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4.1 BET surface area

4 .1 .1  T h e  e f f e c t  o f  u r e a  c o n c e n t r a t i o n s  o n  B E T  s u r f a c e  a r e a  o f

C g o .7 5 Z ro .2 5 O 2

C e o .7 5 Z ro .2 5 O 2  c a t a l y s t s  w e r e  p r e p a r e d  b y  u r e a  h y d r o l y s i s .  

T h e  u r e a  c o n c e n t r a t i o n  w e r e  v a r i e d  f r o m  0 .4 M ,  1 M  a n d  2 M .  B E T  s u r f a c e  

a r e a s  o f  C e o .7 5 Z ro .2 5 O 2 w i t h  d i f f e r e n t  u r e a  c o n e n t r a t i o n s  m e a s u r e d  b y  

m u l t i p l e  p o i n t  B E T  m e th o d .  T a b l e  4 .1  s h o w s  B E T  s u r f a c e  a r e a  o f  

C e o .7 5 Z ro .2 5 O 2  w i t h  d i f f e r e n t  u r e a  c o n c e n t r a t i o n s  f o r  b o t h  c a l c i n e d  

t e m p e r a t u r e s  a t  5 0 0 ° c  a n d  9 0 0 ° c .

B E T  s u r f a c e  a r e a s  o f  C e o .7 5 Z ro .2 5 O 2  p r e p a r e d  b y  d i f f e r e n t  

u r e a  c o n c e n t r a t i o n s  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  T h e  s h a p e s  o f  e a c h  

s a m p l e  a r e  a l s o  s im i l a r .  T h e y  a r e  s p h e r i c a l  s h a p e s  c o m p o s e d  w i t h  l o n g  

t h i n  n e e d l e  s h a p e .  T h e r e f o r e ,  t h e  u r e a  c o n c e n t r a t i o n  o f  0 . 4 M  w a s  s e l e c t e d  

f o r  f u r t h e r  ร ณ d y  f o r  t h e  e c o n o m y  r e a s o n .

4 . 1 .2  T h e  E f f e c t  o f  D r y i n g  M e t h o d s  o n  B E T  S u r f a c e  A r e a  o f

C go.75Z ro .2502
C e o .7 5 Z ro .2 5 O 2  c a t a l y s t s  w e r e  p r e p a r e d  b y  u r e a  h y d r o l y s i s  a t

0 .4 M  u r e a .  G e l  o f  C eo .7 5 Z ro .2 5 O 2  w a s  d r i e d  b y  t w o  d i f f e r e n t  m e t h o d s .  T h e  

g e l  t h a t  d r i e d  a t  c o n v e n t i o n a l  c o n d i t i o n  ( 1 0 0 ° C )  is  c a l l e d  x e r o g e l  w h e r e a s  

th e  g e l  t h a t  d r i e d  u n d e r  t h e  s u p e r c r i t i c a l  c o n d i t i o n  o f  e t h a n o l  ( P c = 7 0 b a r ,  

Tc=2 4 3 ° C )  a t  1 0 0  b a r  a n d  2 8 0 ° c  w o u l d  b e  c a l l e d  a e r o g e l .  A s  s h o w n  in  

T a b l e  4 .2 ,  B E T  s u r f a c e  a r e a ,  p o r e  v o l u m e s  a n d  p o r e  s i z e s  o f  x e r o g e l  a n d  

a e r o g e l  f o r  b o t h  c a l c i n e  t e m p e r a t u r e s  a t  5 0 0 ° c  a n d  9 0 0 ° c .
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After calcination at 5 0 0 ° c ,  the BET surface area of xerogel 
and aerogel are similar, while pore volumes and pore sizes of aerogel are 
double when compare to those of xerogel, these results can be explained 
by the collapse of pore structure during drying. When gel was dried under 
conventional method (100°C), liquid trapped in the pore of gel is removed. 
As liquid evaporates, liquid-vapor interface develops inside a pore, and the 
accompanying surface tension pulls on the solid walls of the pore. The 
pore structure collapses during drying along with the differential capillary 
pressure that acts on pores of different sizes. In case of aerogel, the vapor- 
liquid interface disappears under supercritical conditions. Then, there is no 
surface tension to collapse the pores. Large pore volume and diameter of a 
solid can be maintained.

However, the surface area of aerogel and xerogel are 
different at calcined temperature of 9 0 0 ° c .  Aerogel sample has higher 
BET surface area than that of xerogel. The explanation of these results can 
be trusted on the thermal stability of the catalyst. The drying under 
supercritical condition of ethanol enhances the thermal stability of 
Ceo.75Zro.25O2, resulting in better resistance to sintering and deactivation.

From the catalst testing study, xerogel has higher catalytic 
activity for iso-octane than aerogel. Thus, the catalyst dried at 1 0 0 ° c  was 
chosen for the next part of studies.
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Table 4.1 The effect of urea concentration on BET surface area of 
Ceo.75Zro.25O2 prepared with reaction time = 120 hours.

Calcine
Temperature (°C)

BET Surface Area (m2/g) of Ceo.75Zro.25O2

Urea Concentration
0.4M 1M 2M

500 104.5 122.9 132.9
900 14.43 28.12 13.86

Table 4.2 The effect of drying method on BET surface area of 
Ceo.75Zro.25O2 prepared with 0.4M urea and reaction time = 120 hours.

Calcine 
T emperature

(°C)

BET Surface Area 
๙ / ๙

Pore Volume 
(cc/g) Pore Size (nm)

Xerogel Aerogel Xerogel Aerogel Xerogel Aerogel
500 104.5 104.6 0.0953 0.1804 3.58 6.90
900 14.43 31.37 0.0475 0.1014 13.70 12.93

4.1.3 The Effect of Ce and Zr Loading on BET Surface Area
The Cei.xZrx0 2 (x = 0, 0.25, 0.50, 0.75, 1 .0) prepared by 

urea hydrolysis were measures the surface area by the multiple point BET 
method. Table 4.3 and Table 4.4 show the effect of Ce and Zr loading with 
different calcined temperatures and reaction times on the BET surface 
areas of catalysts.

The BET surface areas of Ce|.xZrxC>2, calcined at both 
500°C and 900üc, are higher than those of pure Ce02 and ZrC>2 as can be 
seen in Table 4.1 and Table 4.2. The shape of individual particles can 
explain these results. The shapes of pure Ce02 particles are mainly long



t h i n  n e e d l e  s h a p e ,  w h i l e  th e  s h a p e s  o f  p u r e  Z r 0 2 p a r t i c l e s  a r e  f l a t  a n d  th i c k  

s h e e t .  W h e n  C e 0 2 w a s  d o p e d  w i th  Z 1 O 2 , t h e  lo n g  t h in  n e e d l e  s h a p e  o f  

C e 0 2 w i l l  a r r a n g e  to  th e  s p h e r i c a l  s h a p e ,  r e s u l t i n g  in  a  g r e a t e r  s u r f a c e  

a r e a .

In  a d d i t i o n ,  t h e  i n c r e a s e  in  th e  a m o u n t  o f  Z r 0 2 a d d e d  in  

C e 0 2 l a t t i c e  i n c r e a s e s  th e  s u r f a c e  a r e a  o f  C e i_ xZ r x0 2. F o r  e x a m p l e ,  B E T  

s u r f a c e  a r e a  o f  Ceo.25Zro.75O2 (115.1 ทา2/g) p r e p a r e d  w i th  r e a c t i o n  t i m e  50 
h o u r s  a n d  c a l c i n e d  a t  500°c IS h i g h e r  th a n  t h o s e  o f  Ceo.75Zro.25O2 (104 
ทา2/ g )  a n d  Ce0.5oZr0.5o0 2 (109.6 ทา2/g ) .  T h e  e x p l a n a t i o n  o f  t h e s e  r e s u l t s  c a n  

b e  c o u n t e d  o n  t h e r m a l  s t a b i l i t y  o f  t h e  c a t a l y s t .  T h e  a d d i t i o n  o r  

i n c o r p o r a t i o n  o f  Z r 0 2 to  C e 0 2 a s  a  m i x e d  o x i d e  e n h a n c e s  t h e r m a l  s t a b i l i t y  

o f  C e 0 2, r e s u l t i n g  in  b e t t e r  r e s i s t a n c e  o f  s i n t e r i n g  a n d  d e a c t i v a t i o n  

p r o c e s s .  I t is  c l e a r  t h a t  C e 0 2 u n d e r g o e s  a  r a p i d  c r y s t a l l i n e  g r o w t h  p r o c e s s  

b e c a u s e  B E T  s u r f a c e  a r e a  o f  p u r e  C e 0 2  w i th  th e  r e a c t i o n  t i m e  50 h o u r s  

a n d  120 h o u r s  d e c r e a s e  s i g n i f i c a n t l y  m o r e  t h a n  in  t h e  C e i_ xZ r x0 2. 

