
C H A P T E R  IV
R E S U L T S  A N D  D IS C U S S IO N

4.1 C a ta ly s t  C h a r a c te r iz a tio n
X-ray powder diffraction (XRD) was performed in a Rigaku X-Ray 

Diffractometer system (RINT-2200) with CuKa radiation, in order to examine the 
crystalline phases and crystalline sizes o f the sample. Information on the Au species 
was attained by UV-vis spectroscopy. The surface area was determined by the N2- 
adsorption-BET method in a Autosorb-1 Gas Sorption System (Quantachrome 
Corparation). Temperature-program med reduction (TPR) analysis was carried out to 
study the reduction behavior o f the catalysts. The average particle size and the 
microstructure o f the prepared catalyst were investigated by Transmission electron 
microscopy (TEM) analysis. Furthermore, Fourier Transform Infrared Spectroscopy 
(FTIR) was employed to identify the carbonate species presented in the catalysts.

4.1.1 XRD Patterns
The X-ray patterns, in the angular range (20-80°) 20, o f as-prepared 

gold catalysts are presented in Figure 4.1. Patterns a, b, and c in Figure 4.1 showed 
the Au/La-CeOx catalysts in which the support were prepared by urea-gelation 
precipitation, step precipitation, and N H 4 O H  precipitation, respectively.

From Figure 4.1, it is clearly seen that there is no significant 
difference shown in the XRD result. In all three catalysts, no peak o f metallic Au 
were observed at 38.2, 44.4, 64.6, and 77.7°, which attributed to Au (111), Au (200), 
Au (220), and Au (311), respectively. This suggests that the Au particle is well 
dispersed on the surface o f the catalyst or the particle size o f Au is smaller in 
diameter than the detection limit o f  the diffractometer (5 nm) (Luengnaremitchai et 
a l,  2005). However, a very strong peak o f crystalline features o f C e0 2 fluorite type- 
cubic structure were detected at XRD 20 = 28.5° (Arena et a l., 2006). In addition, the 
weaker peaks were also detected at 33.08°, 47.47°, 56.33°, 59.08°, 69.40°, 76.69°, 
and 79.07°, which were corresponding to C e0 2 (200), C e 0 2 (220), C e0 2 (311), C e0 2
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(222), C e 0 2 (400), C e 0 2 (331), and C e0 2 (420) for CuKa (1.5406 Â) radiation, 
respectively (Carabineiro et al., 2010).

2 T h e t a  (0 )
F ig u re  4.1 X-Ray diffraction (XRD) patterns o f gold supported catalysts in which 
the La-CeOx support were prepared in different methods : (a) Urea-gelation 
precipitation; (b) Step precipitation; (c) NH4OH precipitation; with l% wt Au 
loading, dried by oven and calcined at 400°c for 4 hours.

As can be seen, there were no peaks or no separate reflections of 
La2C>3 or La(OH )3 can be observed in the above figure. However, Figure 4.2 showed 
a slight shift to lower angles, from 28.57° to 28.47°, as when La was added into 
C e0 2 support. Such shift is usually the result o f the addition o f promoters to the 
support, implying the incorporation o f the La into the C e 0 2 lattice. This idea was 
confirmed by the noticed o f the increase in the lattice constant with the present o f La 
dopant , as the radius o f Ce4+ and La3+ is 0.097 and 0.116 nm, respectively. (Zhang 
et al., 2010). Figure 4.2 illustrates the X-ray diffraction patterns o f C e 0 2 support and 
La-CeOx support, in which the pattern (a) showed La-CeOx support and pattern (b)



32

showed CeC>2 support. The intensity o f the reflection o f CeC>2 phase is higher with 
the addition o f La.

F ig u re  4 .2  X-Ray diffraction (XRD) patterns o f two types o f support: (a) La-CeOx; 
(b) C e0 2

The diffraction peak attributed to La203 (44.6°), LaOOH (29.4° and 
31.1°), and LaCbCCh (22.3°) were not observed in this work, indicating that La 
species were highly dispersed into Ce species structure. The XRD patterns o f l% wt 
Au/La-CeOx catalysts, with two different drying techniques are illustrated in Figure
4.3. And from the Figure, the XRD patterns for oven dried and freeze dried catalysts 
are almost identical and still, no peaks o f metallic gold can be identified. Both o f the 
catalysts were calcined at 4 0 0 ° c  and the supports were prepared by NH40F1 
precipitation method.
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F ig u re  4 .3  X-Ray diffraction (XRD) o f l% w t Au/La-CeOx catalysts, using different 
drying methods: (a) Freeze dried; (b) Oven dried; calcined at 400°c, and the support 
was prepared by N H 4 O H  precipitation.

Figure 4.4 reveals the X-ray diffraction data o f pure La-CeOx support 
and Au/La-CeOx catalysts, calcined at 400°c, with different Au loadings. The XRD 
o f l% w t Au/La-CeOx and 3%wt Au/La-CeOx samples still showed no peaks of 
metallic gold species, as in previous cases. However, a barely visible peak of 
metallic A u(l 11) at 38.2° can be detected for 5%wt Au/La-CeOx, this signifying the 
presence o f sufficiently large metal gold particles. These results agree with those 
obtained from DR/UV-vis spectroscopy and TPR results.
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2 T h e t a  (0 )

F ig u re  4 .4  X-Ray diffraction (XRD) o f Au/La-CeOx catalysts, with different gold 
loading: (a) 5%wt Au/La-CeOx catalysts; (b) 3%wt Au/La-CeOx catalysts; (c) l%wt 
Au/La-CeOx catalysts; (d) Pure La-CeOx support; using freeze dry technique, and the 
support was prepared by N H 4 O H  precipitation.

The X-ray diffraction data were collected for l% w t Au/La-CeOx 
catalysts with different calcination temperatures in Figure 4.5. XRD pattern (d) 
showed the crystalline phase o f uncalcined l% w t Au/La-CeOx catalysts. Whereas 
XRD patterns (a), (b), and (c) demonstrated the crystalline phase o f l% w t Au/La- 
CeOx catalysts at the calcination temperature o f 5 0 0 ° c ,  4 0 0 ° c ,  and 3 0 0 ° c ,  

respectively. And by studying the XRD analysis, no appreciable different between 
the uncalcined and calcined catalysts were noted.
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F ig u re  4 .5  X-Ray diffraction (XRD) of l% w t Au/La-CeOx catalysts, with different 
calcination temperature: (a) 500°C; (b) 400°C; (c) 300°C; (d) uncalcined; using 
freeze dry technique, and the support was prepared by N H 4 O H  precipitation.

4.1.2 u v  Measurement
The DR/UV-vis spectroscopy is used to study the existence o f Au 

metal on the support and also to analyze Au species. From the literature review, the 
absorptions at < 250 nm, 280-390 nm, and 500-600 nm represent Au3+ species, 
small gold clusters (Aun, 1< ท <10), and gold nanoparticles (Plasmon or Au metallic 
species, Au°), respectively (Escamilla-Perea et al., 2010). However, the cerium oxide 
also exhibits bands in the range o f 230-400 nm (Tu et al., 2009). As a result, this 
technique has some limitations due to the difficulty in interpreting between the 
support and the resonance band o f both Au3+ and gold clusters. Figures 4.6-4.9 
represent the diffuse reflectance UV-vis spectra o f all prepared Au/La-CeOx 
catalysts.
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Figures 4.6 illustrates the diffuse reflectance UV-vis spectra o f all 
l% wt Au/La-CeOx samples, in which the La-CeOx support were prepared by 
N H 4 O H  precipitation, step precipitation, and urea-gelation precipitation. The bands 
o f cerium oxide and gold plasmon can be observed at 230-400 nm and 500-600 nm, 
respectively.

