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L I T E R A T U R E  R E V I E W

2 .1  D e h y d r a t i o n  o f  M e t h a n o l  to  H y d r o c a r b o n s

T h e  m e th a n o l  to  h y d r o c a r b o n s  p r o c e s s  h a s  b e e n  s tu d ie d  b y  r e s e a r c h e r s  s in c e  
1 9 8 0 s . G e n e ra l ly ,  m e th a n o l  c a n  b e  f o rm e d  f ro m  c o a l o r  n a tu r a l  g a s . G a s i f i c a t io n  o f  
c o a l  a n d  s te a m  r e f o r m in g  o f  n a tu r a l  g a s  p r o d u c e  s y n th e s is  g a s  ( c o m p o s e d  o f  C O  a n d  
H 2), w h ic h  c a n  b e  c o n v e r te d  to  m e th a n o l .  T h e  m e th a n o l  to  h y d r o c a r b o n s  p r o c e s s  is  
s ta r te d  f ro m  th e  d e h y d r a t io n  o f  m e th a n o l  in to  d im e th y l  e th e r  a n d  e th y le n e  
r e s p e c t iv e ly ,  a n d  th e n  e th y le n e  is  c o n v e r te d  b y  th e  v a r io u s  r e a c t io n s .

Z e o l i te s  a r e  u s e d  a s  a  c a ta ly s t  a n d  a  m o le c u la r  s ie v e ,  w h ic h  h e lp  to  p r o d u c e  
a  s p e c i f ic  p r o d u c t  s u c h  a s  l ig h t  o le f in s  a n d  a r o m a tic s .  T h e  l ig h t  o le f in s  a r e  u s u a l ly  
p r o d u c e d  f ro m  m e th a n o l  b y  u s in g  S A P O -3 4  ( a  s i l ic o - a lu m in o p h o s p h a te  o f  C H A  
to p o lo g y )  a s  a  c a ta ly s t  b e c a u s e  S A P O -3 4  h a s  s m a ll  p o re  s iz e  (3 .8  Â ) ,  w h ic h  
s p e c i f i c a l ly  s e le c t s  s m a ll  h y d r o c a r b o n  m o le c u le s ,  l ik e  e th y le n e  a n d  p r o p e n e ,  a n d  
l im i ts  th e  t r a n s f e r  o f  b r a n c h e d  h y d r o c a r b o n s  a n d  a r o m a t ic s .  T h e  c o n v e r s io n  o f  
m e th a n o l  to  o l e f in s  o n  H - S A P O - 3 4  c a ta ly s t  w a s  s tu d ie d  b y  S o n g  et al ( 2 0 0 1 ) .  T h e y  
in v e s t ig a te d  th e  e f f e c t  o f  s p a c e  v e lo c i ty  o f  m e th a n o l  f ro m  8 h ' 1 to  0 .0 0 0 8  h ' 1 w i th  
k e e p in g  th e  H e  f lo w  c o n s ta n t  a n d  u s in g  c o n s ta n t  r e a c t io n  te m p e r a tu r e  a t  4 0 0  °c. 
T h u s , th e y  fo u n d  th e  in c re a s e  o f  th e  e th y le n e  s e le c t iv i ty  w h e n  th e  s p a c e  v e lo c i ty  w a s  
d e c r e a s e d .  T e m p e r a tu r e  w h ic h  w a s  v a r ie d  b e tw e e n  4 0 0  °c to  5 5 0  °c a ls o  a f f e c te d  to  
th e  e th y le n e  s e le c t iv i ty ,  a n d  th e  e th y le n e  s e le c t iv i ty  a t  5 5 0  ๐c  w a s  h ig h e r  th a n  a t  
o th e r  te m p e r a tu r e s ,  b u t  th e  r i s in g  te m p e r a tu r e  f a v o r e d  th e  c o k e  d e p o s i t io n  th a t  
in v o lv e s  w ith  o l ig o m e r iz a t io n ,  c y c l iz a t io n ,  h y d r o g e n  t r a n s f e r ,  a n d  a lk y la t io n  
( M o l jo r d  et a l, 1 9 9 5 ; C h e n  et a l,  2 0 0 0 ) .  O th e r  r e s e a r c h e r s  m o d if ie d  S A P O - 3 4  b y  
im p re g n a t io n ,  io n - e x c h a n g e  o r  in c o r p o r a t io n  o f  m e ta l  f o r  th e  im p r o v e m e n t  o f  
c a ta ly t ic  p e r f o r m a n c e  a n d  lig h t o l e f in  s e le c t iv i ty  ( D u b o is  et a l, 2 0 0 3 ;  C h e n  et al, 
2 0 1 0 ;  S a lm a s i  et a l,  2 0 1 1 ) .

T h e  p r o d u c t io n  o f  h e a v y  o le f in s ,  p a r a f f in s ,  o r  a r o m a t ic s  r e q u i r e  la r g e  p o re  
z e o l i te s  s u c h  a s  Z S M - 5  (M F I) ,  B e ta  (B E A ) , M o r d e n i t e s  ( M O R ) ,  a n d  Y  ( F A U )  a n d  
s u i ta b le  a c id ity . P a r k  a n d  S e o  ( 2 0 0 9 )  in v e s t ig a t e d  th e  d i f f e r e n t  p o re  s t r u c tu r e s  o f
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C H A  ( 8M R ) , L T  A  ( 8 M R ) , M O R  ( 8 ,1 2 M R ) ,  M F I  (1 0 M R ) ,  B E A  (1 2 M B R ) ,  a n d  F A U  
( 1 2 M R )  z e o l i te s .  T h e y  fo u n d  th e  h ig h e s t  l ig h t  o le f in  y ie ld s  w e r e  o b s e rv e d  o n  C H A  
a n d  L T A  z e o l i te s  b e c a u s e  o f  th e i r  s e le c t iv e  s m a ll  p o re  s iz e s .  O n  th e  c o n t r a r y ,  th e  
h ig h  y ie ld  o f  C s+ a n d  a lk y la r o m a t ic s  w e re  o b s e rv e d  o v e r  M F I ,  B E A , a n d  F A U  
z e o l i te s  a s  s h o w n  in  F ig u r e  2 .1 . T h e  la rg e  c a g e  z e o l i te s ,  L T A  a n d  F A U , w e r e  a b le  
c o n d e n s e  a lk y lb e n z e n e s  to  p o ly c y c l ic  a r o m a tic  h y d r o c a r b o n s  ( P A H s ) , w h ic h  c o u ld  
c a u s e  th e  d e a c t iv a t io n  o f  th e  z e o l i te  c a ta ly s ts .  T h e  C H A  z e o l i te  h a d  s m a l l  c a g e  
w h e re a s  th e  M F I  a n d  B E A  z e o l i t e  h a d  s in u s o id a l  p o r e s ,  w h ic h  r e s i s te d  th e  
c o n d e n s a t io n  o f  P A H s  in  p o re s  a n d  r e d u c e d  d e a c t iv a t io n  f ro m  c o k e . A l th o u g h  M O R  
z e o l i te  h a d  la rg e  p o r e  s iz e s ,  b u t c o u ld  p r o d u c e  l ig h t  o le f in s  b e c a u s e  o f  th e  h ig h  a c id  
s t r e n g th ,  so  it  r a p id ly  d e a c t iv a te  a s  w e l l .

