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A P P E N D I C E S

A p p e n d i x  A  T h e r m o d y n a m i c  S t u d y

F o r  p r im a r y  r e a c t io n  E t h a n o l  +  B e n z e n e  =  E B  +  H 2 O

E th a n o l B e n z e n e E B h 2o

( J /m o l )  E n th a lp y  ( A H ° 2 9 8 ) - 2 3 4 8 1 0 8 2 9 3 0 2 9 7 9 0 - 2 4 1 8 0 0

( J /m o l )  G ib b  f r e e  (  A G ° 298 ) - 1 6 8 2 8 0 1 2 9 6 6 0 1 3 0 5 8 0 - 2 2 8 6 0 0

S o ,  A H °2 9 8  =  - 6 0 ,1 3 0  J /m o l  

A G°298 -  - 5 9 , 4 0 0  J /m o l

F o r  s e c o n d a r y  r e a c t io n  E t h a n o l  +  E B  =  p - D E B  +  F E O
E t h a n o l E B p - D E B h 2o

( J /m o l )  E n th a lp y  ( A H ° 298 ) - 2 3 4 8 1 0 2 9 7 9 0 - 2 2 2 6 0 - 2 4 1 8 0 0

( J /m o l )  G ib b  f r e e  (  A G ° 2 9s ) - 1 6 8 2 8 0 1 3 0 5 8 0 1 3 7 8 6 0 - 2 2 8 6 0 0

S o ,  A h °298  =  - 5 9 0 4 0  J /m o l  

^  G°298 =  - 5 3 0 4 0  J /m o l
E v a lu a t in g  th e  e q u i l ib r iu m  c o n v e r s i o n  ( € )  o f  b e n z e n e  a n d  e t h a n o l  a t 4 0 0  ° c ,  1 

b a r , a n d  m o la r  f e e d  r a t io  o f  b e n z e n e  t o  e th a n o l  i s  1 /1 .

K a =  พ p

A G °
a v R T 7

F o r
AG°o-AH°o AH°o 1 |-T ACp° rT Cp° dT

RT0 RT ~ T  ^To R 'to  r t
AG°
RT

A t

(1)



4 7

J r o H r - d T  =  (A A )T 0 ( t -  1 )  +  ( y ) T 0 2 ( r 2 -  1 )  +  ( f ) T „ V  - 1 )  +

C t t  = ÛA๒T + [ABT0 + (act„z + ^7) F f i ) ]  (T - 1)
T h e n

S o ,  K a l 400 =  4 8 , 1 3 0 . 1 7  

K a 2 , 4 0 0  =  5 , 0 1 5 . 2 6 4  

F o r  K(p

K a,T =  l n (
A G °
ไ ฑ ิr )

^  _  (PeB x  (PH20
^ b e n z e n e  X (P ethanol 

^  _  ^Pp-DEB x  (PH20
4*EB X ^Pethanol

@  p r e s s u r e  1 b a r  K<p =  1  

F o r  Kfo =  7 r ( l b a r ) Vi = 1 
F o r  K p =  n ( p y i  =  1 

F o r  K y

( 2 )

( 3 )

m o le  in m o le  r e a c t m o l e  o u t y i
B e n z e n e 1 -€ 1 1 -€ 1 ( 1 - €  1 ) / 2
E th a n o l 1 - € l - € 2 l - € l - € 2 ( l - € l - € 2 ) / 2
E B ( c 8 H l  0 0 € l - € 2 € l - € 2 ( € l - € 2 ) / 2
H 2 0 0 € l + € 2 € l + € 2 ( € l + € 2 ) / 2
P - D E B 0 € 2 € 2 € 2 / 2

I 2
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F r o m ; Y  — yEBx yH2 0  
y ’ ybenzenex yethanol

S o ; y  _  ( € l -€ 2 ) x (€ l+ € 2 )
y-1 — ( l - € l ) x ( l —€ l - € 2 )

( 2 )

F r o m ; Y  _  ypDEB x yH20 
y'2 yEBx yethanol

S o ; Y  — € 2 x (€ l+ € 2 )  
y-1 “  ( € l - € 2 ) x ( l - € l - € 2 )

