
CHAPTER II
BACKGROUND AND LITERATURE REVIEW

B i o - e t h a n o l  i s  a n  e n v i r o n m e n t a l l y  f r i e n d l y  f u e l ,  w h i c h  h a s  m a n y  a t t r a c t iv e  

p r o p e r t i e s ,  s u c h  a s  c l e a r  c o l o r l e s s  l i q u i d ,  l o w  t o x i c i t y ,  h i g h  o c t a n e  s u b s t a n c e ,  l o w  

p r o d u c t i o n  c o s t ,  l o w  g r e e n h o u s e  g a s  a n d  C O 2 e m i s s i o n ,  e t c .  I n  a d d i t i o n ,  i t  c a n  b e  

c o n v e r t e d  i n t o  m o r e  v a l u a b l e  h y d r o c a r b o n  c o m p o u n d s ,  l i k e  p a r a f f i n s ,  o l e f i n s ,  a n d  

a r o m a t i c  h y d r o c a r b o n s  ( e .g . ,  b e n z e n e  ( B ) ,  t o l u e n e  ( T ) ,  a n d  x y l e n e s  ( X ) ) .

2.1 Transformation of bio-ethanol to hydrocarbons

H y d r o c a r b o n s ,  l ik e  p a r a f f i n s ,  o l e f in s ,  a n d  B T X  a r o m a t i c s ,  h a v e  b e e n  

a t t r a c t e d  in  t h e  p e t r o c h e m i c a l  i n d u s t r i e s  s in c e  t h e y  c a n  b e  u s e d  a s  f u e l s  a n d  c h e m ic a l  

s u b s t a n c e s .  N o r m a l l y ,  t h e s e  h y d r o c a r b o n s  a r e  m a i n l y  d e r i v e d  f r o m  t h e  s t e a m  

c r a c k i n g  o f  p e t r o l e u m  o r  n a t u r a l  g a s  f e e d s t o c k s  t h a t  h a v e  l i m i t e d  q u a n t i t i e s .  B e c a u s e  

o f ,  t h e  h i g h  o p e r a t i n g  a n d  p r o d u c t i o n  c o s t s ,  t h e  l i m i t a t i o n  o f  p e t r o l e u m  r e s o u r c e s ,  

a n d  t h e  s h o r t a g e  o f  n a t u r a l  r e s o u r c e s ,  t h e  c a t a l y t i c  t r a n s f o r m a t i o n  o f  b i o - e t h a n o l  to  

h y d r o c a r b o n s  is  t h e  n e w  a l t e r n a t i v e  w a y  t h a t  h a s  b e c o m e  h i g h  c o m p e t i t i v e  r o u t e  a n d ,  

t h e r e f o r e ,  h a s  b e e n  d r a w i n g  h ig h  a t t e n t i o n  ( G u a n g w e n  et al., 2 0 0 7 ) .

T h e  d e v e l o p m e n t  o f  a n  e f f e c t i v e  c a t a l y s t  i s  t h e  i m p o r t a n t  f u n d a m e n t a l  s te p  

in  t h e  c a t a l y t i c  t r a n s f o r m a t i o n  o f  b i o - e t h a n o l  t o  m o r e  v a l u a b l e  h y d r o c a r b o n s .  

H o w e v e r ,  t h e  n a t u r e s  o f  c a t a l y s t  h a v e  a  s i g n i f i c a n t  e f f e c t  o n  t h e  r e a c t a n t  c o n v e r s i o n  

a n d  p r o d u c t  d i s t r i b u t i o n .  S o , t h e  c a t a l y s t  p r o p e r t i e s  a n d  r e a c t i o n  c o n d i t i o n s  h a v e  to  

b e  c o n t r o l l e d  to  a c h i e v e  t h e  d e s i r e d  h y d r o c a r b o n s .  Z e o l i t e s  a r e  t h e  e f f e c t i v e  c a t a l y s t s  

w h ic h  h a v e  b e e n  p a i d  h ig h  a t t e n t i o n  f o r  t h e  c a t a l y t i c  t r a n s f o r m a t i o n  o f  b i o - e t h a n o l  to  

h y d r o c a r b o n s .  T h e y  a r e  p o r o u s  o r  c r y s t a l l i n e  m a t e r i a l s  t h a t  h a v e  u n i q u e  p r o p e r t i e s ,  

s u c h  a s  a  s m a l l  s i z e  o f  p o r e s ,  h i g h  p o r o s i t y ,  h ig h  o v e r a l l  a c i d i t y ,  h i g h  i n t r i n s i c  a c i d i t y  

( a c id  s t r e n g t h ) ,  a n d  h i g h  h e a t  o f  a d s o r p t i o n .  T h e  p o r e  s i z e s  a n d  p o r e  s t r u c t u r e s  o f  

z e o l i t e s  m a k e  t h e m  s u i t a b l e  in  s h a p e  s e l e c t iv e  r e a c t i o n s ,  a n d  t h e i r  a c i d  s t r e n g t h  a r e  

a l s o  s u i t a b l e  f o r  b i o - e t h a n o l  d e h y d r a t i o n  r e a c t i o n .  I n  a d d i t i o n ,  z e o l i t e s  h a v e  b e e n  

r e p o r t e d l y  u s e d  t o  c a t a l y z e  a r o m a t i c  a l k y l a t i o n  r e a c t i o n s  in  w h i c h  t h e y  a r e  e f f e c t i v e  

f o r  a l k y i a t i o n  o f  a r o m a t i c s  to  p r o d u c e  x y le n e s  ( Y a s h i m a  et al., 1 9 7 0 ;  K a e d i n g  et al.,
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1 9 8 1 ) .  Z e o l i t e s  c a n  b e  d i v i d e d  in to  m a n y  t y p e s  d e p e n d i n g  o n  t h e  s i z e  o f  t h e i r  p o r e  

o p e n i n g  a s  s h o w n  in  T a b l e  2 .1

Table 2.1 S t r u c t u r a l  c h a r a c t e r i s t i c s  o f  z e o l i t e s  ( P e r e g o  et al., 2 0 0 9 )