N is h i  et al. ( 1 9 9 8 )  a ls o  s tu d ie d  th e  s e le c t iv i ty  o f  m u l t i - b r a n c h e d - c h a in  
a l ip h a t ic s  o v e r  d i f f e r e n t  p o re  s t r u c tu r e s  o f  z e o l i te s ;  H - Z S M -5  (H Z ) ,  H -Y  ( H Y ) ,  a n d  
H - M o d in i te  (H M ). T h e  r e s u lt s  s h o w e d  th a t  H Z  w a s  m o re  s e le c t iv e  in  บ 5+ ( g a s o l in e  
r a n g e )  th a n  th e  o th e r  z e o l i te s  in  th i s  r e s e a rc h . L a rg e -p o r e  z e o l i te s ,  lik e  H M , h a d  th e  
h ig h e r  s e le c t iv i ty  o f  m u l t i - b r a n c h e d - c h a in  a lk a n e s  s u c h  a s  d im e th y l  b u ta n e s  a n d  
t r im e th y lp e n ta n e s  ( w h ic h  w a s  o b s e r v e d  o n ly  o n  H M ). O n  th e  o th e r  h a n d ,  H Y  h a s  
la r g e r  p o r e  s iz e  th a n  H M , w h ic h  s c a r c e ly  p r o d u c e d  m u l t i - b r a n c h e d - c h a in  a lk a n e s ;  
th e r e f o r e ,  th e  p o re  s iz e  o f  z e o l i te s  is  n o t  o n ly  th e  f a c to r  f o r  m u l t i - b r a n c h e d - c h a in  
a lk a n e s  f o rm a t io n  b u t  a ls o  th e  o th e r  f a c to r s  s u c h  a s  a c id  d e n s i ty ,  a c id  s t r e n g th ,  a n d  
p o re  s t r u c tu r e .

In  1 9 2 0 ’s , E x x o n M o b il  d is c o v e r e d  F i s c h e r - T r o p s c h  (F T )  p r o c e s s  th a t  
c o n v e r te d  c o a l in to  s t r a ig h t  c h a in  p a r a f f in ic  h y d r o c a r b o n s ,  w h ic h  r e q u i r e d  th e  
im p r o v e m e n t  o n  th e  p r o d u c t io n  o f  h ig h  q u a l i ty  fu e l. In  197 .0’s, th e y  d e v e lo p e d  
M e th a n o l - to - G a s o l in e  ( M T G )  p r o c e s s  th a t  c o n v e r ts  c o a l in to  s y n th e s is  g a s  a n d  
m e th a n o l  a s  s h o w n  in  F ig u re  2 .2 . M e th a n o l  w a s  c o n v e r te d  to  l iq u id  p r o d u c t s  w i th  
v e r y  lo w  s u lfu r .

I n  M T G  r e a c t io n ,  m e th a n o l  is  c o n v e r te d  to  d im e th y l  e th e r  ( D M E )  b y  
in te r m o le c u la r  d e h y d r a t io n  r e a c t io n  f o l lo w e d  b y  th e  f o r m a t io n  o f  l ig h t o l e f in s  (บ 2- 
C 4). L a te r  o n , l ig h t o l e f in s  u n d e r g o  f u r th e r  r e a c t io n s  to  h ig h e r  o le f in s .  F in a l ly ,  ท- 
p a r a f f in s ,  i s o -p a ra f f in s ,  a n d  a r o m a t ic s  a r e  fo rm e d  a s  s h o w n  in  F ig u re s  2 .3  a n d  2 .4 . 
H Z S M -5  w a s  u s e d  a s  a  c a ta ly s t  in  M T G  p r o c e s s ,  o w in g  to  th e  s u i ta b le  p o r e  s iz e
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( a b o u t  5 .5  Â ) . T h e  g a s o l in e  r a n g e  is  in  th e  r a n g e  o f  C5-C10. J im é n e z - C r u z  a n d  L a re d o  
( 2 0 0 4 )  r e p o r te d  th e  k in e t ic  m o le c u la r  d i a m e te r s  o f  l in e a r  a n d  b r a n c h e d  C s-C g , w h ic h  
w e re  b e tw e e n  4 .2  À  to  6 .2  Â . T h e r e f o r e ,  H Z S M - 5  is  a  v e r y  s e le c t iv e  z e o l i te  fo r  
g a s o l in e  p r o d u c t io n .

F i g u r e  2 .1  M o le c u la r  s ie v e  o f  d i f f e r e n t  z e o l i te s  ( P a r k  et al. , 2 0 0 9 ) .
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F i g u r e  2 .2  M e th a n o l  to  g a s o l in e  a n d  m e th a n o l  to  o le f in  te c h n o lo g y  ( S to c k e r ,  1 9 9 9 ).

C H jO H

-H , 0
h2o

CH3OCH3

-h 2o . Light olefins Oligotneiization Hydrogen transfer 
Cracking

Aromatics
paraffins
olefins

F i g u r e  2 .3  T h e  m e th a n o l  to  h y d r o c r a b o n s  p a th w a y  (W e i et al, 2 0 1 2 ) .

2 .2  D e h y d r a t i o n  o f  E t h a n o l  to  H y d r o c a r b o n s

P r e v io u s  to p ic  d is c u s s e d  th e  m e th a n o l  to  h y d r o c a r b o n s  p r o c e s s  th a t  is 
a p p l ie d  to  p r o d u c e  g a s o l in e ;  h o w e v e r ,  m e th a n o l  is  p r e p a r e d  b y  c o a l  o r  n a tu r a l  g a s ,  
w h ic h  is  n o t  g o o d  f o r  n e i th e r  th e  e n v i r o n m e n t  n o r  th e  s u s t a in a b le  f e e d s to c k .  
N o w a d a y s ,  p e o p le  c o n c e r n  m o re  a b o u t  th e  e n v i r o n m e n t  a n d  in s u f f ic ie n t  c r u d e  o i l  
th a n  b e f o r e ,  s o  a n  a l t e r n a t iv e  e n e rg y  is  b io m a s s  f o r  p r o d u c in g  e th a n o l ,  s u c h  a s  s u g a r  
c a n e s ,  c o r n s ,  s u g a r  b e e t s ,  p o ta to ,  h o u s e h o ld  w a s te s ,  a n d  w o o d  w a s te s .  G lu c o s e  is  
f e rm e n te d  w i th  y e a s t  in  th e  a b s e n c e  o f  o x y g e n ;  th e n ,  i t  p r o d u c e s  th e  e th a n o l  ( b io ­
e th a n o l)  a s  s h o w n  in  th e  e q u a t io n  b e lo w  ( T r e t ’y a k o v  et al, 2 0 1 0 ) .

C 6H , 2 0 6 - »  2 C 2H 5O H  +  2 C 0 2
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F i g u r e  2 .4  P r o d u c ts  f r o m  m e th a n o l  v s . s p a c e  t im e  ( R ig u t to  et a l,  2 0 0 7 ) .