( 3 )
F r o m ; K g;i  =  K y 1 ar |d  Kg 2 =  K y 2

S o , 4 8 , 1 3 0 . 1 7 - ^ ^ ^  

5 , 0 1 5 . 2 6 4  =  r - +€2) —(€1—€ 2 ) x ( l - € l - € 2 )
S o ,  € 1 = 0 . 8 0 7 4 2

€ 2 = 0 .1 9 2 5

y i
B e n z e n e 0 . 0 9 6 2 9
E th a n o l 4 E - 0 5
E B 0 . 3 0 7 4 6
h 20 0 . 4 9 9 9 6
P -D E B 0 .0 9 6 2 5

z 1

T h e n ,  c a lc u la t e d  w i t h  v a r y  a n y  o f  t e m p e r a tu r e .

T ( ° C ) b e n z e n e e th a n o l E B h 20 p D E B € 1 € 2
1 5 0 0 .0 9 3 5 8 .5 7 E - 0 8 0 .3 1 3 0 0 0 .5 0 0 0 0 0 .0 9 3 5 0 0 . 8 1 3 0 0 0 .1 8 7 0 0
2 0 0 0 .0 9 3 8 5 .1 1 E - 0 7 0 .3 1 2 0 0 0 .5 0 0 0 0 0 .0 9 3 8 1 0 . 8 1 2 3 7 0 . 1 8 7 6 3
3 0 0 0 .0 9 5 2 1 .5 E - 0 5 0 . 3 1 0 0 0 0 . 4 9 9 9 9 0 .0 9 5 2 1 0 . 8 0 9 5 5 0 . 1 9 0 4 2
4 0 0 0 .0 9 6 3 4 E - 0 5 0 . 3 0 7 0 0 0 . 4 9 9 9 6 0 .0 9 6 2 5 0 . 8 0 7 4 2 0 . 1 9 2 5 0
5 0 0 0 .0 9 7 0 0 .0 0 0 1 2 5 0 .3 0 6 0 0 0 .4 9 9 8 8 0 .0 9 6 9 1 0 .8 0 5 9 3 0 . 1 9 3 8 2
6 0 0 0 .0 9 7 9 0 .0 0 0 3 4 5 0 .3 0 5 0 0 0 . 4 9 9 6 6 0 . 0 9 7 5 6 0 . 8 0 4 2 0 0 .1 9 5 1 1
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S e le c t iv i t y
E B

S e le c t iv i t y ( % )
E BT ( ° C ) T ( K )

1 5 0 4 2 3 0 .5 2 7 4 5 2 .7 3 8 0
2 0 0 4 7 3 0 .5 2 6 0 5 2 .6 0 4 1
3 0 0 5 7 3 0 .5 2 0 1 5 2 .0 1 0 7
4 0 0 6 7 3 0 .5 1 5 7 5 1 .5 6 9 1
5 0 0 7 7 3 0 .5 1 2 8 5 1 .2 8 4 0
6 0 0 8 7 3 0 .5 0 9 9 5 0 .9 9 4 6

53
52.8 

^  52.6 
ร  52.4 
B  52.2
1  52
J  51.8
I  51-6
พ  51.4 
w  51.2 

51
50.8

0 200 400 600 800 1000
T e m p e r a t u r e ( K )

F i g u r e  A l  E B  S e le c t iv i t y  v e r s u s  T e m p e r a tu r e .

T ( K ) K a l K a 2 1 /T l n K l ln K 2
4 2 3 2 1 5 3 7 3 9 8 1 9 2 7 2 2 9 .4 6 3 0 .0 0 2 3 6 4 1 1 6 .8 8 5 3 1 4 .4 7 1 5 9
4 7 3 3 7 2 1 0 7 7 3 4 7 8 1 4 .4 3 5 4 0 .0 0 2 1 1 4 2 1 5 .1 2 9 5 2 1 2 .7 5 9 4 2
5 7 3 2 8 6 2 2 6 .9 2 8 5 3 9 .4 7 1 3 3 0 .0 0 1 7 4 5 2 1 2 .5 6 4 5 4 1 0 .2 5 9 0 4
6 7 3 4 8 1 3 0 .1 7 5 0 1 5 .2 6 4 3 3 5 0 .0 0 1 4 8 5 9 1 0 .7 8 1 6 6 8 .5 2 0 2 4 1
7 7 3 1 2 9 5 5 .1 9 1 3 9 3 .2 5 4 8 6 4 0 .0 0 1 2 9 3 7 9 .4 6 9 2 5 2 7 .2 3 9 3 9 8
8 7 3 4 7 2 6 .5 5 2 0 .4 8 5 6 0 5 8 0 .0 0 1 1 4 5 5 8 .4 6 0 9 4 6 . 2 5 4 7 6 2
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l / T X K 1)

