
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Reaction Conditions

T he m ain purpose o f  th is part is to  select the m ost appropriate  
conditions fo r the catalyst deactivation  study. T w o param eters, C H 4/C O 2 ratio  
and G H SV , w ere  investigated.

4.1.1 E ffects o f  C H a/C O yR atio
F igure  4.1 show s the conversion o f  m ethane as a function  o f  

tim e on stream  at various C H 4/C O 2 feed ratios from  1 /2  to  3/1 by using 
P t/5C eZ  at a G H SV  o f  477500 h '1. O bviously, the 1/2 and 1/1 ratios had 
sign ifican tly  h igh stability  w ith  only the slight drop w ith in  8  hours o f  reaction  
tim e, w hereas the 2/1 and 3/1 ratios gave low er conversions and sign ifican tly  
d ropped  especially  for the first three hours o f  reaction  tim e. T he explanation  
for these resu lts could  be considered from  m ethane decom position  reaction  
(2.1) and carbon  dioxide d issociation  reaction  (4.1).

M ethane decom position:
c h 4 — ►

C arbon d iox ide  dissociation:
C + 2H 2 (2 . 1 )

C O 2 + C — ► 2CO (4.1)

From  the above reactions, w hen the ratio  o f  C H 4 to  C O 2 w as 
g reater than unity , the rate o f  reaction (2.1) exceeded  the rate o f  reaction  (4.1), 
so there  w ere  som e net carbon deposition  occurred  on the m etal particles, 
inducing  catalyst deactivation .
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Figure 4.1 C H 4 conversion as a function  o f  tim e fo r P t/5C eZ  at a G H SV  o f 
477500 h ' 1 at various CH 4/C O 2 feed ratios

1/2
1/1
2/1
3/1

Figure 4.2 C 0 2 conversion as a function o f  tim e for P t/5C eZ  at a G H SV  o f  
477500 h ' 1 a t various C H 4/C 0 2feed ratios
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T he results o f  the C 0 2 conversions w ith  tim e on stream  at 
various C H 4/C O 2 ratios, as show n in F igure 4.2, show  the sam e trend as those 
from  the C H 4 conversion . H ow ever, the low est conversion  o f  the 1/2 ratio  
w as in con trast to  the C H 4 conversion . S ince the reaction  w as based  on 
reaction  (1 .1), in w hich  the sto ich iom etric  ratio  o f  C H 4 to  C 0 2 w as 1 to  1, but 
the reactan ts w ere  fed in the ratio  o f  1 to 2 (C H 4 to  C 0 2), so C 0 2 excess 
rem ained  in the system . This, together w ith  som e non -reac ted  C 0 2, 
consequen tly , resu lted  in low er conversion.

F igure  4.3 show s the H 2/C O  product ratios versus tim e. The 
ra ther stable p roduct ratios obtained from  1 / 2  and 1 /1  feed ratios and high 
deactiva tion  rate o f  2/1 and 3/1 reactan t ratios could be explained in the 
sim ilar m ann er as in the case o f  C H 4 and C 0 2 conversions. T he H 2/C O  ratio  
o f  1 /1  w as close to  unity, w hile it w as low er than unity  as C 0 2 in the feed w as 
h igher (C H 4/C O 2 ratio  o f  1/2 ), ind icating  that the H 2 consum ption  resulting  
from  the reverse  w ater gas sh ift reaction  (2.7) increased  due to  the availability  
o f  C 0 2.

R everse w a te r gas shift:
C O 2 + H 2 ----- ►  CO + H 20(g), AH =  40 kJ/m ol (2.7)

F or the reactan t ratios o f  2/1 and 3/1, the initial H 2/C O  product 
ratios w ere  g reater than unity. This m igh t be due to  the h igher rate o f  reaction  
(2 .1) than  reaction  (4.1). H ow ever, these p roduct ratios decreased  w ith  tim e 
on stream  because  the net carbon depositions on the m etal su rface repressed 
the decom position  o f  C H 4 and resulted  in the low er H 2 production .

In sum m ary, the h igher CH4/CO2 ratios increased the catalyst 
deactivation  by favoring  the carbon form ation. T hese conditions w ere suitable 
for in vestigating  the ro le o f  the prom oters on deactivation  over relatively  short
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r e a c t io n  t im e .  B e c a u s e  th e  r e a c ta n t  r a t io s  o f  2 /1  a n d  3 /1  y ie ld e d  a b o u t  th e  
s a m e  r a te  o f  d e a c t iv a t io n ,  th e  r a t io  o f  2 / 1  w a s  s e le c te d  in  th is  w o rk .

