
R E S U L T S  A N D  D I S C U S S I O N
CHAPTER IV

4 .1  C a ta ly s t  C h a r a c t e r iz a t io n

T a b le  4 .1  T e x t u r a l  p r o p e r t ie s  o f  th e  p r e p a r e d  c a t a ly s t s

C a ta ly s t L a b e l
B E T

S u r fa c e
( m 2/g )

T o ta l  P o r e  
V o lu m e
( c m 3/g )

A v e r a g e  P o r e  
D ia m e t e r  

(n m )
C eo .75Zro.25O 2 ( S G * ) C Z O - S 9 7 0 . 1 0 7 .4
C eo .75Z ro.15M n o .1O 2 C Z N -1 8 7 0 .1 4 7 .2
C e 0.75Z r 0.05M n 0.2O 2 C Z N - 2 8 5 0 .1 7 6 .9

1 5 N i/C e o .75Zro.2 5 0 2 ( S G * ) N i /C Z O - S 7 8 0 .0 9 6 .7
1 5 N i/C eo .75Z ro . 1 sM n o. 10 2 N i /C Z N - 1 6 8 0 .1 3 6 .6

1 5N i/C eo ,7 5 Z ro .o 5 M n o .2 02 N i /C Z N - 2 6 4 0 .1 5 6 . 2

C eo .75Zro.25O 2 ( C P * * ) C Z O -C 1 5 6 0 .3 4 1 2 . 0

C eo .75Zro. 1 s M g o .2 0 2 C Z M -1 1 5 4 0 .3 2 1 1 .7
C e 0.75Z r 0.05M g 0.4O 2 C Z M - 2 1 3 3 0 .2 5 1 1 . 1

1 5 N i/C e o .75Zro.2 5 0 2 ( C P * * ) N i /C Z O - C 1 3 8 0 .3 1 1 0 .8

15N i/C eo .7 5 Z ro . 1 s M g o .2 0 2 N i /C Z M - 1 1 2 4 0 .2 9 1 0 . 1

1 5 N i/C e o .75Zro.o5M g o ,4 0 2 N i /C Z M - 2 1 1 5 0 .1 8 9 .8

* S G = S o l - G e l .
* *  C P =  C o - P r e c ip i t a t io n

4 .1 .1  T e x t u r a l  P r o p e r t ie s
T a b le  4 .1  s u m m a r iz e s  th e  te x tu r a l  p r o p e r t ie s  o f  th e  p r e p a r e d  c a t a ly s t s .  

T h e  r e s u lt s  s h o w e d  th a t  th e  C Z O - S  a n d  C Z N s  a re  in  r a n g e  o f  8 5 - 9 7  m 2/ g ,  to ta l  p o r e  

v o lu m e s  o f  0 .1 0 - 0 .1 7  c m 3/ g  a n d  a v e r a g e  p o r e  d ia m e t e r s  6 . 9 - 7 .4  n m  (B a m p e n r a t  e t 
a l., 2 0 1 0 ) .  T h e  s u r f a c e  a r e a  o f  C Z O - C  a n d  C Z M  a re  in  r a n g e  o f  1 3 3 - 1 5 6  m 2/ g ,  to ta l  
p o r e  v o lu m e s  o f  0 .2 5 - 0 .3 4  c m 3/ g  a n d  a v e r a g e  p o r e  d ia m e t e r s  1 1 .1 - 1 2 .0  n m , w h ic h
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a re  h ig h e r  th a n  t h o s e  o f  C Z O - S  a n d  C Z N s  s u p p o r ts .  It c a n  b e  n o t e d  th a t  th e  h ig h e r  

s u r f a c e  a r e a  a n d  to ta l  p o r e  v o lu m e  c a u s e  p r e p a r a t io n  m e t h o d .  T h e  s u r f a c e  a r e a s  

d e c r e a s e d  a p p r o x im a t e ly  1 1 - 2 5  %  w h e n  im p r e g n a t e d  w i t h  N i  o n t o  t h o s e  s u p p o r ts ,  
d u e  to  th e  p o r e  b lo c k a g e  o f  n i c k e l  s p e c i e s  ( C h e n  e t a l.,  2 0 0 8 ) .  It i s  a p p a r e n t  th a t  th e  

