
C H A P T E R  V
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

A g /H Z S M - 5  C A T A L Y S T

5.1  A b s tr a c t

M é t h y la t io n  o f  b e n z e n e  to  x y le n e s  u s in g  m e th a n e  a s  a n  a lk y la t in g  a g e n t  i s  a  

g o a l  o f  th is  w o r k .  A g /H Z S M - 5  c a ta ly s t  w a s  s e l e c t e d  to  b e  s tu d ie d  fo r  i t s  a c t iv i t y  o f  

t h is  r e a c t io n . C lu s t e r  s iz e  a n d  o x id a t io n  s ta te  o f  A g  s p e c i e s  p r e s e n t  in  A g /H Z S M - 5  

a re  p r o p o s e d  to  b e  th e  im p o r ta n t  p a r a m e t e r s  c o n t r o l l in g  th e  c a t a ly t ic  a c t iv ity .  
C a lc in a t io n  o f  A g /H Z S M - 5  u n d e r  d i f f e r e n t  e n v ir o n m e n t s  ( e .g . ,  1 0 0 %  N 2 , 5 % H 2/ N 2, 
a n d  1 0 0 % O 2) le d  to  d i f f e r e n t  A g  s p e c ie s  ( e .g . ,  A g +, A gm ° (3  <  m  <  5 ) ,  A g n6+ (2  <  ท <
4 ) )  in  A g /H Z S M - 5  c a ta ly s t s .  It w a s  f o u n d  th a t o n ly  c a t a ly s t  tr e a te d  b y  5 % H 2/ N 2 

p r o v id e s  A g n 5+ ( 2  < n < 4 )  a n d  c a n  c a t a ly z e  th e  r e a c t io n  to  y ie ld  x y le n e s  w ith  s o m e  

o f  t o lu e n e  a n d  C 9+  a r o m a t ic s .  O n  th e  o th e r  h a n d , c a t a ly s t s  c o n t a in in g  A g + o r  A g + 

a n d  A g m° s p e c i e s  a re  u n a b le  to  c a t a ly z e  th is  r e a c t io n . T h e r e f o r e ,  Agn's+ s p e c ie s  w e r e  

p r o p o s e d  to  b e  r e s p o n s ib le  fo r  th e  m é t h y la t io n  r e a c t io n  in to  x y le n e s .  H o w e v e r ,  th e  

s t a b i l i t y  o f  A g n6 u n d e r  th e  r e a c t io n  c o n d i t io n s  is  v e r y  p o o r , a s  e v id e n c e d  b y  th e  

r a p id  d r o p 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  y ie ld .  R e d u c t io n  o f  A g i,s+ in to  A g  

m e ta l  p a r t ic le  a n d  r e o x id a t io n  o f  A g ns+ in to  A g + s p e c ie s  in  A g /H Z S M - 5  c a ta ly s t  

d u r in g  th e  r e a c t io n  a re  p o s s ib ly  th e  m a in  c a u s e s  o f  c a t a ly s t  d e a c t iv a t io n .  M o r e o v e r ,  
a d d in g  H 2 in to  th e  f e e d  c a n  p r o lo n g  c a t a ly s t  l i f e  w ith  e n h a n c in g  th e  a c t iv it y .  T h e  

e f f e c t  o f  m e t h a n e  to  b e n z e n e  f e e d  r a tio  a n d  s p a c e . v e l o d t y  o n  c a ta ly s t  a c t iv i t y  a n d  

s t a b i l i t y  a re  a l s o  in v e s t ig a t e d .

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 ,  A g /H Z S M - 5 ,  U V - V i s  D R S ,  H 2-T P R
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5 .2  I n tr o d u c t io n

M é t h y la t io n  o f  b e n z e n e  w ith  m e t h a n e  in to  h ig h e r  v a lu a b le  p r o d u c t  ( e .g .  p -  
x y le n e )  is  v e r y  a t t r a c t iv e  d u e  to  a n  in c r e a s in g  p r ic e  o f  x y le n e  w ith  an  a b u n d a n c e  o f  

m e t h a n e .  D u e  to  th e  th e r m o d y n a m ic  l im i t a t io n ,  a c c o m p l i s h in g  t h is  r e a c t io n  w it h  

h ig h  / 7- x y le n e  o r  e v e n  t o lu e n e  y ie ld  is  q u ite  d i f f i c u l t .  N e v e r t h e l e s s ,  th e r e  a re  s o m e  

e f f o r t s  d e m o n s t r a t in g  th e  f e a s ib i l i t y  o f  th is  r e a c t io n  u s in g  m e t a l - d o p e d  z e o l i t e  

c a ta ly s t .  H e  a n d  c o - w o r k e r  ( H e  e t  a h , 1 9 9 5 )  r e p o r te d  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 it h  m e t h a n e  o v e r  C u /b e ta  a n d  C u /Z S M - 5  c a ta ly s t  a t h ig h  te m p e r a tu r e  a n d  

h ig h  p r e s s u r e  in  a  b a tc h  r e c to r , th e  r e a c t io n  y ie ld e d  t o lu e n e ,  x y le n e s ,  a n d  h e a v y  

a r o m a t ic s  a s  th e  r e a c t io n  p r o d u c ts . O th e r  w o r k s  a ls o  s h o w e d  th e  a b i l i t i e s  o f  

P t /H Z S M - 5  ( L u k y a n o v  e t a h , 2 0 0 9 )  a n d  A g /H Z S M - 5  ( B a b a ,  2 0 0 5 ;  B a b a  a n d  

S a w a d a .  2 0 0 2 ;  B a b a  e t  a h , 2 0 0 2 )  c a t a ly s t s  to  c a t a ly z e  th is  r e a c t io n  in to  t o lu e n e  a n d  

x y le n e s .  In a d d it io n ,  th e  m é th y la t io n  r e a c t io n  w a s  a ls o  t e s t e d  in  th e  p r e s e n c e  o f  

o x y g e n  b y  u s in g  M C M -4 1  a n d  o th e r  z e o l i t e s  a s  th e  c a ta ly s t  a n d  it w a s  s u g g e s t e d  th a t  

o x y g e n  is  e s s e n t ia l  to  p a r t ia lly  o x i d i z e  m e t h a n e  in to  m e t h a n o l ,  w h ic h  s u b s e q u e n t ly  

m e t h a y la t e s  b e n z e n e  (A d e b a j o  e t  a h , 2 0 0 0 ;  A d e b a j o ,  2 0 0 7 ;  A d e b a j o  e t  a h , 2 0 0 5 ;  

A d e b a j o  e t  a h , 2 0 0 0 ) .  H o w e v e r ,  C O  a n d  C O 2 c o u ld  s im u l t a n e o u s ly  o c c u r  d u e  to  

o x id a t io n  o f  m e t h a n e  (A d e b a j o ,  2 0 0 7 ;  B a b a  a n d  S a w a d a , 2 0 0 2 ) .
It is  w e l l  k n o w n  th at m e th a n e  h a s  r e la t iv e ly  l o w  a c t iv i t y  to  r e a c t  w ith  o th e r  

s u b s t a n c e s .  T h e r e f o r e ,  c o n v e r t in g  m e th a n e  to  m o r e  r e a c t iv e  s p e c ie s  is  s u g g e s t e d  in  

o r d e r  to  p e r fo r m  th e  r e a c t io n  o f  m e th a n e . M e t h a n e  c a n  b e  a c t iv a t e d  to  th e  fo r m  o f  

c a r b é n iu m  io n  ( C h l 3+) w h ic h  s h o u ld  b e  a b le  to  m e t h y la t e  b e n z e n e  th ro u g h -  

e le c t r o p h i l i c  s u b s t i t u t io n ,  a  m o s t  f e a s ib le  r e a c t io n  p a th w a y . It h a s  b e e n  r e p o r te d  th a t  

m e ta l  lo a d e d  H Z S M - 5  z e o l i t e s  a re  c a p a b le  o f  a c t iv a t in g  m e th a n e  in to  h ig h ly  

p o la r iz e d  C H 35+ a c t i v e  s p e c ie s  ( B a b a . 2 0 0 5 ;  B a b a  e t  a h . 2 0 0 3 ;  B a b a  e t  a h , 2 0 0 7 ;  