F i g u r e  A 2  In K  v e r s u s  1 /T .
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A p p e n d i x  B  E x p e r i m e n t a l  D a t a  o f  L i q u i d  F e e d  C a l i b r a t i o n  o f  G C  5 8 9 0

1. B e n z e n e

A r e a

F i g u r e  B 1  C a lib r a t io n  c u r v e  o f  b e n z e n e .

2 .  E t h a n o l

A r e a

F i g u r e  B 2  C a lib r a t io n  c u r v e  o f  e t h a n o l .



A p p e n d i x  c  E x p e r i m e n t a l  D a t a  o f  G a s  F l o w  C a l i b r a t i o n  o f  S i e r r a  C 1 0 0 L  

M a s s  F lo w  C o n t r o l l e r

S e t  p o i n t

F i g u r e  C l  C a l ib r a t io n  c u r v e  o f  n i t r o g e n .
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A p p e n d i x  D  E x p e r i m e n t a l  D a t a  o f  L i q u i d  F e e d  F l o w  C a l i b r a t i o n  o f  G i l s o n  

3 0 7  P u m p

F i g u r e  D 1  C a lib r a t io n  c u r v e  o f  l iq u id  f e e d .
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A p p e n d i x  E  C a l c u l a t i o n  o f  S i / A l  R a t i o  a n d  T h e o r e t i c a l  A c i d i t y

F r o m  th e  c h e m ic a l  c o m p o s i t io n  d e t e r m in e d  b y  X R F  m e t h o d ,  th e  S i / A l  r a t io  

i s  c a lc u la t e d  a s  f o l lo w s :
T h e  g e n e r a l  f o r m u la  o f  Z S M - 5  is  N a nA ln S i 96 -n O i92 

In  th e  c a s e  o f  H Z 5 B 2 ,
S i  =  9 8 .8 4 2  w t%  A1 =  1 .0 6 3  w t%

. . S i  =  3 .5 1 9 3 2 5  m o l  A1 =  0 .0 3 9 3 9 7  m o l
S i / A l  =  8 9 .3 2 9 0 7

F r o m  A l nS i96.nO i9 2 ,
S i / A l  =  8 9 .3 2 9 0 7  =  ( 9 6 - n ) / n

9 0 .3 2 9 0 7  ท =  9 6
ท 1 .0 6 2 7 8 1

S o ,  - S i  =  9 4 .9 3 7 2 2
. A 1 =  1 .0 6 2 7 8 1

F r o m  th e  c h e m ic a l  c o m p o s i t io n  d e t e r m in e d  b y  X R F  m e t h o d ,  th e  t h e o r e t ic a l  

a c id i t y  o f  z e o l i t e  i s  c a lc u la t e d  a s  f o l lo w s :
T h e  g e n e r a l  f o r m u la  o f  F I Z S M -5  i s  H n A lnS i 9 6 -n O i92 

In  t h e  c a s e  o f  H Z S M - 5  ( B l )  w ith ,
S i  =  9 4 .9 3 7 2 2
A I  =  1 .0 6 2 7 8 1

F r o m  th e  a b o v e ,  th e  g e n e r a l  fo r m u la  o f  H Z S M - 5  i s  H i  062781 A l l  062781 SÏ94.937220 i92. 
T h e  w e i g h t  o f  u n it  c e l l  o f  H Z S M - 5  ( บ )  i s

บ  =  1 .0 6 2 7 8 1  ( 1 ) +  1 .0 6 2 7 8 1  ( 2 6 . 9 8 ) +  9 4 . 9 3 7 2 2  ( 2 8 . 0 9 )  +
1 9 2 ( 1 6 .0 0 )

บ  =  5 7 6 8 .0 9 8  g
T h e  t h e o r e t ic a l  a c id i t y  ( [ H +] )  o f  H Z S M - 5  ( B l )  i s  