Zeolites IZA*
code

Channel
dimensionality

Channel
type

Pore
dimensions

(nm)
B e t a B E A 3 D 12 0 .6 6  X  0 .6 7

12 0 . 5 6 x 0 . 5 6

A I P O 4 - 5 , A F I I D 12 0 .7 3  X  0 .7 3

S S Z - 3 3 C O N 3 D 12 0 . 5 9 x 0 . 7 0

10 0 .4 5  X  0 .5 1

12 0 .6 4  X  0 .7 0

L L T L I D 12 0 .7 1  X  0 .7 1

M o r d e n i t e M O R I D 12 0 .7 0  X 0 .6 5

Y , x F A U 3 D 12 0 .7 4  X  0 .7 4

Z S M - 5 M F I 3 D 10 0 .5 3  X  0 .5 6

10 0 .5 1  X  0 .5 5

Z S M - 1 1 M E L 3 D 10 0 .5 3  X  0 .5 4
IZA* =  I n t e r n a t i o n a l  Z e o l i t e  A s s o c i a t i o n

B i o - e t h a n o l  c o n v e r s i o n  f o r  t h e  p r o d u c t i o n  o f  h y d r o c a r b o n s  ( e .g . ,  p a r a f f i n s ,  

o l e f in s ,  a n d  B T X  a r o m a t i c s )  h a s  s e v e r a l  p a t h w a y s  d e p e n d i n g  o n  r e a c t i o n s  a n d  

c o n d i t i o n s  ( e .g . ,  t e m p e r a t u r e )  a s  s h o w n  in  F i g u r e  2 .1 .  E t h y l e n e  c a n  b e  p r o d u c e d  b y  

t h e  i n t r a m o l e c u l a r  d e h y d r a t i o n  o f  e t h a n o l  u n d e r  f a i r l y  h i g h  r e a c t i o n  t e m p e r a t u r e s  

( - 3 5 0  ° C ) .  I n  c o n t r a s t ,  d i e th y l  e t h e r  c a n  b e  p r o d u c e d  b y  t h e  i n t e r m o l e c u l a r  

d e h y d r a t i o n  b e t w e e n  t w o  e t h a n o l  m o l e c u l e s  u n d e r  l o w  r e a c t i o n  t e m p e r a t u r e s  ( - 2 0 0  

๐C ) .  D i e t h y l  e t h e r  c a n  b e  c o n t i n u o u s l y  c o n v e r t e d  b y  d e h y d r a t i o n  t o  e t h y l e n e  a n d  C 4  

o l e f i n s  ( D e r o u a n e  et al., 1 9 7 8 )  w h e n  t h e  t e m p e r a t u r e  i n c r e a s e s .  T h e n ,  e t h y l e n e  a n d  

C 4  o l e f i n s  c a n  b e  c o n v e r t e d  to  h e a v i e r  h y d r o c a r b o n s  ( e .g . ,  p a r a f f i n s ,  o l e f i n s  a n d  B T X  

a r o m a t i c s )  b y  m o r e  c o m p l e x  r e a c t i o n s ,  s u c h  a s  o l i g o m e r i z a t i o n ,  a r o m a t i z a t i o n ,  H -
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transfer, and cracking, which are simultaneously occurred at a high temperature of
-50 0  ๐c . However, the heavier hydrocarbons may be further transformed to
deposited carbon by excess reactions.

F i g u r e  2 .1  S e v e r a l  r e a c t i o n  p a t h w a y s  o f  e t h a n o l  d e h y d r a t i o n  to  h y d r o c a r b o n s  ( I n a b a  

et al, 2 0 0 5 ) .

A r o m a t i c  h y d r o c a r b o n s ,  l ik e  b e n z e n e ,  t o l u e n e ,  a n d  x y l e n e s ,  a r e  h i g h  

c o m m e r c i a l  v a l u a b l e  p r o d u c t s  w h ic h  c a n  b e  d e r i v e d  f r o m  t h e  c a t a l y t i c  

t r a n s f o r m a t i o n  o f  b i o - e t h a n o l .  T h e y  a r e  i m p o r t a n t  s t a r t i n g  m a t e r i a l s  f o r  t h e  

p r o d u c t i o n  o f  a  w i d e  v a r i e t y  o f  p e t r o c h e m i c a l s ,  s u c h  a s  m o n o m e r s  f o r  p o l y a m i d e s ,  

p o l y e s t e r s ,  r e s i n ,  d y e ,  s y n t h e s i s  f i b e r s ,  d e t e r g e n t s ,  a n d  p h a r m a c e u t i c a l  p r o d u c t s  

( F r a n c k  et al,  1 9 8 8 ) .  B e n z e n e ,  t o l u e n e ,  a n d  x y l e n e s  ( B T X )  a r e  t h e  t h r e e  b a s i c
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m a t e r i a l s  t h a t  a r e  u s e d  f o r  t h e  p r o d u c t i o n  o f  i n t e r m e d i a t e s  o f  s e v e r a l  a r o m a t i c  

d e r i v a t i v e s ;  m o s t  o f  w h i c h  a r e  p r o d u c e d  b y  m e a n s  o f  a c i d  c a t a l y z e d  r e a c t i o n s  

i n c l u d i n g  a l k y l a t i o n ,  t r a n s a l k y l a t i o n ,  i s o m e r i z a t i o n ,  a n d  d i s p r o p o r t i o n a t i o n .

