
CHARTER II
THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1 Background

2 .1 .1  M e t h a n e  D r y  R e f o r m in g
S y n t h e s i s  g a s  ( s y n g a s ) ,  w h i c h  is  a  m ix t u r e  o f  C O  a n d  H 2 , i s  a n  

im p o r ta n t  f e e d s t o c k  fo r  th e  c h e m ic a l  in d u s tr y .  T h e  e s t a b l i s h e d  c o m m e r c ia l  m e t h o d  

e m p lo y e d  fo r  s y n t h e s i s  g a s  p r o d u c t io n  is  th e  s t e a m  r e f o r m in g  o f  m e th a n e :

C H 4 +  H 20  - »  C O  +  3 H 2 A H ° 298 =  2 0 6  k J /m o l  ( 1 )

w h i c h  is  a c h i e v e d  b y  th e  u s e  o f  a  n i c k e l / a - A l 2 0 3  c a t a ly s t  a t t e m p e r a tu r e s  a r o u n d  

9 0 0  ° C  a n d  a t p r e s s u r e s  o f  1 5 - 3 0  a tm  ( R o s t r u p - N i e l s o n  e t a l.,  1 9 8 4 ) .
T h e  p r o d u c t  m ix t u r e  c a n  th e n  b e  in tr o d u c e d  to  a  m e t h a n o l  s y n t h e s i s  

r e a c to r . D e m a n d  fo r  th is  p r o c e s s  h a s  in c r e a s e d  m a r k e d ly  d u e  to  th e  r a p id  e x p a n s io n  

o f  M T B E  ( m e t h y l  te r t -b u ty l  e th e r )  u s e  in  th e  a u t o m o t iv e  f u e l  s e c to r .  A l t e r n a t iv e ly ,  
th e  in i t ia l  s y n g a s  m ix t u r e  c a n  b e  fu r th e r  m o d i f i e d  w i t h  w a te r  to  e n h a n c e  th e  

h y d r o g e n  c o n c e n t r a t io n  b y  th e  w a t e r - g a s  s h i f t  r e a c t io n  ( G h io t t i  e t a l.,  1 9 8 7 ) .

C O  +  H 20  —* C 0 2 +  H 2 A H ° 2 98  =  -4 1 .1  k J /m o l  ( 2 )

T h is  la t te r  m ix t u r e  is  th e n  s u i t a b le  fo r  u s e  in  a n  a m m o n ia  s y n t h e s i s  

in d u s tr ia l  r e a c to r . A  c r i t ic a l  p a r a m e te r  f o r  s u b s e q u e n t  r e a c t io n  o f  t h e  s y n t h e s i s  g a s  is  

th e  H 2/ C O  r a tio  th a t  m u s t  b e  a d ju s te d  c l o s e  to  u n ity  fo r  s o m e  s y n t h e s e s  s u c h  a s  

th e  m a n u fa c tu r e  o f  o x o - a l c o h o l s  a n d  a c e t i c  a c id  ( W e n d e r  e t a i ,  1 9 9 6 ) .
T h e s e  la t te r  i s s u e s  h a v e  s t im u la t e d  r e s e a r c h  in to  th e  fo r m a t io n  o f  

s y n t h e s i s  g a s  b y  th e  c a r b o n  d i o x id e  r e f o r m in g  o f  m e t h a n e  (d r y  r e f o r m in g ) .  
T h e  c a r b o n  d i o x id e  r e f o r m in g  o f  m e t h a n e ,  in  fa c t ,  h a s  b e e n  o f  in te r e s t  fo r  a  lo n g  

t im e ,  d a t in g  b a c k  to  a s  e a r ly  a s  th e  1 9 2 0 ’ร ( F i s c h e r  a n d  T r o p s c h ,  1 9 2 8 ) ,  b u t  it  i s  o n ly  

in  r e c e n t  y e a r s  th a t  in te r e s t  in  it  h a s  r a p id ly  in c r e a s e d  f o r  b o th  e n v ir o n m e n t a l  a n d  

c o m m e r c ia l  r e a s o n s .  T h is  r e a c t io n  c a n  b e  r e p r e s e n t e d  a s



4

C H 4 +  C 0 2 - »  2 C 0  +  2 H 2 A H ° 298 =  2 4 7  k J /m o l  ( 3 )

T h is  p r o c e s s  h a s  m a n y  d e s ir a b le  a d v a n t a g e s  o v e r  s t e a m  r e f o r m in g  

(C h u b b  e t a l ,  1 9 8 0 ) :  (a )  S y n t h e s i s  g a s  h a s  a n  H 2/C O  r a tio  o f  u n ity  w i t h o u t  fu r th e r ,  
p o s t - r e f o r m e r  r e a c t io n s ,  (b )  T h e  u s e  o f  C 0 2 m e a n s  th a t it i s  a n  a t t r a c t iv e  r o u te  to w a r d  

