prior to crystallization, their 
chemical and physical nature.

With reference to the source materials, one would hope that a mole of 
SiC>2 would be equivalent to another SiC>2 , from whatever source, when compounded 
into a gel. Experience teaches U S  that this is not the case; SiC>2 and AI2O3 are to some 
degree polymeric before gelation. Any reagent contains some unsuspected 
impurities, which can be active on the synthesis. To duplicate the work, one has to
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repeat with the same source material. The starting material cannot be just silica, but 
precipitated silica, fumed silica, or silica sol, from a designated supplier. For very 
high silica phases, the alumina content of the silica source may be very important. 
Besides, one has to carefully prepare the gel and the step-by-step procedure has to be 
followed as noted. These steps include the order of mixing, the device used to mix, 
the aging time and temperature, nucléation, and batch composition. For example, the 
ingredients are not added sequentially, but combined into two (or three) subgroups 
that are blended to make the final gel. After a careful preparation of the precursor, a 
suitable reaction vessel has to be selected to provide the desired temperature, 
pressure, agitation, and the facility to withdraw an occasional sample. Several 
companies from the USA, Japan, and Germany, manufacture autoclaves with all such 
facilities for the synthesis of zeolites.

For the commercial production of zeolites, large size autoclaves or 
batch reactors are usually employed. The rate of heating is very important. If 
possible, a periodic/continuous monitoring facility is necessary to obtain the values 
of pH, percent of crystallinity, and the rate of crystallization. After carrying out the 
experimental runs, the filtration, washing, drying, and yield estimation are to be done 
carefully. For a better reproducibility of the results, the above aspects are to be kept 
in mind.

Several techniques are used to characterize the zeolite phases obtained. 
The most commonly used techniques are x-ray powder diffraction, Rietvield 
technique of structure refinement, neutron scattering, NMR, IR, Thermal, SEM, 
Laser Raman, measurement of sorptive capacity, particle size and pore size 
distribution, and so on (Byrappa e t a l ,  2001).

Davis and Lobo (1992) proposed two extremes of the mechanisms of 
zeolite synthesis, (i) the solution-mediated transport mechanism, and (ii) the solid- 
phase transformation mechanism. Figure 2.22 shows the schematic illustrations of (a) 
the solution-mediated transport, and (b) solid hydrogen transformation crystallization 
mechanisms. The first one involves the diffusion of aluminate, silicate, and/or 
aluminosilicate species from the liquid phase to the nucléation site for crystal growth. 
There are many examples of solution-mediated transport in the crystallization of 
aluminumrich zeolites.
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Figure 2.22 (a) Schematic illustrations of the solution-mediated transport, (b) Solid- 
hydrogen transformation crystallization mechanism (Byrappa e t a l ,  2001).
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Ueda e t al. (1984) prepared zeolites Y, ร (GME), and P (GIS), which 
were synthesized from clear solutions, i.e., without the presence of hydrogel (solid 
phase). The solid-phase transformation mechanism suggests that the solid hydrogel 
reorganizes in forming the zeolite structure.

Xu e t al. (1989) well illustrated phase diagram by the synthesis of 
ZSM-35 (FER) and ZSM-5 from non-aqueous reaction mixtures. There are several 
such reports on the synthesis of various zeolites using both of the proposed 
mechanisms of zeolite crystallization. In some cases, zeolites like Z.Y were found to 
crystallize by a combination of the two mechanisms. As a particular structure can be 
formed via different crystallization processes, extreme caution is necessary when 
attempting to generalize conclusions from one zeolite to a class of zeolites or 
molecular sieves.

2.3 Production of Xylenes

2.3.1 Alkylation of Toluene with Methanol
Xylenes are mainly produed by a distillation-extraction scheme from 

reformed gasolines. Xylenes are important precursors for many chemicals. The ratio 
of isomers, p a ra .o r th o -.m e ta  is approximately 1:1:2, which is very close to the 
thermodynamic equilibrium values for the three isomers at the reforming temperature 
as shown in Table 2.3.