T h e r e f o r e ,  a n  a l t e r n a t iv e  f e e d s to c k  f o r  h y d r o c a r b o n s  p r o d u c t io n  i s  b i o ­
e th a n o l ,  w h ic h  w a s  u s e d  in  m a n y  r e s e a r c h  s tu d ie s .  R e a c t io n s  o f  th e  e th a n o l  to  
h y d r o c a r b o n s  r e s e m b le  in  th e  m e th a n o l  to  h y d r o c a r b o n s .  K a g y r m a n o v a  et al. (2 0 1 1 ) 
s tu d ie d  th e  k in e t ic  m o d e l  o f  b io - e th a n o l  d e h y d r a t io n  o v e r  a lu m in a - b a s e d  c a ta ly s ts .  
T h e y  d id  th e  e x p e r im e n ts  a t  a tm o s p h e r ic  p r e s s u r e  a n d  te m p e r a tu r e s  in  th e  r a n g e  o f  
350-450 °c. T h e  m a jo r  p r o d u c ts  w e r e  e th y le n e ,  d ie th y l  e th e r , a n d  b u ty le n e ,  a n d  th e  
m a in  r e a c t io n s  w e re  p u r p o s e d  a s  s h o w n  in  th e  e q u a t io n s  b e lo w

c 2H 5O H  - -> c 2h 4 +  h 2o ( 1 )
2 C 2H 5O H  - -» ( C 2H 5)20  +  h 20 (2 )
( C 2H 5)20  - -> 2 C 2H 4 +  H 20 (3 )

2 C 2H 4 - +  c 4h  8 (4 )

E th a n o l  is  c o n v e r te d  to  e th y le n e  th r o u g h  p a r a l l e l  p a th w a y s  th a t  c o n s is t  o f  d i r e c t  
e th a n o l  c o n v e r s io n  ( E q u a t io n  (1 ))  a n d  v i a  h a v in g  d ie th y l  e th e r  a s  a n  in te r m e d ia te  
( E q u a t io n  (2 )  a n d  (3 )) .

C h e n g  et al. ( 2 0 1 2 )  u s e d  m a n y  s o l id  a c id  c a ta ly s ts  th a t  in c lu d e d  z e o l i te s  (H -  
Z S M - 5 , H - m o r d e n i te ,  H - Y , a n d  H - b e ta )  a n d  s i l ic a - a lu m in a .  T h e  p r o c e s s  w a s  r u n  a t
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th e  in te r v a l  t e m p e r a tu r e s  o f  18 0  to  3 0 0  ๐c  u n d e r  a tm o s p h e r ic  p r e s s u r e .  H -  m o r d e n i te  
( S i0 2 /A l 20 3  =  2 0  )  w a s  th e  m o s t  a c t iv e  c a ta ly s t ,  a n d  g a v e  th e  h ig h  e th y le n e  y ie ld  
f ro m  e x p e r im e n t  r e s u l t s ,  b u t  it  w a s  le s s  s ta b le  th a n  H - m o d e n i te  a t  S iC V A h C b  r a t io  o f  
9 0 .

H - F A U  a n d  H - B E A  p r o d u c e d  e th y le n e  a s  a  m a in  p r o d u c t  f ro m  e th a n o l  
d e h y d r a t io n  a t  350 °c a n d  30 b a r  o f  p r e s s u r e ,  w h i l e  H - Z S M -5  m a in ly  p r o d u c e d  C3+ 
( e s p e c ia l ly  C 5- C 11) w i th r th e  h ig h e r  s ta b i l i ty  th a n  th e  o th e r  z e o l i te s .  C 3+ h y d r o c a r b o n s  
w e r e  c o m p o s e d  o f  p a r a f f in s ,  o le f in s ,  n a p h te n e s ,  a n d  a ro m a tic s .  E th y le n e  is  c o n v e r te d  
to  h e a v y  h y d r o c a r b o n  p r o d u c ts  f o l lo w e d  b y  o l ig o m e r s ,  d i e n e s ,  a n d  n a p h th e n e s  
r e s p e c t iv e ly ,  a n d  th e n  th e  f in a l  p r o d u c ts  w e r e  a r o m a t ic s  a n d  p a r a f f in s  ( M a d e i r a  et al.,
2009)

T h e r e fo re ,  e th a n o l  c a n  b e  c o n v e r te d  to  h e a v y  h y d r o c a r b o n s  in  th e  r a n g e  o f  
g a s o l in e  a s  s h o w n  in  F ig u r e  2 .5 , a n a lo g o u s  to  th e  m e th a n o l  to  g a s o l in e  ( M T G )  
p ro c e s s .  X ia o  et al. ( 2 0 0 6 )  u s e d  m e th a n o l  a n d  e th a n o l - in  th e i r  w o rk .  T h e  r e a c t io n s  
o c c u r r e d  in  tw o  p a th w a y s ;  th e  f i r s t  w a s  d e h y d r a t io n - m e th a n o la t io n  to  g e n e r a te  
b r a n c h e d  a l ip h a t ic s ,  a n d  th e  s e c o n d  w a s  p o ly c o n d e n s a t io n  to  p ro d u c e  l in e a r  
a l ip h a t ic s  a n d  a r o m a t ic s .  A s  a  r e s u l t ,  e th a n o l  w a s  c o n v e r te d  to  a  3 0 -4 0  %  o f  l iq u id  
h y d r o c a r b o n s ,  w h ic h  c o n ta in e d  8 0  %  o f  C 5-C 6 h y d r o c a r b o n s  b y  u s in g  H - Z S M -5  
z e o l i te  a t  3 0 0 - 4 0 0  ๐c .

F i g u r e  2 .5  R e a c t io n  p a th w a y  o f  e th a n o l  d e h y d r a t io n  to  h y d r o c a r b o n s  ( In a b a  et a l, 
2 0 0 6 ) .
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V is w a n a d h a m  et al. ( 2 0 1 2 )  in v e s t ig a te d  th e  a c id i ty  a n d  th e  p o r o s i ty  o f  H -  
Z S M -5  z e o l i te  in  e th a n o l  to  g a s o l in e  ( E T G )  r e a c t io n .  T h e  tw o  d i f f e r e n t  S i /A l  r a t io s  
o f  m ic r o  c r y s ta l l in e  Z S M -5  (Z  a n d  Z A )  w e r e  u s e d  to  s tu d y  th e  a c id i ty  e f f e c t .  T h e  
e f fe c t  o f  p o r o s i ty  w e r e  c o m p a re d  b e tw e e n  th e  m ic r o  c r y s ta l l in e  Z S M -5  (Z )  a n d  th e  
n a n o  c r y s ta l l in e  Z S M - 5  (N Z ) , w h ic h  s ta c k e d  in  m e s o p o r o s i ty  f o rm . T h e  te m p e r a tu r e  
p r o g ra m m e d  d e s o r p t io n  o f  N H 3 ( N H 3-T P D )  s h o w e d  th e  a c id i ty  o f  th re e  z e o l i te s ,  z 
a n d  N Z  z e o l i te s  h a v e  h ig h e r  a c id i ty  th a n  Z A  b e c a u s e  th e  a c id i ty  o f  z e o l i t e s  w a s  
g o v e r n e d  b y  th e  r a t io  o f  S i/A l in  f r a m e w o rk ,  b u t  th e  c r y s ta l  s iz e  d id  n o t  a f f e c t  th e  
a c id ity . T h u s , N Z  a n d  z z e o l i te s  c h ie f ly  p r o d u c e d  l iq u id  h y d r o c a r b o n s ;  o n  th e  
c o n tr a ry , Z A  z e o l i te  m a in ly  p r o d u c e d  th e  g a s  c o m p o s i t io n  a s  s h o w n  in  T a b le  2 .1 . 
T h e  f o r m a t io n  o f  Cs+ p a r a f f in s  a n d  C 6+ a r o m a t ic s  o c c u re d  o n ly  o v e r  N Z  a n d  z 
z e o l i te s ,  w h ic h  h a v e  h ig h  a c id i ty . T h e  g a s o l in e  w a s  m a in ly  c o m p o s e d  o f  a r o m a t ic s  
a n d  is o -p a ra f f in s ,  b u t  w h e n  th e  r e a c t io n  te m p e r a tu r e  in c re a s e d  f ro m  4 5 0  ๐c  to  5 0 0  
- ° c , iC io  w a s  c o n v e r te d  to  a r o m a tic s  ( f r o m  a r o m a t iz a t io n  r e a c t io n )  a n d  p r o p e n e  ( f r o m  
c r a c k in g  r e a c t io n )  f o r  N Z  a n d  z, r e s p e c t iv e ly .  H e n c e ,  N Z  z e o l i t e  w a s  th e  m o s t  a c t iv e  
fo r  th e  g a s o l in e  p r o d u c t io n  b e c a u s e  i t  h a d  s t r o n g  a c id i ty  a n d  m e s o p o r o u s  s ta c k .

