
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Au/Ce02, Au/ C e02-Z r 0 2, and Au/Zr02 Catalysts

In this part, The pure supports (Ce02 and Z r02) and the mixed supports 
(Ce02-Z r0 2) were prepared by precipitation and co-precipitation techniques, 
respectively. For Au supported on C e02-Z r0 2 prepared by deposition-precipitation 
(DP) technique. The prepared catalysts were tested in the oxidative steam reforming 
of methanol (OSRM). The impact of the support composition on the catalytic 
performance was studied by varying Ce/(Ce+Zr) atomic ratio. Moreover, the effect 
of Au content, calcination temperature, steam/methanol molar ratio, 
oxygen/methanol molar ratio, and gas pretreatment on the catalytic pretreatment 
were studied in detail.

The catalytic activity tests were carried out in a vertical pyrex glass 
microreactor by packing with 100 mg catalyst of 80-120 mesh inside. The activity 
was investigated at temperature in range of 200°c to 400°c under atmospheric 
pressure. The characterization results from several techniques, including XRD, TPR, 
UV-vis, FT-IR, TEM, TPO, XRF, and BET surface area of the prepared catalysts 
will be used to explain the catalytic activity and selectivity of the prepared catalysts 
in this part.

4.1.1 Effect of Support Type on the Catalytic Performance of 3 wt% Au 
Catalyst
In order to elucidate the effect of support on the catalytic behavior, 

the reaction was carried out in the range of 200-400 °c. Figure 4.1 compares the 
catalytic performance of supports and supported Au catalysts. In the case of support 
without All deposition, the pure Ce02 and Z r0 2 supports showed that their catalytic 
activity were lower than the mixed support (Ceo.75 Zro.2sO2) but the pure C e02 gave 
the catalytic activity higher than pure Z r02. It could be confirmed that the mixed 
support could improve better performance than pure support. After that the 3
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wt%Au/Ceo.75Zro.2 5 0 2  was tested and it was seen that the Ceo.75Zro.25O2 gave the 
methanol conversion lower than 3 wt%Au/Ceo.75 Zr0.2sO2 . When gold is deposited on 
Ceo.75Zro.25O2 , the behavior of the catalysts changes significantly. Focusing on the 
gas selectivity, the effect of Au deposition was obviously noticed in increasing H2 

selectivity that gave high methanol conversion since 200 ๐c  and decreasing CO 
selectivity.
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To study effect of support type on the catalytic performance of 3 
wt% Au, the Ce/(Ce+Zr) atomic ratios were varied (0, 0.25, 0.5, 0.75, and 1). The 
pure supports (CeÛ2 and ZrCh) were prepared by precipitation and the mixed 
supports (CeCh-ZrCh) were prepared by co-precipitation methods as the first step. 
After that, the 3 wt% Au metal was loaded on the prepared supports by deposition- 
precipitation (DP) method. All catalysts were calcined at 400 °c for 4 hours. Figure
4.2 shows the product concentration in the oxidative steam reforming of methanol 
reaction in the temperature range of 200 °c to 400 °c.

Eo
Ç3u,cนินิaqนิq

0

Figure 4.2 Effect of Ce/(Ce+Zr) atomic ratio on the concentration of FT, and CO 
over 3 wt% of Au/Ce02—ZrÛ2 catalysts calcined at 400 °c. (Reaction conditions: 
O2/H2O/CH3OH molar ratio = 0.6:2:1).

It was found that the 3 wt%Au/Ceo.75 Zro.25Û2 showed the highest 
catalytic activity in the reaction temperature studied compared with other atomic 
ratios. The FT concentration in the product steam were range of 7.25 % to 16.82 % 
and CO concentration were around 0.02 % to 0.26 %. The CO concentration was 
below than 1%. The catalytic performance of 3 wt%Au/Zr02 and 3
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wt%Au/Ceo.25Zr0.75 02 was very similar. Figure A1 shows the methanol conversion 
and hydrogen yield were 91.28% and 61.50%, respectively, at 400 ๐c.

As illustrated in Figure 4.3, the selectivities of gas products for OSRM 
reaction were compared. It was found that the 3 wt%Au/Ceo.75 Zro.25Û2 gave the 
highest hydrogen selectivity in the low temperature range of 200 ๐c  to 400 °c but 
the hydrogen selectivity is not significantly different value compared with other 
atomic ratios. Interestingly, the selectivity to FI2 increases, whereas the CO2 

selectivity decreases as a function of temperature. It can be seen that the CO2 

selectivity decreased with increasing CO selectivity after increasing the reaction 
temperature because the CO was formed by the methanol decomposition reaction 
(MD). However, methane was observed for 3 wt%Au/Zr02 and 3 wt%Au/Ceo.25 

Zro.7502 catalysts. It has been reported that the addition of Zr02 into Ce02 has 
resulted in enhancing the ceria activity for oxidation reactions (Shishido et ai, 2007). 
This enhancement has been reported as due to an increasing oxygen mobility and the 
formation of solid solution (Diagne et ai, 2002). In this work, the combination of 
CeC>2 and ZrC>2 can also improve the activity in the OSRM reaction. Therefore, 3 
wt%Au/Ceo.75ZP) 25O2 was chosen as the optimal composition for further study.
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Figure 4.3 Effect of Ce/(Ce+Zr) atomic ratio on the selecivity of H2, CO, C02, and 
CH4 over 3 wt% of Au/Ce02—Zr02 catalysts calcined at 400 °c. (Reaction 
conditions: O2/H2O/CH3OH molar ratio = 0.6:2: l).
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4.1.1.1 X-ray Diffraction (XRD)
The XRD patterns of Ce0 2 , 3 wt%Au/Ce0 2 , 3 wt%Au/Ceo.75 

Zro.2 5 0 2 , 3 wt%Au/Ceo.5 Zro.50 2 , 3 wt%Au/Ce0.25 Zro.75Û2, 3 wt%Au/Zr0 2 , and ZrÛ2 

calcined at 400 ๐c  are presented in Figure 4.4. The XRD diffractions of CeC>2 and 3 
wt% Au/CeCri present a very strong peak at 20 = 28.5°, which is characteristic of a 
single cubic phase, fluorite type structure of CeC>2 (111). The other detected peaks at 
33.08, 47.47, 56.33, 59.08, 69.40, 76.69, and 79.07° were corresponding to CeC>2 
(200), Ce02 (220), Ce02 (311), Ce02 (222), Ce02 (400), Ce02 (331), and Ce02 

(420) for CuKa (1.5406 Â) radiation, respectively (Kunming et al, 2008). The XRD 
patterns result become broadening, or lower intensity when CeC>2 was mixed with 
higher amount of ZrC>2 as a support, resulting from the incorporation of smaller Zr4+ 
cation into ceria crystal (Gomez et al, 2008). The pure support (3% Au/CeC>2, and 
3% Au/ZrC>2) has more crystallinity than the mixed supports, suggesting that the 
combination of Ce and Zr oxide in the catalyst can reduce the ZrC>2 and CeC>2 
crystallite sizes (Wei et al, 2012). The main diffraction peaks were slight shift 
towards higher 2 theta values with increasing amount of ZrC>2 incorporated into Ce0 2  

in the solid solution. This suggests the formation of a Cei-xZrx0 2  solid solution, with 
ZrC>2 entering in the fluorite structure of ceria, the lower ionic radius of Zr4+ (0.84 Â) 
compared to Ce4+ (0.97 Â) (Gomez et al., 2008). However, the Au peaks of the 
prepared catalysts cannot be observed, indicating either a high dispersion of gold or 
small Au particle size (Rui-hui et al., 2010). The crystallite sizes of catalysts were 
calculated based on the Scherrer equation and the results are summarized in Table 4.1.
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Figure 4.4 XRD patterns of supported Au catalysts: (•) CeCh; (■ ) Zr02; (°) Au. 

