
C H A P T E R  III  
E X P E R IM E N T A L

3 .1  M a t e r i a l s

3 .1 .1  G a s e s
T h e  g a s e s  u s e d  in  t h is  r e s e a r c h  w e r e  a s  f o l lo w s :

•  H e l iu m  (H e  9 9 .9 9 %  p u r ity )  o b ta in e d  fr o m  P r a x a ir  (T h a i la n d )  

C o . ,  L td

•  A ir  Z e r o  o b ta in e d  fr o m  P r a x a ir  (T h a i la n d )  C o . ,  L td .

•  H y d r o g e n  ( H 2 9 9 .9 9 %  p u r ity )  o b ta in e d  f r o m  P r a x a ir  (T h a i la n d )  

C o .,  L td .
•  M e th a n e  ( C H 4 9 9 .9 9 %  p u r ity )  o b ta in e d  f r o m  P r a x a ir  (T h a i la n d )  

C o . ,  L td .
3 .1 .2  C h e m ic a l s

T h e  c h e m ic a l  r e a g e n ts  u s e d  in  t h is  r e s e a r c h  w e r e  a s  f o l lo w s :

•  N i c k e l  (I I )  n itr a te  h e x a h y d r a t e  ( > 9 8 .5 %  p u r it y )  o b t a in e d  fr o m  

F lu k a  C h e m ie  A .G .

•  C e r iu m  (I I I )  n itr a te  h e x a h y d r a t e  ( > 9 9 %  p u r it y )  o b t a in e d  fr o m  

F lu k a  C h e m ie  A .G .

•  Z ir c o n iu m  o x y c h lo r id e  ( > 9 9 %  p u r ity )  o b t a in e d  f r o m  S ig m a  

A ld r ic h .

•  M a g n e s iu m  n itr a te  h e x a h y d r a t e  ( > 9 9 %  p u r it y )  o b t a in e d  fr o m  

F lu k a  C h e m ie  A .G .

•  U r e a  ( > 9 9 %  p u r ity )  w a s  o b t a in e d  f r o m  F lu k a  C h e m i e  A .G .
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3 .2  E q u i p m e n t

3 .2 .1  C a t a ly s t  C h a r a c te r iz a t io n
3.2.1.1 B E T  Surface A rea  M easurem ents

B E T  s u r f a c e  a rea  w a s  d e t e r m in e d  b y  N 2 a d s o r p t io n  a t - 1 9 6  ๐c  

(a  f i v e  p o in t  B r u n a u e r - E m m e t t - T e l l e r  ( B E T )  m e t h o d  u s in g  a  Q u a n ta c h r o m e  

A u t o s o r b - 1  M P ) .  P r io r  to  th e  a n a ly s i s ,  t h e  s a m p le s  w e r e  o u t g a s s e d  t o  e l im in a t e  

v o la t i l e  a d s o r b e n t s  o n  th e  s u r f a c e  at 2 5 0  °c. T h e  q u a n t i t y  o f  g a s  a d s o r b e d  o n t o  o r  

d e s o r b e d  f r o m  a  s o l i d  s u r f a c e  w a s  m e a s u r e d  a t f i v e  e q u i l ib r iu m  v a p o r  p r e s s u r e  ( P /P 0)  

v a lu e s  o f  0 . 1 0 0 0 ,  0 .1 5 0 0 ,  0 .2 0 0 0 ,  0 .2 5 0 0 ,  a n d  0 . 3 0 0 0  b y  th e  s ta t ic  v o lu m e t r ic  

m e t h o d .  T h e  a d s o r p t io n  d a ta  w e r e  c a lc u la t e d  u s in g  th e  B r u n a u e r - E m m e t t - T e l l e r  

( B E T )  e q u a t io n :

( 3 .1 )

w h e r e  พ - -  -  w e i g h t  o f  g a s  a d s o r b e d  a t r e la t iv e  p r e s s u r e  Po ( g ) ;
wm =  w e i g h t  o f  a d s o r b a te  c o n s t i t u t in g  a  m o n o l a y e r  o f  s u r f a c e  c o v e r a g e  