F ig u r e  4 .3  H 2/C O  p r o d u c t  r a t io  a s  a  f u n c t io n  o f  t im e  f o r  P t /5 C e Z  a t  a  G H S V  
o f  4 7 7 5 0 0  h 1 a t  v a r io u s  C H U /C C ^ fe e d  r a t io s

4 .1 .2  E f f e c ts  o f  G H S V
G H S V  is  th e  f r a c t io n  o f  a  to ta l  f lo w  r a te  o f  in le t  g a s  a n d  v o lu m e  

o f  a  c a ta ly s t  in  a  r e a c to r  a s  s h o w n  in  E q u a t io n  3 .1 .

G H S V  =  - — 7 7n r  ท
(3 .1 )

w h e r e
V =  th e  to ta l  f lo w  ra te  o f  in le t  g a s  ( c m 3 /h ) ;  
r  =  th e  in le t  d ia m e te r  o f  r e a c to r  (c m ) ; 
h = th e  b e d  h e ig h t  (c m ).

1  4 G "4457)
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F r o m  th e  a b o v e  e q u a t io n ,  a  h ig h e r  G F IS V  c a n  b e  o b ta in e d  w ith  
a  lo w  v o lu m e  o f  c a ta ly s t  in  a  r e a c to r  o r  a  h ig h  to ta l  f lo w  ra te  o f  in le t  g a s . T h e  
r e s u l t s  f r o m  F ig u r e s  4 .4  a n d  4 .5  s h o w e d  th a t  th e  in c r e a s e  in  G H S V  d e c r e a s e d  
b o th  C F I4 a n d  C O 2  c o n v e r s io n s .  T h e  G H S V  o f  4 7 7 5 0 0  h " 1 w a s  c o n s id e r e d  to  
b e  th e  m o s t  s u i ta b le  v a lu e  in  th is  w o r k  b e c a u s e  th e  c o n v e r s io n s  w e r e  n e i th e r  
to o  lo w  n o r  to o  h ig h  to  c o m p a r e  th e  b e h a v io r s  o f  th e  c a ta ly s ts  in  th e  n e x t  p a r t .  
M o r e o v e r ,  th e  c a ta ly s t  d e a c t iv a t io n  c o u ld  b e  c le a r ly  o b s e r v e d  in  a  s h o r t  p e r io d  
o f  t im e .

4.2 Catalyst Activity and S t a b i l i t y

4 .2 .1  E f f e c t s  o f  C e
T a b le  4 .1  s h o w s  B E T  s u r f a c e  a re a ,  p o r e  v o lu m e ,  a n d  m e ta l  

d i s p e r s io n  o f  th e  u n p r o m o te d  c a ta ly s t  a n d  C e - p r o m o te d  c a ta ly s ts .  I t  c o u ld  b e  
c le a r ly  s e e n  f r o m  th e  r e s u l t s  th a t  a ll C e - p r o m o te d  c a ta ly s ts  h a d  h ig h e r  s u r f a c e  
a r e a ,  p o r e  v o lu m e ,  a n d  % m e ta l  d i s p e r s io n  th a n  th e  u n p r o m o te d  c a ta ly s t .  T h e  
B E T  s u r f a c e  a r e a  c o u ld  b e  c o n f i r m e d  b y  th e  X - r a y  d i f f r a c t io n  r e s u l t ,  F ig u r e
4 .6 .  T h e  te t r a g o n a l  fo rm  o f  z i r c o n ia  is r e p r e s e n te d  b y  th e  s ta r  (ไ*โ) w h i le  th e  
d o t  ( • )  r e p r e s e n ts  th e  m o n o c l in ic  fo rm . T h e  r e s u l t  s h o w e d  th a t ,  in  th e  
u n p r o m o te d  c a ta ly s t ,  z i r c o n ia  w a s  m o n o c l in ic .  T h e  te t r a g o n a l  fo rm  w a s  
o b ta in e d  b y  c e r ia  p ro m o t io n .  F o r  P t /3 C e Z ,  p a r t i a l  s ta b i l i z a t io n  o f  th e  
te r a g o n a l  f o r m  w i th  a  s m a ll  f r a c t io n  o f  m o n o c l in ic  fo rm  w a s  p r e s e n te d ,  w h i le  
f o r  P t /5 C e Z ,  P t /7 C e Z ,  a n d  P t /9 C e Z , c o m p le te  te t r a g o n a l  s ta b i l i z a t io n  w a s  
o b s e r v e d .
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T im e  ( h o u r s )