N i / c z o  p r e p a r e d  b y  c o - p r e c ip i t a t io n  y ie ld e d  h ig h e r  s u r f a c e  a r e a  a n d  to ta l  p o r e  

v o lu m e  th a n  N i / c z o  p r e p a r e d  b y  s o l - g e l  m e t h o d .  T h e  in c o r p o r a t io n  o f  M n  o r  M g  

in to  th e  s u p p o r t  c a u s e d  th e  s u r f a c e  a r e a  o f  i t s  p a r e n t  c a t a ly s t  to  r e d u c e  in  r e la t io n  to  

i t s  in c o r p o r a te d  a m o u n t .  T h is  m ig h t  b e  b e c a u s e  o f  th e  d i f f e r e n c e s  in  m o r p h o lo g y  a s  

e v i d e n c e d  b y  S E M .

4 .1 .2  T e m p e r a t u r e - P r o g r a m m e d  R e d u c t io n  o f  H y d r o g e n  ( E h - T P R )
T h e  r e d u c ib i l i t y  o f  th e  s u p p o r t s  a n d  c a t a ly s t s  e v a lu a t e d  b y  H 2 - T P R  is  

s h o w n  in  F ig u r e s  4 .1  a n d  4 .2 .

1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  9 0 0  1 0 0 0

T e m p e r a tu r e  (๐C )

F ig u r e  4 .1  H 2 - T P R  p r o f i l e s  fo r  s u p p o r ts  w i t h  a  h e a t in g  ra te  o f  1 0  ° c / m i n ,  

a  r e d u c in g  g a s  c o n t a in in g  5 %  แ 2 in  A r  w i t h  a  f l o w  ra te  o f  5 0  m l /m in .

T h e  r e s u lt s  s h o w e d  th a t  th e  r e d u c ib i l i t y  o f  s u p p o r t s  p r e p a r e d  b y  

s o l - g e l  m e t h o d  ( C Z N - 1 ,  C Z N - 2 ,  a n d  C Z O - S , )  a r e  b e t te r  th a n  o th e r  o n e s ,  p r e p a r e d  b y



28

c o - p r e c ip i t a t io n  m e t h o d  ( C Z M - 1 ,  C Z M - 2 ,  a n d  C Z O - C )  i n d ic a t in g  b y  lo w e r  

te m p e r a tu r e  r e d u c t io n .

100  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  9 0 0  1 0 00  
T em p e r a tu r e  (°C )

F i g u r e  4 .2  H 2 - T P R  p r o f i l e s  fo r  M n - d o p e d  s u p p o r t s ,  p r e p a r e d  b y  s o l - g e l  m e t h o d ,  
w it h  a  h e a t in g  r a te  o f  1 0  ° c / m i n ,  a  r e d u c in g  g a s  c o n t a in in g  5 %  H 2 in  A r  w i t h  a  f l o w  

ra te  o f  5 0  m l /m in .

In  F ig u r e  4 .2 ,  T P R  p r o f i l e s  o f  M n - d o p e d  s u p p o r ts  p r e p a r e d  b y  s o l - g e l  

m e t h o d  w e r e  f o u n d  th a t  C Z O - S  s u p p o r t  e x h ib i t e d  a  t y p ic a l  r e d u c t io n  p e a k s  a t c a .  
5 0 0  ° c  a n d  c a . 7 2 0  ° c  w h i c h  c o r r e s p o n d  to  s u r f a c e  r e d u c t io n  a n d  b u lk  r e d u c t io n  o f  

c e r iu m  o x id e ,  r e s p e c t i v e ly  ( P e n g p a n ic h  e t a l ,  2 0 0 4 ) .  H o w e v e r ,  t w o  s im i la r  p e a k s  

w e r e  o b s e r v e d  a s  C Z N -1  s u p p o r t  a t c a . 4 6 0  ๐c  a n d  7 2 0  ๐c ,  r e s p e c t i v e ly .  T h e  