Table 4.1 CeCb and Au crystallite sizes of the 3%Au catalysts over different supports

Crystallite size (nm)Catalysts
Ce02( l l l ) CeO2(200) CeO2(220) Ce02(311) A u(lll)

Ce02 9.67 8.99 6.27 7.43 -
3 wt° 0 Au/Ce02 7.85 12.53 6.14 5.37 -
3 wt/oAu/Ceo,7sZro 2ร0 2 6.45 5.99 6.48 7.01 -
3 wt% Au/Ceo.sZro.sCF 6.78 6.76 5.56 5.55 -
3 wt%Au/Ceo.25Zro.7502 4.35 4.35 7.30 8.65 -
3 wt% Au/Zr02 - - - - -
Zr02 - - - - _

From Table 4.1, it showed that the mean Ce02 crystallite size 
of Ce02, 3 wt%Au/Ce02, 3 wt%Au/Ce0 75Zr0.25O2, 3 wt%Au/Ceo.5Zro,5C>2, 3 
wt%Au/Ceo 25Zro.7502 were 8.09, 7.97, 6.48, 6.16, and 4.00, respectively. It is 
obviously found that the addition of Zr02 into Ce02 significantly decreases the
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crystallite size of ceria as the incorporation of small Zr ion (0.84 Â) into the ceria 
crystal (Gomez et al., 2008).

4.1.1.2 X-ray Fluorescence (XRF)
X-ray Fluorescence technique was used to determine the 

actual metal loading and composition of 3 wt%Au/Ce0 2 , 3 wt%Au/Ceo.75 Zro.25Û2, 3 
wt%Au/Ceo.5 Zr05O2, 3 wt%Au/Ce025 Zr0.75C>2, and 3 wt%Au/Zr02 calcined at 400 
°c. The results summarized in Table 4.2 showed that the actual Au and support 
composition Ce/(Ce+Zr) were lower than the nominal Au loading (3 wt°/o). In 
addition, The 3 wt% Au/ CeC>2 catalyst gave the highest actual Au loading. And the 
catalysts with low content of zirconia oxide (3 wt%Au/Ceo.75Zro.2502 and 3 
wt%Au/Ceo.5 Zr0 5O2) gave the actual All loading higher than the catalyst with high 
zirconia oxide content (3% Au/ZrCb and 3 wt%Au/Ceo.25 Zro.7502).

Table 4.2 Au loading (wt%) and Ce/(Ce+Zr) ratio of supported Au catalysts

Catalysts Actual Au loading (%) Ce/(Ce+Zr)
3 wt%Au/Ce02 2.88 0.98
! wt% Au/Ceo.75Zl'o.2502 2.74 0.77
3 wt% Au/Ceo.5Zro,502 2.78 0.44
3 wt%Au/Ceo.25Zro.7502 2.56 0.19
3 wt%Au/Zr02 2.59 0

4.1.1.3 Surface Area Measurement (BET)
The surface areas of 3 wt%Au/Ce02 , 3 wt%Au/Ceo.75 Zro.2502, 

3 wt%Au/Ce0 5 Zro.502, 3 wt%Au/Ce0 25 Zro.7502, and 3 wt%Au/Zr02 are summarized 
in Table 4.3. The results showed the 3 wt% Au loading with the various Ce/(Ce+Zr) 
atomic ratios, the surface areas of all catalysts were not tendency. But the 3 
wt%Au/Ceo.75 Zro.2s02 catalyst gave the highest surface area. And the 3 wt%Au/Ce02 

catalyst had the surface area higher than 3 wt%Au/Ceo.25Zro.7s02, 3 wt%Au/Ceo,5 

Zro 5O2, and 3 wt%Au/Zr02, respectively. It can be observed that the surface does not 
relate to the catalytic activity for this reaction.
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Table 4.3 BET surface areas of 3 wt%Au/Ce0 2 , 3 wt%Au/Ceo75 Zro.2 5 0 2 , 3 
wt%Au/Ceo.5 Zr0.5O2, 3 wt%Au/Ce0.25 Zr0.75O2, and 3 wt%Au/Zr02 catalysts

Catalysts BET surface area (m2/g)
3%Au/Ce02 125.6
3 wt% Au/Ceo.75Zro.25Û2 174.2
3 wt% Au/Ceo sZro 5O2 118.7
3 wt%Au/Ceo.25Zro.7 5 0 2 123.7
3%Au/Zr02 1 0 0 .8

4.1.1.4 Temperature-Programmed Reduction (TPR)
TPR technique was used to study the reduction profiles of the 

catalysts. Figure 4.5 shows the TPR profiles of catalysts with various support 
compositions. The low reduction temperature (89 ๐c  to 185 °C) was attributed to the 
reduction of AuxOy species (Liu et al., 2008). The deposition of Au could enhance 
reducibility of all supports where the shifting reduction peaks toward lower 
temperatures correlated to the strong metal-support interaction (Liu et al, 2008), 
suggesting that the presence of Au facilitates activation of a hydrogen molecule. It 
accorded with the reduction of the chemisorption ร oxygen species on highly 
dispersion supported Au nanoparticles and supports Au-Ox to Au° or the interface 
between Au particles and supports Ce-Ox-Au to Au° (Wei et al., 2012). The presence 
of Au causes weakening of the surface of Ce-0 bonds that was near the gold atoms 
(Scire et al., 2003). So it can improve the oxygen vacancies formation, the increase 
oxygen mobility and reducibility. The area under the Au reduction peak could be 
estimated the amounts of Au5+ species, where the large amounts of Au° species could 
decrease the area under the AuxOy species reduction peak. The presence of higher 
amount Au° species made the catalyst less active that cause catalyst deactivation 
(Rynkowski et al., 2009). In this study, it could be concluded that the balancing of 
both Au° species and Au6+ species exhibited the higher catalytic activity than present 
only Au° species or Au5+ species. According to the reduction of AuxOy species peak 
was moderate level at 107 °c of the 3 wt%Au/Ceo.75Zro.2s0 2  catalyst. The
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reducibility of Au/Ce02 catalyst has the highest quantity of H2 consumption that 
contained the highest Au5+ species while the catalysts at high Zr concentration (Zr > 
0.5) promoted Au° species. The TPR profiles of ceria exhibit a broad peak at high 
temperature around 800 °c that is referred to the bulk reduction from Ce02 to Ce2C>3, 
and a broad peak situated close to 488 °c that is typically assigned to a surface 
reduction process (Jacobs et al., 2005). For the pure zirconia, Zr02 has one peak at 
high temperature above 700 ๐c, attributing to Zr02 reduction from Zr4+ to Zr3+ 
(Idakiev et al, 2006). Moreover, the hydrogen consumption at the lower temperature 
decreases when increasing the Zr02 content that indicated the strong interaction 
between Au and Ce.

Temperature (°C)

Figure 4.5 TPR profiles of catalysts with various support compositions.

