
CHARTER II
THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1 Background

2.1.1 Hydrogen
Hydrogen was first artificially produced in the early 16th century, via 

the mixing of metals with strong acids. It is the chemical element with atomic 
number of 1. It is composed of one hydrogen atom (H). At ambient temperature and 
atmospheric pressure, hydrogen is a colorless, odorless gas, and highly combustible 
diatomic gas with the molecular formula H2 (http://www.newworldencyclopedia.org/ 
entry/Hydrogen).

Conventional energy resources can significantly produce greenhouse 
gases, especially carbon dioxide, which is thought to be responsible for changes in 
global climate. Hydrogen is the cleanest fuel that has a minimum impact on the 
environment. The long-term environmental benefits of using hydrogen as a fuel are 
enormous. Hydrogen fuel produces few pollutants when burnt, and none at all when 
used in a fuel cell. Hydrogen is a carbon-free fuel, and when produced using 
renewable energy, the whole energy system can become carbon-neutral, or even 
carbon-free. So, hydrogen fuel can contribute to reducing greenhouse gas emissions 
and can reduce the production of many toxic pollutants.

Hydrogen gas is the simplest and lightest fuel. It contains low levels of 
carbon monoxide and carbon dioxide, depending on the production source. The energy 
density of hydrogen is very low under ambient conditions. This presents greater 
transportation and storage hurdles than for liquid fuels.

Currently, hydrogen is being surveyed for use in combustion engines 
and fuel cell electric vehicles. Moreover, it can be used in numerous applications, 
including petroleum refining process and petrochemical industry such as 
hydrotreating, hydrocracking, production of methanol, ammonia, and hydrocarbon 
synthesis via Fischer-Tropsch process.

http://www.newworldencyclopedia.org/
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2 .1 .2  P r o c e s s e s  fo r  H y d r o g e n  P r o d u c t io n
T h e r e  h a v e  b e e n  p r o c e s s e s  u t i l i z in g  m e t h a n e  t o  p r o d u c e  h y d r o g e n  

e .g . ,  s t e a m  r e f o r m in g ,  p a r t ia l o x id a t io n ,  p y r o l y s i s ,  g a s i f i c a t i o n ,  e l e c t r o l y s i s ,  a n d  

a u to th e r m a l  r e f o r m in g .  H o w e v e r ,  s t e a m  r e f o r m in g ,  p a r t ia l  o x id a t io n ,  a n d  

a u to th e r m a l  r e f o r m in g  p r o c e s s  a r e  w i d e l y  u s e d  t o  p r o d u c e  m e t h a n e  in to  h y d r o g e n  

a n d  c a r b o n  m o n o x i d e  o r  s y n t h e s i s  g a s .
2.1.2.1 S team  R eform ing

S t e a m  r e fo r m in g  ( S R ) ,  s o m e t i m e s  r e fe r r e d  t o  a s  s te a m  

r e f o r m in g  o f  m e t h a n e  ( S R M ) ,  i s  a  w e l l - e s t a b l i s h e d  p r o c e s s  a n d  th e  la r g e s t  p r o c e s s  fo r  

c o n v e r t in g  n a tu r a l g a s  in t o  h y d r o g e n  o r  s y n t h e s i s  g a s  in  in d u s tr y .  N o r m a l l y ,  th e  s te a m  

r e f o r m in g  r e a c t io n  o f  h y d r o c a r b o n s  c a n  b e  d e s c r ib e d  b y :

C nH m +  n H 20  - >  n C O  +  (n  +  y  )  H 2, A H ''98 > 0  ( 2 .1 )

a n d  t w o  s a m p le  r e v e r s ib le  r e a c t io n s ,  w a t e r - g a s  s h i f t  a n d  m e t h a n a t io n  r e a c t io n  c a n  b e  

r e s p e c t i v e ly  d e s c r ib e d  b y :

C O  +  n H 20  <-> C 0 2 +  น 2, A / /" 9g -  - 4 1 .2  k J /m o l  ( 2 .2 )

C O  +  3 H 2 <-> C H 4 +  H 2 0 ,  \ H L2'98 =  - 2 0 6 . 2  k J /m o l  ( 2 .3 )

M o r e o v e r ,  R e a c t i o n s  ( 2 .1 )  t o  ( 2 .3 )  m a y  b e  a c c o m p a n ie d  b y  r e a c t io n s  f o r m in g  c a r b o n .

2 C O  +  c <-> C 0 2, A H C2'98 =  - 1 7 2 . 4  k J /m o l  ( 2 .4 )

C H 4 < -»  c +  2 H 2, A H 29, =  7 4 .9  k J /m o l  ( 2 .5 )

C nH m —> “ c a r b o n a c e o u s  d e p o s i t s ”  +  x H 2 ( 2 .6 )

A t  h ig h  te m p e r a tu r e  ( a b o v e  6 5 0  ° C ) ,  th e  h y d r o c a r b o n s  

m a y  r e a c t  in  p a r a l le l  t o  R e a c t io n  ( 2 .1 )  b y  th e r m a l c r a c k in g  ( c a l l e d  “ s t e a m  c r a c k in g ” ) 

in to  o l e f i n s  w h i c h  m a y  e a s i l y  f r o m  c o k e  b y  R e a c t io n  ( 2 .6 ) .  T h e  r is k  o f  c a r b o n  

fo r m a t io n  m u s t  b e  e l im in a t e d  in  o p e r a t io n  s in c e  c a r b o n  c a u s e s  s e r io u s  o p e r a t io n a l
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t r o u b le s  s u c h  a s  d e a c t iv a t io n  o f  th e  c a t a ly s t  a n d  in c r e a s in g  p r e s s u r e  d r o p . T h e r e f  o r e ,  
a d d it io n  o f  e x c e s s  s t e a m  is  n o r m a l ly  u s e d  to  a v o id  c o k e  f o r m a t io n .

C u r r e n t ly ,  th e  m o s t  c o m m o n  s o u r c e  o f  s y n t h e s i s  g a s  

p r o d u c e d  b y  s t e a m  r e f o r m in g  a re  h y d r o c a r b o n s  a n d  p a r t ic u la r ly  n a tu r a l g a s .  S in c e  

th e  m a jo r  c o m p o n e n t  in  n a tu r a l g a s  i s  m e t h a n e ,  t h e  s t e a m  r e f o r m in g  o f  m e t h a n e  c a n  

b e  d e s c r ib e d  b y :

C H 4 +  H 20  —> C O  +  3 H 2, à H "98 =  2 0 5 . 9  k j / m o l  ( 2 .7 )

S R M  is  h ig h ly  e n d o t h e r m ic  r e a c t io n .  T h e r e f o r e ,  a  la r g e  

a m o u n t  o f  e n e r g y  i s  n e c e s s a r i l y  c o n s u m e d  t o  s u p p ly  t h i s  r e a c t io n .  T y p ic a l l y ,  th is  

r e a c t io n  h a s  to  b e  o p e r a t e d  o v e r  s u p p o r te d  n ic k e l  c a t a ly s t s  a t p r e s s u r e s  in  th e  r a n g e  

o f  1 5  to  3 0  a tm  a n d  h ig h  te m p e r a tu r e  o f  8 5 0  to  9 0 0  ๐c .  F u r t h e r m o r e , F i s c h e r -  

T r o p s c h  o r  m e t h a n o l  s y n t h e s i s  c a n  b e  d e s c r ib e d  b y :

n C O  +  2 n H 2 - >  C „ 2 H n  +  n H 20
C O  +  2 H 2 - »  C H 3O H

F o r  t h e s e  p r o c e s s e s ,  th e  d e s ir e d  H 2/C O  m o la r  r a t io  i s  2 . T h u s ,  th e  s y n t h e s i s  g a s  fr o m  

s t e a m  r e f o r m in g  o f  m e t h a n e  m u s t  b e  a d ju s te d  th r o u g h  th e  r e v e r s e  w a t e r  g a s  s h if t  

(E q . 2 .2 ) .
N o t  o n ly  m e t h a n e  b u t  a l s o  o t h e r  h y d r o c a r b o n s  s u c h  a s  

n a p h th a , b u ta n e ,  b e n z e n e  a n d  h e x a n e  a re  u s e d  a s  f e e d s t o c k s  fo r  s t e a m  r e fo r m in g .  
F lo w e v e r ,  m e t h a n e  i s  s t i l l  th e  m o s t  p o p u la r  f e e d s t o c k  b e c a u s e  o f  i t s  l o w  ra te  o f  c o k e  

f o r m a t io n  w h e n  c o m p a r e d  w i t h  o th e r  h y d r o c a r b o n s .
F lo w e v e r ,  th e  d i s a d v a n t a g e s  o f  th e  s t e a m  r e fo r m in g  

p r o c e s s  a re  h i g h  e n e r g y  c o n s u m p t io n ,  i n t e n s iv e  c a p ita l  c o s t ,  a n d  c o k e  d e p o s i t io n .  
T h e r e f o r e ,  m u c h  r e s e a r c h  h a s  b e e n  f o c u s e d  t o  i n v e s t i g a t e  r e f o r m in g  c a t a ly s t  

c o n d i t io n s  in  o r d e r  t o  s o l v e  t h e s e  p r o b le m s  a n d  im p r o v e  r e f o r m in g  e f f i c i e n c i e s .

