
CHAPTER II 
LITERATURE REVIEW

2.1 Methane Activation

U ti l i z a t io n  o f  n a tu ra l  g a s  a s  a n  a l t e rn a t iv e  c h e m ic a l f e e d s to c k  is  b e c o m in g  
m o r e  im p o r ta n t  d u e  to  th e  r e d u c t io n  o f  r e s e rv e s  a n d  th e  e n h a n c in g  c o n s u m p t io n  o f  
c r u d e  o i l .  H o w e v e r ,  m o r e  th a n  o n e - th ir d  o f  th e  n a tu ra l  r e s e r v e s  a re  c la s s i f ie d  a s  
s t r a n d e d  b e c a u s e  th e  lo c a t io n  f a r  f ro m  in d u s tr ia l  c e n te r s  a n d  t r a n s p o r ta t io n  c o s t s  o b ­
s t r u c t  its  e f f ic ie n t  u t i l i z a t io n .  It h a s  b e e n  e s t im a te d  th a t  a p p ro x im a te ly  15 0  b i l l io n  m 3 

o f  n a tu r a l  g a s  h a s  b e e n  f la re d  o r  v e n te d  a n n u a l ly  w o r ld w id e , w h ic h  is  e q u iv a le n t  to  
a b o u t  5 %  o f  g lo b a l  a n n u a l  n a tu r a l  g a s  c o n s u m p t io n  (B P , 2 0 0 6 ,  W o r ld B a n k ,  2 0 0 6 ) . 
T h e r e f o r e ,  a  lo w - e n e r g y , h ig h -y ie ld  p r o c e s s  u s in g  a  s m a ll f a c i l i ty  th a t  c a n  b e  lo c a te d  
c lo s e  to  th e  s t r a n d e d  n a tu r a l  g a s  s o u rc e  is  d e s i r a b le .

H o w e v e r ,  th e  h ig h  s ta b i l i ty  o f  th e  C - H  b o n d s  in  m e th a n e  ( C - H  =  4 1 0  
k j /m o l )  w h ic h  is s u p p o s e d  to  b e  th e  f ir s t  s te p  f o r  m e th a n e  a c t iv a t io n  m a k e s  th e  c o n ­
v e r s io n  l im ite d . In  th e  c u r r e n t  in d u s tr i a l  te c h n o lo g ie s ,  th e  p r o d u c t io n  o f  c h e m ic a ls  
f ro m  m e th a n e  is  ty p ic a l ly  d iv id e d  in to  tw o  g r o u p s ;  o n e -s te p  r e a c t io n  p r o c e s s  (d ir e c t  
r o u te s )  a n d  m u l t i - s te p  re a c t io n  p r o c e s s  ( in d i r e c t  r o u te s ) .F o r  th e  in d i re c t  r o u te  v ia  
s y n th e s i s  g a s , n a tu ra l  g a s  is  f i r s t ly  c o n v e r te d  to  s y n th e s is  g a s  b y  s te a m  re fo rm in g ,  
a n d  th e n  s y n th e s is  g a s  is  c o n v e r te d  to  h ig h e r  h y d ro c a rb o n s  b y  F -T  p r o c e s s  o r  to  
m e th a n o l  o v e r  th e  C u /Z n O /A F O j  c a ta ly s t  ( H u tc h in g s  et al. , 1 9 9 0 ). M e th a n o l  c o u ld  
a ls o  b e  c o n v e r te d  to  h y d ro c a rb o n s , o v e r  d o p e d  z e o l i te  c a ta ly s ts  ( C h a n g ,  1 9 8 3 , 
S to c k e r ,  1 9 9 9 ). H o w e v e r ,  th e  s y n th e s i s  g a s  p r o c e s s  is k n o w n  to  b e  a  h ig h ly  e n e rg y  
c o n s u m in g  a n d  g r e e n h o u s e  g a s - r e le a s in g  p r o c e s s .  U p  to  2 5 %  o f  n a tu ra l  g a s  m u s t  b e  
b u r n t  to  g e n e ra te  e n e r g y  fo r  th e  n a tu r a l  g a s  s te a m  re fo rm a tio n . M o re  e n e r g y - s a v in g  
a n d  le s s  g re e n h o u s e  g a s e s  e m is s io n  is  e x p e c te d  in  n a tu ra l  g a s  in d u s tr ie s .  O n  th e  o th e r  
h a n d ,  d i r e c t  ro u te s  f o r  m e th a n e  c o n v e r s io n  h a v e  s h o w n  m o re  p o te n t ia l  a d v a n ta g e s ,  
p a r t ia l  o x id a t io n  o f  m e th a n e  to  m e th a n o l  a n d  fo rm a ld e h y d e  o n  M o 0 3 / S i 0 2  ( C ra b tr e e ,  
1 9 9 5 )  a n d  V 2 Û 5/S i 0 2  ( O ts u k a  et al. , 1 9 8 7 ) h a s  b e e n  e x te n s iv e ly  s tu d ie d  f o r  m a n y  
y e a r s  b u t  lo w  c o n v e r s io n ,  lo w  y ie ld ,  a n d  p o o r  c a ta ly s t  s ta b i l i ty  r e n d e r s  it le s s  c o m ­
p e t i t i v e  a n d  u n -c o m m e r c ia l iz e d .
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2 .2  H a l o g é n a t i o n  o f  M e t h a n e

M e th a n e  a c t iv a t io n  b y  f re e  r a d ic a l  r e a c t io n  is  o n e  o f  th e  m o s t  e x te n s iv e ly  
s tu d ie d  m e th a n e  u t i l i z a t io n  p a th w a y s . A m o n g  th e  r a d ic a l s  c o m m o n ly  u s e d  to  in i t i a te  
s u c h  r e a c t io n s ,  h a lo g e n s  s ta n d  o u t a s  b e in g  th e  b e s t  u n d e r s to o d  ( L o rk o v ic  et al, 
2 0 0 6 ) . M e th a n e  h a lo g é n a t io n  is  a  c h a in  r e a c t io n  in i t i a l iz e d  b y  th e  f o rm a t io n  o f  h a lo ­
g e n  r a d ic a ls  (X ») th ro u g h  th e  d i s s o c ia t io r r o f  h a lo g e n  ( X 2 ) a s  f o l lo w in g ;

c h 4  +  x 2 -  C H 3X  +  H X ( 1 )
C H 4 +  2 X 2 -  C H 2 X 2  + 2 H X ( 2 )
C H 4 +  3 X 2' -  C T IX 3 +  3 H X (3 )
C H 4  +  4 X 2 -  c x 4 +  4 H X (4 )