Table 2.3 Thermodynamic equilibrium values for xylene isomers at three 
temperatures (Matar e t a l., 1989)

Aromatics (\vt%) Comparison
2 0 0  °c 300 ° c 400 °c

/7-Xylene 21.8 21.1 18.9
0-Xylene 20.6 21.6 23.0
/«-Xylene 53.5 51.1 47.1
Ethylbenzene 4.1 6.2 11.0
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/7-Xylene is the most important of the three isomers since it is utilized 
for the synthesis of terephathalic acid for polyester production. A process that 
selectively produces /7-xylene may be economically competitive to the currently used 
scheme.

Recent work for alkylation of toluene with methanol using HY-zeolite 
and ZSM-5 at a temperature range of 300 °c to 700 ๐c  has shown that over 90% 
selectivity for /7-xylene could be reached. If this process proves feasible, the 
alkylation of toluene over shape-selective zeolites may be utilized in the future 
(Matar e t  a i ,  1989).

2.3.2 Process Chemistry: Feeds. Products and Reactions
No commercial processes are in operation currently for production of 

/7-xylene by the méthylation of toluene with methanol. As methanol becomes more 
favorablé feedstock over time, toluene méthylation might become competitive for /7- 
xylene production. This process has the potential advantages of increasing /7-xylene 
production throughput and lowering the operating and capital cost via the adoption of 
single-stage crystallization for /7-xylene purification. However, there are still several 
technical hurdles that need to be resolved before commercial viability is realized. 
The reaction typically requires operating at toluene to methanol molar ratios greater 
than unity and at a high degree of dilution, the process typically operates at 
temperature greater than 400 ๐c  to avoid methanol conversion to hydrocarbons via 
MTO/MTG pathways instead of toluene alkylation (Kulprathipanja, 2010).

2.3.3 Catalysts
The catalysts are predominantly modified ZSM-5 zeolite. In general, 

the modifications are intended to restrict pore mouth size to promote the shape 
selective production of /7-xylene within the microporous structure. The same 
modifications also serve to remove external acid sites and eliminate the consecutive 
isomerization of /7-xylene. Methods used to modify the zeolite pore openings have 
included silation, incorporation of metal oxides such as MgO, ZnO and P2O5,
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steaming and the combination of steaming and chemical modification 
(Kulprathipanja, 2010).

Zhu e t al. (2004) studied the catalytic performance of MCM-22 
zeolite for alkylation of toluene with methanol. Toluene méthylation was carried out 
in a fixed bed reactor at 420 °c, 2.0 h 1 WHSV and toluene/methanol molar ratio of 
2:1 using the continuous nitrogen flow at atmospheric pressure. The result obtained a 
high catalytic activity and selectivity for alkylation of toluene with methanol because 
catalyst with mid-strong acidity and openings of 10-membered ring channels is 
suitable for this reaction. The research was investigated a comparison between 
MCM-22 and modification of MCM-22 by using silicon as a modifier. Modification 
of MCM-22 with La(NC>3)3 was a promising way to improve the catalytic selectivity 
of /7-xylene and in 2006, they investigated the roles of acidity and structure of zeolite 
for catalyzing toluene alkylation with methanol to /7-xylene. By comparison, the 
catalytic selectivity and activity for the méthylation of toluene mainly depended on 
zeolites with 10-membered ring channels and the acidity of zeolite. The reactivity for 
the toluene alkylation was approximately linear with the number of mid-strength 
acidic sites. On the other hand, zeolites with 8-membered ring channels restricted 
toluene alkylation, only favorable for forming non-aromatic hydrocarbons. Zeolites 
with 12-membered ring channels may lead to the further alkylation of xylenes and 
the rapid deactivation by coking.