2 .3  F a c t o r s  o n  T h e  Z e o l i t e s  A c t iv i ty

M a n y  c a ta ly s ts ,  n o t  o n ly  z e o l i t e  c a ta ly s ts  b u t  a ls o  a lu m in iu m  o x id e  a n d  a c id  
c a ta ly s ts ,  h a v e  b e e n  u s e d  fo r  d e h y d r a t io n  r e a c t io n .  H o w e v e r ,  z e o l i te s  a r e  m o re  
s u i ta b le  th a n  o th e r s  b e c a u s e  o f  th e i r  s h a p e  s e le c t iv i ty  f o r  s p e c i f i c  p r o d u c ts .

Z e o l i te s  w e r e  fo u n d  in  1 9 4 0 ’s, a n d  a lu m in o s i l i c a te - ty p e  z e o l t ie s  c o n s i s t  o f  
SiC >4 a n d  A lO T  te t r a h e d r a  in  a  3 - d im e n s io n a l  s t r u c tu r e .  T h e  p o r e  o p e n in g s  o f  z e o l i te s  
a re  e s t im a te d  b a s e d  o n  th e  c a rb o n  n u m b e r  o f  r in g ;  f o r  e x a m p le s ,  a n  8 - m e m b e r e d  r in g  
p o s s e s s e s  s m a ll  p o r e  o p e n in g  (~ 4 .1  Â ) ,  1 0 -m e m b e r e d  r in g  r e p r e s e n ts  m e d iu m  p o re  
(~ 5 .5  Â ) ,  a n d  a  1 2 -m e m b e r e d  r in g  a n  o p e n in g  o f  a  la rg e  p o re  ( ~ 7 .4  Â ) . T h e  d i f f e r e n t  
p o re  s iz e s  o f  z e o l i te s  w e r e  a p p l ie d  in  m a n y  a p p l i c a t io n s  a s  s h o w n  in  T a b le  2 .2 .

T h e  z e o l i te  a c t iv i ty  w a s  g o v e r n e d  b y  s o m e  f a c to r s ,  s u c h  a s  S i /A l  ra t io  
( re la te d  to  a c id  s t r e n g th  a n d  a c id  d e n s i ty ) ,  th e  ty p e  a n d  a m o u n t  o f  m e ta l in  z e o l i te ,  
c a ta ly s t  to p o lo g y ,  c r y s ta l  s iz e ,  a n d  p r o c e s s in g  c o n d i t io n s  (N ia e i  et al., 2 0 1 3 ) .
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Table 2.1 Gas and liquid compositions on various zeolite catalysts at two reaction
temperatures (Viswanadham et  a l ,  2012)

C a t a l y s t s N Z z Z A N Z z Z A
S i/A l  r a t i o 3 0 3 0 10 0 3 0 3 0 1 0 0

T e m p e r a t u r e  ( ° C ) 4 5 0 5 0 0
G a s  a n a ly s is ( w t% )  ~ 3 1 .5 3 7 .6 5 7 .6 2 9 .9 4 8 .7 6 4 .8

L iq u id  a n a ly s is ( w t% ) 6 8 .5 6 2 .4 4 2 .4 70 .1 5 1 .3 3 5 .2
- P a ra f f in s 1 .0 0 .3 0 .4 1.7 1 . 1 0 .0

- i - P a ra f f in s 1 1 .4 1 3 .0 4 .1 9 .5 8 .5 2 .9
- A r o m a t ic s 3 8 .6 3 8 .7 3 5 .3 5 0 .6 3 6 .3 3 1 .8

- N a p h th e n e s 3 .5 1 .6 1 .0 1.8 0 .6 0 .2

- n - O le f in s 0 .4 0 .1 0 .1 0 .9 0 .0 0 .1

- I s o -o le f in s 11 .7 7 .7 1 .0 5 .2 4.1 0 .1

- D i-o le f in s 0 .1 0 .0 - 0 .1 0 .0 -
- N a p h th e n o -o le f in s 1 .1 0 .2 0 .4 0 .1 0 .2 0 .0

T a b l e 2 .2  C h a r a c te r i s t ic s  o f  z e o l i te s  ( C h u  a n d  C h e n ,  1 9 95 ; R e d d y  et a l,  1 9 9 5 ; 
Z h a n g  et a l, 2 0 0 1 )

H - X H - Y H - M O R H - B e t a H - Z S M - 5
S i/A l r a t i o 3 .5 7 9 .5 13 .5 2 0

7 .4 7 .4 6 .5 X 7 .0 6 .6 x 6 .7 5 . 4 x 5 .6

P o r e ( s t r a ig h t ) ( s t r a ig h t )
o p e n i n g  (Â ) 2 .6 x 5 .7 5 . 6 x 5 .6 5 3 x 5 .5

( to r tu o u s ) ( z ig - z a g )
M e m b e r e d 1 2 1 2 1 2 1 2 1 0

r i n g s 8 1 2 1 0

C h a n n e l
3 -D 3 -D 1-D 3 -D 2 -D

L a rg e
in te r s e c t io n

s t r u c t u r e in te r l in k in g in te r l in k in g in te r l in k in g in te r l in k in g
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T h e  c o m p a r i s o n  o f  s o m e  z e o l i te ,  Z S M - 5 , Z S M - 1 1 , Z S M - 1 2  a n d  Z S M - 3 4 ,  
s h o w e d  th e  e f f e c t  f ro m  th o s e  a c id i ty  a n d  p o re  s iz e . T h e  a m o u n t  a n d  th e  s t r e n g th  o f  
a c id  s i te  in c r e a s e d  in  th e  o r d e r  Z S M -1 2  <  Z S M -1 1  <  Z S M -5  <  Z S M - 3 4 . A l th o u g h ,  
Z S M - 3 4  h a d  th e  h ig h e s t  a c id i ty ,  it  w a s  th e  le a s t  a c t iv e  b e c a u s e  o f  i t s  a c c e s s ib i l i ty  to  
a c id  s i te s  w a s  lo w e r  th a n  th e  o th e r s  ( B e s s e l l ,  1 9 9 5 ).