C 0 2 m it ig a t io n  in  s ta t io n a r y  a n t h r o p o g e n ic  s o u r c e s ,  ( c )  It a l l o w s  th e  c o n v e r s i o n  o f  

m e t h a n e ,  p r e v io u s ly  a  w a s t e  c o m p o n e n t  o f  o i l  r e s e r v e s ,  in to  a n  e c o n o m i c a l ly  

a t tr a c t iv e  f e e d s t o c k .
T h is  p r o c e s s  c a n  a ls o  b e  u s e d  a s  a  c h e m ic a l  e n e r g y  s t o r a g e  a n d  a n  

e n e r g y  t r a n s m is s io n  s y s t e m .  F ig u r e  1 .1  s h o w s  th a t s o la r  e n e r g y  is  u s e d  to  d r iv e  th e  

e n d o t h e r m ic  fo r w a r d  r e a c t io n ,  a n d  th e  e n e r g y  th u s  s to r e d  c a n  b e  tr a n s p o r te d  v ia  

p i p e l in e s  s u c h  a s  s y n g a s  a n d  l ib e r a te d  a t w i l l  b y  th e  r e v e r s e  r e a c t io n  a t a n y  lo c a t io n  

o r  t im e .  T h e  h ig h ly  e n d o t h e r m ic  r e a c t io n  c o u ld  b e  a n  o p t io n  to  s to r e  s o la r  e n e r g y  in  

h o t  r e g io n s  ( R ic h a r d s o n  a n d  P a r ip a ty a d a r , 1 9 9 0 ) .

Fossil Fuels Process Fleat
N uclear Reactor 

Solar Tower

Figure 2.1 S c h e m a t ic  d ia g r a m  o f  th e  c h e m ic a l  e n e r g y  t r a n s m is s io n  s y s t e m  ( C E T S ) .

T h e  m a in  r e a c t io n  ( 1 )  is  a c c o m p a n ie d  b y  s e v e r a l  s e c o n d a r y  p r o c e s s e s ,  
o f  w h ic h  th e  r e v e r s e  w a t e r - g a s  s h i f t  r e a c t io n  a p p e a r s  to  b e  th e  m o s t  im p o r ta n t  o n e  

b e c a u s e  o f  i t s  d e p e n d e n c e  o n  th e  p r o d u c t  h y d r o g e n  o f  r e a c t io n  ( 1 )  ( R o s t r u p - N i e l s e n  

a n d  B a k  H a n s e n ,  1 9 9 3 ) .

R e v e r s e  w a t e r - g a s  sh if t :

C 0 2 +  H 2 - >  C O  +  H 20 A H ° 2 9 8  =  4 1 .1  k J /m o l ( 4 )
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It c a n  b e  s e e n  th a t  w a te r  a lw a y s  f o r m e d  in  th e  r e a c t io n s  s y s t e m .  
T h e  fo r m a t io n  o f  w a t e r  is  r e f le c t e d  b y  lo w e r  h y d r o g e n  c o n c e n t r a t io n  th a n  C O  d u e  to  

th e  r e v e r s e  w a t e r - g a s  s h i f t  r e a c t io n  w h ic h  i s  th e  m a in  w a t e r  f o r m a t io n  r o u te  th e n  

th e  a m o u n t  o f  C O  is  a lw a y s  h ig h e r  th a n  th a t  o f  h y d r o g e n .
M o r e o v e r ,  d e p e n d in g  o n  th e  r e a c t io n  c o n d i t io n s  a n d  o n  

th e  c o m p o s i t io n  o f  f e e d  g a s ,  c a r b o n  b u i ld  u p  c a n  o c c u r  d u e  to  th e  B o u d o u a r d  

r e a c t io n  a n d  m e t h a n e  c r a c k in g  ( G a d a lla  a n d  B o w e r ,  1 9 8 8 ) .

M e t h a n e  c r a c k in g :

C H 4 - »  c  +  2 H 2 A H ° 2 9 8  =  7 5  k J /m o l  ( 5 )

B o u d o u a r d :

2 C O  «-> C  +  C Û 2 A H ° 2 9 8  = - 1 7 2  k J /m o l  ( 6 )

T h u s , th e  C H 4 /C O 2 r e f o r m in g  r e a c t io n  ( 1 )  c a n  b e  s e e n  a s  c o n s i s t in g  o f  

r e a c t io n  ( 5 )  a n d  th e  r e v e r s e  o f  r e a c t io n  ( 6 ) .  I d e a l ly  th e  c a r b o n  f o r m e d  in  th e  r e a c t io n  

( 5 )  s h o u ld  b e  r a p id ly  c o n s u m e d  b y  th e  r e v e r s e  o f  r e a c t io n  ( 6 )  a n d , to  a  l e s s e r  e x t e n t ,  
b y  th e  s t e a m /c a r b o n  g a s i f i c a t i o n  r e a c t io n  ( 7 ) .