4.1.1.5 UV-visible Spectroscopy
UV-visible spectroscopy was used to identify the gold species 

on support, which related to the catalytic activity of catalysts. The gold metallic 
(Au°) peak is known to be presented between 500-600 nm for gold particle on metal 
oxides and gold clusters (Au„, 1 < ท < 10) can be seen at 280-300 nm (Park et al., 
2006). It can be implied that the Au° and Au6+ species played an important role with
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higher catalytic performance for catalysts. Figure 4.6 shows that the 3 
wt%Au/Ceo.75Zro.2502 catalyst was balancing to present the gold species between Au° 
and Au0+ more than other catalysts. In this study found that 3 wt%Au/Ceo.75Zro.25C>2 

catalyst gave the optimal Au° and Au5+ contents to create the suitable gold particle 
size that related with the catalytic activity. The absorption band 230-250 nm can be 
assigned to cationic gold species (Au3+) (Zanella et al., 2004), it can be noticed that 
at this point, 3 wt%Au/Ce02-Zr02 catalysts had stronger absorption band than pure 
support (CeÛ2 and ZrC>2), indicating that there were Au3+ species on the prepared 
catalyst. However, the investigation of Au3+ by UV-vis was still unclear because of 
the overlap of mixed support, according to the stacking of ceria oxide and Au3+ band, 
show in the range of 200-350 nm and < 250 nm, respectively (Zanella et al., 2004). 
therefore, the presence of Au° and Au3+ could be improve the catalytic activity over 
Au/Ce02-Zr02 catalysts. Because the Au° is necessary to adsorbed CO, while Au3+ 
attached the metallic particle on the support and activated surface hydroxyl group 
(Rynkowski et al., 2009). For the pure Zr02 and the pure CeCb have strong 
absorption band at 205-209 nm and 340-345 nm, respectively (Rao and Sahu, 2001). 
Moreover, the absorption bands at 300-305 nm can be ascribed to o 2' —> Ce4+ charge 
transfer transitions, while the presence in the range of 225-275 nm could be matched 
with the o 2' —» Ce3+ and/or o 2' —> Zr4+ charge transfer (Kambolis et al., 2010).
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Figure 4.6 Diffuse reflectance UV-vis spectra of catalysts with various support 
compositions.

4.1.2 Effect of Calcination Temperature on the Catalytic Performance 
To study the effect of calcination temperature on the catalytic 

performance of 3 wt%Au/Ceo.75Zro.2502, the supports were first prepared by a co
precipitation method, using support calcination temperature at three different support 
calcination temperatures of 400, 500, and 600 ๐c  for 4 hours. And the 3 wt%Au was 
loaded on the prepared supports by a deposition-precipitation (DP) method. The 
catalysts were annealed at calcination temperature of 400 °c for 4 hours.

It has been reported that calcination temperature significantly 
influenced on the catalytic activity of SRM reaction (Chang et al., 2008). Figure 4.7 
shows the gas concentration, the CO concentrations were in the range of 0.02 % to 
0.26 % which below than 1%. The 3 wt%Au/Ceo7sZro.2502 catalysts showed the 
highest percentage of แ 2 concentration (16.82%) while the lower แ 2 concentrations 
was presented at higher the calcination temperature. The highest catalytic activity 
was observed when the supports were calcined at 400 °c since this temperature 
provided sufficient interaction and crystallization for solid solution. The catalysts 
calcined at high temperatures (500 °c and 600 °C) showed lower catalytic activity 
because the catalyst would undergo a phenomenon of support sintering. It could be
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concluded that the appropriate support calcination temperature was 400 °c. Figure 
A2 shows that the methanol conversion and hydrogen yield decreased with 
increasing support calcination temperature from 400 °c to 600 °c. It could be 
confirmed that calcination temperature has a significant effect on the catalytic 
performance of 3 wt%Au/Ceo.75Zro.2502 catalysts.

Figure 4.8 illustrates that แ 2 , CO, CO2 and CH4 selectivity of 
catalysts calcined at different calcination temperatures. The calcination temperature 
had a slight effect on the selectivity of H2, CO, CO2, and CH4 throughout the 
temperature range of 200 °c to 400 °c. However, no methane was observed in this 
study.

รm ๐g
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Temperature (°C)

Figure 4.7 Effect of calcination temperature on the concentration of แ 2, and CO 
over 3 wt% of Au/Ceo.75Zro.2502 catalysts. (Reaction conditions: O2/H2O/CH3OH 
molar ratio = 0.6:2 :1).
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Figure 4.8 Effect of calcination temperature on the selectivity of แ 2, CO, and CO2 

over 3 wt% of Au/Ceo.75Zro.2s02 catalysts. (Reaction conditions: O2/H2O/CH3OH 
molar ratio = 0.6:2 :1).
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4.1.2.1 Temperature-Programmed Reduction (TPR)
TPR technique was used to study the reduction profiles 

of the catalysts. Figure 4.9 shows the TPR profiles of 3 wt%Au/Ceo.75 Zro.25Û2 with 
different calcination temperatures. The low reduction temperature (100 ๐c  to 200 °C) 
was attributed to the reduction of AuxOy species (Liu et al., 2008). In this study, the 
low reduction temperature of the 3 wt%Au/Ceo.75Zro.2502 calcined at 400 °c, 500 °c 5 

and 600 °c show peaks at 107, 116, and 174 °c, respectively. According to the 
reduction of AuxOy species peak, calcination temperature of 400 °c can reduce 
AuxOy species easier than other calcination temperatures. The Au peaks shifted 
toward higher temperatures with increasing the support calcination temperature. It 
could be accorded with the reduction of the chemisorption ร oxygen species on 
highly dispersion supported Au nanoparticles and supports Au-Ox to Au° or the 
interface between Au particles and supports Ce-Ox-Au to Au° (Wei et al., 2012), 
indicating the strength of A u-0 bond, which can be assigned to the suppressing 
amount of surface oxygen species over surface of catalysts. It can lead to lower 
surface oxygen mobility that related with the result from the catalytic activity. The 
presence of highly dispersed Au nanoparticles effectively related to the adsorption of 
แ2 molecules on well-dispersed metallic gold particles and next to the migration by a 
spillover process from Au particles on the support surface (Gomez et al., 2008). It 
can be concluded that the catalyst calcined at 400 °c had the stronger metal-metal 
interaction than other calcination temperatures (Scire et al., 2003).
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Temperature (°C)

Figure 4.9 TPR profiles of 3 wt%Au/Ceo.75Zro.2502 with various calcination 
temperatures.

4.1.2.2 UV-visible Spectroscopy
UV-visible Spectroscopy technique was used to 

identify the oxidation state of gold. According to Figure 4.10, the gold metallic (Au°) 
peak is known to be presented between 500-600 nm for gold particle on metal oxides 
and gold clusters (Au„, 1 < ท < 10) can be observed at 280-300 nm (Park et al., 
2006). However, it can be noticed that at this point, the high calcination temperature 
catalysts showed the metallic oxidation state, a broad band between 500-600 nm. For 
the CeC>2 has strong absorption band at 340-345 nm (Rao and Sahu, 2001). 
According to the absorption band of ZrC>2 in the range of 205-209 nm was obviously 
presented when increasing the support calcination temperature. It may indicate that 
ZrC>2 was segregated from the CeC>2 lattice. Moreover, the absorption bands at 300- 
305 nm can be ascribed to o 2" —> Ce4+ charge transfer transitions, while the presence 
in the range of 225-275 nm could be matched with the 0 2‘ —> Ce3+ and/or 0 2~ —> Zr4+ 
charge transfer (Kambolis et al., 2010). In addition, it has been reported that the high 
temperature only a part of surface oxygen is trend to decrease. The full conversion of 
CeC>2 to Ce2Û3 occurs, the sintering of ceria can also take place (Rynkowski et al,
2009). Moreover, loss of oxygen vacancy can decrease the diffusion rate of oxygen
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in the lattice, resulting a decrease in the catalytic activity. The catalytic activity as a 
function of a number of oxygen vacancies. Therefore, the catalysts calcined at 500 °c 
and 600 °c could loss an active surface area of the catalysts that was observed since 
the catalysts would undergo a phenomenon of support sintering. It can also affect to 
the interaction between gold and support. The calcination temperature had the effect 
to the solubility limit of Zr in the CeC>2 matrix (Bensalem et al., 1995). It could be 
concluded that the appropriate support calcination temperature was 400 °c.