W a v e le n g t h  ( n m )
F ig u re  4 .6  UV-vis D R S  spectra o f l% w t Au/La-CeOx samples with different 
support preparation methods; using oven dry technique and calcined at 400°c.

The comparison o f the UV-vis spectra o f freeze dried and oven dried 
l% w t Au/La-CeOx is shown in Figure 4.7. It can be seen that the drying method have 
an insignificant effect on the dispersion o f the gold particles on the support.
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F ig u re  4.7 UV-vis DRS spectra o f l% wt Au/La-CeOx samples with different drying 
techniques; calcined at 4 0 0 ° c  and the support was prepared by N H 4 O H  precipitation.

Figure 4.8 shows the different in the UV-vis spectra o f l% w t Au/La- 
CeOx at different calcination temperatures. All the samples demonstrated the 
absorption band in the 500-600 nm region, which is characteristic reflectance o f 
metallic gold. According to the Figure, the spectra o f uncalcined catalyst showed a 
reduced amount o f Au° specie or metallic gold absorption band when compared to 
the calcined catalysts, which implied that Au° specie or metallic gold were formed 
after the catalyst went through the calcination process. This result is supported by 
those reported in the literature. Bond et al. (2006) suggested that the main advantage 
o f heat treatment is to reduce the Au3+ specie to Au° specie or metallic gold, for 
being the active sites. In addition, we can also see that the Au plasmon band o f the 
catalyst calcined at 300°c is lesser than that o f the catalysts calcined at 400°c and 
500°c. Similarly, in the study o f Eun and coworkers, it was mentioned that the 
higher the calcination temperature, the higher amount o f metallic Au or Au° specie
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was formed from the reduction o f Au3+ to Au°. In conclusion, the alteration o f 
calcination temperature affects the gold species formed on the catalyst.

W a v e l e n g t h  ( n m )
F ig u re  4.8 UV-vis DRS spectra o f l%wt Au/La-CeOx samples at different 
calcination temperatures; using freeze dry technique and the support was prepared by 
N H 4 O H  precipitation.

Figure 4.9 compared the UV-vis spectra o f freeze dried Au/La-CeOx 
catalysts, with different gold loading. According to the Figure, the Au plasmon band 
was more pronounced when the Au loading was increased to 5%wt. This proved that, 
higher gold content was loaded on the catalysts. Therefore, this is one o f the 
evidence that can support the XRD result, which the peak o f A u ( l l l )  or metallic 
gold can be spotted at higher 5%wt Au loading.
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W a v e l e n g t h  ( n m )
F ig u re  4 .9  UV-vis DRS spectra o f freeze dried Au/La-CeOx samples with different 
gold loadings; calcined at 400°c  and the support was prepared by NH4OH 
precipitation.

4.1.3 TPR Measurement
The temperature-programmed reduction (TPR) analyses were 

performed to obtain information on the reducibility o f a series o f catalysts. Figures 
4.10, 4.11, 4.12, 4.13 represent the TPR profiles o f Au/La-CeOx catalysts with 
different support preparation method, drying technique, gold loading, and calcination 
temperature, respectively.

According to Andreeva et al. (2006), two major reduction peaks of 
TPR spectra are registered for pure ceria samples. The first peak (500-600°C) 
corresponds to the lower temperature ceria surface shell reduction (or reduction of 
surface oxygen species). And the second peak, the high-temperature peak at about 
800-900°C is assigned to the reduction o f bulk oxygen and the formation o f lower 
oxides o f cerium. However, when gold is introduced as the active sites on the surface
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o f ceria, the surface shell reduction is facilitated whereas there is little effect, if  any, 
on the bulk oxygen o f ceria. The lower temperature reduction peak showed a 
downward shift to the lower temperature at (100-200°C) and the high-temperature 
peak remains the same (Carabineiro et al., 2010). It has been proposed that the 
presence o f gold improves the reducibility o f the surface oxygen on Ce0 2 , or in other 
words, it weakens the adjacent surface C e-0  bond which helps in the oxygen transfer 
across the solid-gas interface during reaction (Venezia et al., 2005). Furthermore, 
there are more cases o f other metals, such as Pt, Ni and Cu, which showed the same 
effect on the TPR peak when added on ceria support (Jacobs et al., 2004).

From Figures 4.10-4.13, all samples apart from pure support show the 
low temperature peak at 100-200°c and the high temperature peak at 800-900°C, 
which is similar to those reported in the literature (Scire et al., 2003). However, there 
are also the occurrences o f the negative peak in the TPR profiles in the temperature 
range o f 320-400°C. No strong evidence is found on this unusual behavior o f Au 
supported catalyst. But such behavior has been found palladium and copper 
supported catalysts. Ding et al. (2008) have studied the one step preparation o f silica 
supported Pd/Sr and Pd/Ba catalysts via organometallic precursors: application in 
hydrogenation and hydrochlorination and they have reported a negative peak at 
around 98°c  o f Pd/Si0 2  samples. They suggested that a negative peak represents the 
release o f H2 from the decomposition o f the palladium hydride phase (P-phase), 
which can be formed from metallic palladium already produced in the catalyst 
preparation or during the initial flushing with hydrogen at room temperature. This 
idea is also support by Lieske et al. (1985). While Labaki et al. (2004) have reported 
a negative TPR peak o f copper-zirconium compound at 440°c. They explained the 
phenomenon as the hydrogen trapping or the release o f hydrogen trapped in the solid.

Figures 4.10 and 4.11 represent the TPR spectra o f l% w t Au/La- 
CeOx samples, with different support preparation technique and different drying 
techniques, respectively. Notably, no remarkable different is observed for the 
reduction peaks in for different support preparation methods. Whereas, the TPR 
spectra for different in drying method shows a notable difference. The peak for 
freeze dried catalyst is taller and narrower than the peak for oven dried catalyst. This
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shows that by using freeze dried, the catalyst is well dispersed when compared to that 
o f  the oven dried catalyst.

T e m p e r a t u r e  ( ° C )

F ig u r e  4 .10  TPR curves for l% wt Au/La-CeOx catalysts using different support 
preparation techniques: (a) N H 4 O H  precipitation; (b) Step precipitation; (c) Urea- 
gelation precipitation; using oven dry and calcined at 400°c for 4 hours.
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T e m p e r a t u r e  ( ° C )

F ig u re  4 .11  TPR curves for Au/La-CeOx catalysts, using different drying methods: 
(a) Freeze dried; (b) Oven dried; with l% wt Au loading, and the support was 
prepared by N H 4 O H  precipitation.