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

m a n g a n e s e  c a t io n s  d i s s o l v e  in  th e  c e r ia  la t t ic e  ( T a n g  e t a l.,  2 0 0 6 ) .  M o r e o v e r ,  a s  M n  

l o a d in g  w a s  fu r th e r  in c r e a s e d ;  C Z N - 2 ,  o n e  c o u ld  o b s e r v e  th e  s h o u ld e r  r e d u c t io n  

p e a k  a t c a . 2 1 0 - 2 7 0  ° c  a t tr ib u te d  t o  th e  r e a d i ly  r e d u c ib le  s m a l l  c lu s t e r  s u r f a c e  

m a n g a n e s e  s p e c ie s ,  i .e . ,  th e  r e d u c t io n  o f  M n C >2 t o  M m O . T h e  p e a k s  a p p e a r in g  in  th e  

t w o  te m p e r a tu r e  r a n g e s  o f  2 7 0 - 3 2 0  ° c  a n d  3 2 0 - 4 1 0  ° c  w e r e  a s c r ib e d  to  th e  

r e d u c t io n  o f  M n C h /M m C b  to  M n 3Û 4 , a n d  o f  M n 3Û 4 to  M n O , r e s p e c t i v e ly  ( พ น  e t a l.,
2 0 0 7 ) .  I n t e r e s t in g ly ,  th e  r e d u c t io n  te m p e r a tu r e  o f  s u r f a c e  o x y g e n  o f  c e r iu m  o x id e
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w a s  s h i f t e d  to  a  l o w e r  te m p e r a tu r e  o f  c a . 1 0 0  ๐c  w h e n  M n  w a s  in c o r p o r a te d  in to  th e  

m i x e d  o x id e s .  T h is  s u g g e s t s  th a t  th e  r e d u c ib i l i t y  o f  c e r iu m  o x id e  b e  p r o m o te d ,  
p r o b a b ly  d u e  to  th e  f o r m a t io n  o f  s o l i d  s o lu t io n  b e t w e e n  th e  m a n g a n e s e  a n d  c e r iu m  

o x i d e s  r e s u lt in g  in  th e  e n h a n c e m e n t  o f  o x y g e n  m o b i l i t y  ( B a m p e n r a t  e t a l.,  2 0 1 0 ) .

1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  9 0 0  1 0 0 0  
T e m p e r a tu r e  ( ๐C )

F i g u r e  4 .3  F h -T P R  p r o f i l e s  fo r  M g - d o p e d  s u p p o r t s ,  p r e p a r e d  b y  c o - p r e c ip i t a t io n  

m e t h o d ,  w i t h  a  h e a t in g  r a te  o f  1 0  ° c / m i n ,  a  r e d u c in g  g a s  c o n t a in in g  5 %  H 2 in  A r  

w it h  a  f l o w  ra te  o f  5 0  m l /m in .

F ig u r e  4 .3  s h o w s  a ll  T P R  p r o f i l e s  o f  M g - d o p e d  s u p p o r t s  p r e p a r e d  b y  

c o - p r e c ip i t a t io n  m e t h o d .  T h e  T P R  p r o f i l e  f o r  C Z O - C  in d ic a t e d  t y p ic a l  r e d u c t io n  

p e a k s  at c a . 5 3 0  ๐c  a n d  c a . 7 9 0  ๐c  w h i c h  c o r r e s p o n d  to  s u r f a c e  r e d u c t io n  a n d  b u lk  

r e d u c t io n  o f  c e r iu m  o x id e ,  r e s p e c t i v e ly .  T h e  C Z M -1  e x h ib i t e d  a  r e d u c t io n  p e a k  a t  

7 5 0  ° c ,  th e  s h o u ld e r  r e d u c t io n  p e a k  a t c a . 3 0 0 - 6 0 0  ° c  a t tr ib u te d  to  th e  r e d u c ib i l i t y  o f  

c e r iu m  o x id e .  T h e  C Z M - 2  s h o w e d  a  r e d u c t io n  p e a k  a t c a . 8 0 0  ° c ,  th e  s h o u ld e r  

r e d u c t io n  p e a k  o f  c e r iu m  o x id e  a t c a . 3 5 0 - 6 0 0  ° c .  T h e  r e s u lt s  s h o w e d  th a t  

th e  C Z M -1  h a d  lo w e r  r e d u c ib i l i t y  s h o u ld e r  r e d u c t io n  p e a k  o f  c e r iu m  o x id e  th a n  th e  