B e ta  z e o l i te  w a s  c o m p a re d  w i th  Z S M - 5 , Z S M H 2 ,  Z S M - 1 1, a n d  Y  z e o l i te s .  
T h e  a c id  s t r e n g th  d e te r m in e d  f ro m  N H 3- T P D  r e d u c e d  in  th e  o r d e r  o f  Z S M -5  =  Z S M -  
12 >  B E A  >  Z S M -1 1  >  Y . T h e  n u m b e r  o f  a c id  s i te  w a s  r a n k e d  in  th e  o rd e r  o f  Y  >  
B E A  >  Z S M - 5  =  Z S M - 1 2  ~  Z S M - 1 1. B e ta  z e o l i te  e x h ib i te d  th e  h ig h e s t  m é th y la t io n  
a c t iv i ty  a n d  r e s i s ta n t  d e a c t iv a t io n  th a n  th o s e  z e o l i te s  b e c a u s e  b e ta  z e o l i te  h a d  th r e e -  
d im e n s io n a l  la rg e  p o r e  s t r u c tu r e s  w i th o u t  s u p e r c a g e s  ( l ik e  in  Y  z e o l i te ,  w h ic h  c a u s e d  
r a p id  d e a c t iv a t io n )  (P u  a n d  In u i , 1 9 9 6 ).

H - Z S M -5 , H -L , H - Y , a n d  H - B e ta  z e o l i te s  w e r e  c o m p a re d  in  th e  a lk y la t io n  
o f  i s o b u ta n e .  I s o b u ta n e  o v e r  H -Y  a n d  H - B e ta  z e o l i te s  w a s  c o n v e r te d  to  th e  la r g e  
a m o u n t  o f  C g -C i6 h y d r o c a r b o n s  b e c a u s e  1 2 - m e m b e r e d  r in g  z e o l i t e  a n d  th r e e -  
d im e n s io n a l  p o r e  s t r u c tu r e  o f  th o s e  z e o l i t e s  e n h a n c e d  a  p r o d u c t  d i f f u s iv i ty .  O n  th e  
o th e r  h a n d ,  th e  d i f f u s iv i ty  in  H -Z S M -5  a n d  H -L  w e r e  l im ite d  in  th e  1 0 -m e m b e re d  
r in g  a n d  o n e - d im e n s io n a l  s tru c tu re ,  r e s p e c t iv e ly  ( S e k in e  et al., 2 0 1 2 ) .

T h e  a r o m a tic s  f ro m  e th a n o l w e r e  n o t  o c c u r r e d  o v e r  H - S i l i c a l i te  ( w i th o u t  
a lu m in u m ) ,  b u t  e th a n o l  w a 's in s te a d  c o n v e r te d  to  a l ip h a t ic  h y d r o c a r b o n s ,  w h ic h  
in d ic a te d  th e  n e c e s s i ty  o f  s t r o n g  a c id  s i te  fo r  th e  a r o m a t iz a t io n  ( C h o u d h a r y  a n d  
N a y a k ,  1 9 8 5 ).

T h e  in f lu e n c e  o f  S i0 2 /A l2 0 3  r a t io  w a s  in v e s t ig a te d  b y  T a lu k d a r  et al 
( 1 9 9 7 ) .  T h e  Z S M -5  w i th  S i0 2/A l20 3  r a t io s  o f  4 0  a n d  2 0 6  w a s  s tu d ie d  in  th e  
c o n v e r s io n  o f  e th a n o l  to  h y d r o c a r b o n s .  T h e  lo w e r  S iC V A ^ C b , w h ic h  h a d  a  h ig h e r  
a m o u n t  o f  B r o n s te d  a c id  s ite s , te n d e d  to  c o n v e r t  l ig h t  o le f in s  to  a r o m a tic  a n d  
p a r a f f in s .  T h e  o th e r  l i te r a tu r e s  r e p o r te d  th e  r e s u l t  in  th e  s a m e  tr e n d  ( M iy a m o to  et al., 
2 0 0 0 ;  S h i ra z i  et a l, 2 0 0 8 )

T h e  e f f e c t  o f  a c id i ty  a n d  p o r e  g e o m e tr y  o f  G a2C > 3/H Z S M -48 f o r  th e  
d e h y d r o g e n a t io n  o f  p r o p a n e  w e re  s tu d ie d  b y  R e n  et al. (2 0 1 2 ) .  T h e  d e c r e a s in g  
a c id i ty  w a s  g o v e r n e d  b y  th e  r is in g  o f  S i /A l  r a t io  b e c a u s e  A1 in  th e  f r a m e w o r k  w a s
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p a r t i a l ly  r e m o v e d .  S o , th e  in c re a s in g  S i /A l  r a t io  d e c r e a s e d  th e  p r o p a n e  c o n v e r s io n .
O n  th e  o th e r  h a n d ,  th e  p r o p e n e  s e le c t iv i ty  in c re a s e d .

2 .4  M e ta l  O x id e  C a t a l y s t s  f o r  D e h y d r a t i o n

T h e  in t r o d u c t io n  o f  m e ta l  o x id e ,  s u c h  a s  a lk a l i  m e ta ls ,  a lk a l in e  e a r th s  a n d  
t r a n s i t io n  m e ta ls ,  a f fe c te d  to  th e  p r o d u c t  d is t r ib u t io n s .  S c h u lz  a n d  B a n d e r m a n n  _ 
( 1 9 9 3 )  a d d e d  v a r io u s  m e ta l s  in to  z e o l i te s ,  a n d  o b s e rv e d  th e  e f f e c t  o f  m e ta ls  o n  th e  
e th a n o l  c o n v e r s io n .  T h e y  f o u n d  th e  im p r o v e m e n t  o f  a r o m a tic  h y d r o c a r b o n s  y ie ld  
w i th  u s in g  C r  a n d  N i.

M e th a n o l  to  g a s o l in e  re a c t io n  w a s  im p ro v e d  b y  a d d in g  m e ta l  o x id e s .  Z a id i  
a n d  P a n t  ( 2 0 0 4 )  im p r e g n a te d  7 w t%  o f  Z n O  o r  C u O  in to  H Z S M - 5 . P r o d u c ts  w a s  
a n a ly z e d  b y  u s in g  G C -T C D  a n d  G C -F ID . T h e  m e th a n o l  c o n v e r s io n  o v e r  C u O /Z S M -  
5 z e o l i te  d e c r e a s e d  m o r e  r a p id ly  th a n  o v e r  C u O /Z n O /Z S M -5  z e o l i te .  
C u O /Z n O /Z S M - 5  z e o l i te  w a s  s y n e rg e t ic  b e tw e e n  th e  a d v a n ta g e  o f  Z n O  ( r e d u c in g  
th e  c o k e )  a n d  C u O  ( in c r e a s in g  a c id ic  s i te s ) .

P u re  G a 2 0 3  w a s  a c t iv e  fo r  th e  d e h y d r o g e n a t io n  o f  p r o p a n e .  A ls o , th e  
s y n e r g ic  e f f e c t  w a s  f o u n d  o n  th e  m ix tu r e  o f  G a 20 3  a n d  H Z S M -5 , in  w h ic h  th e  
a r o m a t iz a t io n  o n  th e  c a ta ly s t  m ix tu r e  o c c u r r e d  in  th e  fo l lo w in g  r e a c t io n s .  F ir s t ,  
p r o p a n e  w a s  c o n v e r te d  to  p r o p e n e  o v e r  g a l l iu m  o x id e ;  th e n , p r o p e n e  d i f f u s e d  in to  
H Z S M - 5  p o re  a n d  r e a c te d  w i th  o l ig o m e r iz a t io n  a n d  th e n  c y c l iz a t io n .  F in a l ly ,  
n a p h th e n ic  c o m p o u n d s  m o v e d  to  g a l l iu m  o x id e ,  a n d  c h a n g e d  to  a r o m a t ic s  ( G n e p  et 
al. , 1 9 8 9 ).