The different TPR curves o f freeze dried Au/La-CeOx samples with 
different gold loadings are depicted in Figure 4.12. For the plain support peak, the 
peaks o f mixture o f ceria lanthanum oxide and bulk oxygen are observed at 500- 
600°c and 800-900°C, respectively. And the shift o f  low temperature peak is noted 
when gold is added in to the support. Furthermore, in the profiles o f gold loaded 
catalysts, the low temperature peak is happened to be broader when the content o f 
gold is higher. This could be explained by that the particle size o f gold is becoming 
bigger with the increase o f gold content.
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T e m p e r a t u r e  ( ° C )

F ig u re  4 .12  TPR curves o f Au/La-CeOx catalysts, with different gold loadings: (a) 
5%wt Au/La-CeOx catalysts; (b) 3%wt Au/La-CeOx catalysts; (c) l% w t Au/La-CeOx 
catalysts; (d) Pure La-CeOx support; using freeze dry technique, and the support was 
prepared by NH4OH precipitation.

Figure 4.13 contrasted the calcination temperature o f the l% w t Au/La- 
CeOx freeze dried samples. It can be observed that the TPR peak o f uncalcined 
catalyst is the narrowest, indicating that uncalcined catalyst has the smallest Au 
particles. Whereas, the TPR peak o f the catalyst calcined at 500°c is wide in size, 
indicating the presence bigger Au particles.
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F ig u re  4 .1 3  TPR curves for l% wt Au/La-CeOx with different calcination 
temperatures: (a) Calcined at 500°C; (b) Calcined at 400°C; (c) Calcined at 300°C; 
(d) Uncalcined; using freeze drying and the support was prepared by N H 4 OH  
precipitation technique.

4.1.4 BET Surface Area Measurement
Table 4.1 summarized the BET surface area characterisation results o f 

the Au/La-CeOx catalysts obtained physical adsorption o f N2 at -196°c. The BET 
surface area o f l% wt Au/LaCeOx, in which the supports were prepared by urea- 
gelation precipitation, step-precipitation, and N H 4 O H  precipitation are 17.82, 26.37, 
and 38.15m2/g, respectively. The findings are in agreement with the activity o f the 
catalysts. The l% w t Au/La-CeOx (N H 4 OH precipitation) confirms the higher CO 
conversion than the l% wt Au/La-CeOx (step precipitation and urea-gelation 
precipitation). However, this result disagrees with the results from other literature. Li
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et al. ( 2 0 0 0 )  f o u n d  o u t  th a t  u r e a - g e la t io n  p r e c ip i t a t io n  m e t h o d  p r o v id e  c e r ia - b a s e d  

s a m p le s  a  h ig h e r  s u r f a c e  a r e a  th a n  c o n v e n t io n a l  c o - p r e c ip i t a t io n  m e th o d .
W h e r e a s ,  fo r  f r e e z e  d r ie d  a n d  o v e n  d r ie d  A u /L a - C e O x  c a t a ly s t s ,  th e r e  

i s  n o  m u c h  d i f f e r e n c e  in  th e  s u r f a c e  a rea .

T a b le  4.1 S u r fa c e  a r e a  o f  A u /L a -C e O x  c a t a ly s t s

S u p p o r t  P rep a ra tio n  
T e c h n iq u e

D ry in g
M eth o d

G old
L o a d in g

( % )

C a lc in a tio n
tem p e r a tu r e

(°C )

B E T
su r fa ce  area

(m 2 /g )
U r e a - g e la t io n  p r e c ip i t a t io n O v e n ใ 4 0 0 1 7 .8 2

S t e p  p r e c ip i t a t io n O v e n 1 4 0 0 2 6 .3 7

N E I4 O H  p r e c ip i t a t io n O v e n 1 4 0 0 3 8 .0 7

N E I4 O H  p r e c ip i t a t io n F r e e z e 1 4 0 0 4 2 .1 2

4 .1 .5  T E M  R e s u l t
R e p r e s e n t a t iv e  T r a n s m is s io n  E le c t r o n  M i c r o s c o p e  ( T E M )  i m a g e s  a n d  

th e  p a r t ic le  s i z e  d is t r ib u t io n  b a r  g r a p h s  o f  th e  s u p p o r te d  g o ld  c a t a ly s t s ,  w i t h  d i f f e r e n t  

d r y in g  m e t h o d s ,  a re  s h o w n  in  F ig u r e  4 .1 4 .  T h e  d a r k  s p o t s  s i g n i f y  th e  A u  p a r t ic le s  o n  

th e  s u p p o r t s .  T h e  m e a n  p a r t ic le  s i z e  o f  A l l  o f  f r e e z e  d r ie d  a n d  o v e n  d r ie d  c a t a ly s t s  

w e r e  3 .8 4  a n d  4 .0 5  n m , r e s p e c t iv e ly
T h e  d i f f e r e n c e  in  th e  d i s p e r s io n  o f  g o ld  b e t w e e n  f r e e z e  d r ie d  a n d  

o v e n  d r ie d  s a m p le s  c a n  b e  c le a r ly  s e e n  fr o m  th e  d is t r ib u t io n  b a r  g r a p h . T h is  r e s u lt  

a g r e e s  w i t h  th e  T P R  r e s u lt  s h o w i n g  th a t th e  f r e e z e  d r ie d  s a m p le  d e m o n s t r a t e s  a  

b e t te r  g o ld  d i s p e r s io n  w h e n  c o m p a r e  to  th a t o v e n  d r ie d  s a m p le .  A d d i t io n a l ly ,  th e  

tr e n d s  o f  g o ld  d i s p e r s io n  w e r e  c o n s i s t e n t  w it h  th e  T P R  r e s u lt .
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D ia m e t e r  (n m )

a ) O v e n  d r ie d  A u /L a - C e O x
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F ig u re  4 .1 4  T E M  im a g e s  a n d  th e  p a r t ic le  s i z e  d is t r ib u t io n  b a r  g r a p h  o f  f r e e z e  d r ie d  

a n d  o v e n  d r ie d  l% w t  A u /L a - C e O x c a t a ly s t s ;  c a l c in e d  a t 4 0 0 ° c  a n d  th e  s u p p o r t  is  

p r e p a r e d  b y  N H 4 O H  p r e c ip i t a t io n  t e c h n iq u e .
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F ig u r e  4 .1 5  i l lu s t r a t e s  th e  T E M  m ic r o p h o t o g r a p h s  a n d  th e  p a r t ic le  

s i z e  d is t r ib u t io n  b a r  g r a p h  o f  th e  f r e e z e  d r ie d  A u / L a - C e O x, w i t h  g o ld  lo a d in g  o f  

3 % w t a n d  5 % w t. T h e  m e a n  A u  p a r t ic le  o f  3 % w t  a n d  5 % w t A u / L a - C e O x w e r e  4 .8 9  

a n d  6 .7 3  n m , r e s p e c t iv e ly .
B y  c o m p a r in g  F ig u r e  4 .1 5  b o th  ( a )  a n d  ( b )  w i t h  F ig u r e  4 .1 4  (b ) ,  it  i s  

c le a r ly  s e e n  th a t  th e  m e a n  A u  p a r t ic le  s i z e s  i n c r e a s e s  w h e n  p e r c e n t a g e  o f  g o ld  

l o a d in g  i n c r e a s e s .  T h e  l% w t  A u / L a - C e O x h a s  t h e  s m a l l e s t  A u  p a r t ic le  s i z e s  o f  3 .6 9  

n m , w h i l e  t h e  5 % w t  A u /L a - C e O x h a s  th e  la r g e s t  A u  p a r t ic le  s i z e s .  M o r e o v e r ,  th e s e  

f i n d in g s  w e r e  in  a g r e e m e n t  w i t h  th e  p r e v io u s  c h a r a c t e r iz a t io n  r e s u l t s  ( X R D  a n d  

T P R ) .
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D ia m e t e r  (n m )

b )  5 % w t  A u / L a - C e O x

F ig u re  4 .1 5  T E M  i m a g e s  o f  f r e e z e  d r ie d  A u /L a - C e O x  c a t a l y s t s  w i t h  d i f f e r e n t  A u  

lo a d in g s ;  c a l c i n e d  a t 4 0 0 ° c  a n d  th e  s u p p o r t  i s  p r e p a r e d  b y  N H 4O H  p r e c ip i t a t io n  

t e c h n iq u e .

