
CHAPTER VI
D I R E C T  M E T H Y L A T I O N  O F  B E N Z E N E  W I T H  M E T H A N E  

O V E R  M o /H Z S M - 5  C A T A L Y S T

6.1 A b s t r a c t

A lt h o u g h  M o /H Z S M - 5  c a t a ly s t  c a n n o t  in d u c e  x y le n e s  f o r m a t io n , it i s  at 

le a s t  a b le  to  c a t a ly z e  th e  m é th y la t io n  r e a c t io n , th e  d e s ir e d  r e a c t io n  r o u te , a s  a  r e s u lt  

o f  t o lu e n e  fo r m a t io n . H o w e v e r ,  th is  r e a c t io n  is  p r e d o m in a n t ly  c o m p e t e d  b y  b e n z e n e  

c o u p l in g  r e a c t io n , in  w h ic h  n a p h th a le n e  is  o b ta in e d . M o /H Z S M - 5  a c t iv a t e d  u n d e r  

r e d u c t iv e  c o n d i t io n s  s h o w e d  h ig h e s t  a c t iv i t y  c o m p a r e d  to  o th e r  a c t iv a t in g  c o n d i t io n s .  
M e t a l l i c  M o  d o m in a t e d  in  M o /H Z S M - 5  c a ta ly s t  f o l lo w i n g  th is  a c t iv a t io n  a n d  it w a s  

th u s  s u g g e s t e d  to  b e  a n  a c t iv e  s i t e  fo r  th e  r e a c t io n ,  n o n e t h e le s s  m e t a l l i c  M o  is  

s u s c e p t ib le  to  th e  r e a c t io n  c o n d i t io n s  a s  it t e n d s  to  b e  o x id iz e d  u n d e r  r e a c t io n  

a t m o s p h e r e  e v id e n c e d  b y  th e  X P S  r e s u lt s .  A p p ly in g  H 2 c o - f e e d  s ig n i f ic a n t ly  e f f e c t s  

o n  p r o d u c t  s e l e c t i v i t y ,  w h ic h  n a p h th a le n e  fo r m a t io n  is  im p e d e d  a n d  t o lu e n e  b e c o m e  

a m a jo r  p r o d u c t , b u t d o e s  n o t im p r o v e  M o  s t a b i l i t y .  S tu d y  o n  th e  e f f e c t  o f  M o  

lo a d in g  c o n f ir m e d  a  r o le  o f  M o  s p e c ie s  in  a c t iv a t in g  th e  r e a c t io n ,  o f  w h ic h  b e n z e n e  

c o n v e r s io n  in c r e a s e s  w i t h  M o  lo a d in g ,  w h i le  p r o d u c t  s e l e c t i v i t y  s e e m s  to  r e ly  o n  

c a ta ly s t  a c id i t y .  I n c r e a s in g  r e a c t io n  te m p e r a tu r e  in c r e a s e s  b e n z e n e  c o n v e r s io n  b u t  

lo w e r  t o lu e n e  fo r m a t io n  w ith  h ig h e r  h e a v y  a r o m a t ic  f o r m a t io n . M o r e o v e r ,  r e a c t io n  

p a r a m e te r s  ( e .g . ,  m e t h a n e  to  b e n z e n e  f e e d  m o la r  r a t io  a n d  W H S V )  h a v e  a n  i n f lu e n c e  

to  c a t a ly s t  a c t iv it y  a n d  s e le c t iv i t y .

K e y w o r d s :  M é t h y la t io n ,  B e n z e n e .  M e t h a n e ,  M o /H Z S M - 5 ,  M e t a l l i c  M o
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6 .2  I n tr o d u c t io n

T h e  c o n v e r s i o n  o f  b e n z e n e  in to  h ig h e r  v a lu e  a r o m a t ic s  h a s  b e e n  an  

in te r e s t in g  to p ic  to  m a n y  s c i e n t i s t s  a n d  e n g in e e r s .  M é t h y la t io n  o f  b e n z e n e  b y  

u t i l i z in g  m e th a n e  a s  a n  a lk y la t in g  a g e n t  is  in te r e s t in g  a n d  c h a l l e n g in g .  T h e  m a jo r  

b e n e f i t  o f  th is  a p p r o a c h  is  th e  u t i l i z a t io n  o f  a b u n d a n t a n d  l o w  c o s t  m e th a n e .  
M e t h y la t e d  p r o d u c t s ,  s u c h  a s  t o lu e n e ,  x y le n e s  a n d  h e a v ie r  _ a r o m a t ic s , c a n  b e  

e x p e c t e d  fr o m  t h is  r e a c t io n . S in c e  th e  r e a c t io n  is  n o t  t h e r m o d y n a m ic a l ly  fa v o r a b le  

d u e  to  th e  h ig h  s t a b i l i t y  o f  m e th a n e , th e  c a t a ly t ic  a c t iv a t io n  w i t h  a  v e r y  a c t iv e  

c a ta ly s t  is  r e q u ir e d . T h e  c o n v e r s io n  o f  b e n z e n e  b y  r e a c t io n  w it h  m e th a n e  w a s  f ir s t  

o b s e r v e d  u s in g  z e o l i t e s  b a s e d  c a t a ly s t s  s u c h  a s  H - Y ,  H -b e ta  a n d  H Z S M - 5  ( K e n n e d y  

e t a l . ,  1 9 9 4 )  u n d e r  s e v e r e  c o n d i t io n s  ( i . e . ,  h ig h  p r e s su r e  a n d  te m p e r a tu r e ) . T h e ir  

r e s u lt s  s u g g e s t e d  th a t  a ll  r e a c t io n  p r o d u c ts  a re  s o l e l y  d e r iv e d  fr o m  b e n z e n e ,  p o s s i b l y  

th r o u g h  c a ta ly t ic  c r a c k in g  an d  a lk y la t io n .  L a te r , th e  m e ta l  lo a d e d  z e o l i t e s  s u c h  a s  

c o p p e r , c o b a lt  ( A d e b a j o  e t  a l . ,  2 0 0 0 )  o r  p la t in u m  (L u k y a n o v  e t  a l . ,  2 0 0 9 )  w e r e  

d e m o n s tr a te d  a s  th e y  p r o v id e d  b e t te r  a c t iv it y  th a n  p u re  z e o l i t e s  w ith  B r ô n s t e d  

p r o to n s ;  h o w e v e r ,  c o n v e r s io n  a n d  s e l e c t i v i t y  o n  th e s e  c a t a ly s t s  w e r e  s t i l l  n o t  o f  

p r a c t ic a l  u s e .
B e c a u s e  o f  th e  h ig h  s t a b i l i t y  o f  m e th a n e ,  th e  a c t iv a t io n  o f  m e th a n e  in to  

m o r e  a c t iv e  s p e c ie s  is  p r im a r ily  c o n s id e r e d .  A  c a r b o c a t io n  C f T + s p e c ie s  

( e l e c t r o p h i l e )  s e e m s  to  b e  th e  m o s t  t h e o r e t ic a l ly  a p p r o p r ia te  fo r  th is  a tte m p t b e c a u s e  

b e n z e n e  is  n a tu r a lly  a  n u c le o p h i le ,  a  c h e m ic a l  s p e c ie s  th at is  a b le  to  d o n a te  e le c t r o n  

p a ir s  to  a n  e le c t r o p h i l e  to  fo r m  a c h e m ic a l  b o n d  (M c k e t ta ,  1 9 9 3 ) .  A c c o r d in g ly ,  
e le c t r o p h i l i c  s u b s t i t u t io n  o n  a b e n z e n e  r in g  is  a  p r e fe r r e d  m é t h y la t io n  r e a c t io n  r o u te .  
M o /H Z S M - 5  w a s  w i d e l y  a c c e p te d  a s  a p r o m is in g  c a ta ly s t  fo r  th e  m e th a n e  

a r o m a t iz a t io n  r e a c t io n  (L iu  e t  a l . ,  2 0 0 1 ;  L iu  e t  a l . .  2 0 0 6 ;  S o l y m o s i  et a l . ,  1 9 9 5 ;  

S o l y m o s i  e t  a l . ,  1 9 9 6 ;  S z ô k e  e t  a l . ,  1 9 9 6 ;  W a n g  e t  a l . ,  1 9 9 7 ;  W e c k h u y s e n  e t  a l . ,  
1 9 9 8 ) .  A l t h o u g h  a  w i d e  v a r ie ty  o f  a c t iv a t e d  m e th a n e  s p e c ie s  c a n  b e  g e n e r a te d  o v e r  

th is  c a t a ly s t ,  th e r e  i s  a  p o s s ib i l i t y  th a t c a r b é n iu m  io n s  ( C H 3+) fo r m e d  a n d  r e a c te d  

w ith  b e n z e n e  ( i f  e x i s t e d /a d d e d )  to  fo r m  s o m e  m e th y la te d  p r o d u c t s .  F o r  M o /H Z S M - 5  

c a ta ly s t  fo r  m e th a n e  a r o m a t iz a t io n , M o  c a r b id e  s p e c ie s  w e r e  p r o p o s e d  to  b e  a c t iv e  

s i t e s  in  th is  c a ta ly s t .  T o  o b ta in  M o  c a r b id e  s p e c i e s ,  M o /H Z S M - 5  c a ta ly s t  w a s
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g e n e r a l ly  tr e a te d  b y  m e t h a n e  at h ig h  te m p e r a tu r e  ( B o u c h y  e t  a h , 2000; L iu , e t  a h ,  
2006; S o l y m o s i  e t  a h , 1996). M o r e o v e r ,  d i f f e r e n t  tr e a tm e n t  p r o c e d u r e s  le a d  to  

d if f e r e n t  t y p e s  o f  M o  c a r b id e s .  S t a b le  p - M o 2C  s p e c ie s  in  h e x a g o n a l ly  c lo s e - p a c k e d  

(h e p )  s tr u c tu r e s  c a n  b e  o b ta in e d  b y  h e a t in g  M 0 O 3 s p e c ie s  in  a  m e t h a n e  f l o w  fr o m  

r o o m  te m p e r a tu r e  to  710 °c, w h i le  m e t a s t a b le  a - M o C i- x  s p e c i e s  in  f a c e - c e n t e r e d  

c u b ic  ( f e e )  s tr u c tu r e s  c a n  b e  a t ta in e d  b y  r e d u c in g  M 0 O 3 s p e c i e s  in  hL  a n d ,  
s u b s e q u e n t ly ,  c a r b u r iz in g  in  C H 4 ( B o u c h y  e t  a h , 2000; D e r o u a n e - A b d  H a m id  e t  a h , 
2000; L iu  e t  a h , 2006). In a d d it io n  to  M o  c a r b id e  s p e c ie s  g e n e r a te d  a f te r  th e  

c a r b u r iz a t io n  s te p , M o  o x y c a r b id e  ( M o O xC y) is  a n o th e r  M o  s p e c ie s  s im u l t a n e o u s ly  

g e n e r a te d  fr o m  p a r tia l c a r b u r iz a t io n  o f  M o O x s p e c ie s  a s s o c ia t in g  w it h  th e  B r ô n s t e d  

a c id  s i t e s  in  M o /H Z S M - 5  (L iu  et a h , 2006; M a  e t a h ,  2000). D if f e r e n t  M o  s p e c i e s  o r  

e v e n  d i f f e r e n t  s tr u c tu r e s  e x h ib i t  d i f f e r e n t  a c t iv it y  a n d  s e l e c t i v i t y  fo r  th e  r e a c t io n . F o r  

in s ta n c e ,  a  a - M o C |. x s p e c i e s  in  th e  fe e  fo r m  w a s  p r o p o s e d  to  b e  m o r e  a c t iv e  th a n  p~ 

M o 2C  s p e c i e s  in  th e  h e p  fo r m  fo r  th e  m e th a n e  a r o m a t iz a t io n  r e a c t io n  (L iu  e t  a h ,
2006). M o  o x y c a r b id e  ( M o O xC y) a ls o  e x h ib i t s  i t s  a c t iv i t y  fo r  th is  r e a c t io n  (L iu  e t  a h ,  
2006; M a  e t  a h , 2000).