C o n s e q u e n t l y ,  t h e  c r y s t a l l i n e  g r o w th  p r o c e s s  is  r e t a r d e d  o r  d i s o r d e r e d  b y  

th e  a d d i t i o n  a n d / o r  i n c o r p o r a t i o n  o f  Z r 0 2 i n to  C e 0 2 l a t t i c e  ( C o l o n  et al.,
1999)

M o r e o v e r ,  t h e  s u r f a c e  a r e a  o f  C e ] .xZ r x0 2 IS s l i g h t l y  e f f e c t e d  

b y  th e  r e a c t i o n  t im e .  T a b l e  4.1 a n d  T a b l e  4.2 s h o w  t h a t  t h e  s u r f a c e  a r e a  o f  

C e / Z r  m ix e d  o x i d e s  p r e p a r e d  w i th  r e a c t i o n  t i m e  120 h o u r s  h a s  h i g h e r  B E T  

s u r f a c e  a r e a  t h a n  t h o s e  w i t h  r e a c t i o n  t i m e  50 h o u r s  d o . B e c a u s e  th e  

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

f u n c t i o n  o f  t h e  r e a c t i o n  t im e .
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Table 4.3 B E T  s u r f a c e  a r e a  o f  c a t a l y s t s  p r e p a r e d  w i th  th e  r e a c t i o n  t im e  = 

5 0  h o u r s .

C a l c i n e
T e m p e r a t u r e

(°C)

B E T  S u r f a c e  A r e a  ( m 2/g )
C e : Z r

1 0 0 :0 7 5 :2 5 5 0 :5 0 2 5 :7 5 0 : 1 0 0
5 0 0 9 7 .2 9 1 0 4 1 0 9 .6 1 1 5 .1 8 2 .9 7
9 0 0 4 . 7 6 4 9 .6 4 8 1 5 .4 5 2 6 .0 1 1 8 .0 2

Table 4.4 B E T  s u r f a c e  a r e a  o f  c a t a l y s t s  p r e p a r e d  w i t h  t h e  r e a c t i o n  t i m e  = 

1 2 0  h o u r s .

C a l c i n e
T e m p e r a t u r e

( ° C )

B E T  S u r f a c e  A r e a  ( m 2/ g )
C e : Z r

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

4 . 1 .4  T h e  E f f e c t  o f  N i  L o a d in g ,  o n  B E T  S u r f a c e  A r e a

C e!_ xZ r x0 2  ( x  =  0 .2 5 ,  0 .5 0  a n d  0 .7 5 )  w e r e  t e s t e d  th e  

c a t a l y t i c  a c t i v i t y  f o r  i s o - o c t a n e  o x id a t i o n .  I t  IS  o b s e r v e d  t h a t  Ceo.75Zro.25O2 

h a s  t h e  h i g h e s t  c a t a l y t i c  a c t i v i t y  f o r  i s o - o c t a n e  o x i d a t i o n .  T h u s ,  5 %  o f  N i  

w a s  l o a d e d  o n  Ceo.75Zro.25O2.
T a b l e  4 .5  s h o w s  th e  e f f e c t  o f  N i  l o a d i n g  o n  th e  B E T  s u r f a c e  

a r e a  o f  c a t a l y s t s  a t  b o t h  c a l c i n e d  t e m p e r a t u r e s  500°c a n d  900°c. 
Ceo.75Zro.25O2 w a s  p r e p a r e d  w i t h  0 .4 M  o f  u r e a  a t  r e a c t i o n  t i m e  1 2 0  h o u r s .  

T h e  o b t a i n e d  g e l  w a s  l o a d e d  w i t h  N i  a n d  d r i e d  a t  100°c. A f t e r  c a l c i n a t i o n  

a t  500°c, t h e  a d d i t i o n  o f  N i  d e c r e a s e s  th e  B E T  s u r f a c e  a r e a  o f



Ceo.75Zro.25O2. The lost of surface area was due to the interaction between 
Ni and the support. However, the 5%Ni/Ceo.75Zr0.2502 has higher BET 
surface area than the unloaded Ceo.75Zro.25O2 at calcined temperature 
900°c. It IS  suggesting that thermal stability of Ceo.75Zro.25O2 be improved 
by the addition of Ni.

Table 4.5 The effect of Ni loading on BET surface area of Ceo.75Zro.25O2 

prepared with 0.4M urea and reaction time = 120 hours.

Calcine
Temperature (๐C)

BET Surface Area (m2/g)
Ceo.75Zro.25O2 5%Ni/Ce0 7sZr0 25O2

500 104.50 70.50
900 14.43 17.30
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4.2 X-Ray Diffraction (XRD)

4.2.1 The XRD Patterns of CcKvZr vCb
The XRD patterns of samples with different Ce and Zr loading 

are given in Figures 4.1 and 4.2 for the samples calcined at 500°c and Figure
4.3 and Figure 4.4 for the samples calcined at 900°c with varying reaction 
times.

Ce02 has the fluorite (CaF2) structure made of a close-packed 
cubic array of metal atoms in which all tetrahedral holes are filled by oxygen 
(Travarelli e t a l., 1997). This structure can be represented by the XRD 
spectrum corresponding to the (111), (200), (200), (311), (222) and (400) 
planes (at about 29°, 33°, 48°, 56°, 60° and 70°, (20)) as shown in Figure 4.1,
4.2, 4.3 and 4.4.

The XRD patterns of Cei_xZrx0 2 catalyst (x = 0, 0.25, 0.50,
0.75 and 1.0) calcined at 500°c shown in Figure 4.1 and 4.2 can be divided 
into two groups. They are the XRD patterns of Ce0.75Zr0 25O2 and the XRD 
patterns of Ce0.5oZr0.5o02.

The XRD pattern of Ce0.75Zr0.25O2 is consistent with that of 
Ce02. The XRD pattern exhibits the six main reflections typical of a cubic 
fluorite-structured material with a fee cell, corresponding to the ( 1 1 1 ), (200), 
(200), (311), (222) and (400) planes (at about 29°, 33°, 48°, 56°, 60° and 70°, 
(20 )).

For the XRD pattern of Ce0.5oZr0.5o0 2, the six main reflections 
typical of a fluorite-structured material with a fee cell were observed. 
However, there is some tetragonality of the obtained phase as indicated by the 
splitting of the (111), (200) and (220) reflection at about 30°, 35° and 50° (20), 
respectively.



35

Cei_xZrx0 2 preferably crystallizes into a cubic phase, if X  is 
equal or lower than 0.50, whereas a tetragonal cell IS  favored for X is higher 
than 0.50 (Figure 4.1 and Figure 4.2).

As shown in Figure 4.1 and Figure 4.2, no peak of Z r02 was 
found in any XRD patterns of Cei_xZrxO2 (x = 0.25, 0.50 and 0.75). It is 
suggesting that Zr was incorporated into the Ce02 lattice to form a solid 
solution while maintain the fluorite structure.

Figures 4.3 and 4.4 show the XRD patterns of Ce,.xZrxO2 with 
the reaction time equal to 50 hours and 120 hours and calcined at 900uc. All 
peaks of Cei.xZrxO2 have the same position as those calcined at 500°c. The 
peak intensity of the sample calcined at 900°c, however, IS  higher than that of 
sample calcined at 500°c. Moreover, the width of the XRD peaks of the 
sample calcined at 900°c is narrower than those calcined at 500°c, suggesting 
an increase in particle size due to the sample sintering (Christine et al., 2000).

The XRD patterns shown in Figure 4.3 and Figure 4.4 can also 
be grouped into two patterns; the XRD pattern of Ceo,75Zro25 0 2 that is similar 
to that of Ce02 alone and the XRD pattern of Ce0 5oZr0.5o0 2.

The XRD pattern of Ceo.75Zio.2502 exhibits the S IX  main 
reflections belong to a cubic fluorite-structured phase with an fee cell, 
corresponding to the (111), (200), (200), (311), (222) and (400) planes (at 
about 29°, 33°, 48°, 56°, 60° and 70°, (29)). This pattern is consistent with that 
of Ce02.

For the XRD pattern of Ce0 5oZr0 5 0 O 2 , these six main 
reflections typical of a fluorite-structured material with a fee cell are also 
observed. However, tetragonal phase was indicated by the splitting of the
(111), (200) and (220) reflection at about 30°, 35° and 50° (29), respectively.

After calcination at 900°c, the Ce 1.xZrx0 2 sample preferably 
crystallizes into a cubic phase, if X  IS  equal or lower than 0.50, whereas a

X  1  C \  ๆ 3  ' 4 0  O S
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tetragonal cell is favored for X  is higher than 0.50. In addition, a monoclinic 
phase is performed in the sample with high Z r02 content.

As shown in Figure 4.3 and Figures 4.4, there is no peak typical 
of free Z r0 2 observed in the XRD patterns of Ce].xZrx0 2 (x = 0.25, 0.50 and
0.75) after calcination at 900°c. Thus, it is suggesting that Z r02 is 
incorporated into Ce02 lattice to form a solid solution while maintain the 
fluorite-structure.