T h e  o th e r  r e p o r ts  f o u n d  th e  s a m e  tr e n d  o n  g a l l iu m  o x id e  e f fe c t . T h e  
p h y s ic a l  m ix tu r e s  o f  g r o u p  13 o x id e s  ( G a 20 3 , 1ท2(ว3, T 12Û 3 a n d  A I2O 3) a n d  H - Z S M -5  
c a ta ly s ts  ( 1 : 1  b y  w e ig h t)  w e r e  u s e d  to  e n h a n c e  a r o m a tic s  f ro m  m e th a n o l  
d e h y d ra t io n .  G a 2C>3/H Z S M -5  e n h a n c e d  th e  a r o m a t ic  h y d r o c a r b o n  (C ô to  C 9) y ie ld  u p  
to  46 % , e s p e c ia l ly  C sH io  a n d  Cc>Hi2. H o w e v e r ,  In 20 3 /H Z S M -5  a n d  T B O 3/H Z S M -5  

im m e d ia te ly  d e a c t iv a te d .  T h e  a m o u n t  o f  G a 2Û 3 lo a d in g  a f fe c te d  to  th e  m e th a n o l  
c o n v e r s io n  a n d  a r o m a tic  y ie ld ;  h e n c e , th e  o p t im u m  a r o m a t ic  h y d r o c a r b o n  y ie ld  w a s  
o b ta in e d  a t  5 0  w t%  o f  G a 2C>3 lo a d in g . V a r io u s  S i/A l r a t io  o f  H Z S M -5  (3 0 , 5 0 , a n d
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8 0 )  g a v e  a  d i f f e r e n t  a r o m a t ic  y ie ld ; s o  th e  in c re a s in g  S i/A l r a t io  in d u c e d  to  f o rm  
m o r e  a r o m a t ic s  (F r e e m a n  et al. , 2 0 0 2 ) .

T h e  d e h y d r a t io n  r e a c t io n  o n  G a , รท , G e , a n d  S b  lo a d in g  o v e r  S A P O -3 4  
z e o l i te  w a s  s tu d ie d  b y  W o n g w a n ic h s in  ( 2 0 1 3 ) .  T h e  a c id  s t r e n g th  o f  m o d if ie d  z e o l i te s  
d e c r e a s e d  in  o r d e r  : S b 2 0 3 /S A P 0 - 3 4  >  G a 2 0 3 /S A P 0 - 3 4  >  G e 0 2 /S A P 0 - 3 4  >
SnC>2/S A P O - 3 4 . E th a n o l  c o n v e r s io n  w a s  9 3 -9 7 % , a n d  th e  m a in  p r o d u c t  w a s  g a s e s  
f o r  a ll S A P O -3 4  c a ta ly s ts .  F lo w e v e r , z e o l i t e s  w i th  5 w t%  o f  G a 2Û 3 a n d  S b 20 3  h a d  
s ig n i f i c a n t ly  h ig h e r  e x t r a c te d  o i l  y ie ld  th a n  th e  o th e rs . K e r o s e n e  a n d  g a s  o il y ie ld s  
w e r e  in c r e a s e d  b y  u s in g  5 w t%  GeC>2/S A P O - 3 4 . A r o m a t ic s  c o m p o u n d s  w e r e  n o t  
o b s e r v e d  o n  th e  u n m o d i f ie d  S A P O -3 4 , b u t  S A P O -3 4  a f te r  m o d if ie d  w i th  G a  a n d  G e  
s ig n i f ic a n t ly  im p ro v e d  th e  a r o m a tic s  y ie ld ,  e s p e c ia l ly  Cio+ a r o m a t ic s .  S o , a c id ic  
o x id e s  e n h a n c e d  th e  a c id  s t r e n g th  o f  c a ta ly s ts ,  a n d  le d  to  p r o p y le n e  t r a n s f o r m a t io n  to  
h e a v y  h y d r o c a r b o n s .

L iq u id  -h y d ro c a rb o n s  w e re  p r o d u c e d  b y  u s in g  tw o  c o n s e c u t iv e  la y e r s  o f  
c a ta ly s ts .  T h e  c o n s e c u t iv e  la y e r s  c o n s is te d  o f  2%  G a 2 0 3 /H Z S M -5  a s  a  f i r s t  la y e r  a n d  
o n e  o f  th e s e  z e o l i te s  (H -X , H - Y , o r  H - B e ta )  a s  a  s e c o n d  la y e r , a n d  th e  r e a c t io n  to o k  
p la c e  a t  500°c . T h e  G a 2Û 3 o n  th e  f ir s t  l a y e r  a f f e c te d  to  th e  p r o d u c t  d i s t r ib u t io n .  T h e  
o i l  y ie ld  f ro m  G a 2C>3/H Z S M -5  c a ta ly s t  r a is e d  f ro m  6.13%  to  6.95%, a n d  th e  m a jo r  
o i l  c o m p o n e n ts  w e re  b e n z e n e ,  m -x y le n e , p - x y le n e ,  C 9 a n d  C io+ a r o m a t ic s  w i th  a  lo w  
to lu e n e  a m o u n t .  In  a d d i t io n ,  C3 h y d r o c a r b o n s  c a n  b e  c o n v e r te d  to  h e a v y  
h y d r o c a r b o n s  b y  p r o m o t in g  w i th  G a 20 3 . H o w e v e r ,  s o m e  h y d r o c a r b o n s  w e r e  c r a c k e d  
to  m e th a n e  a n d  e th a n e . T h e  a m o u n t  o f  g a s  o il, l ig h t  v a c u u m  g a s  o i l ,  a n d  h e a v y  
v a c u u m  g a s  o i l  w e re  s ig n i f ic a n t ly  in c re a s e d  w h e n  G a 2 0 3 w a s  lo a d e d  in to  z e o l i te s .  In  
th e  s e c o n d  la y e r ,  th o s e  z e o l i te s  (H -X , H - Y , a n d  H - B e ta )  p r o m o te d  h e a v y  a r o m a t ic  
h y d r o c a r b o n s  s u c h  a s  C9 a n d  C io + a r o m a t ic s ,  a n d  e n h a n c e d  p - x y le n e  s e le c t iv i ty .  
B e c a u s e  o f  th e  h ig h  a c id  d e n s i ty  o f  H - X  o r  th e  h ig h  a c id  s t r e n g th  o f  H - B e ta ,  th e  
s e le c t iv i ty  o f  C9 a n d  C io + a r o m a t ic s  w a s  e n h a n c e d  b y  th e  d i s p r o p o r t io n a t io n  a n d  
t r a n s a lk y la t io n  r e a c t io n s  ( P a s o m s u b ,  2013).