D u e  to  a  s a t is f a c t o r y  a c t iv ity  o f  M o /H Z S M - 5  in  a c t iv a t in g  m e th a n e , in  th is  

w o r k  M o /H Z S M - 5  c a t a ly s t  w a s  s e l e c t e d  to  s tu d y  its  a b i l i t y  to  c a t a ly z e  th e  

m é t h y la t io n  r e a c t io n  o f  b e n z e n e  w ith  m e th a n e . T h r e e  d if fe r e n t  a c t iv a t io n  c o n d i t io n s  

( e .g . ,  c a r b u r iz a t io n , r e d u c t io n ,  an d  o x id a t io n )  w e r e  a p p lie d  fo r  th e  M o /H Z S M - 5  

c a ta ly s t .  T h is  w a s  d o n e  to  e x p lo r e  th e  m o s t  s u i t a b le  a c t iv a t in g  c o n d i t io n  a s  w e l l  a s  to  

d e v e lo p  d e e p  in s ig h t  in to  w h ic h  M o  s p e c ie s  is  th e  m o s t  a p p r o p r ia te  o n e .  T h e  c a t a ly s t  

w a s  m a in ly  c h a r a c te r iz e d  u s in g  X P S . E f f e c t s  o f  M o  lo a d in g ,  แ 2 c o - f e e d ,  a n d  r e a c t io n  

c o n d i t io n s  ( e .g . ,  r e a c t io n  te m p e r a tu r e , m e th a n e  to  b e n z e n e  f e e d  m o la r  r a t io n , a n d  

W H S V )  o n  b e n z e n e  c o n v e r s io n  an d  p r o d u c t  s e l e c t i v i t y  w e r e  a ls o  d e m o n s tr a te d .

6 .3  E x p e r im e n ta l

6 .3 .1  C a ta ly s t  P r e p a r a t io n
T h e  c a t a ly s t  su p p o r t  H Z S M - 5  ( S i / A l  =  2 2 )  w a s  p u r c h a se d  fr o m  

T o s o h .  M o /H Z S M - 5  w a s  p r ep a red  b y  in c ip ie n t  w e t n e s s  im p r e g n a t io n  t e c h n iq u e  

u s in g  a m m o n ia  h e p t a m o ly b d a t e  ( ( N H 4)e ,[M o 7 0 24] -4 H 20 ) ,  p u r c h a s e d  fr o m  C a r lo
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E rb a  r e a g e n t ,  a s  a  M o  p r e c u r s o r . T h e  c a t a ly s t  w a s  d r ie d  at r o o m  te m p e r a tu r e  fo r  12  h 

a n d  at 120 ๐c  fo r  2 h  r e s p e c t iv e ly .  F in a l ly ,  it w a s  c a l c in e d  in  a  m u f f le  fu r n a c e  at 500 
°c  fo r  6  h  (L iu  e t  a l . ,  2006). P r io r  to  t e s t in g  th e  r e a c t io n , c a t a ly s t s  w e r e  p r e tr e a te d  

u n d e r  3  s e p a r a te  a n d  d i f f e r e n t  c o n d i t io n s  in c lu d in g  r e d u c t io n  (550 ๐c , H 2 f l o w ,  30 
m in ) ,  o x id a t io n  (550 °c , O 2 f l o w ,  30 m in ) ,  a n d  c a r b u r iz a t io n  (700 ๐c , 1 0 % N 2/C F l4 

f l o w ,  30 m in ) ,  w h ic h  w i l l  b e  d e s ig n a t e d  b y  th e  p r e f ix  o f  “ r e d -” , “ o x i - ” , a n d  “ c a r -” , 
r e s p e c t iv e ly .

6 .3 .2  C a ta ly s t  C h a r a c te r iz a t io n
T h e  X P S  m e a s u r e m e n ts ';  K r a to s  A x i s  U ltr a DiD, w e r e  p e r fo r m e d  a t a  

b a s e  p r e s s u r e  o f  1 0 '8 T o rr  u s in g  A1 K a p r im a r y  r a d ia t io n  ( 1 5  k v ,  1 0  m A )  a s  th e  X - r a y  

s o u r c e  a n d  th e  p a s s  e n e r g y  w a s  s e t  at 4 0  e V .  T h e  s a m p le s ,  w h ic h  w e r e  p r e tr e a te d  b y  

o x id a t io n  a n d  c a r b u r iz a t io n , w e r e  t e s t e d  in  a  c a ta ly t ic  r e a c to r  a n d  s u b s e q u e n t ly  

tr a n s fe r r e d  to  th e  s a m p le  h o ld e r  o f  th e  X P S  s y s t e m  fo r  a n a ly s is .  T h e  r e d u c e d  s a m p le  

w a s  t e s t e d  in - s i t u  in  th e  c a ta ly s t  r e a c t io n  c h a m b e r  w i t h  th e  K a lr e z ®  d o o r  e q u ip p e d  

w it h in  th is  X P S  s y s t e m . T h e  r e d u c t io n  p r e tr e a tm e n t w a s  c a rr ied  o u t  at 5 5 0  °c  u n d e r  

f l o w  o f  5 % H 2/ N 2 fo r  3 0  m in . F o l l o w in g  th e  r e d u c t io n  s te p , th e  s a m p le  w a s  th e n  

tr a n s fe r r e d  to  a n  in le t  c h a m b e r , w h ic h  w a s  s u b s e q u e n t ly  e v a c u a te d  u n t i l  th e  p r e s s u r e  

w a s  b e lo w  5 X 1 0 ‘ 7 T o rr . T h e n , it w a s  in tr o d u c e d  in to  th e  U F 1V  a n a ly s i s  c h a m b e r  

u s in g  a  t r a n s fe r r in g  p r o b e  w it h o u t  e x p o s u r e  to  a ir . B e s i d e s  th e  p r e tr e a te d  s a m p le s ,  a ll  
th e  s p e n t  s a m p le s  w e r e  a l s o  te s t e d  b y  X P S  m e a s u r e m e n t s  in  o r d e r  to  c o m p a r e  w it h  

fr e s h /p r e tr e a te d  s a m p le s .  D u e  to  o th e r  t y p e s  o f  c a r b o n  o n  c a ta ly s t  s a m p le s  o b t a in e d  

fr o m  e i t h e r  c a r b u r iz a t io n  o r  u n d e r  r e a c t io n  c o n d i t io n s ,  a ll b in d in g  e n e r g ie s  w e r e  

r e fe r e n c e d  to  th e  z e o l i t i c  S i 2 p  p e a k  at 1 0 2 .8  e V  ( W e c k h u y s e n  e t  a h , 1 9 9 8 ) .  
M o r e o v e r ,  c a r b o n  s p e c ie s  o n  th e  c a ta ly s t  s a m p le s  w e r e  a l s o  d i s t in g u is h e d .

X -r a y  d i f f r a c t o m e t e r  s y s t e m ;  A  R ig a k u  R I N T - 2 2 0 0  in s tr u m e n t  u s in g  

C u  K a r a d ia t io n  ( 1 .5 4 0 6  Â ) ,  a n d  a  n ic k e l  fd te r , w a s  u s e d  to  s c a n  th e  p r e tr e a te d  

M o /H Z S M - 5  c a ta ly s t  in  o r d e r  to  in v e s t ig a t e  M o  s p e c ie s  p r e s e n t  a fte r  d i f f e r e n t  

p r e tr e a tm e n ts .  T h e  g e n e r a to r  v o l t a g e  a n d  c u r r e n t w e r e  s e t  at 4 0  k V  a n d  3 0  m A ,  
r e s p e c t iv e ly .  A  s c a n  s p e e d  o f  5 °  ( 2 9 ) / m in  w ith  a  s c a n  s te p  o f  0 .0 2  ( 2 0 )  w a s  u s e d  fo r  

s c a n n in g  in  th e  r a n g e  o f  1 0  to  9 0 u ( 2 0 ) .  A l l  p r e tr e a tm e n ts  w e r e  p e r fo r m e d  e x - s i t u  in  a
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c a t a ly t ic  r e a c to r  a n d , s u b s e q u e n t ly ,  tr a n s fe r r e d  to  a  X R D  s a m p le  c e l l .  T o  a v o id  

r e o x id a t io n  o f  m e t a l l i c  M o  in  th e  r e d u c e d  s a m p le  a s  m u c h  a s  p o s s i b l e ,  th e  c a t a ly s t  

s a m p le  w a s  i m m e d ia t e ly  b r o u g h t  to  s c a n  X R D  a fte r  th e  r e d u c t io n  s t e p .  S a m p le s  a re  

r e q u ir e d  to  b e  in  p o w d e r  fo r m  a n d  h e ld  in  a  s a m p le  g la s s  h o ld e r .  T h e  s ig n a l  w a s  

r e c o r d e d  o n l i n e  d u r in g  s c a n n in g .  T h e  S c h e r r e r  e q u a t io n  b e lo w  w a s  u s e d  to  d e te r m in e  

th e  a v e r a g e  c r y s t a l l i t e  d ia m e t e r  o f  th e  p a r t ic le .

w h e r e :