As compare with the XRD spectrum of C e02, the XRD peaks 
that observed for Ce 1.xZrx0 2 solid solution became broader. This broadening 
could be ascribed to the distortion of cubic phase of fluorite structure to a 
tetragonal one. This occurrence was due to the incorporation of Zr into Ce02.
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F ig u re  4.1 XRD patterns o f  Cei.xZrx0 2 with the reaction time equal to 50 hours and calcined at 500°C; (O) tetragonal
phase, (☆ ) cubic phase. น )-0
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Figure 4.2 XRD patterns of Cei_xZrx0 2 with the reaction time equal to 120 hours and calcined at 500°C; (O) tetragonal phase,
(☆ ) cubic phase. o o
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F ig u re  4.3 XRD patterns o f Cei_xZrx0 2 with the reaction time equal to 50 hours and calcined at 900°C; (O) tetragonal
phase, (☆ ) cubic phase, (A) monoclinic phase.
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F ig u re  4.4 XRD patterns o f  Ce!.xZrx 0 2  with the reaction time equal to 120 hours and calcined at 900°C; (O) tetragonal
phase, (☆ ) cubic phase, (A) monoclinic phase.
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4.2.2 The XRD Patterns of Ceo.75Zro.35O2 Prepared with Different
Urea Concentrations
Figure 4.5 and Figure 4.6 show the XRD patterns of 

Ceo.75Zro.25O2 prepared by urea hydrolysis with different urea concentrations at 
reaction time equal to 120 hours and calcined at 500°c and 900°c.

All XRD patterns of Ceo.75Zro.25O2 prepared with 0.4M. 1M and 
2M urea and calcined at 500°c exhibit the cubic fluorite-structured material 
with a fee cell. These patterns are composed of S IX  peaks corresponding to the 
(111), (200), (200), (311), (222) and (400) planes (at about 29°, 33°, 48°, 56°, 
60° and 70°, (29)), which are consistent with that of Ce0 2 - After calcination at 
900°c, the tetragonal phase detected by the splitting of the (111) and (220) 
reflection at about 30° and 50° (20 ) was observed in of Ceo.75Zro.25O2 prepared 
with 1M and 2M urea.

The peak intensity was decreases with the increase in urea 
concentrations. This resulted from the different degree of porosity and 
crystallinity of Ceo.75Zro.25O2 prepared with various urea concentrations. It is 
found that urea concentration does not effect on the structure of the catalyst.

There IS no observation of Z r02 peaks in any the XRD patterns 
of Ceo.75Zro.25O2 prepared with different urea concentrations, suggesting that 
Zr is incorporated into Ce02.
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F ig u re  4.5 XRD patterns o f  Ceo.7 5 Zro.2 5 O2 prepared with different urea concentrations, the reaction time equal to 1 2 0  hours
and calcined at 500°C; (☆ ) cubic phase.



Urea
Cone.
2M

1M

0.4M

F ig u re  4.6 XRD patterns o f  Ceo.7 5 Zro.2 5 O2 with different urea concentrations, the reaction time equal to 1 2 0  hours and
calcined at 900°C; (O) tetragonal phase, (☆ ) cubic phase.
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4.2.3 The XRD Patterns of Ceo.75Zru.25O2 Prepared with Different
Drying Methods
Figure 4.7 and Figure 4.8 display the XRD patterns of 

Ceo.75Zro.25O2 prepared with different drying method at reaction time 120 

hours and calcined at 500°c and 900°c. The xerogel sample is Ceo.75Zro.25O2 

dried at 100°c, and the aerogel sample IS Ceo.75Zro.25O2 dried under the 
supercritical condition of ethanol ((/v=70bar, 7c'=243°C) at 100 bar and 
280°C.

As can be seen in Figure 4.7, the aerogel sample calcined at 
500°c, has similar XRD pattern to that of xerogel sample. The XRD peaks 
corresponding to the (111). (200), (200), (311), (222) and (400) planes (at 
about 29°, 33°, 48°, 56", 60° and 70", (20)) indicate the cubic fluorite-structured 
with a fee cell, which consistent with the XRD pattern of pure CeOo.

The XRD patterns of both xerogel and aerogel calcined at 
900°c are very similar (Figure 4.8). The XRD patterns of both samples index 
the fluorite-structured with an fee cell. In addition, the tetragonal phase IS 
observed in the XRD pattern of the aerogel of Ceo.75Zro.25O2 by the splitting of 
the (111) and (220) reflection at about 30° and 50° (20), respectively.

From Figure 4.8, the difference in the peak intensity IS due to 
the sample sintering. The BET surface area can insist this occurrence. After 
calcination at 900°c. the aerogel has higher BET surface area than the 
xerogel’s. It can be concluded that the drying under super critical condition 
enhances thermal stability of Ceo.75Zro.25O2 catalyst.

There was no free Z r02 detected in any the XRD patterns of 
Ceo.75Zro.25O2 prepared with different drying methods, suggesting that Zr is 
incorporated into Ce02.



F ig u re  4.7 XRD patterns o f  xerogel and aerogel o f  Ceo.7 5 Zro.2 5 O2 with the reaction time equal to 1 2 0  hours and calcined
at 500°C; (☆ ) cubic phase.



F ig u re  4.8 XRD patterns o f  xerogel and aerogel o f  Ceo.7 5 Zro.2 5 O2 with the reaction time equal to 120 hours and calcined at
900°C; (O) tetragonal phase, (☆ ) cubic phase.
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4.2.4 The XRD Patterns of 5%Ni/Ceo,75Zro.2sO?
The comparison of the XRD patterns of 5%Ni/Ceo.75Zr0.2502 

and Ceo.75Zro.25O2 with reaction time are shown in Figure 4.9 and Figure 4 .10 

for the samples calcined at 500°c and 900°c.
The XRD patterns of both samples, calcined at 500°c and 

900°c, exhibits the six main reflections typical of a fluorite-structured material 
with a fee cell, corresponding to the (111), (200), (200), (311), (222) and (400) 
planes (at about 29°, 33°, 48°, 56°, 60° and 70°, (20)). This pattern is consistent 
with that of Ce02.

As shown in Figure 4.9 and Figure 4.10, all peaks of the XRD 
spectra of Ceo.75Zro.25O2 have higher intensity  than those of 
5%Ni/Ce0.75Zro.2502. This occurrence was due to the increase particle size due 
to the sample sintering. Thus, the addition of Ni can improve the thermal 
stability of Ceo.75Zro.25O2 catalyst. However, There is no NiO was observed in 
the XRD spectra of 5%Ni/Ceo.75Zr0 25 0 2, suggesting that Ni IS highly dispersed 
on Ceo.75Zro.25O2.

'



5%Ni/Cea 75 Zr 025o  2

F ig u re  4.9 XRD patterns o f 5 % Ni/Ce0 .7 5 Zro.2 5 0 2 with the reaction time equal to 120 hours and calcined at 500°C; (☆ )
cubic phase.
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F ig u re  4.10 XRD patterns o f 5 % Ni/Ce0 .7 5 Zro.2 5 0 2 with the reaction time equal to 120 hours and calcined at 900°C; (☆ )
cubic phase.
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4.3 FT-Raman Spectroscopy

4.3.1 The FT-Raman of Ce^yZr x0 2

Figure 4.11 to Figure 4.14 exhibit the FT-Raman spectra of 
Cei-xZr x0 2 catalyst (x = 0, 0.25, 0.50, 0.75 and 1 .0) with varying reaction time 
in the wavelength 400 to 900 cm'1.

The summary of the FT-Raman results are reported in Table
4.6 for Cei_xZrx0 2 calcined at 500°c, and Table 4.7 for the sample calcined at 
900°c.

Table 4.6 Raman Shift of strong peaks of FT-Raman spectra of Cei-xZrxO2 

catalyst calcined at 500°c.

Reaction 
time (hr)

Raman shift (cm 1)
Ce:Zr Ratio

100:0 75:25 50:50 25:75 0:100
50 465 464 465 465 -
120 463 463 463 463 -

Table 4.7 Raman Shift of strong peaks of FT-Raman spectra of Cei_xZr xO2 

catalyst calcined at 900°c.

Reaction 
time (hr)

Raman shift (cm 1)
Ce:Zr Ratio

100:0 75:25 50:50 25:75 0:100
50 466 466 466 466 -
120 465 466 465 466 -
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The Raman spectra of Ce!_xZrxO2 with reaction time 50 hours 
and 120 hours are veiy similar. The spectrum of those calcined at 500°c 
feature a strong peak at about 465 cm' 1 as can be seen in Figure 4.11 and 
Figure 4.12. The peak at 465 cm' 1 is characteristic of the F2g Raman active of a 
fluorite-structured. The patterns suggested some distortion of the oxygen 
lattice, which is consistent with the presence of cubic phases.

Figure 4.13 and 4.14 show the Raman spectra of Cei_xZrx0 2 

calcined at 900°c that is similar to the Raman spectra of those of calcined at 
500°c as shown in Figure 4.11 and 4.12. The spectrum of those calcined at 
900"C also feature a strong peak at about 465 cm'1, which is typical of the F2g 
Raman active of a fluorite-structured. The peak intensity of the Raman spectra 
of those calcined at 900°c, however, is higher than those calcined at 500l’C. 
This is consistent with sample sintering. The different intensity of the peaks in 
the samples may originate from the different degree of porosity and 
crystallinity of the catalyst. No peak of free Z r02 were detected, indicating 
that Zr was incorporated into Ce02.