T h e  m a j o r  p r o d u c t  in  t h e  l iq u i d  h y d r o c a r b o n s  d e r i v e d  f r o m  t h e  c a t a l y t i c  

t r a n s f o r m a t i o n  o f  b i o - e t h a n o l  is  t o l u e n e  ( S a e w o n g  et al., 2 0 1 2 ) ,  w h i c h  i s  a  l o w - v a lu e  

p r o d u c t  a n d  h a s  l o w  m a r k e t  d e m a n d  in  r e l a t i v e  to  t h a t  o f  o t h e r  a r o m a t i c s  ( e .g . ,  

b e n z e n e  a n d  x y l e n e s ) .  T h e r e f o r e ,  t h e  c o n v e r s i o n  o f  s u r p l u s  t o l u e n e  to  m o r e  v a l u a b l e  

a r o m a t i c s ,  e s p e c i a l l y  x y l e n e s ,  is  o n e  o f  t h e  i n t e r e s t i n g  r o u t e s  f o r  t h e  e n h a n c e m e n t  o f  

p r o c e s s  v a lu e .

I n  o r d e r  to  i n c r e a s e  y i e l d  o f  x y l e n e s ,  p o s s i b l e  c a t a l y t i c  p r o c e s s e s  s u c h  a s  

x y l e n e s  i s o m e r i z a t i o n ,  t r a n s a l k y l a t i o n ,  a n d  d i s p r o p o r t i o n a t i o n  o f  t o l u e n e  c a n  b e  

a p p l i e d .  E s p e c i a l l y ,  t h e  c a t a l y t i c  t r a n s f o r m a t i o n  o f  t o l u e n e  b y  a n y  m e a n  to  e n h a n c e  

x y l e n e  f o r m a t i o n  is  a n  i n t e r e s t i n g  r o u te .  T w o  m a i n  p r o c e s s e s  t h a t  c a n  b e  u s e d  to  

t r a n s f o r m  s u r p l u s  t o l u e n e  i n t o  x y l e n e s  a r e  d i s p r o p o r t i o n a t i o n  a n d  t r a n s a l k y l a t i o n ,  

w h i c h  a r e  a c i d  c a t a l y z e d  r e a c t i o n s  a s  s h o w n  i n  F i g u r e  2 .2 .

D isp ro p o rtio n a tio n

2 Cç>) * = *  o  +

T ra n sa lk y la tio n

เ^ )  + ( é ) f R 5 = t  2

R

F i g u r e  2 .2  D i s p r o p o r t i o n a t i o n  a n d  t r a n s a l k y l a t i o n  o f  t o l u e n e  o v e r  z e o l i t e  c a t a l y s t s  

( T s e n g  et al., 1 9 9 8 ) .
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T o l u e n e  d i s p r o p o r t i o n a t i o n  is  o n e  o f  t h e  m a j o r  p r a c t i c a l  p r o c e s s e s  f o r  

c a t a l y t i c  t r a n s f o r m a t i o n  o f  l o w  v a l u a b l e  t o l u e n e  i n t o  h i g h l y - v a l u a b l e  x y l e n e s .  F o r  

t h i s  p r o c e s s ,  t w o  m o l e s  o f  t o l u e n e  a r e  c o n v e r t e d  t o  o n e  m o l e  o f  b e n z e n e  a n d  x y le n e s  

e a c h  a s  s h o w n  in  F i g u r e  2 .2 .  B e s i d e s  t o l u e n e  d i s p r o p o r t i o n a t i o n ,  x y le n e s  

d i s p r o p o r t i o n a t i o n  c a n  b e  s i m u l t a n e o u s l y  o c c u r r e d ,  r e s u l t i n g  i n  t h e  f o r m a t i o n  o f  

t r i m e t h y l b e n z e n e s  ( T M B s ) .  B o t h  t o l u e n e  a n d  T M B s  a r e  l o w - c o s t  f e e d s t o c k s  f o r  

m i x e d  x y l e n e s  p r o d u c t i o n  t h r o u g h  t r a n s a l k y l a t i o n  a s  s h o w n  in  F i g u r e  2 .2 .

2.2 C a ta ly s ts  fo r  t ra n s fo rm a tio n  o f B io -e thano l

M a n y  t y p e s  o f  z e o l i t e s  h a v e  b e e n  d e v e l o p e d  w i t h  t h e  a i m  to  c o n t r o l  

s e l e c t i v i t y  d u r i n g  t h e  t r a n s f o r m a t i o n  o f  b i o - e t h a n o l  to  l i q u i d  h y d r o c a r b o n s .  F o r  

e x a m p l e s ,  M e g u m u  et al. ( 2 0 0 5 )  s tu d i e d  t h e  t r a n s f o r m 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  o v e r  s e v e r a l  z e o l i t e  c a t a l y s t s .  T h i s  w o r k  s h o w e d  t h e  e f f e c t  o f  d i f f e r e n t  

t y p e s  o f  z e o l i t e  s u p p o r t s ;  U S Y  ( S i / A l 2 =  6 .3 ) ,  H - M o r d e n i t e  ( S i / A l 2 =  1 8 3 ) ,  H - B e t a  

( S i / A l 2 =  2 7 ) ,  H Z S M - 5  ( S i / A l 2 =  1 9 0 ) ,  a n d  F I Z S M - 5  ( S i / A l 2 =  2 9 ) ,  o n  p r o d u c t  

s e l e c t i v i t y .  T h e  c a t a l y t i c  a c t i v i t y  w a s  m e a s u r e d  u s i n g  a  f i x e d - b e d  r e a c t o r  a t  r e a c t i o n  

t e m p e r a t u r e  4 0 0  °c. T h e y  f o u n d  t h a t  H Z S M - 5  ( S i / A l 2 =  2 9 )  s h o w e d  a  h ig h  

c o n v e r s i o n  o f  e t h a n o l  w i t h  t h e  B T X  s e l e c t i v i t y  o f  5 4 .0  % , w h i l e  s o m e  o t h e r  z e o l i t e s ;  