B a b a  e t  a h , 2 0 0 2 ) .  A m o n g  m e t a l - lo a d e d  H Z S M - 5 ,  A g /H Z S M - 5  s h o w s  th e  b e s t  

a c t iv i t y  fo r  m e t h a n e  a c t iv a t io n  a n d  is  u s e d  to  c a t a ly z e  th e  r e a c t io n  b e t w e e n  e t h y le n e  

a n d  m e th a n e  in to  p r o p y le n e  (B a b a  e t  a h . 2 0 0 7 ;  B a b a  a n d  S a w a d a ,  2 0 0 2 ) .  M o r e o v e r ,  
A g  lo a d e d  Y  z e o l i t e  i s  a ls o  a c t iv e  fo r  th is  r e a c t io n  (B a b a  e t  a h , 2 0 0 2 ) .  A g /H Z S M - 5  

w a s  a l s o  s tu d ie d  fo r  it s  a c t iv ity  fo r  th e  m é t h y la t io n  o f  b e n z e n e  w ith  m e t h a n e  (B a b a ,  
2 0 0 5 ;  B a b a  a n d  S a w a d a ,  2 0 0 2 ) ,  th e  l io n - o x i d a t i v e  m e th a n e  c o u p l in g  r e a c t io n  ( M ia o
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e t  a l . ,  2 0 0 4 ;  Y o s h id a  e t  a l . ,  2 0 0 3 ) ,  th e  p h o t o c a t a ly t ic  d e c o m p o s i t io n  r e a c t io n  o f  N 2O  

( M a t s u o k a  e t  a l . ,  2 0 0 3 )  a n d  th e  s e l e c t i v e  c a t a ly t ic  r e d u c t io n  r e a c t io n  ( S C R )  o f  N O  b y  

p r o p a n e  (S h ib a ta  e t  a h , 2 0 0 4 ;  S h ib a ta  e t  a l . ,  2 0 0 4 ) .  T h e  fo r m  o f  A g  in  A g /H Z S M - 5  

a n d  in  A g /Y  w a s  fu r th e r  in v e s t ig a t e d  to  id e n t i f y  w h a t  A g  s p e c i e s  is  th e  a c t i v e  s p e c ie s  

fo r  e a c h  r e a c t io n . A g + c a t io n  w a s  p r o p o s e d  a s  a n  a c t iv e  s p e c i e s  fo r  th e  n o n - o x id a t iv e  

m e t h a n e  c o u p l in g  r e a c t io n  ( M ia o  e t  a h , 2 0 0 4 ) ,  th e  p h o t o c a t a ly t ic  d e c o m p o s i t i o n  

r e a c t io n  o f  N 2O  (M a t s u o k a  e t  a h , 2 0 0 3 )  a n d  th e  s e l e c t i v e  r e d u c t io n  o f  N O  to  N 2 

( S h i m iz u  e t a h , 2 0 0 1 ) .  O n  th e  o th e r  h a n d , s i lv e r  c a t io n ic  c lu s te r  ( A g ns+) w a s  

r e s p o n s ib le  fo r  th e  m é t h y la t io n  o f  e t h y le n e  w i t h  m e th a n e  ( B a b a  e t  a h , 2 0 0 7 )  a n d  th e  

s e l e c t i v e  c a ta ly t ic  r e d u c t io n  r e a c t io n  ( S C R )  o f  N O  b y  p r o p a n e  (S h ib a ta  e t  a h , 2 0 0 4 ;  

S h ib a t a  e t  a h , 2 0 0 4 ) .  M e t a l l i c  s i lv e r  c lu s t e r s  ( A g m°) a r e  r e s p o n s ib le  fo r  th e  

h y d r o c a r b o n  c o m b u s t io n  a n d  N 2O  fo r m a t io n  in  S C R  o f  N O  b y  ฑ- h e x a n e  o n  

A g / A l 20 3 ( S h im iz u  e t  a h , 2 0 0 1  ).
B y  u s in g  a n  i o n - e x c h a n g e  t e c h n iq u e ,  A g  in  A g /H Z S M - 5  is  m o r e  l ik e ly  to  b e  

in  th e  A g + c a t io n  fo r m . H o w e v e r ,  th is  fo r m  is  ra th er  s u s c e p t ib le  to  c h a n g e  

d e p e n d in g  o n  e n v ir o n m e n t a l  c o n d i t io n s .  A g + c a t io n s  in  z e o l i t e  a re  e a s i ly  r e d u c e d  b y  

h y d r o g e n  u n d e r  th e r m a l  c o n d i t io n s  in to  m e t a l l i c  A g °  a n d  a c id ic  p r o to n  ( B e y e r ,  1 9 7 6 ;  

T s u t s u m i ,  1 9 7 2 ;  R ie k e r t ,  1 9 6 9 ;  L in s  e t  a h , 2 0 0 4 ) ,  a s  s h o w n  b e lo w :

Z O ‘A g + +  ^ H 2 - 4  A g °  +  Z O -H  (5 .1  )

w h e r e  Z O ' is  th e  n e g a t iv e  fr a m e w o r k  c h a r g e  o f  th e  z e o l i t e  a n d  Z O -H  is  a  B r ô n s te d  

a c id  s i t e .

M e t a l l i c  A g °  c a n  fu r th e r  c o m b in e  w ith  A g + c a t io n  to  fo r m  A g n + c a t io n ic  c lu s t e r  a s  

s h o w n  in  E q . ( 5 .2 )  a n d  A g n + c a t io n ic  c lu s te r  c a n  a ls o  r e a c t  w it h  h y d r o g e n  to  fo r m  

s i l v e r  h y d r id e  ( A g - H )  a n d  a c id ic  p r o to n s , c o r r e s p o n d in g  to  E q . ( 5 .3 )  h e t e r o ly t ic  

c l e a v a g e  o f  H 2 o r  c a n  b e  fu r th e r  r e d u c e d  in to  m e t a l l i c  A g m ° c lu s te r . H o w e v e r ,  th e  

r e d u c e d  A g  m e ta l ,  A g n + c a t io n ic  c lu s te r ,  a n d  s i l v e r  h y d r id e , w h ic h  a re  th e  p r o d u c ts  

fr o m  th e  r e a c t io n  ( 5 .1 )  - ( 5 .3 )  r e s p e c t iv e ly ,  c a n  a ls o  b e  r e v e r s ib ly  c o n v e r t e d  in to  

c h a r g e - b a la n c in g  A g + c a t io n s  b y  r e a c t in g  w i t h  n e a r b y  a c id ic  p r o to n s .  T h i s  r e v e r s e d
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Z O ' A g + +  (ท-1 ) A g °  - »  z o  A g n + (5.2)