F ig u r e  4 .1 6  s h o w s  th e  T E M  i m a g e s  o f  f r e e z e  d r ie d  l% w t  A u /L a -  

C e O x w i t h  d i f f e r e n t  c a l c i n a t i o n  te m p e r a tu r e s :  u n c a lc in e d ,  3 0 0 ° c ,  a n d  5 0 0 ° c .  T h e  

m e a n  A u  p a r t ic le  s i z e s  o f  u n c a lc in e d ,  3 % , a n d  5 % w t  A u / L a - C e O x w e r e  3 .6 9 ,  3 .7 6 ,  
a n d  4 .1 8  n m , r e s p e c t i v e ly .  F r o m  F ig u r e  4 .1 6  a n d  F ig u r e  4 . 1 4  ( b ) ,  it  c a n  b e  n o t ic e d  

th a t  th e  s i z e  o f  th e  A u  p a r t ic le s  in c r e a s e d  w i t h  th e  i n c r e a s e  in  c a lc in a t io n s  

te m p e r a tu r e .
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60

1.5 3 .0  4.5 6.0 7.5 9.0
D ia m e t e r  (n m )

b ) A u /L a - C e O x c a lc in e d  a t 300°c
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1.5 3.0 4.5 6.0 7.5 9.0 10.5
D ia m e t e r  (n m )

c )  A u /L a - C e O x c a lc in e d  a t 300°c
F i g u r e  4 . 1 6  T E M  i m a g e s  o f  l% w t  A u / L a - C e O x w i t h  d i f f e r e n t  c a lc in a t io n  

t e m p e r a tu r e s ;  f r e e z e  d r ie d  a n d  th e  s u p p o r t  i s  p r e p a r e d  b y  N H 4 O H  p r e c ip i t a t io n  

t e c h n iq u e .
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4 .1 .5  F T - I R  M e a s u r e m e n t
F o u r ie r  t r a n s fo r m  in fr a r e d  s p e c t r o s c o p y  ( F T - I R )  w a s  u t i l i z e d  to  

e x a m in e  th e  s u r f a c e  o f  t h e  c a t a ly s t  b e f o r e  a n d  a f te r  th e  o n - l i n e  d e a c t iv a t io n  t e s t  fo r  

2 8  h o u r s .  T h e  r e s u lt s  f r o m  th e  F T - I R  s p e c t r o s c o p y  a re  s h o w n  in  F ig u r e  4 .1 7 .
F r o m  t h e  F ig u r e ,  in  O H  r e g io n ,  a  b r o a d  t r a n s m is s io n  n e g a t iv e  b a n d  

w a s  o b s e r v e d  in  th e  r a n g e  o f  3 2 0 0 - 3 6 0 0  c m ' 1 fo r  b o th  f r e s h  a n d  s p e n t  c a t a ly s t s ,  
o w in g  t o  th e  O H  s t r e t c h in g  m o d e  o f  H 2 O  m o l e c u l e s  ( E l - M o e m e n  et a l ,  2 0 0 9 ) .  T h e r e  

w e r e  a l s o  th e  a p p e a r a n c e  o f  t w o  s t r o n g  b a n d s  a t 2 3 4 3  a n d  2 3 6 2  c m ’1, w h i c h  r e p r e s e n t  

th e  m o le c u la r  a d s o r b e d  C O 2 in te r a c t in g  w i t h  s u r f a c e  c a t i o n s  o r  th e  s u p p o r t.  
M o r e o v e r ,  fo r  th e  s p e n t  c a t a ly s t ,  th e  b a n d s  o f  fo r m a te  s p e c i e s  o n  C e 3+ ( 1 5 8 5  a n d  

2 8 5 3  c m ' 1)  a n d  th e  b a n d s  o f  fo r m a t e  s p e c i e s  o n  C e 4+ ( 2 9 2 4  a n d  2 9 5 5  c m 1) w e r e  

m o r e  p r o n o u n c e d  w h e n  c o m p a r e d  t o  th e  f r e s h  c a t a l y s t  ( T a b a k o v a  et a l ,  2 0 0 3 ) .

F i g u r e  4 .1 7  F T I R  s p e c t r a  o f  l% w t  A u / L a - C e O x c a t a ly s t s :  ( a )  F r e s h  c a ta ly s t ;  (b )  

A f t e r  s t a b i l i t y  te s t ;  u s i n g  f r e e z e  d r y in g ,  c a l c in e d  a t 4 0 0 ° c  a n d  th e  s u p p o r t  is  p r e p a r e d  

b y  N H 4 O H  p r e c ip i t a t io n  t e c h n iq u e .
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4.2 Activity Measurement
T h is  s e c t i o n  s h o w s  th e  c a t a ly t ic  a c t i v i t y  r e s u lt s  o f  t h e  p r e p a r e d  c a t a ly s t s .  

T h e  c a t a ly t ic  a c t i v i t y  m e a s u r e m e n t  w a s  p e r f o r m e d  in  a  f i x e d - b e d  c a t a ly t ic  m ic r o 
r e a c to r  u n d e r  a t m o s p h e r ic  p r e s s u r e ,  w it h  8 0 - 1 2 0  m e s h  in  s i z e  o f  1 0 0  m g  c a ta ly s t .  
T h e  a c t iv i t y  w a s  o b s e r v e d  a t v a r io u s  t e m p e r a tu r e s  o v e r  th e  r a n g e  o f  6 0 - 1 8 0 ° c  u n d e r  

g a s  m ix t u r e  c o n d i t io n s  o f  1%  C O , 1%  O 2 , a n d  4 0 %  H 2 b a la n c e d  in  H e  a t th e  to ta l  
f l o w  r a te  o f  5 0  m l m in ’ 1.