[ H +] =  1 .0 6 2 7 8 1  / 5 7 6 8 . 0 9 8
[ H +] =  0 .1 8 1  m m o l / g

H o w e v e r ,  fr o m  th e  c h e m ic a l  c o m p o s i t io n  d e t e r m in e d  b y  X R F  m e t h o d  w a s  n o t i c e d  

s o m e  r e m a in e d  o f  N a .
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In  th e  c a s e  o f  H Z S M - 5  ( B l ) ,
N a  =  0 .0 9 5  w t%
N a  =  0 .1 1 1  m o l%

S o ,  H  =  1 . 0 6 2 7 8 1 - 0 . 1 1 1  = 0 .9 5 1 7 8 1
F r o m  th e  a b o v e ,  th e  g e n e r a l  f o r m u la  o f  H Z S M - 5  i s  H o.95178iA 1 i 06278iSÏ94.93722Oi92. 
T h e  w e i g h t  o f  u n it  c e l l  o f  H Z S M - 5  ( บ )  is

ฆ  =  0 .9 5 1 7 8 1  ( 1 ) + 1 .0 6 2 7 8 1  ( 2 6 . 9 8 ) +  9 4 .9 3 7 2 2  ( 2 8 . 0 9 )  +
1 9 2 ( 1 6 . 0 0 ) +  0 . 0 5 0 4 3 ( 2 3 )

บ  =  5 7 6 7 .9 8 7  g
T h e  a c tu a l  a c id i t y  ( [ H + ] )  o f  H Z S M - 5  ( B l )  is  

[ H + ]  =  0 .9 5 1 7 8 1  / 5 7 6 7 .9 8 7
[ H + ]  =  0 .1 6 5  m m o l / g
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A p p e n d i x  F  T h e  O t h e r  C a t a l y s t  P r e p a r a t i o n

In  t h is  w o r k ,  th e  o th e r  m e t h o d  fo r  s y n t h e s i z i n g  Z S M - 5  z e o l i t e s  w a s  

a d o p t e d  fr o m  th e  w o r k  o f  C h a r e o n p a n ic h  a n d  c o w o r k e r s  ( C h a r e o n p a n ic h  et al., 
2 0 0 3 )  T h e  d e t a i le d  p r o c e d u r e  i s  d e s c r ib e d  b e lo w .

T h e  a g e n t s  u s e d  f o r  s y n t h e t i c  r e a c t io n  w e r e  s o d iu m  s i l i c a t e  

( N a 2 SiC>3 ) ,  a lu m in iu m  n itr a te  ( A 1( N 0 3 ) 3 ‘9 .H 20 ) ,  t e t r a p r o p y la m m o n iu m  b r o m id e  

( T P A B r ) ,  s o d iu m  h y d r o x id e  p e l l e t s  ( N a O H ,) ,  h y d r o c h lo r ic  (H C 1 ) , a n d  d e - io n iz e d  

w a te r .  F ir s t ly ,  T P A B r  s o lu t i o n  w a s  s t ir r e d  a n d  a d ju s t s  p H  at 1 0 .5  b y  1 m o la r  H C 1  

a n d  N a O H . A f t e r  th a t , th e  T P A B r  s o lu t i o n  w a s  d r o p e d  b y  N a 2 S i 0 3  a n d  

A 1(N C >3)3-9H 20 .  T h e n , th e  s o lu t io n  w a s  s t ir  f o r  h a l f  a n  h o u r  u n t i l  i t  f o r m s  g e l .  A f t e r  

0 .5  h  t h e y  w e r e  p u t  in  s t a in l e s s  s t e e l  a u t o c la v e ,  a n d  h e a t e d  in  a n  o v e n  a t  v a r io u s  

c o n d i t io n s .  A f t e r  th e  h y d r o th e r m a l  s y n t h e s i s ,  t h e  a u t o c la v e  w a s  c o o l e d  t o  r o o m  

t e m p e r a tu r e .  T h e n ,  t h e y  w e r e  w a s h e d  p o w d e r  f o r  r e d u c e  p H  fr o m  1 0 .5  t o  7  b y  w a te r .  
T h e n ,  t h e  a s - s y n t h e s i s  z e o l t e  Z S M - 5  w a s  d r ie d  a t 1 2 0  ° c  o v e r n ig h t .  F in a l ly ,  
c a lc in a t io n  is  a p p l ie d  t o  r e m o v e  th e  p r e c u r s o r  a t 5 5 0  ° c  fo r  4  h .
R e s u l t s  &  D i s s c u s i o n