( 2 .8 )
( 2 .9 )
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2 .1 .2 .2  P artia l O xidation
C u r r e n t ly , p a r t ia l o x id a t io n  ( P O X )  i s  c o n s id e r e d  an  

a lt e r n a t iv e  r o u t e  t o  s y n t h e s i s  g a s  p r o d u c t io n .  T h e  a d v a n t a g e  o f  t h i s  p r o c e s s  is  th a t  it  

a c c e p t s  a l l  k in d s  o f  h y d r o c a r b o n  f e e d s .  T h e  th e r m a l  o x id a t io n  i s  ru n  a t 3 0 - 1 0 0  a tm  

w it h  p u r e  O 2 u s i n g  a  s p e c ia l  b u r n e r  in s id e  a  r e fr a c to r y  l in e d  v e s s e l  a t t e m p e r a tu r e s  o f  

1 2 0 0  ๐c  a n d  a b o v e .  P a r t ia l  o x id a t io n  c a n  b e  s e p a r a te d  in to  t w o  p r o c e s s e s  in c lu d in g  

w it h  a n d  w i t h o u t  c a t a ly s t s .  F ir s t ly ,  th e  p a r t ia l o x id a t io n  w i t h  c a t a l y s t s  c a n  b e  c a l le d  

“ c a t a ly t ic  p a r t ia l  o x id a t io n  ( C P O X ) ” . T h e  g e n e r a l  r e a c t io n  c a n  b e  d e s c r ib e d  b y :

C xH y +  ^ 0 2 - ^ x C 0 + ^ - H 2, A / /" 98 < 0  ( 2 .1 0 )

T h e  C P O X  h a s  r e c e iv e d  i n t e n s iv e  a t t e n t io n  b e c a u s e  o f  its  

m ild  e x o t h e r m ic  r e a c t io n ,  sh o r t  c o n t a c t  t im e ,  h ig h  m e t h a n e  c o n v e r s i o n ,  h ig h  

s e l e c t i v i t y  f o r  C O  a n d  H 2, a n d  l o w  c o s t  ( D a j ia n g  et at., 2 0 0 7 ) .  S e v e r a l  t y p e s  o f  

c a t a ly s t s  w e r e  u s e d  t o  r e d u c e  th e  r e q u ir e d  t e m p e r a tu r e  p r o c e s s e s  to  a r o u n d  8 0 0  to  

9 0 0  °c. S e c o n d ly ,  t h e  p a r t ia l o x id a t io n  w it h o u t  c a t a l y s t s  c a n  b e  c a l le d  “ th e r m a l  
p a r t ia l  o x id a t io n  ( T P O X )  o r  n o n - c a t a ly t i c  p a r t ia l o x i d a t i o n ” . T h is  p r o c e s s  is  

d e p e n d e n t  o n  th e  a ir - f u e l  r a t io . I t  i s  o p e r a t e d  a t t e m p e r a t u r e s  o f  1 2 0 0  ๐c  a n d  a b o v e .  
T h e  g e n e r a l  r e a c t io n  c a n  b e  d e s c r ib e d  b y :

C xH y +  ^ y ^ 0 2 - > x C 0 + ^ H 2, A / / "98 <  0  ( 2 .1 1 )

B o t h  p r o c e s s e s  n e e d  t o  h a v e  h u g e  q u a n t i t i e s  o f  0 2 

a v a i la b le  c o n t in u o u s l y ,  th u s  r e q u ir in g  th e  s u b s t a n t ia l  in v e s t m e n t  in  a n  a d j o in in g  0 2 

p la n t . A d d i t io n a l  u n it  o p e r a t io n s  a re  r e q u ir e d  fo r  g a s  p u r i f i c a t io n  a n d  to  r e m o v e  s o o t  

f r o m  th e  w a s t e  w a te r .  T h u s ,  th e  o p e r a t io n  i s  q u ite  c o m p l e x  a n d  l e s s  e n e r g y  e f f i c i e n t  

w h e n  c o m p a r e d  w i t h  s t e a m  r e fo r m in g .  T o  a v o id  t h e s e  p r o b le m s ,  th e  C P O X  o f  

h y d r o c a r b o n s  i s  a t t r a c t iv e  n o w a d a y s ,  b u t th e  c h a l l e n g e  i s  t o  a v o id  th e  r u n a w a y  

o x id a t io n  o f  h y d r o c a r b o n s  to  C 0 2 a n d  w a te r . I d e a l ly ,  th e  p a r t ia l  o x id a t io n  o f  

m e th a n e  t o  s y n t h e s i s  g a s  i s  p r e fe r r e d  a s  d e s c r ib e d  b e lo w :
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C H 4 + ^ -  (ว 2 —► C O  +  2 H 2, a J / ; 9g =  - 3 5 . 6  k J /m o l  ( 2 .1 2 )

T h e  p a r t ia l o x id a t io n  o f  m e t h a n e  i s  d ia g r a m m a t ic  s h o w n  

in  F ig u r e  2 .2  a n d  a l s o  g i v e s  s o m e  in f o r m a t io n  b e lo w .

F ig u re  2 .1  T h e r m o d y n a m ic  r e p r e s e n t a t io n  o f  th e  p a r t ia l  o x id a t io n  o f  m e t h a n e  (Y o r k  

et a i ,  2 0 0 3 ) .

T h e  m a in  t h e r m o d y n a m ic  a d v a n t a g e s  o f  p a r t ia l  o x id a t io n  

o v e r  s t e a m  r e f o r m in g  a r e  r e p o r te d  b e l o w  b y  Y o r k  et al. ( 2 0 0 3 ) .
S t e a m  r e f o r m in g  is  h ig h  e n d o t h e r m ic  r e a c t io n ,  b u t  p a r t ia l  

o x id a t io n  i s  m i ld  e x o t h e r m ic  r e a c t io n .  T h e r e f o r e ,  a  p a r t ia l  o x id a t io n  r e a c to r  w o u l d  b e  

m o r e  s a v i n g  t o  h e a t  th a n  s t e a m  r e f o r m in g .  T h e  H 2 to  C O  r a t io  a r o u n d  2  is  p r o d u c e d  

b y  p a r t ia l o x id a t io n  p r o c e s s ,  a n d  t h i s  r a t io  i s  s u i t a b le  fo r  d o w n s t r e a m  p r o c e s s e s ,  
e s p e c i a l l y  m e t h a n o l  s y n t h e s i s .  T h is  a v o id s  th e  n e e d  to  r e m o v e  v a lu a b le  h y d r o g e n ,  
w h ic h  i s  p r o d u c e d  in  e x c e s s  in  s t e a m  r e f o r m in g .  S y n t h e s i s  g a s  p r o d u c t io n  c a n  b e  

p r o d u c e d  b y  m e t h a n e  p a r t ia l o x id a t io n  w i t h  l o w  c a r b o n  d i o x i d e  c o n t e n t ,  w h ic h  m u s t  

b e  r e m o v e d  b e f o r e  s y n t h e s i s  g a s  c a n  b e  u s e d  to  d o w n s t r e a m  p r o c e s s e s .
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F o r  t h is  r e a s o n ,  th e  p a r t ia l  o x id a t io n  o f  m e t h a n e  to  

s y n t h e s i s  g a s  h a s  b e e n  in v e s t ig a t e d  in  t e r m s  o f  i t s  m e c h a n i s m  a n d  th e  

c h a r a c t e r iz a t io n  o f  th e  c a t a ly s t .  T h e r e f o r e ,  t h e  n u m b e r  o f  th e  l ite r a tu r e  o f  t h is  p r o c e s s  

i s  r e v ie w e d .