I
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Figure 4.11 FT-Raman Spectra of Ce,_xZrx0 2 with the reaction time equal to 50 hours and calcined at
500°c
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Figure 4.12 FT-Raman Spectra o f Ce,_xZrx0 2 with the reaction time equal to 120 hours and calcined at
500°c
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Figure 4.13 FT-Raman Spectra of Ce,.xZrx0 2 with the reaction time equal to 50 hours and calcined at 
900°c
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Figure 4.14 FT-Raman Spectra of Ce,.xZrx0 2 with the reaction time equal to 120 hours and calcined at 
900°c
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4.3.2 The FT-Raman Spectra of Ceo.75Zxo.25O2 Prepared Different
Urea Concentrations
Figure 4.15 to figure 4.16 shows the FT-Raman spectra of 

Ceo.75Zro.25O2 catalyst prepared with varying urea concentration in the 
wavelength 400 to 900 cm'1. Table 4.8 shows the summary of the FT-Raman 
results for the samples calcined at 500°c and 900°c.

As can be seen in Figure 4.15 and Figure 4.16, the FT-Raman 
spectra of Ceo.75Zro.25O2 catalyst with 0.4M, 1M and 2M of urea are very 
similar. The spectrum at about 465 cm"1 representative of the cubic fluorite- 
structured in the F2g Raman active mode. The different peak intensity was 
resulted from the different degree of porosity and crystallinity.

Table 4.8 Raman Shift of strong peaks of FT-Raman spectia of Ceo.75Zro.25O2 

prepared by various urea concentrations.

Calcine
temperature ( C)

Raman shift (cm4)
Urea concentration

0.4 M 1 M 2 M
500 463 462 462
900 465 466 466
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4.3.3 The FT-Raman Spectra of Ceo.75ZrQ.25O2 Prepared Different
Drying Methods
Figure 4.17 to figure 4.18 shows the FT-Raman spectra of 

Ceo.75Zro.25O2 catalyst with varying drying methods in the wavelength 400 to 
900 cm"1. Table 4.9 exhibits the summary of the FT-Raman results for the 
samples calcined at 500°c and 900°c.

The Raman spectra of the aerogel and xerogel are very similar 
as shown in Figure 4.17 to figure 4.18. The Raman spectrum typical of the F2g 
Raman active mode of a fluorite-structured IS observed at the peak about about 
465 cm"1. The difference of peak intensity indicated the difference in 
crystallize size due to the sample sintering.

Table 4.9 Raman Shift of strong peaks of FT-Raman spectra of Ceo.75Zro.25O2 

prepared by different urea concentration.

Calcine temperature
(°C)

Raman shift (cm 1)
Drying method

xerogel aerogel
500 463 465
900 465 465
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Figure 4.15 FT-Raman Spectra of Ce0 7 5 Zr0  2 5 (ว2 prepared with different urea concentrations, the reaction
time equal to 120 hours and calcined at 500°c
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Figure 4.16 FT-Raman Spectra of Ce0 75Zr025o 2 prepared with different urea concentrations, the reaction 
time equal to 120 hours and calcined at 900°c
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Figure 4.17 FT-Raman spectra of the xerogel and aerogel of Ce0 7 5 Zr0 2 5 0 า with the reaction time equal to
120 hours and calcined at 5 0 0 ° c
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Figure 4.18 FT-Raman Spectra of the xerogel and aerogel of Ce0  7 5 Zr0  2 5  0 2 with the reaction time equal to
120 hours and calcined at 9 0 0 ° c
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S c a n n i n g  E l e c t i o n  M i c r o s c o p e  ( S E M )  w a s  u s e d  to  i n v e s t i g a t e d  th e  

m o r p h o l o g y  o f  C e i . xZ r x0 2  ( x  =  0 ,  0 .2 5 ,  0 .5 0 ,  0 .7 5  a n d  1 .0 )  c a t a l y s t s ,  w h ic h  a r e  

th e  n o n - c a l c i n e d  s a m p l e s ,  c a l c i n e d  a t  5 0 0 ° c  s a m p l e s  a n d  c a l c i n e d  a t  9 0 0 ° c  

s a m p l e s  a s  s h o w n  in  F ig u r e  4 . 1 9  to  F ig u r e  4 .2 6 .

T h e  s h a p e s  o f  C e 0 2  p a r t i c l e  a r e  m a i n l y  l o n g  t h in  n e e d l e  s h a p e s ,  w h i l e  

t h e  s h a p e  o f  p u r e  Z r 0 2  a r e  m o s t l y  t h i c k  s h e e t s .  A f t e r  Z r  w a s  i n c o r p o r a t e d  in  

Ce02 l a t t i c e ,  t h e  s h a p e s  o f  C e i - xZ r xO 2 ( x  =  0 .2 5 ,  0 .5 0  a n d  0 .7 5 )  l o o k  l ik e  a  

s p h e r i c a l  s h a p e  c o m p o s e d  o f  l o n g  t h in  n e e d l e  s h a p e s .  T h e r e f o r e ,  

C e o .7 5 Z ro .2 5 O 2 , C e 0 .5 0 Z r 0 .5 0 O 2  a n d  Ceo.25Zro.75O2 h a v e  h i g h e r  B E T  s u r f a c e  a r e a  

t h a n  p u r e  C e 0 2 .

T h e  e f f e c t s  o f  u r e a  c o n c e n t r a t i o n  o n  th e  m o r p h o l o g y  o f  C e o .7 5 Z ro .2 5 O 2 , 

w h i c h  a r e  n o n - c a l c i n e d  s a m p l e s ,  c a l c i n e d  a t  5 0 0 ° c  s a m p l e s  a n d  c a l c i n e d  a t  

9 0 0 ° c  s a m p l e s ,  w e r e  s h o w n  in  F ig u r e  4 . 2 7  to  F ig u r e  4 .2 9 .  T h e  s h a p e s  o f  

C e o .7 5 Z ro .2 5 O 2  p a r t i c l e s  p r e p a r e d  w i t h  0 .4 M ,  1 M  a n d  2 M  a r e  s im i l a r ,  w h i c h  a r e  

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

B E T  s u r f a c e  a r e a  a n d  X R D  r e s u l t s  t h a t  u r e a  c o n c e n t r a t i o n  d o e s  n o t  a f f e c t  o n  

th e  p r o p e r t i e s  o f  C e o .7 5 Z ro .2 5 O 2 .

The particle shapes o f  the aerogel o f  Ceo.75Zro.25O2 and 
5%Ni/Ce0,75Zr0.25O2 are similar to Ceo.75Zro.25O2 as shown in Figure 4.30 and 
Figure 4.31. For the 5 %Ni/Ceo.75Zr0.2 5 0 2 sample, no Ni was discovered on the 
surface o f  5%Ni/Ce0 75Zr02 5O2 particles. It is suggesting that Ni IS highly 
dispersed on Ceo.75Zro.25O2 .

4.4 Scanning Electron Microscope (SEM)
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(a)

Figure 4.19 SEM pictures o f non-calcined C e0 2 (a) and Ceo.7 5 Zro.2 5 O2 (b)
with the reaction time 1 2 0 hours.



( b )

Figure 4.20 SEM pictures of non-calcined Ce0 .5 oZr0 50O2 (a) and
Ceo.2 5 Zro.7 5 O2 (b) with the reaction time 1 2 0 hours.
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(a)

( b )

Figure 4.21 SEM pictures of non-calcincd Z r0 2 (a) and C e 0 2 calcined at
500°c (b) with the reaction time 120hours.
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(b)

Figure 4.22 SEM pictures of Ceo.7 5 Zro.2 5 O2 (a) and Ce0 .5 oZr0 .5 o0 2 (b) with the
reaction time 120hours and calcined at 500°c.
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(a)

(b)

Figure 4.23 SEM pictures of Ceo.2 5 Zro.7 5 O2 calcined at 500°c (a) and Z r0 2
calcined at 900°c (b) with the reaction time 120hours and calcined at 500°c.
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(a)

(b)

Figure 4.24 SEM pictures of C e0 2 (a) and Ceo.7 5 Zro.2 5 O2 (b) with the reaction
time 120hours and calcined at 900°c.
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(a)

(b)

Figure 4.25 SEM pictures of C e 0.5o Z r 0.5o0 2 (a) and C e o .25Z r o .75O 2 (b) with the
reaction time 120hours calcined at 900°c.
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Figure 4.26 SEM pictures of Zr02 with the reaction time 120hours calcined at 
900°c.
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(b)

Figure 4.27 S E M  p i c t u r e s  o f  n o n - c a l c i n e d  C e o .7 5 Z ro .2 5 O 2 p r e p a r e d  w i t h  I M  

u r e a  ( a )  a n d  2 M  u r e a  ( b ) .  r e a c t i o n  t i m e  1 2 0 h o u r s .

I
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( b )

Figure 4.28 S E M  p i c t u r e s  o f  C e o  .7 sZ ro .2 s 0 2  p r e p a r e d  w i t h  I M  u r e a  ( a )  a n d  2 M  
u r e a  ( b ) ,  r e a c t i o n  t i m e  1 2 0 h o u r s  c a l c i n e d  a t  5 0 0 ° c .
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( b )

I

Figure 4.29 S E M  p i c t u r e s  o f  C e o .7 5 Z ro .2 5 O 2 p r e p a r e d  w i t h  1 M  u r e a  ( a )  a n d  2 M  

u r e a  ( b ) ,  r e a c t i o n  t i m e  1 2 0 h o u r s  c a l c i n e d  a t  9 0 0 ° c .