F . l  E f f e c t  o f  A g i n g  T im e
T h e  Z S M - 5  z e o l i t e s  o b t a in e d  a t a g in g  t im e  2 4  h  a n d  4 8  h . T h e ir  

s u r f a c e  a r e a s  a re  s h o w n  in  T a b le  6 .1 .  It w a s  n o t i c e d  th a t  th e  s u r f a c e  a r e a  o f  Z S M - 5  

z e o l i t e  s y n t h e s iz e d  w i t h  a g in g  t im e  4 8  h  i s  h ig h e r  th a n  th e  o n e  s y n t h e s i z e d  w i t h  

a g in g  t im e  2 4  h . T h e r e f o r e ,  t h e  lo n g e r  a g in g  t im e  th e  h ig h e r  s u r f a c e  a r e a  o f  Z S M - 5  

c o u ld  b e  o b t a in e d .  T h e  S E M  p h o t o g r a p h s  o f  th e  Z S M - 5  c a t a ly s t s  s y n t h e s i z e d  w i t h  

a g in g  t i m e  o f  2 4  h , 4 8  h  a n d  7 2  h  a t te m p e r a tu r e  1 5 0  ° c  a re  s h o w n  in  F ig .  6 .1 .  W ith  

a g in g  t im e  2 4  h , th e  u n id e n t i f ie d  a m o r p h o u s  s o l i d s  o f  ir r e g u la r  s h a p e  a n d  c r y s t a l l in e  

w e r e  fo u n d .  It w a s  r e p r e s e n t e d  th a t  t h e  Z S M - 5  z e o l i t e  c o u ld  n o t  b e  p r o d u c e d  u n d e r  

s h o r t  a g in g  t im e ,  w h ic h  is  a t 2 4  h , h o w e v e r ,  th e  c r y s t a l l in e  fo r m  o f  Z S M - 5  z e o l i t e s  

in c r e a s e d  a s  a n  a g in g  t im e  in c r e a s e d ,  e s p e c i a l l y ,  a t 7 2  h .
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T a b l e  F . l  S u r f a c e  c h a r a c t e r i s t ic s  o f  th e  in v e s t ig a t e d  Z S M - 5  c a t a ly s t s
B E T T o ta l  p o r e M ic r o p o r e M e d ia n

C a ta ly s t s u r f a c e  a r e a v o l u m e 13 v o l u m e c p o r e

( m 2/ g ) ( c m 3/ g ) ( c m 3/ g ) w i d t h c ( Â )
Z S M - 5  ( 2 4 h ) a 1 2 9 .6 2 0 .5 0 6 0 .0 5 2 6 8 .9 5 8
Z S M - 5  ( 4 8 h ) a 1 5 6 .6 8 0 .7 8 8 0 .0 6 4 3 5 .9 5 9

a H o l d i n g  t e m p e r a tu r e  1 5 0  ° c  

h D e t e r m in e d  a t P /P o  =  0 .9 9  

c D e t e r m in e d  b y  S F  m e th o d

( b )
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( c )
F i g u r e  F . l  S E M  p h o to g r a p h s  o f  th e  Z S M - 5  z e o l i t e s  o b t a in e d  f r o m  a g in g  t im e , a t  (a )  

2 4  h , ( b )  4 8  h  a n d  ( c )  7 2  h  ; S i 0 2 / A 1 2 0 3  m o la r  r a t io  o f  1 9 5 ,  t e m p e r a tu r e  1 5 0  °C -

F .2  E f f e c t  o f  T e m p e r a tu r e
In  th is  s tu d y , Z S M - 5  z e o l i t e s  w e r e  s y n t h e s iz e d  a t  t e m p e r a t u r e  1 5 0  ° c ,  

1 8 0  ๐c  a n d  2 4 0  ° c .  S E M  p h o t o g r a p h s  o f  th e  s y n t h e s i z e d  Z S M - 5  a re  s h o w n  in  F ig .
6 .2 .  A t  t e m p e r a tu r e  o f  1 5 0  ° c  w i t h  a g in g  t im e  7 2  h ,  th e  u n id e n t i f i e d  a m o r p h o u s  

s o l i d s  o f  ir r e g u la r  s h a p e  a n d  c r y s t a l l in e  w e r e  f o u n d .  A n  in c r e a s in g  te m p e r a tu r e  t e n d s  

to  r e d u c e  th e  a m o u n t  o f  u n id e n t i f ie d  a m o r p h o u s  s o l i d s  a n d  p r o v i d e s  h ig h e r  

c r y s t a l l in e  s tr u c tu r e .