F ig u r e  4 .4  C H 4 conversion as a function  o f  tim e for P t/5C eZ  at a C H 4/C O 2 

ratio  o f  2/1 at various G HSV

T im e  ( h o u r s )

F ig u r e  4 .5  C 0 2  conversion as a function  o f  tim e for P t/5C eZ  at a CH 4 /CO 2 

ratio o f  2/1 at various G HSV
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Table 4.1 B E T  s u rfa c e  a rea , p o re  v o lu m e , an d  % m e ta l d isp e rs io n  o f  th e  C e-
p ro m o te d  c a ta ly s ts  c o m p a re d  w ith  u n p ro m o te d  c a ta ly s t a t C H 4/C O 2 ra tio  o f
2/1 a n d  G H S V  o f  4 7 7 5 0 0  h ' 1

C a ta ly s t
S u r fa c e  a r e a  

(m 2 /g )
P o r e  V o lu m e  X  10 ~2

(c c /g )
M e ta l  d i s p e r s io n

(% )
P t /Z 3 5 .5 2 1 . 2 1 2 8 .7 7

P t /3 C e Z 3 9 .4 9 1 .3 5 4 9 .7 4
P t /5 C e Z 4 0 .1 6 1 .4 6 4 1 1 .5 6
P t /7 C e Z 4 3 .2 2 1 .601 1 0 .0 6
P t /9 C e Z 4 1 .3 3 1 .5 4 7 8 . 8 8

A c tu a l ly ,  z i r c o n ia  h a s  th r e e  c r y s ta l lo g r a p h ic  fo rm s ;  c u b ic ,  
t e t r a g o n a l ,  a n d  m o n o c l in ic .  T h e  c u b ic  fo r m  is  s ta b le  a t  v e r y  h ig h  
te m p e r a tu r e s ,  s o  it  is  n o t  im p o r ta n t  in  th is  s y s te m . T h e  te t r a g o n a l  f o r m  is 
s ta b le  a t  t e m p e r a tu r e s  h ig h e r  th a n  1 0 0 0 ° c ,  w h ic h  a re  a ls o  h ig h e r  th a n  th e  
r e a c t io n  te m p e r a tu r e  in  th is  w o rk .  A t  r o o m  te m p e r a tu r e  to  a b o u t  1 0 0 0 ° c ,  th e  
s ta b le  fo r m  is  m o n o c l in ic .  T h is  is th e  m o s t  s ta b le  p h a s e  a t  a n y  te m p e r a tu r e s  in  
th is  w o r k .  W h e n  th is  s ta b le  p h a s e  is  fo r m e d ,  th e  z i r c o n ia  lo s e s  s u r f a c e  a re a . 
H o w e v e r ,  d u r in g  th e  c a ta ly s t  p r e p a r a t io n ,  a  m e ta s ta b le  t e t r a g o n a l  is  fo rm e d . 
T h is  m e ta s t a b le  p h a s e  h a s  a  h ig h  s u r f a c e  a re a ,  b u t  i t  is  n o t  to ta l ly  s ta b le .  
T h e r e f o r e ,  i f  s ta r t in g  w ith  th e  m e ta s ta b le  te t r a g o n a l  fo rm , w h ic h  h a s  a  h ig h  
s u r f a c e  a r e a  a n d  th e n  h e a t  u p  to  8 0 0 ° c ,  th e  c r y s ta l lo g r a p h ic  fo rm  o f  th e  
z i r c o n ia  w i l l  g o  to  th e  m o n o c l in ic  p h a s e  a n d  lo s e  its  s u r f a c e  a re a .  H o w e v e r ,  
a d d in g  s o m e  a d d i t iv e s  c a n  a n c h o r  th e  s u r f a c e  a r e a  a n d  r e ta r d  th e  t r a n s i t io n  
f r o m  th e  te t r a g o n a l  to  m o n o c l in ic  fo rm , so  th e  s u r f a c e  a r e a  c a n  b e  p r e s e r v e d .  
T h is  le a d s  to  th e  c o n c lu s io n  th a t  th e  a d d i t io n  o f  C e  to  Z r 0 2  in c r e a s e s  th e  
c a ta ly s t  s u r f a c e  a r e a  b y  s ta b i l iz in g  th e  te t r a g o n a l  f o r m  o f  z i r c o n ia .



2 t h e ta  (d e g .)