D h = T h e  m e a n  s iz e  o f  c r y s t a l l in e  ( Â )

K  =  A  d i m e n s io n l e s s  s h a p e  fa c to r , 0 .9  

A = X - R a y  w a v e le n g t h  ( Â )

B 1 = T h e  l in e  b r o a d e n in g  a t h a l f  th e  m a x im u m  in t e n s it y

A ( 2 6 )  (r a d ia n )

6  = B r a g g  a n g le  o f  th e  r e f l e c t io n  ( d e g r e e )

T e m p e r a tu r e -p r o g r a m m e d  r e d u c t io n  (T P R );  A  T h e r m o F in n ig a n  

T P D R O  1100 in s tr u m e n t  u s in g  a  T C D  d e te c to r ,  w a s  u s e d  fo r  d e t e r m in in g  th e  

r e d u c ib i l i t y  o f  th e  c a t a ly s t  a n d  v e r i f y in g  M o  o x id e s  s p e c ie s  in  th e  c a ta ly s t .  T h e  

c a t a ly s t  s a m p le  w a s  f ir s t  p r e tr e a te d  at 120 ๐c  u n d e r  f l o w  o f  30 m l /m i n  พ2 fo r  1 h  to  

r e m o v e  h u m id it y .  T h e n , th e  p r e tr e a te d  s a m p le  w a s  tr a n sfe r r e d  to  th e  T P R  a n a ly s i s  

l in e  w i t h o u t  e x p o s u r e  to  a ir . A n  a n a ly s i s  w a s  s ta r te d  w i t h  a ra m p  r a te  o f  10 ๐c / m i n  

f r o m  50 ๐c  to  900 °c u n d e r  f l o w  o f  4.95% แ 2 in  N2 (30 m l/m in )  a n d  th e  T C D  s ig n a l  

w a s  r e c o r d e d  o n l in e .
T e m p e r a tu r e -p r o g r a m m e d  d e s o r p t io n  o f  a m m o n ia  ( T P D - N H 3); A  

T h e r m o F in n ig a n  T P D R O  1 1 0 0  in s tr u m e n t  u s in g  a  T C D  d e te c to r ,  w a s  u s e d  to  

m e a s u r e  b o th  a c id  s tr e n g th  a n d  n u m b e r  o f  s i t e  o f  th e  M o /F f7 .S M -5  c a ta ly s t  w ith  

v a r y in g  M o  lo a d in g s .  T h e  c a ta ly s t  s a m p le  w a s  p a c k e d  in  a  s a m p le  tu b e  a n d  

p r e tr e a te d  a t 3 5 0  ๐c  u n d e r  f l o w  o f  3 0  m l /m in  N 2 fo r  3 h  to  r e m o v e  a n y  im p u r it ie s  o n  

th e  c a t a ly s t  s u r f a c e .  T h e n ,  it w a s  c o o le d  d o w n  to  5 0  ๐c  u n d e r  f l o w  o f  3 0  m l /m in  N 2 .
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T o  g e t  N H 3 a d s o r b e d  o n  th e  a c id ic  s i t e s  o f  c a t a ly s t ,  a  f l o w  o f  1 0 %  N H 3 in  N 2 ( 2 0  

m l /m i n )  w a s  in tr o d u c e d  to  a s a m p le  tu b e  c o n t a in in g  th e  tr e a te d  c a ta ly s t  s a m p le  fo r  1 

h a t t h e  s a m e  te m p e r a tu r e . A f t e r  th a t , a f l o w  o f  3 0  m l /m in  N 2 w a s  p a s s e d  th r o u g h  th e  

s a m p le  tu b e  fo r  1 h  in  o r d e r  to  r e m o v e  e x c e s s  N H 3 l e f t  o n  th e  c a t a ly s t  s u r f a c e .  F o r  

T P D  a n a ly s i s ,  it w a s  h e a te d  w i t h  a ra m p  ra te  o f  1 0  ° c / m i n  u n d e r  f l o w  o f  3 0  m l /m in  

N 2 a n d  d e s o r b e d  N F 13 w a s  d e t e c t e d  b y  u s in g  a  T C D  d e te c to r .  T h e  t h e r m o g r a m  w a s  

r e c o r d e d  fr o m  5 0  °c  to  9 0 0  ๐c .

6 .3 .3  C a t a ly s t  A c t i v i t y  T e s t
T h e  r e a c t io n  b e t w e e n  b e n z e n e  a n d  m e th a n e  w a s  im p le m e n t e d  in  a 

f ix e d - b e d  f l o w  r e a c to r , m a d e  o f  q u a r tz  ( 8 .4  m m  in s id e  d ia m e t e r  a n d  4 0  c m  le n g t h ) ,  at 

a t m o s p h e r ic  p r e s s u r e . C a ta ly s t s  w e r e  p a c k e d  in to  a  q u a r tz  tu b e  r e a c to r  a t th e  m id d le  

o f  t h e  r e a c to r  w i t h  b o u n d in g  a t e a c h  s id e  ( to p  a n d  b o t t o m )  b y  q u a r tz  w o o l .  A  q u a r tz  

tu b e  w a s  in s e r te d  a n d  u s e d  to  s u p p o r t  th e  c a t a ly s t  b e d  a n d  a ls o  h e lp  to  r e d u c e  r e a c to r  

v o lu m e ,  th u s  in c r e a s in g  th e  p r o d u c t  f lo w . P r io r  to  th e  c a t a ly t ic  m e a s u r e m e n t s ,  th e  

p a c k e d  c a ta ly s t  w a s  h e a te d  (10°c/min) to  120°c u n d e r  N 2 f l o w  ( 3 0  m l /m i n )  a n d  h e ld  

fo r  3 0  m in  in  o r d e r  to  r e m o v e  h u m id ity .  T h e n , it w a s  p r e tr e a te d  u n d e r  th e  f o l lo w i n g  

c o n d i t io n s ;  r e d u c t io n ,  o x id a t io n ,  o r  c a r b u r iz a t io n . T h e  r e a c ta n t  f e e d  s tr e a m  w a s  

p r e p a r e d  b y  f e e d in g  b e n z e n e  in to  a  v a p o r iz e r .  S a tu r a te d  b e n z e n e  at 4 0  ๐c  w a s  th e n  

c a r r ie d  b y  N 2 in to  a  m ix e r ,  w h e r e  th e  g a s  m ix t u r e  o f  b e n z e n e ,  m e th a n e , a n d  n itr o g e n  

w a s  o b ta in e d . T h e  f e e d  s tr e a m  w a s  a ls o  a n a ly z e d  fo r  c o m p o s i t io n  v ia  a  b y - p a s s  l in e  

b e f o r e  s e n d in g  to  th e  r e a c to r . T h e  r e a c t io n  p r o d u c t s  w e r e  a n a ly z e d  o n l i n e  b y  G C  

( A g i l e n t  7 8 2 0 A ) ,  e q u ip p e d  w i t h  a n  I n n o w a x  c a p i l la r y  c o lu m n  a n d  a f la m e  io n iz a t io n  

d e t e c t o r  (F I D ) ,  a n d  a  P o r a p a c k  p a c k e d  c o lu m n  c o m b in e d  w it h  v a lv e  c o n f ig u r a t io n  

a n d  a  th e r m a l c o n d u c t iv i t y  d e t e c t o r  (T C D ) .

6 .4  R e s u lt  a n d  D is c u ss io n

6 .4 .1  C a t a ly s t  C h a r a c te r iz a t io n
X P S  s p e c tr a  at M o 3 d  r e g io n  o f  M o /H Z S M - 5  tr e a te d  w i t h  d i f f e r e n t  

c o n d i t io n s  a re  i l lu s tr a te d  in  F ig u r e  6 .1 .  T y p ic a l ly ,  th e r e  a re  t w o  p r o m in e n t  p e a k s  in  

th e  M o 3 d  r e g io n ,__ w h ic h  a re  th e  M o 3 d s /2 a n d  M o 3 d 3/2 p e a k s  o c c u r in g  a t lo w e r  a n d
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h ig h e r  b in d in g  e n e r g ie s ,  r e s p e c t iv e ly .  T h e s e  b in d in g  e n e r g y  p e a k s  c a n  b e  v a r ie d  

d e p e n d in g  o n  th e  o x id a t io n  s ta te  o f  M o  s p e c ie s .  F o r  e x a m p le ,  T h e  M o 3 d s /2 a n d  

M o 3 d 3/2 b in d in g  e n e r g ie s  w e r e  2 3 3 .1  a n d  2 3 6 .3  e V  fo r  M o 6+, 2 3 1 .4  a n d  2 3 4 . 6  e V  fo r  

M o 5+, 2 2 9 .8  a n d  2 3 2 .5  e V  fo r  M o 4+, 2 2 7 .6  a n d  2 3 0 .8  e V  fo r  M o 0 ( S o l y m o s i  e t  a l„  

1 9 9 5 ;  W a n g  et a h , 1 9 9 7 ) .  C o n s id e r in g  fr e s h ly  c a l c in e d  M o /H Z S M - 5 ,  it i s  p o s s ib le  

th at th e  c a t a ly s t  c o n t a in s  a  m ix t u r e  o f  M o 6+ a n d  M o 5+, a s  a  M o 3 d s /2 p e a k  is  in  

b e t w e e n  th e  p e a k s  o f  M o 6+ a n d  M o 54 s p e c ie s .  F o r  r e d u c e d  M o /H Z S M - 5  r e p r e s e n te d  

b y  s p e c t r u m  (b )  in  F ig u r e  6 .1 ,  it i s  c le a r  th at M o  is  c o m p le t e ly  in  th e  m e t a l l i c  fo r m  a s  

th e  M o 3 d 5/2 p e a k  is  s h i f t e d  to  lo w e r  b in d in g  e n e r g y  at a r o u n d  2 2 7 .9  e V ,  w h i c h  is  

c l o s e  to  th a t o f  M o °  s p e c i e s  at a  B .E .  o f  2 2 7 .6  e V .  O x id a t io n  o f  M o /H Z S M - 5  le a d s  to  

th e  o x id a t io n  o f  M o  in to  m o r e  M o 6+, w h ic h  is  p r o b a b ly  in  th e  M 0 O 3 f o r m , a s  th e  

M o 3 d.s/2 p e a k  o n  a s p e c tr u m  ( c )  o f  o x id iz e d  s a m p le  m o r e  r e s e m b le s  th e  r e f e r e n c e  