4 .2 .1  E f f e c t  o f  A d d in g  L a  to  th e  C e O ?  S u p p o r t
T h e  d e p o s i t io n - p r e c ip i t a t io n  t e c h n iq u e  w a s  u s e d  to  lo a d  g o ld  o n  b o th  

th e  C e Û 2 s u p p o r t  a n d  L a - C e O x s u p p o r t . T h e n ,  th e  l % w t  A u / C e 0 2  a n d  l% w t  A u /L a -  

C e O x w a s  d r ie d  b y  o v e n  o v e r n ig h t  a n d  c a lc in e d  a t 400°c f o r  4  h o u r s .
A s  it  h a s  b e e n  k n o w n  th a t C e Û 2 s u p p o r t  w a s  a n  a t t r a c t iv e  s u p p o r t  fo r  

n o b le  m e ta l  c a t a ly s t s  in  v a r io u s  r e a c t io n s  ( t h e  w a te r  g a s  s h i f t  r e a c t io n ,  th e  c a t a ly t ic  

c o m b u s t io n  o f  v o c ,  a n d  th e  lo w - t e m p e r a t u r e  o x id a t io n  o f  C O ) ,  b e s i d e s  it  a ls o  h a d  

b e e n  r e p o r te d  th a t  th e  a d d it io n  o f  rare  e a r th  m e t a ls  a s  a  p r o m o t e r  c a n  im p r o v e  th e  

p r o p e r t ie s  o f  th e  c a t a ly s t s  b y  s t a b i l i z in g  c e r ia  a n d  m o d i f y i n g  i t s  m o r p h o lo g y  ( Z h a n g  

et ah, 2 0 0 7 ) .  C o n s e q u e n t ly ,  th e  e f f e c t  o f  th e  p r e s e n t  o f  ra re  e a r th  a d d it iv e ,  L a , in  th e  

C e Û 2 s u p p o r t  w a s  s t u d ie d ,  in  w h i c h  th e  r e s u lt  i s  s h o w n  in  F ig u r e  4 .1 8 .
F r o m  th e  r e s u lt ,  it  c a n  b e  s e e n  th a t  a c t iv i t y  o f  l % w t  A u / L a - C e O x w a s  

v i s i b l y  h ig h e r  th a n  th e  a c t iv i t y  o f  l % w t  A u / C e 0 2 - T h e  C O  c o n v e r s i o n  o f  l% w t  

A u /L a - C e O x  a lm o s t  r e a c h e d  9 0 % , w h i l e  th e  C O  c o n v e r s i o n  o f  l% w t  A u / C e 0 2  w a s  

h ig h e s t  a t 7 5 .5 % . H e n c e ,  it  c a n  b e  c o n c lu d e d  th a t  th e  d o p in g  o f  L a  im p r o v e s  th e  

a c t i v i t y  o f  A u - c e r ia  c a t a ly s t ,  w h ic h  i s  a ls o  in  a g r e e m e n t  w i t h  th e  r e s u lt  o f  Z h a n g  et 
al. ( 2 0 0 7 ) .
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F i g u r e  4 .1 8  C O  c o n v e r s i o n  a n d  s e l e c t i v i t y  a s  a  f u n c t io n  o f  r e a c t io n  te m p e r a tu r e  fo r  

P R O X  r e a c t io n  o v e r  l % w t  A u / C e Û 2 a n d  l% w t  A u / L a - C e O x

4 . 2 .2  E f f e c t  o f  S u p p o r t  P r e p a r a t io n  M e t h o d  o n  t h e  C a t a ly t ic  A c t i v i t y
T h e  L a - C e O x s u p p o r ts  w e r e  p r e p a r e d  b y  th r e e  d i f f e r e n t  w a y s ,  w h i c h  

w e r e  N H 4 O H  p r e c ip i t a t io n ,  s t e p  p r e c ip i t a t io n ,  a n d  u r e a - g e la t io n  p r e c ip i t a io n .  T h e  

p r e p a r e d  s u p p o r t s  w e r e  th e n  u s e d  in  p r e p a r in g  c a t a ly s t s  b y  d e p o s i t io n - p r e c ip i t a t io n  

t e c h n iq u e ,  d r ie d  b y  o v e n  o v e r n ig h t  a n d  c a lc in e d  a t 4 0 0 ° c  fo r  4  h o u r s .  S u b s e q u e n t ly ,  
th e  p r e p a r e d  l % w t  A u /L a - C e O x c a t a ly s t s  w e r e  s t u d ie d  w i t h  v a r io u s  o p e r a t in g
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t e m p e r a tu r e s .  F ig u r e  4 . 1 9  i l lu s tr a t e s  t h e  c a t a ly t ic  a c t i v i t y  in  t e r m s  o f  C O  c o n v e r s io n  

a n d  P R O X  s e l e c t i v i t y  w i t h  d i f f e r e n t  s u p p o r t  p r e p a r a t io n  m e t h o d s .

F i g u r e  4 .1 9  C O  c o n v e r s i o n  a n d  s e l e c t i v i t y  a s  a  f u n c t io n  o f  r e a c t io n  te m p e r a tu r e  fo r  

P R O X  r e a c t io n  o v e r  l % w t  A u /L a - C e O x w it h  d i f f e r e n t  s u p p o r t  p r e p a r a t io n  

t e c h n iq u e s .

F o r  a l l  c a t a ly s t s ,  it  w a s  f o u n d  th a t  t h e  C O  c o n v e r s i o n  in c r e a s e d  w h e n  

th e  t e m p e r a tu r e  in c r e a s e d  fr o m  6 0 ° c  to  1 0 0 ° c .  H o w e v e r ,  w h e n  th e  te m p e r a tu r e  

r e a c h e d  1 0 0 ° c ,  th e  C O  c o n v e r s i o n  s ta r te d  to  b e  a lm o s t  s t e a d y  (a t  8 5 - 8 8  % C O  

c o n v e r s i o n )  a n d  e v e n t u a l ly  th e  C O  c o n v e r s i o n  d r o p p e d  w h e n  th e  te m p e r a tu r e
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in c r e a s e d  to  1 6 0 ° c .  In  a d d it io n ,  it  c a n  a ls o  b e  s e e n  th a t  t h e  d i f f e r e n t  su p p o r t  

p r e p a r a t io n  m e t h o d s  d id  n o t  e x h ib i t  a  s ig n i f ic a n t  im p a c t  o n  t h e  C O  c o n v e r s i o n  in  th e  

o p t im u m  c o n d i t io n  fo r  P E M F C  a p p lic a t io n  ( ~ 1 0 0 - 1 4 0 ° C ) .  N e v e r t h e l e s s ,  th e  L a -  

C e O x s u p p o r t  p r e p a r e d  b y  N H 4 O H  p r e c ip i t a t io n  m e t h o d  s h o w e d  b e t te r  s e l e c t i v i t y  

w h e n  c o m p a r e d  to  t h e  o th e r  t w o  s u p p o r t  p r e p a r a t io n  m e t h o d s  ( s t e p  p r e c ip i t a t io n  a n d  

u r e a - g e la t io n  p r e c ip i t a t io n ) .  C o n s e q u e n t ly ,  N H 4 O H  p r e c ip i t a t io n  m e t h o d  w a s  th e  

t e c h n iq u e  c h o s e n  fo r  p r e p a r in g  c a t a ly s t s .
A c c o r d in g ly ,  t h e  s u r f a c e  a r e a  o f  l % w t  A u /L a - C e O x  ( N H 4 O H  

p r e c ip i t a t io n )  w a s  f o u n d  to  b e  th e  h ig h e s t  a m o n g  th e  o t h e r  t w o  c a t a ly s t s  ( s t e p  

p r e c ip i t a t io n  a n d  u r e a - g e la t io n  p r e c ip i t a t io n ) .  T h e r e f o r e ,  in  t h i s  w o r k ,  th e  h ig h e s t  

a c t iv i t i e s  fo r  l % w t  A u / L a - C e O x ( N H 4 O H  p r e c ip i t a t io n )  c o u l d  b e  a t tr ib u te d  to  th e  

h ig h e s t  in  s u r f a c e  a r e a  ( T a b le  4 .1 ) .