( g ) ;  a n d
c =  c o n s t a n t  th a t  i s  r e la te d  t o  th e  e n e r g y  o f  a d s o r p t io n  in  th e  f ir s t

a d s o r b e d  la y e r  a n d  m a g n i t u d e  o f  a d s o r b a t e /a d s o r b e n t  in te r a c t io n ,

a n d  th e n  th e  s u r f a c e  o f  th e  s a m p le  w a s  c a lc u la t e d  b y

S u r f a c e  a rea  o f  s a m p le  =
พ ,  A , , , , , .  ( 6 - 0 2 x 1 0 " )  

M w . :n itro g en

w h e r e  A nitrogen -  C r o s s e d - s e c t i o n  a r e a  o f  o n e  m o l e c u l e  n i t r o g e n  

=  0 .1 6 2  n m 2 a t - 1 9 6  °C ; a n d  

Mwnitrogen =  m o le c u la r  w e i g h t  o f  n i t r o g e n  ( g /r n o l ) .

( 3 .2 )



20

3.2 .1 .2  H 2 C hem isorption
T h e  a m o u n t  o f  แ 2 u p ta k e  d u e  t o  th e  e x p o s e d  m e ta l  w a s  

d e t e r m in e d  b y  แ 2 p u l s e  c h e m is o r p t io n .  T h is  t e c h n iq u e  w a s  c a r r ie d  o u t  u s in g  a 

te m p e r a tu r e  p r o g r a m m e d  a n a ly z e r  w i t h  a  p u l s e  t e c h n iq u e .  P r io r  to  th e  p u ls e  

c h e m is o r p t io n ,  1 0 0  m g  o f  s a m p le  w a s  r e d u c e d  in  แ 2 a t m o s p h e r e  a t 5 0 0  ๐c  fo r  1 hr. 
T h e n , th e  s a m p le  w a s  p u r g e d  w ith  N 2 a t 5 0 0  ๐c  fo r  3 0  m in  a n d  c o o l e d  d o w n  t o  5 0  ๐c  

in  f l o w in g  N 2 . A  H 2 p u l s e  ( 9 9 .9 9 %  H 2 w i t h  a  s a m p le  l o o p  v o lu m e  7 4 .7 9  p i )  w a s  

in j e c t e d  in t o  th e  s a m p le  a t 5 0  ° c .  T h e  m e t a l l i c  d i s p e r s io n  w a s  c a lc u la t e d  b y  

a s s u m in g  th e  a d s o r p t io n  s t o ic h io m e t r y  o f  o n e  h y d r o g e n  a to m  p e r  n ic k e l  s u r fa c e  

a to m .
3.2.1 .3  H 2-Tem perature P rogram m ed  Reduction  (H 2-TPR)

H 2 - T P R  e x p e r im e n t s  w e r e  c a r r ie d  o u t  u s i n g  a  T P R  a n a ly z e r .
T h e  s a m p le  w a s  p r e tr e a te d  in  N 2 a t m o s p h e r e  a t 1 2 0  ° c  fo r  3 0  m in  p r io r  to  r u n n in g  

th e  T P R  e x p e r im e n t s ,  a n d  th e n  c o o l e d  d o w n  to  r o o m  te m p e r a tu r e  in  f l o w i n g  N 2 . 
A  5 %  H 2 / N 2 g a s  w a s  u s e d  a s  a  r e d u c in g  g a s .  T h e  s a m p le  t e m p e r a tu r e  w a s  r a is e d  a t a  

c o n s ta n t  r a te  o f  1 0  ° c / m i n  fr o m  r o o m  te m p e r a tu r e  t o  8 0 0  ° c .  T h e  a m o u n t  o f  H 2 

c o n s u m p t io n  a s  a  f u n c t io n  o f  te m p e r a tu r e  w a s  d e t e r m in e d  fr o m  a  T C D  s ig n a l .
3.2 .1 .4  X -ra y  D iffraction  (XRD)

A n  X - r a y  d i f f r a c t o m e t e r  s y s t e m  ( R ig a k u )  e q u ip p e d  w i t h  a  