Wavelength (nm)

Figure 4.10 Diffuse reflectance UV-vis spectra of 3 wt%Au/Ceo.75Zro.25C>2 with 
various calcination temperatures.

4.1.2.3 Transmission Electron Micrograph (TEM)
Figure 4.11 shows the TEM images of the 3 

wt%Au/Ceo.7sZro 25O2 with different calcination temperatures. The mean crystalline 
size of Au with various support calcination temperatures of 400 °c, 500 °c, 600 °c 
were 21.08, 28.70, and 34.59 nm, respectively. The calcination temperature of 
catalyst at 400 °c has the lowest Au particle size and good distribution of Au 
particles that related with the highest catalytic activity. TEM technique can measure 
the Au particle size because the TEM data are associated to the effective particle



6 6

dimentions. In contrast, XRD technique cannot detect the peak of Au because the 
XRD data are related to coherently scattering domain (Idakiev et ai, 2006). 
Therefore, the optimal calcination temperature of support was 400 °c for this 
reaction.
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a) Calcined at 400 °c
Diam eter (nm)

b) Calcined at 500 °c

D iam eter (nm)

c) Calcined at 600 °c

Figure 4.11 TEM images of 3 wt%Au/Ceo.75Zr0.25 02 with various support
calcination temperatures.
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4.1.2.4 X-ray Diffraction (XRD)
The XRD results of 3 wt%Au/Ceo.75Zro.2502 with 

various support calcination temperatures are shown in Figure 4.12. It is clearly seen 
that the presence of Zr02 reflection becomes more visible and the diffraction of Ce02 

presented a very strong peak intensity when increasing the support calcination 
temperature. In contrast, there was no significant different in crystallite planes of Au
(111). It could be confirmed that the catalysts calcined at 500 °c and 600 ๐c  would 
undergo a phenomenon of support sintering.

Figure 4.12 XRD patterns of 3 wt%Au/Ce0 75Zro.2502 various support calcination 
temperatures.: (•) Ce02; (■ ) Zr02; (O) Au.
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Table 4.4 CeC>2 and Au crystallite sizes of the 3 พ t % Au/C e 0.7 5 Zr 0.2 5 O2 with different 
support calcination temperatures

Support Crystallite size (ทท!)
Ce02( l l l ) CeO2(200) CeO2(220) Ce02(311) A u(lll)

Calcined at 400 °c 6.45 5.99 6.48 7.01 -

Calcined at 500 °c 9.05 9.33 7.70 7.00 -
Calcined at 600 °c 11.87 11.95 10.84 12.06 -

From Table 4.4, it showed that the mean CeCb
crystallite sizes of 3 wt%Au/Ce0.75Zro.2502, which support was calcined at 400 °c, 
500 ๐c , and 600 °c were 6.48, 8.27, and 11.68, respectively. It can be noticed that 
calcination temperature of support does affect to CeC>2 crystallite size of catalyst, the 
mean CeC>2 crystallite size increased with increasing the calcination temperature due 
to the ZrC>2 sintering from the support that related to the XRD patterns.

4.1.2.5 X-ray Fluorescence (XRF)
X-ray Fluorescence technique was used to determine 

the actual metal loading, and composition of 3 wt%Au/Ce0.75Zro 25O2 with various 
calcination temperatures. XRF technique was used and the result are summarized in 
Table 4.5. The result showed that calcination temperature had no significant effect on 
the actual All loading and Ce/(Ce+Zr) ratio.

Table 4.5 Actual Au loading and Ce/(Ce+Zr) of 3 wt%Au/Ceo 75Zro 25Û2 with 
various calcination temperatures

Support Actual Au loading (%) Ce/(Ce+Zr)
Calcined at 400 ๐c 2.74 0.77
Calcined at 500 ๐c 2.72 0.80
Calcined at 600 °c 2.68 0.79
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4.1.3 Effect of Au Content on the Catalytic Performance
The Au/Ceo.75Zro.25C>2 were prepared by a deposition-precipitation 

technique with various Au contents of 1 wt%, 3 wt%, and 5 wt%. All catalysts were 
calcined at 400°c for 4 hours.

It is well known that nanosize particles of Au are highly active for 
several reactions (water-gas shift reaction, selective oxidation of CO in hydrogen 
rich stream, and etc.) (Haruta and Date', 2001), including the oxidative steam 
reforming reaction. The major factor for gold catalytic activity is including the size 
of gold nanoparticle. However, in this study, the result showed that the catalytic 
activity increased with increasing Au content from 1 wt% to 3 wt%, as shown in 
Figure 4.13. The H2 concentration in the steam were in range of 7.25% to 16.82%. 
However, 1 พt% All content gave the highest CO concentration (0.41%), as 
compared to 3 and 5 wt% Au (0.26 and 0.24%), respectively. For the concentration 
of CO was below than 1% which is good for the PEMFCs because CO can poison 
the Pt anodes of fuel cell. Figure A3 shows the methanol conversion and hydrogen 
yield, while the All content was increased from 3 wt% to 5 wt%, the methanol 
conversion decreased from 91.28% to 78.45% and hydrogen yield decreased from 
61.50% to 49.90%. The decreasing of catalytic activity at 5 wt% Au content may be 
attributed to the agglomeration of gold particles due to the higher amount of gold. 
Therefore, the 3 wt% Au content exhibited the highest performance among the 
catalyst studied.

For the selectivity of product gases are shown in Figure 4.14. The 
hydrogen and CO selectivity were followed the same trend as the hydrogen yield and 
the CO concentration. However, no methane was observed. In addition, the catalytic 
performance of Au catalysts was improved substantially for both methanol 
conversion and hydrogen concentration all the temperature reaction studied. It can be 
concluded that the Au catalyst plays an important role for hydrogen production in the 
OSRM reaction.
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Figure 4.13 Effect of Au content on the concentration of แ 2, and CO over 
Au/Ceo.75Zro.2;02 catalysts. (Reaction conditions: O2/H2O/CH3OH molar ratio = 
0.6:2 :1).
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Figure 4.14 Effect of Au content on the selectivity of H2, CO, and C 0 2 over 
Au/Ceo.75Zro 25O2 catalysts. (Reaction conditions: O2/H2O/CH3OH molar ratio = 
0.6:2 :1 ).
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4.1.3.1 Temperature-Programmed Reduction (TPR)
Figure 4.15 shows the TPR profiles of the 1 

wt%Au/Ceo.75Zr0.25 02, 3 wt%Au/Ceo.75Zr0.2502, and 5 wt%Au/Ceo.75Zro.2502. The 
low temperature reduction peak of 100 °c to 150 °c could be ascribed to the 
reduction of (ว2 species adsorbed on small gold particle, and reduction of ceria 
surface sites located around gold particle (Tabakova et al., 2011). At this position, 
the low temperature reduction peak of the Au/Ceo.75Zro.25C>2 with various Au contents 
of 1 wt%, 3 wt%, and 5 wt% show peaks at 128, 107, and 115 °c, respectively. 
According to the reduction of AuxOy species peak, the 3 wt%Au/Ceo.75Zr0 25 02 can 
reduce AuxOy species easier than other gold contents, indicating that the weakening 
of A u-0 bond, which can be assigned to the increasing amount of surface oxygen 
species over surface of catalysts. It can be concluded that the 3 wt%Au/Ceo 75Zro.25Û2 

catalyst had the strong metal-metal interaction more than other gold contents. In 
addition, the area under the AuxOy reduction peak briefly estimate the amount of 
Aus+ species, where the large amounts of Au° species could decrease the area under 
the AuxOy species reduction peak. The presence of higher amount Au° species made 
the catalyst less active that cause catalyst deactivation. The presence of both Au° and 
Au6+ species is required to achieve high catalytic activity over Au/Cei-xZrx02 
catalysts (Rynkowski et al., 2009). The quantities of several gold species can be 
related with the Au loading. The TPR profiles showed that the 3 wt%Au/Ceo.75 

Zro 25Û2 catalysts contained both gold nanoparticles and oxidized gold species (Au° 
and Au5+), while 1 wt% and 5 wt% Au contained many Aus+species. In this study, 3 
wt%Au gave the optimal Au° and Au5+ contents to create the suitable gold particle 
size and good dispersion of gold particle that related with the catalytic activity for 
OSRM reaction.
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Figure 4.15 TPR profiles of Au/Ceo.7sZro.2502 calcined at 400 °c with different Au 
loadings.