H - B e t a  ( S i / A l 2 =  2 7 ) ,  H - M o r d e n i t e  ( S i / A l 2 =  1 8 3 ) ,  U S Y  ( S i / A l 2 =  6 .3 ) ,  a n d  H Z S M - 5  

( S i /A l?  =  1 9 0 )  s h o w e d  a  h ig h  c o n v e r s i o n  o f  e t h a n o l  to  e t h y l e n e  a t  t h e  s e l e c t i v i t y  o f

8 7 .9  % ,  9 6 .4  % , 9 7 .9  %  a n d  9 7 .9  % , r e s p e c t i v e l y  a s  s h o w n  i n  T a b l e  2 .2 .  T h e y  a l s o  

f o u n d  t h a t  t h e  a c i d i t y  o f  t h e  z e o l i t e  c a t a l y s t s  is  i m p o r t a n t  t o  B T X  s e l e c t i v i t y ;  

h o w e v e r ,  t h e  p r e s e n c e  o f  a  l a r g e  n u m b e r  o f  a c i d i ty  d o e s  n o t  a l w a y s  l e a d  to  h i g h  B T X  

s e l e c t i v i t y .  M o r e o v e r ,  t h e  r e s u l t s  s h o w e d  t h a t  t h e  f o r m a t i o n  o f  B T X  is  g r e a t l y  

o c c u r r e d  w h e n  t h e  H Z S M - 5  z e o l i t e s  w i t h  l o w  S i / A l 2 r a t i o  a r e  u s e d  a n d  o p e r a t e d  

u n d e r  a  h i g h  t e m p e r a t u r e  c o n d i t i o n .

D e r g a c h e v  a n d  L a p i d u s  ( 2 0 0 8 )  a n d  T r e t  et al. ( 2 0 1 0 )  f o u n d  t h a t  t h e  s t r o n g  

B r ô n s t e d  a c i d  s i t e s  o f  H Z S M - 5  a r e  i m p o r t a n t  f o r  p r o d u c t  s e l e c t i v i t y .  H e n c e ,  t h e  

m o d e r a t e  a c i d i t y  o f  z e o l i t e  is  i m p o r t a n t  f o r  t h e  f o r m a t i o n  o f  B T X ,  b u t  n o t  f o r  

e t h y l e n e .  F i g u r e  2 .3  s h o w s  t h e  p r o d u c t s  t h a t  c a n  b e  f o r m e d  f r o m  b i o - e t h a n o l ,  o n  

H Z S M - 5 .  B i o - e t h a n o l  c a n  b e  c o n v e r t e d  to  l i g h t  h y d r o c a r b o n s ,  c  2- c 4 o l e f i n s  a n d
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p a r a f f i n s ,  w h i c h  C 2 - C 4  o l e f i n s  a r e  t r a n s f o r m e d  to  l a r g e r  a l i p h a t i c  h y d r o c a r b o n s  (Cô- 
C 1 0 )  a t  a  l o w  t e m p e r a t u r e  ( 3 0 0 - 4 0 0  ° C )  a n d  t r a n s f o r m e d  to  a r o m a t i c  h y d r o c a r b o n s  a t  

a  h i g h  t e m p e r a t u r e  ( 4 5 0 - 5 5 0  °C). M o r e o v e r ,  C 2 - C 4  p a r a f f i n s  c a n  a l s o  b e  t r a n s f o r m e d  

to  C é - C i o  a r o m a t i c  h y d r o c a r b o n s  a t  a  t e m p e r a t u r e  a b o u t  5 5 0 - 6 0 0  °c. G a y u b o  et al.
( 2 0 1 0 )  s t u d i e d  t h e  t r a n s f o r m a t i o n  o f  b i o - e t h a n o l  t o  h y d r o c a r b o n s  o n  H Z S M - 5  z e o l i t e  

c a t a l y s t s  t r e a t e d  w i th  N a O H .  T h e y  f o u n d  t h a t  t h e  m o d e r a t e  a c i d  s t r e n g t h  a n d  s h a p e  

s e l e c t i v i t y  o f  H Z S M - 5  z e o l i t e  w e r e  s u i t a b l e  f o r  t h e  c a t a l y t i c  t r a n s f o r m a t i o n  o f  b i o 

e t h a n o l  t o  l i q u i d  h y d r o c a r b o n s .  S i m i l a r l y ,  F e r r e i r a  et al. ( 2 0 0 9 )  s t u d i e d  t h e  e f f e c t  o f  

v a r i o u s  t y p e s  o f  z e o l i t e s ;  H Z S M - 5 ,  H - Y ,  a n d  H - B e t a ,  o n  l i q u i d  h y d r o c a r b o n s  

s e l e c t i v i t y .  T h e  c a t a l y t i c  a c t i v i t y  w a s  m e a s u r e d  u s i n g  a  f i x e d - b e d  r e a c t o r  u n d e r  

o p e r a t i n g  c o n d i t i o n s ,  3 5 0  °c a n d  3 0  b a r s ,  w h ic h  c a n  e n h a n c e  l i q u i d  h y d r o c a r b o n s  

f o r m a t i o n .  T h e y  f o u n d  t h a t  H Z S M - 5  s h o w e d  t h e  h i g h e s t  a c t i v i t y ,  a n d  t h e  

d e a c t i v a t i o n  o f  H Z S M - 5  w a s  l o w e r  t h a n  t h a t  o f  H - Y ,  a n d  H - B e t a  z e o l i t e s  b e c a u s e  

t h e  m i c r o p o r e  s iz e  o f  H Z S M - 5  is  s m a l l e r  a n d  i ts  h y d r o g e n  t r a n s f e r  c a p a c i t y  is  l o w e r ,  

w h ic h  r e s i s t s  c o k e  f o r m a t i o n .