T h e  e n th a lp y  a n d  f re e  e n e rg y  o f  fo rm a t io n  o f  m e th a n e - h a lo g e n  r e a c t io n s  a re  
s h o w n  in  T a b le  2 .1 . F lu o r in a t io n  s e e m s  to  h a v e  r e la t iv e ly  h ig h  r e a c t io n  e n th a lp y  
w h ic h  m e a n s  th e  r e a c t io n  i t s e l f  p r o v id e s  e n o u g h  e n e r g y  to  in i t ia te  th e  re a c t io n . H o w ­
e v e r , h ig h ly  e x o th e rm ic  r e a c t io n  is  d i f f ic u l t  to  b e  c o n t r o l le d  a n d  m a y  c a u s e  a n  e x p lo ­
s io n . C h lo r in e  is  n o t f a v o r a b le  o w in g  to  c o r r o s iv e  p r o b le m  a n d  th e  p r o d u c ts  o f  c h lo ­
r in a t io n  a re  q u ite  lo w  s e le c t iv i ty .  F o r  io d in e  r e a c t io n s ,  th e  lo w  r e a c t iv i ty  o f  io d in e  
r e s u lt s  in  lo w  c o n v e r s io n  e v e n  a t  h ig h  r e a c t io n  te m p e ra tu re .  T h e r e f o r e ,  a m o n g  th e  
h a lo g e n s , b r o m in e  h a s  b e e n  fo u n d  to  b e  th e  b e s t  c h o ic e  fo r  m e th a n e  a c t iv a t io n .  T h e  
s l ig h t ly  e x o th e r m ic  r e a c t io n  b e tw e e n  b r o m in e  a n d  m e th a n e  p o s s e s  th e  a d v a n ta g e  o f  
h a lo g é n a t io n  c a n  b e  e a s i ly  c o n tr o l le d . M o re o v e r ,  th e  h ig h  m e th a n e  c o n v e r s io n ,  h ig h  
m e th y l b r o m id e  s e le c t iv i ty  a n d  e a s ie r  r e g e n e r a t io n  f ro m  H B r  m a k e  it m o re  a t t r a c t iv e .  
T y p ic a l ly ,  a t  a  t e m p e ra tu re  o f  5 2 5  ° c  a n d  C H 4 /B r 2 r a t io  o f  1, th e  s e le c t iv e  c o n v e r s io n  
o f  m e th a n e  to  m e th y l b r o m id e  is  7 0 - 8 0 %  w ith  th e  b y p ro d u c ts ,  p r im a r i ly  d ib r o m o -  
m e th a n e s  a n d  s m a ll  a m o u n t  o f  t r ib ro m o m e th a n e s  ( D e g irm e n c i  et al., 2 0 0 5 ) .
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T a b l e  2 .1  E n th a lp y  a n d  f re e  e n e r g y  o f  f o rm a t io n  o f  m e th a n e - h a lo g e n  r e a c t io n s  
(R e id  ฝ  ฟ ,  19 77 )

C H 4 +  X 2 - C H 3X  +  H X
X A //o (k J /m o l) A Go (k J /m o l)
F -4 2 7 .0 — 4 3 0 .0

C l -9 9 .8 -1 0 7 .9
B r -2 8 .3 -3 2 .3
I 5 3 .2 49.1

I f  th e  b r o m in a t io n  p r o d u c ts  a r e  u se d  a s  f e e d s to c k  f o r  a  c a ta ly t ic  c a r b o n ­
c o u p l in g  re a c t io n  to  p r o d u c e  h ig h e r  h y d r o c a r b o n s ,  th e  f o rm a t io n  o f  p o ly b r o m o -  
m e th a n e s  ( C H 2B r 2 a n d  C H B r 3 ) d u r in g  r e a c t io n  is  a  s e r io u s  p r o b le m  b e c a u s e  th e  
p o ly b r o m o m e th a n e s  c a n  d e a c t iv a te  th e  c a ta ly s t .  S e p a ra t io n  o f  th e s e  p o ly b r o m o -  
m e th a n e s  b e fo re  in t r o d u c in g  in to  th e  c o u p l in g  u n i t  m a k e s  th e  p r o c e s s  m o r e  e x p e n ­
s iv e . T h u s ,  m a n y  p u b l ic a t io n s  h a v e  b e e n  f o c u s e d  o n  th e  a b i l i ty  to  p r o d u c e  h ig h e s t  
s e le c t iv i ty  b r o m o m e th a n e  a g a in s t  p o ly b r o m o m e th a n e s  (D in g  et al. , 2 0 1 3 ) .

G e o rg e  A . O la h  ( 1 9 8 5 )  p r o p o s e d  h a lo g e n  r a d ic a ls  (B r* a n d  C l*) f o r  th e  a c t i ­
v a t io n  o f  m e th a n e  b y  e x t r a c t in g  h y d r o g e n  f ro m  m e th a n e  a n d  p r o d u c in g  m e th y l  h a l ­
id e s  u n d e r  re la t iv e ly  m ild  c o n d i t io n s ,  th e n  th e  c a ta ly t ic  h y d r o ly s is  o f  m e th y l  h a l id e s  
to  a c h ie v e  th e  p r o d u c t io n  o f  d im e th y l  e th e r  a n d  m e th a n o l .  In  th e s e  r e a c t io n s ,  d i f f e r ­
e n t  s u p p o r te d  so lid  s u p e r - a c id s  w e r e  u s e d . T h e y  f o u n d  o u t th a t  9 8 %  C H 3 C I c o u ld  b e  
o b ta in e d  w i th  S b F .s -g ra p h ite  c a ta ly s t  w h i le  b o th  S b O F 3/ A l 2 0 3  a n d  T a O F 3 / A l 2 0 3  g a v e  
9 9 %  C F E B r  s e le c t iv i ty . H y d ro ly s is  o f  m e th y l  h a l id e s  o v e r  y - a lu m in a  s u p p o r te d  m e ta l  
o x id e /m e ta l  h y d ro x id e  c a ta ly s ts  w i th  2 5 %  c o n v e r s io n  o f fe r s  a n  a l t e r n a t iv e  w a y  to  
p r o d u c e  h ig h e r  h y d r o c a r b o n  in s te a d  o f  th e  s y n th e s is  g a s  ro u te .
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CH4. CH3X + HClr* a ► v