S t e a m /C a r b o n  g a s i f i c a t io n :

c  +  H 2 0 ( g )  —> C O  +  H 2 A H ° 2 9 8  =  1 31  k J /m o l  ( 7 )

R e a c t io n  ( 7 )  c a n  p la y  a  r o le  in  C H 4 /C O 2 r e f o r m in g  b e c a u s e  s t e a m  is  

a lm o s t  a lw a y s  fo r m e d  v ia  th e  r e v e r s e  w a t e r - g a s  s h i f t  ( R W G S )  r e a c t io n  ( 4 ) .  
I f  r e a c t io n  ( 5 )  i s  fa s te r  th a n  th e  c a r b o n  r e m o v a l  r a te s  ( 6 ,7 ) ,  th e r e  w i l l  b e  a  n e t  b u i ld 
u p  o f  c a r b o n  to  p o s e  s e r io u s  p r o b le m  in  th e  o v e r a l l  r e a c t io n  c o n c e p t  w h i c h  in  

p r a c t ic e  w o u ld  le a d  to  c a t a ly s t  d e a c t iv a t io n  a n d  r e a c t io n  b lo c k a g e .  A p a r t  fr o m
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r e a c t io n  ( 5 ) ,  r e a c t io n  ( 6 )  a n d  th e  r e v e r s e  o f  r e a c t io n  ( 7 ) ,  b o th  o f  w h i c h  a re  f a v o r e d  at 

l o w  te m p e r a tu r e s ,  a re  a ls o  p o t e n t ia l  s o u r c e s  o f  c a r b o n  ( E d w a r d  a n d  M a itr a , 1 9 9 5 ) .
A  n u m b e r  o f  s t u d ie s  h a v e  b e e n  m a d e  o n  th is  r e a c t io n ,  b u t th e r e  is  s t i l l  

n o  p r o c e s s  fo r  th e  C O 2 r e f o r m in g  c u r r e n t ly  c o n s id e r e d  to  b e  c o m m e r c i a l ly  f e a s ib le .  
T h e  m a jo r  o b s t a c le  p r e v e n t in g  c o m m e r c ia l iz a t io n  o f  th e  p r o c e s s  i s  th a t , o w i n g  to  th e  

e n d o t h e r m ic  n a tu r e  o f  th e  p r o c e s s ,  h ig h  te m p e r a tu r e s  a re  r e q u ir e d  to  r e a c h  h ig h  

c o n v e r s io n s .  T h e s e  c o n d i t io n s  a re  c o n d u c iv e  to  c a r b o n  d e p o s i t io n ,  a n d  s e v e r e l y  

d e a c t iv a t e d  th e  c a ta ly s t .  H e n c e ,  th e  m a in  c o n c e r n  o f  m a n y  C 0 2 - r e f o r m i n g  s t u d ie s  is  

to  d e v e lo p  s u i t a b le  c a t a ly s t s  a n d  o p t im iz e  th e  l i f e t im e  s t a b i l i t y  o f  th e  c a t a ly s t s  u s e d .
2 .1 .2  A p p l ic a t io n  o f  S o l - G e l  in  C a t a ly s t  P r e p a r a t io n

S o l - g e l  p r o c e s s i n g  in  w h i c h  m e ta l  o r g a n ic  p r e c u r s o r s  is  m i x e d  w i t h  

m e ta l  p r e c u r s o r  to  fo r m  a  h o m o g e n e o u s  s o lu t io n .  T h e  m e t a l  o r g a n ic  p r e c u r s o r  is  

h y d r o ly z e d  th r o u g h  th e  a d d it io n  o f  w a te r  w h i l e  c a r e f u l ly  c o n t r o l l in g  th e  p H  a n d  

r e a c t io n  te m p e r a tu r e . A s  h y d r o ly s i s  a n d  p o ly m e r iz a t io n  o c c u r ,  c o l lo i d a l  p a r t ic le s  o r  

m i c e l l e s  w i t h  a p p r o x im a t e  d ia m e te r  o f  1 0  n m  a r e  f o r m e d . T h e s e  p a r t ic le s  c o n t in u e  to  

in c r e a s e  th e  s i z e  u n t i l  a  m e ta l  o x id e  g e l  is  f o r m e d  ( G o n z a l e z  e t a l., 1 9 9 7 ) .
T h e  h y d r o ly s i s  a n d  c o n d e n s a t io n  r e a c t io n s  c a n  b e  e x p r e s s e d  a s

f o l lo w s :
In aqueous phase:

H yd ro lys is:
M O ^ O ) ^  +  H 20  <->  M ( O H £ ; n +  H 30 + ( 8 )

C on den sa tion :

2 M ( O H ) ( H O £ ' *  < - > [ ( H 20 ) „ .1 M - 0 - M ( H J0 ) n, ] 2<I1>* +  H 20  ( 9 )

In organic phase:

H yd ro lys is:
- M - O R  +  H 20 - M - O H +  R O H ( 1 0 )
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C on den sa tion :
- M - O H +  R O - M - >  - M - O - M -  +  R O H ( 1 1 )

- M - O H +  H O - M - >  - M - O - M  -  +  H 20 ( 1 2 )

S o l - g e l  s y n t h e s i s  m a y  b e  u s e d  to  p r e p a r e  m a te r ia ls  w i t h  a  v a r ie t y  o f  s h a p e s ,  
s u c h  a s  p o r o u s  s tr u c tu r e s ,  th in  f ib e r s ,  d e n s e  p o w d e r s  a n d  th in  f i lm s .

D ense  ceram ic  film

X erogel A erogel

^ D ry  h e a t

D en se  g la s s  o r ceram ic

Figure 2 .2  S o l - g e l  p r o c e s s i n g  o p t io n s  ( h t t p : / / w w w .g i t a m .e d u ).