T a b le  2.2 C a t a l y t i c  a c t i v i t y  o f  z e o l i t e  c a t a l y s t s  ( M e g u m u  et ai, 2 0 0 5 )

C ata ly s ts
E th a n o l
C o n v e r

sion
E thy len e

c 3+
olefins

an d
p a ra ffin s

B TX
S electiv ity  (% )

B T X E thy len e

H - B e t a
( S i / A l 2 =  2 7 ) 9 4 .7 7 8 6 .5 0 7 .9 8 3 .9 5 4 .0 1 8 7 .9

H Z S M - 5  
( S i / A l 2 =  2 9 ) 9 2 .2 4 1 0 .4 8 3 4 .6 3 5 2 .8 8 5 4 .0 1 0 .7

H Z S M - 5  
( S i / A l 2 =  1 9 0 ) 9 6 .4 1 9 7 .5 8 2 .0 8 0 . 0 0 0 . 0 0 9 7 .9

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

H - M o r d e n i t e  
( S i / A F  =  1 8 3 ) 7 9 .8 3 9 5 .7 7 3 .6 1 0 . 0 0 0 . 0 0 9 6 .4
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B io -ft lia n o l

O le fin s
▲

300—400°c

C 2- C 4 ------

450-550°c

▼  550—600°c
P a r a f f in s  C 2- C 4 — ----------- ►  A rom atic  hydrocarbons C s -C  10.

F ig u re  2 .3  T r a n s f o r m a t i o n  o f  b i o - e t h a n o l  t o  h y d r o c a r b o n s  o n  H Z S M - 5  ( D e r g a c h e v  

et al. , 2 0 0 8 ) .

T o  i m p r o v e  th e  c a t a l y t i c  a c t i v i t y  in  t h e  t r a n s f o r m a t i o n  o f  e t h a n o l  to  

a r o m a t i c  h y d r o c a r b o n s ,  t h e  a c i d  s t r e n g t h  o f  a  z e o l i t e  h a s  to  b e  i n c r e a s e d  b y  t h e  

a d d i t i o n  o f  o t h e r  a c i d i c  c a t a l y s t s .  H o w e v e r ,  t h e  a d d i t i o n  o f  a c i d i c  c a t a l y s t s  c a n  l e a d  

t o  a n  e x c e s s  a m o u n t  o f  r e q u i r e d  a c i d  s t r e n g t h ,  a n d  c a n  e a s i l y  c a u s e  t h e  c o k e  

f o r m a t i o n .  S o ,  t h e  m o d i f i c a t i o n  o f  m e ta l s  a n d  m e ta l  o x i d e s  o n  a n  a c i d i c  z e o l i t e  h a s  

b e e n  i n v e s t i g a t e d .  T r e t  et al. ( 2 0 1 0 )  s t u d i e d  t h e  c a t a l y t i c  t r a n s f o r m a t i o n  o f  b i o 

e t h a n o l  t o  h y d r o c a r b o n s  o v e r  s e v e r a l  m e t a l s  s u p p o r t e d  o n  H Z S M - 5  ( S i / A l 2 =  2 5 )  

Z e o l i t e .  T h e  m e t a l s ,  C u ,  F e ,  Z n ,  P d ,  A l ,  C o ,  M n ,  L a ,  C e ,  N i ,  a n d  C r ,  w e r e  l o a d e d  o n  

H Z S M - 5  ( S i / A L  =  2 5 )  b y  i o n  e x c h a n g e ,  a n d  t h e  c a t a l y t i c  a c t i v i t y  w a s  m e a s u r e d  a t  

r e a c t i o n  t e m p e r a t u r e  4 5 0  ๐c .  T h e y  f o u n d  t h a t  t h e  a d d i t i o n  o f  C r  a n d  N i  i n c r e a s e d  t h e  

y i e l d  o f  a r o m a t i c  h y d r o c a r b o n s  to  3 4 .1 0  %  a n d  4 2 .5 0  %  b y  w e i g h t ,  r e s p e c t i v e l y ,  

w h i l e  t h e  a d d i t i o n  o f  C u ,  F e ,  Z n ,  P d ,  a n d  A l  i n c r e a s e d  t h e  y i e l d  o f  c 2 o l e f i n s  to  5 2 .4 0  

% ,  3 6 .3 0  % , 3 5 .3 0  % , 3 4 .9 0  % , a n d  3 2 .4 0  %  b y  w e i g h t ,  r e s p e c t i v e l y .  M o r e o v e r ,  t h e  

a d d i t i o n  o f  C o ,  M n ,  L a ,  a n d  C e  c a n  i n c r e a s e  t h e  y i e ld  o f  C 3 - C 4 o l e f i n s  to  2 9 .2 4  % , 

3 0 .4 5  % , 2 4 .9 1  % ,  a n d  2 5 .8 0  %  b y  w e i g h t ,  r e s p e c t i v e l y  a s  s h o w n  i n  T a b l e  2 .3 .
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Table 2.3 Yield o f  hydrocarbons, w t %, on H ZSM -5 (S i/A b  =  25) ion-exchanged 
w ith  various m etals (Tret e t a l., 2010)

Metal
Ions

Yield, wt %
C2 olefins c 3- C4

olefins Paraffin c 5+ Aromatics
Cu 52.40 21.19 6 . 1 1 7.60 12.70
Fe 36.30 27.35 10.85 10.60 14.90
Zn 35.30 25.54 11.06 9.00 19.10
Pd 34.90 26.28 12.42 10.50 15.90
A1 32.40 2 1 . 2 1 19.89 8.40 18.10
Co 28.30 29.24 12.46 1 1 . 1 0 18.90
M n 25.30 30.45 14.55 13.00 16.70
La 2 2 . 1 0 24.91 19.99 10.40 22.60
Ce 20.50 25.80 19.50 12.30 21.90
Ni 14.70 16.48 19.22 7.10 42.50
Cr 13.00 18.48 28.02 6.40 34.10