H20  c a t . (X * Cl. Br)
CH3OH [(CH3 )j O]

Figure 2.1 H a lo g é n a t io n  o f  m e th a n e  f o l lo w  b y  h y d ro ly s is  to  o b ta in  m e th y l  a lc o h o l  
a n d  d im e th y l e th e r  (O la h , 1 9 87 )7

Z h o u ~et al. ( 2 0 0 3 )  a ls o  d e s c r ib e d  a n  in te g ra te d  m u l t i - s te p  p r o c e s s  fo r  th e  p a r ­
t ia l  o x id a t io n  o f  a lk a n e  to  p r o d u c e  d im e th y l  e th e r  v ia  h a lo g é n a t io n .  In  th is  ro u te ,  a l ­
k a n e  re a c te d  w i th  b ro m in e  in  th e  f ir s t -p a r t  o f  a  r e a c to r  to  p r o d u c e  a lk y l b r o m id e s  a n d  
H B r ,  a n d  th e n  f o l lo w e d  b y  a  r e a c t io n  w ith  a  s o l id  m e ta l o x id e  (M O ) , g e n e ra t in g  d i ­
m e th y l  e th e r  a n d  m e ta l  b r o m id e  (M B r 2 ) in  th e  s e c o n d  p a r t .  F in a lly , th e  m e ta l  b r o ­
m id e  re a c te d  w i th  o x y g e n  b y  th e  o x y g e n a t io n  to  q u a n t i ta t iv e ly  r e g e n e r a te  m e ta l o x ­
id e  a n d  b ro m in e . H o w e v e r ,  th e  o b s ta c le  o f  th is  p ro c e s s  is  s o l id  t r a n s f e r r in g  p r o b le m  
a n d  g iv in g  th e  p o o r  s e le c t iv i ty  to  m o n o s u b s t i tu e d  a lk y l b r o m id e .

Figure 2.2 P a r t ia l  o x id a t io n  o f  a lk a n e s  v i a  b r o m in a t io n  f o l lo w e d  b y  th e  r e a c t io n  
w i th  s o l id  m e ta l o x id e  m ix tu r e s  ( Z h o u  et a i, 2 0 0 3 ) .

1 / 2  O;

+ -*■  EtOH
I (or 112 EtjO +1/2 H20)

HjC=CHj +Hj O

D in g  et al. (2 0 1 3 )  s h o w e d  th a t  a  s m a l l  a m o u n t a d d i t io n  o f  io d in e  ( B /B r 2 =  
1 /9 )  im p ro v e s  th e  c o n v e r s io n  o f  m e th a n e  to  C H 3B r  a n d  th e  s e le c t iv i ty  a g a in s t  f o r ­
m a t io n  o f  C H 2 B r 2 w i th in  a  s h o r t  r e a c t io n  t im e . Io d in e  r a d ic a l  c o u ld  r e a d i ly  a b s t r a c t
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B r  f ro m  C H 2 B r 2 . A f te r  a  s e r ie s  o f  r e a c t io n  (E q .5 - 9 ) ,  C H 4 a n d  C H 2 B r 2 a r e  c o n v e r te d  to  
C H 3B r  le a d in g  to  h ig h e r  C H 4 c o n v e r s io n  a n d  h ig h e r  s e le c t iv i ty  to  C H 3B r. T h is  c a n  
b e  th e  b e n e f ic ia l  w h e n  s e le c t iv e  m e th y l  b r o m id e  is  d e s ire d .

•I +  C H 2 B r 2 - »  IB r  +  * C H 2B r  (5 )
• C f B B r  +  H B r  —> C H 3B r  +  »B r ( 6 )
•B r  +  C H 4 -»• H B r  +  * C H 3 (7 )
• C H 3 +  IB r  - *  C H 3B r  +  «I _ ( 8 )

T h e  s u m  o f  th e s e  r e a c t io n s  is

C H 2 B r2 +  C H 4  -*■  2 C H 3B r (9 )

A l th o u g h  th e  m e th a n e  a c t iv a t io n  b y  h a lo g é n a tio n  a p p r o a c h 'i s  d o m in a te d  in  
th e  in d u s tr ia l  te c h n o lo g ie s ,  th e  d r a w b a c k s  o f  th is  ro u te  a re ;  1 ) th e  p o o r  s e le c t iv i ty  to  
m o n o s u b s t i t u te d  a lk y l b r o m id e  f ro m  th e  f re e  r a d ic a l r e a c t io n  m e c h a n is m . 2 ) b r o m in e  
in  la rg e  q u a n t i ty  is  a  h a z a rd o u s  o x id a n t .  3 )  r e g e n e ra t io n  o f  b r o m in e  is  n o t  e a s y  
( W a n g  et al, 2 0 0 6 ) .

2.3 Oxidative Bromination of Methane (OBM)

In  r e c e n t  y e a rs , m a n y  r e s e a rc h e r s  h a v e  p ro p o s e d  th e  c o n c e p t  o f  o x id a t iv e  
h a lo g é n a t io n  o f  m e th a n e . T h e y  u s e d  H X /H 20  (s o lu t io n )  a n d  O 2 a s  m e d ia to r  in s te a d  
o f  X 2 fo r  th e  m e th a n e  a c t iv a t io n . (X  =  h a lo g e n )

C H 4 + I / 2 O 2+ H X  - >  C H 3X + H 20  (1 0 )
M o s t  c o m m o n  h a lo g e n s  a re  c h lo r in e  a n d  b ro m in e . N e v e r th e le s s ,  c o m p a r in g  

b e tw e e n  th e  m e th a n e  c h lo r in a t io n  a n d  m e th a n e  b r o m in a tio n , th e  p r o c e s s  o f  m e th a n e  
c h lo r in a t io n  is n o t  c o m m e r c ia l i z e d  o w in g  to  th e  lo w  s e le c t iv i ty  o f  C H 3C I. C h lo r in e  
a to m  is  m u c h  s m a l le r  th a n  b r o m in e ,  it w i l l  b e  e a sy  to  fo rm  p o ly c h lo r o m e th a n e  
( C H 2 C I 2 , C H C I 3 ) a s  b y -p ro d u c ts .