F ig u r e  4 .6  X R D  p a tte rn s  fo r C e -p ro m o te d  c a ta ly s ts  c o m p a re d  w ith  u n p ro m o te d  ca ta ly s t; te tra g o n a l fo rm  (★ ), m o n o c lin ic
fo rm  ( • )
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A s  s e e n  in  T a b le  4 .1 ,  w i th  in c r e a s in g  C e  c o n c e n t r a t io n ,  th e  
s u r f a c e  a r e a  in c r e a s e d .  H o w e v e r ,  th e  s l ig h t  d r o p  in  th e  s u r f a c e  a r e a  o f  
P t /9 C e Z  c o m p a r e d  to  P t /7 C e Z  m ig h t  b e  d u e  to  s o m e  p o r e  b lo c k in g .  T h is  
im p l ie d  th a t  th e  c a ta ly s t  p r e p a r e d  b y  im p r e g n a t io n  m e th o d  h a d  th e  l im i ta t io n  
in  lo a d in g  c a p a c i ty .

F ig u re  4 .7  C H 4  c o n v e r s io n  a s  a  f u n c t io n  o f  t im e  f o r  C e - p r o m o te d  c a ta ly s ts  
c o m p a r e d  w i th  u n p r o m o te d  c a ta ly s t  a t  C H 4 /C O 2  r a t io  o f  2 / 1  a n d  G H S V  o f  
4 7 7 5 0 0  h ' 1

T h e  c a ta ly t ic  a c t iv i ty  a n d  s ta b i l i ty  o f  th e  C e - p r o m o te d  c a ta ly s ts  
c o m p a r e d  w i th  th e  u n p r o m o te d  c a ta ly s t  a re  d i s p la y e d  in  F ig u r e  4 .7 .  A ll  o f  C e -  
p r o m o te d  c a ta ly s t s  h a d  h ig h e r  c o n v e r s io n  a n d  lo w e r  d e a c t iv a t io n  th a n  
u n p r o m o te d  c a ta ly s ts .  A l th o u g h  P t /9 C e Z  h a d  th e  lo w e r  in i t ia l  c o n v e r s io n  th a n  
P t /Z , b u t  w i th in  10 h o u r s  o f  r e a c t io n  t im e , th e  c o n v e r s io n  w a s  h ig h e r .  T h is  
c le a r ly  in d ic a te d  th a t  P t /C e Z  h a d  th e  h ig h e r  a c t iv i ty  a n d  s ta b i l i ty  th a n  P t/Z . 
C o n s id e r in g  th e  e f f e c t  o f  C e  c o n c e n t r a t io n ,  P t /5 C e Z  h a d  th e  h ig h e s t  
c o n v e r s io n .  S in c e  P t /3 C e Z  h a d  th e  lo w e r  s u r f a c e  a r e a  a n d  % m e ta l  d is p e r s io n s
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t h a n  P t /5 C e Z ,  th e  c o n v e r s io n  w e r e  lo w e r .  A l th o u g h  P t /7 C e Z  a n d  P t /9 C e Z  h a d  
h ig h e r  s u r f a c e  a r e a  th a n  P t /5 C e Z ,  b u t  th e  % m e ta l  d is p e r s io n  w e r e  lo w e r ,  so  
th e  c o n v e r s io n s  w e r e  lo w e r .  T h e  d e c r e a s e  in  % m e ta l  d i s p e r s io n  w i th  a n  
in c r e a s e  in  C e  c o n c e n t r a t io n  m ig h t  b e  a  r e s u l t  o f  th e  a d d in g  to o  la r g e  a m o u n t  
o f  C e , w h ic h  c o v e r e d  th e  m o s t  s u r f a c e  a r e a  o f  Z r 0 2 s u p p o r t .  T h is  le a d e d  to  
s u p p r e s s  P t  lo a d in g  a b i l i ty  a n d  d e c r e a s e d  % m e ta l  d is p e r s io n .

4 .2 .2  E f f e c t s  o f  Y
T h e  B E T  s u r f a c e  a r e a  a n d  p o r e  v o lu m e  o f  Y - p r o m o te d  c a ta ly s t  