M egum u e t al. (2005) studied the transform ation o f  ethanol to hydrocarbons 
over several m etals supported on HZSM -5 (S i/A l2 = 29) zeolite. The m etals, M g, Cr, 
Fe, Co, N i, Cu, Ga, Ru, Rh, Pd, Ag, Re, Ir, Pt, and All, w ere im pregnated on the 
H ZSM -5 support, and the catalytic activity w as m easured at reaction tem perature 
400 °c  in a fixed bed reactor. The results show ed that Ga, Pd, Ir, Au, Ru, and Rh 
loaded on H ZSM -5 can increase the conversion o f  ethanol w ith  the BTX selectivity 
o f  73.6 %, 61.0 %, 57.4 % , 56.8 %, 55.5 %, and 55.5 %, respectively  as show n in 
Table 2.4. On the o ther hand, Fe and Au also appeared to be effective for the 
form ation o f  c 3+ olefins and paraffins, which m ay be precursors o f  arom atics.



11

Table 2.4 C atalytic activity o f  H ZSM -5 (S i/A l2 = 29) zeolite catalyst im pregnated 
w ith various m etals (M egum u e t a l ,  2005)

Catalysts
Ethanol
Conver

sion
Ethylene

c 3+
olefin
and

paraffin
BTX

Selectivity (%)
BTX Ethylene

H ZSM -5 92.24 10.48 34.63 52.88 54.0 10.7
M g/H ZSM -5 36 90 92.49 6.83 0 . 0 0 0 . 0 0 93.1
Cr/H ZSM -5 93.85 23.81 32.24 41.59 42.6 24.4
Fe/H ZSM -5 96.96 11.15 37.70 51.15 51.2 1 1 . 2

C o/H ZSM -5 94.82 76.16 12.64 1 0 . 2 0 10.3 76.9
N i/H ZSM -5 95 56 30.05 29.85 38.75 39.3 30.5
C u/H ZSM -5 90.06 91.89 0.92 4.53 4.70 94.4
G a/H ZSM -5 93.39 4.78 21.63 73.58 73.6 4.78
Ru/H ZSM -5 91.48 1 2 . 2 0 32.19 55.35 55.5 1 2 . 2

R h/H ZSM -5 94.04 13.04 31.22 55.16 55.5 13.1
Pd/H ZSM -5 92 89 10.38 28.52 60.83 61.0 10.4
A g/H ZSM -5 97.09 38.66 27.62 32.68 33.0 39.1
R e/H ZSM -5 98.58 56.04 15.70 23.30 24.5 59.0
Ir/H ZSM -5 91.50 11.49 31.10 57.36 57.4 11.5
Pt/H ZSM -5 98.45 33 60 14.98 50.74 51.1 33.8
A u/H ZSM -5 92.88 6.59 36.57 56.84 56.8 6.59

The effect o f  Phosphorus (P) doped on HZSM -5 (Si/A l = 12.5) catalyst for 
the conversion o f  ethanol to hydrocarbons was investigated (Jiangyin and Yancong., 
2010). The catalytic activity was perform ed in a continuous-flow  fixed-bed quartz 
tubular reactor at reaction tem perature 450 ๐c .  P-m odified H ZSM -5 (Si/Al = 12.5) 
catalysts w ere prepared by im pregnation m ethod with d ifferen t phosphorus (P) 
loading o f  0, 1.0 w t %, 2.0 wt %, 3.0 w t %, 4.0 wt %, and 5.0 w t %, respectively. 
They reported that ethanol conversion was alm ost 100 % in m ost cases, but the 
product selectivity o f  each catalyst was different. The catalytic activity  w as increased 
significantly  w hen p  species was added into H ZSM -5 catalysts. P -m odified HZSM -5 
catalysts favored the form ation o f  C l- C4 paraffins and arom atic hydrocarbons, but 
suppressed the form ation o f C 3- C 4 olefins. 3.0 % P-m odified HZSM -5 catalyst 
show ed an excellent activity in liquid hydrocarbons selectivity. M oreover, the result
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also show ed the m ain com positions o f  liquid hydrocarbons w ere arom atics, m ostly 
xylenes and toluene. The fraction o f  xylenes in P-m odified H ZSM -5 was higher than 
that o f  H ZSM -5 alone.

In addition, B arthos et a l. (2006) investigated the effect o f  different m etal 
oxides on HZSM -5 catalyst in the decom position and arom atization o f  ethanol. 
G a2C>3 , M 0 2 O, and Z nO -m odified HZSM -5 w ere prepared by im pregnation m ethod 
and operated in a continuous-flow  fixed-bed reactor at 500 ๐c  and 600 °c. They 
found that these catalysts m arkedly enhanced the conversion o f  ethanol, prom oted 
the form ation o f  arom atic hydrocarbons, and provided higher selectivity  to benzene 
and toluene than pure HZSM -5 catalyst. Especially, Ga2 0 3 -m odified H ZSM -5 
exhibited the highest yield o f  arom atics, m ostly toluene, and the arom atics yield 
increased with increasing tem perature from  500 ๐c  to 600 °c. Sim ilarly, Saew ong et 
al. (2 0 1 2 ) studied the transform ation o f  bio-ethanol to arom atic hydrocarbons using 
the dual-bed catalytic system s. M gHPCVAbCh was packed on the first bed, w hereas 
the catalysts used in the second bed were pure H ZSM -5, G a2 Û 3/H Z S M -5 , 
ZnO /H ZSM -5, and Z nO -A ^C b com bined with HZSM -5 (H ybrid catalyst). These 
catalysts w ere prepared by im pregnation m ethod, and the catalytic activity was 
m easured using a fixed-bed reactor under the reaction tem peratures o f  350 ๐c  at the 
first bed and 500 °c at the second bed, and atm ospheric pressure. They found that 
0.5 w t % M gHPCfi-doped AI2O3 can practically m aintain its activity (both on b io
ethanol conversion and ethylene selectivity) in a long period o f  tim e. M oreover, 2.0 
wt % G a2 C>3/H Z SM - 5  used in the second bed can convert ethylene to heavy 
hydrocarbons, and gave the highest oil yield w ith the highest m ono-arom atic content, 
w hich m ostly  consisted o f  toluene. H ow ever, the results show ed that all metal oxide- 
m odified H ZSM -5 catalysts gave higher arom atics yield than H ZSM -5 alone. This is 
an evidence indicating that the dopants on the H ZSM -5 catalyst can significantly 
im prove the arom atic hydrocarbons production from  bio-ethanol.
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2.3 Catalysts for transform ation of aromatics