2.1.2.3 A uto therm al R eform ing
A u t o th e r m a l  m e t h a n e  r e f o r m in g  ( A T R )  i s  c o m b in e d  b y  

t w o  p r o c e s s e s  th a t  a r e  s t e a m  r e f o r m in g  ( 2 . 1 )  a n d  p a r t ia l  o x id a t io n  o f  m e t h a n e  ( 2 . 1 0 ) 

(E s c r ito r i  et a l., 2 0 0 9 ) .  T h e  A T R  is  m o r e  a t t r a c t iv e  th a n  s t e a m  r e f o r m in g ,  b e c a u s e  it 

n e e d s  l e s s  e n e r g y  to  p r o d u c e  th e  s a m e  a m o u n t  o f  h y d r o g e n .  T h e  o p e r a t in g  

te m p e r a tu r e  f r o m  t h is  p r o c e s s  i s  in  th e  r a n g e  o f  9 5 0  t o  1 1 0 0  ■๐c  a n d  a  g a s  p r e s s u r e  

a b o u t  1 0 0  a tm .

O x y g e n  a n d  c a r b o n  d i o x id e / s t e a m  a re  u s e d  fo r  A T R  

p r o c e s s  in  a  r e a c t io n  w i t h  m e t h a n e  to  fo r m  s y n g a s .  T h e  r e a c t io n  i s  e x o t h e r m ic  d u e  to  

th e  o x id a t io n .  T h e  g e n e r a l  r e a c t io n s  c a n  b e  d e s c r ib e d  b y  u s in g  C O 2 a n d  s te a m ,  
r e s p e c t iv e ly .

2 C H 4 +  O 2 +  C O 2 — h3 Fl2 +  3 C O  +  F E O  +  F le a t  ( 2 .1 3 )
4 C H 4 +  O 2 +  2 H 2 O  — > 1 0 H 2 +  4 C O  ( 2 .1 4 )

T h e  S M R  p r o c e s s  a n d  A T R  p r o c e s s  p o s s e s s  a  m a in  

d i f f e r e n c e  in  w h i c h  S M R  u s e s  n o  o x y g e n .  T h e  a d v a n t a g e  o f  A T R  i s  th a t  it c a n  

p r o d u c e  h y d r o g e n  m o r e  e c o n o m i c a l ly  th a n  c a n  S M R  p r o c e s s .

2 .2  L ite r a tu r e  R ev iew

2 .2 .1  M e t h a n e  P a r t ia l  O x id a t io n
T h e  n a tu ra l g a s  h a s  m a d e  m e t h a n e  a n  im p o r ta n t  r a w  m a te r ia l  fo r  th e  

c h e m ic a l  in d u s tr y . M e th a n e  is  d ir e c t ly  u s e d  a s  a  f u e l  in  c o m b u s t io n  p r o c e s s .  T h e  

c o n v e r s io n  p r o c e s s e s  c a n  b e  c la s s i f i e d  in  t w o  c la s s e s ;  d ir e c t  a n d  in d ir e c t  c o n v e r s io n s .  
T h e  d ir e c t  c o n v e r s io n  o f  m e th a n e  h a s  f o c u s e d  o n  th e  o x id a t iv e  o f  c o u p l in g  to  e t h y le n e  

a n d  e th a n e , a n d  o n  th e  o x y g e n a t io n  to  m e t h a n o l  a n d  fo r m a ld e h y d e  ( C h e l la p p a  a n d
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V is w a n a t h ,  1 9 9 5 ) .  H o w e v e r ,  t h e s e  p r o c e s s e s  e x h ib i t  e i th e r  l o w  c o n v e r s io n  o r  lo w  

s e l e c t i v i t y  a n d  h a v e  n o t  b e e n  a p p r e c ia b le  to  c o m m e r c ia l  a p p l ic a t io n s .  T h e  o th e r  

p r o c e s s  c o n v e r t s  m e t h a n e  to  s y n t h e s is  g a s  (C O  a n d  H 2)  a s  in t e r m e d ia t e ,  w h ic h  c a n  b e  

e a s i l y  p r o d u c e d  to  m e t h a n o l  o r  h ig h e r  h y d r o c a r b o n s  b y  m e t h a n o l  o r  F is c h e r - T r o p s c h  

s y n t h e s is .  N o r m a l ly ,  th e  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 t h e s i s  g a s  o c c u r s  a t v e r y  

h ig h  te m p e r a tu r e s  ( > 1 2 0 0  ° C ) .  T h e  u s e  o f  a  c a t a ly s t  c a n  r e d u c e  th e  o p e r a t in g  

te m p e r a tu r e  to  a c h ie v e  a  t h e r m o d y n a m ic  e q u i l ib r iu m  ( T s a n g  et al., 1 9 9 5 ) .  M a n y  

m e ta ls  h a v e  b e e n  in v e s t ig a t e d  a s  th e  c a ta ly s t s  fo r  m e th a n e  p a r t ia l o x id a t io n .
A  s u m m a r y  o f  s o m e  o f  th e  r o u t e s  th a t h a v e  b e e n  i n v e s t ig a t e d  fo r  - 

m e t h a n e  u t i l i z a t io n  a n d  v a lo r i z a t io n  i s  s h o w  in  F ig u r e  2 .2 .

F l a r i n g  o r  c o m b u s t i o n  
( C 0 2 +  H 2 0 )

F ig u re  2 .2  S u m m a r y  o f  m e t h a n e  c o n v e r s i o n  r o u t e s  ( Y o r k  et a l ,  2 0 0 3 ) .

2.2.1.1 N oble M eta l C atalysts
T h e  g r o u p  o f  n o b le  m e t a ls  s u c h  a s  P t , P d , R u , a n d  R h  is  

u s e d  to  th e  in v e s t ig a t io n  o f  c a t a ly t ic  m e t h a n e  p a r t ia l  o x id a t io n .
A  s tu d y  in  R u  s u p p o r t e d  c a t a ly s t s  w a s  d e m o n s t r a t e d  b y  

E lm a s id e s  et al. ( 2 0 0 1 ) .  T h e y  r e p o r te d  th a t  h ig h  s e l e c t i v i t y  t o  s y n t h e s i s  g a s  ( > 6 5 % )  

w a s  o b t a in e d  o v e r  R u / T i 0 2  c a t a ly s t s  in  th e  l o w  m e t h a n e  c o n v e r s i o n  r a n g e ,  w h e r e a s
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s m a l l  o r  z e r o  s e l e c t i v i t y  t o  s y n t h e s i s  g a s  w a s  o b s e r v e d  o v e r  R u  c a t a ly s t s  s u p p o r te d  

o n  o th e r  m a te r ia ls .

A  s tu d y  in  R h  a n d  R u  s u p p o r te d  c a t a ly s t  w a s  in v e s t ig a t e d  

b y  Y a n  et al. ( 2 0 0 4 ) .  T h e y  r e p o r te d  th a t th e  m e t h a n e  c o n v e r s i o n  a n d  s e l e c t i v i t y  to  แ 2 

a n d  C O  w e r e  h ig h e r  o v e r  R h / S i 0 2  th a n  o v e r  R u / S i 0 2  c a t a ly s t s  u n d e r  th e  s a m e  

c o n d i t io n .