O x id a t iv e  b r o m in a t io n  o f  m e th a n e  is  p re fe ra b le . B e c a u s e  o f  th e  s p a c e  l im i t  
a r o u n d  c a rb o n  a n d  th e  b ig  a to m ic  s iz e  o f  B r  re s u lts  in  o n e  c a rb o n  a to m  c a n n o t  h o ld  
to o  m a n y  b r o m in e  a to m s  a r o u n d  it. O n  th e  o th e r  h a n d , b r o m in e  is  a  b e t te r  le a v in g  
g r o u p .  H e n c e , h ig h  C H 3B r  s e le c t iv i ty  c a n  b e  g a in e d  (X u  et a l,  2 0 0 5 ) .
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M e th a n e  a c t iv a t io n  b y  o x id a t iv e  b r o m in a t io n  (O B M )  h a s  s e v e ra l  a d v a n ta g e s ;
1. T h e  O B M  r e a c t io n  is  a  h ig h ly  e x o th e r m ic  r e a c t io n  (E q . 11 ). T h u s ,  it  is  

a n  e n e r g y - s a v in g  p r o c e s s .

2 C H 4 + 2 0 2+ H B r  - >  C H 3 B r + C 0 + 3 H 20  (1 1 )
AH°=  -6 8 5 .8  k J /m o l

2 . M e th y l  b r o m id e , th e  m a in  p r o d u c t  o f  th e  O B M  r e a c t io n ,  c o u ld  b e  
c o n v e r te d  to  m a n y  u s e f u l  c h e m ic a ls ,  s u c h  a s  m e th a n o l ,  d im e th y l  e th e r  a n d - h ig h e r  
h y d r o c a r b o n  a n d  th e  H B r  in  th e  e f f lu e n t  c o u ld  b e  e a s i ly  re c y c le d .

3. I t d o e s  n o t  r e q u ire  o n ly  a  h ig h  s e le c t iv i ty  o f  m e th y l  b r o m id e . I f  th e  
f in a l  p r o d u c t  is  a c e t ic  a c id , it  c a n  p r o v id e  b o th  C H 3B r  a n d  C O  in  a n  e q u im o la r  (L in  
et a l,  2 0 1 0 ).

2.4 Related Articles of Oxidative Bromination of Methane

A lb e r t  E . S c h w e iz e r  ( 2 0 0 2 )  s u g g e s te d  in  th e  p a te n t  th a t  th e  m e th a n e  c o u ld  b e  
a c t iv a te d  b y  r e a c t in g  w i th  c h lo r in e  o r  b r o m in e  to  p ro d u c e  c h lo r o m e th a n e  o r  b ro m o -  
m e th a n e  (E q . 1 2 -1 3 ) , a n d  th e n  c o n v e r t  h a lo m e th a n e  to  h ig h e r  h y d r o c a r b o n  v ia  th e  
h y d r o ly s is  r e a c t io n . H o w e v e r ,  th e re  is  n o  d e ta i l  o f  th e  c a ta ly s t  a n d  r e a c t io n  d a ta .

C h lo r in a t io n  C H 4  +  l / 2 0 2 +  H C l - >  C H 3 C 1+ H 20  (1 2 )
B r o m in a t io n  C H 4 +  l / 2 0 2 +  H B r  —* C H 3 B r+ H 20  (1 3 )

X u  et al. ( 2 0 0 5 )  a n d  W a n g  et al. ( 2 0 0 5 )  u s e d  R u / S i 0 2 c a ta ly s t ,  p r e p a r e d  b y  
im p r e g n a t io n  m e th o d ,  in  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  to  p r o d u c e  C H 3B r  
a n d  C O , w h ic h  in  tu r n  c o n v e r te d  to  d im e th y l  e th e r  ( C H 3B r  o n ly )  o r  ( C H 3B r  w i th  C O )  
to  a c e t i c  a c id . T a b le  2 .2  s h o w s  th e  d i f f e r e n t  p r o d u c t  d is t r ib u t io n  o f  O B M  re a c t io n . 
U p  to  7 8 .8 %  C H 3B r  s e le c t iv i ty  w a s  a c h ie v e d  , a  g o o d  f e e d s to c k  fo r  d im e th y l  e th e r  
p r o d u c t io n ,  w h e re a s ,  7 2 .4 % C H 3B r  s e le c t iv i ty  a n d  2 5 .5  % C O  s e le c t iv i ty  c o u ld  b e  a t ­
t a in e d  b y  c o n tr o l l in g  th e  c o n d i t io n s  in  o rd e r  to  s y n th e s iz e  a c e t ic  a c id .
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T a b l e  2 .2  P ro d u c t  d i s t r ib u t io n  o f  O B M  re a c t io n  w i th  d if f e re n t  d e s i r e d  p r o d u c t

D e s ire d  T  C H 4  <ว2 r n n v S i n n  S e le c t iv i ty  (% )
p ro d u c t  ( ๐C ) (m L /m in )  (m L /m in )  C 0n^ s l0 n  C H 3B r  C H 2B r 2 C O

D M E 5 6 0 5 .0 2 0 . 0 3 1 .8 7 8 .8 2 .3 18 .9
A c e tic
a c id 5 6 0 5 .0 1 5 .0 30 .1 7 2 .4 2 . 1 2 5 .5