M o b+ p e a k  at a r o u n d  2 3 3 .1  e V .  F o l l o w in g  c a r b u r iz a t io n  p r e tr e a tm e n t , it i s  m o r e  

l ik e ly  th a t  s o m e  o f  M o  s p e c ie s  in  M o /H Z S M - 5  w e r e  tr a n s fo r m e d  in to  th e  M o  c a r b id e  

fo r m  ( M 0 2 C ) , a s  e v id e n c e d  b y  th e  a p p e a r a n c e  o f  th e  M o 3 d s /2 p e a k  at a r o u n d  2 2 7 .9  

e V . In f a c t ,  m e t a l l i c  M o  a n d  th e  M o  in  M 0 2 C  c a n n o t  b e  r e a d ily  d i s t in g u is h e d  b y  X P S  

s p e c tr a  in  th e  M o 3 d  r e g io n  b e c a u s e  o f  th e  s im i la r it y  in  M o 3 d  b in d in g  e n e r g ie s  o f  

th e s e  t w o  s p e c ie s .  H e n c e ,  it is  n e c e s s a r y  to  s c a n  at th e  C l s  r e g io n ,  i f  M 0 2 C is  fo r m e d  

(C h e n .  1 9 9 5 ;  d e V r ie s  e t  a h , 1 9 8 3 ;  W a n g  et a h , 1 9 9 7 ;  W a n g  e t  a h ,  1 9 9 1 ) .  It h a s  b e e n  

e x p lo r e d  th a t  th r e e  c a r b o n  s p e c ie s  c a n  b e  d is t in g u is h e d  b y  C l s  b in d in g  e n e r g y :  

c a r b id lc  c a r b o n  ( 2 8 3 .3  e V ) ,  p o ly m e r ic  c a r b o n  ( 2 8 4 .5  e V ) ,  a n d  a m o r p h o u s  o r  

g r a p h it ic  c a r b o n  ( 2 8 5 .0  e V )  (L e c le r c q  e t  a h , 1 9 8 9 ;  L e d o u x  e t  a h , 1 9 9 2 ) .  F u r th e r m o r e ,  
th e  C l s  b in d in g  e n e r g y  o f  M 0 2 C  s p e c ie s  w a s  r e p o r te d  at 2 8 3 .8 5  e V  b y  L e e  a n d  c o ­
w o r k e r s  ( L e e  e t a h , 1 9 8 7 )  a n d  at 2 8 3 .8  e V  b y  S o l y m o s i  a n d  c o - w o r k e r s  ( S o l y m o s i  et 

a h , 1 9 9 7 ) .  T h e  X P S  s p e c tr u m  in  th e  C l s  r e g io n  o f  c a r b u r iz e d  M o /H Z S M - 5  is  

d e p ic t e d  in  F ig u r e  6 .2 .  T h e  o b v i o u s  p e a k  at 2 8 3 .9  e V  is  l ik e ly  a ttr ib u te d  to  c a r b id ic  

c a r b o n  in  th e  M 0 2 C  fo r m . T o g e t h e r  w i t h  th e  M o 3 d  s p e c tr u m , it c a n  b e  c o n c lu d e d  th at  

M 0 2 C  w a s  g e n e r a te d  in  M o /H Z S M - 5  a fte r  c a r b u r iz a t io n . H o w e v e r ,  m o s t  o f  th e  M o  

s t i l l  r e m a in e d  in  th e  o x id iz e d  f o r m s  ( i .e . .  M o 6+ a n d  M o 5+), a s  t h o s e  p e a k s  e x i s t e d .  It 
is  n o te d  th a t , at t h o s e  c a r b u r iz a t io n  c o n d i t io n s ,  1 0 0 %  o f  M 0 2 C  fo r m a t io n  c a n n o t  b e  

a c h ie v e d .  T h is  m ig h t  b e  d u e  to  i n s u f f ic i e n t  h o ld in g  t im e : h o w e v e r ,  it is  e n o u g h  to  

b r in g  it to  t e s t  fo r  th e  r e a c t io n  a s  M 0 2 C  c o - e x i s t e d  w i t h  o th e r  s p e c i e s
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F ig u r e  6 .1  X P S  s p e c tr a  o f  M o /H Z S M - 5  c a t a ly s t s  a t M o 3 d  r e g io n ,  in c lu d in g  (a )  

f r e s h ly  c a lc in e d  M o /H Z S M - 5 .  (b )  r e d - M o /H Z S M - 5  (a f te r  r e d u c t io n  in  5 % H 2/ N 2 at 

5 5 0  °c  fo r  0 .5  h ) . ( c )  o x i - M o / H Z S M - 5  (a f te r  o x id a t io n  in  <ว2 at 5 5 0  cc  fo r  0 .5  h ) ,  (d )  

c a r - M o /H Z S M - 5  (a f t e r  c a r b u r iz a t io n  in  1 0 % N 2/C H 4 at 7 0 0  ๐c  fo r  0 .5  h ) .

Binding Energy (eV)

F ig u r e  6 .2  X P S  s p e c tr u m  at C l s  r e g io n  o f  c a r - M o /H Z S M - 5  c a t a ly s t  (a f te r  

c a r b u r iz a t io n  in  1 0 % N 2/C H 4 at 7 0 0  ๐c  fo r  0 .5  h ) .
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F ig u r e  6 .3  s h o w s  th e  H 2 - T P R  p r o f i le  o f  f r e s h ly  c a l c in e d  a n d  p r e ­
r e d u c e d  M o /H Z S M - 5  c a t a ly s t s .  T w o  p e a k s  a p p e a r  in  th e  p r o f i l e  a t ~ 4 7 5  ๐c  a n d  ~ 6 4 0  

๐c ,  r e s p e c t iv e ly .  T h e  f ir s t  p e a k  at l o w e r  te m p e r a tu r e  is  w id e ly  a c c e p t e d  to  b e  th e  

r e d u c t io n  o f  p o ly m o ly b d a t e  M 0 O 3 to  M 0 O 2 , w h i le  th e  s e c o n d  p e a k  i s  a t tr ib u te d  to  

th e  r e d u c t io n  o f  c r y s t a l l in e  M 0 O 3 to  M 0 O 2 (B a r a tli e t  a h , 1 9 9 9 ;  J ia n g  e t  a l . ,  1 9 9 9 ;  

L iu  e t  a l . ,  2 0 0 1 ;  L iu  et a l . ,  2 0 0 6 ;  W i l l ia m s  e t  a l.,  1 9 9 1 ) .  M o r e o v e r ,  a n o th e r  r e d u c t io n  

p e a k  a p p e a r in g  at v e r y  h ig h  te m p e r a tu r e  ( > 9 0 0  ° C )  r e p r e s e n ts  th e  fu r th e r  r e d u c t io n  

o f  M 0 O 2 to  M o 0 (B a r a th  e t  a l . ,  1 9 9 9 ;  J ia n g  e t  a l . ,  1 9 9 9 ;  L iu  e t  a l . ,  2 0 0 1 ;  M a  e t  a l . ,  
2 0 0 0 ;  R e g a lb u t o  e t  a l . ,  1 9 9 4 ) ,  b u t it w a s  n o t  d e te c te d  in  th is  w o r k  d u e  to  a  l im i t a t io n  

o f  th e  in s tr u m e n t . H o w e v e r ,  th is  r e s u lt  a t le a s t  c o n f ir m s  a  p r e d o m in a n t  e x i s t e n c e  o f  

M 0 O 3 at th e  in it ia l  s ta te  (a f te r  c a lc in a t io n ) ,  w h ic h  is  in  a g r e e m e n t  w it h  th e  X P S  

r e s u lt s  a b o v e .  P r e -r e d u c t io n  o f  th is  c a ta ly s t  w a s  p e r fo r m e d  at 2  d i f f e r e n t  

te m p e r a tu r e s  ( i . e . ,  3 5 0  ° c  a n d  5 5 0  ° C )  in  o r d e r  to  e v a lu a t e  th e  r e d u c ib i l i t y  o f  th is
- c a ta ly s t .  It w a s  fo u n d  th a t , a fte r  r e d u c t io n  at 3 5 0  ° c  fo r  3 0  m in .  p o l y m o ly b d a t e  

M 0 O 3 is  c o m p l e t e ly  r e d u c e d  to  M 0 O 2 , w h e r e a s  c r y s t a l l in e  M 0 O 3 r e m a in s  u n r e d u c e d ,  
a s  o b s e r v e d  b y  th e  a p p e a r a n c e  o f  th e  s e c o n d  p e a k . F o l l o w in g  p r e -r e d u c t io n  at 5 5 0  c  

fo r  3 0  m in , b o th  p o ly m o ly b d a t e  M 0 O 3 a n d  c r y s t a l l in e  M 0 O 3 w e r e  s u c c e s s f u l ly  

r e d u c e d , p o s s i b l y  to  M 0 O 2 . L ik e w is e ,  w i t h  th is  c o n d i t io n ,  th e r e  w a s  a  p o s s i b i l i t y  th a t  

M o  e x i s t in g  o n  th e  c a ta ly s t  o u te r  s u r f a c e  is  r e d u c e d  in to  th e  m e t a l l i c  M o  f o r m , a s  

d e s c r ib e d  b y  th e  X P S  r e s u lt s  p r e v io u s ly .
T h e  X R D  te c h n iq u e  w a s  u s e d  to  in v e s t ig a t e  th e  s p e c ie s  o f  M o

- p r e s e n t in g  in  M o /H Z S M - 5  c a ta ly s t  b e f o r e  a n d  a f te r  p r e tr e a tm e n t  w ith  d i f f e r e n t  

a tm o s p h e r e s  a n d  th e  r e s u lt s  a re  p o r tr a y e d  in  F ig u r e  6 .4 .  It is  o b s e r v e d  th a t c a t a ly s t s  

o b ta in e d  a f te r  c a lc in a t io n  a n d  p r e tr e a tm e n t  s t e p s  c a n  s t i l l  m a in ta in  th e  s tr u c tu r e  o f  

th e  H Z S M - 5  s u p p o r t . T h is  s h a p e  s e l e c t i v e  s tr u c tu r e  w i l l  b e  b e n e f i c ia l  to  p - x y l e n e  

s e l e c t iv i t y ,  i f  x y le n e s  a re  g e n e r a te d  in s id e  Z S M - 5  p o r e s .  A s  e x p e c t e d ,  M 0 O 3 

d o m in a t e s  in  th e  fr e s h ly  c a lc in e d  M o /F lZ S M - 5  c a ta ly s t ,  in d ic a te d  b y  th e  d i f f r a c t io n  

p e a k s  o f  M 0 O 3 in  H Z S M - 5  at 2 0  =  2 7 .3 °  a n d  3 3 .6 °  ( B o h n e  e t  a l . ,  2 0 0 5 ;  B o u c h y  e t  

a l . ,  2 0 0 0 )  o n  a  s p e c tr u m  (a ) .  B y  th e  S c h e r r e r  e q u a t io n , th e  a v e r a g e  c r y s t a l l i t e  s i z e  o f  

M 0 O 3 is  a r o u n d  5 .9 4  Â  d ia m e te r .  A f t e r  r e d u c t io n , a  p e a k  e m e r g e d  a t 2 0  =  4 0 . 5 °  a s  

s h o w n  in  a s p e c tr u m  (b ) . T h is  p e a k  is  a s c r ib e d  to  m e t a l l i c  M o  ( 1 1 0 )  ( B o h n e  e t  a h ,
2 0 0 5 )  w ith  a n  a v e r a g e  c r y s t a l l i t e  s iz e  o f  3 .0 5  Â .