P a n tu  a n d  G a v a la s  ( 2 0 0 2 )  r e p o r te d  th a t  h ig h  m e th a n e  

c o n v e r s io n  a n d  h ig h  s e l e c t i v i t y  to  C O  a n d  H 2 w e r e  o b t a in e d  o v e r  P t /C e 0 2  at 

t e m p e r a tu r e s  o v e r  6 5 0  ° c ,  a n d  C H 4 to  O 2 f e e d  r a t io  v a r ie d  f r o m  1 .7  to  2 .3 .
H ic k m a n  a n d  S c h m id t  ( 1 9 9 3 )  r e p o r te d  th a t  R h  a n d  P t  

s u p p o r te d  o n  m o n o l i t h  w e r e  e x c e l l e n t  p a r t ia l o x id a t io n  c a t a ly s t s  g i v i n g  g r e a te r  th a n  

9 0 %  m e t h a n e  c o n v e r s i o n  a n d  s y n t h e s i s  g a s  s e l e c t i v i t y  a t t e m p e r a tu r e  a r o u n d  8 5 0  ° c  

w it h  C H 4 / O 2 f e e d  r a t io  o f  2  a n d  e x t r e m e ly  fa s t  s p a c e  t im e  ( 1  O'4—10 "2 s e c ) .
Ji et al. ( 2 0 0 1 )  s t u d ie d  th e  c a r b o n  d e p o s i t io n  o n  t h e  C P O X  

o f  m e t h a n e  t o  s y n g a s  in  a  f lu id iz e d  b e d  in  m a n y  n o b le  m e t a l  c a t a ly s t s .  T h e y  r e p o r te d  

th a t  R h - b a s e d  c a t a ly s t  c o u ld  a c h ie v e  th e  h ig h e s t  a c t i v i t y  a n d  l o w e s t  th e  c a r b o n  

d e p o s i t io n  w h e n  c o m p a r e d  w i t h  P t a n d  P d - b a s e d  c a t a ly s t s .
A  s tu d y  in  R h  w a s  f o u n d  t o  b e  a  s u i t a b le  c a t a ly s t  fo r  

m e t h a n e  p a r t ia l o x id a t io n  b y  M a l ie n s  et al. ( 1 9 9 7 ) .  T h e y  r e p o r te d  th a t  t h e  m e th a n e  

p a r t ia l o x id a t io n  o v e r  R h  s h o w e d  a  h ig h e r  m e t h a n e  c o n v e r s i o n  a n d  a l s o  h ig h e r  C O  

a n d  H 2 s e l e c t i v i t i e s  th a n  P t a t a  c o m p a r a b le  te m p e r a tu r e .

2 .2.1.2 Transition M eta l C atalysts
A lt h o u g h  m a n y  n o b le  m e t a l s  b a s e d  c a t a ly s t s ,  e s p e c ia l l y  

R h - b a s e d  c a t a ly s t s ,  a re  f o u n d  to  e x h ib i t  h ig h  a c t iv i t y  a n d  s e l e c t i v i t y  w i t h  g o o d  l o n g ­
te r m  s ta b i l i ty .  H o w e v e r ,  th e  h ig h  c o s t  a n d  l im i t e d  a v a i l a b i l i t y  o v e r  n o b le  m e t a ls  a re  

th e  m a jo r  p r o b le m s  t o  d e v e lo p  a lt e r n a t iv e  c a t a ly s t s .  T h u s ,  t h e  t r a n s i t io n  m e t a l  g r o u p  

h a s  a l s o  b e e n  in v e s t i g a t e d  fo r  m e th a n e  p a r t ia l o x id a t io n .  M a n y  d i f f e r e n t  t r a n s i t io n  

m e t a l s  s u c h  a s  C u , C o ,  F e  a n d  N i  h a v e  b e e n  d e s c r ib e d  in  th e  l ite r a tu r e .
N i c k e l  b a s e d  c a t a ly s t s  a re  a t t r a c t iv e  fo r  th is  r e a c t io n  d u e  

to  th e ir  h ig h  a c t i v i t y  a n d  l o w  c o s t .  H e g a r t y  et al. ( 1 9 9 8 )  s t u d ie d  s t e a m  r e f o r m in g  a n d  

p a r t ia l o x id a t io n  o f  m e t h a n e  o v e r  C u , C o ,  F e  a n d  N i  s u p p o r t e d  o n  Z r 0 2 c a t a ly s t s  a t
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th e  te m p e r a tu r e  fr o m  4 0 0  t o  8 0 0  ° c .  T h e  r e s u lt s  s h o w e d  th a t  th e  a c t iv i t y  o f  th e  

c a t a ly s t s  w a s  f o u n d  to  d e c r e a s e  in  th e  o r d e r  N i > C u > C o > F e .
H o w e v e r ,  N i  is  e a s i ly  d e a c t iv a t e d  b y  c a r b o n  d e p o s it io n .  

T h e  f o r m s  o f  c a r b o n  d e p o s i t io n  p r e s e n t  o n  s u p p o r te d  N i  c a t a ly s t s  d u r in g  m e th a n e  

p a r tia l o x id a t io n  a re  b o th  w h is k e r  a n d  e n c a p s u la te  f o r m s  (T a k e g u c h i  et al., 2 0 0 1 ) .  
T s ip o u r ia r i  et al. ( 1 9 9 8 )  r e p o r te d  th a t N i  b a s e d  c a t a ly s t s  a re  p r o n e  t o  c a r b o n  d e p o s it io n  

a n d  th a t a c t iv a t io n  r a te  w a s  a f f e c t e d  b y  th e  n a tu re  o f  s u p p o r ts  u s e d .  T h e r e f o r e ,  th e  

d e v e lo p m e n t  o f  N i  b a s e d  c a t a ly s t s  w i t h  s ta b le  o p e r a t io n  c a n  b e  a c h ie v e d .  M a n y  ty p e s  

o f  s u p p o r t  fo r  N i - s u p p o r t e d  c a ta ly s t s  w e r e  s tu d ie d  fo r  m e th a n e  p a r t ia l o x id a t io n  s u c h  

a s  A I 2 O 3 (J i  et a l . , 2 0 0 1 ) ,  T iC >2 ( พ น  et al., 2 0 0 5 ) ,  C a O  (T a n g  et al., 1 9 9 8 ;  T s ip o u r ir a r i  
et a l . , 2 0 0 1 ) ,  C eC >2 (T a n g  et al., 1 9 9 8 ;  Z h u  a n d  F ly t z a n i - S t e p h a n o p o u lo s ,  2 0 0 1 ) ,  M g O  

(T a n g  et a i ,  1 9 9 8 ) ,  a n d  S iC >2 (A u  et al., 1 9 9 6 ) .
Ji et al. ( 2 0 0 1 )  s tu d ie d  th e  p a r t ia l o x id a t io n  o f  m e t h a n e  

o v e r  N i / A l 2 C>3 . T h e y  s h o w e d  th a t  N i / A l 2 0 3  c a t a ly s t  g a v e  a  l o w  ra te  o f  c a r b o n  

fo r m a t io n  in  a  f l u i d iz e d - b e d  r e a c to r . T h e  C H 4  c o n v e r s i o n  a s  w e l l  a s  C O  a n d  H 2 

s e l e c t i v i t i e s  r e m a in e d  c o n s t a n t  a t 9 2 ,  9 4  a n d  9 9 .0 % , r e s p e c t i v e ly .
พ น  et al. ( 2 0 0 5 )  s t u d ie d  t h e  p a r t ia l  o x id a t io n  o f  m e th a n e  

to  H 2 a n d  C O  o v e r  a  N i / T i O l  c a t a ly s t  a t t e m p e r a tu r e s  f r o m  3 0 0  t o  8 0 0  ๐c .  T h e y  

f o u n d  th a t  N i / T i 0 2  c a t a ly s t  s h o w e d  a  h ig h e r  C H 4 c o n v e r s i o n  a s  w e l l  a s  C O  a n d  H 2 

s e l e c t i v i t i e s  a t 8 0 0  ° c .  P O M  c o n v e r s io n  w a s  d e c r e a s e d  w h e n  r e a c t io n  t im e  in c r e a s e d  

d u e  to  th e  f o r m a t io n  o f  N i O  a n d  N i T i 0 3  in  N i / T i 0 2 -
T s ip o u r ia r i  et al. ( 1 9 9 8 )  s t u d ie d  th e  c a t a ly t ic  p a r t ia l  

o x id a t io n  o f  m e t h a n e  t o  s y n t h e s i s  g a s  o v e r  v a r io u s  N i - b a s e d  c a t a ly s t s .  T h e y  fo u n d  

th a t  th e  r a te  o f  d e a c t iv a t io n  f o l lo w e d  th e  o r d e r : N i / y - A l 2 0 3 > N i / C a 0 -y -
A l 2 0 3 > N i / C a 0 . T h e y  c o n c lu d e d  th a t  th e  h ig h e r  d e a c t iv a t io n  r a te s  w e r e  o b s e r v e d  

o v e r  s u p p o r t s  o f  h ig h e r  a c id i t y .
T a n g  et al. ( 1 9 9 8 )  s tu d ie d  t h e  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 g a s  o v e r  N i / M g O ,  N i /C a O  a n d  N i / C e Û 2 c a t a ly s t s .  T h e y  r e p o r te d  th a t  a l l  th e  

c a t a ly s t s  h a d  s im i la r  h ig h  c o n v e r s i o n  o f  m e th a n e  a n d  h ig h  s e l e c t i v i t y  t o  s y n g a s ,  
w h ic h  n e a r ly  a p p r o a c h e d  th e  v a lu e s  p r e d ic te d  b y  t h e r m o d y n a m ic  e q u i l ib r iu m .  
H o w e v e r ,  o n l y  N i / M g O  s h o w e d  a  h ig h  r e s i s t a n c e  to  c a r b o n  d e p o s i t io n  u n d e r  

t h e r m o d y n a m ic a l ly  s e v e r e  c o n d i t io n s .



