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L iu  et al. ( 2 0 1 0 )  s u c c e s s f u l ly  c o n v e r te d  m e th a n e  to  m e th y l  b r o m id e  w ith  
h ig h  y ie ld  a n d  s e le c t iv i ty .  A c c o r d in g ly ,  o u r  w o r k  fo l lo w e d  th e  r e a c t io n  c o n d i t io n s  a s  
th e  p r e v io u s  w o rk  in  o r d e r  to  f in d  th e  s u i ta b le  s o l id  m a te r ia ls  fo r  o x id a t iv e  
b r o m in a t io n  r e a c t io n .

4.1 Catalytic Activity Testing

4 .1 .1  P ro d u c t  D is t r ib u t io n  f o r  th e  O B M  R e a c t io n  (B la n k  T u b e )
In  o r d e r  to  s tu d y  th e  p a th w a y  o f  g a s  p h a s e  re a c t io n , th e  o x id a t iv e  

b r o m in a t io n  o f  m e th a n e  w a s  r u n  w i th o u t  p a c k in g  m a te r ia ls  o r  b la n k  tu b e . T h e  
r e a c t io n  c o n d i t io n s  w e r e  l i s te d  a s  fo l lo w s ;  2 0  m l/m in  o f  C P U , 5 m l /m in  o f  O 2 , 5 
m l /m in  o f  N 2 , 6 .5  m l /h  o f  4 8  w t%  H B r /H 2 0 ,  r e a c t io n  te m p e ra tu re  6 6 0  ๐บ . T h e  
r e s u l t s  w e re  s h o w n  in  F ig u re  4 .1 .  F o u r  p r o d u c ts  w e re  fo u n d  in  th is  e x p e r im e n t  
in c lu d in g ;  m e th y l b r o m id e  ( C H 3 B r) ,  c a rb o n  m o n o x id e  (C O ) , e th y le n e  ( C 2 H 2 ) a n d  
d ib r o m o m e th a n e s  (C F l2 B r 2 ). A ll p r o d u c ts  p r o v id e d  th e  c o n s ta n t  s e le c t iv i ty  a f te r  an  
h o u r  o f  t im e  o n  s tr e a m . I t  w a s  f o u n d  th a t  m e th y l  b ro m id e  w a s  a  p r im a ry  p r o d u c t  d u e  
to  th e  h ig h e s t  s e le c t iv i ty  a ro u n d  7 0 %  w h ile  c a r b o n  m o n o x id e  s e le c t iv i ty  w a s  a lm o s t  
3 0 %  in  th e  p ro d u c t  d i s t r ib u t io n .  Y a n g  et al. ( 2 0 0 8 )  p ro p o s e d  th a t  th e  m a jo r  p a r t  o f  
c a r b o n  m o n o x id e  w a s  f o rm e d  f ro m  th e  s te a m  r e fo rm in g  a n d  th e  o x id a t io n  o f  m e th y l 
b r o m id e .  T h e  s e le c t iv i t ie s  to  m e th y l  b ro m id e  a n d  c a rb o n  m o n o x id e  c o u ld  b e  a d ju s te d  
b y  c h a n g in g  re a c t io n  c o n d i t io n s  a n d /o r  u s in g  d i f f e r e n t  c a ta ly s t  ( I t  w ill  b e  d is c u s s e d  
la te r ) .  D ib r o m o m e th a n e s  w a s  c o n s id e re d  a s  b y -p ro d u c ts  f ro m  s e c o n d a r y  r a d ic a l 
r e a c t io n .  H o w e v e r ,  t r ib r o m o m e th a n e s  ( C H B r 3) c o u ld  n o t d e te c t  in  o u r  e x p e r im e n t .  
B e s id e s ,  e th y le n e  w a s  a ls o  fo u n d  in  s m a ll  a m o u n t  w h ic h  m ig h t  b e  o c c u r r e d  
th r o u g h  o x id a t iv e  c o u p l in g  o f  m e th a n e  re a c t io n .
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F ig .  4 .1  M e th a n e  c o n v e r s io n  a n d  p r o d u c t  d i s t r ib u t io n s  a s  a  fu n c t io n  o f  t im e  o n  
s t r e a m . R e a c t io n  C o n d i t io n s :  2 0  m l /m in  o f  C H 4, 5 m l/m in  o f  (ว2 , 5 m l /m in  o f  N 2 , 6 .5  
m l /h  o f  4 8  w t%  H B r / f ^ O ,  r e a c t io n  te m p e r a tu r e  6 6 0  ° c .

4 .1 .2  S c re e n in g  o f  D i f f e r e n t  M a te r ia l  S u p p o r ts  fo r  th e  O B M  R e a c t io n
In  o r d e r  to  in v e s t ig a te  th e  s u i ta b le  m a te r ia l  s u p p o r t ,  v a r io u s  ty p e s  o f  