R I N T  2 0 0 0  w i d e - a n g l e  g o n io m e t e r  u s in g  C u K a r a d ia t io n  ( 1 . 5 4 0 6  Â )  a n d  a  p o w e r  o f  

4 0  k V x 3 0  m A  w a s  u s e d  fo r  th e  e x a m in a t io n  o f  th e  c r y s t a l l in e  s tr u c tu r e . T h e  s a m p le  

w a s  g r o u n d  t o  f in e  h o m o g e n e o u s  p o w d e r  a n d  w a s  h e ld  o n  t h in - w a l l e d  g la s s  p la te  

a g a in s t  t h e  X - r a y  b e a m . T h e  in t e n s i t y  d a ta  w e r e  c o l l e c t e d  a t 2 5  ° c  o v e r  a  2 9  r a n g e  o f  

2 0 - 9 0 °  w i t h  a  s c a n  s p e e d  o f  5 °  ( 2 0 ) / m in  a n d  a  s c a n  s t e p  o f  0 .0 2 °  ( 2 9 ) .
3.2 .1 .5  Scanning  E lectron M icroscopy (SEM )

S u p p o r te d  m e ta l  c r y s t a l l i t e s ,  m o r p h o lo g i e s  o f  s a m p le  a n d  

c a r b o n  d e p o s i t io n  o n  th e  c a t a ly s t s  w e r e  i n v e s t ig a t e d  u s i n g  a  H it a c h i  ( ร - 4 8 0 0 )  

s c a n n in g  e l e c t r o n  m i c r o s c o p e  o p e r a t e d  at 5 k V  a n d  1 0  m A .
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3.2 .1 .6  Tem perature P rogram m ed  O xidation  (T P O)
T P O  w a s  c a r r ie d  o u t  in  a  T P O  m ic r o - r e a c t o r  c o u p l e d  w i t h  an  

F I D  a n a ly z e r .  T P O  t e c h n iq u e  w a s  u s e d  to  q u a n t i fy  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  

o n  th e  s p e n t  c a t a ly s t s .  A f t e r  k e e p in g  th e  c a t a ly s t  o n  s tr e a m  fo r  p a r t ia l  o x id a t io n ,  th e  

s p e n t  c a t a ly s t  w a s  c o o le d  d o w n  to  r o o m  te m p e r a tu r e  in  H e  s tr e a m . T h e n , a b o u t  5 0  m g  

s a m p le  w a s  h e a t e d  in  a  f l o w i n g  2 % 0 2  in  H e  ( 4 0  m l /m i n )  m ix t u r e  a t a  h e a t in g  ra te  o f  

1 0  ° c / m i n  u p  t o  9 0 0  °c. T h e  o u tp u t  g a s  w a s  p a s s e d  in to  a  m e t h a n a t io n  r e a c to r  

c o n t a in in g  N i / A l 2 0 3  c a t a ly s t s .  In  th e  m e t h a n a t io n  r e a c to r ,  C O 2 f o r m e d  fr o m  th e  

c a r b o n  w a s  c o m p l e t e ly  c o n v e r t e d  w i t h  e x c e s s  H 2 in to  m e t h a n e ,  to  p e r m it  p r e c is e  

q u a n t i f i c a t io n  in  a n  F I D  d e te c to r .  A f t e r  th e  T P O  s y s t e m  h a d  r e a c h e d  9 0 0  ๐c  a t w h ic h  

th e  c a r b o n  w a s  b u r n e d  o f f ,  th e  F I D  s ig n a l  fo r  m e t h a n e  w a s  c a l ib r a te d  b y  in j e c t in g  

1 0 0  p i  o f  C O 2 p u l s e  in t o  th e  m e t h a n a t io n  r e a c to r , a n d  s e n d in g  th e  m e t h a n e  p r o d u c e d  

in to  th e  F I D . B y  in t e g r a t in g  th e  m e t h a n e  s ig n a l  d u r in g  th e  e n t ir e  T P O  ru n , it i s  

p o s s i b l e  t o  c a lc u la t e  t h e  a m o u n t  o f  c o k e  r e m o v e d  f r o m  th e  c a t a ly s t .