a t v a r io u s  Y  c o n c e n t r a t io n s  c o m p a r e d  w i th  th e  u n p r o m o te d  c a ta ly s t  a r e  s h o w n  
in  T a b le  4 .2 .  T h e  r e s u l t s  d e m o n s t r a te d  th a t  a ll Y - p r o m o te d  c a ta ly s t s  h a d  
h ig h e r  s u r f a c e  a r e a  a n d  p o r e  v o lu m e  th a n  u n p r o m o te d  c a ta ly s t .  R e s u l t s  f ro m  
th e  X R D  s tu d y  in  F ig u r e  4 .8  s h o w e d  th a t  y t t r iu m  a d d i t io n  e f f e c t iv e ly  
s ta b i l i z e d  th e  te t r a g o n a l  fo rm  o f  z i r c o n ia ,  a s  o n ly  th e  te t r a g o n a l  fo r m  f o r  a ll  Y -  
p r o m o te d  c a ta ly s t s  w a s  o b s e rv e d .  T a b le  4 .2  a ls o  d is p la y s  th e  in c r e a s e  in  
s u r f a c e  a r e a  a n d  p o r e  v o lu m e  w h e n  Y  c o n c e n t r a t io n  in c re a s e d .  H o w e v e r ,  th e  
e f f e c t  o f  p o r e  b lo c k in g  a ls o  o c c u r r e d  fo r  th is  ty p e  o f  p r o m o te r .  I t  c o u ld  b e  
s e e n  th a t  P t /9 Y Z  h a d  a  s l ig h t ly  d ro p  in  s u r f a c e  a r e a  a n d  p o r e  v o lu m e .

Table 4.2 B E T  s u r f a c e  a r e a  a n d  p o r e  v o lu m e  o f  Y - p r o m o te d  c a ta ly s t s  
c o m p a r e d  w i th  u n p r o m o te d  c a ta ly s t  a t CH4/CO2 r a t io  o f  2 /1  a n d  G H S V  o f  
4 7 7 5 0 0  h ' 1

C a ta ly s t S u r fa c e  a r e a P o r e  v o lu m e  X  1 0 '2

( m 2/g ) ( c c / g )

P t /Z 3 5 .5 2 1 . 2 1 2

P t /3 Y Z 3 9 .6 1 1 .4 7 5
P t /5 Y Z 4 1 .0 6 1 .5 0 3
P t /7 Y Z 4 7 .6 0 1 .7 1 4
P t /9 Y Z 4 6 .1 8 1 .6 4 7



2 th e ta  (d e g .)

F ig u r e  4 .8  XRD patterns for Y-promoted catalysts compared with unpromoted catalyst; tetragonal form (★ ), monoclinic
form ( • )
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T h e  C H 4 c o n v e r s io n  a s  a  fu n c t io n  o f  t im e  o n  s t r e a m  is  p lo t te d  in  
F ig u r e  4 .9 .  I t c o u ld  b e  c le a r ly  s e e n  th a t  P t /Y Z  c a ta ly s ts  y i e ld e d  h ig h e r  
c o n v e r s io n  th a n  P t/Z  c a ta ly s t .  A t  v a r io u s  Y  c o n c e n t r a t io n s ,  th e  in i t ia l  C H 4 
c o n v e r s io n s  w e r e  in  th e  f o l lo w in g  o rd e r :  P t /5 Y Z  >  P t /3 Y Z  >  P t /7 Y Z  >  
P t /9 Y Z . T h e s e  r e s u l t s  c o u ld  b e  e x p la in e d  in  th e  s a m e  w a y  a s  in  th e  c a s e  o f  
P t /C e Z  th a t  to o  h ig h  a m o u n t  o f  p r o m o te r  lo a d in g  w o u ld  s u p p r e s s  th e  a b i l i ty  o f  
P t lo a d in g .

F ig u r e  4 .9  CFI4 conversion as a function o f time for Y-promoted catalysts 

compared with unpromoted catalyst at CH4/C02 ratio o f 2/1 and G H SV of 

4 7 7 5 0 0  IT1

I t is  in te r e s t in g  to  n o te  f r o m  th e  r e s u l t s  o f  b o th  C e -  a n d  Y - 
p r o m o te d  c a ta ly s t s  th a t  th e  ra te  o f  c a ta ly s t  d e a c t iv a t io n  d e c r e a s e d  w ith  
in c r e a s in g  p r o m o te r  c o n c e n t r a t io n .  I t c o u ld  b e  s e e n  f ro m  P t /9 C e Z  a n d  P t/9 Y Z  
th a t  th e y  h a d  v e r y  lo w  d e a c t iv a t io n  r a te s  a n d  a re  s ta b le  w ith in  o n ly  5 -6  h o u r s  
o f  r e a c t io n  t im e . T h is  c le a r ly  in d ic a te d  th a t  th e  a d d i t io n  o f  p r o m o te r s  h e lp e d
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in c r e a s e  th e  r a te  o f  c a ta ly s t  s ta b i l iz a t io n .  T h e s e  m ig h t  b e  d u e  to  o x y g e n  
s to r a g e  p r o p e r t i e s  o f  b o th  C e 0 2 a n d  Y 20 3, w h ic h  c o u ld  r e le a s e  o x y g e n  to  r e a c t  
w i th  c a r b o n  d e p o s i t io n  o n  th e  m e ta l  p a r t i c le  a s  s h o w n  in  F ig u r e  2 .1 . 
T h e r e f o r e ,  b e s id e s  th e  s u p p o r t  a n d  C 0 2 r e a c ta n t  g a s ,  th e s e  tw o  p r o m o te r s  a re  
a n o th e r  p o s s ib le  s o u r c e  o f  o x y g e n  th a t  c a n  p r o m o te  th e  c le a n in g  m e c h a n is m ,  
a n d  c o n s e q u e n t ly ,  in c re a s e  th e  c a ta ly s t  l ife .