74

( b )

(c)

F igure 4.30 S E M  p i c t u r e s  o f  t h e  a e r o g e l  o f  C e o .7 5 Z ro .2 5 O 2  p r e p a r e d  w i t h  0 .4 M  

u r e a ,  r e a c t i o n  t i m e  1 2 0 h o u r s  n o n - c a l c i n e d  ( a ) ,  c a l c i n e d  a t  500°c ( b )  a n d  

c a l c i n e d  a t  900°c ( c ) .
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Figure 4.31 S E M  p i c t u r e s  o f  5 % N i / C e 0 .7 5 Z ro .2 5 0 2  p r e p a r e d  w i t h  0 .4 M  u r e a ,  

r e a c t i o n  t i m e  1 2 0 h o u r s  a n d  n o n - c a l c i n e d  ( a ) ,  c a l c i n e d  a t  5 0 0 ° c  ( b ) ,  a n d  

c a l c i n e d  a t  9 0 0 ° c  ( c ) .
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4.5 Catalyst Testing

4 .5 .1  I s o - o c t a n e  O x i d a t i o n  o v e r  C c i . x Z r vO->

Figure 4.32 L i g h t  o f f  t e m p e r a t u r e  o f  i s o - o c t a n e  o x i d a t i o n  a t  0 2/ C  r a t i o  =  1/1 
o v e r  C e i_ xZ r xO 2  w i t h  r e a c t i o n  t i m e  1 2 0  h o u r s  a n d  c a l c i n e d  a t  5 0 0 ° C :

(♦ ) C e o .7 5 Z ro .2 5 O 2 , (■ ) C e 0 .5 0 Z r 0 .5 0 O 2  a n d  ( A  ) C eo .2 5 Z ro .7 5 C L.

C e i_ x Z r xO 2  ( x  =  0 .2 5 ,  0 . 5 0  a n d  0 . 7 5 )  w i t h  r e a c t i o n  t i m e  1 2 0  

h o u r s  a n d  c a l c i n e d  a t  5 0 0 ° c  w e r e  t h e  c a t a l y t i c  a c t i v i t y  f o r  i s o - o c t a n e  o x i d a t i o n  

a t  0 2/C  o f  1 /1 . A l l  c a t a l y s t s  h a v e  s i m i l a r  l i g h t  o f f  p a t t e r n .  T h e  s h a p e  o f  l i g h t  

o f f  t e m p e r a t u r e  c a n  b e  d i v i d e d  i n to  3 r e g io n s .  F i r s t ,  t h e  i s o - o c t a n e  c o n v e r s io n  

s l i g h t l y  i n c r e a s e s  a t  l o w  t e m p e r a t u r e .  T h e n ,  t h e  c o n v e r s i o n  r i s e s  s h a r p l y  a n d  

i n c r e a s e s  s l o w l y  to  t h e  f i n a l  CPI v e r s io n .  T h e  f i n a l  c o n v e r s i o n  d i d  n o t  r e a c h  

1 0 0 %  i s o - o c t a n e  c o n v e r s i o n  b e c a u s e  th e  o x y g e n  i s  c o n s u m e d  u p .

Light off temperature of ca. 340, 360 and 390 were observed 
for Ceo.75Zro.25O2, Ceo.50Zro.50O2 and Ceo.25Zro.75O2 , respectively. I t  IS found 
that Ceo.75Zro.2 5O2 has the lowest light off temperature compared to the other 
two catalysts. Thus, Ceo.75Zro.2 5O2 has the highest catalytic activity for iso­
octane oxidation.
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T h i s  o c c u r r e n c e  c a n  b e  e x p l a i n e d  b y  t h e  X R D  r e s u l t s  ( F i g u r e  

4 .2 ) .  O n l y  X R D  p a t t e r n  o f  C e o .7 5 Z ro .2 5 O 2  is  s i m i l a r  t o  th e  c u b ic  f l u o r i t e  

s P  u c t u r e d  o f  C e 0 2, w h i l e  t h e  c h a r a c t e r i s t i c  o f  t e t r a g o n a l i t y  w a s  o b s e r v e d  in  

t h e  X R D  p a t t e r n  o f  C e 0 .5o Z r 0 .5o0 2  a n d  C eo .2 5 Z ro .7 5 O 2 . I t  c a n  b e  s u m m a r i z e d  th a t  

t h e  s o l i d  s o l u t i o n  o f  C e  a n d  Z r  IS m a i n l y  f o u n d  in  C e o .7 5 Z ro .2 5 O 2 , a n d  s m a l l  

a m o u n t  o f  s o l i d  s o l u t i o n  w a s  o b s e r v e d  in  C e 0  5 o Z r 0 .5 o0 2  a n d  C e o .2 5 Z ro .7 5 O 2 . A s  

r e p o r t e d  b y  F o m a s i e r o  el al. ( 1 9 9 6 ) ,  C e i_ xZ r x0 2  w i t h  h i g h  s o l i d  s o l u t i o n  c a n  

b e  r e d u c e d  e a s i l y  e v e n  a t  l o w  t e m p e r a t u r e .  T h u s ,  C e o .7 5 Z ro .2 5 O 2  w i t h  th e  l o w e s t  

l i g h t  o f f  t e m p e r a t u r e  h a s  t h e  b e s t  a c t i v i t y  f o r  i s o - o c t a n e  o x i d a t i o n .

4 . 5 .2  T h e  L ig h t  o f f  T e m p e r a t u r e  o v e r  C e o 7 5 Z r o 9 5 0 ? C a l c i n e d  a t  

5 0 0 ° c  a n d  9 0 0 ° c

10 0  150  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  5 0 0  5 5 0  6 0 0
T e m p e r a tu r e  (°C )

Figure 4 .3 3  L i g h t  o f f  t e m p e r a t u i  o f  i s o - o c t a n e  o x i d a t i o n  a t  0 2/ C  r a t i o  =  1/1

o v e r  C e o .7 5 Z ro .2 5 O 2  c a l c i n e d  a t  (♦ ) 5 0 0 ° c  a n d  (■ ) 9 0 0 ° c .
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The light off temperature of iso-octane oxidation at 0 2/C  ratio 
equal to 1/1 over Ceo.75Zro.25O2 with reaction time 1 2 0  hours and calcined at 
5 0 0 ° c  and 9 0 0 ° c  is presented in Figure 4.37. The light off temperature of 
440°c was observed for Ceo.75Zro.25O2 calcined at 500°c,. while the light off 
temperature for the sample calcined at 9 0 0 ° c  can not observe in this range of 
temperature.

C e o .7 5 Z ro .2 5 O 2  c a l c i n e d  a t  500uc  h a s  b e t t e r  a c t i v i t y  f o r  i s o ­

o c t a n e  o x i d a t i o n  t h a n  t h a t  c a l c i n e d  a t  900°c. T h e r e f o r e ,  C e o .7 5 Z ro .2 5 O 2  w a s  

s e l e c t e d  f o r  f u r t h e r  s tu d y .

4 .5 .3  T h e  L ig h t  o f f  T e m p e r a t u r e  o v e r  X e r o g e l  a n d  A e r o g e l  o f

Ceo.75Zro.25Q2

T e m p e r a tu r e  (°C )

Figure 4.34 Light off temperature of iso-octane oxidation at O2/C ratio = 1/1 
over (♦ ) xerogel of Ceo.75Zro.25O2 and (■ ) aerogel of Ceo.75Zro.25O2 with 
reaction time 120 hours and calcined at 500°c.
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F ig u r e  4 .3 3  s h o w s  th e  l i g h t  o f f  t e m p e r a t u r e  o f  C 8H 18  o x id a t i o n  

o v e r  x e r o g e l  o f  C e o .7 5 Z ro .2 5 O 2  a n d  a e r o g e l  o f  C eo .7 5 Z io .2 5 O 2  w i t h  r e a c t i o n  t im e  

1 2 0  h o u r s  a n d  c a l c i n e d  a t  5 0 0 ° c .  T h e  l i g h t  o f  t e m p e r a t u r e  o f  c a .  3 4 0  a n d  

3 9 0 ° c  w e r e  o b s e r v e d  f o r  x e r o g e l  o f  C e o .7 5 Z ro .2 5 O 2  a n d  a e r o g e l  o f  

C eo . 7 sZ ro .2 5 0 2 , r e s p e c t i v e l y .  T h e  C e o .7 5 Z ro .2 5 O 2  h a s  t h e  l o w e r  l i g h t  o f f  

t e m p e r a t u r e  t h a n  th e  a e r o g e l  o f  C e o .7 5 Z ro .2 5 O 2 . I t  is  s u g g e s t i n g  t h a t  x e r o g e l  o f  

C e o .7 5 Z ro .2 5 O 2  h a s  b e t t e r  c a t a l y t i c  a c t i v i t y  t h a n  a e r o g e l  o f  C e o .7 5 Z ro .2 5 O 2 

T h e r e f o r e ,  5 %  N i  w a s  l o a d e d  o n  t h e  x e r o g e l  o f  C e o .7 5 Z ro .2 5 O 2 .