3 ,3  M e t h o d o l o g y

3 .3 .1  C a t a ly s t  P r e p a r a t io n
C eo .75Z o.25O 2 ( C Z O )  m ix e d  o x id e  s u p p o r t  w a s  p r e p a r e d  v ia  u r e a  

h y d r o ly s i s .  T h e  C e - Z r  m ix e d  o x id e  s a m p le  w a s  p r e p a r e d  f r o m  C e ( N 0 3 ) 3 '6 H 2 0  a n d  

Z r 0 C l 2 -8 H 2 0 . T h e  r a t io  b e t w e e n  th e  m e ta l  s a lt s  w a s  u s e d  d e p e n d in g  o n  th e  d e s ir e d  

s o l id  s o lu t io n  c o n c e n t r a t io n :  C e i - xZ r x0 2  in  w h i c h  x  =  0 .2 5 .  T h e  s ta r t in g  m e ta l  s a lt s  

w e r e  d i s s o l v e d  in  d i s t i l l e d  w a t e r  t o  th e  d e s ir e d  c o n c e n t r a t io n  (0 .1  M ) .  T h e n , th e  

m i x e d  m e t a l  s a lt  s o lu t i o n  w a s  a d d e d  w it h  a  0 .4  M  o f  u r e a  s o lu t i o n  w i t h  th e  s a lt  to  

u r e a  s o lu t i o n  r a t io  o f  2 :1  ( v / v ) ,  a n d  th e  m ix t u r e  w a s  k e p t  a t 1 0 0  ๐c  f o r  5 0  h r s . T h e  

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

s e p a r a te  a  g e l  p r o d u c t  f r o m  th e  s o lu t io n .  T h e  g e l  p r o d u c t  w a s  w a s h e d  w i t h  e th a n o l ,  
a n d  d r ie d  o v e r n ig h t  in  a n  o v e n  a t 1 1 0  ๐c. T h e  p r o d u c t  w a s  t h e n  c a l c i n e d  a t 5 0 0  °c 
fo r  4  h r s  ( P e n g p a n ic h  et al., 2 0 0 2 ) .

T h e  c a t a ly s t s  w e r e  p r e p a r e d  b y  s e q u e n t ia l  in c ip ie n t  w e t n e s s  

im p r e g n a t io n  a n d  c o - im p r e g n a t io n  m e t h o d s .  F o r  th e  s e q u e n t ia l  in c ip ie n t  w e t n e s s  

im p r e g n a t io n  m e t h o d ,  th e  c a t a ly s t s  w e r e  p r e p a r e d  b y  u s in g  th e  a q u e o u s  s o lu t i o n s  o f
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N i ( N 0 3 ) 2 ’6 H 20  a n d  M g ( N 0 3 ) 2 '6 H 2 0 . T h e  a m o u n t  o f  M g O  lo a d in g  w a s  v a r ie d  w it h  

5 ,  1 0 , a n d  1 5  พt% . T h e  czo w a s  im p r e g n a t e d  w i t h  M g (N C > 3 )2 -6 I l2 0  a q u e o u s  

s o lu t io n  p r io r  t o  d r y in g  a t 1 1 0  ๐c  fo r  4  h r s , a n d  c a lc in a t io n  a t 5 0 0  ๐c  fo r  4  h rs  in  a ir . 
A l l  th e  M g O /C Z O  s u p p o r te d  c a t a ly s t s  w e r e  im p r e g n a t e d  W'ith N i ( N 0 3 ) 2 '6 H 20  

a q u e o u s  s o lu t i o n  ( 1 5  w t% ) p r io r  to  d r y in g  a t 1 1 0  ° c  fo r  4  h r s , a n d  c a lc in a t io n  at 