4 .2 .3  E f f e c t  o f  D r y in g  M e t h o d  o n  th e  C a t a ly t ic  A c t i v i t y
T h e  in f l u e n c e s  o f  d r y in g  m e t h o d s  o f  l % w t  A u / L a - C e O x c a t a ly s t s  o n  

th e  c a t a ly t ic  p e r f o r m a n c e  w e r e  in v e s t ig a t e d .  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  

d e p o s i t io n - p r e c ip i t a t io n  t e c h n iq u e ,  w h i l e  k e e p i n g  th e  f i n e s t  m e t h o d ,  N H 4 O H  

p r e c ip i t a t io n ,  to  p r e p a r e  th e  L a - C e O x s u p p o r ts .  T h e  p r e p a r e d  c a t a ly s t s  w e r e  th e n  

d r ie d  b y  o v e n  o r  b y  f r e e z e  d r y , f o l lo w e d  b y  c a lc in a t io n  a t 4 0 0 ° c  fo r  4  h o u r s .
T h e  c a t a ly t ic  a c t iv i t y  in  t e r m s  o f  C O  c o n v e r s i o n  a n d  P R O X  

s e l e c t i v i t y  w i t h  t w o  w a y s  o f  d r y in g  m e t h o d s  i s  s h o w n  in  F ig u r e  4 .2 0 .  F o r  t h is  c a s e ,  it  

i s  s e e n  th a t  th e r e  w a s  a  s l ig h t  d i f f e r e n c e  in  c a t a ly t ic  a c t i v i t y  o b s e r v e d  in  t h e  r e a l i s t ic  

te m p e r a tu r e  r a n g e  ( ~ 1 0 0 - 1 4 0 ° C ) .  T h e  f r e e z e  d r ie d  l % w t  A u / L a - C e O x c a t a ly s t  s h o w s  

a  b e t te r  C O  c o n v e r s i o n  o f  9 0 .9 %  a n d  P R O X  s e l e c t i v i t y  o f  4 0 .8 % , w h i c h  a re  h ig h e r  

th a n  th a t  o f  th e  o v e n  d r ie d  1 % w t  A u /L a - C e O x c a t a ly s t .
G o g u e t  et al. ( 2 0 0 7 )  p r o p o s e d  th a t  t h e  t e c h n i q u e  u s e d  t o  r e m o v e  th e  

w a te r  r e ta in e d  o n  th e  c a t a ly s t  a f te r  th e  w a s h i n g  s t e p ,  h a s  a n  i n f l u e n c e  o n  th e  

c a t a l y s t ’ s  a c t iv i t y  a n d  s t a b i l i t y .  T h e  ra te  a t w h i c h  w a t e r  i s  e l im in a t e d  a n d  th e  g o ld  

e n s e m b l e  m o b i l i t y  d e t e r m in e s  th e  m e t a l - s u p p o r t  in t e r a c t io n  a n d  th e  f in a l  g o ld  

d is p e r s io n  o n  th e  s u p p o r t . T h e  r e m o v a l  o f  w a t e r  i s  p o s s i b l e  a t b o th  l o w  te m p e r a tu r e  

a n d  h ig h  t e m p e r a tu r e . A t  l o w  te m p e r a tu r e , th e  r e m o v a l  o f  w a t e r  is  a c h i e v a b l e  w h e n  

p r e s s u r e  i s  r e d u c e d .  U n d e r  r e d u c e d  p r e s s u r e ,  th e  m o b i l i t y  o f  g o ld  is  a l s o  lo w . T h is
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l e a d s  to  th e  b e t te r  g o ld  d i s p e r s io n ,  e n s u r in g  th e  m in im a l  c o a l e s c e n c e .  In  c o n t r a s t ,  th e  

w a t e r  r e m o v a l  c a n  b e  d o n e  u n d e r  a m b ie n t  p r e s s u r e  a t h ig h e r  te m p e r a tu r e  ( > 7 0  °C ).  
A t h ig h e r  te m p e r a tu r e ,  t h e  g o ld  h y d r o x id e  m o b i l i t y  i s  in c r e a s e d  a n d , c o n s e q u e n t ly ,  
r e d u c e d  th e  g o ld  d i s p e r s io n  w h ic h  i s  u n f a v o r a b le  to  th e  c a t a ly t ic  a c t iv i t y .

T h e r e f o r e ,  w e  c a n  s a y  th a t  th e  d i f f e r e n c e  in  t h e  a c t i v i t i e s  o f  b o th  

c a t a ly s t s  c o r r e s p o n d s  to  th e  d i f f e r e n c e  in  th e  g o ld  d i s p e r s io n  o n  t h e  s u p p o r t . A s  

p r e v io u s ly  m e n t io n e d ,  t h e  f r e e z e  d r ie d  1 % w t A u /L a - C e O x s h o w s  a  b e t te r  d i s p e r s io n  

th a n  th e  o v e n  d r ie d  1 % w t  A u /L a - C e O x, a s  c o n f ir m e d  b y  t h e  T P R  c h a r a c te r iz a t io n .

T e m p e r a t u r e  ( ° C )

F i g u r e  4 .2 0  E f f e c t  o f  d r y in g  m e th o d  o n  C O  c o n v e r s i o n  a n d  P R O X  s e l e c t i v i t y  o v e r  

1 % w t A u / L a - C e O x c a t a ly s t s .



60

4 . 2 .4  E f f e c t  o f  G o ld  L o a d in g  o n  th e  C a t a ly t ic  A c t i v i t y
F ig u r e  4.21 s h o w s  th e  C O  c o n v e r s io n  a n d  th e  P R O X  s e l e c t i v i t y  o f  th e  

p la in  L a - C e O x s u p p o r t  w i t h  n o  A u  lo a d in g  p r e p a r e d  b y  N H 4 O H  p r e c ip i t a t io n .  W h i le  

th e  C O  c o n v e r s i o n  a n d  P R O X  s e l e c t i v i t y  v e r s u s  t e m p e r a tu r e  c u r v e s  o b t a in e d  o v e r  

A u /L a - C e O x c a t a ly s t s  w i t h  d i f f e r e n t  g o ld  lo a d in g s  a r e  s h o w n  in  F ig u r e  4.22. T h e  

a m o u n t s  o f  g o ld  l o a d in g  w e r e  v a r ie d  at l% w t ,  3 % w t , a n d  5 % w t. 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  d e p o s i t io n - p r e c ip i t a t io n ,  d r ie d  b y  f r e e z e  d r y in g  a n d  c a lc in e d  a t 400°c.

F i g u r e  4 .2 1  C a t a ly t ic  a c t iv i t y  o f  L a - C e O x p la in  s u p p o r t (p r e p a r e d  b y  N H 4 O H  

p r e c ip i t a t io n  t e c h n iq u e )
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F i g u r e  4 .2 2  E f f e c t  o f  g o ld  l o a d in g  o n  C O  c o n v e r s i o n  a n d  P R O X  s e l e c t i v i t y  o v e r  

f r e e z e  d r ie d  A u /L a - C e O x  c a t a ly s t s .