( a )
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( c )
F i g u r e  F .2  S E M  p h o t o g r a p h s  o f  th e  Z S M - 5  z e o l i t e s  o b t a in e d  f r o m  te m p e r a tu r e  a t  

( a )  1 5 0  ° c .  (b )  1 8 0  ° c  w i t h  a g in g  t im e  7 2  h  a n d  ( c )  2 4 0  ° c  w i t h  a g in g  t im e  1 8  h; 

S i 0 2 / A 1 2 0 3  m o la r  r a t io  o f  1 9 5 .
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Appendix G Experimental Data of Catalytic Activity Test for Alkylation o f 
Benzene with Ethanol over Synthesized HZSM-5 Catalyst

Table G1 Catalytic Activity Testing over HZSM-5 with Different Synthesis at 
Temperature 500°c, B/E = 4, WHSV = 20 h'1

Component catalyst Conversion (%)
15min 60min 130 min 200 min 270 min 340 min

Benzene

HZ5A2 1.37 24.31 21.78 21.05 21.31 21.64
HZ5A3 1.29 20.36 15.60 17.23 15.60 15.76
HZ5B1 1.68 11.23 11.43 11.14 11.88 14.83
HZ5B2 1.22 11.24 11.81 11.18 11.81 13.39
HZ5B3 1.68 15.62 13.39 13.82 17.21 13.04

Ethanol

HZ5A2 82.34 98.32 97.32 98.72 99.55 99.87
HZ5A3 81.34 98.23 97.12 97.82 99.38 99.98
HZ5B1 83.23 98.14 98.43 99.51 99.72 99.82
HZ5B2 81.34 98.56 98.61 97.99 99.54 99.97
HZ5B3 80.42 97.94 98.54 98.10 99.12 99.98

Table G2 Catalytic Activity Testing on Different Temperature for HZ5B3, B/E = 4, 
WHSV = 20 h'1

Component Temperature Conversion (%)
(° C ) 15min 60min 130 min 200 min 270 min 340 min
300 2.67 11.23 12.38 12.05 11.24 11.48

Benzene 500 1.68 15.62 13.39 13.82 14.02 13.04
600 1.22 5.34 4.78 4.14 4.25 3.87
300 82.14 98.12 99.56 99.78 99.90 99.54

Ethanol 500 81.31 98.45 99.12 99.56 99.12 99.99
600 85.22 98.14 99.67 99.51 99.51 99.84
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Table G3 Catalytic Activity Testing on Different Feed Ratio for HZ5A2, 
WHSV = 20 h'1, T = 500 °c

Component B/E Conversion (%)
(mol/mol) 15min 60min 130 min 200 min 270 min 340 min
1 2.87 33.1 35.05 37.78 39.61 36.37

Benzene 2 1.61 20.10 19.84 19.87 20.05 21.79
4 1.37 24.31 21.78 21.05 21.31 21.64
1 85.12 99.32 97.23 98.33 98.12 99.91

Ethanol 2 80.12 99.10 97.69 98.23 97.98 99.86
4 80.78 99.42 97.91 98.42 99.10 99.87
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T able G4 P rod u ct D is tr ib u tio n  o f  L iq u id  S a m p le  o v e r  H Z S M -5  w ith  D iffe r e n t
S y n th e s is  at T em p era tu re  500°c, B /E  =  4 , W H S V  =  2 0  h '1, and T O S  3 4 0  m in u te s