C Z M - 2  a n d  C Z O - C . T h is  s u g g e s t s  th a t  th e  r e d u c ib i l i t y  o f  c e r iu m  o x id e  w a s  

e n h a n c e d  w h e n  M g - in c o r p o r a t e d  s u p p o r ts  a t l o w e r  t e m p e r a tu r e s ,  h o w e v e r ,  th e  h ig h e r  

a m o u n t  o f  M g - a d d e d  s u p p o r t  in c r e a s e d  r e d u c t io n  t e m p e r a tu r e s  a t h ig h  t e m p e r a tu r e .
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T h is  is  a  r e s u lt  fr o m  fo r m a t io n  o f  s o l i d  s o lu t io n  b e t w e e n  th e  m a n g a n e s e  a n d  c e r iu m  

o x i d e s  r e s u lt in g  in  th e  e n h a n c e m e n t  o f  o x y g e n  m o b i l i t y .

1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0
T e m p e r a tu r e  ( °C )

F ig u r e  4 .4  H 2 - T P R  p r o f i l e s  fo r  c a t a ly s t s  w i t h  a  h e a t in g  ra te  o f  1 0  ° c / m i n ,  

a  r e d u c in g  g a s  c o n t a in in g  5 %  H 2 in  A r  w i t h  a  f l o w  ra te  o f  5 0  m l /m in .

F ig u r e  4 .4  s h o w e d  th e  H 2 - T P R  p r o f i l e s  o f  th e  c a t a ly s t s ,  in d ic a t in g  th a t  

t w o  H 2 c o n s u m p t io n  p e a k s  a re  c le a r ly  o b s e r v e d  fo r  t h e  c a t a ly s t s  p r e p a r e d  b y  s o l - g e l  

m e th o d ;  N i /C Z O - S ,  N i /C Z N - 1  a n d  N i / C Z N - 2 .  T h e  l o w  te m p e r a tu r e  p e a k  in  th e  

r a n g e  o f  2 3 0 - 2 7 0  ° c  c a n  b e  a s s o c ia t e d  w i t h  th e  r e d u c t io n  o f  fr e e  N i O  p a r t ic le s  a n d  

th e  o th e r  p e a k  in  th e  r a n g e  o f  2 7 0 - 4 0 0  ° c  c a n  b e  a s c r ib e d  to  th e  r e d u c t io n  o f  

c o m p l e x  N i O  s p e c ie s  in  in t im a t e  c o n t a c t  w i t h  th e  o x id e  s u p p o r t  ( B a m p e n r a t  e t a l.,
2 0 0 1 ) .  In c a s e  o f  th e  c a t a ly s t s  p r e p a r e d  b y  c o - p r e c ip i t a t io n  m e th o d ;  N i /C Z O - C ,  
N i /C Z M - 1  a n d  N i /C Z M - 2 ,  a  b r o a d  p e a k  a t tr ib u te d  to  a g g lo m e r a t e d  N i  i s  o b s e r v e d  

f r o m  3 5 0  ° c  to  6 0 0  ° c .  T h e  h ig h e r  te m p e r a tu r e  r e d u c t io n  w a s  in d ic a t iv e  o f  a  s t r o n g  

in te r a c t io n  o c c u r r in g  b e t w e e n  N i  a n d  s u p p o r t . T h e  M g - c o n t a i n i n g  c a t a ly s t s  h a d  

h ig h e r  r e d u c t io n  te m p e r a tu r e  th a n  th e  M n - c o n t a in in g  c a t a ly s t .  It i s  s u g g e s t e d  th a t
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th e r e  w e r e  r e la t iv e ly  s t r o n g  in t e r a c t io n s  b e t w e e n  N i O  a n d  M g - d o p e d  s u p p o r t  

r e s u lt in g  in  a  m o r e  d i f f i c u l t y  fo r  th e  r e d u c ib i l i t y  o f  th e  c a t a ly s t s .