T h e  s i z e  a n d  th e  d e g r e e  o f  b r a n c h in g  o f  in o r g a n ic  p o ly m e r ,  a n d  th e  e x t e n t  o f  

c r o s s - l in k in g  h a v e  s t r o n g  i n f lu e n c e  o n  p o r o s i t y  o f  th e  g e l ,  a n d  la t te r , th e  s u r f a c e  a r ea , 
p o r e  v o lu m e ,  p o r e  s i z e  d is t r ib u t io n ,  a n d  th e r m a l s t a b i l i t y  o f  th e  f in a l  o x id e  a fte r  

c a lc in a t io n s .  In  g e n e r a l ,  m a c r o p o r e s  a n d  m e s o p o r e s  s tr u c tu r e s  o f  o x i d e s  a r e  a c h i e v e d  

th r o u g h  th e  g e l  c o n t a in e d  la r g e  v o id  r e g io n s ;  r e s u lt e d  fr o m  g e l  c o n t a in e d  p o ly m e r ic  

c h a in  w i t h  h ig h  b r a n c h in g  a n d  c r o s s - l in k in g .  I f  th e  g e l  th a t  h a s  s m a l l e r  v o id  r e g io n ,  
i s  s tr u c tu r a l ly  w e a k ,  a n d  th u s  c o l la p s e s  r e a d i ly  u p o n  c a lc in a t io n s .  T h e  r e s u lt in g  o x id e  

h a s  m o s t ly  m ic r o p o r e s  a n d  l o w  s u r f a c e  a rea .

2 . 1 . 3  A c i d i c  a n d  B a s i c  P r o p e r t ie s  o f  C a t a ly s t

http://www.gitam.edu
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A c i d  a n d  b a s e  a r e  p a ir e d  c o n c e p t s ;  a  n u m b e r  o f  c h e m ic a l  in te r a c t io n s  

h a v e  b e e n  u n d e r s t o o d  in  te r m s  o f  a c id - b a s e  in te r a c t io n . A m o n g  c h e m ic a l  r e a c t io n s  

w h i c h  i n v o l v e  a c id - b a s e  in t e r a c t io n s  a re  a c id  c a t a ly z e d  a n d  b a s e - c a t a l y z e d  r e a c t io n s  

w h i c h  a re  in i t ia t e d  b y  a c id - b a s e  in t e r a c t io n s  f o l l o w e d  b y  c a t a ly t ic  c y c l e s .  In  a c id -  

c a t a ly z e d  r e a c t io n s ,  r e a c ta n ts  a c t  a s  b a s e s  to w a r d  c a t a ly s t s  w h i c h  a c t  a s  a c id s .  In  

b a s e - c a t a ly z e d  r e a c t io n s ,  o n  th e  c o n tr a r y , r e a c ta n ts  a c t  a s  a c id s  to w a r d  c a t a ly s t s  

w h ic h  a c t  a s  b a s e s .
In h o m o g e n e o u s  s y s t e m s ,  a  h u g e  n u m b e r  o f  a c id  c a t a ly z e d  r e a c t io n s  

a n d  b a s e - c a t a ly z e d  r e a c t io n s  a re  k n o w n .  In  h e t e r o g e n e o u s  s y s t e m s ,  a  l im i t e d  n u m b e r  

o f  r e a c t io n s  a re  r e c o g n iz e d  a s  a c id -  o r  b a s e - c a t a ly z e d  r e a c t io n s .  In  p a r t ic u la r , b a s e -  

c a t a ly z e d  r e a c t io n s  h a v e  b e e n  s t u d ie d  to  a  l e s s e r  e x t e n t  a s  c o m p a r e d  to  a c id -  

c a t a ly z e d  r e a c t io n s  in  h e t e r o g e n e o u s  s y s t e m s .
H e t e r o g e n e o u s  a c id  c a t a ly s i s  a t tr a c te d  m u c h  a t t e n t io n  p r im a r i ly  

b e c a u s e  h e t e r o g e n e o u s  a c id ic  c a t a ly s t s  a c t  a s  c a t a ly s t s  in  p e t r o le u m  r e f in e r y  a n d  a re  

k n o w n  a s  a  m a in  c a t a ly s t  in  th e  c r a c k in g  p r o c e s s  w h i c h  i s  th e  la r g e s t  p r o c e s s  a m o n g  

th e  in d u s tr ia l  c h e m ic a l  p r o c e s s e s .  E x t e n s iv e  s t u d ie s  o f  h e t e r o g e n e o u s  c r a c k in g  

c a t a ly s t s  u n d e r ta k e n  in  th e  1 9 5 0 ’ร r e v e a le d  th a t  th e  e s s e n t ia l  n a tu r e  o f  c r a c k in g  

c a t a ly s t s  a re  a c id ic ,  a n d  g e n e r a t io n  o f  a c id ic  s i t e s  o n  th e  s o l i d s  w a s  e x t e n s i v e l y  

s tu d ie d . A s  a  r e s u lt ,  a m o r p h o u s  s i l i c a - a lu m in a  w a s  u t i l i z e d  a s  a  c r a c k in g  c a t a ly s t ,  
a n d  th e n  c r y s t a l l in e  a lu m in o s i l i c a t e  ( z e o l i t e )  w a s  u s e d  a f te r w a r d .