Z O 'A g n + +  H 2 ->  A g n -H  +  Z O -H  ( 5 .3 )

D u e  to  th e  e x i s t e n c e  o f  o n ly  a  f e w  w o r k s  d e m o n s tr a t in g  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 it h  m e th a n e  o v e r - A g / H Z S M - 5  c a ta ly s t ,  in  th e  p r e s e n t  w o r k ,  
t h is  A g /H Z S M - 5  c a t a ly s t  is  s e l e c t e d  to  b e  s t u d ie d  fo r  th is  r e a c t io n . T h e  d i f f e r e n t  A g  

s p e c i e s  in  A g /H Z S M - 5  w e r e  p r e p a r e d  b y  c a l c i n i n g  A g N Û 3 lo a d e d  H Z S M - 5  u n d e r  

d i f f e r e n t  a t m o s p h e r e s  ( i . e . ,  N ? . H 2/ N 2 a n d  0 2). a s  r e p o r te d  b y  Y u v a r a j  e t a l .  (Y u v a r a j ,
2 0 0 3 ) .  L in k a g e  b e t w e e n  A g  s p e c ie s  in  A g /H Z S M - 5  c a ta ly s t  a n d  th e  c a t a ly t ic  a c t iv it y  

a re d i s c u s s e d .  M o r e o v e r ,  th e  e f f e c t  o f  r e a c t io n  p a r a m e te r s , s u c h  a s  a m o u n t  o f  H 2 c o ­
f e e d ,  m e t h a n e  to  b e n z e n e  m o la r  r a t io , a n d  s p a c e  v e lo c i t y ,  w e r e  a ls o  s tu d ie d  t o  a s s e s s  

th e  c a t a ly t ic  p e r fo r m a n c e  a s  w e l l  a s  th e  s ta b i l i ty  o f  th e  c a ta ly s t .

5 .3  E x p e r im e n ta l

5 .3 .1  C a ta ly s t  P r e p a r a t io n
T h e  N H 4Z S M - 5  f S i / A l :  2 3 )  w a s  p u r c h a se d  fr o m  T o s o h  C o r p o r a t io n .  

T o  o b t a in  H Z S M - 5 ,  N H 4Z S M - 5  w a s  c a lc in e d  a t 5 5 0  °c fo r  7  h  in  a m u f f le  fu r n a c e .  
S u b s e q u e n t ly ,  A g  lo a d e d  H Z S M - 5  w a s  p r e p a r e d  b y  u s in g  a  c o n v e n t io n a l  l iq u id  io n -  

e x c h a n g e  t e c h n iq u e  ( L i ,  1 9 9 7 ) .  S i lv e r  n itr a te  ( A g N C b )  p u r c h a s e d  fr o m  M e r c k  w a s  

u s e d  to  p r e p a r e  th e  A g  p r e c u r s o r  s o lu t io n .  C a lc u la t e d  a m o u n ts  o f  H Z S M - 5  a n d  A g  

s o lu t i o n  w e r e  m ix e d  a n d  c o n t in u o u s ly  s tir red  fo r  1 2  h u n d e r  a m b ie n t  c o n d i t io n s .  
A f t e r  th a t , A g /H Z S M - 5  w a s  s e p a r a te d  fr o m  th e  m ix tu r e  b y  v a c u u m  f i lt r a t io n  a n d  

th e n  w a s h e d  w it h  d e io n iz e d  w a te r  u n til  th e  r in s e  w a te r  h a d  z e r o  c o n d u c t iv i t y .  
W a s h e d  A g /H Z S M - 5  w a s  d r ie d  a t 1 2 0  °c fo r  12 h in  an  o v e n .  T o  c r e a te  th e  d i f f e r e n t  

A g  s p e c i e s  in  A g /H Z S M - 5 ,  th e  c a ta ly s t  w a s  c a lc in e d  at 3 5 0  ๐c  u n d e r  d i f f e r e n t  

e n v ir o n m e n t s ,  w h ic h  a re  in  1 0 0 % N 2, 5 % H 2/ N 2, a n d  1 0 0 % O 2, in s id e  a  r e a c to r .

reaction is the so-called “reversible interconversion” (Ausavasukhi et al., 2008; Baba
et al., 2002).
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A g /H Z S M - 5 ( N ) ,  A g /H Z S M - 5 ( H ) ,  A g / H Z S M - 5 ( 0 )  c a ta ly s t s  a re  d e s ig n a t e d  fo r  th e  

c a t a ly s t s  o b ta in e d  fr o m  c a lc in a t io n  u n d e r  N 2 , H 2/ N 2 , a n d  O 2 , r e s p e c t iv e ly .

5 .3 .2  C a ta ly s t  C h a r a c te r iz a t io n
P o w d e r  X - r a y  d i f f r a c t io n  ( X R D ) ;  X ’P e r t P ro  M P D  P W 3 0 4 0 /6 0  u s in g  

C u  K a  r a d ia t io n , w a s  u t i l i z e d  to  c h e c k  th e  c r y s t a l l in i t y  o f  Z S M - 5  a n d  th e  s ta b le  

p h a s e  o f  A g .  T h e  d if fr a c tr o g r a m  o f  th e  c a ta ly s t  s a m p le  w a s  r e c o r d e d  fo r  2 9  in  th e  

r a n g e  o f  5 - 6 5 °  w ith  a  s c a n n in g  s p e e d  o f  5 °  m in " 1. X - r a y  f lu o r e s c e n c e  (X R F ) ;  A X I O S  

P W 4 4 0 0 ,  w a s  a p p lie d  fo r  e le m e n ta l  a n a ly s i s  o f  c a t a ly s t  s a m p le s .  U V - V i s  d i f f u s e  

r e f le c t a n c e  s p e c t r o s c o p y  ( U V - V i s  D R S ) ;  S H I M A D Z U  U V - 2 5 5 0 .  w a s  e m p lo y e d  fo r  

in v e s t ig a t in g  th e  fo r m  o f  A g  in  th e  A g /H Z S M - 5  c a ta ly s t  w ith  u s in g  H Z S M - 5  a s  a 

r e fe r e n c e .  T h e  sp e c tr a  w e r e  r e c o r d e d  in  a b s o r b a n c e  m o d e  fr o m  th e  w a v e le n g t h  o f  

6 0 0  n m  to  2 0 0  n m . 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 );  T h e r m o F in n ig a n  

T P D R O  1 1 0 0  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 te r m in in g  th e  r e d u c t io n  

te m p e r a tu r e  o f  i s o la t e d  A g  c a t io n s  a s  w e l l  a s  th a t  o f  A g ns+ c a t io n ic  c lu s t e r s  v ia  th e  

F L -T P R  p r o f d e .  T P R  o f  th e  s a m p le  w a s  p r o g r a m m e d  fr o m  5 0  ๐c  to  7 5 0  ° c  w i t h  a 

ra m p  r a te  o f  1 0 ° c / m i n  u n d e r  a f l o w  o f  4 .9 5 %  บ 2 in  N 2 ( 3 0  m l /m in )  a n d  th e  T C D  

s ig n a l  v e r s u s  s a m p le  te m p e r a tu r e  w a s  r e c o r d e d . N 2 a d s o r p t io n - d e s o r p t io n ;  A  