'  m a te r ia l— in c lu d in g  SiC>2 , A I 2 O 3 , H Z S M - 5 , a n d  a c t iv a te d  c a r b o n — w e r e  b r o u g h t  to  
s tu d y . T h e  r e s u l t s  in  F ig u re  4 .2  in d ic a te d  th a t  u n d e r  th e  s a m e  r e a c t io n  c o n d i t io n s ,  
th e  m e th a n e  c o n v e r s io n  w a s  a r o u n d  1 5 -2 0 %  o v e r  A I2 O 3 , H Z S M - 5 , a n d  a c t iv a te d  
c a r b o n .  T h e  m a x im u m  o f  m e th a n e  c o n v e r s io n  c o u ld  b e  o b ta in e d  f ro m  S iC >2 w h ic h  is  
r e la t iv e ly  s im i la r  to  b la n k  tu b e  (2 0 - 2 8 % ) . U n l ik e  th e  m e th a n e  c o n v e r s io n  r e s u l t s ,  
e a c h  m a te r ia l  s u p p o r t  g a v e  th e  r e m a r k a b le  d if f e r e n c e  o f  m e th y l  b r o m id e  s e le c t iv i ty .  
A m o n g  a ll m a te r ia l  s u p p o r ts ,  S iC >2 g a v e  th e  h ig h e s t  s e le c t iv i ty  a ro u n d  5 0 %  o f  m e th y l  
b r o m id e  w h ile  it  r a r e ly  fo u n d  in  o th e r  m a te r ia l  s u p p o r ts . L in  et al. ( 2 0 1 0 )  e x p la in e d  
th a t  S iC >2 w a s  c h o s e n  a s  s u p p o r ts  b e c a u s e  th e  in e r t  c a r r ie s  w i th  lo w  s u r f a c e  a r e a  
w o u ld  g iv e  r e la t iv e ly  h ig h  s e le c t iv i ty  to  m e th y l  b ro m id e . H o w e v e r ,  m e th y l  b r o m id e  
s e le c t iv i ty  fo r  th e  c a s e  o f  n o  c a ta ly s t  ( b la n k  tu b e )  w a s  2 0 %  h ig h e r  th a n  f o r  SiC>2 . 
T h is  is  c o n s i s te n t  w i th  th e  p r e v io u s  w o r k  r e p o r te d  b y  (L iu  et al, 2 0 1 0 ) .  T h e y  
e x p la in e d  th a t  f re e  r a d ic a l  r e a c t io n  in  g a s  p h a s e  w a s  s u p p r e s s e d  w ith  th e  r e d u c t io n  o f  
d e a d  v o lu m e  b y  p a c k in g  in e r t  p a r t ic le s .
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Fig. 4.2 M e th a n e  c o n v e r s io n  a s  a  f u n c t io n  o f  t im e  o n  s t r e a m  a t  v a r io u s  m a te r ia l  
s u p p o r ts .  R e a c t io n  C o n d i t io n s :  2 0  m l /m in  o f  CFL}, 5 m l/m in  o f  O 2 , 5 m l /m in  o f  N 2 , 
6 .5  m l/h  o f  4 8  w t%  H B r /F b O , r e a c t io n  te m p e ra tu re  6 6 0  ๐c .
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Tim e o n  strea m (h)

Fig. 4.3 Methyl bromide selectivity as a function of time on stream at various
material supports. Reaction Conditions: 20 ml/min of CH4, 5 ml/min of O2, 5 ml/min
of N2, 6.5 ml/h of 48 พt% HBr/fbO, reaction temperature 660 °c.
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4 .1 .3  E f f e c t  o f  R e a c t io n  C o n d i t io n s  f o r  th e  O B M  R e a c t io n
4.1.3.1 Effect o f Reaction Temperature

T h e  s y n th e s i s  g a s e s  ( C O  &  H 2) w e re  th e  b y - p ro d u c ts  o f  O B M  
r e a c t io n .  C a r b o n  m o n o x id e  w a s  fo u n d  to  b e  a  h ig h e r  p o r t io n  c o m p a re d  to  h y d ro g e n . 
S o m e  r e s e a r c h e s ( W a n g  et a i,  2 0 0 5 , W a n g  et al., 2 0 0 6 , L in  et al., 2 0 0 9 )  p r e f e r r e d  
h ig h  a n d  e q u a l  y ie ld s  o f  C H 3B r  a n d  C O , w h ic h  c o u ld  b e  c o n v e r te d  to  a c e t ic  a c id  v ia  
c a ta ly t ic  r e a c t io n .  C o n v e rs e ly , o u r  s tu d y  a im e d  to  p ro d u c e  o n ly  m e th y l  b r o m id e ,  th u s  
s y n th e s i s  g a s e s  w e re  th e  u n fa v o u ra b le  p r o d u c ts  r e q u i re d  to  e l im in a te .  A d ju s t in g  
r e a c t io n , t e m p e ra tu re  w o u ld  b e  p o s s ib le  to  c o n tr o l  th e  p r o d u c t  d i s t r ib u t io n s .

C o n s id e r in g  F ig u re  4 .4 ,  m e th a n e  c o n v e r s io n  o b v io u s ly  in c re a s e d  
w h e n  r a is in g  th e  re a c t io n  te m p e ra tu re  f ro m  4 0 0 ° c  to  6 6 0 ° c .  T h is  m e a n s  m e th a n e  
p r e f e r a b ly  c o n v e r te d  to  c a r b o n  m o n o x id e  a t  h ig h e r  r e a c t io n  te m p e r a tu r e .  H o w e v e r ,  
L iu  et al. ( 2 0 1 0 )  c la im e d  th a t  i f  th e  r e a c t io n  te m p e ra tu re  w a s  h ig h e r  th a n  6 6 0 ° c ,  to o  
m u c h  o x y g e n  w a s  c o n s u m e d  le a d in g  to  lo w e r  m e th a n e  c o n v e r s io n . T h e r e fo re ,  th e  
m e th a n e  c o n v e r s io n  w a s  n o t  c h a n g e d  c le a r ly  w h e n  a p p ly in g  th e  r e a c t io n  te m p e r a tu r e  
b e tw e e n  6 6 0 ° c  a n d  7 0 0  ° c  a s  s h o w n  in  th is  f ig u re .