F o u r  r e a s o n s  fo r  r e c o g n iz i n g  c e r ta in  m a t e r ia ls  a s  h e t e r o g e n e o u s  b a s ic  

c a t a ly s t s  a r e  a s  f o l lo w s .

( 1 )  C h a r a c te r iz a t io n  o f  th e  s u r f a c e s  in d ic a t e s  th e  e x i s t e n c e  o f  b a s ic  

s i t e s :  C h a r a c te r iz a t io n s  o f  th e  s u r f a c e s  b y  v a r io u s  m e t h o d s  s u c h  a s  c o lo r  c h a n g e  o f  

th e  a c id - b a s e  in d ic a to r s  a d s o r b e d , s u r f a c e  r e a c t io n s ,  a d s o r p t io n  o f  a c id ic  m o le c u l e s ,  

a n d  s p e c t r o s c o p ie s  ( พ ,  IR , X P S ,  E S R , e t c . )  in d ic a t e  th a t  b a s i c  s i t e s  e x i s t  o n  th e  

s u r f a c e s .
( 2 )  T h e r e  is  a  p a r a l le l  r e la t io n  b e t w e e n  c a t a ly t ic  a c t iv i t y  a n d  th e  

a m o u n t  a n d /o r  s t r e n g th  o f  th e  b a s ic  s it e s :  T h e  c a t a ly t ic  a c t i v i t i e s  c o r r e la te  w e l l  w i t h  

th e  a m o u n t  o f  b a s i c  s i t e s  o r  w i t h  th e  s tr e n g th  o f  th e  b a s ic  s i t e s  m e a s u r e d  b y  v a r io u s  

m e t h o d s .  A l s o ,  th e  a c t iv e  s i t e s  a re  p o i s o n e d  b y  a c id ic  m o l e c u l e s  s u c h  a s  H C l ,  H 2 O ,  
a n d  C O 2 .



9

(3) The material has similar activities to those of homogeneous basic 
catalysts for “base-catalyzed reactions” well-known in homogeneous systems: There 
are a number of reactions known as base-catalyzed reactions in homogeneous 
systems. Certain solid materials also catalyze these reactions to give the same 
products. The reaction mechanisms occurring on the surfaces are suggested to be 
essentially the same as those in homogeneous basic solutions.

(4) There are indications of anionic intermediates participating in the 
reactions: Mechanistic studies of the reactions, product distributions, and 
spectroscopic observations of the species adsorbed on certain materials indicate that 
anionic intermediates are involved in the reactions.

2.1.4 Temperature-Programmed Desorption
This method is frequently used to measure the number and strength of 

basic sites. The strength and amount of basic sites are reflected in the desorption 
temperature and the peak area, respectively, in a TPD plot. However, it is difficult to 
express the strength in a definite scale and to count the number of sites 
quantitatively. Relative strengths and relative numbers of basic sites on the different 
catalysts can be estimated by carrying out the TPD experiments under the same 
conditions. If the TPD plot gives a sharp peak, the heat of adsorption can be 
estimated. TPD plots of carbon dioxide desorbed from alkaline earth oxides are 
compared in Figure 2.2 in which adsorption of carbon dioxide and the following 
treatment before the TPD run were done under the same conditions. The strength of 
basic sites is in the increasing order of MgO < CaO < SrO < BaO. The number of 
basic sites per unit weight that can retain carbon dioxide under the adsorption 
conditions increases in the order BaO < SrO < MgO < CaO. Enhancement of basic 
strength by addition of alkali ions to X-zeolite in excess of the ion exchange capacity 
was demonstrated by TPD plots of carbon dioxide as shown in Figure 2.2. The peak 
areas are larger for the alkali ion-added zeolites (solid lines) than for the ion- 
exchanged zeolites (dotted lines). In particular, desorption of carbon dioxide still 
continues at the desorption temperature of 673 K for ion-added zeolites.
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F i g u r e  2.3 TPD plots of carbon dioxide desorbed from alkaline earth oxides (Zhang 
e t a l., 1988).

2 .  2  L i t e r a t u r e  R e v i e w

2.2.1 Catalysts used in Reforming
Numerous materials have been tested as potential catalysts for 

reforming of CH4 with CO2 , and most of them have been focused on Group VIII 
metals on a variety of supports. The metals studied include Co, Ni, Ru, Rh, Pd and 
Pt, La and Zr have also been used. Oxides such as CeÛ2 , AI2 O3 , La2 Û3 , MgO, CaO, 
SiÛ2 ; TiÛ2 and ZrO have been employed as support materials. Among the catalysts 
examined, nickel-based catalysts, as well as supported noble metal catalysts, have 
been found to exhibit promising catalytic activities in terms of methane conversion 
and selectivity to synthesis gas. Encouraging stability results have been obtained 
using noble metal-based catalysts. However, it was observed that carbon deposition 
cannot be avoided over nickel-supported catalysts and for a CO2 /CH4 molar ratio of 
unity (Ashcroft e t a l., 1991). In this part, there are two head line concluding about an 
interaction of MgO on supports and activity and stability of catalyst.