It c a n  b e  s e e n  th a t  w h e n  n o  A u  i s  p r e s e n t ,  th e  L a - C e O x s u p p o r t  w a s  

in a c t iv e  u n t i l  t h e  te m p e r a tu r e  r e a c h e d  1 8 0 ° c .  T h e n , t h e  a c t iv i t y  o f  th e  L a - C e O x 

s u p p o r t  in c r e a s e d  w i t h  th e  in c r e a s e  in  te m p e r a tu r e .  T h e  C O  c o n v e r s i o n  o f  th e  L a -  

C e O x s u p p o r t  r e a c h e d  th e  m a x im u m  at 7 0 .0 9 %  (a t  th e  te m p e r a tu r e  o f  3 8 0 ° C ) ,  a n d  

te n d  to  in c r e a s e  fu r th e r  i f  th e  te m p e r a tu r e  g o  b e y o n d  3 8 0 ° c .  W h i le ,  t h e  P R O X  

s e l e c t i v i t y  o f  th e  L a - C e O x s u p p o r t  s e e m e d  to  b e  u n w a v e r in g  at 3 0 - 3 2 %  (a t th e  

te m p e r a tu r e  o f  2 6 0 - 3 8 0 ° C ) .  H o w e v e r ,  w h e n  g o ld  w a s  in tr o d u c e d  in to  th e  L a - C e O x
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s u p p o r t , t h e  c a t a ly s t  b e c a m e  a c t iv e  f o r  P R O X  r e a c t io n  e v e n  th e  te m p e r a tu r e  is  a s  l o w  

a s  60°c. T h is  p h e n o m e n o n  i s  in  a g r e e m e n t  w i t h  th e  p r e d ic t io n  o f  th e  im p r o v e m e n t  in  

th e  r e d u c ib i l i t y  o f  t h e  s u r f a c e  o x y g e n  o n  C eC >2 w h e n  m e t a l l i c  g o ld  i s  p r e s e n t ,  a s  

s h o w n  in  t h e  T P R  c h a r a c t e r iz a t io n  r e s u lt  ( F ig u r e  4 .1 2 ) .
F o r  F ig u r e  4 .2 2 ,  th e  C O  c o n v e r s i o n  a lo n g  w i t h  P R O X  s e l e c t i v i t y  

d e c r e a s e d  w h e n  th e  a m o u n t  o f  g o ld  lo a d in g  in c r e a s e d .  T h e  c a t a ly t ic  a c t iv i t y  o f  l% w t  

A u / L a - C e O x w a s  th e  h ig h e s t ,  f o l l o w e d  w i t h  th a t  o f  t h e  3 % w t  A u / L a - C e O x, a n d  th e  

c a t a ly t ic  a c t i v i t y  o f  5 % w t A u /L a - C e O x w a s  th e  le a s t .  T h e  e x p la n a t io n  c o u ld  b e  th a t a t 

l o w  g o ld  l o a d in g ,  g o ld  n a n o - p a r t ic le s  c o u ld  b e  w e l l  d i s p e r s e d  a n d  t h e  c r y s t a l l i t e  s iz e  

o f  g o ld  b e c o m e s  s m a l l .  T h is  a s s u m p t io n  i s  a ls o  s u p p o r t e d  b y  th e  r e s u lt s  o f  X R D ,  
T P R , a n d  T E M  c h a r a c t e r iz a t io n s .  T h e  X R D  p e a k  o f  A u ( l  1 1 )  c a n  o n l y  b e  d e t e c t e d  at 

3 8 .5 ° ,  w h e n  g o ld  c o n t e n t  i s  5 % w t. T h e  T P R  r e s u lt  p r o v e d  th a t  th e  p e a k  b e c o m e s  

b r o a d e r  w h e n  m o r e  a m o u n t  o f  g o ld  i s  l o a d e d  o n  th e  s u p p o r t .  P lu s ,  T E M  s h o w e d  th a t  

th e  m o r e  m e t a l  c o n t e n t  in  th e  c a t a ly s t s ,  t h e  la r g e r  th e  A u  p a r t ic le  s i z e s .
H e n c e ,  it c a n  b e  c o n c lu d e d  th e  s m a l l  g o ld  p a r t ic le s  s i z e s  p la y  a  

s ig n i f ic a n t  r o le  in  th e  P R O X  r e a c t io n . A n d  f o r  th a t  r e a s o n ,  th e  A l l  l o a d in g  o f  l% w t  

w a s  s e l e c t e d  a s  th e  o p t im u m  c o n c e n t r a t io n  o f  g o ld  f o r  A u / L a - C e O x c a t a ly s t .

4 .2 .5  E f f e c t  o f  C a lc in a t io n  T e m p e r a tu r e  o n  th e  C a t a ly t ic  A c t i v i t y
P R O X  o f  C O  r e a c t io n  w a s  c a r r ie d  o u t  in  t h e  t e m p e r a tu r e  r a n g e  o f  6 0  

to  1 8 0 ° c ,  o v e r  a  s e r i e s  o f  A u /L a - C e O x c a t a ly s t s  w i t h  d i f f e r e n t  c a lc in a t io n  

t e m p e r a tu r e s .  T h e  L a - C e O x s u p p o r t  w a s  p r e p a r e d  b y  N H 4 O H  p r e c ip i t a t io n  t e c h n iq u e  

a n d  th e  A u / L a - C e O x c a t a ly s t s  w e r e  p r e p a r e d  b y  d e p o s i t io n - p r e c ip i t a t io n  t e c h n iq u e .  
T h e  c a t a ly s t s  w e r e  f r e e z e  d r ie d  a n d  th e  A u  c o n t e n t  w a s  l% w t .

F ig u r e  4 .2 3  p e r f o r m s  th e  c a t a ly t ic  b e h a v io r s  o f  u n c a lc in e d  A u /L a -  

C e O x c a t a ly s t  a n d  A u / L a - C e O x c a t a ly s t s  w i t h  d i f f e r e n t  c a l c i n a t i o n  t e m p e r a tu r e s  o f  

3 0 0 ,  4 0 0 ,  a n d  5 0 0 ° c .  T w o  tr e n d s  c a n  b e  o b s e r v e d  fo r  in  th e  C O  c o n v e r s i o n  o f  th e  

c a t a ly s t s .  T h e  u n c a lc in e d  a n d  th e  c a t a ly s t  c a l c i n e d  a t 3 0 0 ° c  g a v e  t h e  h ig h e s t  C O  

c o n v e r s io n  a t 6 0  ° c  a n d  C O  c o n v e r s io n  o f  th e  t w o  c a t a ly s t s  d e c r e a s e  w ith  th e  

in c r e a s e  in  t e m p e r a tu r e .  U n l i k e  th e  C O  c o n v e r s i o n  o f  th e  c a t a ly s t s  c a l c i n e d  a t 4 0 0 ° c  

a n d  5 0 0 ° c ,  w h i c h  in c r e a s e d  w h e n  th e  t e m p e r a tu r e  i n c r e a s e d  to  f r o m  6 0 - 1 0 0 ° c .  T h e  

c a t a ly s t s  c a l c i n e d  a t 4 0 0 ° c  a n d  5 0 0 ° c  s h o w e d  th e  m a x im u m  C O  c o n v e r s io n  o f
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9 0 .9 %  a n d  8 9 .4 %  ( a t  1 0 0 ° C ) ,  r e s p e c t iv e ly .  Y e t ,  t h e  c a t a ly t ic  a c t i v i t y  o f  b o th  th e  

c a t a ly s t s  c a l c i n e d  a t  4 0 0 ° c  a n d  5 0 0 ° c  s ta r te d  t o  d e c r e a s e  a f te r  th e  r e a c t io n  

t e m p e r a tu r e  w e n t  b e y o n d  1 0 0 ° c ,  a s  s h o w n  in  F ig u r e  4 .2 3 .