A l th o u g h  th e  p r e v io u s  e x p e r im e n t  in d ic a te d  th a t  th e  h ig h e s t  
m e th y l  b r o m id e  s e le c t iv i ty  w a s  a c h ie v e d  in  c a s e  o f  b la n k  tu b e , th e r e  w a s  s ti l l  th e  
s y n th e s i s  g a s ,  a c c o m p a n y in g  in  th e  r e a c t io n .  In  o rd e r  to  g e t r id  o f /m in im iz e  th e  
s y n th e s i s  g a s ,  e f f e c t  o f  r e a c t io n  te m p e ra tu re  w a s  e x a m in e d  b y  v a r y in g  f ro m  4 0 0  ° c  
to  7 0 0  ° c .  I t w a s  fo u n d  th a t  o x id a t iv e  b r o m in a t io n  w ith  h ig h ly  s e le c t iv i ty  to  m e th y l  
b r o m id e  ( 1 0 0 % )  c a n  b e  a c h ie v e d  a t  r e a c t io n  te m p e ra tu re  o f  4 0 0 ° c ,  w h e r e a s  a t h ig h e r  
r e a c t io n  te m p e ra tu re  p a r t ia l  o x id a t io n  o f  m e th a n e  to  s y n th e s is  g a s  w a s  in s te a d  
d o m in a n t .  T h e  r e a s o n  m ig h t  b e  h ig h e r  r e a c t io n  te m p e ra tu re  p r o m o te d  th e  p a r t i a l  
o x id a t io n  r e a c t io n ,  w h ic h  m o r e  th e rm o d y n a m ic a l ly  fa v o ra b le .
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Fig. 4.4 M e th a n e  c o n v e r s io n  a s  a  fu n c t io n  o f  t im e  o n  s t r e a m  a t d i f f e r e n t  r e a c t io n  
te m p e r a tu r e .  R e a c t io n  C o n d i t io n s :  2 0  m l/m in  o f  C H 4 , 5 m l/rn in  o f  O 2 , 5 m l /m in  o f  
N 2, 6 .5  m l/h  o f  4 8  w t%  H B r /H 2 0 .

Fig. 4.5 Methyl bromide selectivity as a function of time on stream at different
reaction temperature. Reaction Conditions: 20 ml/min of CH4, 5 ml/min of O2 , 5
ml/min of N2, 6.5 ml/h of 48 wt% HBr/H20 .
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4.1.3.2 Effect o f Oxygen Content
E f f e c t  o f  o x y g e n  c o n te n t  w a s  in v e s t ig a te d  b y  v a r y in g  a  f r a c t io n  

b e tw e e n  o x y g e n  a n d  n i t r o g e n  in  a  to ta l  o f  1 0  m l /m in .  % c >2 w e re  in v e s t ig a te d  in  th e  
ra n g e  o f  0 % , 3 5 % , 5 0 % , a n d  6 0 % . T h e  r e s u lt s  in  F ig u re  4 .6  a n d  F ig u re  4 .7  s h o w s  
th a t w i th o u t  o x y g e n  fe e d , n o  r e a c t io n  o c c u r re d  o r  m e th a n e  c o n v e r s io n  v a lu e  w a s  
z e ro  a s  s h o w n  in  F ig u r e  4 .6 . X u  et al. (2 0 0 5 )  d e s c r ib e  th e  r o le  o f  o x y g e n  in  th e  
r e a c t io n  p a th w a y  th a t  o x y g e n  f i r s t ly  r e a c te d  w i th  H B r  to  f o rm  b r o m in e  r a d ic a l ,  
w h ic h  f u r th e r  re a c te d  w i th  m e th a n e  to  fo rm  m e th y l  b ro m id e .

M o re o v e r ,  in c r e a s in g  O 2 c o n te n t  f ro m  3 5 %  to  5 0 % , m e th a n e  
c o n v e r s io n  e n h a n c e d , b u t  to o  m u c h  O 2 in  g a s  fe e d  c a u s e d  h ig h e r  c a r b o n  m o n o x id e  
s e le c t iv i ty .  T h is  c o in c id e  w i th  th e  p r e v io u s  w o rk  r e p o r te d  b y  L in  et al. ( 2 0 0 9 ) .  T h e y  
fo u n d  th a t ,  lo w e r in g  C H 4 : 0 2  r a t io  o r  in c re a s in g  o x y g e n  c o n te n t  f a c i l i ta te s  b r o m in e  
ra d ic a l  f o rm a t io n  a n d  m e th y l  b r o m id e  o x id a t io n  a s  f o l lo w in g  e q u a t io n ;

C H 3B r  +  0 2 -*• C O  +  3 H 20  +  H B r

F ro m  th e  e x p e r im e n ta l  r e s u l t s ,  it c a n  b e  p r e d ic a te d  th a t  th e  
r e a c t io n  n e e d s  o x y g e n  to  fo rm  b r o m in e  r a d ic a l ,  le a d in g  to  p r o d u c e  m e th y l  b r o m id e .  
N e v e r th e le s s ,  to o  m u c h  o x y g e n  c o n te n t  in  th e  f e e d  e n c o u ra g e d  m e th y l  b r o m id e  
o x id a t io n  w h ic h  g e n e ra te d  c a r b o n  m o n o x id e  a s  th e  m a in  p r o d u c t ,  m a k in g  m e th y l  
b r o m id e  s e le c t iv i ty  lo w e r .  T h e r e b y , 5 0 %  O 2 in  g a s  fe e d  w a s  the* s u i ta b le  v a lu e  
p r o v id in g  th e  h ig h e s t  m e th y l  b r o m id e  s e le c t iv i ty  a n d  m e th a n e  c o n v e r s io n .
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Fig. 4.6 M e th a n e  c o n v e r s io n  a s  a  f u n c t io n  o f  t im e  o n  s t r e a m  a t d i f f e r e n t  % (> 2 . 
R e a c t io n  C o n d i t io n s : ,  2 0  m l /m in  o f  C H 4 , 6 .5  m l /h  o f  4 8  w t%  H B r /H 2 0 ,  r e a c t io n  
te m p e r a tu r e  4 0 0  ° c ,  0 .5  w t%  R h / S i 0 2 ( c a lc in e d  a t  4 5 0  ° c  6  h ) .