2 .2 .1 .1  In te ra c tio n  o f  M g O  on  S u p p o r ts
In recent year, the deactivation is the main problems of the 

Ni-based catalyst. The carbon deposition on the nickel-based catalyst and the 
sintering of metallic nickel at high temperature are reported for this problem. 
Therefore, there have had many attentions to improve the stability of the catalysts by
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modifying the properties of support or adding some additives to improve the stability 
of the catalyst. MgO is the one of additive that exhibits the ability to reduce the coke 
formation and also the sintering of metal at reaction temperature.

Jang e t al. (2013) studied แ 2 and CO production over a stable 
Ni-MgO-Ceo.8Zro.2 O2 catalyst from CO2 reforming of CH4 . They reported that 
Ni-MgO-Ceo.8Zro.2 O2 exhibited higher catalytic activity and stability 
(CH4 conversion > 95% at 800 °c for 200 h). The outstanding catalytic performance 
is mainly due to the basic nature of MgO and an intimate interaction between Ni and 
MgO. Ni-Ceo.8Zro.2 O2 and Ni-MgO-Ceo.8Zro.2 O2 catalysts were investigated for 
H2 production from CO2 reforming of CH4 reaction at a very high gas hourly space 
velocity of 480,000 h"1.

Wanga e t al. (2009) studied durable Ni/MgO catalysts for 
CO2 reforming of methane. They found that a complete incorporation of NiO into 
the MgO “support” to form NiO-MgO solid solution during the calcination stage of 
the catalyst preparation was identified essential for the formation of stable Ni/MgO 
catalysts, and the presence of readily reducible “free” NiO in the calcined 
(unreduced) NiO/MgO samples was shown to produce the deactivating Ni/MgO 
catalysts during the CO2 /CH4  reaction. The reactivities of CO2 /CH4 were found 
sensitive to the particle size (or dispersion) of metallic Ni; the catalytic activity by 
CH4 turnover frequency (TOF) decreased with increasing the Ni particle size. 
The reduced catalysts showed two H2 -TPD peaks and the nickel sites corresponding 
to FI2 -TPD peak at higher temperature showed a higher activity than those associated 
with the peak at lower temperature. Their data demonstrate that the support in the 
stable catalysts was actually a kind of NixMgi-xO (x = 0.02-0.15) solid solution and 
the stable catalytic sites were associated with nano-sized Ni particles (3-20 nm) in 
strong interaction with the solid solution support.

Xu e t al. (2007) studied Nano-MgO: novel preparation and 
application as support of Ni catalyst for CO2 reforming of methane. They found that 
Primary application of the MgO nanocrystals for support of nickel catalyst was 
successful and gave promising results for highly active as well as very stable 
Ni/MgO catalysts for the dry reforming of methane to produce syngas. The sizes of
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MgO nanocrystals (10-12 nm) those are able to resist “sintering” up to 650 °c 
without significant loss of the surface area.

Nagaraja e t al. (2011) studied the effect of potassium on the 
activity and stability of Ni-MgO-ZrC>2 catalysts for the dry reforming of methane to 
give synthesis gas. They found that the addition of 0.5 wt% potassium to a catalyst 
consisting of 8 wt% Ni supported on a MgO-ZrÛ2 support prepared by 
co-precipitation improved both the activity and stability of this material for the dry 
reforming of methane. Increasing the content of potassium caused a decrease in the 
catalytic activity but the stabilities of the resultant catalysts were still higher than 
those for the undoped catalyst. The BET surface areas of the catalysts increased with 
potassium content.

Sato e t al. (2010) studied preparation and characterization of 
active Ni/MgO in oxidative steam reforming of n-C4 Hio. They reported that Ni/MgO 
prepared at pH 7 exhibited considerably higher activity than Ni/MgO prepared from 
a conventional acidic aqueous precursor solution (pH 3.5). The H2 formation rate for 
the modified Ni/MgO was up to 2.3 times that for conventional Ni/MgO under a high 
space velocity of 1660 l(hg)'1. Furthermore, after reduction at high temperature 
(1273 K), the modified Ni/MgO showed a higher H2 formation rate than did 
Rh/MgO. The superior performance of the modified Ni/MgO was ascribed to 
stronger resistance to oxidation of NiO due to the formation of relatively large NiO 
particles. The Ni/MgO catalysts were prepared by the impregnation method from 
aqueous Ni(N0 3 ) 2  precursor solutions at two pH values.

Kong e t al. (2012) studied catalytic performance of Ni/MgO 
in carbon dioxide reforming of toluene. They reported that either higher reaction 
temperatures or higher C02/toluene mole ratios made Ni/MgO more stable and 
efficient. Ni/MgO at 550 °c and a high C02/toluene mole ratio of 28 had a better 
activity with less coke than that at 570 °c but low C02/toluene mole ratios, which 
suggested the activation of carbon intermediates from the dissociation of toluene by 
abundant oxidizing CO2 species played a crucial role in having a better catalytic 
performance. At a high toluene feed rate (0.48 ml/h), Ni/MgO had an inferior activity 
due to the comparatively insufficient active Ni; moreover, it had a worse stability 
because of a large amount of coke.
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Kima et al. (2010) studied catalytic activity of promoters on 
Ni/MgO catalyst in CsHis autothermal reforming in solid oxide fuel cell system. 
They found that the formation of NiO-MgO solid solution was accomplished during 
calcination of the Ni/MgO catalyst at 900 ๐c , resulting in loss of the active Ni metal 
and very low catalytic activity. Therefore, all catalysts were treated by a reduction 
process without calcination in order to prevent the formation of NiO-MgO solid 
solution. Among Ni/MgO catalysts combined with various promoters such as Ag, Cr, 
and Cu, Ni-Cr/MgO catalyst showed the most desirable characteristics in the aspects 
of its activity, stability, and resistance to carbon deposition.