In  th e  la te r , W a n g  et al. ( 2 0 0 6 )  t r ie d  to  d e v e lo p  th e  n e w  c a ta ly s t  fo r  th e  o x i ­
d a t iv e  b r o m in a t io n  o f  m e th a n e  b y  a d d in g  s o m e  m e ta ls  o n  R u / S i 0 2, e .g . M g  C a  Y  L a  
S m  B i B a  N i . T h e y  f o u n d  th a t  2 .5 %  B a  2 .5 %  L a  0 .5 %  N i 0 .1 %  R u / S i 0 2 s h o w e d  th e  
b e s t  p e r f o r m a n c e ,  g iv in g  a  h ig h  m e th a n e  c o n v e r s io n ,  a s  w e ll a s  h ig h  C H 3B r  a n d  C O  
s e le c t iv i ty  ะ 6 2 .9 %  o f  m e th a n e  c o n v e r s io n  w ith  C H 3 B r, C H 2 B r2, C O , a n d  C 0 2 s e le c ­
t iv i ty  o f  5 4 .5 % , 5 .3 % , 3 4 .6 % , a n d  5 .6 % , r e s p e c tiv e ly . F ro m  th e  T a b le  2 .3  in d ic a te d  
th a t  u s in g  s u i ta b le  c a ta ly s t  a n d  a d ju s tm e n t  th e  r e a c t io n  te m p e ra tu re  is  a  p r a c t ic a b le  
w a y s  to  r e a c h  th e  ta rg e t .

T a b l e  2 .3  C a ta ly s t  p e r f o r m a n c e  fo r  O B M  r e a c t io n  ( W a n g  et al, 2 0 0 6 )

Entry T  CO Catalyst A' (%) Selectivity (% )

CH,Br CH:Br2 CO CO;
1 581) 0.1% Ru/SiO. 38.4 52.9 0 47.1 0
ๆ 580 0.1%  Rh/SiO» 359 .37.9 {) 62.1 0
3 580 5% Mg 0.1% Ru/SiO; 32.1 53.1 4.5 424 0
4 580 55  Ca 0.1% Ru/SiOj 20.9 33.1 33 63.6 0
5 580 5%  Bp 0.1% Ru/SiO: 259 76.8 6.6 16.6 0
6 580 5% Y 0.1* Ru/SiO; 699 15.4 1.8 77.7 5.1
7 580 5%  La 0.1% Ru/Siô; 72.2 .30.7 5 6 61 0 2.7
8 580 5* Sm 0.1% R u/Siâ SI 4 7.6 2.1 86.9 34
9 600 5% Sm 0.1% Ru/SK3 86.6 6.8 1.2 8S.0 4.0

10 580 15% Ba 2.5% น  0.1% Ru/SiO; 42.9 55.9 6.1 38.0 0
11 580 25% Ba 25% La/SiO; 15.7 52.2 14.6 33.2 0
12 600 25% Ba 2.5% La 0.1% Ru/SiO; 58.8 53.4 4.9 41.7 0
13 580 25% Ba 2.5% Sm 0.1% Ru/SiO; 34.5 61.8 9.1 29.1 0
14 600 2.5%  Ba 2.5% Sm 0.1% Ru/SiO; 41 j 57.2 5.0 37.8 0
15 580 15% Ba 15% Bi 0 1% Ru/SiO; 18.2 602 16.2 23.6 0
16 600 25% Ba 25% Bi 0.1% Ru/Sioî 37.1 49.9 5.8 44.3 0
17 600 25% Ba 25% la  0.5% Bi 0.1% Ru/SiO; 50.0 54.4 7.0 38.6 0
18 6 ๓ 25%, Ba 25% La 0.5%. a- 0.1% Ru/SiO, 59.3 51.7 3.1 40.4 4.8
Ë z 600 25% Ba 2.5% La 0.5% Co 0.1% Ru/Siô; 52.1 52.2 3.4 38.2 6 2  1
20 6 ๓ 25% Ba 25% La o.y'tc Ni 0.1% Ru/SiO; 62.9 54.5 i .  3 34.6 5.6
21 600 2.5% Ba 2.5% La 0 5% C'u 0.1% Ru/SiO; 41.3 51.4 2.8 39.4 6.4
22 600 25% Ba 25% La 0.5% V 0.1% Ru/SiO; 57.6 50.5 3.0 38.0 8.5
23 600 25% Ba 25% La 0.5% Mo 0.1% Ru/Siô; 53.6 52.1 2.4 360 9.5
A'ote: Methane flow 5.0 mL/min. oxygen flow 5.0 mL/min. 40wt.% HBr/HjO flow 4.0 mL (liquidl/h. catalyst 1.0000 g. X denotes the conversion of methane.
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L iu  et al. ( 2 0 0 7 )  d e s ig n e d  a  tw o - s ta g e  s y s te m  fo r  s y n th e s iz e  h ig h e r  h y d r o c a r ­
b o n . F ir s t ,  m e th a n e  is  c o n v e r te d  to  m e th y l  b r o m id e ,  a n d  m e th y l  b ro m id e  is  c o n v e r te d  
to  h ig h e r  h y d r o c a r b o n  in  th e  s e c o n d  re a c to r .  T h e y  p re s e n te d  th e  n e w  c a ta ly s t  fo r  o x i ­
d a t iv e  b r o m in a t io n  o f  m e th a n e , R h /S iC >2 c a ta ly s t  p re p a re d  b y  s o l-g e l  m e th o d .  M e ­
th a n e  s in g le - p a s s  c o n v e r s io n  o f  3 6 %  a n d  a n  o v e ra l l  s e le c t iv i ty  f o r  m e th y l  b r o m id e  
a n d  m e th y le n e  d ib r o m id e  o f  8 7 %  w a s  a c h ie v e d  in  th is  p a p e r .  T h u s ,  th e  R h /S iC >2 w a s  
p r o v e d  to  b e  b e t te r  th a n  th e  R u /S i 0 2  r e p o r te d  p re v io u s ly . A d d i t io n a l ly ,  L iu  a ls o  d e ­
d u c e d  th a t  th e  p r e s e n c e  o f  H B r  in h ib i t s  th e  d e e p  o x id a t io n  a n d  s te a m  r e f o r m in g  o f  
m e th a n e .