4 . 5 .5  T h e  L i g h t  o f f  T e m p e r a t u r e  o v e r  C e o 7 5 Z r o 7 s0 7  a n d  5 % N i /  

C c o .7 5 Z ro .2 5 O 2

10 0  15 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  5 0 0  5 5 0  6 0 0  6 5 0

T e m p e r a tu r e  (๐C )

Figure 4.35 L i g h t  o f f  t e m p e r a t u r e  o f  i s o - o c t a n e  o x i d a t i o n  a t  0 2/ C  r a t i o  =  1/1 
o v e r  (♦ ) C e o .7 5 Z ro .2 5 O 2  a n d  (■ ) 5 % N i/C e o .7 5 Z r 0.25 0 2  w i th  r e a c t i o n  t u n e  1 2 0  

h o u r s  a n d  c a l c i n e d  a t  500°c.

A f t e r  C e o .7 5 Z ro .2 5 O 2  p r e p a r e d  w i t h  0 .4 M  u r e a  a t  t h e  r e a c t i o n  

t i m e  1 2 0  h o u r s  a n d  c a l c i n e d  a t  5 0 0 ° c  w a s  p r o v e n  to  b e  t h e  m o s t  a c t i v e  

c a t a l y s t  f o r  i s o - o c t a n e  o x i d a t i o n ,  5 % N i  w a s  l o a d e d  o n  C eo .7 5 Z ro .2 5 O 2 . F ig u r e

4 .3 5  s h o w s  t h e  l i g h t  o f f  t e m p e r a t u r e  o f  i s o - o c t a n e  o x i d a t i o n  a t  0 2/C  r a t i o  =
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1 / 1  o v e r  C e o .7 5 Z ro .2 5 O 2  a n d  5 % N i /C e o . 7 5 Z r 0 .2 5 0 2  w i t h  r e a c t i o n  t i m e  1 2 0  h o u r s  

a n d  c a l c i n e d  a t  5 0 0 ° c .  S u r p r i s i n g l y ,  5 % N i /C e o . 7 5 Z ro .2 s 0 2  h a s  h i g h e r  l i g h t  o f f  

t e m p e r a t u r e  t h a n  t h a t  o f  C e o .7 5 Z ro .2 5 O 2 . In  t h e  o t h e r  w o r d ,  5 % N i / C e 0  7 5 Z 1 0 2 5 O 2 

h a s  l o w e r  c a t a l y t i c  a c t i v i t y  t h a n  C e o .7 5 Z ro .2 5 O 2 . H o w e v e r ,  t h e  h i g h e r  i s o - o c t a n e  

c o n v e r s i o n  w a s  o b t a i n e d  f r o m  5 % N i /C e o  7 5 Z 1 0  2 5 O 2  a t  h i g h  t e m p e r a t u r e .

The increase 111 iso-octane oxidation at high temperature 
by using 5%Ni/Ceo.75Zr0.25 0 2 can be explained by the product selectivity of 
each catalyst. Figure 4 .3 6  and 4 .3 7  show the product selectivity obtained from 
iso-octane oxidation over Ceo.75Zro.25O2 and 5%Ni/Ce0.75Zro.25 0 2, respectively. 
The main product obtained from iso-octane oxidation over Ceo.75Zro.25O2 and 
is C02, while little yield of C O  was observed 111 the range of ca.280-350°C as 
shown in Figure 4 .3 6 .  The presence of C O  product cause a slightly drop in 
C02 product selectivity in the range of ca.280-350°C (Figure 4.36a)) For 
5 % N i / C e 0  75Zr0.2 5O2, C02 is the main product in the first range of temperature. 
Then, CO and H 2  were observed when the temperature is higher than 4 5 0 ° c  

(Figure 4 .3 7 ) .  It can be concluded that 5 %Ni/Ceo.75Zr0 .2 5 0 2 can enhances the 
partial oxidation reaction (2 .1 1 ) of iso-octane, resulting in higher conversion 
of iso-octane at high temperature. Moreover, high selectivity of H 2  was 
achieved from the oxidation of iso-octane over 5 %Ni/Ce0 ,75Zro.2 5 0 2 catalyst. 
While no H 2  was observed from iso-octane oxidation over Ceo.75Zro.2 5O2 .

I n  c a s e  o f  5 % N i / C e 0  .7 5 Z 1 0 .2 5 O 2 , t h e  o b s e r v e d  H 2/ C O  r a t i o  ( c a

3 . 5 - 5 .0 )  is  h i g h e r  t h a n  2 , w h i c h  is  s t o i c h i o m e t r i c  r a t i o  o f  H 2/ C O  p r o d u c t  r a t i o  

in  p a r t i a l  o x i d a t i o n  r e a c t i o n .  I t  is  s u g g e s t i n g  t h a t  H 2  c a n  n o t  b e  p r o d u c e d  f r o m  

p a r t i a l  o x i d a t i o n  o n ly .  O t s u k a  et al. ( 1 9 9 9 )  r e p o r t e d  t h a t  t h e  H 2/ C O  r a t i o  b e i n g  

h i g h e r  t h a n  2  i n d i c a t e d  t h e  d e p o s i t i o n  o f  c a r b o n a c e o u s  s p e c i e s .  C 8 H 1S is  

d e c o m p o s e d  to  c a r b o n a c e o u s  s p e c i e s  a t  h i g h  t e m p e r a t u r e .  B y  th e  p r e s e n c e  o f  

C e 3 s i t e s  in  t h e  c a t a l y s t ,  c a r b o n a c e o u s  s p e c i e s ,  w h i c h  i s  a  r e a c t i o n  

i n t e r m e d i a t e ,  w i l l  b e  o x i d i z e d  to  H 2  a n d  C O . T h e r e f o r e ,  H 2  c a n  b e  p r o d u c e d

I
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from partial oxidation reaction and the decomposition of carbonaceous 
species, resulting in high H2/CO product ratio (> 2).

100 150 200 250 300 350 400 450 500 550 
Temperature (°C)

100 150 200 250 300 350 400 450 500 550 
Temperature (°C)

Figure 4.36 Selectivity of C02 and Selectivity of CO product from iso-octane 
oxidation at 0 2/C =1/1 over Ceo.75Zro.2 5O2 with reaction tune 1 2 0  hours 
calcined at 500°C; a) C02 selectivity and b) CO selectivity
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F i g u r e  4 .3 7  S e l e c t i v i t y  o f  C 0 2, C O  a n d  H 2 p r o d u c t  f r o m  i s o - o c t a n e  o x id a t i o n  

a t  0 2/C  r a t i o  =  1/1 o v e r  5 % N i / C e () 7 5Z r 0 250 2 w i t h  r e a c t i o n  t i m e  1 2 0  h o u r s  

c a l c i n e d  a t  5 0 0 ° C ;  (♦ ) C 0 2, ( ■  ) C O  a n d  ( A )  H 2 .
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5 % N i / C e n 75Z r ก 250 2

4.5.6 The Effect of Q2/c  Ratio on Liuht off Temperature over

F i g u r e  4 .3 8  The effect of 0 2/C on light off temperature of iso-octane 
oxidation over 5%Ni/Ce0 75Z10.25O2; 0 2/C ratios: ( • )  0 . 1 2 5 / 1 ,  (▲  ) 0 .2 5 / 1 ,  ( ■  ) 
0 .5 0 /1  and ( ♦ )  1 /1 .

In  a u t o t h e r m a l  s y s t e m ,  h e a t  g e n e r a t e d  f r o m  p a r t i a l  o x id a t i o n  

r e a c t i o n  w i l l  b e  s u p p l i e d  to  s t e a m - r e f o r m i n g  r e a c t i o n .  T h e r e f o r e ,  0 2/C  r a t i o  

w a s  v a r i e d  f r o m  0 .1 2 5 ,  0 .2 5 ,  0 .5 0  a n d  1, w h i c h  w a s  n o t  e x c e e d e d  th e  0 2/C  

s t o i c h i o m e t r i c  r a t i o  f o r  i s o - o c t a n e  p a r t i a l  o x i d a t i o n  ( O 2 / C H . 2 ).

F ig u r e  4 .3 8  s h o w s  t h e  e f f e c t  o f  0 2/C  o n  l i g h t  o f f  t e m p e r a t u r e  o f  

i s o - o c t a n e  o x i d a t i o n  o v e r  5 % N i /C e 0  7 5 Z r 0 2 5 O 2. T h e  s i m i l a r  l i g h t  o f f  p a t t e r n s  

w a s  o b s e r v e d  f o r  e a c h  0 2/C  r a t io .  T h e  l i g h t  o f f  t e m p e r a t u r e  o f  4 4 0 ° c  a n d  

5 2 0 " C  w e r e  o b s e r v e d  f o r  o 2/ C  r a t i o  o f  0 .5 /1  a n d  1 /1 . T h e  l i g h t  o f f  t e m p e r a t u r e  

f o r  o 2/C  r a t i o  o f  0 .1 2 5 /1  a n d  0 .2 5 /1  c a n  n o t  o b s e r v e d  in  t h i s  t e m p e r a t u r e  

r a n g e .  I t  is  o b s e r v e d  t h a t  t h e  i s o - o c t a n e  c o n v e r s i o n  i n c r e a s e s  w i t h  i n c r e a s i n g  

o 2/ c  r a t io .  T h e  h i g h e s t  c a t a l y t i c  a c t i v i t y  o f  5 % N i / C e 0 75Z r 0 25(ว 2 f o r  i s o - o c t a n e  

o x i d a t i o n  w a s  o b t a i n e d  a t  o 2/ C  r a t i o  o f  1 /1 .
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F ig u r e  4 . 3 9  s h o w s  t i le  i n f l u e n c e  o f  s t e a m / c a r b o n  r a t i o s  o n  th e  H 2/C O  

p r o d u c t  r a t i o  in  a u t o t h e n n a l  s y s t e m  o f  i s o - o c t a n e  o v e r  5 % N i / C e 0 7 5Z r 0 2 5 O 2 

c a t a l y s t .  T h e  e x p e r i m e n t  is  d o n e  a t  c o n s t a n t  0 2/C  r a t i o  =  1/1 o n  a c c o u n t  o f  

5 O/o N i /C e „ 7 5Z r0  2 5 O 2  e x h i b i t e d  t h e  h i g h e s t  c a t a l y t i c  a c t i v i t y  f o r  i s o - o c t a n e  

o x i d a t i o n  a t  0 2/C  o f  1 /1 .