Nagaoka e t al. (2007) studied catalytic activity of Ni/MgO in 
oxidative steam pre-reforming of n-butane for fuel cell application. They found that 
the higher activity of Ni/MgO (pH 7) was ascribed to stronger resistance against 
oxidation of NiO due to the formation of relatively large NiO particles. When the 
Ni/MgO was prepared from an aqueous Ni(N0 3 ) 2  solution with pH 7, H2 formation 
rate of Ni/MgO (pH 7) at a high space velocity (SV=1660 l(h'g)'1) was 2.3 times as 
high as that of conventional Ni/MgO.

2 .2 .1 .2  A c tiv ity  a n d  S ta b ility  o f  C a ta ly s t
Due to activity and stability of catalyst, most studies propose 

to improve performance of catalyst which have many different challenges (Zhaoyin 
Hou e t a l., 2003; Adriana D. e t a l., 2005; Rogatis e t a l., 2009; MarTa Martha 
Barroso-Quiroga et a l., 2010; P. Sutthiumpom e t a l., 2011 ; K. Fronteraa e t a l., 2012) 
in order to use as the catalyst in the methane dry reforming.

Hou e t al. (2003) studied characterization of Ca-promoted 
Ni/a-AbCb catalyst for CH4 reforming with CO2 . They found that small amounts of 
Ca increased the activity and stability of Ni/a-AbCb. The Ca-promoted Ni/a-AbCb 
catalysts indicated that Ca improved the dispersion of Ni, strengthened the 
interaction between Ni and AI2O3, and retarded the sintering. A higher amount of Ca 
covered the surface of a-AbCb and enhanced the decomposition of CH4 .

Adriana e t al. (2005) investigated effects of supports on the 
Pt-supported catalysts via reforming of CH4 with CO2. They found that Pt/Na (0.3 
Wt%)-Ab0 3  and Pt/ZrCh catalysts showed both a good activity and selectivity with a
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very high catalytic stability at 1073 K. The Pt/K (0.3 wt%)-AbC>3 catalyst showed a 
good performance but a slightly lower conversion level than Pt/Na (0.3 wt%)-AbC>3. 
On the other hand, the Pt/AbCb catalyst displayed an important decrease of the 
methane conversion through the reaction time at 1073 K and hence, a lower catalytic 
stability due mainly to the carbon deposition. It can be concluded that either Na or K 
addition to Pt/Ah0 3  enhances the catalytic stability since they provide basic sites, 
which favor the dissociation reaction of CO2 into CO and o. The o  species can react 
with the carbon deposited on the Pt, thus cleaning the metallic phase of the doped 
catalysts.

Barroso-Quiroga e t al. (2010) studied catalytic activity and 
effect of modifiers on Ni-based catalysts for the dry reforming of methane. 
They found that the catalyst supported on Zr02 showed the highest stable activity 
during the period of time studied.

Sutthiumpom e t al. (2011) evaluated effects of alkaline earth 
over Ni/ La2 Û3 catalyst for CO2 reforming of CPU. They found that the Sr-doped 
Ni/La2 Û3 catalyst not only yields the highest CPU and CO2 conversions (-78% 
and-60%) and highest PI2 production (-42% by vol.) but also has the lowest carbon 
deposition over the catalyst surface, the excellent performance over the Sr-doped 
Ni/La2 Û3 catalyst is attributed to the presence of a high amount of lattice oxygen 
surface species which promotes C/H activation in dry reforming of methane (DRM) 
reaction, resulting in high Pb production. Moreover, these surface oxygen species on 
the Ni-SDL catalyst can adsorb CO2 molecules to form bidentate carbonate species, 
which can then react with the surface carbon species formed during DRM, resulting 
in higher CO2 conversion and lower carbon formation.

Fronteraa e t al. (2012) studied catalytic dry-reforming on 
Ni-zeolite supported catalyst. They found that the silylation of the support surface 
leads to the formation of smaller and more reducible Ni-oxide species that not only 
improve the CPI4 and CO2 conversion but also reduce the deactivation of the catalyst 
due to coke deposition and the obtained P b /co  value is 1.04.
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2.2.2 Co-Precipitation Method
Recently, there have been studied the co-precipitation method to 

prepare as a support for catalytic reaction. The various preparation methods, catalytic 
performance and carbon formation resistivity have been investigated properties of 
catalysts prepared by this method (Montoya e t a l ,  2000; Koo e t a l., 2008; Chen et 
a l ,  2012).