4 .1 .3  X - r a y  D i f f r a c t io n  ( X R D )
T h e  X - r a y  d i f f r a c t io n  p a tte r n s  o f  d i f f e r e n t  C eo.75Z ro.25-xM nx0 2  ( C Z N )  

m ix e d  o x id e  a n d  c a t a ly s t  im p r e g n a te d  w i t h  1 5 % N i ( N i / C Z N )  a re  p r e s e n t e d  in  F ig u r e
4 .6 .  It w a s  f o u n d  th a t  a ll  c a t a ly s t s  e x h ib i t  m a jo r  p e a k s  a t c a .  2 8 .8 ° ,  3 3 .5 ° ,  4 7 .5 ° ,  a n d  

5 6 .8 °  ( 2 9 )  in d ic a t in g  th e  c u b ic  f lu o r i t e  s tr u c tu r e  o f  CeC>2 . S e v e r a l  s m a l l  p e a k s  

c h a r a c te r is t ic  o f  N i O  a re  o b s e r v e d  a t c a . 3 7 ° ,  4 3 °  a n d  6 2 °  ( 2 0 ) .  N o  p e a k  o f  e i th e r  

z ir c o n ia  o r  m a n g a n e s e  o x i d e s  is  o b s e r v e d  in d ic a t in g  th a t  a ll  z i r c o n iu m  c a t io n s  a n d  

m a n g a n e s e  c a t io n s  d i s s o l v e  in  th e  c e r ia  la t t ic e .  T h e  r e s u lt s  a r e  s im i la r  to  B a p e n r a t  e t 
a l. ( 2 0 1 0 ).

F ig u r e  4 .5  X R D  p a tte r n s  o f  th e  c a t a ly s t s :  ( a )  C e o .75Zro.25O 2 ( C Z O - S ) ,
(b )  C eo .75Z ro.15M n o .1O 2 ( C Z N - 1 ) ,  ( c )  C eo .75Z ro.05M n o .2O 2 ( C Z N - 2 ) ,
(d )  1 5 N i/C e o .75Zro.2 5 0 2 ( N i /C Z O - S ) ,  ( e )  1 5 N i/C e o .7 5 Z r o .i5 M n o .i0 2 ( N i /C Z N - 1 ) ,  
( f )  1 5 N i/C eo .7 5Z ro .o 5M n o .20 2  ( N i / C Z N - 2 ).
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X R D  p a tte r n s  fo r  a ll  o f  th e  c a t a ly s t s  a re  s h o w n  in  F ig u r e  4 .7 .  A l l  th e  c a t a ly s t s  

e x h ib i t e d  m a jo r  p e a k s  a t c a . 2 8 .8 ° ,  3 3 .5 ° ,  4 7 .5 ° ,  a n d  5 6 .8 °  ( 2 0 )  r e p r e s e n t in g  

th e  i n d ic e s  o f  ( 1 1 1 ) ,  ( 2 0 0 ) , ( 2 2 0 )  a n d  ( 3 1 1 )  p la n e s  in d ic a t in g  a  c u b ic  f lu o r i t e  

s tr u c tu r e  o f  C e Û 2 ( P e n g p a n ic h  e t a l.,  2 0 0 2 ;  X u ,  ร  a n d  W a n g , X . ,  2 0 0 5 ) .  S m a l l  p e a k s  

o f  N i O  w e r e  o b s e r v e d  a t c a . 3 7 .9 ° ,  4 3 .3 ° ,  a n d  62 .1 °  ( 2 0 )  w h i c h  is  in  g o o d  a g r e e m e n t  

w it h  th a t r e p o r te d  b y  B a m p e n r a t  e t al. ( 2 0 1 0 ) .  N o  d is t in g u i s h a b le  p e a k s  o f  M g O  

c o u ld  b e  o b s e r v e d  fo r  th e  c a t a ly s t s  p r e p a r e d . T h is  in d ic a t e d  th e  in c o r p o r a t io n  o f  M g  

in to  th e  c e r ia - z ir c o n ia  la t t ic e s  a n d /o r  th e  s m a l l  a m o u n t  o f  M g  r e s id in g  in  th e  c a ta ly s t .  
T h e  N iO  p a r t ic le  s i z e s  c a lc u la t e d  fr o m  th e  S c h e r e r ’s  e q u a t io n  fo r  th e  N i - d o p e d  

c a t a ly s t s  w e r e  c a . 2 7 - 3 0  n m .