Q u a n ta c h r o m e  A u t o s o r b - 1M P  in s tr u m e n t , w a s  u t i l i z e d  to  m e a s u r e  th e  s u r f a c e  a rea  

a n d  th e  p o r e  p r o p e r t ie s  o f  c a ta ly s t  s a m p le s .  S u r f a c e  a r e a  w a s  c a lc u la t e d  b y  th e  B E T  

m e t h o d ,  w h i l e  p o r e  p r o p e r t ie s  w e r e  d e te r m in e d  b y  th e  N o n - L o c a l  D e n s i t y  F u n c t io n a l  

T h e o r y  ( N L D F T )  m o d e l .  F ie ld  e m i s s i o n  s c a n n in g  e l e c t r o n  m ic r o s c o p y  ( F E - S E M ) ;  A  

H ita c h i ร - 4 8 0 0  in s tr u m e n t , w a s  u s e d  to  in v e s t ig a t e  th e  m o r p h o lo g y  a n d  e s t im a t e  th e  

p a r t ic le  s i z e  o f  th e  c a t a ly s t  s a m p le s .  M o r e o v e r ,  th e  e l e m e n t s  lo c a t e d  o n  th e  s u r f a c e  o f  

c a ta ly s t  s a m p le s  w e r e  a l s o  d e te c te d  b y  e n e r g y  d i s p e r s iv e  X -r a y  s p e c t r o s c o p y  ( E D X ) ,  
e q u ip p e d  w i t h  th is  F E - S E M .

5 .3 .3  C a ta ly t ic  A c t iv i t y  T e s t in g
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 t h a n e  w a s  c a r r ie d  o u t  in  a  f i x 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 te r  an d  4 0  c m  le n g t h ) ,  u n d e r  

n o n - o x id iz in g  c o n d i t io n s  at a tm 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  t u b e  r e a c to r  at th e  m id d le  o f  th e  r e a c to r  w i t h  b o u n d in g  at e a c h  s id e  ( to p  a n d
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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  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  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 t a ly s t  w a s  h e a te d  ( 1 0 ° c / m i n )  to  1 2 0 ° 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 .  S u b s e q u e n t ly ,  it w a s  

c a lc in e d  a t 3 5 0  ๐c  fo r  3 0  m in  u n d e r  d i f f e r e n t  a t m o s p h e r e s ,  a n d  th e n  f lu s h e d  w i t h  N 2 . 
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  l iq u id  b e n z e n e  in to  a  v a p o r iz e r  

o p e r a te d  a t 4 0  ๐c .  S a tu r a te d  b e n z e n e  a t 4 0  °c w a s  th e n  c a rr ied  b y  N 2 in to  a  m ix e r ,  
w h e r e  b e n z e n e ,  m e th a n e  a n d  n it r o g e n  c a r r ie r  w e r e  m ix e d  p r io r  to  f e e d in g  to  th e  

r e a c to r . T h e  f e e d  s tr e a m  w a s  f ir s t  c h e c k e d  b y  o n l in e - G C  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  t h 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  b y  G C  ( A g i le 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 te c to r  ( F I D ) ,  
a n d  w i t h  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 i t 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 ) .  T h e  f ir s t  d a ta  p o in t  w a s  c o l l e c t e d  at a T O S  o f  

1 0  m in  a n d  e v e r y  3 0  m in .

5 .4  R e s u lt s  a n d  D is c u s s io n

5 .4 .1  C a ta ly s t  C h a r a c te r iz a t io n
T h e  X R D  s p e c tr a  o f  H Z S M - 5  a n d  A g /H Z S M - 5  a s  i l lu s tr a t e d  in  F ig u r e

5 .1  c le a r ly  s h o w  th at th e  s tr u c tu r e  o f  Z S M - 5  is  c o n s e r v e d ,  b u t th e  p e a k s  o f  e i th e r  

m e t a l l i c  s i l v e r  ( 2 0  =  3 0 ° ,  4 4 °  a n d  6 4 .5 ° )  o r  s i lv e r  o x i d e  ( 2 0  =  3 3 °  a n d  3 8 ° )  c r y s ta ls  

( W a n g  e t  a h , 2 0 1 2 )  c a n n o t  b e  o b s e r v e d ,  s u g g e s t in g  th a t s i lv e r  is  p o s s i b l y  p r e s e n t  in  

A g /H Z S M - 5  a s  a _ ch a rg e  b a la n c in g  s p e c ie s  ( i . e . ,  A g +) o r  a  sm a ll  c r y s t a l l i t e s  w it h o u t  

s ig n i f ic a n t  lo n g  r a n g e  o r d e r . T h e  A g /H Z S M - 5  is  in  th e  h e x a g o n a l  s h a p e  a s  p o r tr a y e d  

in  F ig u r e  5 .2  (L e f t ) .  E D X  m a p p in g  o f  A g  c o n f ir m s  th e  p r e s e n c e  o f  w e l l  d i s p e r s e d  A g  

o n  th e  c a t a ly s t  s u r fa c e  a s  s h o w n  in  F ig u r e  5 .2  ( R ig h t ) .  T h e  c h e m ic a l  c o m p o s i t io n ,  
s u r f a c e  a r e a , a n d  p o r e  c h a r a c t e r is t ic s  o f  c a t a ly s t  a n d  H Z S M - 5  s u p p o r t  a re  

s u m m a r iz e d  in  T a b le  5 . 1 .  A f t e r  a d d in g  A g ,  A g / l I Z S M - 5  c a ta l> s i  s t i l l  m a in ta in s  h ig h  

s u r f a c e  a r e a  a n d  p o r e  p r o p e r t ie s  o f  H Z S M - 5 ,  in d ic a t in g  th a t th is  A g  lo a d in g  p r o c e s s  

d o e s  n o t  d e s t r o y  th e  g e o m e t r ic  p r o p e r t ie s  o f  H Z S M - 5 .  S in c e  th e  p o r e  d ia m e te r  o f  th is  

c a t a ly s t  is  0 . 6 1 4  n m , th is  c a t a ly s t  is  e x p e c t e d  to  b e  m o r e  s e l e c t i v e  to w a r d  p - x y l e n e s
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th a n  o th e r  i s o m e r s ,  b e c a u s e  th e  m o le c u la r  s i z e  o f  / 7- x y le n e  is  - 0 . 5 8  n m  a n d  th a t o f  /77- 

x y le n e  a n d  o - x y l e n e  a re  - 0 . 6 8  n m  ( J e s s ic a  O ’B r ie n -A b r a h a m , 2 0 1 0 ) .

F i g u r e  5 .1  C o m p a r a t iv e  X -r a y  d i f f r a c t io n  p a tte r n s  o f  H Z S M - 5  a n d  A g /H Z S M - 5 .

Ag Lai

F i g u r e  5 .2  ( L e f t )  F E - S E M  im a g e  o f  A g /H Z S M - 5 ,  ( R ig h t )  its  c o r r e s p o n d in g  E D X  

m a p p in g  o f  A g  e le m e n t .
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T a b l e  5 .1  C h e m ic a l  c o m p o s i t io n ,  s u r f a c e  a r e a , a n d  p o r e  p r o p e r t ie s  o f  c a t a ly s t  

s a m p le s .