In the past, liquid Friedel-Crafts (Belenki e t a l . , 1964) and H F - B F 3  catalyst 
(Lien e t a l., 1953) w ere norm ally used for the transform ation o f  arom atics, but these 
catalysts are highly corrosive, difficult to handle, and cannot be econom ically 
recovered. So, m etal oxide catalysts, such as C 0 O -M 0 O 3 on alum inosilicate/alum ina 
and noble m etal or rare earth over alum ina w ere developed and used (W ell, 1991). 
C urrently, zeolites; for exam ples, Beta, M ordenite, H ZSM -5, Y, and other large-pore 
zeolites, are predom inant (Haag e t a l., 1987) because they are less corrosive and 
more econom ically  com petitive.

B ecause o f  the size o f  toluene, there have been som e research interests in 
the properties and activities o f  zeolites having m edium - or large-pore size for toluene 
disproportionation reaction. For exam ples, Ikai et al. (1990) studied the 
d isproportionation and transalkylation o f  toluene over HZSM -5 (S i/A l2 = 35.8), and 
Beta (S i/A f  = 31.3) zeolites, for the aim  to increase xylenes selectivity. The zeolite 
pow der w as pelletized, crushed and sieved to 1 2 - 2 0  m esh particles and the catalytic 
activity w as m easured in a continuous fixed-bed reactor system  under the 
tem perature range 300-450 ๐c .  They found that the conversion o f  toluene increased 
w ith increasing reaction tem perature and Beta (S i /A f  = 31.3) zeolite gave a less 
benzene to xylenes ratio, and a less light gases yield than H ZSM -5 (S i/A f = 35.8) 
zeolite did. The highest para- to m eta-xylene ratio appeared over B eta (Si/A l2 = 31.3) 
zeolite at 300 °c. M oreover, at reaction tem perature above 350 °c, sm all am ounts o f  
trim ethylbenzene can be formed from  transalkylation o f  to luene and xylenes. 
Jagannath e t al. (1993) studied the effect o f  different types o f  zeolites on 
disproportionation  o f  toluene. Three zeolites used in this work w ere HZSM -5 (S i/A l2 

= 40), M ordenite (S i/A l2 = 15) and Beta (Si/A l2 = 30) zeolites. The zeolite pow der 
was pelletized, crushed and sieved to 12-18 m esh particles and the reactions were 
conducted in a continuous fixed-bed reactor system  under the tem perature 400 ๐c .  
They found that Beta (S i/A l2 = 30) zeolite gave the highest yield o f  xylenes am ong 
all zeolites. This is an evidence indicating that B eta (S i/A l2 = 30) zeolite has high 
activity and selectivity for the disproportionation o f  toluene because o f  its high 
acidity and large-pore size that can sorb bulkier m olecules, like toluene, xylenes, and
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trim ethylbenzenes. M oreover, Peng et a l. (1998) investigated the selective form ation 
o f  para-xylene via the disproportionation o f  toluene over various types o f  zeolites. 
HZSM -5 (S i/A l2 = 15), M ordenite (Si/A l2 = 1 1 )  and B eta (Si/A l2 = 15) zeolites were 
tested using a continuous fixed-bed reactor under atm ospheric pressure for their 
activity. They found that B eta (Si/A l2 = 15) zeolite show ed the h ighest para-xylene 
fraction in xylenes, follow ed by HZSM -5 (S i/A l2 = 15) and M ordenite (S i/A l2 = 1 1 )  
w ith the para-xylene fraction o f  25.5 %, 25.3 %, and 24.4 %, respectively.