Component Product distribution (พt%)
HZ5A2 HZ5A3 HZ5B1 HZ5B2 HZ5B3

ethylene 0.02 0.02 0.01 0.01 0.01

methanol 0.01 0.02 0.01 0.01 0.01

toluene 0.20 0.13 0.30 0.23 0.77
EB 94.13 94.08 93.38 92.71 90.71
m-xylene 0.15 0.24 0.34 0.37 0.66

xylene 0.71 1.56 1.64 0.85 2.13
o-xylene 0.01 0.01 0.00 0.05 0.06
cumene 0.02 0.01 0.03 0.02 0.04
propyl-benzene 0.04 0.04 0.10 0.13 0.17
p-ethyl toluene 0.03 0.01 0.03 0.04 0.08
o-ethyl toluene 0.04 0.03 0.05 0.03 0.09
1,2,3-trimethylbenzene 0.05 0.03 0.10 0.03 0.06
(2-methylpropyl)-benzene 0.01 0.01 0.05 0.01 0.01

( 1 -methylpropyl)-benzene 0.18 0.10 0.30 0.12 0.31
indane 0.15 0.18 0.28 0.25 0.63
1 -propenyl benzene 0.03 0.04 0.12 0.05 0.29
1,3-diethylbenzene 0.66 0.70 0.15 0.92 0.89
1.4-diethylbenzene 3.16 2.51 2.48 3.83 2.30
1 ,2-diethylbenzene 0.02 0.01 0.01 0.02 0.02

2-butenylbenzene 0.00 0.05 0.01 0.00 0.08
1 -butenylbenzene 0.00 0.08 0.11 0.04 0.12

1 -ethyl-3-( 1 -methylethyl)- 
benzene 0.03 0.00 0.01 0.09 0.00
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Table G4 Product Distribution of Liquid Sample over HZSM-5 with Different 
Synthesis at Temperature 500°c, B/E = 4, WHSV = 20 h'1, and TOS 340 minutes 
(Continued)

Component Product distribution (พt%)
HZ5A2 HZ5A3 HZ5B1 HZ5B2 HZ5B3

1 -ethyl-4-( 1 -methylethyl)- 
benzene 0.09 0.00 0.01 0.01 0.00

l-methyl-4-(l-
methylpropyl)-Benzene 0.02 0.00 0.03 0.01 0.01

1 -butynyl-benzene 0.05 0.00 0.01 0.11 0.00

1 -methyl-1 H-Indene 0.01 0.01 0.10 0.01 0.05
1,2-dihydro-Naphthalene 0.01 0.06 0.00 0.04 0.12

1,2,3,4-
tetrahydronaphthalene 0.01 0.01 0.00 0.00 0.02

naphthalene 0.00 0.05 0.10 0.01 0.25
( 1 -ethyl- 1 -propeny 1)- 
Benzene 0.00 0.01 0.03 0.01 0.01

2-methyl-Naphthalene 0.15 0.01 0.22 0.02 0.10

Total 100.00 100.00 100.00 100.00 100.00
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T able G5 P rod u ct D is tr ib u tio n  o f  L iq u id  S a m p le  o v e r  H Z 5 B 3  at D iffe r e n t
T em p era tu re , B /E  =  4 , W H S V  =  2 0  h '1, an d  T O S  3 4 0  m in u te s

Component Product distribution (พt%)
300 (°C) 500 (๐C) 600 (°C)

ethylene 0.01 0.01 0.05
methanol 0.01 0.01 0.01

toluene 0.12 0.77 8.44
EB 69.85 90.71 63.92
m-xylene 0.06 0.66 0.56
xylene 0.29 2.13 17.27
o-xylene 0.00 0.06 0.00

cumene 1.84 0.04 0.07
propyl-benzene' 0.59 0.17 0.25
p-ethyl toluene. 1.05 0.08 0.10

o-ethyl toluenë 0.04 0.09 0.10

1 ,2,3-trimethylbenzene 0.00 0.06 0.46
(2-methylpropyl)-benzene 0.03 0.01 0.04
( 1 -methylpropyl)-benzene 0.58 0.31 0.15
indane 0.07 0.63 1.25
1 -propenyl benzene 0.00 0.29 0.00

1,3-diethylbenzene 1.68 0.89 0.98
1,4-diethylbenzene 22.90 2.30 3.97
1,2-diethylbenzene 0.41 0.02 0.03
2-butenylbenzene 0.00 0.08 0.03
1 -butenylbenzene 0.00 0.12 0.03
1 -ethyl-3-( 1 -methylethyl)- 

benzene 0.04 0.00 0.14
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T able G5 P rod u ct D is tr ib u tio n  o f  L iq u id  S a m p le  o v e r  H Z 5 B 3  at D iffe r e n t
T em p era tu re , B /E  =  4 , W H S V  =  2 0  h"1, and T O S  3 4 0  m in u te s  (C o n tin u e d )