C a ta ly st S i /A la A g /A F % A g
(w t% )

B E T  
su rface  

area (m 2/g )

P ercen ta g e  o f  
m icro p o reb 

(v o l% )

Pore
diam eter*1

( A )
H -Z S M -5 23 - - 3 3 2 .3 0 -  100% 6 .1 4
A g /H Z S M -5 23 0 .3 5 2 .4 9 3 1 7 .3 0 99% 6 .1 4

a A n a ly z e d  by u s in g  X R F ,b D eter m in ed  by N L D F T  m eth od

U V - V i s  D R S  s p e c tr a  o f  A g /H Z S M - 5  c a lc in e d  u n d e r  d i f f e r e n t  

a t m o s p h e r e s  a re  i l lu s tr a te d  in  F ig u r e  5 .3 .  F ir s t .  A g /F I Z S M - 5 ( N )  w a s  c a l c i n e d  u n d e r  a  

f l o w  o f  พ 2 - T h i s  c a ta ly s t  s h o w s  t w o  m a jo r  u v  a b s o r p t io n  b a n d s . T h e  f ir s t  b a n d  a t a 

w a v e le n g t h  s h o r te r  th a n  2 5 0  n m  is  c o m m o n ly  a s s ig n e d  to  th e  p r e s e n c e  o f  A g '  c a t io n  

in  A g /H Z S M - 5  ( M a t s u o k a  e t  a h , 2 0 0 3 ;  M ia o  e t  a h , 2 0 0 4 ) .  T h is  a b s o r p t io n  b a n d  w a s  

d e s c r ib e d  b y  th e  e le c t r o n ic  e x c i t a t io n  o f  A g f fr o m  d 10 to  d V  u n d e r  u v  ir r a d ia t io n  

( A g +( [ K r ] 4 d 10) 'h A g +* ([K r ]4 d 95 s ' ) )  (M a t s u o k a ,  e t  a h , 2 0 0 5 ;  S h ib a ta  e t  a h , 2 0 0 4 ;  

S h ib a ta  e t  a h , 2 0 0 4 ;  Y o s h id a  e t  a h , 2 0 0 3 ) .  T h e  s e c o n d  p e a k  c e n te r e d  a t a r o u n d  3 1 0  

n m  is  a s s ig n e d  to  m e t a l l i c  A gm  c lu s t e r  (3  <  m  <  5 )  ( M ia o  e t  a h , 2 0 0 4 ;  S h ib a ta  e t  a h ,  
2 0 0 4 ;  S h ib a ta  e t  a h , 2 0 0 4 ) .  T h e  e x i s t e n c e  o f  A g + s p e c ie s  c a n  a ls o  b e  c o n f ir m e d  b y  

th e  H 2 -T P R  r e s u lt  in  F ig u r e  5 .4  fo r  A g /F 1 Z S M - 5 ( N ) .  T h e  f ir s t  p e a k  a t a r o u n d  1 0 0  ๐c  

is  a ttr ib u te d  t o  th e  r e d u c t io n  o f  i s o la t e d  A g  c a t io n s  ( A g +) ( A u s a v a s u k h i  e t  a h , 2 0 0 8 ;  

S h ib a ta  et a h , 2 0 0 4 ) ,  w h i le  th e  s e c o n d  p e a k  a t a r o u n d  2 0 0  ° c  is  m o r e  l ik e l y  to  b e  A g  

c a t io n  ( A g +)  i n s id e  th e  p o r e  c h a n n e l ,  w h ic h  is  r e d u c e d  at r e la t iv e ly  h ig h e r  

te m p e r a tu r e . T h is  is  a  g o o d  e v i d e n c e  fo r  th e  p r e s e n c e  o f  A g + a fte r  c a lc in a t io n .  S in c e  

A g  c a n  s u b s e q u e n t ly  tr a n s fo r m , a la r g e  b r o a d  p e a k  a t h ig h  te m p e r a tu r e  w a s  

o b s e r v e d .  T h is  p e a k  c a n  b e  d e s c r ib e d  b y  E q . ( 5 .4 )  ( B a b a ,  2 0 0 5 ;  B a b a  e t  a h , 2 0 0 2 ;  

L in s  e t  a h , 2 0 0 4 ) ,  w h ic h  is  th e  r e d u c t io n  o f  A g n + c a t io n ic  c lu s te r .  A g a in ,  a  

c o m b in a t io n  b e t w e e n '  A g °  (a  p r o d u c t  fr o m  th e  f ir s t  r e d u c t io n )  a n d  a  n e a r b y  

r e m a in in g  A g +, a c c o r d in g  to  E q . ( 5 .2 )  ( A u s a v a s u k h i  e t  a h , 2 0 0 8 ;  S h ib a ta  e t  a h ,
2 0 0 4 ) ,  le a d s  to  th e  fo r m a t io n  o f  a  A g n + c a t io n ic  c lu s te r  w h ic h  is  r e d u c e d  at h ig h e r
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te m p e r a tu r e  c o m p a r e d  to  th e  A g + c a t io n  fo r m . T h e r e f o r e ,  f o l l o w i n g  c a lc in a t io n  u n d e r  

N 2 f l o w ,  A g + a n d  A g m° c lu s te r  (3  <  m  <  5 )  s p e c ie s  a re  l ik e ly  to  d o m in a t e  in  

A g /H Z S M - 5 ( N )  c a t a ly s t .

Z O 'A g n + +  ^ บ 2 - *  A g n °  +  Z O -H  ( 5 .4 )

F o r  th e  s a m p le  tr e a te d  b y  M2 , A g /H Z S M - 5 ( H )  w a s  tr e a te d  u n d e r  f l o w  o f  5 % H 2 in  N 2 

a n d  it s  U V - V i s  D R S  s p e c tr u m  is  s h o w n  in  F ig u r e  5 .3 .  T he s p e c tr u m  i l lu s t r a t e s  th e  

p e a k s  o f  A g +, m e t a l l i c  A gn , c lu s t e r  (3  <  m  <  5 )  a n d , in t e r e s t in g ly ,  A g ns+ c a t io n ic  

-  c lu s t e r  ( 2  <  ท <  4 )  w h ic h  a p p e a r s  a t a r o u n d  2 6 0  n m  a n d  2 8 5  n m  (S h ib a ta  e t  a h , 2 0 0 4 ;  

S h ib a ta  e t  a h , 2 0 0 4 ;  S h im iz u  e t  a h , 2 0 0 7 ) .  I d e n t i f ic a t io n  o f  A g n6+ c a t io n ic  c lu s te r  

s p e c ie s  u s in g  U V - V i s  D R S  a p p r o a c h  h a s  b e e n  w id e ly  s t u d ie d  b y  m a n y  r e s e a r c h  

g r o u p s  ( M ia o  e t a h , 2 0 0 4 ;  S a to  e t  a h ,  2 0 0 3 ;  S h ib a ta  e t  a h , 2 0 0 4 ;  S h ib a ta  e t  a h , 2 0 0 4 ;  

S h im iz u  e t  a h , 2 0 0 7 ) .  S a to  e t  a l. a s s ig n e d  th e  b a n d s  in  th e  r a n g e s  o f  2 3 8 - 2 7 2  a n d  

2 7 5 - 3 2 6  n m  to  A g , /5+ c a t io n ic  c lu s t e r  (2  <  ท <  4 )  a n d  m e t a l l i c  A g ,11 c lu s te r s  (3  <  m  <
5 ) ,  r e s p e c t iv e ly  ( S a t o  e t  a h , 2 0 0 3 ) .  S h ib a ta  e t  a l. s tu d ie d  th e  H 2 t r e a tm e n t  o f  