T e m p e r a t u r e  ( ๐ C )

F ig u re  4 .2 3  E f f e c t  o f  c a lc in a t io n  te m p e r a tu r e  o n  C O  c o n v e r s i o n  a n d  P R O X  

s e l e c t i v i t y  o v e r  f r e e z e  d r ie d  A u /L a - C e O x  c a t a ly s t s .

T h e  c a t a ly t ic  p e r f o r m a n c e s  o f  u n c a lc in e d  c a t a ly s t  a n d  th e  c a t a ly s t  

c a lc in e d  a t 3 0 0 ° c  c o u ld  b e  r e la te d  to  th e  a m o u n t  o f  A u °  s p e c ie  o r  A u  m e t a l l i c  

p a r t ic le  p r e s e n c e  in  th e  c a t a ly s t s .  T h e  u n c a lc in e d  c a t a ly s t  a n d  th e  c a t a ly s t  c a l c in e d  at 

3 0 0 ° c  c o n t a in e d  l e s s e r  a m o u n t  o f  A u °  s p e c i e  a s  c o n f ir m e d  in  th e  U V - v i s



64

characterization result (Figure 4.8). Eun et al. (1999) suggested that the higher the 
calcination temperature, the higher amount o f metallic Au or Au° specie was formed 
from the reduction o f  Au3+ to Au°. Bera and Hegde (2002) have also reported that the 
catalytic activities o f  Au/CeC>2 catalysts in the CO oxidation decreased with the 
increasing in the concentration o f Au3+ species.

However, for the catalytic activities o f the catalysts calcined at 400°c 
and 500°c. The proposition o f this effect is that the increase in calcination 
temperature caused the Au particles to increase in their size, or in other words, to 
undergo a small phenomenon o f sintering. This proposition can be confirmed by the 
TEM result (Figure 4.16).

4.2.6 Effect o f  Q? Pretreatment on the Catalytic Activity
The oxygen pretreatment o f the catalyst was marked to be one o f the 

influence parameters on the activity o f the catalyst. Therefore, the oxygen 
pretreatment was carried out on the l% w t Au/La-CeOx catalyst (freeze dried, 
calcined at 400°C) at the temperature o f 120°c for 30 minutes. After that, the 
catalyst was experienced the activity test (PROX reaction) with 1% CO, 1% O2, and 
40% H2 balanced in He at the temperature range o f 6 0 -1 80°c. The catalyst activity, 
in terms o f CO conversion and PROX selectivity, o f oxygen pretreated catalyst is 
shown in Figure 4.24.
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F ig u re  4 .2 4  CO conversion and PROX selectivity as a function o f reaction 
temperature for PROX reaction over oxygen pretreated 1 %wt Au/La-CeOx catalyst; 
using freeze dry technique, calcined at 400°c, and the support was prepared by 
NH4OH precipitation.

The CO conversion and PROX selectivity, after oxygen pretreatment 
o f catalyst, increased to 95.6% and 40.8%, respectively. The reason behind this 
phenomenon is that the oxygen pretreatment at low temperatures causes surface 
oxygen species adsorbs on active site’s surface (Qua et al., 2005). Consequently, the
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4.2.7 Deactivation Test
Catalyst deactivation is one o f the major problems for practical PROX 

catalysts. It is mainly due to some modification in the surface structure and the 
chemical composition o f the catalyst, which is believed to take place at some stage in 
the reaction process. For gold-based catalyst in PROX reaction, the catalyst 
deactivation may be caused by phase transitions such as the formation o f carbonates 
species and/or blocking the access o f CO and O2 to the active sites (Raphulu, 2004).

Thus, the catalyst deactivation evaluation is vital to enable practical 
catalyst designs and also, to develop better understanding o f the catalyst’ร activity. In 
the present work, catalyst deactivation evaluation was taken at a temperature of 
1 0 0 ° c  in order to study the stability o f the prepared catalyst in simulated reformed 
gas mixtures containing 1% CO, 1% 0 2, and 40% แ 2 balanced in He, under 
atmospheric pressure.

Figure 4.25 shows the stability test o f oxygen pretreated l% w t Au/La- 
CeOx catalyst; using freeze dry technique, calcined at 400°c, and the support was 
prepared by N H 4 O H  precipitation. It is clearly seen that the prepared catalyst 
presented a fine stable properties and its activity kept constant for 19 hours.

4.2.7.1 Effect o f  H20  in the Feed Stream
It is reported that the addition o f water up to 10% in the 

PROX reaction was found to slightly reduce the catalytic activity, at the reaction 
temperature o f 110°c (Date et al., 2001). On contrary, the presence o f water on the 
reaction stream was found to be favorable to the catalytic activity for CO oxidation 
reaction (Buccozzi et al, 2001). But fortunately, in the present work the prepared 
catalyst showed a stable catalytic activity, even though the H20  concentration was as 
high as 10% in the feed stream, as shown in Figure 4.25.

4.2.7.2 Effect o f  CO2 in the Feed Stream
Figure 4.25 also illustrates the change in the activity o f the 

catalyst when CO2 was added to the feed stream. It can be clearly seen that the 
presence o f CO2 showed depressing effect on the catalytic activity owing to both the

oxygen pretreatment was further used for investigating the deactivation test o f the
prepared catalysts in PROX reaction.
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build-up o f carbonates species on the catalyst’s surface (Srinivas et a i ,  1996) and the 
CO2 absorption on the catalyst (as confirmed in Figure 4.17) which prevented O2 

adsorption and splitting on support. The CO conversion and PROX selectivity 
decreased significantly to around 53% and 30% respectively.

4.2.7.3 Effect o f  Combination o f  CO2 and H 2O in the Feed Stream
The simulating practical fuel gas mixtures containing 1% 

CO, 1% 0 2, 10% C 0 2, 10% H20 , and 40% H2 balanced in He was used in order to 
examine the stability o f the prepared catalyst. The effect o f CO2 and H2O on the 
catalytic performance o f the prepared Au/La-CeOx catalyst is shown in Figure 4.25. 
From the Figure, the presence o f CO2 and H2O in feed stream increased the PROX 
selectivity, while the CO conversion decreased slightly. The outcome was similar to 
the result o f Schubert et al. (2004) who studied the influence o f CO2 and H2O on the 
PROX activities over a Au/a-Fe203 catalyst.

T im e (h r)
F ig u re  4 .2 5  Deactivation test o f  oxygen pretreated l% w t Au/La-CeOx catalyst; using 
freeze dry technique, calcined at 400°c, and the support was prepared by N H 4 O H  

precipitation.
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