12

A u  et al. ( 1 9 9 6 )  s t u d ie d  th e  m e t h a n e  p a r t ia l  o x id a t io n  o v e r  

N i / S i 0 2  c a t a ly s t  c o m p a r e d  w i t h  th a t  o v e r  C u /S iC >2 c a t a ly s t .  T h e y  f o u n d  th a t  m e th a n e  

c o n v e r s i o n  o v e r  N i /S iC >2 w a s  s ig n i f ic a n t ly  h ig h e r  th a n  th a t  o v e r  C u /S iC > 2 . T h e  m a in  

p r o d u c t s  p r o d u c e d  b y  m e t h a n e  p a r t ia l o x id a t io n  o v e r  C u /S iC >2 c a t a ly s t  w e r e  C O 2 a n d  

H 20  w h i l e  t h o s e  o v e r  N i /S iC >2 w e r e  C O 2 , H 2 O , H 2, s u r f a c e  c a r b o n  a n d  s m a l l  a m o u n t  

o f  C O .
U s e  o f  r e d u c ib i l i t y  s u p p o r t  c o u ld  r e s u lt  in  fu r th e r  a c t iv it y  

a n d  d e c r e a s e  c o k e  d e p o s i t io n  ( N o r o n h a  et al., 2 0 0 1 ;  P a n tu  a n d  G a v a la s ,  2 0 0 2 ) .  
R e c e n t ly ,  C eC >2 h a s  b e e n  s u g g e s t e d  fo r  u s e  to  s t o r e  a d  r e l e a s e  o x y g e n  u n d e r  le a n  a n d  

r ic h  c o n d i t io n s .  T h e r e f o r e ,  a  n u m b e r  o f  s t u d ie s  h a v e  b e e n  c o n d u c t e d  to  in c r e a s e  th e  

s t a b i l i t y  o f  N i  c a t a ly s t s  b y  u s i n g  C e C >2 a s  th e  s u p p o r t .
N e v e r t h e l e s s ,  O t s u k a  et al. ( 1 9 9 8 )  r e p o r te d  th a t C eC >2 

c o u ld  b e  a b le  to  c o n v e r t  m e t h a n e  t o  s y n t h e s is  g a s  w i t h  PI2 to  C O  r a tio  o f  2  a n d  th a t  

a d d in g  P t  b la c k  c o u l d  p r o m o t e  a  s y n g a s  f o r m a t io n  ra te . T h is  f in d in g  s u b j e c t e d  to  

m e t h a n e  p a r t ia l o x id a t io n  o v e r  N i /C e O ?  c a t a ly s t  w a s  s t u d ie d  b y  D o n g  et al. ( 2 0 0 2 ) .  
T h e y  a ls o  p r o p o s e d  a  m e c h a n i s m  o v e r  N i / C e Û 2 th a t  m e t h a n e  d i s s o c ia t e d  o n  N i  a n d  

th e  r e s u lta n t  c a r b o n  s p e c i e s  q u i c k l y  m ig r a t e d  t o  th e  in t e r f a c e  o f  N i - C e Ü 2 a n d  th e n  

r e a c te d  w i t h  o x y g e n  in  th e  la t t ic e  o f  C e 0 2  to  fo r m  C O .
H o w e v e r ,  c e r ia  s t i l l  h a s  s o m e  d i s a d v a n t a g e s .  C e r ia  h a s  a  

p o o r  th e r m a l  r e s i s t a n c e  a n d  s t a b i l i t y  a t h ig h  t e m p e r a tu r e s .  N i  o v e r  c e r ia - s u p p o r t e d  

w a s  a n  a c t i v e  c a t a ly s t  fo r  m e t h a n e  p a r t ia l o x id a t io n  b u t  r a p id ly  d e a c t iv a t e d  b y  c a r b o n  

d e p o s i t io n  a s  r e p o r te d  b y  T a n g  et al. ( 1 9 9 8 ) .
G o n z a l e z - V e l a s c o  et al. ( 1 9 9 9 ) ;  V id a l  et al. ( 2 0 0 0 )  ; R o h  

et al. ( 2 0 0 2 )  r e p o r te d  th a t  a d d it io n  o f  Z r Ü 2 t o  C e 0 2 c a n  im p r o v e  i t s  o x y g e n  s to r a g e  

c a p a c i t y ,  r e d o x  p r o p e r t ie s ,  th e r m a l  r e s i s t a n c e  a n d  b e t te r  c a t a ly t ic  a c t iv i t y  at l o w  

t e m p e r a tu r e s .  T h is  w a s  f o u n d  t o  b e  d u e  to  th e  p a r t ia l  s u b s t i t u t io n  o f  C e 4+ w i t h  Z r4+ in  

th e  la t t ic e  o f  CeC>2 , w h i c h  f o r m e d  a  s o l id  s o lu t io n  f o r m a t io n  ( O t s u k a  et al., 1 9 9 9 ;  

C h e n  et al., 2 0 0 8 ) .  It w a s  d e m o n s tr a te d  th at C e 0 2 -Z r 0 2  m ix e d  o x id e s  p r o d u c e d  s y n th e s is  

g a s  w ith  H 2 to  C O  ra tio  o f  2  a n d  th e  fo r m a tio n  ra te s  o f  H 2 a n d  C O  w e r e  in c r e a s e d  d u e  to  

th e  in c o r p o r a tio n  o f  Z r Û 2 in to  C c O j.
H o r i  et al. ( 1 9 9 8 )  r e p o r te d  th a t  t h e  b e n e f i c i a l  e f f e c t s  o f  

Z rO ?  w e r e  p r o n o u n c e d  in  s o l i d  s o lu t io n s  w h i c h  h a d  th e  o x y g e n  s t o r a g e  c a p a c i t y
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v a lu e s  3-5 t i m e s  h ig h e r  th a n  th a t o f  p u r e  C e 0 2 . W h e n  t h e  o p t im u m  Z r d o p a n t  

c o n c e n t r a t io n  w a s  25 m o l% , s o l id  s o lu t io n  m a te r ia l  a g e d  a t 1 0 0 0  ๐c  s h o w e d  h ig h e r  

o x y g e n  s t o r a g e  c a p a c i t y  th a n  th a t  o f  p u r e  CeC>2 . T h is  r e s u lt  c o u ld  b e  a s c r ib e d  to  an  

o c c u r r e n c e  o f  Z r  p r o m o t io n  v ia  a n  a lt e r a t io n  o f  b u lk  p r o p e r t ie s  o f  th e  CeC>2 . 
F u r th e r m o r e , th e  r e d o x  p r o p e r t ie s  o f  th e  C eC >2 h a v e  b e e n  e n h a n c e d  b y  t h e  a d d it io n  o f  

Z r4+ in to  th e  la t t ic e  o f  C eC >2 b y  f o r m a t io n  o f  s o l id  s o lu t io n .  M o r e o v e r ,  it w a s  a ls o  

r e p o r te d  th a t  CeC>2 -Z r 0 2  s o l id  s o lu t io n  s h o w e d  a  h ig h  c a t a ly t ic  a c t iv i t y ,  p a r t ic u la r ly  

fo r  o x id a t io n  o f  C O , a n d  C H 4 ( B o z o  et al., 2 0 0 0 ;  G o n z a le z - V e l a s c o  et al., 1 9 9 9 ;  