Ghiaci e t al. (2007) investigated the internal and external surface 
active sites in ZSM-5 zeolite in toluene alkylation with methanol using the modified 
and unmodified H3PO4/ZSM-5. The reaction was studied in a down flow reactor 
under atmospheric conditions using N2 gas carrier over a series of surface modified 
and unmodified ZSM-5 (Si/Al = 60 -  170) loaded with H3PO4, differing in the 
external surface treatment of the zeolites. The result showed that the process used 
modification of ZSM-5 zeolite, which can enhance the selectivity of /7-xylene, 
possibly by deposition of phosphoric acid on the entrances and inside of the pores of 
the zeolite. The 2.1 wt% P-ZSM-5-surf-170 was a suitable catalyst for alkylation of 
toluene with methanol. The appropriate acidic sites, needed for catalyzing alkylation 
of toluene with methanol was supplied by loading 2.1 wt% p on ZSM-5 with 
optimum Si/Al ratio of 170. The optimum feed ratio of toluene/methanol was less
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than 0.5. Space velocity used in toluene méthylation reported as WHSV (toluene) =
1.2 h"1. The méthylation reaction was carried out in the temperature range of 350 °c 
to 500 °c.

Breen e t al. (2007) observed the improved selectivity in the toluene 
alkylation with methanol and optimized the condition of process. Experiments were 
carried out at a reaction temperature of 400 °c. The effects of boron content of 
catalyst; methanol feed concentration, weight hourly space velocity (WHSV) and 
water concentration in the feed were studied. The results were found that with 
content of > 6.5 wt% B, when increasimg concentration of methanol and decreasing 
WHSV of the liquid feeds, toluene conversion was increased but no effect on 
selectivity to 77-xylene which remains constant at > 99.9%, and a ratio of 
water/methanol of 9:1 are the optimized condition of the toluene alkylation reaction 
over a B/ZSM-5 catalyst to produce 77-xylene with > 99.9% selectivity.

Joshi et al. (2007) investigated toluene alkylation to selective 
formation of 77-xylene over co-crystalline ZSM-12/ZSM-5 catalyst. The activity of 
toluene alkylation with methanol was observed over the ZSM-12, ZSM-12/ZSM-5 
co-crystalline, ZSM-5, and physical mixture of ZSM-12/ZSM-5 catalysts synthesized 
by hydrothermal methods, by varying synthesis temperature and periods. The ZSM- 
12/ZSM-5 co-crystalline sample was observed to be a better combination as far as 77- 
xylene selectivity was 89.34% and total xylene yield was 36.77%, at a favorable 
toluene conversion of 44.03%.

Bokade e t al. (2007) studied toluene alkylation with methanol to 77- 
xylene over heteropoly acids supported by clay. The reaction was studied at 250 °c, 
the molar ratio of the toiuene:methanol of 1:1.5 and weight hourly velocity (WHSV) 
of 2.5 h' 1 at atmospheric pressure for a period of 6 h. The research coped with the use 
of different heteropoly acids (HPAs). The HPA-loaded samples W'ere observed to be 
better compared with plain clay as far as activity, selectivity, and yields were 
concerned. The 20% PMA/Clay sample was observed to be the best among the 
samples studied. The toluene conversion, 77-xylene yield were 62%, and 77-xylene 
selectivity was 100%. The increases in activity, selectivity, and yield of 77-xylene 
with 20%PMA/Clay catalyst may be caused by an increase in acidity up to 28.4%, as 
compared with plain clay.
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Aboul-Gheit e t al. (2010) investigated the promotion of HZSM-5 
zeolite by Pt and HF doping for use as catalysts in toluene alkylation with methanol. 
The research studied the acitivity of alkylation of toluene with methanol in a flow 
type reactor at temperatures between 300 ๐c  and 500 ๐c  using HZSM-5 zeolite, 
0.2% Pt/HZSM-5 and hydrofluorinated 0.2% Pt/HZSM-5 with HF concentrations of 
1.0%, 2.0%, 3.0%, or 4.0%. The result showed that Pt primarily enhances toluene 
conversion, total xylenes production, and p-xylene relative to its thermodynamic 
equilibrium. As the concentration of HF increases from 1.0% to 3.0%, the catalyst 
activity increases because of the increase in the number of acid sites and their 
strength. Additionally, the surface area and Pt dispersion also increases. An 
advantage of increased HF doping is that the formation of voluminous 
trimethylbenzene (TMB) by-products is inhibited.
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