9 2

T e m p e r a t u r e  (°C )

F ig u r e  6 .3  H 2- T P R  p r o f i l e s  o f  f r e s h ly  c a l c in e d  M o /H Z S M - 5  ( s o l id  l in e )  a n d  

M o /H Z S M - 5  r e d u c e d , m o v in g  u p , at 3 5 0  ๐c  fo r  3 0  m in  a n d  at 5 5 0  °c fo r  3 0  m in ,  
r e s p e c t iv e ly .

A l t h o u g h  m e t a l l i c  M o  w a s  g e n e r a te d  b y  t h is  r e d u c t iv e  c o n d i t io n ,  s o m e  M 0 O 3 s t i l l  

e x i s t e d  a s  i t s  d i f f r a c t io n  p e a k s  ( 2 0  =  2 7 .3 °  a n d  3 3 .6 ° )  a p p e a r e d . D u e  to  a n  

e x p e r im e n t a l  p r o c e d u r e  ( e x - s i t u  tr e a tm e n t) ,  it is  l ik e ly  th at s o m e  m e t a l l i c  M o  

u n d e r w e n t  o x id a t io n  b y  a ir  -d u rin g  tr a n s fe r  o f  th e  s a m p le  to  th e  X R D  in s tr u m e n t .  
H o w e v e r ,  it i s  e n o u g h  to  o b s e r v e  th a t, b y  th is  r e d u c t io n  c o n d i t io n ,  M 0 O 3 r e d u c e d  

in to  th e  m e t a l l i c  M o  fo r m , a s  d e s c r ib e d  b y  a  d e c r e a s e  in  M 0 O 3 p e a k  in t e n s i t i e s  w i t h  

a n  in c r e a s e  in  m e t a l l i c  M o  p e a k  in te n s ity .  F o r  o x i - M o / H Z S M - 5 ,  it i s  o b v io u s  th a t  

M 0 O 3 p e a k s  a re  m o r e  in t e n s e  ( in  s p e c tr u m  ( c ) )  a n d , c o r r e s p o n d in g ly ,  its  a v e r a g e  

c r y s t a l l i t e  s i z e  is  s l i g h t ly  in c r e a s e d  to  6 .5 3  Â  c o m p a r e d  w ith  5 .9 4  Â  M 0 O 3 in  th e  

f r e s h ly  c a lc in e d  c a ta ly s t .  T h is  m ig h t  b e  d u e  to  fu r th er  o x id a t io n  o f  M o 5+ to  M o 6+ 

( M 0 O 3) a s  p r e v io u s ly  d i s c u s s e d  ( X P S  r e s u l t s ) ,  th u s  le a d in g  to  m o r e  a n d  la r g e r  s iz e d  

M 0 O 3 s p e c i e s  in  th e  c a ta ly s t .  S p e c tr u m  ( d )  r e f le c t s  th e  X R D  p a tte r n  o f  c a r -  

M o /H Z S M - 5 .  A l t h o u g h  M o 2C  w a s  e x p e c t e d  to  b e  o b s e r v e d  a c c o r d in g  to  X P S
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r e s u l t s ,  X R D  d o e s n ’t s h o w  a n y  p e a k s  o f  m o ly b d e n u m  c a r b id e s .  T h e  s m a l l  f r a c t io n  

a n d  t in y  s iz e  o f  m o ly b d e n u m  c a r b id e  m a y  b e  th e  r e a s o n . N o n e t h e l e s s ,  a  d e c r e a s e  in  

p e a k  in te n s ity  o f  M 0 O 3 s p e c ie s  s u g g e s t e d  th e  tr a n s fo r m a t io n  o f  th is  s p e c ie s  in to  

o th e r  fo r m s , p r e s u m a b ly  to  t in y  M 0 2 C  s p e c ie s .

F ig u r e  6 .4  X - r a y  d i f f r a c t io n  p a tte r n s , i n c lu d in g  (a )  f r e s h ly  c a l c in e d  M o /H Z S M - 5 ,
(b )  r e d - M o /H Z S M - 5  (a f te r  r e d u c t io n  in  5 % H 2/ N 2 a t 5 5 0  ๐c  fo r  0 .5  h ) , ( c )  o x i -  

M o /H Z S M - 5  ( a f t e r  o x id a t io n  in  O 2 at 5 5 0  ๐c  fo r  0 .5  h ) . ( d )  c a r - M o /H Z S M - 5  (a f te r  

c a r b u r iz a t io n  in  1 0 % ฬ 2/3 3 แ 4 a t 7 0 0  °c fo r  0 .5  h ) .  H Z S M - 5  p e a k s  a re  n o t  in d e x e d .

6 .4 .2  C a t a ly s t  A c t i v i t y  T e s t
T h e  r e s u lt s  o f  r e a c t io n  t e s t s  a re  d e p ic te d  in  F ig u r e  6 .5 ,  in c lu d in g  

b e n z e n e  c o n v e r s i o n  in  F ig u r e  6 .5 ( A ) ,  t o lu e n e  s e l e c t i v i t y  in  F ig u r e  6 .5 ( B ) ,  a n d  

h e a v ie r  a r o m a t ic s  s e l e c t i v i t y  in  F ig u r e  6 .5 ( C ) .  A l t h o u g h  t o lu e n e  is  n o t  a n  a t tr a c t iv e
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p r o d u c t  l ik e  x y le n e s ,  th e  fo r m a t io n  o f  it f r o m  th e  r e a c t io n  b e t w e e n  b e n z e n e  a n d  

m e t h a n e  c a n  im p ly  th e  o c c u r r e n c e  o f  a  m é t h y la t io n  r e a c t io n  r o u t e ,  a  d e s ir e d  r e a c t io n  

p a th w a y . In fa c t , th e  fo r m a t io n  o f  t o lu e n e  is  m o r e  t h e r m o d y n a m ic a l ly  f a v o r a b le  th a n  

th e  fo r m a t io n  o f  x y le n e s  a s  d i s c u s s e d  in  C h a p te r  III. I f  it i s  in d e e d  th e  c a s e  th at  

p r o d u c t io n  o f  t o lu e n e  fr o m  b e n z e n e  a n d  m e t h a n e  c a n  b e  a c h ie v e d  w ith  a  s a t is f a c t o r y  

y ie ld ,  it m a y  b e  b e n e f i c ia l  to  c o n v e r t  th e  t o lu e n e  p r o d u c e d  to  x y le n e s  in  a n  e x i s t in g  

t e c h n o l o g y ,  T a to r a y  v ia  t o lu e n e  d is p r o p o r t io n a t io n . T h e r e f o r e ,  a s  n o  x y le n e  

f o r m a t io n s ,  th e  f o r m a t io n  o f  t o lu e n e  w a s  e x p lo r e d  in  th is  p art o f  th e  s tu d y .
It w a s  fo u n d  th a t d i f f e r e n t  p r e tr e a tm e n t  c o n d i t io n s  m a k e  th e  

M o /H Z S M - 5  c a ta ly s t  e x h ib i t  d i f f e r e n c e s  in  a c t iv i t y .  R e d - M o /H Z S M - 5  s h o w e d  th e  

h ig h e s t  a c t iv it y  fo r  b e n z e n e  c o n v e r s io n  c o m p a r e d  to  th e  o th e r s ,  b u t th e  r e a c t io n  w a s  

m a in ly  to w a r d s  h e a v y  a r o m a t ic s  fo r m a t io n  a s  s h o w n  in  F ig u r e  6 .5 .  R e c a l l i n g  th e  

c a t a ly s t  c h a r a c te r iz a t io n  r e s u lt s  in  th e  p r e v io u s  p art, m e t a l l i c  M o  l ik e ly  p la y s  a n  

im p o r ta n t  r o le  in  th is  h ig h  a c t iv ity .  O b v io u s ly ,  c a ta ly s t  a c t iv i t y  d e c r e a s e s  w i t h  t im e  

o n  s t r e a m , s u g g e s t in g  s o m e  c h a n g e s  in  th e  M o  fo r m  d u r in g  th e  r e a c t io n  ( t o  b e  

d i s c u s s e d  la ter ). O n  o x i - M o / I I Z S M - 5  c a ta ly s t ,  th e  a c t iv it y  w a s  q u ite  d i f f e r e n t  fr o m  

r e d - M o /H Z S M - 5  in  b o th  a c t iv it y  fo r  b e n z e n e  c o n v e r s io n  a n d  p r o d u c t  s e l e c t i v i t y .  
I n t e r e s t in g ly ,  c h a n g e s  in  b e n z e n e  c o n v e r s io n  a n d  p r o d u c t  s e l e c t i v i t y  w i t h  t im e  o n  

s tr e a m  s u g g e s t  t r a n s fo r m a t io n s  o f  Mo s p e c ie s  d u r in g  th e  r e a c t io n . M 0 O 3 s p e c ie s ,  
d o m in a t in g  in  o x i - M o / H Z S M - 5 ,  a r e  m o r e  l ik e ly  to  b e  t r a n s fo r m e d  in to  m e t a l l i c  M o  

at ~ 9 0  m in  o f  T O S  a s  it s  a c t iv it y  fo r  b e n z e n e  c o n v e r s io n  in c r e a s e d  a n d  c h a n g e s  in  

p r o d u c t  s e l e c t iv i t y  o c c u r r e d ;  m o r e o v e r ,  m e t a l l i c  Mo fo r m e d  m a y  b e  s u b j e c t  to  

c h a n g e s  in to  o th e r  fo r m s  a s  a  d e c r e a s e  in  a c t iv i t y  w a s  o b s e r v e d .  In a d d it io n ,  a  

t r a n s fo r m a t io n  o f  M 0 O 3 in to  M 0 2 C  s p e c ie s  is  a l s o  p o s s ib le  a lo n g  w ith  th e  r e a c t io n  

a c c o r d in g  to  th e  r e a c t io n  c o n d i t io n s .  It h a s  b e e n  r e p o r te d  th a t  M 0 O 3 c a n  b e  d ir e c t ly  

c a r b u r iz e d  b y  m e th a n e  in to  th e  h e p  s tr u c tu r e s  o f  P -M 0 2 C  a n d  MoOxCy s p e c ie s  