0 1 2 3 4 5 6 7
Time on stream (h)

Fig. 4.7 Methyl bromide selectivity as a function of time on stream at different % 02.
Reaction Conditions: 20 ml/min of CH4 , 6.5 ml/h of 48 พt% HBr/H20 , reaction
temperature 400 ๐c , 0.5 wt% Rh/Si02 (calcined at 450 °c  6  h).
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4 .1 .4  E f f e c t  o f  R h /S iO ?  C a ta ly s t  fo r  th e  O B M  R e a c t io n
T o  im p r o v e  th e  m e th a n e  c o n v e r s io n  w h i le  k e e p in g  th e  h ig h  s e le c t iv i ty  

o f  m e th y l  b r o m id e ,  T w o  g ra m s  o f  0 .3  w t%  R h /S i 0 2  w a s  u s e d  to  s tu d ie d  a s  c a ta ly s t .  
T h e  r e a c t io n  te m p e r a tu r e  w a s  c h o s e n  a s  4 0 0  ° c  s in c e  th e  p r e v io u s  e x p e r im e n t  s h o w s  
th a t  th is  c o n d i t io n  c o u ld  m in im iz e  s y n th e s is  g a s e s .  T h e  f lo w  g a s e s  o f  C H 4 , O 2 , N 2 , 
a n d  l iq u id  4 8  w t%  H B r /F ^ O  w e r e  2 0  m l/m in , 5 m l/m in ,  5 m l/m in ,  a n d  6 .5  m l/h , 
r e s p e c t iv e ly .  A c c o r d in g  to  F ig u r e  4 .8  a n d  F ig u re  4 .9 ,  w h e n  a d d in g  o n ly  S iC >2 a s  th e  
s u p p o r t ,  m e th a n e  c o n v e r s io n  in c r e a s e d  f ro m  0 .2  to  1 .5 %  c o m p a re d  to  th e  b la n k  tu b e . 
In  a d d i t io n ,  R h  p la y s  a n  im p o r ta n t  r o le  in  a c t iv a t io n  o f  m e th a n e  b e c a u s e  th e  m e th a n e  
c o n v e r s io n  r e a c h e d  th e  m a x im u m  v a lu e  a ro u n d  2 %  w h ile  m e th y l  b r o m id e  s e le c t iv i ty  
w a s  s t i l l  1 0 0 %  o v e r  0 .3  w t%  R h /S i 0 2  c a ta ly s t .

Fig. 4.8 M e th a n e  c o n v e r s io n  a s  a  f u n c t io n  o f  t im e  o n  s t r e a m  a t v a r io u s  m a te r ia ls .  
R e a c t io n  C o n d i t io n s :  2 0  m l/m in  o f  C F I4 , 5 m l /m in  o f  O 2 , 5 m l /m in  o f  N 2 , 6 .5  m l /h  o f  
4 8  w t%  H B r/F B O , r e a c t io n  te m p e r a tu r e  4 0 0  ๐c .
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Fig. 4.9 M e th y l  b r o m id e  s e le c t iv i ty  a s  a f u n c t io n  o f  t im e  o n  s t r e a m  a t v a r io u s  
m a te r ia ls .  R e a c t io n  C o n d i t io n s :  2 0  m l /m in  o f  C H 4, 5 m l/m in  o f  O 2 , 5 m l /m in  o f  N 2 , 
6 .5  m l/h  o f  4 8  w t%  H B r /H 2 0 , r e a c t io n  te m p e ra tu re  4 0 0  ° c .

4 .1 .5  E f fe c t  o f  R h  L o a d in g  o n  S iC >2 fo r  th e  O B M  R e a c t io n
U n d e r  th e  s a m e  r e a c t io n  c o n d i t io n s  o f  F ig u r e  4 .1 0  a n d  4 .1 1 ,  w h e n  R h  

lo a d in g  in c re a s e d  f ro m  0 .3  w t%  to  0 .5  w t% , m e th a n e  c o n v e r s io n  in c r e a s e d ,  
n o n e th e le s s ,  m e th y l b r o m id e  s e le c t iv i ty  s l ig h t ly  d e c r e a s e d . T h is  s i tu a t io n  c o u ld  b e  
e x p la in e d  th a t  h ig h e r  R h  lo a d in g  r e s u l t s  in  m o re  R h  a to m  e x p o s e d  o n  th e  s u r f a c e  o f  
th e  c a ta ly s t ,  le a d in g  to  p a r t ia l  o x id a t io n  r e a c t io n  e a s i ly  o c c u r r e d .  M e th a n e  th u s  
c o n v e r te d  to  c a rb o n  m o n o x id e ,  a n d  m e th a n e  c o n v e r s io n  in c re a s e d  w h ile  m e th y l  
b ro m id e  s e le c t iv i ty  d e c r e a s e d . H o w e v e r ,  it c a n n o t  b e  d e c id e d  y e t  w h ic h  o n e  is  b e t te r  
b e tw e e n  h ig h e r  o r  lo w e r  m e ta l lo a d in g ,  y ie ld  o f  m e th y l  b r o m id e  w ill  b e  th e  k e y  
f a c to r  id e n t i f y in g  th e  s u i ta b le  ty p e  o f  R h /S i 0 2  c a ta ly s t .
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Fig. 4.10 M e th a n e  c o n v e r s io n  a s  a  f u n c t io n  o f  t im e  o n  s tre a m  a t d i f f e r e n t  R h  
lo a d in g  o n  SiC>2 . R e a c t io n  C o n d it io n s :  2 0  m l/m in  o f  C H 4 , 5 m l/m in  o f  O 2 , 5 m l /m in  
o f  N 2 , 6 .5  m l /h  o f  4 8  w t%  H B r /H 2 0 , r e a c t io n  te m p e ra tu re  4 0 0  ° c .