Figure 4.6 X R D  p a tte r n s  o f  th e  c a t a ly s t s :  (a )  C e o .75Zro.25O 2 ( C Z O - C ) ,
(b )  C e o .75Z ro .15M g o .2O 2 ( C Z M - 1 ) ,  ( c )  C e 0.75Z r 0.05M g 0.4O 2 ( C Z M - 2 ) ,
(d )  1 5 N i/C e o .7 5 Z r o .2 5 0 2 ( N i /C Z O - C ) ,  ( e )  1 5 N i / C e 0.75Zr0.i5M g0.2O 2 ( N i /C Z M - 1 ) ,  
( f )  1 5 N iZ C e 0.75Z r 0.05M g 0.4O 2 ( N i /C Z M - 2 ) .
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4.1.4 Temperature-Programmed Desorption of Ammonia (NH3 -TPD)
Temperature programmed desorption of NH3 was used to investigate 

the strength of acid sites. The acidic strength of the sites was determined according to 
the temperature at which ammonia is desorbed. Likewise the area obtained for each 
support is directly related to the amount of total acidity. Figure 4.8 shows the NH3 - 
TPD profile of prepared mixed oxide supports. The CZOs and CZNs supports show 
that there are two desorption peaks at 100 ๐c  and 340 ๐c, which are attributed to the 
desorption ammonia of weak and medium acidic strength, respectively. The first 
peak at high amount of desorbed ammonia is assigned to weak acid sites in the 
temperature range of ca. 30-250 °c. The high temperature in peak can be assigned to 
medium acid sites the range of ca. 250-500 °c. In contrast, the first peak of CZM 
shifts to a lower temperature of ca. 70 ๐c  when increasing Mg content. The acidity of 
supports determines from TPD peak area decreased in the order of CZN-2 > CZN-1 
> c z o -c  > c z o -s  > CZM-1 > CZM-2.

Temperature (°C)

Figure 4.7 NH3 -TPD profiles of various mixed oxide supports.

4.1.5 Scanning Electron Microscopy (SEMI
Figure 4.9 shows SEM images of all the catalysts investigated. For the 

supports, both the modified and unmodified c z o  present a similar morphology of the 
ceria-zirconia mixed oxide.
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Figure 4.8 SEM images (7000-1 OOOOx magnifications) of a) CZO-S, b) Ni/CZO-S, 
c) CZN-1 d) Ni/CZN-1, e) CZN-2, f) Ni/CZN-2.



35

Figure 4.9 SEM images (lOOOOx magmfications) of a) CZO-C, b) Ni/CZO-C, 
c) CZM-1, d) Ni/CZM-1, e) CZM-2, f) Ni/CZM-2.
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All of Mn-doped catalysts illustrate the aggregation of the primary long thin 
needle shaped particles (Thammachart et a l ,  2001). The morphology of the individual Ni- 
doped catalysts was similar to one another depicting the round particles of the NiO particle 
attached onto the surface of supports. It was shown that both the modified and unmodified 
c z o  by Mg presented a similar morphology of the ceria-zirconia mixed oxide in Figure 
4.10. The morphology of the individual Ni-doped catalysts was similar to one another 
depicting the round particles of the NiO particle attached onto the surface of supports.

4.2 Catalytic Activities for Methane Dry Reforming (MDR)

4.2.1 Catalytic Activities for MDR
The methane dry reforming was carried out over all catalysts under the 

following conditions: CH4 /CÛ2 /He molar ratio of 1:1:8, total flow rate 100 ml/min 
and at atmospheric pressure. All samples contained 15%Ni/CZO with and without 
modified supports by Mn and Mg to investigate the effect of acid-base properties on 
the MDR reaction are presented in Figures 4.11-4.15, which include CH4 conversion, 
CO2 conversion, Fh yield, CO yield, and H2 /CO molar ratio, respectively.