( B o u c h y  e t  a h , 2 0 0 0 ;  D e r o u a n e - A b d  H a m id  e t  a h , 2 0 0 0 ;  L iu  e t  a h , 2 0 0 6 ) .  C a r -  

M o /H Z S M - 5  d id  c a t a ly z e  th e  r e a c t io n  w ith  ~ 2 %  b e n z e n e  c o n v e r s i o n  b u t th e  r e a c t io n  

o n  t h is  c a ta ly s t  c o n t r ib u te d  to  h e a v y  a r o m a t ic  c o m p o u n d s  fo r m a t io n  m o r e  th a n  

t o lu e n e  fo r m a t io n . N a p h t h a le n e  d o m in a te d  in  h e a v y  a r o m a t ic s  w ith  > 8 5  w t% ,  
s u g g e s t i n g  b e n z e n e  c o u p l in g  a s  m a jo r  r e a c t io n ,  w h i l e  m é t h y la t io n  th e  r e a c t io n  o f  

b e n z e n e  in to  t o lu e n e  w a s  m in o r . T o lu e n e  fo r m a t io n  is  p r o b a b ly  d e r iv e d  f r o m  th e
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r e a c t io n  b e t w e e n  th e  b e n z e n e  m o le c u l e  a n d  m e th y l  s p e c ie s  ( C H j ) ,  g e n e r a te d  b y  

M 0 2 C  s p e c i e s ,  o n  B r ô n s t e d  a c id  s i t e s  (B a r th o s  e t  a h , 2 0 0 7 ) .  M é t h y la t io n  o f  b e n z e n e  

b y  m e t h y l  s p e c i e s  th r o u g h  an  e le c t r o p h i l ic  s u b s t i tu t io n  m e c h a n is m  w a s  s u g g e s t e d .  It 
i s  k n o w n  th a t  h ig h ly  d i s p e r s e d  M o 2C  s p e c ie s  o n  th e  e x te r n a l s u r f a c e  o f  th e  H Z S M - 5  

z e o l i t e  a re  th e  a c t iv e  s i t e s  a n d  are  r e s p o n s ib le  fo r  in it ia l  m e th a n e  a c t iv a t io n  (L iu  e t  

a l. ,  2 0 0 1 ;  S o l y m o s i  e t  a l . ,  1 9 9 5 ;  S o l y m o s i  e t  a l . ,  1 9 9 6 ;  S z ô k e  e t  a l . ,  1 9 9 6 ;  W a n g  e t  

a l. ,  1 9 9 7 ;  W e c k h u y s e n  e t  a l . ,  1 9 9 8 ) ._ In  a d d it io n  to  M o 2C , M o  o x y c a r b id e  (M o O x C y ) ,  
w h ic h  is  g e n e r a te d  f r o m  p a rtia l c a r b u r iz a t io n  o f  M o O x  s p e c ie s  a s s o c ia t e d  w i t h  th e  

B r ô n s te d  a c id  s i t e s  b y  m e th a n e , is  a ls o  a c c e p t e d  a s  a n  a c t iv e  s p e c i e s  fo r  m e th a n e  

a c t iv a t io n  ( M a  e t  a l . ,  2 0 0 0 ) ,  b u t it s  a c t iv it y  is  l o w e r  r e la t iv e  to  b u lk  th e  M o  c a r b id e  

fo r m s . F u r th e r m o r e , d i f f e r e n t  s tr u c tu r e s  o f  M o  c a r b id e s  p r o v id e  d i f f e r e n t  a c t iv it y .  
T h e  a - M o C | . x a n d  M o O x C v  s p e c ie s  in  fa c e - c e n t e r e d  c u b ic  ( f e e )  s tr u c tu r e  w a s  

p r o p o s e d  to  b e  m o r e  a c t iv e  th an  [3 -M o 2C a n d  M o O x C y  s p e c ie s  in  th e  h e x a g o n a l  

c l o s e - p a c k e d  (h e p )  s tr u c tu r e  fo r  th e  r e a c t io n  o f  m e th a n e  d e h y d r o a r o m a t iz a t io n  

( M D A )  (L iu  e t  a l . ,  2 0 0 6 ) .  M e ta s ta b le  a - M o C |. x s p e c ie s  in  th e  f a c e - c e n t e r e d  c u b ic  

( f e e )  s tr u c tu r e  c a n  b e  o b ta in e d  fr o m  M 0 O 3 s p e c i e s  b y  p e r fo r m in g  r e d u c t io n  in  FL 

" fo llo w e d  b y  c a r b u r iz a t io n  in  CH4 ( B o u c h y  e t  a l . ,  2 0 0 0 ;  D e r o u a n e - A b d  H a m id  e t  a l . ,  
2 0 0 0 ;  L iu  e t  a l . ,  2 0 0 6 ) .  In a d d it io n , th e  M o O x C y  s p e c ie s  w ith  a n  f e e  s tr u c tu r e  c o u ld  

b e  s im u l t a n e o u s ly  g e n e r a te d  in  M o /H Z S M - 5  ( C h e n  et a l . ,  1 9 9 5 ;  L iu  e t  a l . ,  2 0 0 6 ;  

W e c k h u y s e n  et a l . .  1 9 9 8 ;  Z h a n g  e t  a l . ,  1 9 9 8 ) .  F o r m a t io n  o f  s ta b le  P -M 0 2 C  s p e c i e s  in  

th e  h e x a g o n a l l y  c lo s e - p a c k e d  (h e p )  s tr u c tu r e  c a n  b e  o b ta in e d  b y  c a r b u r iz a t io n  o f  

M 0 O 3 s p e c i e s  in  a  m e t h a n e  f lo w  fr o m  r o o m  te m p e r a tu r e  to  7 1 0  ๐c  ( B o u c h y  e t  a h ,  
2 0 0 0 ;  D e r o u a n e - A b d  H a m id  et a l . ,  2 0 0 0 ) .  D u r in g  c a r b u r iz a t io n  o f  M o  s u p p o r te d  

F I Z S M -5 . M o O x C y  s p e c i e s  in  th e  h e p  s tr u c tu r e  w i l l  b e  s im u l t a n e o u s ly  g e n e r a te d  w ith  

h e p  P - M 0 2 C  s p e c ie s  a n d  th e  p r o p o r t io n  o f  th e s e  s p e c ie s  d e p e n d s  o n  th e  a c id i t y  o f  

H Z S M - 5  (L iu  e t  a l . ,  2 0 0 6 ) .  T h e s e  p r o p o s e d  a c t iv e  s p e c ie s  m a y  e x i s t  in  c a r -  
M o /H Z S M - 5  a n d  p la y  a  r o le  in  th e  r e a c t io n . H o w e v e r ,  l ik e ly  d u e  to  th e ir  t in y  s i z e s ,  
th e y  c a n n o t  b e  d i s t in g u i s h e d  b y  X R D .
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F ig u r e  6 .5  ( A )  B e n z e n e  c o n v e r s io n s  v s .  T O S  o f  r e d - M o /Z S M - 5  ( s o l i d  l in e ) ,  o x i -  

M o /Z S M - 5  ( d o t te d  l in e ) ,  a n d  c a r - M o /H Z S M - 5  (d a s h  l in e ) ,  ( B )  t o lu e n e  s e l e c t i v i t y  v s .  
T O S . ( C )  h e a v ie r  a r o m a t ic s  v s .  T O S .

6 .4 .3  I n v e s t ig a t io n  o f  C a ta ly s t  D e a c t iv a t io n
S p e n t  c a t a ly s t s  (a fte r  T O S  o f  1 6 0  m in )  w e r e  b r o u g h t to  p e r fo r m  X P S  

fo r  th e  p u r p o s e  o f  c o m p a r is o n  w ith  f r e s h ly  tr e a te d  c a ta ly s t s ,  s o  th a t ' c h a n g e s  in  

a c t iv it y  c o u ld  b e  l in k e d  w i t h  M o  a n d /o r  c  s p e c ie s .  T h e  r e s u lt in g  X P S  s p e c tr a  a re  

s h o w n  in  F ig u r e  6 .6  fo r  M o 3 d  r e g io n  a n d  in  F ig u r e  6 .7  fo r  C l s  r e g io n .  C o n s id e r in g  

th e  m o s t  h ig h ly  a c t iv e  r e d - M o /H Z S M - 5  c a ta ly s t ,  it i s  c le a r  th at a  d e c r e a s e  in  a c t iv i t y  

i s  a t tr ib u te d  to  an  o x id a t io n  o f  m e t a l l i c  M o , a s  e v i d e n c e d  b y  a  s ig n i f ic a n t  s h i f t  o f  

M o 3 d s /2 p e a k  to  h ig h e r  b in d in g  e n e r g y . B a s e d  o n  th e  X P S  s p e c tr u m  (a )  at M o 3 d  

r e g io n  in  F ig u r e  6 .6 , at T O S  o f  1 6 0  m in ,  M o 5+/ M o 6+ s p e c ie s  d o m in a t e  in  th e  s p e n t  

c a ta ly s t  a n d  c a u s e  th e  c a t a ly s t  a c t iv it y  to  d e c r e a s e .  M o r e o v e r ,  b y  th e  X P S  r e s u lt  at 

th e  C l s  r e g io n  in  F ig u r e  6 .7 ,  th e  s p e n t  c a ta ly s t  p o s s i b l y  c o n t a in s  M o ? C  a n d  M o O x C y  

s p e c ie s ,  w h i c h  is  im p lie d  fr o m  th e  p e a k s  o f  M 0 2 C  a n d  c a r b id ic  c a r b o n , r e s p e c t iv e ly .  
T o g e t h e r  w i t h  a  s m a ll  p e a k  o f  M o 3 d_s/2 a t 2 2 7 .9  e V  a p p e a r in g  in  s p e c tr u m  (a )  in
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F ig u r e  6 . 6 , f o r m a t io n  o f  M 0 2 C  c a n  b e  d e c la r e d . T h e s e  t w o  M o  c a r b id e  s p e c i e s  a re  

p o s s i b l y  g e n e r a t e d  d u r in g  th e  r e a c t io n , in  a g r e e m e n t  w i t h  p r e v io u s  r e p o r ts  ( B o u c h y  

e t a h , 2 0 0 0 ;  D e r o u a n e - A b d  H a m id  e t  a h , 2 0 0 0 ;  L iu  e t  a h , 2 0 0 6 ) ,  a n d  p la y  s o m e  r o le  

in  c a t a ly s t  a c t iv i t y ,  a s  b e n z e n e  c o n v e r s io n  is  s h o w n  in  F ig u r e  6 .5 ( A ) .  C o k e  f o r m a t io n  

in  fo r m s  o f  g r a p h it ic /a m o r p h o u s  c a r b o n  a n d  p o ly m e r ic  c a r b o n  is  a ls o  a  c a u s e  o f  

c a ta ly s t  d e a c t iv a t io n .  It h a s  b e e n  r e p o r te d  th a t c a r b o n  s p e c ie s  c a n  b e  d i s t in g u i s h e d  b y  