A g /H Z S M - 5  a n d  p r o p o s e d  th e  b a n d s  a t 2 6 0  a n d  2 8 5  n m  a re  d u e  to  th e  A g ,1s+ c a t io n ic  

c lu s t e r s  ( 2  <  ท <  4 ) ,  a n d  a s s ig n e d  th e  b a n d  at 2 5 0  a n d  3 1 2  n m  to  m e t a l l i c  A g m 

c lu s t e r s  (3  <  m  <  5 )  (S h ib a ta  e t  a h ,  2 0 0 4 ) .  M ia o  e t  a l. p r o p o s e d  th e  b a n d  a t 2 8 2  n m  

a n d  3 2 2  n m  to  th e  A g n0+ c a t io n ic  c lu s t e r  a fte r  s t u d y in g  FU tr e a tm e n t  o f  A g /H Z S M - 5  

at 2 0 0  °c ( M ia o  e t  a h , 2 0 0 4 ) .  T h e  U V - V i s  D R S  is  in  g o o d  a g r e e m e n t  w i t h  th e  H 2- 

T P R  p r o f i l e  d e p ic t e d  in  F ig u r e  5 .4  fo r  A g /H Z S M -5 (F 1 )  c a ta ly s t .  A  s m a ll  p e a k  le f t  at 

l o w  te m p e r a tu r e  in d ic a t e s  th at a  s m a ll  fr a c t io n  o f  A g + r e m a in s  u n r e d u c e d  a fte r  

c a lc in a t io n  u n d e r  H 2/ N 2 . A s  m o s t  A g + s p e c ie s  a re  r e d u c e d  a n d  t r a n s fo r m e d  in to  

A g n0+ c a t io n ic  c lu s t e r ,  th e  p r o m in e n t  r e d u c t io n  p e a k  o f  A g n <s+ c a t io n ic  c lu s t e r s  w a s  

o b s e r v e d  in  A g /H Z S M - 5 ( H ) ,  a s  c le a r ly  s e e n  b y  th e  b r o a d  p e a k  c e n te r e d  at a r o u n d  

5 5 0  °c. N e v e r t h e l e s s ,  n o t  o n ly  w a s  A g „ s+ a  r e s u lt in g  A g  s p e c ie s  a fte r  r e d u c t io n  

u n d e r  H 2/ N 2 , b u t a ls o  a  m e t a l l ic  A g n , c lu s te r  s p e c i e s  w a s  id e n t i f ie d ,  a s  s h o w n  b y  th e  

U V - V i s  D R S  s p e c tr u m .
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F ig u r e  5 .3  N o r m a l i z e d  U V - V i s  D R S  sp e c tr a  o f  A g /H Z S M - 5  c a t a ly s t s  c a l c in e d  

u n d e r  d i f f e r e n t  a t m o s p h e r e s .

F ig u r e  5 .4  H 2 - T P R  p r o f i l e s  o f  A g /H Z S M - 5  c a t a ly s t s  c a lc in e d  u n d e r  d if f e r e n t  

a tm o s p h e r e s .
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For the Ag/HZSM-5(0) which was calcined under flow of O2 at 550 
๐c, the UV-Vis DRS spectra for Ag/HZSM-5(0) clearly illustrates that Ag/HZSM- 
5(0) catalyst contains only Ag+ cation, as it can be observed only a strong absorption 
band at wavelengths shorter than 250 nm (Figure 5.3). This result is in good 
agreement with the H2 -TPR result (Figure 5.4) of Ag/MZSM-5(0), in which the 
reduction of Ag+ cation was observed. This confirms the existence of Ag+ cation at 
the initial state. Therefore, it is most likely that silver in Ag/FlZSM-5(0) are all in the 
form of Ag+ cation associated with Bronsted sites. Comparing the TPR profiles of all 
the catalysts in Figure 5.4, it was found that the reduction temperatures of Agn6+ 
cationic cluster in each catalyst are different. Agn5+ cationic cluster was reduced at 
490 ๐c , 570 °c, and 670 °c in Ag/HZSM-5(H), Ag/HZSM-5(N), and Ag/HZSM- 
5(0) respectively. This implies differences in the size of Agn5+ cationic cluster in 
each catalyst. Ag/F1ZSM-5(H) seems to provide the largest Ag„0+ cationic cluster, 
while Ag/HZSM-5(0) gives the smallest size, and the size of AgnlS* cationic cluster 
in Ag/HZSM-5(N) is in between these two. Furthermore, the distribution of Agn8+ 
cationic cluster size in Ag/P1ZSM-5(H) and Ag/HZSM-5(0) catalysts was narrower 
than that in Ag/HZSM-5(N), as evidenced by a narrower peak.

5.4.2 Catalytic Activity Testing and Deactivation Investiuation
The cationic Ag in Ag/HZSM-5 was expected to be the active species 

that can catalyze this méthylation via first converting methane into polarized 
methoxy speices (CH35+) (Baba, 2005; Baba et al., 2007; Baba and Sawada. 2002; 
Baba et ah, 2002). Ag species present in Ag/HZSM-5 can be transformed if the 
treatment or reaction conditions are changed (Yuvaraj, 2003). In this work. 
Ag/HZSM-5 catalysts containing different Ag species were investigated to find their 
ability to catalyze the direct méthylation reaction. The reaction was performed at 350 
°c, methane to benzene molar ratio of 72, and WHSV of 2.80 h '1. The benzene 
conversion and product selectivity were collected at time on stream of 1 0  min and 
the results are tabulated in Table 5.2. It is obvious that only Ag/HZSM-5(FI) can 
catalyze the reaction between benzene and methane into the xylenes. HZSM-5 and 
Ag/H-ZSM-5(N) can also activate the reaction but they mainly contributed to the 
formation of heavy aromatic instead of xylenes. Ag/HZSM-5(0) was not able to
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catalyze any reactions. The formation of C9 + aromatic over HZSM-5 might be 
activated by acidic protons, where the cracking of benzene takes place (Kennedy et 
ah, 1994). As discussed earlier, Ag/HZSM-5(H) is the only catalyst containing Agn0+ 
cationic cluster and is the only one able to generate xylenes. Therefore, Agns+ 
cationic cluster species are believed to be the most active and selective species for 
the methylaton of benzene to xylenes. In contrast. Agm cluster and Ag+ cation species 
are not selective for this reaction, especially Ag+ cation in Ag/HZSM-5(0) that 
cannot induce any reactions at these conditions. Baba et. al. have proposed the 
dissociation of methane over Agn+ cationic cluster in zeolite as shown in the reaction 
below (Baba et ah, 2002):

z o  Agn+ + CH4 -> Agn-H + Z0 5"CH35+ - (5.5)

The heterolytic dissociation of CII4 allows the formation of silver hydride and a 
highly polarized methoxy group (CH35+). The mechanism was believed to occur by 
methane being primarily converted into highly polarized methoxy group (CH35+) 
species over Ag„s+ sites, which then react with the benzene to form the methylated 
products like toluene and xylenes through electrophilic substitution pathway (Baba,
2005). In the case of xylenes formation, besides the méthylation reaction route, 
toluene disproportionation could also be possible, as the Brônsted acid sites can 
promote this reaction (Bhaskar et ah, 1990). Moreover, toluene disproportionation is 
thermodynamically more favored than toluene méthylation for xylenes formation as 
discussed in Chapter. III. Xylenes formed over Ag/HZSM-5(H) occupied around a 
third of the product distribution (36.2 mol%), with /?7-xylene as a dominant xylene 
isomer. This is corresponding to the thermodynamics basis that /77-xylene is the most 
favorable isomer (Perego et ah, 2009). Although Ag/HZSM-5(H) can catalyze the 
reaction to the desired product, the benzene conversion and selectivity were still very 
low. Furthermore, its stability was poor, as there was no any product observed at 
TOS longer than 30 min. Therefore, a deactivation study of the catalyst was 
conducted.
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T a b le  5 . 2  Benzene conversion and product selectivity3

Catalyst H-ZSM-5 Ag/HZSM-5(N) Ag/HZSM-5(H) Ag/HZSM-5(0)
Conversion (mol%)
Benzene 0.63 0.93 0.18 0

Product distribution (mol%)
Toluene 0  - 7.59 32.34 -
p-Xylene 0 0 13.78 -

m-Xylene 0 0 22.44 -
O-Xylene 0 0 0 -
C9Aromatic+ 1 0 0 92.41 31.43 -
Xylenes fraction (%)
p-Xylene - - 38.04 -
m-Xylene - - 6F.96 -
o-Xylene - - 0 -

3 reaction temperature: 350 °c , pressure: 1 atm, methane to benzene molar ratio: 72, 
WHSV: 2.80 IT1, TOS: 10 min.