O ts u k a  ๙  a / . ,  1 9 9 9 ) .
V i l la lp a n d o  et al. ( 2 0 0 9 )  s t u d ie d  th e  c a t a ly t ic  p e r fo r m a n c e  

o f  N i  d i s p e r s e d  o n  c e r ia - d o p e d  s u p p o r ts  o f  Z r , G d  a n d  L a  a t d i f f e r e n t  r a t io s .  T h e y  

f o u n d  th a t  th e  N i /C e o  56Zro.4 4 0 2 -x s h o w e d  h ig h e r  h y d r o g e n  p r o d u c t io n  th a n  th e  o th e r  

c a t a ly s t s ,  w h ic h  m a y  b e  d u e  to  its  h ig h e r  r e d u c ib i l i t y  a n d  h ig h e r  s u r f a c e  la t t ic e  o x y g e n .
P e n g p a n ic h  et al. ( 2 0 0 2 )  r e p o r te d  th a t  th e  C O  o x id a t io n  

a c t iv i t y  o f  th e  m i x e d  o x i d e s  w a s  fo u n d  to  b e  d e p e n d e n t  o n  th e  C e  t o  Z r  r a tio  a n d  

C e o .75Zro.25O 2 s o l i d  s o lu t io n  e x h ib i t e d  th e  h ig h e s t  r e d u c ib i l i t y .  T h is  m ig h t  d u e  to  th a t  

th e  h ig h ly  u n i f o r m  s o l i d  s o lu t io n  p a r t ic le s  o f  c e r ia - z i r c o n ia  w e r e  o b t a in e d  a n d  th e  

in c o r p o r a t io n  o f  Z r  in to  th e  C e 0 2  la t t ic e  w a s  fo u n d  to  p r o m o t e  th e  g o o d  r e d o x  

p r o p e r t ie s .
M o r e o v e r ,  P e n g p a n ic h  et al. ( 2 0 0 4 )  s t u d ie d  m e th a n e  

p a r t ia l o x id a t io n  o v e r  N i /C e C L -Z r C h  m ix e d  o x id e  s o l id  s o lu t io n  c a t a ly s t s .  T h e y  

r e p o r te d  th a t  th e  c a t a ly s t s  p r e p a r e d  b y  im p r e g n a t io n  m e t h o d  w e r e  m o r e  a c t iv e  th a n  

t h o s e  p r e p a r e d  b y  g e l  im p r e g n a t io n  m e t h o d .  T h e  N i / C e 0 75Z r 0 2 s O 2 m ix e d  o x id e  

c a t a ly s t s  w e r e  a c t i v e  a t t e m p e r a tu r e s  a b o v e  550 °c, a n d  r e s is t  to  c o k e  fo r m a t io n  

m o r e  th a n  th e  o th e r  c a t a ly s t s  d u e  to  th e ir  h ig h  d e g r e e s  o f  m e t a l  d i s p e r s io n  a n d  

s u r f a c e  o x y g e n  m o b i l i t y .

2.2.1 .3  M echanism s o f  M ethane P a rtia l O xidation
T h e  c a t a ly t ic  p a r t ia l o x id a t io n  o f  m e t h a n e  to  s y n t h e s is  

g a s  w a s  p r o p o s e d  a s  fo r  t w o  m e c h a n i s m s .  O n e  i s  d e s ig n a t e d  a s  th e  d ir e c t  p a r t ia l  
o x id a t io n  m e c h a n i s m  a n d  th e  o th e r  i s  th e  c o m b u s t io n  a n d  r e f o r m in g  r e a c t io n  

m e c h a n is m .
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F o r  th e  d ir e c t  p a r t ia l o x id a t io n  m e c h a n i s m ,  C O  a n d  บ 2 a re  

p r o d u c e d  d ir e c t ly  b y  r e c o m b in a t io n  o f  C H X a n d  o  s p e c i e s  a t  th e  s u r f a c e  o f  th e  

c a t a ly s t s .  H ic k m a n  a n d  S c h m id t  ( 1 9 9 3 )  c la im e d  th a t  C O  a n d  H 2 w e r e  th e  p r im a r y  

p r o d u c t s  o f  m e t h a n e  p a r t ia l  o x id a t io n  r e a c t io n  o v e r  R h  c o a t e d  m o n o l i t h  c a t a ly s t s  

u n d e r  a d ia b a t ic  c o n d i t io n s  at v e r y  s h o r t  c o n t a c t  t im e .  T h e y  p r o p o s e d  th a t th e  

m e c h a n i s m  i n v o lv e d  a  d ir e c t  f o r m a t io n  o f  แ 2 in i t ia t e d  b y  C H 4  p y r o l y s i s  o n  th e  

s u r f a c e  t o  g i v e  s u r f a c e  c  a n d  H  s p e c ie s .  T h e  H  a t o m s  d im e r iz e d  a n d  d e s o r b e d  a s  H2 

w h i l e  th e  s u r f a c e  c  a t o m s  r e a c te d  w i t h  a d s o r b e d  o  a t o m s  a n d  d e s o r b e d  a s  C O .  
A  s im i la r  f i n d in g .w a s  r e p o r te d  b y  M a l i e n s  et al. ( 1 9 9 7 ) .  T h e y  s t u d ie d  th e  m e c h a n is m  

o f  m e t h a n e  p a r t ia l  o x id a t io n  o v e r  a  R h  c a t a ly s t  b y  a  T e m p o r a l  A n a l y s i s  o f  P r o d u c t s  

( T A P )  s e t - u p .  It w a s  f o u n d  th a t s y n t h e s i s  g a s  w a s  p r o d u c e d  a s  p r im a r y  p r o d u c t .  H 2 

w a s  f o r m e d  v ia  t h e  a s s o c i a t i v e  a d s o r p t io n s  o f  t w o  h y d r o g e n  a d s o r b e d  a t o m s  fr o m  

r e d u c e d  R h  a n d  th e  r e a c t io n  b e t w e e n  c a r b o n  a d s o r b e d  a t o m s  a n d  o x y g e n  p r e s e n t  a s  

r h o d iu m  o x i d e  r e s u lt e d  in  th e  fo r m a t io n  o f  c a r b o n  m o n o x i d e .
F o r  th e  c o m b u s t io n  a n d  r e f o r m in g  r e a c t io n  m e c h a n is m  

i n v o l v e s  i n i t ia l ly  e x o t h e r m ic  m e th a n e  c o m b u s t io n  to  C 0 2 a n d  H 2 O  f o l lo w e d  b y  th e  

s t r o n g ly  e n d o t h e r m ic  r e f o r m in g  r e a c t io n  o f  th e  r e s t  o f  C H 4 w i t h  C O 2 a n d  H 20  to  

p r o d u c e  s y n t h e s i s  g a s .  T h e  m e c h a n is m  o f  m e th a n e  p a r t ia l o x id a t io n  o v e r  N F A I 2 O 3 

c a t a ly s t  w a s  i n v e s t i g a t e d  b y  D is s a n a y a k e  et al. ( 1 9 9 1 ) .  T h e y  r e p o r te d  th a t th e  

m e c h a n i s m  w a s  r e la te d  to  th e  o x id a t io n  s ta te  a n d  p h a s e  c o m p o s i t io n  o f  c a ta ly s t .  
U n d e r  o p e r a t in g  c o n d i t io n ,  th e  p r e v io u s ly  c a l c in e d  c a t a ly s t  b e d  c o n s i s t e d  o f  th r e e  

d if f e r e n t  r e g io n s .  T h e  f ir s t  o f  t h e s e ,  c o n t a c t in g  th e  in i t ia l  C H 4 /C>2 / H e  f e e d  m ix t u r e ,  is  

N i A U 0 4 , w h i c h  h a d  o n l y  m o d e r a t e  a c t iv i t y  fo r  c o m p l e t e  o x id a t io n  o f  m e t h a n e  to  

C O 2 , r e s u l t in g  in  a n  e x o t h e r m  in  th is  s e c t io n  in  th e  b e d . A s  a  r e s u lt  o f  c o m p le t e  

c o n s u m p t io n  o f  O 2 in  th e  s e c o n d  r e g io n ,  th e  th ir d  p o r t io n  o f  th e  c a t a ly s t  b e d  

c o n s i s t e d  o f  a  r e d u c e d  N i/A U C f i  p h a s e .  F o r m a t io n  o f  th e  C O  a n d  บ 2 p r o d u c ts  

o c c u r r e d  in  t h is  f in a l  r e g io n  v ia  r e f o r m in g  r e a c t io n s  o f  m e t h a n e  w i t h  th e  C O 2 a n d  