Montoya e t al. (2000) studied fh  and CO production over a stable 
Ni-MgO-Ceo.8Zro.2 O2 catalyst from CO2 reforming of CH4 . They tried Ni-based 
catalysts on a tetragonal Ce-ZrÛ2 support for CDR. However, the problem of support 
sintering at 800 ๐c  could not be addressed completely. In their previous results, 
a co-precipitated Ni-Ceo.8Zro.2 O2  catalyst exhibited higher activity and higher 
stability than an impregnated catalyst with the same composition at the gas hourly 
space velocity (GHSV) of 108,000 h '1 in CDR.

Koo et al. (2008) studied coke formation on MgO-promoted NÜA.I2 O3 

catalyst in combined H2 O and CO2 reforming of methane for gas to liquid (GTL) 
process. They found that the co-precipitated stable Ni-MgO-Ceo.8Zro.2 O2 catalyst 
exhibited the highest activity as well as stability among supported Ni catalysts for 
CDR in the literature. In addition, it was reported that the addition of MgO improved 
the activity and stability of catalysts for combined steam and carbon dioxide 
reforming of methane (CSCRM) resulting from enhanced steam adsorption and a 
strong metal to support interaction.

2.2.3 Acid and Basic Properties of Catalysts
The modifications of the support basic function depend on the amount 

and acid/base properties of the solid-solution supported. Many researchers have 
investigated acid/base properties (Nia e t a l., 2012; Chen e t a l., 2012).

Nia e t al. (2012) studied carbon deposition on borated alumina 
supported nano-sized Ni catalysts for dry reforming of CH4. They found that the 
formation of strong Lewis acid sites causes severe carbon deposition on 1 wt% and 
10 wt% B2 O3 loaded Ni catalysts, hence decreasing catalytic activity and stability. 
The formation of weak Lewis acid sites and O-H groups on 5 wt% B2 O3 promoted 
Ni catalysis found to significantly facilitate carbon removal and improve the stability 
of the catalysts. The reaction mechanism of dry reforming of methane over
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borated-alumina supported Ni catalysts is proposed, especially the promotional effect 
of OH groups on the suppression of carbon formation being emphasized.

Chen e t al. (2012) studied the effect of surface acidic and basic 
properties on the hydrogenation of lauronitrile over the supported nickel catalysts. They 
found that Ni was to be relatively easier to reduce in Ni/MgO and Ni/SiÛ2 than in 
M/AI2 O3 , while nickel was higher dispersed in Ni/Si02 than in Ni/AhCb and 
Ni/MgO. Thus, the reducibility and dispersion of nickel in Ni/MgAlO and Ni/SiAlO 
were significantly enhanced, leading to the high active nickel surface areas 
(75 m2/g-catalyst). Acetonitrile was found to be adsorbed on the reduced nickel and 
acidic sites. The strong surface basicity of Ni/MgO was found to favor the selectivity 
to the primary amine, but inhibited the conversion of lauronitrile. On the other hand, 
the conversion of lauronitrile was high over the Ni/Si02, Ni/AhC>3 and Ni/SiAlO 
with strong surface acidity, but the selectivity to the prime amine was relatively low. 
The Ni/MgAlO with intermediate strengths of surface acidity and basicity exhibited 
the high conversion of lauronitrile and high selectivity to the prime amine.

Guo e t al. (2012) studied effect of support’s basic properties on 
hydrogen production in aqueous-phase reforming of glycerol and correlation between 
WGS and APR. They found that the overall catalytic activities for APR of glycerol 
decreased in the following order for Pt based catalysts: Pt/MgO > PTAI2 O3 > 
Pt/Ce0 2 > Pt/TiÛ2 > Pt/SiC>2 . The WGS reactions were also examined over these five 
catalysts. The relationship between WGS and APR was discussed and found that 
WGS played a key role in the process of APR, both are related to the surface 
properties: the basic sites are prefer for water-gas shift and further enhanced 
the APR process. Typical solid basic magnesium and alumina mixed oxides 
supporting Pt catalysts were also tested and exhibited the best APR activity.

In addition, they showed the results of support on TPD profiles of CO2 

adsorbed on different supports are presented in Fig. 2.3. The basic surface sites were 
classified according to their basic strengths. In these three peaks, a  and p are usually 
related to the occurrence of the weak basic surface sites. Meanwhile, y is taken as a 
distinct distribution of surface centers with relatively strong basic sites. The SiÛ2 

support showed only one very weak a peak of CO2 desorption. The TiÜ2 support
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exhibited two weak a  and p peaks. For CeC>2 , there was a narrow p peak with high 
intensity of MS signal. Besides, a shoulder a peak could also be observed in the 
profile of CeC>2 . It is worth to remark that there was a broad and strong peak in the 
temperature range from 50 to 400 °c with a peak of 100 °c in the profile of AI2 O3 , 
indicating that all of the three kinds of basic surface sites existed and the weak basic 
sites were dominant in AI2 O3 support. Although there were also three kinds of basic 
surface sites for the MgO support as AI2 O3 , the dominant basic sites were contributed 
by the stronger one. From these data, a basicity scale of oxides used in this research 
can be established, according to the CO2 -TPD, as follows: MgO > AI2 O3 > CeÛ2  > 
TiÛ2 > Si02.

F i g u r e  2 .4  TPD profiles of CO2 adsorbed on the support (Guo e t a l., 2012).
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