Fig. 4.11 Methyl bromide selectivity as a function of time on stream at different Rh
loading on SiC>2 . Reaction Conditions: 20 ml/min of CH4 , 5 ml/min of O2 , 5 ml/min
of N2, 6.5 ml/h of 48 wt% HBr/HbO, reaction temperature 400 °c.
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4 .1 .6  E f f e c t  o f  C a lc in a t io n  C o n d i t io n s  o f  R h /S iO ?
T h e  v a r ia t io n  o f  m e th a n e  c o n v e r s io n  a n d  p r o d u c t  d is t r ib u t io n  w e re  a ls o  

a f f e c te d  b y  th e  d i f f e r e n t  c a lc in a t io n  c o n d i t io n s  o f  th e  c a ta ly s t  a s  r e p o r te d  b y  L iu  et 
al. (2 0 1 0 ) . T h e r e b y ,  o u r  e x p e r im e n t  h a d  b e e n  s tu d ie d  th e  e f fe c ts  o f  c a lc in a t io n  
c o n d i t io n s  b y  v a r y in g  te m p e r a tu r e  a n d  t im e .  In  th e  c a ta ly s t  p r e p a r a t io n  s te p , R h /S iC >2 

c a ta ly s t  w a s  c a lc in e d  a t  4 5 0  ๐c  fo r  6  h  a n d  a n o th e r  s e t  w a s  c a lc in e d  a t  9 0 0  ๐c  fo r  10
h . M o re o v e r ,  0 .3  a n d  0 .5  w t%  R h  lo a d in g  w a s  p e r fo rm e d _ a t r e a c t io n  te m p e ra tu re  o f  
4 0 0  ๐c  c o n f i rm in g  th e  t r e n d  o f  r e s u l t s .  T h e  f lo w  g a s e s  o f  C H 4, O 2 , N 2 , a n d  l iq u id  4 8  
w t%  H B r/F L O  w e r e  2 0  m l /m in ,  5 m l /m in ,  5 m l/m in , a n d  6 .5  m l/h , r e s p e c t iv e ly .

F ro m  th e  r e s u l t s  g iv e n  in  F ig u r e  4 .1 2  a n d  F ig u re  4 .1 3 , it  w a s  o b s e r v e d  
th a t  m e th a n e  c o n v e r s io n  d e c re a s e d  w i th  th e  in c re a s in g  in  c a ta ly s t  c a lc in a t io n  
te m p e ra tu re  a n d  c a lc in a t io n  t im e  fo r  b o th  ty p e s  o f  R h  lo a d in g . T h e  c h a n g e  o f  
m e th a n e  c o n v e r s io n  m ig h t  b e  c a u s e d  b y  th e  fo rm  o f  c a ta ly s ts  h a s  b e e n  c h a n g e d  
d u r in g  th e  c a lc in a t io n  s te p . T e m p e r a tu r e  p ro g ra m  re d u c t io n  te c h n iq u e  w a s  u s e d  to  
c o n f i rm  th is  a s s u m p t io n  w h ic h  w a s  s h o w n  in  th e  c h a r a c te r iz a t io n  p a r t.

E v e n  th o u g h  th e  h ig h e r  te m p e r a tu r e  a n d  lo n g e r  t im e  o f  c a lc in a t io n  w a s  
n o t  s a t i s f ie d  f o r  m e th a n e  c o n v e r s io n ,  s e le c t iv i ty  r e s u l t  in d ic a te d  th a t  0 .5  % w t 
R h /S i 0 2  c a ta ly s t  t r e a te d  u n d e r  h ig h e r  te m p e ra tu re  p r o v id e d  th e  h ig h e r  m e th y l  
b r o m id e  s e le c t iv i ty  a s  s h o w n  in  F ig u re  4 .1 5 .
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5 1---------------------------------------------------------------------------------
— -•— 0.3 wt% Rh/Si02 - calcined 450°c 6  h
— -•— 0.3 wt% Rh/SiOz - calcined 900°c 10 h

O J---- ----- ----1-------------- ,---------- ----T-------------- 1-------------- 1-------------- 1--------------0 1 2 3 4 _ 5 6 7
T im e  ๐ ท s tre a m  (h)

F ig . 4 .1 2  M e th a n e  c o n v e r s io n  a s  a  f u n c t io n  o f  t im e  o n  s t r e a m  a t d i f f e r e n t  
c a lc in a t io n  c o n d i t io n s .  R e a c t io n  C o n d i t io n s :  2 0  m l /m in  o f  C H 4 , 5 m l/'m in  o f  O 2 , 5 
m l/m in  o f  N 2 , 6 .5  m l/h  o f  4 8  w t%  H B r /H 2 0 , r e a c t io n  te m p e ra tu re  4 0 0  ° c ,  0 .3  w t%  
R h / S i 0 2.

F ig . 4 .1 3  M e th a n e  c o n v e r s io n  a s  a  f u n c t io n  o f  t im e  o n  s t r e a m  a t d i f f e r e n t  
c a lc in a t io n  c o n d i t io n s .  R e a c t io n  C o n d i t io n s :  2 0  m l /m in  o f  C H 4 , 5 m l/m in  o f  O 2 , 5 
m l/m in  o f  N 2, 6 .5  m l/h  o f  4 8  w t%  H B r / f B O , r e a c t io n  te m p e ra tu re  4 0 0  ° c ,  0 .5  w t%  
R h / S i 0 2.
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100
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$
to 40
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2 0  -

• ------V

(— 0.3 wt% Rh/Si02- calcined 450°c 6 h 
I— 0.3 wt% Rh/SiO, -jcalcined 900°c 10 h
3 . 4  

T im e  ๐ ท Stream  (h)

F ig .  4 .1 4  M e th y l  b r o m id e  s e le c t iv i ty  a s  a  fu n c t io n  o f  t im e  o n  s t r e a m  a t d i f f e r e n t  
c a lc in a t io n  c o n d i t io n s .  R e a c t io n  C o n d i t io n s :  2 0  m l/m in  o f  C H 4 , 5 m l/m in  o f  (ว2 , 5 
m l /m in  o f  N 2 , 6 .5  m l/h  o f  4 8  w t%  H B r /H 2 0 , r e a c t io n  te m p e ra tu re  4 0 0  ๐c ,  0 .3  w t%  
R h / S i 0 2.