■  th e  C l s  b in d in g  e n e r g y , fo r  e x a m p le  c a r b id ic  c a r b o n  ( 2 8 3 .3  e V ) ,  p o ly m e r ic  c a r b o n  

( 2 8 4 .5  e V ) ,  a n d  a m o r p h o u s  o r  g r a p h it ic  c a r b o n  ( 2 8 5 .0  e V )  (L e c le r c q  e t  a h , 1 9 8 9 ;  

L e d o u x  e t  a h , 1 9 9 2 ) .  In  th e  c a s e  o f  o x i - M o / H Z S M - 5 ,  c h a n g e s  in  a c t iv i t y  c a n  b e  

d e s c r ib e d  b y  c h a n g e s  in  th e  n a tu re  o f  th e  M o  s p e c ie s .  A t  T O S  o f  1 6 0  m in  w h e r e  th is  

c a ta ly s t  s h o w e d  th e  h ig h e s t  a c t iv it y  c o m p a r e d  w ith  th e  o th e r  tw o , th e  p r e s e n c e  o f  M o  

s p e c ie s  is  a l s o  in  a g r e e m e n t .  M o 5+ d o m in a t e s  in  th is  s p e n t  c a t a ly s t  a s  s h o w n  in  

F ig u r e  6 .6  a n d  p la y s  a r o le  in  a c t iv ity  m o r e  s ig n i f ic a n t  th a n  th e  m ix t u r e  o f  M o 5+ a n d  

M o6+. C o m p a r e d  w ith  th e  s p e c tr u m  o f  th e  fr e sh  c a t a ly s t ,  a s ig n i f ic a n t  s h if t  o f  th e  

M o 3 d_v2 p e a k  to  lo w e r  b in d in g  e n e r g y  s u g g e s t s  th e  r e d u c t io n  o f  M o tl+ ( M 0 O 3) ,  
p o s s i b l y  b y  C F L  a n d /o r  H 2 b y  p r o d u c ts , d u r in g  th e  r e a c t io n .  T h e r e  IS a p o s s ib i l i t y  o f  

a  c h a n g in g  p r o g r e s s io n  o f  M o  s p e c ie s ,  n a m e ly  M o 6+ c h a n g e d  in to  M o °  at a r o u n d  

T O S  o f  9 0  m in  a n d  p r o v id e d  th e  b e s t  c a ta ly s t  a c t iv i t y ,  a n d  a fte r  th a t  it t e n d e d  to  

o x i d i z e  a n d  c o n v e r t  in to  M o 5+ s p e c ie s  a t T O S  o f  1 6 0  m in ,  a s  in d ic a te d  b y  th e  X P S  

s p e c tr u m . In  a d d it io n  to  M o 5+ s p e c ie s ,  M o O xCy s p e c i e s  w e r e  a ls o  l ik e ly  fo r m e d  

a c c o r d in g  to  th e  p e a k  o f  c a r b id ic  c a r b o n  at 2 8 3 .3  e V  in  s p e c tr u m  (b )  o f  F ig u r e  6 .7 .  
T h is  m a y  a l s o  h e lp  p r o m o t e  th e  r e a c t io n . F o r  c a r - M o /H Z S M - 5 ,  a  s h i f t  o f  M o 3 d 5/2 

p e a k  to  h ig h e r  b in d in g  e n e r g y  s u g g e s t e d  an  o x id a t io n  o f  M o  s p e c ie s ,  e s p e c ia l l y  M o '  + 

a n d  M o °  s p e c ie s .  R e fe r r in g  to  th e  X P S  s p e c tr u m , s p e n t  c a r - M o /H Z S M - 5  m a in ly  

c o n s i s t s  o f  M o6+ s p e c ie s  w i t h  s o m e  M o 4+ s p e c ie s .  T h e  M o 3 d 5/2 b in d in g  e n e r g ie s  w e r e
2 3 3 .1  e V  f o r  M o 6+, 2 3 1 .4  e V  fo r  M o 5+, 2 2 9 .8  e V  fo r  M o 4+, 2 2 7 .6  e V  fo r  M o ° /M o 2C  

( S o l y m o s i  e t  a h , 1 9 9 5 ;  W a n g  e t  a h , 1 9 9 7 ) .  L o s s e s  o f  M o 3 d s /2 p e a k  a t 2 2 7 .9  e V  a n d  

C l s  p e a k  a t 2 8 3 .9  e V  o f  s p e n t  c a r - M o /H Z S M - 5  s u g g e s t  lo s s e s  o f  M 0 2 C  s p e c ie s  

d u r in g  th e  r e a c t io n . A  s h i f t  o f  C l s  p e a k  to  h ig h e r  b in d in g  e n e r g y  in d ic a t e s  

g r a p h it ic /a m o r p h o u s  c a r b o n  fo r m a t io n  ( B .E .  =  2 8 5 .0  e V ) .  H e n c e ,  a  s l i g h t  d e c r e a s e  in  

c a ta ly s t  a c t iv i t y  o f  th is  c a t a ly s t  is  n o t o n ly  d u e  to  a n  o x id a t io n  o f  M o  s p e c ie s ,  b u t  

a ls o  d u e  to  c o k e  c o v e r e d  o n  c a ta ly s t  s u r fa c e .
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B i n d i n g  E n e r g y  ( e V )

F i g u r e  6 .6  A  c o m p a r a t iv e  X P S  s p e c tr a  a t M o 3 d  r e g io n  b e t w e e n  ( s o l id  l in e )  fr e s h  

a n d  (d a s h e d  l in e )  s p e n t  (a t T O S  o f  1 6 0  m in )  M o /H Z S M - 5  c a t a ly s t ,  i n c lu d in g  (a )  r e d -  

M o /H Z S M - 5 .  (b )  o x i - M o / H Z S M - 5 ,  a n d  ( c )  c a r - M o /H Z S M - 5 .

B i n d i n g  E n e r g y  ( e V )

F i g u r e  6 .7  A  c o m p a r a t iv e  X P S  s p e c tr a  at C l s  r e g io n  b e t w e e n  ( s o l id  l in e )  f r e s h  a n d  

( d a s h e d  l in e )  s p e n t  (a t  T O S  o f  1 6 0  m in )  M o /H Z S M - 5  c a t a ly s t ,  in c lu d in g  (a )  r ed -  

M o /H Z S M - 5 ,  ( b )  o x i - M o / H Z S M - 5 ,  a n d  ( c )  c a r - M o /H Z S M - 5 .
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6 .4 .4  E f f e c t  o f  H? C o - f e e d
It w a s  k n o w n  fr o m  th e  p r e v io u s  p art th a t m e t a l l i c  M o  i s  th e  m o s t  

r e a c t iv e  s p e c i e s  o f  M o  fo r  th e  r e a c t io n ;  h o w e v e r ,  m e t a l l i c  M o  is  s u s c e p t i b l e  to  th e  

r e a c t io n  c o n d i t io n s ,  a s  it t e n d s  to  o x id iz e  d u r in g  th e  r e a c t io n .  M o r e o v e r ,  th o u g h  th e  

c a t a ly s t  is  a c t iv e ,  h e a v ie r  a r o m a t ic s  a re  la r g e ly  g e n e r a te d ,  e s p e c ia l ly  n a p h th a le n e .  
T h u s ,  to  m a in ta in  M o  in  th e  m e t a l l i c  fo r m  a n d  to  d e p r e s s  th e  f o r m a t io n  o f  h e a v ie r  

a r o m a t ic s  w i t h  in c r e a s in g  t o lu e n e  s e l e c t i v i t y ,  th e  a d d i t i o n ' o f  H 2 c o - f e e d  w a s  

p r o p o s e d  a n d  H 2 c o n t e n t  w a s  a l s o  v a r ie d . T h e  s tr a te g y  o f  th is  t e s t in g  w a s  b a s e d  o n  

L e  C hcite lier's  p r in c ip le  th a t th e  b e n z e n e  c o u p l in g  r e a c t io n  c o u ld  b e  p u s h e d  

b a c k w a r d s  to  th e  le f t - h a n d - s id e  b y  H 2. A s  e x p e c t e d ,  a d d in g  H 2 m in im iz e d  

n a p h th a le n e  f o r m a t io n  a n d  o th e r  h e a v ie r  a r o m a t ic s  w it h  e n h a n c in g  to lu e n e  

s e l e c t i v i t y  a s  s h o w n  in  F ig u r e  6 . 8 . H o w e v e r ,  b e n z e n e  c o n v e r s io n  d r o p p e d  

s ig n i f ic a n t ly  a f t e r  a d d in g  3 7 .5 0 %  I l 2 a n d  s l ig h t ly  d e c r e a s e d  w ith  in c r e a s in g  a m o u n t  

o f  H 2. O n  th e  o t h e r  h a n d , t o lu e n e  s e l e c t i v i t y  a p p e a r s  to  b e  ra th er  s ta b le  a t a r o u n d  8 0  

w t%  a fte r  a d d in g  3 7 .5 0  %  H 2. A s  n a p h th a le n e  fo r m a t io n  w a s  s u p p r e s s e d  b y  H 2 

a d d it io n ,  th e  m é t h y la t io n  r e a c t io n  o f  b e n z e n e  in to  t o lu e n e  b e c a m e  a m a jo r  r e a c t io n ;  

h o w e v e r ,  th is  r e a c t io n  p r o c e e d s  ra th er  s l o w l y .  F o r  th e  e f f e c t  o f  f l 2 c o - f e e d  o n  

r e ta r d in g  o x id a t io n  o f  m e ta l l ic  M o . it w a s  r e v e a le d  b y  th e  X P S  r e s u lt s  in  F ig u r e  6 .9  

th a t a d d in g  F l2 d o e s n ’t h e lp  p r e v e n t  th e  o x id a t io n  o f  m e t a l l i c  M o , e v e n  a d d in g  F l2 u p  

to  7 5 %  in f e e d .  L ik e  sp e n t  c a t a ly s t  ru n  w i t h o u t  H ?, th e  s p e n t  c a ta ly s t s  ru n  w it h  5 0 %  

o r  7 5 %  FT c o n t a in  M o 6+ a n d  M o 5+ s p e c ie s ,  a s  c le a r ly  s h o w n  in  F ig u r e  6 .9 .  A  s m a ll  

f r a c t io n  o f  M o 2C  l ik e ly  e x i s t e d  a s  th e  X P S  r e s u lt s  at C l s  r e g io n  t e s t i f y  in  F ig u r e
6 .1 0 .  In  a d d it io n ,  a d d in g  H 2 s e e m s  to  p r e v e n t  c o k e  fo r m a t io n  o n  th e  c a t a ly s t  s u r fa c e .
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0.00% 3.75% 37.50% 56.25% 75.00%

H 2 c o - f e e d  (ทาo l% )

F i g u r e  6 .8  B e n z e n e  c o n v e r s io n  a n d  p r o d u c t  s e l e c t i v i t y  at T O S  o f  4 0  m in  a s  a  

f u n c t io n  o f  p e r c e n t a g e  o f  H 2 c o - f e e d .  R e a c t io n  c o n d i t io n s :  r e d - M o /H Z S M - 5 ( M o /A l  

=  0 .5 ) ,  T  =  5 5 0  °c, M / B  ra tio  =  7 0 ,  W H S V  =  3 .7  h ' 1.