2 .5  M i c r o /M e s o p o r o u s  C o m p o s i t e s  ( H i e r a r c h i c a l  M e s o p o r o u s  Z e o l i t e )
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M ic r o p o r o u s  z e o l i t e s ,  s u c h  a s  Z S M - 5 , B e ta ,  Y , a n d  S A P O -3 4 , w e r e  
g e n e ra l ly  u s e d  in  th e  d e h y d r a t io n  o f  e th a n o l  o r  m e th a n o l  b e c a u s e  o f  th e i r  a c id i ty ,  
th e rm a l  s ta b i l i t ie s ,  a n d  s p e c i f i c  p o re  s iz e s .  H o w e v e r ,  th e  p o re  d i a m e te r s  o f  th o s e  
z e o l i te s  w e r e  a b o u t  3 -8  Â  th a t  l im i te d  th e  m a s s  t r a n s f e r  o f  la r g e  h y d r o c a r b o n s .  
T h e r e fo re ,  m e s o p o r o u s  z e o l i t e s  w e re  a l t e r n a t iv e  z e o l i te  fo r  im p r o v in g  th e  d i f f u s io n  
r a te  o f  r e a c ta n t s  a n d  p r o d u c t s ,  b u t it  h a d  lo w  th e  c a ta ly t ic  a c t iv i ty  a n d  th e  
h y d r o th e r m a l  s ta b i l i ty  w h e n  c o m p a re d  w i th  m ic r o p o s o u s  z e o l i te s .  M ic r o /m e s o p o r o u s  
c o m p o s i t e s  ( h ie r a rc h ic a l  z e o l i te s )  w e re  c o m b in e d  th e  a d v a n ta g e  f ro m  b o th  z e o l i te s ,  
w h ic h  h a d  th e  h ig h  a c id i ty  f ro m  m ic r o p o r o u s  z e o l i te s  a n d  th e  h ig h  d i f f u s iv i ty  f o rm  
m e s o p o r o u s  z e o l i te s .  H ie r a r c h ic a l  z e o l i te s  c a n  b e  s y n th e s iz e d  v ia  v a r io u s  t e m p la te s ,  
s u c h  a s  h a r d  t e m p la te s  ( c a r b o n  n a n o p a r t ic le s ,  c a r b o n  n a n o tu b e s ,  r e s in s ,  o r  b io lo g ic a l  
t e m p la te s ) ,  s o f t  te m p la te s  ( p o ly m e rs  a n d  s u r f a c ta n t s ) ,  a n d  z e o l i te s  s e e d . M o re o v e r ,  
p o s t  t r e a tm e n t  t e c h n iq u e s  ( d e s i l ic a t io n  a n d  d e a lu m in a t io n )  c a n  a ls o  m a k e  
m e s o p o r o u s  z e o l i te s .

H - B e ta  z e o l i te  w i th  a  S i/A l r a t io  o f  2 7  w a s  t r e a te d  b y  v a r io u s  c o n c e n t r a t io n s  
o f  N a O H . T h e  h ig h e r  c o n c e n t r a t io n  o f  N a O H  in d u c e d  th e  m e s o p o r o s i ty  o f  th e  b e ta  
z e o l i te .  A f te r  t r e a te d  w i th  N a O H , th e  d i a m e te r  o f  m e s o p o r e  w a s  a p p r o x im a te ly  3 -1 2  
n m , a n d  th e  p o re  v o lu m e  in  th e  m e s o p o r o u s  r e g io n  w a s  e n la r g e d  s ig n if ic a n t ly .  
H o w e v e r ,  th e  p a r t ia l  c o l la p s e  o f  z e o l i te  s t r u c tu r e  u n d e r  a  h ig h e r  c o n c e n t r a t io n  o f  
N a O H  ( > 0 .3 M )  in  th e  p o s t  t r e a tm e n t  s te p  w a s  o b s e r v e d  f ro m  th e  t r a n s m is s io n  
e le c t r o n  m ic r o s c o p y  ( T E M )  m e a s u r e m e n t .  R u th e n iu m  w a s  im p r e g n a te d  in to  H -  
m e s o - b e ta  z e o l i te ,  a n d  th e  c a ta ly s t  w a s  u s e d  to  s tu d y  in  F i s c h e r - T r o p s c h  ( F T )  
r e a c t io n .  T h e  R u /H - m e s o - b e ta  g a v e  a  h ig h e r - s e le c t iv i ty  o f  C 5- C 11 h y d r o c a r b o n s  th a n  
th e  c o n v e n t io n a l  z e o l i te s  a n d  m e ta l  o x id e , a n d  it  a ls o  in c re a s e d  th e  i s o - p a r a f f in s  to  ท- 
p a r a f f m s  r a t io  ( C h e n g  et a l,  2 0 1 2 ) .

T h e  Z S M - 5 /M C M - 4 8  c o m p o s i te  ( th e  S i/A l r a t io  o f  8 0 )  w a s  s y n th e s iz e d  b y  
u s in g  a  c e ty l t r im e th y l  a m m o n iu m  b r o m id e  ( C T A B )  a s  a  te m p la te .  W h e n  th e  z e o l i te  
c o m p o s i t e  p e r f o r m e d  in  m e th a n o l  to  g a s o l in e  r e a c t io n ,  th e  m e th a n o l  c o n v e r s io n  
r e a c h e d  u p  to  a b o u t  9 9  %  a t  4 2 0  ° c .  T h e  m a jo r  p r o d u c t  f ro m  th e  r e a c t io n  c o n s is te d  
o f  a r o m a t ic s  a n d  Cs+ h y d r o c a r b o n s .  H o w e v e r ,  a r o m a t ic s  f ro m  Z S M - 5 /M C M - 4 8  
c o m p o s i t e  w e r e  r e d u c e d  h a r s h ly  w h e n  c o m p a r e d  w i th  th o s e  f ro m  Z S M - 5  z e o l i te
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b e c a u s e  o f  th e  in te r c o n n e c t io n  b e tw e e n  m ic r o p o r o u s  a n d  m e s o p o r o u s  c h a n n e l  (D i et 
a i,  2 0 1 2 ).

X ia o  et al. ( 2 0 0 6 )  d e v e lo p e d  a  t e c h n iq u e  f o r  s y n th e s iz in g  h ie ra r c h ic a l  
m e s o p o r o u s  z e o l i te s  b y  u s in g  a  m e s o s c a le  c a t io n ic  p o ly m e r ,  p o ly d ia l ly d im e th y l -  
a m m o n iu m  c h lo r id e  ( P D A D M A C ) ,  a s  a  te m p la te .  A f te r  th a t ,  Y in  et al. ( 2 0 1 3 )  
f o l lo w e d  th e  X i a o ’s t e c h n iq u e  to  s y n th e s iz e  h ie ra r c h ic a l  m e s o p o r o u s  z e o l i te  B e ta . 
T h e  h ie ra r c h ic a l  m e s o p o r o u s  z e o l i te  B e ta  w a s - u s e d  in  th e  a lk y la t io n  o f  b e n z e n e  w i th  
is o p r o p a n o l  to  c u m e n e ;  a n d  it w a s  f o u n d  to  e n h a n c e  th e  c a ta ly t ic  a c t iv i ty  a n d  
s e le c t iv i ty  b e c a u s e  o f  a  g o o d  m o le c u la r  t r a n s f e r .