F ig .  4 .1 5  M e th y l  b r o m id e  s e le c t iv i ty  a s  a  fu n c t io n  o f  t im e  o n  s t r e a m  a t d i f f e r e n t  
c a lc in a t io n  c o n d i t io n s .  R e a c t io n  C o n d i t io n s :  2 0  m l/m in  o f  C H 4 , 5 m l/m in  o f  O 2 , 5 
m l /m in  o f  N 2 , 6 .5  m l/h  o f  4 8  พ t%  H B r/F B O , re a c t io n  te m p e ra tu re  4 0 0  ๐c ,  0 .5  w t%  
R h / S i 0 2.
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F ig u r e  4 .8 - F ig u re  4 .1 5  s h o w s  th e  e x p e r im e n ta l  r e s u l t s  o f  O B M  r e a c t io n  
s tu d ie d  a t  r e a c t io n  te m p e ra tu re  o f  4 0 0  ๐c .  A p p a r e n t ly ,  v a r io u s  p a r a m e te r s — m a te r ia l  
ty p e s ,  % R h  lo a d in g ,  a n d  c a lc in a t io n s  c o n d i t io n s — a f fe c te d  to  th e  m e th a n e  
c o n v e r s io n  a n d  m e th y l  b r o m id e  s e le c t iv i ty  a n d  a ll d a ta  w e r e  s u m m a r iz e d  in  T a b le
4 .1  w h ic h  d e te rm in e  a  m a x im u m  m e th y l b r o m id e  y ie ld .

A s  s h o w n  in  T a b le  4 .1 , a l th o u g h  0 .5  w t%  R h /S i 0 2  c a lc in e d  a t  4 5 0  ° c  
f o r  6  h  c o u ld  n o t  g iv e  1 0 0 %  o f  m e th y l  b r o m id e  s e le c t iv i ty ,  m e th a n e  c o n v e r s io n  w a s  
o b v io u s ly  h ig h e r  th a n  o th e r  ty p e s  o f  c a ta ly s t .  C o n s id e r in g  in  te r m  o f  y ie ld , th is  
c a ta ly s t  c o n s e q u e n t ly  p r o v id e d  th e  m a x im u m  y ie ld  o f  m e th y l  b r o m id e  u p  to  3 .6 % . 
T h is  m e a n s  h ig h e s t  y ie ld  o f  m e th y l  c o u ld  b e  g a in e d  i f  th e  r e a c t io n  w a s  d o n e  a t  
r e la t iv e ly  lo w  te m p e ra tu re  a r o u n d  4 0 0  ° c  a n d  th e  c a ta ly s t  s h o u ld  b e  c a lc in e d  a t  
m i ld e r  c o n d i t io n s  w i th  p r o p e r  % R h  lo a d in g .

T a b l e  4 .1  M e th y l  b r o m id e  y ie ld  o f  th e  O B M  re a c t io n

C H 4  C o n v e r s io n C H s B r  S e le c t iv i ty C H 3B r  Y ie ld

(% ) (% ) (% )
B la n k  T u b e 0 .1 9 3 1 0 0 0 .1 9 3

S i 0 2 1.471 1 0 0 1.471
0 .3  w t%  R h / S i 0 2 

( c a lc in e d  a t  4 5 0  ๐c  6  h )
1 .8 5 7 1 0 0 1 .8 5 7

0 .3  w t%  R h / S i 0 2 

( c a lc in e d  a t  9 0 0  ๐c  10 h )
0 .8 5 7 1 0 0 0 .8 5 7

0 .5  w t%  R h / S i 0 2 

( c a lc in e d  a t  4 5 0  ° c  6  h )
3 .9 3 7 9 1 .9 8 2 3 .6 2 1

0 .5  w t%  R h / S i 0 2 

( c a lc in e d  a t  9 0 0  ° c  10 h )
0 .8 7 9 1 0 0 0 .8 7 9
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4.2 Catalyst Characterization

4 .2 .1  S u r fa c e  A r e a  A n a ly s is  (B E T )
T a b le  4 .2  s h o w s  th e  B E T  s u r fa c e  a r e a  o f  e a c h  s u p p o r t  m a te r ia ls .  T h e  

s p e c i f ic  s u r fa c e  a r e a  o f  a c t iv a te d  c a rb o n  is  th e  h ig h e s t  v a lu e , w h ile  o th e r s  h a v e  
in s ig n i f ic a n t  d i f f e r e n t  s p e c i f ic  s u r f a c e  a re a . H o w e v e r ,  F ig u re  4 .3  s h o w s  th e  b e s t  
p e r f o r m a n c e  o f  S iC >2 in  te rm  o f  m e th y l  b r o m id e  s e le c t iv i ty .  T h e r e f o r e ,  it w a s  p ro v e d  
th a t  m e th a n e  c o n v e r s io n  w a s  in d e p e n d e n t  f ro m  th e  s p e c if ic  s u r fa c e  a r e a  b u t  th e  
u n iq u e  p r o p e r ty  o f  e a c h  m a te r ia l  s u p p o r t  w a s  s u p e r io r  f a c to r ' L in  et al. (2 0 1 0 )  
s u g g e s te d  th a t  s u i ta b le  m a te r ia l  s u p p o r ts  fo r  O B M  re a c t io n  s h o u ld  h a v e  lo w  s p e c i f ic  
s u r f a c e  a r e a  a s  w e l l  a s  in e r t  p r o p e r t ie s .