Figure 5.5 (Top) shows the UV-Vis DRS spectra of fresh- and spcnt- 
Ag/HZSM-5(N) catalysts. It is clearly observed that the absorption peak intensity of 
metallic Agm cluster at around 310 nm decreases after the reaction, while the 
intensities of the absorption band of isolated Ag-catio7is (200-250 nm) and of the 
band of metallic Ag particle (>350 nm) increase. Therefore, it is possible that 
metallic Agm cluster is partially oxidized into Ag+ cations according to the reversible 
interconversion reaction described in Eq. (5.1) and. also, agglomerated with nearby 
Agm cluster to form larger Ag particles (Miao et ah, 2004; Shibata et ah, 2004; 
Shibata et ah, 2004). Figure 5.5 (Middle) depicts the UV-Vis DRS spectra of fresh- 
and spent-Ag/HZSM-5(FI) catalysts. After the reaction, the intensities of bands 
corresponding to Ag+ cations (200-250 nm), metallic Agm cluster (310 nm), and Ag 
particle (>350 nm) increase, while, the intensity of Ag„6+ cationic cluster (2 < ท < 4)
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at 260 ททไ and 285 nm decrease. Therefore, it was discovered that the deactivation of 
this active catalyst is presumably caused by the transformation of Agn0+ cationic 
cluster into the less or non-reactive Ag forms (e.g., Ag+, Agm, and Ag particle) 
(Ausavasukhi et ah, 2008; Miao et ah, 2004; Shibata et ah, 2004; Shibata et ah, 
2004), thereby causing a dramatic drop of conversion and the product yield. Figure
5.5 (Bottom) illustrated the UV-Vis DRS spectra of fresh- and spent-Ag/HZSM-5(0) 
catalysts. It is obvious that the catalyst after use for the reaction still maintains only 
Ag+ cations (200-250 nm) without any Agn5+ cationic cluster or metallic Ag fomed. 
Therefore, Ag+ cation is quite stable under the reaction conditions. Since this catalyst 
was unable to catalyze the reaction, it can be concluded that Ag+ cation is an inactive 
species for the reaction between benzene and methane at such a low temperature of 
350 °c. Nonetheless, at higher temperature (>450 ๐C), Ag/HZSM-5 can at least 
activate the transformation of methane (Miao et ah, 2004).

Ag/HZSM-5(H) is the suitable catalyst for this reaction at such a low 
temperature (350 ๐C). Although the benzene conversion is not satisfactory, it is still 
interesting that this catalyst can promote the reaction between benzene and methane 
into xylenes. Due to the poor stability of this catalyst as discussed previously, co­
feeding with H2 was proposed and conducted in this work in order to improve the 
stability and enhance benzene conversion and product yield. The reason of adding แ 2 

in the feed is because we found that Agns+ cationic cluster can be oxidized into Ag+ 
cation, an inactive species, at the reaction conditions. Therefore, it was expected that 
the transformation of Agn6+ cationic cluster could be prevented or at least impeded by
H2.
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Figure 5.5 UV-Vis DRS spectra of fresh and spent catalysts: (Top) Ag/HZSM-5(N), 
(Middle) Ag/HZSM-5(H), and (Bottom) Ag/HZSM-5(0).
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T a b le  5.3 Benzene conversion and product selectivity of the reaction with no H2 co­
feed and H2 co-feeda

Catalyst/condition Ag/HZSM-5(H) Ag/HZSM-5(H) 
with แ 2 co-feed 3.75 %

Conversion (mol%)
Benzene 0.18 0.23
Product distribution (ทาol%)
Toluene 32.34 32.86
p-Xylene ท ุ.78 10.47
m-Xylene 22.44 13.39
O-Xylene 0 0

C9Aromatic+ 31.43 43.28
Xylenes fraction (%)
p-Xylene 38.04 43.88
m-Xylene 61.96 56.12
o-Xylene 0 0

a reaction temperature: 350 ๐c, pressure: 1 atm. methane to benzene molar ratio: 72, 
WHSV: 2.80 h '1, TOS: 10 min.

5.4.3 Effect of H? Co-feed
Table 5.3 shows the results of benzene conversion and product 

selectivity of the reaction over Ag/HZSM-5(H) catalyst with/without แ 2 in the feed. 
As expected, H2 enhanced the activity of the catalyst, namely, with 3.75 % H2 co­
feed, the benzene conversion increased from 0.18 to 0.23 as show'n in Table 5.3. This 
might be because H2 prolongs the existence of Agns+ cationic cluster during the 
reaction with แ 2 co-feed, as previously reported in the literature (Shibata et ah, 
2004). This suggestion is in agreement with the UV-Vis DRS spectra in Figure 5.6. It 
is clearly observed that for Ag/HZSM-5(H) tested under H2 co-feed, the peaks of 
Agn6+ cationic cluster (2 < ท < 4) at 260 rail and 285 nm (Shibata et ah, 2004; Shibata
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et al., 2004) decrease less than that of the Ag/HZSM-5(H) catalyst tested in the 
absence of H2 . This is a good evidence demonstrating the important role of H2 in 
retarding the reversible interconversion of Agn6+ cationic cluster into Ag+ cations. 
Notwithstanding, the presence of แ 2 during the reaction could also cause the 
formation of metallic Ag, as its UV-Vis DRS absorption band is evidenced (Shibata 
et ah, 2004). Considering the product selectivity, it is observed that the percentages 
of toluene and p-xylene selectivity are nearly the same compared with those obtained 
from the reaction co-fed with H2 . And, w-xylene yield decreased, while heavy 
aromatic yield increased. It is well known that the acidic proton can proniote the 
formation of heavy aromatic (Kennedy et ah, 1994). Hence, an increase in heavier 
aromatics is likely caused by an increase in acidic proton sites, which might be 
generated by the H2 co-feed, aTid the reaction can be described b\ Eq. (5.1). 
Therefore, though H2 prolongs Agn5+ cationic cluster species for a desired reaction, 
H2 also leads to the formation of acidic protons, resulting in more undesirable 
products.

Figure 5.6 Comparative UV-Vis DRS spectra of fresh Ag/HZSM-5(H) and spent 
Ag/HZSM-5(H) underwent the reaction conditions withAvithout H2 co-feed.
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T a b le  5 . 4  Benzene conversion and product selectivity of the reaction over 
Ag/HZSM-5(H) catalyst in the presence of FT co-feed with varying methane to 
benzene molar ratio3

Methane/Benzene 
molar ratio 2 1 72 145

Conversion (mol%)
Benzene 0 . 0 1 0.23 0.30
Product distribution (mol%)
Toluene 1 0 0 32.86 53.90
p-Xylene 0 10.47 22.45
m-Xylene 0 13.39 23.65
O-Xylene 0 0 0

C9Aromatic+ 0 43.28 0

Xylenes fraction (%)
p-Xylene - 43.88 48.70
m-Xylene - 56.12 51.30
o-Xylene - 0 0

3 reaction temperature: 350 °c, pressure: 1 atm, 3.75% H2 co-feed, WHSV: 2.80 h '1, 
TOS: 10 min.