4.1.3.2 UV-visible Spectroscopy
Figure 4.16 shows the gold species on support, it was 

found that when Au content was increased from 1 wt% to 5 wt%, there was no 
significant effect to the gold species. According to the intensity of cationic gold 
species (Au3+) are known to be presented at 230-250 nm, gold clusters (Au„, 1 < ท < 
10) can be observed at 280-300 nm, and gold metallic (Au°) was presented between 
500-600 nm (Park et ai, 2006). For ZrC>2 and CeC>2, they have strong absorption 
band at 205-209 nm and 340-345 nm, respectively (Rao and Sahu, 2001). Moreover, 
the absorption bands at 300-305 nm can be ascribed to 0 2‘ —* Ce4- charge transfer 
transitions, while the presence in the range of 225-275 nm could be matched with the 
0 2~ —» Ce3+ and/or o 2' —> Zr4+ charge transfer (Kambolis et a l., 2010). It can be seen 
that the Au° and Au3+ species were detected from UV-visible Spectroscopy. 
Flowever, the Au/Ceo.75Zro.2502 with All contents of 1 wt% and 5 wt% have the 
intensity (or area) of the Au3+ species more than Au content of 3 wt%, that related to 
the result from the TPR profiles. Bond and coworker found that the combination with 
Au° and Au3+ is necessary to obtain the high activity (Bond et al., 2006). In contrast, 
there are many researches related the catalytic activity with gold species, Chang and
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coworker reported that the metallic Au particle (Au°) is responsible to achieve the 
high activity for high temperature reaction (Chang et al., 2008), whereas Rynkowski 
and coworker proposed that the Au3" species are necessary to obtain the high activity 
for low temperature reaction such as CO oxidation and low-temperature water-gas 
shift reaction (Rynkowski et al., 2009). Nevertheless, the state of the active gold 
catalysts is still unclear.

Au cluster band

Wavelength (nm)

Figure 4.16 Diffuse reflectance UV-vis spectra of Au/Ceo.75Zro.2502 calcined at 400 
°c with different Au loadings.

4.1.3.3 Transmission Electron Micrograph (TEM)
TEM images of the Au/Ceo.75Zro.2502 catalysts with 

various Au contents are shown in Figure 4.17. The mean particle size of Au with 
various Au contents of 1 wt%, 3 wt%, 5 wt% were 17.77, 21.08, 30.48 nm, 
respectively. According to the TEM result, the Au contents has a significant effect 
on the particle size of Au. Therefore, the 5 wt% of Au content has the largest Au
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particle size when compared with other Au contents. However, the results from the 
catalytic activity showed that when the Au content was increased from 1 wt% to 3 
wt%, the methanol conversion and hydrogen yield increased. Whereas, when the Au 
content was increased from 3 wt% to 5 wt%, the methanol conversion and hydrogen 
yield was decreased but its activity was higher than 1 wt%. Therefore, it can be 
concluded that a particle size of gold was not only the main effect to the catalytic 
activity.
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d) 1 wt%Au/Ceo.75Zro2502

e) 3 wt%AฟCeo.75Zro.25O2

f) 5 wt%Au/Ceo,75Zro.2502
Figure 4.17 TEM images of Au/Ceo.75Zro 25O 2 calcined at 400 ๐c  with different Au 
loadings.
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4.1.3.4 X-ray Diffraction (XRD)
The XRD results of Au/Ceo,75Zro.2502 calcined at 400 

°c with different Au loadings are shown in Figure 4.18. The peak intensity of gold
(111) at 38.5° becomes more visible after Au loading at 5 wt%, but it still has small 
peak. In contrast, there was no significant difference in crystallite planes of CeC>2. 
The XRD diffractions of CeC>2 present a very strong peak at 29 = 28.5°, which is 
characteristic of fluorite structure of CeC>2 (111). The other weak peaks at 33.08, 
47.47, 56.33, 59.08, 69.40, 76.69, and 79.067 were corresponding to CeC>2 (200), 
Ce02 (220), Ce02 (311), Ce02 (222), Ce02 (400), Ce02 (331), and Ce02 (420) for 
CuKa (1.5406 Â) radiation, respectively (Kunming et al, 2008).

2Theta (deg.)

Figure 4.18 XRD patterns o f 3 wt%Au/Ceo.75Zr0.25C>2 calcined at 400 ๐c  with
different Au loadings.: ( • )  C e0 2; (■ ) ZrCb; (° )  Au.
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Table 4.6 Ce02 and Au crystallite sizes of the Au/Ceo.75Zro.2502 calcined at 400 °c 
with different Au loadings

Catalysts Crystallite size (nm)
Ce02( l l l ) CeO2(200) CeO2(220) Ce02(311) A u(lll)

1 wt%Au/Ceo.75Zro 25O2 8.26 8.47 6.08 7.36 -

3 wt%Au/Ceo.75Zro.2502 6.45 5.99 6.48 7.01 -
5 wt%Au/Ceo.75Zro.2502 7.46 8.12 6.17 7.05 -

From Table 4.6, it showed that the mean Ce02

crystallite size of Au/Ceo.75Zro.2s02 calcined support at 400 °c with 1 wt%, 3 wt%, 
and 5 wt% were 7.54, 6.48, and 7.20, respectively. It can be noticed that All loading 
had no significant effect on the crystallite size of Ce02.

4.1.3.5 X-ray Fluorescence (XRF)
X-ray Fluorescence technique was used to determine 

the actual metal loading, and composition of Au/Ceo.75Zro.2502 calcined at 400 °c 
with different Au loadings. XRF technique was used and the result are summarized 
in Table 4.7. It can be noticed that catalyst of 1 wt%, 3 wt%, and 5 wt% had actual 
Au loading 0.85, 2.74, and 4.26, respectively, which were close to nominal loading. 
In addition, Au loading had no significant effect to the support composition and gave 
Ce/(Ce+Zr) ratio similar to the expected results.