C o m p a r is o n  b e tw e e n  C e -  a n d  Y - p r o m o te d  c a ta ly s ts  f r o m  T a b le
4 .1  a n d  T a b le  4 .2  in d ic a te s  th a t ,  w h e n  th e  p r o m o te r  c o n c e n t r a t io n  in c re a s e d ,  
Y - p r o m o te d  c a ta ly s ts  h a d  h ig h e r  s u r f a c e  a re a . I t w a s  f o u n d  th a t  a l th o u g h  th e  
s u r f a c e  a r e a  o f  P t /3 Y Z  w a s  n e a r ly  th e  s a m e  a s  th a t  o f  P t /3 C e Z ,  P t /7 Y Z  h a d  
h ig h e r  s u r f a c e  a r e a  th a n  P t /7 C e Z . T h e  c o m p a r is o n s  b e tw e e n  C e -  a n d  Y -  
p r o m o te d  c a ta ly s t s  in  th e  fo rm  o f  C H 4 c o n v e r s io n s  a r e  s h o w n  in  F ig u r e s  4 .1 0 . 
C o r r e s p o n d in g  to  th e  r e s u l t s  f ro m  s u r f a c e  a re a ,  th e  r e s u l t  s h o w s  th a t  Y - 
p r o m o te d  c a ta ly s t s  h a d  h ig h e r  C H 4 c o n v e r s io n  th a n  C e - p r o m o te d  c a ta ly s ts ,  
e s p e c ia l ly  a t  h ig h  p r o m o te r  c o n c e n t r a t io n s .  H o w e v e r ,  th e  r e s u l t s  w e r e  in  
c o n t r a s t  to  th e  H 2/C O  p r o d u c t  r a t io ,  F ig u r e  4 .1 1 .  I t  w a s  fo u n d  th a t  Y - 
p r o m o te d  c a ta ly s t s  h a d  lo w e r  H 2/C O  p r o d u c t  r a t io  th a n  C e - p r o m o te d  c a ta ly s ts .  
F r o m  e x p e c ta t io n ,  lo w e r  in  H 2/C O  p r o d u c t  r a t io  o f  Y - p r o m o te d  c a ta ly s ts  
m ig h t  b e  d u e  to  h ig h e r  c o n s u m p t io n  o f  h y d r o g e n  v ia  r e v e r s e  w a te r  g a s  s h if t  
r e a c t io n  ( 2 .7 ) .  T h is  le a d e d  to  th e  c o n c lu s io n  th a t  Y - p r o m o te d  c a ta ly s t s  h a d  
h ig h e r  t r e n d  to  p r o d u c e  w a te r  th a n  C e - p r o m o te d  c a ta ly s ts .

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

C 0 2 +  H 2 >  C O  +  H 20(g), A H  =  4 0  k J /m o l  (2 .7 )



F ig u r e  4 .1 0  CH4 conversion as a function of time for Ce-promoted catalysts compared with Y-promoted catalysts at
CH4/C 02 ratio of 2/1 and GHSV of 477500 h"1



F ig u r e  4 .1 1  H2/CO product ratio as a function of time for Ce-promoted catalysts compared with Y-promoted catalysts at
CH4/C 02 ratio of 2/1 and GHSV of 477500 h '1
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4.2.3 E ffects o f  M ixed-prom oter
4 .2 .3 .1  Im p r e g n a tio n  C a ta ly s t