600 650 700 750
Temperature (°C)

900

Figure 4.10 CH4 conversion at different temperatures over the investigated catalysts
(CH4/C0 2 /He molar ratio = 1:1:8 and GHSV of 10,600 h"1).
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Figure 4.11 CO2 conversion at different temperatures over the investigated catalysts 
(CFU/CCh/He molar ratio = 1:1:8 and GHSV of 10,600 h '1).

500 550 600 650 700 750Temperature (°C) 800 850 900

Figure 4.12 H2 yield at different temperatures over the investigated catalysts
(ChU/CCh/He molar ratio = 1:1:8 and GHSV of 10,600 h '1).
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Temperature (๐C)

Figure 4.13 CO yield at different temperatures over the investigated catalysts 
(CH4/C02/He molar ratio = 1:1:8 and GHSV of 10,600 h'1).

The CH4 and CO2 conversions increase with increasing temperatures 
which proved the endothermic property of the MDR reaction (CH4  + CÜ2 —» 2 แ 2 + 
2CO, AH = 247.3 kJ/mol). However, it was quite obvious that the CO2 conversion 
(Xc0 2 ) was higher than the CH4 conversion (Xcm) in temperatures between 600 and 
750 °c. This is due to the occurrence of reverse water gas shift (RWGS) reaction 
(H2 + CÛ2 —* H2 O + CO, AH = -39.5 kJ/mol) and the competition between RWGS 
and the main MDR reaction which led to increase the conversion of CO2 . This is also 
resulted CO yield higher than H2 yield (Albarazi e t a l . ,  2013).

The results showed that the modified catalysts (Ni/CZNs and Ni/CZMs ) 
demonstrated more activity catalyst than unmodified catalysts such as Ni/CZOs. In addition 
Ni/CZO-C catalyst prepared by co-precipitation method was more activity than Ni/CZO-S 
catalyst prepared by sol-gel method. It was found that surface area of Ni/CZO-C catalyst 
was higher than Ni/CZO-S catalyst. The Ni/CZM-1 catalyst was found to be the most active 
catalyst as indicated by CH4 conversion and CO2 conversion as shown in Figures 4.11 and
4.12. This is due to its weak metal-support interaction explained by H2 -TPR results
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discussed in previous section. On the other hand, the Ni/CZN exhibited lower activity; due 
to its strong metal support interaction of MDR.

Temperature (°C)

Figure 4.14 H2 /CO molar ratio at different temperatures over the investigated 
catalysts (CH4/C02/He molar ratio = 1:1:8 and GHSV of 10,600 h"1).

4.4.2 Catalyst Stability
The catalytic stability tests were performed on Ni-doped catalysts under 

the following conditions: temperature at 750 °c, CH4/C02/He molar ratio of 1:1:8, GHSV 
of 10,600 h '1, total flow rate 100 ml/min and at atmospheric pressure.
Figures 4.16-4.20 illustrated the CH4 conversion, CO2 conversion H2 and CO yield as 
well as H2 /CO molar ratio for the investigated catalysts, respectively. Those results 
showed that the catalysts modified by Mg or Mn showed stable than unmodified 
catalysts. Apart from Ni/CZN-2, other catalysts are stable throughout 10 h time on 
stream. The results showed that the reactor was blocked after 5 h for Ni/CZN-2. This 
is might be due to the fact that Ni/CZN-2 gave the highest acidity which promoted 
boudouard reaction. In addition to reaction, Ni/CZM-1 catalysts favor main reaction
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(MDR) than methane decomposition reaction due to when compared with other 
catalysts found evidence in the Figures 4.18 and 4.19.