5 0 0  ๐c  fo r  4  h r s  in  a ir . T h e s e  c a t a ly s t s  a re  d e n o t e d  a s  1 5 N ix M g / C Z O  ( ร )  w h e r e  X 

r e p r e s e n t s  th e  a m o u n t  o f  M g O  lo a d in g .
F o r  th e  c o - im p r e g n a t io n  m e t h o d ,  th e  c a t a ly s t s  w e r e  p r e p a r e d  b y  u s in g  

th e  a q u e o u s  s o lu t i o n s  o f  N i ( N 0 3 ) 2 '6 H 2 0  a n d  M g ( N 0 3 ) 2 '6 H 2 0 . T h e  a m o u n t  o f  N i  

l o a d in g  w a s  f i x e d  a t 15  w t%  w h e r e a s  th e  a m o u n t  o f  M g O  l o a d in g  w a s  v a r ie d  w i t h  5 , 
1 0 , a n d  15 w t% . A l l  th e  c a t a ly s t s  w e r e  d r ie d  a t 1 1 0  ° c  fo r  4  h r s , a n d  c a lc in e d  at 

5 0 0  ๐c  fo r  4  h r s  in  a ir . T h e s e  c a t a ly s t s  a re  d e n o t e d  a s  1 5 N ix M g / C Z O  ( C ) ,  w h e r e  X 

r e p r e s e n t s  th e  a m o u n t  o f  M g O  lo a d in g .

3 .3 .2  C a t a ly t ic  A c t i v i t y  T e s t in g
C a t a ly t ic  a c t iv i t y  t e s t s  fo r  m e t h a n e  p a r t ia l  o x id a t io n  w e r e  c a r r ie d  o u t  

in  a  p a c k e d - b e d  q u a r tz  m ic r o  r e a c to r  ( i .d .6  m m ) .  T y p ic a l l y ,  a  1 0 0  m g  c a t a ly s t  s a m p le  

w a s  p a c k e d  b e t w e e n  th e  la y e r s  o f  q u a r tz  w o o l .  T h e  r e a c to r  w a s  p la c e d  in to  an  

e l e c t r i c  fu r n a c e  e q u ip p e d  w i t h  K - t y p e  t h e r m o c o u p le s .  T h e  c a t a ly s t  b e d  te m p e r a tu r e  

w a s  m o n i t o r e d  a n d  c o n t r o l l e d  b y  S h in k o  F C R - 1 3 A - S / M  te m p e r a tu r e  c o n t r o l le r s .  T h e  

f e e d  g a s  m ix t u r e  c o n t a in in g  4 %  C H 4 a n d  2 %  0 2 b a la n c e  w i t h  H e  a t a  g a s  h o u r ly  

s p a c e  v e l o c i t y  ( G H S V )  o f  5 3 ,0 0 0  h"1 w a s  in tr o d u c e d  in t o  th e  r e a c to r  u s in g  B r o o k s  

5 8 5 0 E  m a s s  f l o w  c o n t r o l le r s .  M e a s u r e m e n t s  w e r e  p e r f o r m e d  a t v a r io u s  fu r n a c e  

t e m p e r a tu r e s  a d j u s t e d  s e q u e n t ia l ly  fr o m  4 0 0  to  8 0 0  ๐c  w i t h  a n  in te r v a l  o f  5 0  ๐c .  

A  s c h e m a t ic  d ia g r a m  o f  t h e  e x p e r im e n t a l  s e t u p  is  s h o w n  in  F ig u r e  3 . 1 .
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Figure 3.1 Schematic o f the experimental setup for methane partial oxidation.

The gaseous products were chromatographically analyzed using a 
Shimadzu GC 8A fitted with a TCD. A CTR I (Alltech) packed column was used to 
separate all products at 50 ° c  except for H2O which was trapped out prior to entering 
the column. The percentages o f CH4 conversion (Xcm), O2 consumption (X02) and 
selectivity (ร) reported in this work were calculated using the following expressions:

f i l l »  _  p u o u t

% X CH4 CH in x l0 °

= 0 1 - o r  x 100

% sc0 = CO0
c o ou' + c o out• X  100

% S H =  , H : I  X 10 0
2 H r + H 20 out

(3.3)

(3.4)

(3.5)

(3.6)



w h ere CH” mole of CH4 in
CH 7 ' = mole of CH4 out
0 ” mole of O2 in
0 ° ut mole of O2 out

IIO๐ü mole of CO formed
c o r  = mole of CO2 formed
H ou, mole of H2 formed
H20 ou' = mole of H2O formed
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