T h e  p r e v io u s  in v e s t ig a t io n  d e m o n s t r a te d  th a t  th e  r o le  o f  c a ta ly s t  h a s  in f lu ­
e n c e d  to  th e  p r o d u c t  d i s t r ib u t io n .  T h e r e fo re ,  Y a n g  et al. ( 2 0 0 8 )  b e c a m e  f o c u s e d  in  
th e  r e a c t io n  p a th w a y  fo r  O B M  r e a c t io n  o v e r  R h /S i0 2 . F ro m  th e i r  r e s u lt  e x p e r im e n t ,  
it c a n  b e  d e d u c e d  th a t  th e  r e a c t io n  to o k  p la c e  b o th  in  th e  g a s  p h a s e  a n d  o v e r  th e  s u r ­
f a c e  o f  th e  c a ta ly s t .  B u t  th e  s u r f a c e  r e a c t io n s  c o n tr ib u te d  th e  m a jo r  p a r t  in  th e  f o r ­
m a t io n  o f  C F B B r a n d  C H 2 B r 2 .

T h e  r e a c t io n  p a th w a y  m ig h t  b e ;
Step 1 F IB r r e a c ts  w i th  c >2 to  f o rm  w a te r  a n d  a c t iv e  b r o m in e  s p e c ie s ,  s u c h  a s  th e  
b r o m in e  r a d ic a ls  (B r* )  in  th e  g a s  p h a s e  a n d  th e  a d s o rb e d  s p e c ie s  (B r* )  o v e r  th e  s u r ­
fa c e  o f  th e  c a ta ly s t .

H B r + 0 2 - >  F lO O  +  B r* (1 4 )
Step 2 A c t iv e  b r o m in e  s p e c ie s  r e a c t  w i th  C F L  to  fo rm  H B r  a n d  m e th y l s p e c ie s  ( C H 3 

• r a d ic a ls  a n d  th e  a d s o r b e d  s u r f a c e  s p e c ie s  C H 3 *)
C H 4 + B r*  *G H 3+ H B r  (1 5 )

Step 3 T h e  m e th y l s p e c ie s  r e a c t  w i th  a c t iv e  b r o m in e  s p e c ie s  to  fo rm  C H 3 B r
• C H 3+ B r * - >  C H 3B r (1 6 )

Step 4 I f  C H 3 B r  r e a c te d  w i th  a c t iv e  b r o m in e  s p e c ie s  a g a in , C H 2 B r 2 c o u ld  b e  f o rm e d  
a s  b y  p r o d u c t  a s  w e l l  a s  th e  C H B r 3 fo rm a t io n .

C H 3B r  +  B r - - +  *C H 2B r  +  H B r  (1 7 )
• C H 2B r  +  B r * - +  C H 2B r  (1 8 )

Step 5 T h e  g e n e ra t io n  o f  C O  a n d  C O 2 a re  m o s t ly  d u e  to  th e  o x id a t io n  o r  w a te r  r e ­
f o r m in g  o f  C H 3 B r.
O x id a t io n  o f  C H 3B r  : C H 3B r  +  0 2 -*• C 0  +  3 H 20  +  H B r  (1 9 )



W a te r  r e fo rm in g  o f  C H 3B r 3 C H 3B r  +  H 20  - >  2 C H 4 + C O  +  3 H B r  
4 C H 3B r  +  2 H 20  - *  3 C H 4 +  C 0 2 +  4 H B r

( 2 0 )
( 2 1 )

Figure 2 .3  P o s s ib le  r e a c t io n  p a th w a y s  fo r  th e  O B M  re a c t io n  : g a s  p h a s e  a n d  th e  s u r ­
fa c e  o f  th e  c a ta ly s t  r e a c t io n  ( Y a n g  et a l,  2 0 0 8 ) .

CO H20  HBr

Figure 2 .4  P o s s ib le  r e a c t io n  p a th w a y s  fo r  th e  O B M  re a c tio n  : m o n o b r o m o m e th a n e  
( m a in  p r o d u c t ) ,  p o ly b r o m o m e th a n e s ,  a n d  a n o th e r  b y p ro d u c ts  ( W a n g  et al, 2 0 0 6 ) .

In  th e  m e a n t im e ,  L in  e t  a l. ( 2 0 0 9 )  s u c c e s s f u l ly  d e v e lo p e d  a  s e r ie s  o f  s u p p o r t ­
e d  n o n - n o b le  m e ta l o x id e  c a ta ly s ts  f o r  th e  p r o d u c t io n  o f  e q u im o la r  C H 3B r  a n d  C O . 
T h is  in v e s t ig a t io n  e m p h a s iz e d  o n  r e p la c in g  n o b le  m e ta l  c a ta ly s ts  w i th  c h e a p e r  o x ­
id e s  a n d  v a r io u s  s i l ic a - s u p p o r te d  o x id e  c a ta ly s ts  w e r e  su rv e y e d . I t w a s  fo u n d  th a t  th e  
r e d o x  a b i l i ty  o f  d i f f e r e n t  m e ta ls  h a d  a  s tro n g  im p a c t  o n  th e  p r o d u c t  d is t r ib u t io n .  
A m o n g  th e  s u rv e y e d  c a ta ly s ts ,  B a O / S i 0 2 d i s p la y e d  th e  b e s t  to ta l  s e le c t iv i ty  o f  
C H 3 B r , C H 3O H  a n d  C O , w h ic h  c a n  p r o v id e  a  p e r f e c t  f e e d s to c k  f o r  th e  s y n th e s i s  o f
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a c e tic  a c id  (C L fiB r  +  C H 3O H ): C O  =  1 ( m o l/m o l) .  C o n s e q u e n t ly ,  it  w a s  c h o s e n  fo r  
f u r th e r  e x p e r im e n ts .

T a b l e  2 .4  O B M  r e a c t io n  o n  d i f f e r e n t  s u p p o r te d  m e ta l  o x id e  c a ta ly s ts  (L in  et al,
2 0 0 9 )

O x id a tiv e  b r o m in a t i o n  o f  m e th a n e  o n  d i f f e r e n t  s u p p o r t e d  m e ta l  o x id e  c a ta ly s ts .