Table 4.7 XRF results of Au/Ceo.75Zro.2502 calcined at 400 °c with different Au 
contents

Catalysts Actual Au loading (%) Ce/(Ce+Zr)
1 wt%Au/Ceo.75Zro.2502 0.85 0.84
3 wt%Au/Ceo.75Zr0.25 0 2 2.74 0.77
5 wt%Au/Ceo.75Zro.2502 4.26 0.79
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4.1.4 Effect of Catalyst Pretreatment
It was reported that the different pretreatments will provide different 

characteristic of the catalysts. In 2011, Zhang and coworker found that Au/CeCb 
catalyst pretreated in air or oxygen at 250 °c for 90 mins has a certain amount of 
Aus+ on the surface of ceria, that a high amount of Aus+ or Au° will cause a decrease 
in term of activity. The (ว2 pretreatment significantly improve catalytic activity of 
Au/CeCb at the low-temperature range, which 50% CO conversion (Tso%) can be 
achieved at 26 ๐c  and Tioo% (temperature for 100% CO conversion) can be achieved 
at 50 ๐c, but the initial reaction rate of the Au/Ce02 preteated in oxygen is closer to 
the unpreteated catalyst. However, they found that pretreatment does not change the 
morphology and structure of the catalysts, but does change the activity (Zhang et al,
2011). The gas pretreatment of catalyst is important for many chemical reactions 
such as CH4 conversion, Dinh Lam and coworker found that O2 pretreatment 
improve catalytic activity (CH4 conversion has reached 90% instead of 80%), and the 
oxygen presence in the feed seems to inhibit in a significant manner the deactivation 
of catalyst (Dinh et al, 2009).

Therefore, it is interesting to investigate the effect of gas pretreatment. 
In this work, the 3 wt%Au/Ceo 75Zro.2s02 (calcined support at 400 °C) catalyst was 
pretreated with O2 at 200 ๐c  for 2 hours prior the catalytic testing. The results are 
shown in Figure 4.19. The activity of 3 wt%Au/Ceo.75Zro.2s02 increased with an 
increase in reaction temperature. The H2 concentration reached 16.82% and the CO 
concentration reached 0.26% at 400 ๐c. However, the O2 pretreated catalyst had 
lower H2 concentration than unpretreated catalyst. Figure A4 shows the pretreated 
catalyst exhibited the same trend as unpretreated catalyst in terms of methanol 
conversion and hydrogen yield. However, the 0 2 pretreated catalyst had lower 
methanol conversion and hydrogen yield than unpretreated catalyst. The pretreated 
0 2 at 200 °c appeared to be less active in the OSRM reaction when compared with 
the unpretreated catalyst. An effect of O2 oxidation at 200 ๐c  could related to the 
oxidation of oxide species on the surface of Au more than to the oxidation of support 
(Rynkowski et al, 2009). The oxidation of Au° atom to Au3+ ions can lead to 
decrease in catalytic activity. The higher amount of Au3+ ions after oxidation at 200 
๐c  made the catalyst less active in this study. According to the work of Wang and
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coworker, they found that the presence of Au° and Au3+ could be improve the 
catalytic activity over Au/CeC>2-Zr02 catalysts. The presence of both gold 
nanoparticles and oxidized gold species (Au° and Au5+) are responsible for the 
catalytic activity of catalyst. The Au° is necessary to adsorbed CO, while Au3+ 
attached the metallic particle on the support and activated surface hydroxyl group. 
For the CO concentration, the O2 pretreated catalyst gave higher CO concentration 
than unpretreated catalyst.

In Figure 4.20, the hydrogen selectivity of untreated catalyst (67.37%) 
is higher than that of O2 pretreated catalyst (64.73%). The effect of 0า pretreatment 
at 200 °c could be seen that the CO2 selectivity decreased with increasing CO 
selectivity after increasing the reaction temperature since to the CO was formed by 
the methanol decomposition reaction (MD). However, no methane was observed. It 
could be concluded that the unpretreated catalyst is an appropriate catalyst for this 
study.

à?
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2 0 0  2 5 0  3 0 0  3 5 0  4 0 0

Temperature (°C)

Figure 4.19 Effect of O2 pretreatment on the concentration of H2, and CO over 3 
wt%Au/Ceo.75Zro.2502 catalysts. (Reaction conditions: O2/H2O/CH3OH molar ratio = 
0.6:2 :1).
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Figure 4.20 E f f e c t  o f  O2 p r e tr e a tm e n t  o n  th e  s e l e c t i v i t y  o f  H2 , CO, a n d  CO2 o v e r  3 
w t% A u /C e o  75Zro 2 5 O2 c a ta ly s t s .  (R e a c t io n  c o n d it io n s :  O2 /H2 O/CH3 OH m o la r  ra tio  =  

0 .6 :2 : 1).
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4.1.4.1 X-ray Diffraction (XRD)
T h e  X R D  r e s u lt s  o f  s p e n t  A u /C e o .75Z ro .2502  c a l c in e d  at 

4 0 0  ° c  w i t h  a n d  w it h o u t  O 2 p r e tr e a tm e n t  a re  s h o w n  in  F ig u r e  4 .2 1 .  T h e  r e s u lt  

s h o w e d  th a t  th e  O 2 p r e tr e a tm e n t  h a s  n o  s ig n i f ic a n t  e f f e c t  o n  th e  c r y s t a l l i t e  p la n e s  o f  

C eC >2 T h e  d i f f r a c t io n  p e a k s  o f  m e t a l l i c  g o ld  ( 2 0  =  3 8 .2 ° ,  4 4 .4 °  a n d  6 4 .5 ° )  o r  g o ld  

o x id e s  ( 2 0  =  2 5 .5 ° ,  3 0 .2 °  a n d  3 2 .5 ° )  w e r e  n o t  d e t e c t e d .  T h is  i s  d u e  t o  th e  f in e  

d is p e r s io n  o f  g o ld  p a r t ic le s  o n  c e r ia  s u p p o r t  a n d  f e w e r  a m o u n t s  o f  g o ld  s p e c ie s  th a t  

i s  o u t  o f  th e  d e t e c t e d  l im i t a t io n  o f  X R D  (Z h a n g  et al, 2 0 1 1 ) .  In  c o n t r a s t ,  th e r e  w a s  

n o  s ig n i f ic a n t  d i f f e r e n c e  in  e v e r y  c r y s t a l l i t e  p la n e s  o f  C e 0 2 . It c a n  b e  c o n c lu d e d  th a t  

th e  p r e tr e a tm e n t  d o e s  n o t  c h a n g e  th e  m o r p h o lo g y  a n d  s tr u c tu r e  o f  t h e  c a t a ly s t s ,  b u t  

d o e s  c h a n g e  t h e  a c t iv i t y  (Z h a n g  et al., 2 0 1 1 ) .

Figure 4.21 X R D  p a tte r n s  o f  s p e n t  3 w t% A u /C e o .75Z ro.2 5 0 2 c a lc in e d  a t 4 0 0  ° c  w ith  

d if fe r e n t  0 2 p r e trea tm en ts .:  ( • )  CeC>2; (■ ) Z rC b; ( ° )  A u .
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4 .1 .5  E f f e c t  o f  F E O /C H 3O H  M o la r  R a t io  o n  th e  C a t a ly t ic  P e r fo r m a n c e
T h e  e f f e c t  o f  H 2O /C H 3O H  m o la r  r a t io  o n  th e  a c t iv i t y  a n d  s e l e c t i v i t y  o f  

3 w t% A u /C e o  75Zro.25C>2 p r e p a r e d  b y  a  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  c a lc in e d  at 

4 0 0  ๐c  fo r  4  h o u r s , w e r e  s tu d ie d . T h e  c a t a ly s t s  w e r e  t e s t e d  o n  v a r io u s  H 2O /C H 3O H  

m o la r  r a t io s  a t 1, 1 .5 , 2 ,  3 ,  r e s p e c t iv e ly ,  in  th e  r e a c t io n  te m p e r a tu r e  r a n g e  o f  2 0 0  ๐c  

to  4 0 0  °c. F ig u r e  4 .2 2  s h o w s  th e  H 2 c o n c e n tr a t io n  o f  th e  H 2O /C H 3O FI m o la r  ra tio  o f  