1 2 3 4 5 6 7 8 9  10
TOS (h)

Figure 4.15 CH4  conversion with time on stream (TOS) over the investigated 
catalysts at 750 °c (CH4/C02/He molar ratio = 1:1:8 and GHSV of 10,600 h '1).
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Figure 4.16 CO2 conversion with time on stream (TOS) over the investigated
catalysts at 750 °c (CH4/C02/He molar ratio = 1:1:8  and GHSV of 10,600 h '1).
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Figure 4.17 H2 yield with time on stream (TOS) over the investigated catalysts at 750 
°c (CH4/C02/He molar ratio = 1:1:8 GHSV of 10,600 h '1).

Figure 4.18 CO yield with time on stream (TOS) over the investigated catalysts at
750 °c (CH4/C02/He molar ratio = 1:1:8 and GHSV of 10,600 h '1).
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Figure 4.19 H2 /CO molar ratio with time on stream (TOS) over the investigated 
catalysts at 750 °c (CH4/C02/He molar ratio =1:1:8 and GHSV of 10,600 h '1).

Figure 4.20 TPO profiles of catalysts after reaction at 750 °c (CFU/CCh/He molar 
ratio = 1:1:8 and GHSV of 10,600 h '1) an oxidizing gas containing 2 % O2  in He 
with a flow rate of 40 ml/min.
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The amounts of carbon deposit on the catalyst after a reaction time of 
6 h at 750 ๐c  and CHzt/CCh/He ratio of 1:1:8 determined by TPO technique are shown 
in Table 4.2. The amount of coke formation on the Ni/CZO-S spent catalyst was 52 
wt% whereas those of coke formation on the Ni/CZN-1, Ni/CZN-2, Ni/CZO-C, 
Ni/CZM-1 and Ni/CZM-2 spent catalysts were 66, 75, 46, 30, and 35 wt%, 
respectively. The coke formation was found in the order Ni/CZN > N i/czo  > 
Ni/CZM. This results indicated that the Ni/CZM exhibit strong interactions between 
Ni and support which can prevent the sintering of metal at high temperatures resulting 
in suppressing the coke formation on the catalysts. It was relevant that the Mg doped 
into Ce-Zr lattice leads to decrease of number of the strong acid sites improved the 
basicity of N i/czo  catalyst which benefited to disfavor the accumulation of carbon 
on acid sites of support (Milberg et a l., 2010).

Table 4.2 Reaction results of stability test at 750°c for 10 h

Catalyst CH4  conv. 
(%)

CO2 conv. 
(%)

H2 yield
(%)

CO yield
(%)

H2 /CO
molar
ratio

Amount 
of coke 

formation 
*(wt%)

Ni/CZO-S 49 60 50 50 1.00 52
Ni/CZN-1 73 76 63 69 0.91 66
Ni/CZN-2 68 71 62 69 0.90 75
Ni/CZO-C 62 65 62 64 0.97 46
Ni/CZM-1 82 83 82 86 0.95 30
Ni/CZM-2 72 76 63 69 0.91 35

*TPO technique

The amounts of carbon deposit on the catalyst after a reaction time of 
6 h at 750 °c and CH4/C02/He ratio of 1:1:8 determined by TPO technique are shown 
in Table 4.2. The amount of coke formation on the Ni/CZO-S spent catalyst was 52
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wt% whereas those of coke formation on the Ni/CZN-1, Ni/CZN-2, Ni/CZO-C, 
Ni/CZM-1 and Ni/CZM-2 spent catalysts were 66, 75, 46, 30, and 35 wt%, 
respectively. The coke formation was found in the order Ni/CZN > N i / c z o  >  
Ni/CZM. This results indicated that the Ni/CZM exhibit strong interactions between 
Ni and support which can prevent the sintering of metal at high temperatures resulting 
in suppressing the coke formation on the catalysts. It was relevant that the Mg doped 
into Ce-Zr lattice leads to decrease of number of the strong acid sites improved the 
basicity of N i / c z o  catalyst which benefited to disfavor the accumulation of carbon 
on acid sites of support (Milberg e t a h , 2010).


	CHAPTER IV RESULTS AND DISCUSSION
	4.1 Catalyst Characterization
	4.2 Catalytic Activities for Methane Dry Reforming (MDR)