C a ta ly s ts  C o n v e rs io n  (% ) S e le c t iv i ty  (C%)

M Ox/S i0 2 c h 4 C H 3 O H CH3Br CH 2 Br2 CH Br3 CO C 0 2

B lank 2 0 . 0 1 3 .6 5 5 .4 2 1 .4 1.9 7 .6 0
5 V 2 5 .8 3 .5 9 .2 0 .5 0 8 6 .7 0
10 Ce 2 8 .1 0 3.2 0 . 2 0 9 3 .6 3 .0
5 M o 2 9 .6 1 8 .0 3 4 .3 3 .4 0 4 3 0 1.3
10 Ba 3 0 .6 1 1 . 2 4 7 .6 ไ .9 0 3 8 .3 2 . 0
5 พ 3 1 .4 14 .7 2 6 .5 0 .4 0 5 8 .4 0

R e a c tio n  v a r ia b le s :  T 6 5 0  C; 4 0  w t.%  H B 1 /H 2 O flo w  8 .0  m l/h ;  g a s  f lo w  2 5  m l /m in  
(C H 4 : 0 2 = 4 .0 ) .

U p  to  n o w , n o b le  m e ta l  c a ta ly s ts  s t i l l  b e  th e  s u p e rb  c a ta ly s t  f o r  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 i th  h ig h  m e th y l  b r o m id e  s e le c t iv i ty .  L iu  et al. ( 2 0 1 0 )  in d i ­
c a te d  th a t  th a t  u s in g  s u i ta b le  c a ta ly s t  p r e p a r a t io n  c o n d i t io n s ,  c a ta ly s t  w i th  d e s i r e d  
s p e c if ic  s u r f a c e  a re a  c o u ld  b e  p re p a re d  in  th e  O B M  r e a c t io n  o v e r  R h /S i 0 2  c a ta ly s ts .  
A d ju s tm e n t  th e  c a lc in a t io n s  c o n d i t io n s ,  w e  c o u ld  o b ta in  e i th e r  h ig h  y ie ld  o f  C H 3B r  
o r  C f f iB r  a n d  C O  fro m  th e  r e a c t io n  a s  th e  fo l lo w in g ;

I f  o n ly  C H jB r  is  p r e f e r r e d  w h ic h  c o u ld  b e  c o n v e r te d  to  h ig h  h y d r o c a r b o n s ,  
m e th a n o l ,  o r  d im e th y l  e th e r  th ro u g h  o th e r  c a ta ly t ic  r e a c t io n s ,  th e  R h /S i 0 2  c a ta ly s t  
s h o u ld  b e  c a lc in e d  a t a  t e m p e r a tu r e  a s  h ig h  a s  9 0 0  ๐c  f o r  a  lo n g e r  t im e .

I f  e q u a l  y ie ld s  o f  C H 3 B r  a n d  C O  a re  p r e f e r r e d  w h ic h  th e  f in a l  p r o d u c t  is  a c e ­
tic  a c id , th e  R h /S i 0 2  c a ta ly s t  s h o u ld  b e  c a lc in e d  a t  a  r e la t iv e ly  lo w  te m p e r a tu r e  w i th ­
in  a  s h o r te r  t im e .
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Figure 2 .5  T h e  p ro d u c t  d i s t r ib u t io n  o f  th e  O B M  r e a c t io n  w ith  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 .

Note ะ 0 .4 R h /S i0 2 - 9 0 0 - 1 0  w a s  d e n o te d  a s , 0 .4  w a s  th e  R h  lo a d in g  in  w e ig h t  p e r ­
c e n ta g e ,  a n d  9 0 0  a n d  10 w e re  th e  c a lc in a t io n s  te m p e ra tu re  ( ๐C ) a n d  t im e  ( h ) ,  r e s p e c ­
t iv e ly  (L iu  et a l,  2 0 1 0 ) .

2.5 Related Articles of Méthylation with Alkylating Agent

A b o u l- G h e i t  et al. ( 2 0 1 1 )  s tu d ie d  th e  r e a c t io n  o f  to lu e n e  m é th y la t io n  w i th  
m e th a n o l  o v e r  P d /H -Z S M -5  c a ta ly s t .  T h e y  fo u n d  th a t  P d  c a n  a c t a s  a  p r o m o te r  to  
a c t iv a te  th is  r e a c t io n  b y  th e  p r e s e n c e  o f  a  v a c a n t  d -o rb i ta l  in  th e  P d  a to m . A s  a  r e s u l t ,  
th e  para-xy le n e  s e le c t iv i ty  w a s  fo u n d  to  in c re a s e  s ig n if ic a n t ly  w ith  th e  0 .2 % P d /H -  
Z S M - 5  c a ta ly s t .  T h e y  a lso  p r o p o s e d  a  m e c h a n is m  (F ig  2 .6 ) :  f irs t ly , m e th a n o l  o r  m e ­
th y l e th e r  ( fo r m e d  b y  m e th a n o l  d e h y d ra t io n  o v e r  P d /H - Z S M -5  c a ta ly s t )  a d s o r b e d  o n  
th e  a c id  s ite s  o f  c a ta ly s t  a n d  f o r m e d  th e  c o r r e s p o n d in g  o x o n iu m  io n . T h e n  th e  m e th y l  
g r o u p  t r a n s f e r r e d  to  th e  a r o m a t ic  r in g  a n d  a  p ro to n  t r a n s f e r r e d  b a c k  to  th e  c a ta ly s t  
s i te . T h e  ro le  o f  P d  is  a p p a re n t ly  c o n c e rn e d  in  s e c o n d  s te p  w h e re  th e  c a r b o c a t io n  
f o rm e d  r e q u i r e s  s ta b i l iz a t io n  s u c h  th a t  th e  r e a c t io n  p a s s e s  s a fe ly  to  th e  r ig h t  h a n d  
s id e  a n d  e n h a n c in g  th e  x y le n e  y ie ld .
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Figure 2.6 M e c h a n i s m  o f  to lu e n e  a lk y la t io n  w i th  m e th a n o l  u s in g  H - z e o l i te  (A b o u l-  
G h e i t  et al. , 2 0 1 1 ) .