B i n d i n g  E n e r g y  ( e V )

F i g u r e  6 .9  X P S  s p e c tr a  o f  s p e n t  M o /H Z S M - 5  c a t a ly s t s  a t M o 3 d  r e g io n ,  i n c lu d in g  

(a )  r e d - M o /H Z S M - 5  w it h o u t  H 2 c o - f e e d ,  (b )  r e d - M o /H Z S M - 5  w i t h  5 0 %  H 2 c o - f e e d ,
( c )  r e d - M o /H Z S M - 5  w i t h  7 5 %  H 2 c o - f e e d .
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B i n d i n g  E n e r g y  ( e V )

F i g u r e  6 .1 0  X P S  s p e c tr a  o f  s p e n t  M o /H Z S M - 5  c a t a ly s t s  at C l s  r e g io n ,  in c lu d in g  (a )  

r e d - M o /H Z S M - 5  w i t h o u t  แ 2 c o - f e e d ,  ( b )  r e d - M o /H Z S M - 5  w ith  5 0 % H 2 c o - f e e d ,  ( c )  

r e d - M o /H Z S M - 5  w ith  7 5 % H 2 c o - f e e d .

6 .4 .5  E f f e c t  o f  R e a c t io n  T e m p e r a tu r e
R e s u lt s  o f  th e  e f f e c t  o f  r e a c t io n  te m p e r a tu r e  o n  b e n z e n e  c o n v e r s io n  

a n d  o n  p r o d u c t  s e l e c t i v i t y  a re  p o r tr a y e d  in  F ig u r e  6 . 1 1 .  R e a c t io n  te m p e r a tu r e  p la y s  a 

s ig n i f ic a n t  r o le  in  b o th  a c t iv it y  a n d  p r o d u c t  s e l e c t iv i t y .  N o  r e a c t io n  o c c u r r e d  a t 3 5 0  

๐c ,  w h i l e  in c r e a s in g  te m p e r a tu r e  a c t iv a t e s  th e  r e a c t io n . B e n z e n e  c o n v e r s i o n  

in c r e a s e s  w it h  in c r e a s in g  r e a c t io n  te m p e r a tu r e . T h is  is  b e c a u s e  o f  th e  h ig h ly  

e n d o t h e r m ic  n a tu re  o f  th is  r e a c t io n . A t  lo w  te m p e r a tu r e  ( e .g . ,  4 0 0  ๐c  a n d  4 5 0 ° C ) ,  th e  

fr a c t io n  o f  to lu e n e  is  l o w e r  c o m p a r e d  to  its  fr a c t io n  at h ig h e r  te m p e r a tu r e . T h is  

m ig h t  b e  b e c a u s e  th e  te m p e r a tu r e  is  n o t  a p p r o p r ia te  to  a c t iv a t e  th e  m é t h y la t io n  

r e a c t io n . M é t h y la t io n  o f  b e n z e n e  in to  t o lu e n e  is  fa v o r e d  at h ig h e r  te m p e r a tu r e  a n d  

e s p e c ia l l y  a t 5 0 0  ๐c  a n d  5 5 0 ° c ,  w h e r e  t o lu e n e  s e l e c t iv i t y  is  a b o v e  8 0 % .  
N e v e r t h e l e s s ,  at to o  h ig h  o f  a te m p e r a tu r e  th e  r e a c t io n  te n d s  to  c o n t r ib u te  to  m o r e  

h e a v y  a r o m a t ic s  f o r m a t io n , a s  e v id e n c e d  b y  a n  in c r e a s e  in  th e  h e a v ie r  a r o m a t ic  

fr a c t io n  w i t h  th e  r e a c t io n  te m p e r a tu r e  fr o m  5 0 0  ๐c  to  7 0 0 ° c .  T h e r e f o r e ,  th e  m o s t  

a p p r o p r ia te  r e a c t io n  te m p e r a tu r e  is  a t 5 5 0  ° c ,  in  w h ic h  b e n z e n e  c o n v e r s io n  a n d  

t o lu e n e  s e l e c t i v i t y  a re  c o m p r o m is e d .
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Figure 6.11 Benzene conversion and product selectivity at TOS of 40 min as a 
function of reaction temperature. Reaction conditions: red-Mo/HZSM-5(Mo/Al = 
0.5), 75%H2 co-feed, M/B ratio = 70, WHSV = 3.7 h '1.

6.4.6 Effect of Mo Loadinu
Figure 6.12 shows the effect of Mo loading on benzene conversion 

and product selectivity. Increasing Mo increases benzene conversion while toluene 
selectivity slightly increases. This result stresses a role of Mo in activating the 
reaction as a result of improving benzene conversion. Studies on the acid strength of 
this catalyst using TPD-NFfi revealed that adding more Mo decreases strong acid 
sites but increases weak acid sites, as illustrated in Figure 6.13. In the TPD-NH3 

profile, the first peak at lower temperature represents weak acid sites, while the peak 
at higher temperature is due to strong acid sites (Ouyang et ah, 2013). This suggests 
the preference of Mo in being associated with strong acid sites. Product selectivity 
appears to be related to acid strength of the catalyst, namely a lessening in strong 
acid sites slightly decreases heavy aromatics formation with slight increases in 
toluene formation.
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Figure 6.12 Benzene conversion and product selectivity at TOS of 40 min as a 
function of Mo loading. Reaction conditions: red-Mo/HZSM-5, T = 550 °c, 75%H2 

co-feed, M/B ratio = 70, WHSV = 3.7 If1.
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Figure 6.13 TPD-NH3 profiles of (a) HZSM-5, (b) Mo/HZSM-5 with Mo/AI : 0.1, 
(c) Mo/HZSM-5 with Mo/AI : 0.5, (d) Mo/HZSM-5 with Mo/AI : 1.0.
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6.4.7 Effect of Methane to Benzene Feed Molar Ratio
Based on Le Chatelier's principle, increasing the concentration of 

reactant could force the reaction forwards. This principle holds true in this case only 
at methane/benzene molar ratio of 20 and 70 as shown a Figure 6.14. Benzene 
conversion increases from 0.6% to 0.95% when increase the ratio from 20 to 70, 
while selectivity remains unchanged. However, at a ratio higher than 70, benzene 
conversion decreases and it appears to decrease with increasing amount of methane. 
Interestingly, toluene selectivity was improved when increasing the methane/benzene 
molar ratio. A decrease in benzene conversion is likely attributed to a lower 
concentration of benzene, thus lowering the probability of benzene coupling. Once 
benzene coupling had been suppressed by adding more methane, benzene 
méthylation became more significant, as toluene dominates in the reaction products 
particularly at the ratio of 142, in which toluene selectivity increases to 95%. 
Unfortunately, benzene conversion is still very low.

Methane to Benzene feed molar ratio

>
_à$a>CO

Figure 6.14 Benzene conversion and product selectivity at TOS of 40 min as a 
-function of methane to benzene feed molar ratio. Reaction conditions: red- 
Mo/HZSM-5 (Mo/Al : 0.7), T = 550 °c, 75%H2 co-feed, WHSV = 3.7 IT1.
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6.4.8 Effect ofWHSV
Figure 6.15 illustrates the effect of space velocity (WHSV) on 

benzene conversion and product selectivity. As expected, benzene conversion 
increases with decreasing weight hourly space velocity (WHSV). At low WHSV, 
reactants have more time to contact with the catalyst and, subsequently, perform the 
reaction. On the other hand, less contact time at high WHSV results in lower benzene 
conversion; however, toluene selectivity was slightly improved. It is implied that the 
benzene coupling reaction may require greater retention time to complete the 
reaction, W'hile methane activation may not require as much; the méthylation reaction 
of benzene with activated methane species requires much more time.

2 .5  3 .7  7 .4
WHSV ( h 1)

Figure 6.15 Benzene conversion and-product selectivity at TOS of 40 min as a 
function of WHSV. Reaction conditions: red-Mo/H7SM-5 (VhVAl : 0 7). T = 550 
๐c, 75%H2 co-feed, M/B ratio = 70.



107

6.5 Conclusion

Mo/HZSM-5 can activate the méthylation of benzene with methane, but this 
desired reaction significantly competes with the benzene coupling reaction, in which 
naphthalene is dominant. Metallic Mo is the most active form of Mo in HZSM-5 for 
the reaction, which can be obtained by reduction of Mo/HZSM-5 at high temperature 
under H2 atmosphere. However, metallic Mo is susceptible to the reaction conditions 
as it tends to be oxidized during the reaction. In addition to metallic Mo, Mo2C and 
MoOxCy species likely play a role for the reaction. Adding H2 cannot prevent 
oxidation of metallic Mo during the reaction; however, it can suppress naphthalene, 
other heavy aromatics, and coke formation with enhancing toluene selectivity, but 
benzene conversion significantly dropped with increasing H2. Reaction temperature 
has an influence on both benzene conversion and product selectivity. Mo/HZSM-5 
with higher Mo loading increases benzene conversion but just slightly improves 
toluene selectivity. Moreover, methane to benzene feed molar ratio and space 
velocity affect both benzene conversion and product selectivity.
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