Component Product distribution (wt%)
300 (๐C) 500 (°C) 600 (°C)

1 -ethyl-4-( ] -methylethyl)- 
benzene 0.09 0.00 0.00

1 -methyl-4-( 1 -methylpropyl)-
Benzene 0.00 0.01 0.00

1-butynyl-benzene 0.00 0.00 0.00

1 -methyl-1 H-Indene 0.13 0.05 0.12

1,2-dihydro-Naphthalene 0.11 0.12 0.59
1 ,2.3,4-tetrahydronaphthalene - 0.02 0.05
naphthalene 0.04 0.25 1.00

( 1 -ethyl-1 -propenyl)-Benzene 0.03 0.01 0.03
2-methyl-Naphthalene 0.05 0.10 0.37
Total 100.00 100.00 100.00



6 6

Table G 6  P rod u ct D is tr ib u tio n  o f  L iq u id  S a m p le  o v e r  H Z 5 B 3  at D iffe r e n t  F eed
R a tio  o f  B /E , T em p era tu re  5 0 0  °c, W H S V  =  2 0  h '1, and  T O S  3 4 0  m in u te s

Component Product distribution (wt%)
B/E=l B/E=2 B/E=4

ethylene 0.01 0.01 0.02

methanol 0.01 0.01 0.01

toluene 0.10 0.18 0.20

EB 90.37 94.00 94.13
m-xylene 0.13 045 0.15
xylene 0.30 0.54 0.71
o-xylene 0.02 0.02 0.01

cumene 0.05 0.01 0.02

propyl-benzene 0.03 0.04 0.04
p-ethyl toluene 0.02 0.03 0.03
o-ethyl toluene 0.03 0.02 0.04
1 ,2,3-trimethylbenzene 0.02 0.03 0.05
(2-methylpropyl)-benzene 0.01 0.01 0.01

( 1 -methylpropyl)-benzene 0.09 0.09 0.18
indane 0.08 0.08 0.15
1 -propenyl benzene 0.01 0.02 0.03
1,3-diethylbenzene 1.85 1.06 0.66

1.4-diethylbenzene 6.68 3.51 3.16
1,2-diethylbenzene 0.03 0.04 0.02

2-butenylbenzene 0.00 0.00 0.00

1 -butenylbenzene 0.03 0.03 0.00

1 -ethyl-3-( 1 -methylethyl)- 
benzene 0.08 0.07 0.03
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Table G6 Product Distribution of Liquid Sample over HZ5B3 at Different Feed 
Ratio of B/E, Temperature 500 ๐c , WHSV = 20 h'1, and TOS 340 minutes 
(Continued)

Component Product distribution (wt%)
B/E=l B/E=2 B/E=4

1 -ethyl-4-( 1 -methylethyl)-
benzene 0.00 0.00 0.09
1 -methyl-4-( 1 -methylpropyl)- 
Benzene 0.00 0.00 0.02

1-butynyl-benzene 0.00 0.00 0.05
1 -methyl-1 H-Indene 0.01 0.01 0.01

1,2-dihydro-Naphthalene 0.03 0.02 0.01

1,2,3,4-tetrahydronaphthalene 0.00 0.00 0.01

naphthalene 0.01 0.02 0.00

( 1 -ethyl-1 -propenyl)-Benzene 0.01 0.00 0.00

2-methyl-Naphthalene 0.00 0.01 0.15
Total 100.00 100.00 100.00
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Appendix E Calculation of the minimum ratio the bed length to the particle
size

Lb = length of bed
dp = diameter of particle 
Pe = Peclet number
ท = order of reaction
X = conversion of reaction
Taking Pep = 0.5 for the low Reynolds region of interest for laboratory-scale 
operation.
Taking dp = 0.05 cm for the particle sieve at mesh 20-40 
Assume ท = 1

If X = 0.4
Lb _ 8 1

0.05 = 0.5 4  -  0.4;

If X = 0.5
Lb= 0.04 cm

Lb 8 1 
0.05 = 0 . 5  4 - 0 . 5 J

Lb= 0.55 cm
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