T able 4.3 show s the B E T  surface area and pore  volum e 
o f  m ixed-C e-Y prom o ter catalysts p repared  by im pregnation  technique. The 
results show ed that all m ixed-prom oter catalysts had h igher surface area and 
pore vo lum e than  the unprom oted  catalyst. C om pared  to  the pure p rom oted  
catalysts, the results from  the B E T  surface area o f  C e- and Y -prom oted  
catalysts in T ables 4.1 and 4.2 suggest that 7%  o f  p rom oter loading gave the 
m axim um  surface area, w hile h igher loading decreased surface area because 
o f  pore  b lock ing  effect. For m ixed-prom oter catalysts, the effect o f  pore 
b lock ing  still ex isted  at h igh am ount o f  prom oter, but the m axim um  capacity  
o f  p rom oter loading  increased. It could be seen from  T able  4.3 that P t/5-5im , 
w hich  had the to tal p rom oter loading about 1 0 % , still had high surface area 
and pore  vo lum e. This im plied that m ixing o f  Ce and Y  together helped 
im prove the loading  capacity  o f  each other.

Table 4.3 B E T  surface area and pore vo lum e o f  m ixed-prom oter catalysts 
p repared  by im pregnation  technique com pared  w ith  unprom oted  catalyst 
at C H 4/C O 2 ra tio  o f  2/1 and G H SV  o f  477500 h ' 1

C atalyst
Surface area 

(m 2/g)
Pore volum e X  10 ' 2 

(cc/g)
P t/Z 35.52 1 . 2 1 2

Pt/2 .5-2 .5 im 41.21 1.513
P t/5-5 im 50.13 1.790

P t/15-15im 42.62 1.561

Figure 4.12 show s the activ ity  o f  the m ixed-prom oter 
catalysts p repared  by the im pregnation  technique at various prom oter 
concen trations. The results show ed that, since P t/5-5 im  had the highest
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surface area, it had  the h ighest conversion. M oreover, it w as found th at the 
h igher the p ro m o te r loading, the h igher the catalytic stability . It could  be seen 
that P t/15 -15 im  had  the low est rate o f  deactivation.

Tim e (hours)

F ig u r e  4 .1 2  C H 4 conversion as a function o f  tim e for m ixed-prom oter 
catalysts p repared  by im pregnation  technique at C H 4/C O 2 ratio  o f  2 / 1  and 
G H SV  o f  477500 h ' 1

C om parison betw een the activity  o f  the m ixed-prom oter 
catalysts w ith  the P t/Z , P t/5C eZ , and P t/5Y Z  are show n in F igure 4.13. The 
results ind icated  that all o f  m ixed-prom oter catalysts had h igher activ ity  and 
stab ility  th an  unprom oted  catalyst. A lthough som e o f  them  had low er initial 
conversion , bu t w ith in  a few  hours o f  reaction tim e, the conversions w ere 
h igher. C om pared  w ith  P t/5C eZ  and P t/5Y Z, although P t/5-5 im  had the low er 
conversion , bu t it could stabilize w ith in  15 hours o f  tim e on stream , w hile  the 
deactivation  o f  P t/5C eZ  and P t/5Y Z  still proceeded.
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F ig u r e  4 .1 3  C H 4 c o n v e rs io n  as a  fu n c tio n  o f  t im e  fo r  m ix e d -p ro m o te r  c a ta ly s ts  p re p a re d  by  im p re g n a tio n  te c h n iq u e
c o m p a re d  w ith  P t/Z , P t/5 C e Z , an d  P t/5 Y Z  c a ta ly s ts  a t C H 4/C O 2 ra tio  o f  2/1 an d  G H S V  o f  4 7 7 5 0 0  h '1 OJCo
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4 .2 .3 .2  C o -p re c ip ita tio n  C a ta ly s t
T able 4.4 show s the B E T  surface area and pore  volum e 

o f  m ixed-p rom o ter catalysts p repared  by co-precip ita tion  technique. It w as 
found that the su rface area  and pore vo lum e increased w ith  increasing 
p rom oter concen tration . T he pore b lock ing  effect w as no t observed  even 
though the to tal p rom oter concen tration  w as about 30% . H ow ever, it could 
no t be concluded  th at co-precip ita tion  catalyst did no t have an effect o f  pore 
b lock ing . It cou ld  be sum m arized  th at the co-precip ita tion  catalyst h ad  h igher 
p rom oter loading  capacity  than  the im pregnation  catalyst.