5.4.4 Effect of Methane to Benzene Feed Molar Ratio
Although H2 co-feed was suggested to prevent the reversible 

transformation of Agn6+ cationic cluster to Ag+ cations, however, Ag+ cation was still 
present, as its absorption band appeared in the spectrum in Figure 5.6. It is postulated 
that either benzene or methane can cause the oxidation of Agn6+ cationic cluster. 
Thus, a study on the influence of methane and benzene contents on the change of Ag 
species during the reaction was conducted. Also, it was of interest to study the effect 
of methane to benzene molar ratio on the reaction yield. The varied ratios were 21, 
72, and 145. The reaction was tested at 350 ๐c  with 3.75% FE co-feed. Table 5.4
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shows that benzene conversion increases with increasing methane to benzene molar 
ratio. At the lowest ratio of 21. the conversion is extremely low and the reaction 
produce only toluene. An increase in the conversion can be described by L e  
C h a te lie r 's  principle. From a product selectivity point of view, it is implied that 
methylated product like toluene as well as xylenes should be derived from the 
méthylation reaction route as discussed earlier. It is noted that with an abundance of 
methane the products are only toluene and xylenes. Accordingly, it can be confirmed 
that heavy aromatics are solely derived from benzene (Kennedy et ah, 1994). The 
catalyst deactivation was investigated using the UV-Vis DRS technique and the 
resulting spectra are shown in Figure 5.7. As expected, the activity completely 
dropped with the disappearance of peaks of Agns+ cationic cluster at around 260 nm 
and 285 nm (Shibata et ah, 2004; Shibata et ah, 2004). One should note from Figure
5.7 that the intensity of metallic Agm cluster peak increases with increasing methane 
to benzene molar ratio, while the intensity of the peak for Ag+ cations becomes lower 
compared to that of the metallic Ag peak. Therefore, it is more likely that methane 
can cause the formation of metallic Ag species and benzene possibly causes the 
formation of Agf cations.

Figure 5.7 Comparative UV-Vis DRS spectra of spent Ag/HZSM-5(H) catalysts run 
with different methane to benzene molar ratio.
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5.4.5 Effect of WH SV

Table 5.5 Benzene conversion and product selectivity of the reaction over 
Ag/HZSM-5(H) catalyst in the presence of HT co-feed with varying space velocity 
(พ HSV)a

WHSV (IT1) 1.40 2.80 5.60
Conversion (mol%)
Benzene 2 . 0 1 0.23 0.04
Product distribution (mol%)
Toluene 47.11 32.86 25.33
p-Xylene 5.66 10.47 33.91
m-Xylene 12.03 13.39 40.75
o-Xylene 4.17 0 0

C9Aromatic+ 31.03 43.28 0

Xylenes fraction (%)
p-Xylene 25.89 43.88 45.42
m-Xylene 55.03 56.12 65.58
o-Xylene 19.08 0 0

a reaction temperature: 350 ๐c. pressure: 1 atm, 3.75% แ 2 co-feed, methane to 
benzene molar ratio: 72, TOS: 10 min.

Table 5.5 represents benzene conversion and product selectivity of the 
reaction over Ag/HZSM-5(H) catalyst in the presence of แ 2 co-feed with varying 
space velocity (WHSV): 1.40, 2.80. and 5.60 h '1. It is clearly that benzene conversion 
increases with decreasing the WHSV or increasing the contact time between the 
reactants and catalyst bed. Benzene conversion at WHSV 1.40 IT1 was the highest of 
all. It is reasonable in terms of kinetics that the longer contact time of reactants with 
catalyst is required for a hardly activated reaction. Moreover, at this low space 
velocity, o-xylene, one of the xylenes isomers having the lowest thermodynamic
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favorability among xylene isomers (Perego et al., 2009), was observed. This implies 
that the selectivity to the desired product can be controlled by optimizing the space 
velocity, of which low WHSV toluene is dominant while at high WHSV xylenes 
dominate.

Wavelength (nm)
Figure 5.8 Comparative UV-Vis DRS spectra of spent Ag/HZSM-5(H) catalysts run 
with different WHSV.

Hence, high WHSV seems to be better for xylenes production with diminishing 
heavy aromatics; however, it is not enough to drive the reaction to satisfactory 
benzene conversions. Xylenes were possibly generated on the acidic sites of 
Ag/HZSM-5 via toluene disproportionation (Baba and Sawada, 2002; Perego et ah,
2009), which is more thermodynamically favorable than the toluene méthylation 
route. The transformation of Agns+ cationic clusters into the less reactive species was 
still the main cause of catalyst deactivation, as observed in Figure 5.8 by the 
disappearance of the Agn5+ cationic cluster peaks at 260 nm and 285 nm (Shibata et 
ah, 2004; Shibata et ah, 2004). Moreover, the peaks of metallic Agm cluster (310 nm) 
and of metallic silver particles (>350 nm) of spent catajyst tested at the highest space 
velocity (5.60 h '1) show an intensity greater than the peak of Ag+ cations (200-250 
nm). On the other hand, at the lowest space velocity the peak of Ag+ cations is the
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strongest peak. The intensities of the prominent peaks of the spent catalyst for the run 
with WHSV of 2.8 h’1 were in between those of the catalyst run with highest and 
lowest WHSV. Therefore, it can be concluded that low space velocity (high contact 
time) preferentially facilitates the formation of Ag+ cations, while high space 
velocity allows the formation of metallic Agm clusters as well as Ag particles.

5 .5  C o n c l u s i o n

This work is the very first to demostrate direct méthylation of benzene with 
methane into xylenes, the desired products. Ag/HZSM-5 containing Agns+ cation 
clusters (2 < ท < 4) is suggested to be a suitalble catalyst for the reaction. Agn5+ 
Cation cluster in Ag/HZSM-5 catalyst can be obtained by calcination under a 
5%H2/N2 atmosphere. In contrast, calcination under O i atmosphere selectively 
generates only Ag+ cations and under N? atmosphere leads to both Ag+ cation and 
metallic Ag species formation. However, these Ag forms can not catalyze the 
reaction to xylenes. The formation of methylated products, toluene or xylenes, likely 
proceeded via electrophilic substitution of benzene with highly polarized methyl 
species, generated from methane on Ag,/' cation cluster. Xylenes arc also likely 
derived from toluene via a toluene disproportionation route on acidic proton sites. 
The deactivation of the catalyst is likely caused by the transformation of Agn5+ 
cationic clusters into Ag+ cations through reversible interconversion and, 
simultaneously, into metallic Ag through the reduction reaction. Adding แ 2 co-feed 
helps prolong the change of Ag„s+ cation cluster during the reaction, resulting in 
higher benzene conversion. However it can lead to the simultaneous formation of 
metallic Ag, which causes a dramatic drop in catalytic activity. The higher the 
methane to benzene molar ratio, the higher the benzene conversion, as expected. 
Moreover, decreasing the space velocity (WHSV) improves benzene conversion.
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