H 2 c a n  b e  p r o d u c e d  a t  t h e  t e m p e r a t u r e  a b o v e  4 5 0 " c .  T h e  o b s e r v e d  

F F /C O  r a t i o  ( > 8 .3 7 5 )  i n d i c a t e d  t h a t  w a t e r - g a s  s h i f t  r e a c t i o n  o c c u r r e d  

s i m u l t a n e o u s l y  w i th  s t e a m  r e f o r m i n g  r e a c t i o n .  M o r e o v e r ,  H 2/ C O  p r o d u c t  r a t io  

s t r o n g l y  d e p e n d s  o n  th e  c o n c e n t r a t i o n  o f  s t e a m  a t  l o w  t e m p e r a t u r e  ( 4 5 0 -  

5 0 0 ° C ) .  W h i l e  H 2/ C O  r a t i o  w a s  s l i g h t l y  c h a n g e d  w i t h  th e  i n c r e a s e  in  F F O /C  

r a t i o  a t  t e m p e r a t u r e  a b o v e  5 5 0 ° c .  H o w e v e r ,  H 2/ C O  r a t i o  d e c r e a s e s  w i th  

i n c r e a s i n g  t e m p e r a t u r e .  T h i s  r e s u l t  is  c o r r e s p o n d e n t  w i th  th e  f a c t  t h a t  w a t e r -  

g a s  s h i f t  r e a c t i o n  is  n o t  t h e r m o d y n a m i c a l l y  f a v o r e d  a t  h i g h  t e m p e r a t u r e  

( C h o u d h a r y  el a i , 1 9 9 8 ) .  F ig u r e  4 . 4 0  c a n  c o n f i r m  th i s  e x p l a n a t i o n .

F ig u r e  4 . 4 0  s h o w s  th e  e f f e c t  o f  H 20 / C  r a t i o  o n  C O  s e l e c t i v i t y .  C O  

s e l e c t i v i t y  i n c r e a s e s  w i th  i n c r e a s i n g  t e m p e r a t u r e .  H o w e v e r ,  C O  s e l e c t i v i t y  

d e c r e a s e s  w h e n  t h e  s t e a m  c o n c e n t r a t i o n  i n c r e a s e s .  I t  is  s u g g e s t i n g  th a t  th e  

p a r t i a l  o x i d a t i o n  m ig h t  b e  i n h i b i t e d  b y  t h e  a d d i t i o n  o f  s t e a m .  I n  a d d i t i o n ,  th e  

i n c r e a s e  in  s t e a m / c a r b o n  r a t i o  e n h a n c e s  th e  w a t e r - g a s  s h i f t  r e a c t i o n  r a t e ,  b u t  

d e c r e a s e s  th e  c o n c e n t r a t i o n  o f  C O . S in c e  C O  is  t h e  r e a c t a n t  in  th e  w a t e r - g a s  

s h i f t  r e a c t i o n .  T h e  i n c r e a s e  111 C O  s e l e c t i v i t y  w i th  a  r i s e  in  t e m p e r a t u r e  w a s  b y  

th e  d e c r e a s e  o f  t h e  r a t e  o f  w a t e r - g a s  s h i f t ,  w h i c h  i s  n o t  t h e r m o d y n a m i c a l l y  

f a v o r e d  a t  h i g h  t e m p e r a t u r e .

4.6 The Effect of Steam /Carbon Ratios
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F i g u r e  4 .3 9  The effect of H20/C ratios on H2/CO product ratio at (♦ ) 4 5 0 ° c ,  

(■ ) 5 0 0 ° c ,  (A) 5 5 0 ° c  and ( • )  6 0 0 ° c  of 5 %Ni/Ce0.75Zro.2 5 0 2 at 0 2/C =1/1.

8 
7

Co 6

I  5
1  4<\Jๅน 3(7)
๐  9Ü  2
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1.0 1.5 2 .0  2 .5  3 .0  3 .5
H20/C ratio

F i g u r e  4 . 4 0  The effect of H20/C ratios on CO selectivity at (♦ ) 4 5 0 ° c ,  (■ ) 

5 0 0 ° c ,  (A) 550T and ( • )  6 0 0 ° c  of 5 %Ni/Ce„75Zr0 25อ 2 at 0 2/C = 1/1 .
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Figure 4.41 T h e  e f f e c t  o f  H 20 / C  o n  i s o - o c t a n e  c o n v e r s i o n  a t  (♦ ) 4 5 0 ° c ,

(■ ) 5 0 0 T ,  (▲ )  5 5 0 T  a n d  ( • )  6 0 0 T  o v e r  5 % N i / C e (, 75Z r„  25(ว2 a t  0 2/C  r a t io  

1 /1.

A s  s h o w n  in  F ig u r e  4 . 4 1 ,  t h e  i s o - o c t a n e  c o n v e r s i o n  IS s l i g h t l y  e f f e c t e d  

b y  F F O /C  r a t i o .  T h e  i s o - o c t a n e  c o n v e r s i o n  i n c r e a s e s  w i th  i n c r e a s i n g  

t e m p e r a t u r e  b e c a u s e  o f  t h e  i n c r e a s i n g  o f  t h e  r a t e  o f  s t e a m  r e f o r m i n g  a n d  

p a r t i a l  o x i d a t i o n .  T h e  i s o - o c t a n e  c o n v e r s i o n s  s l i g h t l y  i n c r e a s e  w h e n  th e  

H 20 / C  r a t i o  i n c r e a s e s  f r o m  1 .5  to  2 .0 .  T h e n ,  t h e  c o n v e r s i o n  i s  s l i g h t l y  d r o p p e d  

a t  F F O /C  r a t i o  a b o v e  2 .0 .  T h i s  m a y  b e  d u e  to  t h e  a d d i t i o n  o f  s t e a m  i n h i b i t e d  

th e  o x i d a t i o n  r e a c t i o n  r e s u l t i n g  in  t h e  d e c r e a s e  o f  c o n v e r s i o n .  F u r t h e r m o r e ,  th e  

i s o - o c t a n e  c o n v e r s i o n  w i th  th e  a d d i t i o n  o f  s t e a m  i n c r e a s e s  a  l i t t l e  b i t  f r o m  th a t  

o b t a i n e d  f r o m  th e  o x i d a t i o n  o f  i s o - o c t a n e  o v e r  5 % N i / C e 0 75Z r 0 . 2 5 0 2 a s  

p r e s e n t e d  in  F ig u r e  4 .3 4 .  I t  c a l l  b e  c o n c l u d e d  t h a t  t h e  o x i d a t i o n  is  t h e  m a in  

r e a c t i o n  in  a u t o t h e r m a l  s y s t e m .
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T h e  e f f e c t  o f  0 2/C  r a t i o  o n  th e  H 2/ C O  in  a u t o t h e n n a l  s y s t e m  o f  i s o ­

o c t a n e  o v e r  5 % N i / C e (| 7 5 Z 1 0  2 ร ่0 2 w a s  p r e s e n t e d  in  F ig u r e  4 .4 2 .  T h e  e x p e r i m e n t  

w a s  c a r r i e d  a t  F F O /C  a t  2 /1  b e c a u s e  th e  h i g h e s t  i s o - o c t a n e  c o n v e r s i o n  w a s  

o b t a i n e d  a t  t h i s  F F O /C .

T h e  H 2/ C O  r a t i o  w a s  h a r d l y  e f f e c t e d  b y  th e  0 2/ C  r a t io .  H 2/ C O  r a t io  

g r a d u a l l y  i n c r e a s e s  w i t h  i n c r e a s i n g  0 2/C  r a t i o s .  I t  is  s u g g e s t i n g  t h a t  c e r i a  

( C e 0 2) a c t s  a s  a n  o x y g e n  s t o r a g e  t h a t  c a n  s t o r e  a n d  r e l e a s e  o x y g e n  a t  l e a n  a n d  

r i c h  c o n d i t i o n .  T h e  i n c r e a s e  in  H 2/ C O  r a t io  c o r r e s p o n d s  to  th e  d e c r e a s e  in  C O  

s e l e c t i v i t y  ( F i g u r e  4 .4 3 ) .  T h e  o b s e r v e d  H 2/ C O  r a t i o  ( - 6 . 0 - 1 2 . 0 )  s h o w s  th a t  

s t e a m  r e f o r m i n g ,  w a t e r  g a s  s h i f t  r e a c t i o n  o c c u r r e d  s i m u l t a n e o u s l y .  T h e  

d e c r e a s e  in  F F /C O  r a t i o  w i th  a  r i s e  in  t e m p e r a t u r e  w a s  c a u s e d  b y  th e  d e c r e a s e  

ill I h e  r a t e  o f  w a t e r - g a s  s h i f t  r e a c t i o n  a t  h ig h  t e m p e r a t u r e .