Table 4.4 B E T  surface area and pore volum e o f  m ixed-prom oter catalysts 
p repared  by co-precip ita tion  technique at C H 4/C O 2 ratio  o f  2/1 and G H SV  o f  
477500 h ' 1

C atalyst
Surface area 

(m 2/g)
Pore vo lum e X  10 ' 2 

(cc/g)
P t/5 -5co(800) 24.98 0.828

P t/15 -15co(800) 32.46 1.138
P t/5 -5co(600) 61.98 2.082

P t/15-15co(600) 75.70 2.460

In fact, the co-precip ita tion  catalyst has a w ell m ixed 
structure  be tw een  support and p rom oter because, in th is m ethod, bo th  o f  them  
d isso lve to gether in so lu tion  and m ay form  chem ical bonds before 
p recip ita ting  out. O n the o ther hand, for the im pregnation  catalyst, the 
p rom oter so lu tion  is physically  loaded to  the pore  o f  the support, so it has a 
g reater chance to  encounter the pore b lock ing  effect.

T he effect o f  calcination  tem peratu re  w as also studied 
for the co -precip ita tion  catalysts. A s seen in T able 4.4 , the co-precip ita tion  
catalysts w hen  calcination  at 800°c  resu lted  in very  low  surface area and pore
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volum e. O n the o ther hand, w hen  the calcination  tem peratu re  w as decreased 
to  600°c, the  su rface  area and pore volum e o f  the catalysts increased, 
sign ifican tly . T he X R D  patterns in F igure 4.14 show ed alm ost com pletely  
m onoclin ic  form  o f  Z r 0 2 after calcination  at 800°c, w hile  the te tragonal form  
w as observed  after calcination  at 6 0 0 °c . This m ean t th at the crysta llograph ic  
form  o f  Z r 0 2 prepared  by co-precip ita tion  technique w as changed  from  
te tragonal to  m onoclin ic  in the tem perature  range o f  about 600-800°C .

The C H 4 conversions o f  m ixed-prom o ter catalysts 
p repared  by  co-precip ita tion  technique calcination  at 6 0 0 °c  and 8 0 0 °c  as a 
function  o f  tim e are show n in F igure 4.15. C orresponding  to the su rface  area, 
the resu lts show ed that co-precip ita tion  catalysts calcination  at 6 0 0 °c  had 
h igher activ ity  and stability  than those calcination  at 800°c .

C om parison o f  the m ixed-prom oter catalysts p repared  
by the im preg nation  and co-precip ita tion  techniques is show n in F igure  4.16. 
It cou ld  be seen that the co-precip ita tion  catalysts had  h igher activ ity  and 
stab ility  than  im pregnation  catalysts w here P t/5-5co(600) had the h ighest 
activ ity  and P t/15-15co(600) had the h ighest stability . T his m ean t th at the 
w ell-m ixed  structure  o f  support and p rom oter o f  the co-precip ita tion  catalyst 
increased  the capacity  o f  m etal loading, leading to h igh  cataly tic  activ ity . The 
rate o f  oxygen  released  from  the support and p rom oter to  p rom ote  th e  clean ing  
m echan ism  m igh t increase, so the co-precip ita tion  catalyst had  h igh  stability .

The results from  the unp rom oted  catalyst, single 
p rom oted  catalysts, and m ixed-prom oter catalysts are show n in F igu re  4.17. 
T he resu lts suggested  that P t/5Y Z had the h ighest in itial conversion , bu t after 
abou t 10 hours o f  reaction  the conversion o f  C H 4 by P t/5 -5co(600) catalyst 
rem ained  high. T herefore, these tw o catalysts w ere  good cand idates fo r the 
dry refo rm ing  reaction .



2T heta  (deg.)

F ig u r e  4 .1 4  X R D  patterns for Z r 0 2 prepared  by co-precip ita tion  technique calcination  at 6 0 0 °c  and 800°C; 
te tragonal form  (★ ), m onoclin ic  form  ( • )
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Figure 4.15 CH 4  conversion as a function of time for mixed-promoter 
catalysts prepared by co-precipitation technique at CH4 /CO 2  ratio of 2 / 1  

and GHSV of 477500 h ' 1

Figure 4.16 CH 4  conversion as a function of time for mixed-promoter 
catalysts prepared by impregnation technique compared with 
co-precipitation technique at CH 4 /CO 2  ratio of 2/1 and GHSV of 477500 
h - 1
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F ig u r e  4 .1 7  C H 4 c o n v e rs io n  as a  fu n c tio n  o f  t im e  fo r  m ix e d -p ro m o te r  c a ta ly s ts  c o m p a re d  w ith  P t/Z , P t/5 C e Z , an d  P t/5 Y Z
c a ta ly s ts  a t C H 4/ C 0 2 ra tio  o f  2/1  an d  G H S V  o f  4 7 7 5 0 0  h '1
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