H 2 O  p r o d u c e d  d u r in g  th e  c o m p le t e  o x id a t io n  r e a c t io n  o v e r  th e  N i / A l 2 0 3  p h a s e .
R e c e n t ly ,  th e r e  h a v e  b e e n  s t u d ie s  o f  p a r t ia l o x id a t io n  

m e c h a n i s m  o v e r  s e v e r a l  s p e c i f i c  c a t a ly s t s  a n d  u n d e r  s p e c i f i c  c o n d i t io n s .  W e n g  et al. 
( 2 0 0 0 )  s t u d ie d  s u p p o r te d  R h  a n d  R u  c a t a ly s t s  b y  in  s i t u  t im e  r e s o lv e d  F T I R  

s p e c t r o s c o p y .  T h e y  f o u n d  th a t C O  w a s  th e  p r im a r y  p r o d u c t  o f  p a r t ia l o x id a t io n  o f
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m e t h a n e  r e a c t io n  o v e r  t h e  r e d u c e d  a n d  w o r k in g  s ta te  R JV A I2 O 3 c a t a ly s t .  D ir e c t  

o x id a t io n  o f  C H 4  w a s  th e  m a in  p a t h w a y  o f  s y n t h e s i s  g a s  f o r m a t io n  o v e r  R h / S i 0 2 

c a t a ly s t s .  C O 2 w a s  t h e  p r im a r y  p r o d u c t  o f  p a r t ia l  o x id a t io n  o f  m e t h a n e  o v e r  th e  

R 11/ A I 2O 3 a n d  R u /S iC >2 c a t a ly s t s .  T h e  d o m in a n t  r e a c t io n  p a t h w a y s  o f  s y n t h e s i s  g a s  

f o r m a t io n  o v e r  R U /A I 2O 3 c a t a ly s t s  w e r e  c o m b u s t io n  a n d  r e f o r m in g  r e a c t io n  

m e c h a n i s m s .  O n  th e  R h / S i 0 2  c a t a ly s t ,  th e  m a in  r e a c t io n  w a s  a p p a r e n t ly  d ir e c t  p a r tia l  
o x id a t io n  m e c h a n i s m ,  a n d  a ls o  th e  r e a c t io n  m e c h a n i s m  a p p e a r e d  t o  b e  r e la te d  to  th e  

c o n c e n t r a t io n  o f  O 2 in  th e  f e e d s t o c k .
N o t  o n l y  n o b le  m e t a l s  b u t a l s o  n ic k e l  c a t a ly s t s  w e r e  

p r o p o s e d  fo r  d ir e c t  m e t h a n e  p a r t ia l o x id a t io n  m e c h a n i s m  ( D o n g  et a i ,  2 0 0 2 ) .

2.2 .1 .4  N ickel-B ased  C atalysts a n d  C arbon D eposition
N i c k e l - b a s e d  c a t a ly s t s  a re  a t t r a c t iv e  f o r  p a r t ia l o x id a t io n  

r e a c t io n  d u e  t o  th e ir  l o w  c o s t ,  b u t  n ic k e l  i s  d e a c t iv a t e d  e a s i l y  b y  c a r b o n  d e p o s i t io n  

a n d /o r  i t s  s in t e r in g .  C a r b o n  d e p o s i t io n  o n  s u p p o r te d  n ic k e l  c a t a ly s t  m a in ly  c o m e s  

fr o m  m e t h a n e  d e c o m p o s i t i o n  r e a c t io n  ( E q .2 .5 )  a n d /o r  t o  th e  s l ig h t ly  e x o t h e r m ic  

B o u d o u a r d  r e a c t io n  o r  C O  d is p r o p o r t io n  (E q . 2 .4 ) .
W h i le  m e t h a n e  d e c o m p o s i t i o n  i s  a  d o m in a t in g  c a r b o n  

s o u r c e  a t t e m p e r a t u r e s  a b o v e  7 0 0  ๐c ,  th e  r e v e r s e  B o u d o u a r d  r e a c t io n  i s  th e  

d o m in a t in g  c a r b o n  s o u r c e  a t l o w e r  te m p e r a tu r e s .  C a r b o n  d e p o s i t io n  m a y  le a d s  to  

c a t a ly s t  d e a c t iv a t io n ,  p l u g g i n g  o f  th e  r e a c to r , a n d  b r e a k d o w n  o f  th e  c a t a ly s t .
K o e r t s  et al. ( 1 9 9 1 )  id e n t i f i e d  th r e e  t y p e s  o f  s u r f a c e  

c a r b o n a c e o u s  s p e c i e s  g e n e r a t e d  b y  m e t h a n e  d e c o m p o s i t i o n :  c “ ( o r  c a r b id ic  c a r b o n  

c a n  b e  h y d r o g e n a t e d  a t t e m p e r a tu r e s  b e l o w  5 0  ๐C ) , c y ( o r  a m o r p h o u s  c a r b o n ,  
h y d r o g e n a b le  b e t w e e n  1 0 0  a n d  3 0 0  ° C ) ,  a n d  c *5 ( o r  g r a p h it ic  c a r b o n , h y d r o g e n a b le  at 

t e m p e r a tu r e s  o v e r  4 0 0  ° C ) .
In  g e n e r a l ,  th e  d e p o s i t io n  o f  c a r b o n  w o u l d  o c c u r  o v e r  th e  

m e t a l l i c  s i t e s  a s  w e l l  a s  o n  th e  a c id  s i t e s  o f  th e  s u p p o r t .  H o w e v e r ,  c a r b o n  d e p o s i t io n  

c a n  b e  r e m o v e d  b y  s t e a m  g a s i f i c a t io n :

A H  298 = - 4 1  k J /m o lc  +  h 2 0  —► CO +  h 2, ( 2 .1 5 )
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o r  b u r n t o f f  b y  o x y g e n .  T y p ic a l l y ,  th e  b u r n in g  t e m p e r a t u r e s  o f  c a r b o n  in c r e a s e  w ith  

th e  d e g r e e  o f  c r y s t a l l i z a t io n  o f  c a r b o n  s p e c ie s .  A m o r p h o u s  c a r b o n  is  a c t iv e ,  u n s ta b le  

a n d  e a s i l y  b u r n t  o f f  b y  o x y g e n  a t t e m p e r a tu r e s  a s  l o w  a s  3 0 0  °c, w h i l e  c r y s t a l l in e  

c a r b o n  c a n  o n l y  b e  b u rn t o f f  a t th e  te m p e r a tu r e  a s  h ig h  a s  7 0 0  °c.
C a r b o n  d e p o s i t io n  o n  c a t a ly s t s  d u r in g  th e  p a r t ia l  o x id a t io n  

o f  m e t h a n e  w a s  in v e s t ig a t e d  b y  C la r id g e  et al. ( 1 9 9 3 ) ,  a n d  it  w a s  f o u n d  th a t th e  

r e la t iv e  ra te  o f  c a r b o n  d e p o s i t io n  f o l l o w s  th e  o r d e r  N i  >  P d  >  R h  >  Ir. M e th a n e  

d e c o m p o s i t i o n  w a s  fo u n d  t o  b e  th e  p r in c ip a l  r o u te  f o r  c a r b o n  f o r m a t io n  o v e r  a 

s u p p o r te d  n ic k e l  c a t a ly s t ,  a n d  e le c t r o n  m ic r o g r a p h s  s h o w e d  th a t  b o th  w h i s k e r  a n d  

e n c a p s u la t e d  f o r m s  o f  c a r b o n  w e r e  p r e s e n t  o n  th e  c a t a ly s t .
M a n y  a d d it iv e s  w e r e  fo u n d  to  r e d u c e  c a r b o n  d e p o s i t io n  fo r  