A s  s h o w n  in  F ig u r e  4 .4 2 ,  t h e  i n c r e a s i n g  o f  o x y g e n / c a r b o n  r a t io  

d r o p p e d  C O  s e l e c t i v i t y .  I t  c a n  b e  i n d i c a t e d  t h a t  t h e  i n c r e a s e  in  0 2/C  r a t io  

i n h i b i t e d  th e  r a t e  o f  p a r t i a l  o x i d a t i o n  r e a c t i o n ,  r e s u l t i n g  in  th e  d e c r e a s e  o f  C O  

s e l e c t i v i t y .  T e m p e r a t u r e  a l s o  i n f l u e n c e s  o n  t h e  C O  s e le c t iv i ty '.  T h e  i n c r e a s e  in  

t e m p e r a t u r e  i n c r e a s e s  C O  s e l e c t i v i t y .  S in c e  C O  is  t h e  r e a c t a n t  in  w a t e r - g a s  

s h i f t  r e a c t i o n .  T h e  i n c r e a s e  in  t e m p e r a t u r e  s u p p r e s s e s  t h e  r a t e  o f  w a t e r - g a s  

s h i f t  t h a t  e n h a n c e s  th e  i n c r e a s e  in  C O  c o n c e n t r a t i o n .

T h e  i n f l u e n c e  o f  0 2/C  r a t i o  o n  th e  i s o - o c t a n e  c o n v e r s i o n  is  

p e r f o r m e d  in  F ig u r e  4 .4 3 .  T h e  i s o - o c t a n e  c o n v e r s i o n  w a s  s t r o n g l y  e f f e c t e d  b y  

th e  0 2/C  r a t i o .  It c a n  b e  c o n c l u d e d  t h a t  t h e  m a i n  r e a c t i o n  in  t h e  a u t o t h e r m a l  

s y s t e m  w i th  5 % N i / C e 0 7 5 Z r 0  2 5 0 2  is  i s o - o c t a n e  o x i d a t i o n .  M o r e o v e r ,  th e  

i n c r e a s e  in  t e m p e r a t u r e  i n c r e a s e s  t h e  c o n v e r s i o n  o f  i s o - o c t a n e .  I t  is  s h o w e d  

th a t  t h e  r a t e  o f  i s o - o c t a n e  o x i d a t i o n  a n d  s t e a m  r e f o r m i n g  w a s  e n h a n c e d  a t  h ig h  

t e m p e r a t u r e .

4.7 The Effect of Oxygen/Carbon Ratios



8 8

14 

12

O 10

๐  8
§ 1 ()
X

4

2 

0
0 .0 0 0  0 .2 5 0  0 .5 0 0  0 .7 5 0  1 .0 0 0  1 .2 5 0

0 2/C  ra t io

F i g u r e  4 .4 2  T h e  e f f e c t  o f  O 2/C  r a t i o s  o n  H 2/ C O  p r o d u c t i o n  r a t i o  a t  (♦ ) 550"C, 
(■ ) 600°c a n d  ( A )  650°c o v e r  5 % N i / C e ().75Z ro .250 2 a t  H 20 / C  =  2 /1

0 2/C  ra t io

F i g u r e  4 .4 3  T h e  e f f e c t  o f  0 2/C  r a t i o s  o n  C O  s e l e c t i v i t y  a t  (♦ ) 5 5 0 ° c ,  (■ ) 

6 0 0 ”C  a n d  ( A )  6 5 0 ° c  o v e r  5 % N i /C e « .75Z ro.250 2 a t  H 20 / C  -  2 /1 .



Co
nv

er
sio

n 
(°o

)

89

100
95
9 0
85
8 0
75
7 0
65
6 0  -  

0 .0 0 0 0 .2 5 0  0  5 0 0  0 .7 5 0  1 .0 0 0
0 2/C  r a t io

1 .2 5 0

Figure 4.44 The effect of 0 2/C ratios on iso-octane conversion at (♦ ) 550°c, 
(■ ) 6 0 0 ° c  and (A) 6 5 0 ° c  over 5%Ni/Ce0.75Zro.2502 at H20/C = 2/1.
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4 .8  C o k e  F o r m a t i o n  S t u d y

C o k e  f o r m a t i o n  s t u d y  o n  5 % N i/C e o .7 5 Z r 0.2 5 0 2 w i th  c a l c i n e d  

t e m p e r a t u r e  a t  5 0 0 ° c  w a s  s t u d y  b y  u s i n g  S T  A  a n d  S E M  a n a l y s i s .  T h e  

r e a c t i o n  w a s  c a r r i e d  a t  6 5 0 ° c ,  H 20 / C  r a t i o  =  2 /1  a n d  O 2 /C  r a t i o  =  1/1 f o r  1 0 0  

h o u r s .  F ig u r e  4 .4 5  s h o w s  t h e  a c t i v i t y  o f  5 % N i / C e 0.75Z ro .2502 d u r i n g  1 0 0  

h o u r s  o p e r a t i o n .  T h e  a c t i v i t y  o f  5 % N i/C e o .7 5 Z r 0.2 5 0 2 g r a d u a l l y  c h a n g e d  

d r o p p e d  a n d  r e a c h e d  th e  f i n a l  v a l u e  o f  t h e  a c t i v i t y  o f  c a . 0 .9 0  a f t e r  d u r i n g  

1 0 0  h o u r s  o p e r a t i o n .  F o r  t h e  p r o d u c t  s e l e c t i v i t y  o f  H 2 s h o w n  in  F ig u r e  4 .4 6 ,  

t h e  m a in  p r o d u c t  i s  h y d r o g e n .  H o w e v e r ,  t h e  s e l e c t i v i t y  o f  H 2 s l o w l y  d r o p p e d ,  

w h i l e  th e  s e l e c t i v i t y  o f  C 0 2 i n c r e a s e d  s l i g h t l y  d u r i n g  1 0 0  h o u r s  o p e r a t i o n .

T h e  s p e n t  c a t a l y s t  w a s  i n v e s t e d  c o k e  f o r m a t i o n  b y  u s in g  

T h e n n o g r a v i m e t r i c  A n a l y z e r  a n d  S c a n n i n g  E l e c t i o n  M i c r o g r a p h  ( S E M ) .  

T G A  r e s u l t  s h o w e d  t h a t  t h e r e  w a s  n o  c o k e  f o r m a t i o n  s i n c e  t h e  p e a k  i n d i c a t e d  

th e  lo s s  o f  c a r b o n  c a n  n o t  b e  d e t e c t e d .  T h e  S E M  c a n  c o n f i r m  th i s  r e s u l t .  

F ig u r e  4 . 4 7  s h o w s  t h e  S E M  p i c t u r e s  o f  f r e s h  a n d  s p e n t  5 % N i /C e o . 7 5 Z ro .2 5 0 2. 

I t  is  f o u n d  t h a t  n o  c o k e  f o r m a t i o n  o n  s p e n t  5 % N i / C e 0.75Zr0 2 5 O 2 w h e n  

c o m p a r e  to  t h e  f r e s h  s a m p le .  I t  i s  s u g g e s t i n g  t h a t  5 % N i / C e 0.75Zr0.25O2 is  

s u i t a b l e  c a t a l y s t  f o r  a u t o t h e r m a l  s y s t e m  s in c e  I t g i v e s  h i g h  a c t i v i t y  a n d  

r e d u c e  c o k e  f o r m a t i o n .



91

1
0 .9  
0  8
0 .7  

£ 1 0 .6  
I  0 .5  
<  0 .4

0 .3  
0 .2
0.1 

0
0  10 2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  1 0 0  110

T im e  (h o u r)

Figure 4.45 T h e  a c t i v i t y  o f  5 % N i/C e o .7 5 Z r 0.25 0 2 v e r s u s  t i m e  f o r  c o k e  

f o r m a t i o n  s t u d y  e a r n e d  u n d e r  a u t o t h e r m a l  s y s t e m  a t  H20/C =  2/1, 0 2/C =1/1 
a n d  6 5 0 ° c .
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Figure 4.46 H 2, C O  a n d  C 0 2 s e l e c t i v i t y  v e r s u s  t i m e  f r o m  c o k e  f o r m a t i o n  

s t u d y  c a r r i e d  u n d e r  a u t o t h e r m a l  s y s t e m  a t  H 20 / C  =  2 / 1 ,  0 2/ C  =  1/1 a n d  6 5 0 ° C ;  

(♦ ) H 2, ( ฒ )  C 0 2  a n d  ( A )  C O .
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Figure 4.47 SEM pictures of (a) 5%Ni/Ceo.75Zro.2502 calcined at 500°c 
and (b) spent 5%Ni/Ceo.75Zr0.25 0 2.
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