T h e  fo rm a t io n  o f  h ie r a r c h ic a l  m e s o p o r o u s  z e o l i t e s  w a s  im p r o v e d  b y  z e o l i te  
s e e d s  o r  p r o to z e o l i t ic  p a r t i c le s .  T h e  h ie ra r c h ic a l  m e s o p o r o u s  z e o l i te s  f ro m  z e o l i te  
s e e d s  h a d  a  g o o d  th e rm a l  s ta b i l i ty  a n d  a c id i ty .  T h e  v a r io u s  z e o l i te  s e e d s ,  Y  (F A U ) ,  
Z S M - 5  (M F I) ,  a n d  B e ta  ( B E A )  z e o l i te s ,  w e r e  u s e d  to  fo rm  a n  a lu m in o s i l i c a te  
m e s o s t r u c tu r e  (M S U - S ) . A  d i f f e r e n t  p o r e  s t r u c tu r e  w a s  in d u c e d  b y  v a r io u s  
te m p la te s .  F o r  e x a m p le s ,  h e x a g o n a l  p o re  s t r u c tu r e  ( M S U - S /H )  w i th  a  p o r e  s iz e  o f  3 .0  
n m  w a s  fo rm e d  b y  u s in g  c e ty l t r im e th y l  a m m o n iu m  b r o m id e  ( C T A B ) ,  a n d  
w o r m h o le - l ik e  p o re  s t r u c tu r e  ( M S U - S /W )  w i th  a  p o re  s iz e  o f  3 .6  n m  w a s  fo rm e d  b y  
u s in g  ta l lo w  te t r a m in e .  T h e  M S U -S /W  w i th  th r e e - d im e n s io n  h a d  h ig h e r  te x tu ra l  
p o r o s i ty  th a n  th e  M S U -S /H . H o w e v e r ,  b o th  M S U -S  c a ta ly s ts  e x h ib i te d  h ig h e r  
h y d r o th e r m a l  s ta b i l i ty  a n d  c a ta ly t ic  a c t iv i ty  th a n  c o n v e r s io n a l  m e s o p o r o u s  
a lu m in o s i l i c a te s  (L iu  et a l,  2 0 0 1 ;  L iu  a n d  P in n a v a ia ,  2 0 0 4 ;  X ia o , 2 0 0 4 ) .

In  s u m m a r y ,  th e  h e a v y  liq u id  h y d r o c a r b o n s  c a n  b e  p r o d u c e d  f ro m  b i o ­
e th a n o l  b y  u s in g  m o d if ie d  b e t a  z e o l i te .  T h e  b e ta  z e o l i te  m o d if ie d  w i th  G asC L  a n d  
G e C >2 im p ro v e d  th e  c o n v e r s io n  o f  b io - e th a n o l  to  h e a v y  h y d r o c a r b o n s  in  th e  U - tu b e  
r e a c to r  a t  4 5 0  ๐c  fo r  8 h o u r s .

S i/A l r a t io  a ls o  a f f e c ts  to  th e  p r o d u c ts  s u c h  a s  a r o m a t ic s  th a t  f a v o r  to  o c c u r  a t  
a  lo w  S i/A l r a t io .  H e n c e , th is  r e s e a rc h  a im e d  to  u se  m o d if ie d  b e ta  z e o l i t e  in  th e  b i o ­
e th a n o l  d e h y d ra t io n  p r o c e s s ,  a n d  in v e s t ig a te d  th e  e f f e c t  o f  S i/A l r a t io  o f  b e ta  z e o l i te ,  
w h ic h  g o v e rn s  th e  a m o u n t  o f  a c id  s ite  a n d  th e  a c id  s t r e n g th  o f  z e o l i te s .  D i f f e re n t  
S i /A l  r a t io s  ( d i f f e r e n t  a m o u n ts  o f  a c id  s i te  a n d  th e  a c id  s t r e n g th )  o f  z e o l i t e  c a n  a f f e c t  
to  th e  p r o d u c t  d i s t r ib u t io n  a n d  h e a v y  l iq u id  h y d r o c a r b o n s  y ie ld . In  th e  e x p e r im e n ts ,
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th r e e  d i f f e r e n t  S i /A l  ra t io s  o f  b e ta  z e o l i te  ( S i /A l2 r a t io  =  2 7 , 3 7 , a n d  3 0 0 )  w e r e  u s e d  
in  b io - e th a n o l  d e h y d ra t io n .

M e s o p o ro u s  s t r u c tu r e  c a n  im p r o v e  th e  d i f f u s iv i ty  a n d  th e  la rg e  
h y d r o c a r b o n s  s e le c t iv i ty .  M ic r o /m e s o p o r o u s  c o m p o s i te s  h a v e  b o th  a d v a n ta g e s  f ro m  
m ic r o p o r o u s  a n d  m e s o p o ro u s  z e o l i te s ;  th u s ,  h e a v y  h y d r o c a r b o n s  m a y  b e  in c re a s e d  
b y  u s in g  m ic r o /m e s o p o r o u s  c o m p o s i te .  T w o  m ic r o /m e s o p o r o u s  c o m p o s i t e s  w e re  
th e n  u s e d  in  t h e j e s e a r c h .  M S U - S /H bea  w i th  h e x a g o n a l  p o r e  s t r u c tu r e  w a s  f o rm e d  b y  
u s in g  c e ty l t r im e th y l  a m m o n iu m  b r o m id e  te m p la te  (C T A B ) .

T a b l e  2 .3  E x p e r im e n ta l  d e s ig n  in  th e  f ir s t  s c o p e

S i /A l2 o f  
B e t a  Z e o l i t e

W i t h o u t  L o a d in g 5  w t %  o f  G  a 5  พ t %  o f  G e

2 7 ( 1 ) (4 ) (7 )
3 7 (2 ) (5 ) ( 8 )

3 0 0 (3 ) (6 ) (9 )

T a b l e  2 .4  E x p e r im e n ta l  d e s ig n  in  th e  s e c o n d  s c o p e

W i t h o u t  L o a d in g 5  w t %  o f  G  a 5  w t %  o f  G e

M S U - S /H bea ( 1 0 ) ( 1 1 ) ( 1 2 )

T h e  o b je c t iv e s  o f  th is  r e s e a rc h  w o rk  w e r e  to  s tu d y  th e  e f f e c t  o f  a c id  d e n s i ty  
a n d  a c id  s t r e n g th  (v a r io u s  S i /A l  r a t io s  o f  B e ta  z e o l i te )  o n  p r o d u c t  d i s t r ib u t io n  f ro m  
th e  c a ta ly t ic  d e h y d r a t io n  o f  b io - e th a n o l ,  a n d  to  c o m p a re  th e  a c t iv i ty  o f  M S U - S  w ith  
d i f f e r e n t  p o re  s t r u c tu r e s  ( h e x a g o n a l  p o re  s t r u c tu r e  a n d  w o r m h o le - l ik e  p o r e  s t r u c tu r e )  
o n  th e  c a ta ly t ic  d e h y d r a t io n  o f  b io - e th a n o l .

T h e  s c o p e  o f  th is  r e s e a r c h  c o v e r e d  a s  f o l lo w s . In  th e  f i r s t  s c o p e , th e  
d e h y d r a t io n  o f  b io - e th a n o l  w a s  p e r f o rm e d  in  a  U - tu b e  r e a c to r  u s in g  th e s e  c o n d i t io n s ;  
9 9 .5 %  o f  b io - e th a n o l ,  L H S V  0 .5  h f1, r e a c t io n  te m p e r a tu r e  a t  4 5 0 ° c  u n d e r
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atmospheric pressure for 8 hours. In the second scope, 5 wt% of Ga or Ge was 
impregnated into all Si/Al2 ratios of H-Beta zeolite (Si/Al2 = 27, 40 and 300). 3 g of 
modified H-Beta zeolite was used in the bio-ethanol dehydration process. In the last 
scope, the hexagonal pore structure of MSU-S was synthesized by using 
cetyltrimethyl ammonium bromide template. Then, MSU-S/Hbea was impregnated 
by 5 wt% of Ga or Ge. 3 g of modified MSU-S/Hbea was used in the bio-ethanol 
dehydration process.
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