2  r e a c h e d  1 6 .8 2 %  a n d  th e  C O  c o n c e n tr a t io n  r e a c h e d  0 .2 6 %  at 4 0 0  °c. F ig u r e  A 5  

s h o w s  th a t  th e  m e th a n o l  c o n v e r s io n  in c r e a s e d  w it h  in c r e a s in g  r e a c t io n  te m p e r a tu r e  a t  

a ll  H 2O / Œ 3O FI m o la r  r a t io s . T h e  H 2O /C H 3O H  m o la r  r a t io  o f  2  e x h ib i t e d  th e  h ig h e s t  

m e th a n o l  c o n v e r s io n .  It c a n  b e  o b s e r v e d  th a t  w h e n  H 2O /C H 3O H  m o la r  r a tio  w a s  

in c r e a s e d  f r o m  1 to  1 .5 , th e  c a ta ly t ic  a c t iv it y  w a s  s l i g h t ly  in c r e a s e d .  W h e n  in c r e a s in g  

th e  H 2O /C F I3O H  m o la r  r a t io  fr o m  1 .5  t o  2 , th e  c a t a ly t ic  a c t iv i t y  in  te r m  o f  m e th a n o l  

c o n v e r s io n  a n d  h y d r o g e n  y ie ld  w a s  in c r e a s e d . B u t  fu r th e r  in c r e a s in g  H 2O /C F I3OFI 

m o la r  r a t io  fr o m  2  to  3 , th e  c a ta ly t ic  a c t iv it y  w a s  h ig h ly  d e c r e a s e d .  T h e s e  

p h e n o m e n a  w e r e  e x p la in e d  b y  u s in g  F T -I R  t e c h n iq u e  th a t  th e  f o r m a t io n  o f  h y d r o x y l  

g r o u p s  a n d  c a r b o n a te  s p e c ie s  w a s  o b s e r v e d  w h ic h  b lo c k e d  th e  a c t iv e  s i t e s  o f  

c a ta ly s t s  d u r in g  r e a c t io n  ( H o u t e i t  et al. , 2 0 0 6 ) .  It c o u ld  b e  c o n c lu d e d  th a t th e  

a p p r o p r ia te  o f  H 2O /C H 3O H  m o la r  ra tio  w a s  2  c o r r e s p o n d in g  to  E l - M o e m e n  a n d  

c o w o r k e r ,  t h e y  e x p la in e d  th a t a p p r o p r ia te  s te a m  c a n  d e c o m p o s e  th e  c a r b o n a te  

s p e c ie s  ( E l - M o e m e n  et al., 2 0 0 9 ) .  In  a d d it io n , th e  H 2O /C H 3O H  m o la r  ra tio  h a d  n o  

s ig n i f ic a n t  e f f e c t  to  C O  c o n c e n tr a t io n  in  th e  p r o d u c t  s t e a m  a n d  n o  m e th a n e  w a s  

o b s e r v e d .
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Figure 4.22 E f f e c t  o f  H2 O/CH3 OH m o la r  r a t io  o n  th e  c o n c e n t r a t io n  o f  H2 , a n d  C O  

o v e r  3  w t% A u /C e o .75Z ro .2502 c a t a ly s t s  c a l c in e d  a t 4 0 0  °c.
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Figure 4.23 E f f e c t  o f  H 2O /C H 3O H  m o la r  r a tio  o n  th e  s e l e c t i v i t y  o f  H 2, C O , a n d  

C O 2 o v e r  3 w t% A u /C e o .75Z ro .2502  c a ta ly s t s  c a l c in e d  at 4 0 0  °c.
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4.1.5.1 Fourrier Transform Spectroscopy (FT-1R)
T h e  F T -I R  s p e c tr a  o f  s p e n t  3  w t% A u /C e o .75Zro.25C>2 

c a t a ly s t s  w i t h  d i f f e r e n t  H 2O /C H 3O H  m o la r  r a t io s  a re  s h o w n  in  F ig u r e s  4 .2 4 .  T h e  

h y d r o x y l  g r o u p s  a n d  c a r b o n a te  s p e c ie s  w e r e  fo r m e d  d u r in g  th e  r e a c t io n .  H y d r o x y l  

g r o u p  c a n  b e  d e t e c t e d  in  th e  r a n g e  o f  3 2 0 0 - 3 6 0 0  c m "1 a n d  th e  c a r b o n a te  s p e c ie s  c a n  

b e  d e t e c t e d  in  m a n y  p o s i t io n s  in  th e  r a n g e  o f  8 0 0 - 1 8 0 0  c m "1 a n d  2 5 0 0 - 3 0 0 0  c m "1 
( E l - M o e m e n  et al., 2 0 0 9 ) ,  it c a n  b e  s e e n  th a t  a t a  H 2O /C H 3O H  m o la r  r a t io  o f  2 ,  th e  

F T - I R  s p e c tr u m  o f  th e  s p e n t  c a t a ly s t  s h o w e d  th e  l o w e s t  n e g a t i v e  b a n d  in  th is  r a n g e .  
In c o n t r a s t ,  a t a  H 2O /C H 3O H  m o la r  ra tio  o f  3 , th e  b a n d  o f  O H  g r o u p  w i t h  th e  s tr o n g  

s ig n a l  o f  t r a n s m it ta n c e  w a s  o b s e r v e d ,  c o r r e s p o n d in g  to  th e  l o w e s t  c a t a ly t ic  a c t iv ity .  
T h e  p o s i t io n s  o f  p e a k s  a t tr ib u te d  to  th e  t y p e  o f  c a r b o n a te , f o r m a te ,  a n d  in te r m e d ia te  

b a n d s  a re  s h o w n  in  T a b le  4 .8 .  T h e  s tr o n g  b a n d s  a p p e a r e d  a t 8 5 3 ,  1 0 4 5 - 1 0 7 0 ,  a n d  

1 3 4 0  c m "1 in d ic a t e d  th e  c a r b o n a te  s p e c ie s  o n  c e r ia , 1 3 7 0 ,  1 3 7 2 ,  1 3 7 7 ,  a n d  1 3 7 9  

in d ic a te d  th e  f o r m a t e  s p e c i e s  o n  C e 4+, a n d  1 3 7 0 , a n d  2 8 4 8  in d ic a t e d  th e  fo r m a te  

s p e c ie s  o n  C e 3+ ( T a b a k o v a  et al., 2 0 0 3 ) .  It c a n  b e  n o t ic e d  th a t  a  H 2O /C H 3O H  m o la r  

ra tio  o f  3 , th e  s t r o n g e s t  p e a k  o f  b o th  fo r m a te  s p e c ie s  a n d  c a r b o n a te  s p e c i e s  th a n  th e  

m o la r  r a tio  a t 1 , 1 .5 ,  a n d  2 ,  r e s p e c t iv e ly .  A l l  o f  th e s e  s p e c i e s  w e r e  id e n t i f i e d  a s  th e  

m a in  c a u s e  o f  c a t a ly s t  d e a c t iv a t io n  r e s u lt in g  fr o m  th e  b lo c k in g  in  a c t iv e  s it e  b y  

in te r m e d ia te  f o r m a t io n  o r  b l o c k in g  th e  a c c e s s  o f  a d s o r b e d  r e a c t io n  in te r m e d ia te s  to  

th e  a c t iv e  s i t e s  ( E l - M o e m e n  et al., 2009). T h e r e f o r e ,  it c a n  b e  c o n c lu d e d  th a t th e  

c a t a ly t ic  a c t iv i t y  o f  c a t a ly s t s  d e p e n d  o n  a m o u n t  o f  c a r b o n a te ,  b ic a r b o n a te ,  a n d  

fo r m a te  s p e c ie s  o n  th e  a c t iv e  s i t e  ( C o s t e l lo  et al., 2 0 0 3 ) .
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Figure 4.24 F T I R  s p e c tr a  o f  3 w t% A u /C e o .75Z ro .2502 c a t a ly s t s  c a lc in e d  a t 4 0 0  °c 
a fte r  r e a c t io n  w i t h  d i f f e r e n t  H2O/CH3OH m o la r  r a t io s  o f  1, 1 .5 , 2 ,  a n d  3 . (F T - I R  

s p e c tr a  w a s  s h o w n  in  r a n g e  o f  4 0 0 - 4 0 0 0  c m ' 1).