In  th e  la te s t  r e se a rc h ; Z h o u  et al. ( 2 0 1 3 )  p ro p o s e d  a  n e w  c a ta ly t ic  p r o c e s s  fo r  
p a r a - x y l e n e  s y n th e s i s  f ro m  th e  m é th y la t io n  o f  to lu e n e  w ith  C H ^ B r. C H 3 B r  w a s  p r e ­
p a re d  f ro m  th e  o x id a t iv e  b r o m in a t io n  o f  n a tu ra l  g a s  (C H 4), b y  u s in g  H B r /L h O , O 2 a s  
m e d ia to r  o v e r  s u p p o r te d  R h  c a ta ly s t  (L iu  et a l,  2 0 1 0 ) . T h e  m é th y la t io n  r e a c t io n  w a s  
in v e s t ig a te d  u s in g  H Z S M -5  o r  m o d if ie d  H Z S M -5  c a ta ly s t  h e re in a f te r .

f  '  I
HBrKVHzO toluene

C H  --------- ---------- C I I j B r  y  ■ p - x y le n e  +  H B r4 Calai. 1 Çatol. 3
1 atm * a m̂

Figure 2.7 P r o c e s s  f o r  p r e p a r a t io n  o f  p a r a - x y l e n e  f ro m  th e  a lk y la t io n  o f  to lu e n e  
w i th  C L b B r  ( Z h o u  et a l,  2 0 1 3 ).

It w a s  o b s e r v e d  in  F ig u re  2 .8  th a t  S i-P /H Z S M -5  p e r f o rm e d  a n  e x c e l le n t  c a ta ­
ly s t f o r  s e le c t iv e  f o n n a t io n  o f  p a r a - x y l e n e  in  5 n to lu e n e  m é th y la t io n  w i th  2 7 .7 %  to l ­
u e n e  c o n v e r s io n ,  9 3 .1 %  p a r a - x y l e n e  s e le c t iv i ty ,  a n d  u p  to  2 1 %  p a r a - x y l e n e  y ie ld . 
T h e  to lu e n e  c o n v e r s io n  d e p e n d s  o n  th e  c o n c e n t r a t io n  o f  to ta l  a c id  s ite s , w h e r e a s  th e
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p a r a - s e l e c t i v i t y  d e p e n d s  o n  th e  re la t iv e  r a t io  o f  s t r o n g  to  w e a k  a c id  s ite s :  d e c l in e  in  
s t r o n g  a c id  s i t e s  m e a n s  h ig h e r  p a r a - x y l e n e  s e le c t iv i ty .

Si/HZSM-5 P/H7SM-5 Si P/HZSM 5

Figure 2.8 C a ta ly t ic  p e r f o r m a n c e  c o m p a r i s o n  o f  P /H Z S M -5 , S i /H Z S M -5  a n d  S i-  
P /H Z S M -5  ( Z h o u  et a / . ,  2 0 1 3 ) .

X ia o - P in g  Z h o u  a ls o  p r o p o s e d  a  p o s s ib le  m e c h a n is m  o f  to lu e n e  m é th y la t io n  
w i th  C H jB r  o v e r  S i- P /H Z S M - 5  (F ig .2 .9 ) . F ir s t ,  C F T B r  c h e m is o rb e d  o n  th e  s t r o n g  
a c id  s ite s  a n d  y ie ld s  m e th y l  c a t io n s .  T h e n ,  th e  e le c t r o p h i l i c  a g e n ts  a t t a c k  to lu e n e  to  
fo rm  p a r a - x y l e n e  o n  th e  w e a k  a c id  s ite s . T h e n , th e  is o m e r iz a t io n  o f  p a r a - x y le n e  o c ­
c u r  o n  th e  s t r o n g  a c id  s i te s  a n d  a  m ix tu r e  o f  a ll x y le n e  (p -x y le n e , m- x y le n e  a n d  o- 
x y le n e )  a re  p r o d u c e d .



16

Figure 2.9 P o s s ib le  re a c t io n  m e c h a n is m  o v e r  S i-P /H Z S M -5  c a ta ly s t  ( Z h o u  et al, 
2 0 1 3 ) .

O v e r  a  d e c a d e  a g o , m a n y  r e s e a rc h e r s  h a v e  b e e n  s u c c e s s f u l  in  d e v e lo p in g  a  
c h e m ic a l  p ro c e s s  to  c o n v e r t  n a tu ra l  g a s  in to  v a r io u s  p e t ro c h e m ic a l  f e e d s to c k s .  X ia o ­
p in g  Z h o u  w a s  o n e  o f  th o s e  r e s e a rc h e r s .  H e  h a s  s tu d ie d  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  to  s y n th e s iz e  h ig h  s e le c t iv i ty  o f  m e th y l  b ro m id e  ( C H 3 B r) , th e  g o o d  p r e c u r ­

s o r  f o r  a c e t ic  a c id , d im e th y l  e th e r ,  a n d  h ig h e r  h y d ro c a rb o n  p r o d u c t io n .  E s p e c ia l ly ,  in  
th e  la te s t  p u b l ic a t io n ,  Z h o u  a im e d  a t  para-xy le n e  s y n th e s is  v ia  th e  m é th y la t io n  o f  
to lu e n e  w i th  m e th y l b ro m id 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  in v o lv in g  a  h e te r o ­
g e n e o u s  c a ta ly s t  w a s  th e  r e c o m m e n d e d  ro u te  to  p ro v id e  m e th y l  b ro m id e . A c c o r d in g ­
ly , h i s  r e s e a rc h e s  w e r e  e x t r e m e ly  b e n e f ic ia l  to  th o s e  in te re s te d  in  th is  f ie ld .

I h a v e  c o l le c te d  a n d  a p p l ie d  th e  u s e fu l  k n o w le d g e  f ro m  Z h o u ’s r e s e a r c h e s  to  
m y  th e s is  w o rk  f o c u s e d  o n  th e  h ig h  y ie ld  a n d  s e le c t iv i ty  o f  m e th y l  b r o m id e . R h /S iÛ 2 

w a s  c h o s e n  s in c e  th e  p r e v io u s  s tu d ie s  d o n e  b y  Z h o u  h a v e  s h o w n  th e  m o s t  e f f e c t iv e  
c a ta ly s t .  M e th y l b r o m id e  w ill  b e  f u r th e r  c o n d u c te d  to  re a c t w i th  b e n z e n e  in  o r d e r  to



g e n e r a te  to lu e n e  o r  p a r a - x y l e n e ,  th e  im p o r ta n t  r a w  m a te r ia ls  f o r  th e  m a n u f a c tu r in g  
o f  t e x t i l e ,  a u to m o t iv e ,  a n d  f o o d  p a c k a g in g  in d u s tr ie s .
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