Table 4.2 S p e c if ic  s u r f a c e  a r e a  o f  d i f f e re n t  m a te r ia l  s u p p o r ts

M a te r ia l  S u p p o r ts S u r fa c e  a re a  ( m 2 /g )
S i 0 2 3 3 7

A I 2 O 3 3 1 6
Z S M -5 3 5 2

A c t iv a te d  C a r b o n 6 1 3

D if f e re n t  c a lc in a t io n  c o n d i t io n s  a ls o  a f fe c te d  to  th e  s p e c if ic  s u r f a c e  
a r e a  o f  th e  c a ta ly s t  a s  s h o w n  in  T a b le  4 .3 . W h e n  th e  c a ta ly s t  w a s  c a lc in e d  a t  h ig h e r  
te m p e r a tu r e ,  th e  c o r r e s p o n d in g  s u r f a c e  a re a  o f  c a ta ly s t  d e c r e a s e d  f ro m  3 3 8  m 2/g  to  
2 5 4  m 2 /g . L iu  et al. ( 2 0 1 0 )  o f f e re d  th a t  i f j h e  d e s i r e d  p ro d u c ts  w e r e  m e th y l  b r o m id e  
a n d  c a r b o n  m o n o x id e ,  th e  c a ta ly s t  w i th  a  r e la t iv e ly  h ig h  s p e c i f ic  s u r fa c e  a r e a  w a s  
p r e f e r r e d  a n d  it s h o u ld  b e  c a lc in e d  a t  lo w  te m p e r a tu r e .  T h e  r e a s o n  m ig h t  b e  m o r e  R h  
a to m , e x p o s e d  o n  th e  c a ta ly s t  s u r f a c e ,  c a ta ly z e  th e  d e e p  o x id a t io n  o f  re a c t io n .

Table 4.3 S p e c if ic  s u r f a c e  a re a  o f  0 .5  w t%  R h /S i 0 2  c a ta ly s ts — d if f e re n t  c a lc in a t io n s

C a ta ly s t s  S p e c if ic  S u r fa c e  a r e a  ( m 2 /g )
0 .5  w t%  RJV SiCL ( c a lc in e d  a t  4 5 0  ๐c  6  h )  3 3 8
0 .5  w t%  R h /S iC >2 ( c a lc in e d  a t  9 0 0  °c 1 0  h )  2 5 4
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4 .2 .2  X - ra y  D i f f r a c t io n  ( X R D )
T h e  X R D  p a t te r n s  o f  th e  s tu d ie d  c a ta ly s t s  a re  s h o w n  in  F ig u r e  4 .1 6 . 

F o r  s i l ic o n  d io x id e  s u p p o r t ,  o n ly  o n e  b ro a d  p e a k  b e tw e e n  2 0  = 1 5  a n d  3 0 °  w a s  
o b s e rv e d ,  in d ic a t in g  a  ty p ic a l  a m o r p h o u s  s t r u c tu r e  o f  s i l ic a  s u p p o r t .  T h e  r e s u l t s  a ls o  
a g re e  w i th  R e y e s  et al. ( 2 0 0 0 )  a n d  M o y a  et al. (2 0 1 1 ) .  B e s id e s ,  th e re  w a s  n o  
d is c e r n ib le  p e a k s  r e la te d  to  a n y  c r y s ta l l in e  p h a s e  o f  r h o d iu m  c a n  b e  o b s e rv e d .  T h is  
m ig h t  b e  r e la te d  to  th e  lo w  lo a d in g  a n d  th e  "h igh  d i s p e r s io n  o f  R h  o n  SiC >2 in  th e  
s u p p o r te d  o x id e  m a te r ia l ,  w h ic h  w a s  c o n f i rm e d  b y  S E M  a n a ly s is .

20 40 60 80
2  theta / 0

F ig .  4 .1 6  X - r a y  d i f f r a c t io n  p a t te r n s  o f  SiC>2 a n d  0 .5  w t%  R h / S i 0 2 c a ta ly s ts —  
d i f f e r e n t  c a lc in a t io n  c o n d i t io n s .
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4 .2 .3  T e m p e r a tu r e  P ro g r a m  R e d u c t io n  (T P R )
F ig u re  4 .1 7  s h o w s  T P R  p r o f i le s  o b ta in e d  a f te r  th e  c a ta ly s t  w a s  

c a lc in e d  a t  d i f f e r e n t  c a lc in a t io n  te m p e r a tu r e  a n d  t im e . S in c e  r h o d iu m  h a s  o x id a t io n  
s ta te  +1 , +11, a n d  + I I I ,  a n d  s ta b le  o x id e  R h 2 Û 3 , R h 2 Û 3 s p e c ie s  o n  s u r fa c e  is  r e la t iv e ly  
e a s y  to  b e  r e d u c e d . H e n c e ,  T P R  p r o f i l e  o f  R h /S i0 2  c a ta ly s ts ,  w h ic h  c o n s is t s  o f  o n ly  
o n e  p e a k ,  s h o u ld  a t t r ib u te d  to  th e  r e d u c t io n  o f  RF12O 3 to  m e ta l l ic  R h  ( B o r e r  et al. , 
1 9 9 3 ). T h e  h y d r o g e n  c o n s u m p t io n  c o r r e s p o n d s  to  a  fu ll r e d u c t io n  o f  r h o d iu m  o x id e  

to  R h ° , i .e .,  ( R h 2 0 3 + 3 H 2 - 2 R h + 3 H 2 0 ).

M o re o v e r ,  th e  c a ta ly s t  c a lc in e d  a t  4 5 0  ° c  fo r  6  h ,  th e  r e d u c t io n  p e a k  
w a s  o b s e r v e d  a t 3 5  ° c ,  w h e re a s  th e  c a ta ly s t  c a lc in e d  a t 9 0 0  ° c  f o r  10 h , th e  p e a k  
s h if t  to  h igh er^  r e d u c t io n  te m p e ra tu re s .  It w a s  l ik e ly  th a t  h ig h e r  c a lc in a t io n  
te m p e r a tu r e  a n d  lo n g e r  h o ld in g  t im e  r e s u l t s  in  s t r o n g e r  in te r a c t io n  b e tw e e n  R h  a n d  
SiC >2 s u p p o r t  , th e re b y  m a k in g  R h  m o r e  d i f f ic u l t  to  b e  r e d u c e d . T h is  c o n d i t io n  a ls o  
le a d s  to  le s s  R h  a to m  e x p o s e d  o n  th e  s u r fa c e .