N i  s u p p o r te d  c a t a ly s t s .  M ia o  et al. ( 1 9 9 7 )  s t u d ie d  th e  N i O / A f C b  c a t a ly s t  to  im p r o v e  

th e  th e r m a l s t a b i l i t y  a n d  th e  c a r b o n  d e p o s i t io n  r e s i s t a n c e  d u r in g  th e  p a r t ia l  o x id a t io n  

o f  m e t h a n e  t o  s y n t h e s i s  g a s .  It w a s  m o d i f i e d  b y  a lk a li  m e t a l  ( L i ,  N a , ' K )  o x i d e s  a n d  

rare ea r th  m e t a l  ( L a ,  C e ,  Y ,  ร ท ) o x id e s .  T h e y  r e p o r te d  th a t  m o d i f i c a t i o n  w i t h  a lk a li  

m e ta l  o x i d e s  a n d  rare e a r th  m e ta l  o x id e s  n o t  o n ly  i m p r o v e d  t h e  a c t i v i t y  fo r  p a r t ia l  
o x id a t io n  o f  m e t h a n e  to  s y n t h e s i s  g a s  r e a c t io n  a n d  th e  th e r m a l  s t a b i l i t y  o f  n ic k e l -  

b a s e  c a t a ly s t s  d u r in g  h ig h  te m p e r a tu r e  r e a c t io n ,  b u t  a l s o  e n h a n c e d  th e  a b i l i t y  to  

s u p p r e s s  th e  c a r b o n  d e p o s i t io n  o v e r  n ic k e l - b a s e  c a t a ly s t s  d u r in g  th e  p a r t ia l o x id a t io n  

o f  m e th a n e . T r im m  ( 1 9 9 9 )  r e p o r te d  th a t u s e  o f  te tr a -  a n d  p e n t r a - v a le n c e  p  m e ta ls  

s u c h  a s  G e , รท  a n d  P b  c o u ld  a ls o  r e d u c e  c o k e  fo r m a t io n . It w o u ld  s e e m  p o s s i b l e  th at  

te tr a - o r  p e n ta -  v a le n c e  p  m e t a ls  c o u ld  a l s o  in te r a c t  w i t h  N i  3 d  e le c t r o n s ,  th e r e b y  

r e d u c in g  th e  c h a n g e  o f  n ic k e l  c a r b id e  fo r m a t io n .
P e n g p a n ic h  et al. ( 2 0 0 7 )  i n v e s t ig a t e d  th e  e f f e c t  o f  N b  

l o a d in g  in  5  w t%  N i /C e o  7sZ ro 2 5 0 2  c a t a ly s t  o n  th e  c a t a ly t ic  p e r f o r m a n c e  o f  m e th a n e  

p a r t ia l o x id a t io n .  T h e  s o l id  s o lu t io n  o f  c a t a ly s t s  w a s  p r e p a r e d  b y  u r e a  h y d r o ly s i s .  
T h e y  r e p o r te d  th a t  th e  s u r f a c e  a r e a s  w e r e  i n s i g n i f i c a n t l y  d e c r e a s e d  w i t h  in c r e a s in g  

N b  lo a d in g .  T h i s  r e s u lt  in d ic a t e d  th a t a d d in g  N b  s p e c i e s  in  to  th e  N i /C e o  75Zro 25Û 2 

c a t a ly s t  d id  n o t  d e c o r a t e  th e  s u r f a c e  o f  c a t a ly s t s .  A s  fo r  N b  s p e c i e s  p r e s e n t  in  th e  

c a t a ly s t ,  it m ig h t  d e p r e s s  th e  a m o u n t  o f  N i O  a n d  it s  s u r f a c e  r e d u c ib i l i t i e s .  H o w e v e r ,  
it w a s  fo u n d  th a t  th e  c a t a ly t ic  a c t iv i t iy  fo r  m e t h a n e  p a r t ia l  o x id a t io n  w a s  d e c r e a s e d  

a n d  th e  a m o u n t  o f  c a r b o n  d e p o s i t io n  w a s  in c r e a s e d  w i t h  in c r e a s in g  N b  lo a d in g .
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P e n g p a n ic h  et al. ( 2 0 0 8 )  s tu d ie d  th e  i s o - o c t a n e  p a r t ia l  
o x id a t io n  o v e r  N i - S n /C e o  75Zro.2 5 0 2 c a ta ly s t s .  T h e y  r e p o r te d  th a t th e  a d d it io n  o f  s m a ll  

a m o u n t  o f  รท  ( < 0 .5  w t% ) in to  N i/C e o .75Z ro . 2 5 0 2  c a t a ly s t s  r e ta r d e d  t h e  a m o u n t  o f  

c a r b o n  d e p o s i t io n  a n d  w h e n  a d d e d  in  h ig h  a m o u n t ,  a  to ta l  c o v e r a g e  o f  N i  p a r t ic le s  b y  

รท  le d  to  l o s s  o f  c a t a ly t ic  a c t iv ity .  F u r th e r m o r e , a d d it io n  o f  ร ท  c o u ld  a l s o  r e d u c e  th e  

a m o u n t  o f  w h is k e r  c a r b o n  g r o w th  b y  r e ta r d in g  th e  s o lu b i l i t y  o f  c a r b o n  in  N i  p a r t ic le s .

2.2.1.5 M agnesium  Oxide (MgO)
M a g n e s iu m  o x id e  i s  a  w h i t e  s o l id  m in e r a l .  It i s  c r e a te d  

n a tu r a lly  a s  p e r ic la s e  a n d  a  s o u r c e  o f  m a g n e s iu m . It is  f o n n e d  b y  a n  io n ic  b o n d  

b e t w e e n  o n e  m a g n e s iu m  a n d  o n e  o x y g e n  a to m  a s  a  fo r m u la  M g O . M a g n e s i u m  o x id e  

i s  a n  a lk a l in e  ea r th  m e ta l  o x id e ,  a n d  is  th e  b a s ic i t y  in  p r o p e r t ie s .  M a g n e s i u m  o x id e  

c a n  b e  u s e d  in  m a n y  a p p l i c a t io n s  s u c h  a s  m e d ic a t io n ,  s t e e l  a n d  n u c le a r  in d u s tr y ,  
f e e d i n g  a n im a ls ,  a n d  r a w  m a te r ia ls  fo r  m a k in g  c e m e n t .

H u  a n d  R u c k e n s t e in ,  ( 2 0 0 2 )  s t u d ie d  t h e  b in a r y  M g O -  

b a s e d  s o l i d  s o lu t io n  c a t a ly s t s  fo r  m e t h a n e  c o n v e r s i o n  to  s y n g a s .  T h e y  r e p o r te d  th a t  

th e  s t r o n g  N i O - M g O  in te r a c t io n  a n d  b a s ic i t y  in  b in a r y  N i O - M g O  s o l i d  s o lu t io n  

c a t a ly s t s  in  m e t h a n e  p a r t ia l o x id a t io n ,  w h i c h  in h ib i t e d  c a r b o n  d e p o s i t io n  a n d /o r  

c a t a ly s t  s in t e r in g  a f te r  th e  r e a c t io n ,  r e s u lt e d  in  a n  e x c e l l e n t  c a t a ly t ic  p e r f o r m a n c e  fo r  

th e  m e t h a n e  c o n v e r s i o n  to  s y n t h e s i s  g a s .
R e c e n t ly ,  Y e ju n  et al. ( 2 0 0 7 )  s tu d ie d  th e  e f f e c t  o f  M g O  

p r o m o te r  o n  p r o p e r t ie s  o f  N i / A h O s  c a t a ly s t s  f o r  p a r t ia l  o x id a t io n  o f  m e t h a n e  to  

s y n g a s .  T h e y  r e p o r te d  th a t  M g O  im p r o v e d  th e  P O M  r e a c t iv i t y  o f  N i / A l 2 0 3 c a t a ly s t s .  
T h is  m ig h t  b e  b e c a u s e  a  N i O - M g O  i s  f o r m e d  to  a  s o l i d  s o lu t i o n ,  a n d  M g O  lo a d in g  

o f  4  พ 0/ 0 h a d  a  h ig h e r  s p e c i f i c  s u r f a c e  a r e a , w h i c h  p r o b a b ly  r e s u l t e d  fr o m  th e  

im p r o v e m e n t  o f  N i  d i s p e r s io n  o w in g  to  M g O  p r o m o t e r  a n d  in h ib i t e d  th e  g r o w t h  o f  

N i  c r y s t a l l i t e s  a f te r  r e d u c t io n  th a n  o th e r  c o n d i t io n s .  H o w e v e r ,  t h e  e x c e s s i v e  M g O  

p r o m o te r  c a u s e d  th e  N i O  c r y s t a l l i t e s  to  a g g r e g a t e ,  r e d u c in g  th e  c a t a ly t ic  

p e r fo r m a n c e .
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