Besides toluene disproportionation, toluene transalkylation is the 
com petitive reaction w hich can be sim ultaneously occurred to transform  arom atic 
hydrocarbons as shown in Figure 2.2. This process is norm ally catalyzed by large- 
pore zeolites such as Beta, Y, M ordenite, H ZSM -12, and USY, w hich are zeolites 
that can also be used for toluene disproportionation. Catalytic activity  and stability 
are m ain properties that should be considered. For exam ples, zeolites having large- 
pore sizes w ere investigated for activity and xylenes selectivity (Jiri et a l., 2004). 
These zeolites w ere Beta (S i/A l2 = 12.5), M ordenite (S i/A l2 = 10), L (S i/A l2 = 3.1), 
and Y (S i/A l2 = 2.7) zeolites. The catalytic activity was m easured at reaction 
tem perature o f  400 ๐c  w ith the weight hourly  space velocity  (W H SV ) o f  5 h '1. They 
found that Y (S i/A l2 =  2.7), M ordenite (S i/A l2 = 10), Beta (Si/A l2 =  12.5), and L 
(Si/A l2 = 3.1) zeolites exhibited the xylene selectivity o f  11.1 %, 10.7 %, 10.5 %, and
8 , 8  %, by volum e, respectively. M oreover, the results also show ed that M ordenite 
(S i/A l2 = 10) and L (S i/A l2 = 3.1) zeolite w ere deactivated m uch faster than Beta 
(S i/A l2 = 12.5) and Y (S i/A l2 = 2.7) zeolites. A ndrea e t al. (2010) investigated the 
catalytic activity o f  large-pore zeolites (B eta (Si/Al? = 12.5, 46.0, 75.0), Y (Si/A l2 = 
2.7) and M ordenite (Si/A l2 = 10)) in transalkylation reaction. The catalytic activity 
was m easured in a tubular continuous fixed-bed glass m icroreactor and was operated 
under tem perature range o f  300-450 °c w ith W HSV o f  5 h '1. The zeolite pow der 
w as pressed, crushed and sieved to obtain a fraction betw een 0.75 and 0.36 mm. 
They found that Beta (Si/Al? = 12.5) zeolite exhibited the highest to luene conversion 
and the xylene distribution o f  36.9 wt % as well as h igher stability w ith  increasing 
tim e-on-stream  (T-O-S). Its structure and pore dim ensions appeared to be less 
affected by coke form ation; therefore, it has higher stability, and less deactivation at
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higher reaction tem peratures than M ordenite (Si/A l2 = 10) and Y (Si/A l2 = 2.7) 
zeolites. M oreover, Tseng e t a l. (2002) investigated transalkylation  o f  toluene and 
heavy arom atics. T ransalkylation o f  toluene and 1,3,5-trim ethylbenzene (1,3,5-TM B) 
w ere conducted in a continuous-flow  fixed-bed m icroreactor under the tem perature 
o f  673 K and W H SV  = 5.5 k 1. They found that H ZSM -12 (S i/A l2 = 120), Beta 
(S i/A l2 = 12.5), M ordenite (S i/A l2 = 22.9), and US Y (Si/A l2 = 14) exhibited the 
xylenes yield o f  33.5 %, 31.5 % , 31.1 %, and 19.8 % by w eight, respectively. 
M oreover, H ZSM -12 (Si/A l2 = 120), Beta (S i/A l2 = 12.5), M ordenite (S i/A l2 = 22.9), 
and U SY  (Si/A l2 =  14) gave the xylenes to benzene ratio o f  3.50 %, 4.94 %, 4.87 %, 
and 12.84 %, respectively.

In sum m ary, am ong a large num ber o f  active prom oters investigated w ith 
the aim  o f  enhancing liquid hydrocarbons production in the catalytic dehydration o f  
bio-ethanol, G a and p elem ents gave the predom inant activity and selectivity for 
arom atic hydrocarbons. The oxides form o f  G a is an am photeric com pound that can 
act as both an acid and a base while p is an acidic elem ent. In general, acidity, 
especially  acid strength, is required for oligom erization, cyclization, and 
arom atization reactions. An elem ent in a reduced form , like Ga, can enhance 
dehydrogenation reaction to achieve high arom atic yields (M egum u e t al., 2005) 
w hereas an e lem ent in an oxides form, like G a2 C>3 , can enhance ethanol dehydration 
reaction to achieve high ethanol conversion (Barthos e t a l., 2006). Besides ethanol 
dehydration, acidic oxides can also enhance dehydrocyclization reaction, which 
requires both acidic oxides and acid catalysts. Since an oxide alone does not catalyze 
the branching reaction, it requires an acidic function to initially generate carbénium  
ions w hich further undergo desired isom erization. Som etim es, som e w eak acidic 
sites alone is not sufficient to generate som e carbénium  ions because it is too w eak to 
protonate ethanol, so som e appropriate oxide prom oters w ould be needed to catalyze 
the dehydration o f  ethanol to give olefins that are easily further protonated. The 
required oxides m ust not be too strongly or too w eakly acidic. Since G a 2 C>3-doped 
H ZSM -5 was know n to be the best catalyst to convert ethanol to arom atics, but 
to luene was produced in a high quantity; therefore, in order to transform  surplus 
toluene, one o f  som e selected zeolites w ith various pore sizes was consecutively 
loaded, as the second layer, right after the G a2 0 3 -m odified H ZSM -5. So, in this
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work, the tw o consecutive layers o f  G a2 0 3 -doped H ZSM -5 and som e m edium - or 
large- pore size zeolites were studied, aim ing to im prove the selectivity o f  BTX. 
H ZSM -5, H -Y, and H -B eta w ere the zeolites that potentially  have high activity in the 
transform ation o f  toluene. H ow ever, HZSM -5 has been studied for toluene 
disproportionation  in m any previous works and found not as good as H -B eta and H- 
Y zeolites; therefore, zeolite H-X, w hich has a pore size close to that o f  zeolite H-Y 
and has not been used for this purpose before, w as used instead o f  H ZSM -5. So, H- 
X, H-Y , and H -B eta zeolites w ere used as supports in the second layer to transform  
surplus toluene produced from the first layer o f  G a2 0 3 -m odified H ZSM -5, aim ing to 
enhance arom atics production. M oreover, other acidic oxides o f  p, Sb, and Bi were 
also investigated to m odify the acid properties o f  H ZSM -5 for the enhancem ent o f 
arom atics production, p , Sb, and Bi are elem ents in G roup V A  in the periodical table 
that gives an acidic property. C onsidering the fact that elem ents in the sam e group 
have sim ilar properties but different sizes, so, this w ork investigated the effect o f 
prom oter size on bio-ethanol dehydration to liquid hydrocarbon over the HZSM -5 
support. These reaction runs w ere perform ed in a continuous บ -tube fixed-bed 
reactor at 500 ๐c  under atm ospheric pressure for 8 hours.
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