F ig .  4 .1 7  T P R  p r o f i l e s  o f  0 .5  w t%  R h /S iC >2 c a ta ly s ts — d if f e r e n t  c a lc in a t io n  
c o n d i t io n s .
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4 .2 .4  H? C h e m is o r p t io n
T h e  r e s u lts  f ro m  แ 2 c h e m is o r p t io n  te c h n iq u e  w a s  s h o w n  in  T a b le  4 .4  

T h e  d a ta  in fo rm e d  th a t  th e  H /R h  v a lu e  o f  R h /S i0 2  c a ta ly s t  c a lc in e d  a t  9 0 0  ° c  1 0  h  
w a s  tw ic e  a s  lo w  a s  th e  s a m e  c a ta ly s t  c a lc in e d  a t 4 5 0  ° c  6  h . It c o u ld  b e  im p lie d  th a t  
h ig h  c a lc in e d  te m p e ra tu re ,  th e  s u p p o r t  m ig h t  b e  c o l la p s e d  a n d /o r  th e  m e ta l  w a s  
l ik e ly  to  b e  a g g lo m e r a te d , a n d  c o n s e q u e n t ly  le s s  R h  a to m  e x p o s e d  o n  th e  s u r fa c e . 
T h e n , แ 2 m o le c u le  w a s  m o r e  d i f f ic u l t  to  a d s o rb  o n  th e  m e ta l s u r f a c e ,  m a k in g  f h e  
m e ta l  d i s p e r s io n  w a s  lo w e r .  T h e  r e s u l t s  o f  H 2 c h e m is o rp t io n  te c h n iq u e  th u s  

. .s u p p o r te d  th e  r e s u lt  f ro m  te m p e ra tu re  p r o g r a m  r e d u c t io n  a g a in .

T a b l e  4 .4  M e ta l  d i s p e r s io n  o f  0 .5  w t%  R h /S iC b  c a ta ly s ts — d i f f e r e n t  c a lc in a t io n  
c o n d i t io n s

C a ta ly s t s H /R h
0 .5  w t%  R h / S i 0 2 ( c a lc in e d  a t  4 5 0  ° c  6  h ) 0 .0 7 1 3
0 .5  w t%  R h / S i 0 2 ( c a lc in e d  a t  9 0 0  ° c  1 0  h ) 0 .0 3 8 0
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4 .2 .5  S c a n n in g  E le c t r o n  M ic ro s c o p y  a n d  E n e r g y  D is p e r s io n  X - ra y  
S p e c t ro s c o p y  ( S E M -E D X )
4.2.5.1 Silicon dioxide (SiOl)

F ig u r e  4 .1 8  s h o w s  S E M  im a g e s  o f  SiC>2 p a r t i c le s  in  th e  
m a g n if ic a t io n  2 5 0 x , c o n f i r m in g  th e  f o r m a t io n  o f  a m o r p h o u s  s t r u c tu r e .  T h e  E D X  
s p e c t ru m  o f  a m o r p h o u s  s i l ic o n  d io x id e  w a s  o b s e rv e d  in  F ig u re  4 .1 9 .  T h is  s p e c t ru m  
s h o w s  o n ly  th e  p r e s e n c e  o f  s i l ic o n  a n d  o x y g e n  ip  r e la t io n  to  th e  s to ic h io m e tr ic  r a t io  
S i : 0 =  1 :2 .

T M 3 0 0 0  1 7 4 9 N L  D 4 .8  x 2 5 0  3 0 0  um

F ig .  4 .1 8  S E M  im a g e  o f  S iC >2 in  th e  m a g n if ic a t io n  2 5 0 x .
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Spectrum: Point
Element AN Series norm, c Atom, c [wt.%] [at.%]
Oxygen 8 K-series 63.24 75.12Silicon 14 K-series 36.76 24.88

Total: 100.00 100.00

A iJnf I I i r i î ' 1 " ^ ' ไ

F ig .  4 .1 9  E D X  im a g e  o f  S iC >2 in  th e  m a g n if ic a t io n  9 0 0 0 x .
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4.2.5.2 Rh/Si02 -  calcined 450 °c 6 h
F o r  0 .5  w t%  R h /S i0 2  c a ta ly s t  c a lc in e d  a t  4 5 0 ° c  f o r  6  h , 

F ig u r e  4 .2 0  r e v e a le d  th a t  th e  b u lk  p a r t i c le s  o f  th e  R h /S iC >2 h a d  n o n - u n i f o r m  s tru c tu re  
a n d  r h o d iu m  w e r e  p r e s e n te d  in  e n s e m b le s  a n d  w e l l  d is p e r s e d  o n  th e  S iC >2 s u p p o r t .  
S m a ll  s p o ts  c o u ld  b e  s e e n  o n  th e  E D X  im a g e  ( F ig u re  4 .2 1 )  w ith  h ig h  d is p e r s io n .  
T h is  c o in c id e d  w i th  th e  r e s u lt s  o f  X R D .

F o r  th e  S E M - E D X  o f  th e  c a ta ly s t  c a lc in e d  a t  9 0 0 ° c  fo r  10 h  
w e re  n o t  s h o w n  h e r e  s in c e  th e r e  w a s  n o  c le a r ly  in  th e  m o r p h o lo g y  w h e n  th e  c a ta ly s t  
h a s  b e e n  c a lc in e d  a t  d i f f e r e n t  c o n d i t io n s .

T M 3 0 0 C M 7 5 1  N L  D 4 .8  x 2 5 0  3 0 0  u m

F ig .  4 .2 0  S E M  im a g e  o f  R h /S iC >2 in  th e  m a g n if ic a t io n  2 5 0 x .
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F ig .  4 .2 1  E D X  im a g e  o f  R h /S i 0 2  in  th e  m a g n if ic a t io n  9 0 0 0 x .
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