89

Table 4.8 F r e q u e n c y  a n d  a s s ig n m e n t  o f  c a r b o n a te , f o r m a te ,  a n d  in te r m e d ia te  b a n d s  

o f  s p e n t  3 พ t% A u /C e o .7sZro 25O 2 c a l c in e d  a t 4 0 0  ° c  ( T a b a k o v a  et a l,  2 0 0 3 )

Wavenumber (cm 1) Assignment
1 3 7 0 , 1 3 7 2 ,  1 3 7 7 ,  1 3 7 9 F o r m a te  s p e c ie s  o n  C e J+
1 3 7 0 F o r m a te  s p e c ie s  o n  C e 4+
7 2 0 , 8 5 3 ,  1 0 4 5 - 1 0 7 0 ,  1 4 5 2 C a r b o n a te  s p e c i e s  o n  C e r ia

1 5 2 5 B ic a r b o n a te  s p e c i e s  o n  C e r ia
1 6 4 0 B e n d in g  m o d e  o f  u n d i s s o c ia t e d  H 2O
2 3 4 3 L in e a r  C O 2 w e a k l y  in te r a c t in g  w i t h  c e r ia

4 . 1 .6  E f f e c t  o f  O 7/ C H 7O H  M o la r  R a t io  o n  th e  C a ta ly t ic  P e r fo r m a n c e
T o  s tu d y  th e  e f f e c t  o f  O 2/C H 3O H  m o la r  r a t io  o n  th e  a c t iv it y  a n d  

s e l e c t i v i t y  o f  3 พ t% A u /C e o  7sZ ro .2502 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  

c a lc in e d  a t 4 0 0 ° c  fo r  4  h o u r s ,  th e  c a t a ly s t s  w e r e  t e s t e d  w i t h  v a r io u s  O 2/C H 3O H  

m o la r  r a t io s  o f  0 ,  0 .4 ,  0 .6 ,  0 .8 ,  a n d  1 .2  a n d  a  H 2O /C H 3O H  m o la r  r a t io  o f  2  w a s  k e p t  

at r e a c t io n  te m p e r a tu r e  r a n g e  o f  2 0 0  ๐c  to  4 0 0  ° c .  F ig u r e  4 .2 5  s h o w s  th e  p r o d u c t  

c o n c e n t r a t io n  w i t h  d i f f e r e n t  C E /C IT jO F I m o la r  r a t io s . T h e  FI2 c o n c e n t r a t io n  a t a  

O 2/C H 3O FI m o la r  r a tio  o f  0 .6  in c r e a s e d  fr o m  7 .2 5 %  to  1 6 .8 2 %  a n d  th e  C O  

c o n c e n t r a t io n  in c r e a s e d  fr o m  0 .0 2 %  to  0 .2 6 % . F ig u r e  A 6  s h o w s  th e  m e th a n o l  

c o n v e r s io n  a n d  h y d r o g e n  y ie ld ,  w h e n  o x y g e n  w a s  a d d e d  in  th e  f e e d ,  th e  c a t a ly t ic  

a c t iv i t y  e x h i b i t e d  h ig h e r  FI2 p r o d u c t io n  a c c o r d in g  to  th e  c o m b in a t io n  a n d  

c o m p e t i t io n  b e t w e e n  S R M  a n d  P O M  r e a c t io n s .  M o r e o v e r ,  a t a  O 2/C H 3O H  m o la r  

r a tio  o f  0 .6 ,  th e  h ig h e s t  c a t a ly t ic  a c t iv i t y  w a s  o b s e r v e d ,  it  r e a c h e d  h ig h e r  th a n  8 5 %  

a n d  5 0 %  fo r  m e th a n o l  c o n v e r s i o n  a n d  h y d r o g e n  y ie ld ,  r e s p e c t iv e ly ,  a t 3 0 0  ° c .  In  

c o n tr a s t ,  w h e n  O 2/C H 3O H  m o la r  ra tio  w a s  a d d e d  to  h ig h e r  v a lu e  fr o m  0 .6  to  1 .2 , th e  

r e s u lt  s h o w e d  th a t h y d r o g e n  y i e ld  d e c r e a s e d .  A t  h ig h  o x y g e n  ( O 2/C H 3O H ) c a n  g iv e  

fa s t  c a t a ly s t  d e a c t iv a t io n  a n d  h y d r o g e n  c o n s u m p t io n  v ia  h y d r o g e n  o x id a t io n .  
T h e r e f o r e ,  t h e  h y d r o g e n  p r o d u c t io n  ra te  s ig n i f ic a n t ly  d e c r e a s e d  w i t h  in c r e a s in g  

O 2/C H 3O H  m o la r  ra tio  b e c a u s e  o f  P O M  r e a c t io n  (P a te l  et al., 2 0 0 7 ) .
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In  F ig u r e  4 .2 6 ,  th e  h y d r o g e n  s e l e c t i v i t y  d e c r e a s e s  w i t h  in c r e a s in g  

a m o u n t  o f  o x y g e n  th a t  r e la te d  to  in c r e a s e  th e  s e l e c t i v i t y  o f  w a te r ,  b e c a u s e  th e  fa s t  

o x id a t io n  o f  h y d r o g e n  to  fo r m e d  w a t e r  ( H 2 +  1 /2 0 2  <-* H 20 )  (C h a n g  et al, 2 0 0 8 ) .  
T h e  m o r e  o x y g e n  c o n t e n t s  w e r e  a d d e d  in to  th e  r e a c t io n ,  th e  m o r e  r e a c t io n s  p r e fe r r e d  

to  P O M  w h i c h  is  n o t  fa v o r a b le  a t h ig h  te m p e r a tu r e  d u e  to  i t s  e x o t h e r m ic  r e a c t io n . A t  

O 2/C H 3O H  m o la r  r a t io  h ig h e r  th a n  0 .6 ,  th e  P O M  r e a c t io n  c a u s e d  th e  m o s t  e f f e c t i v e  

w a y  to  th e  l o w e s t  h y d r o g e n  s e l e c t iv i t y .  I n te r e s t in g ly ,  th e  C O  s e l e c t i v i t y  in c r e a s e d  

w h e n  in c r e a s in g  th e  0 2/C H 3 0 H  m o la r  r a t io  to  0 .8  a n d  th e n  d e c r e a s e d  w i t h  in c r e a s in g  

0 2/ Œ 3 0 H  m o la r  r a t io . A t  th e  O 2/ C H 3O H  m o la r  r a tio  o f  0 .8 ,  th e  m e th a n o l  

d e c o m p o s i t i o n  m ig h t  c o n t r ib u te  th e  C O  f o r m a t io n  in  la r g e  e x t e n t .  A f t e r  th a t, w h e n  

f e e d in g  m o r e  o x y g e n  th a n  th is  r a tio  m ig h t  d e c r e a s e  th e  C O  f o r m a t io n  b y  p a s s in g  

th r o u g h  C O  o x id a t io n  a n d  w a te r  g a s  s h i f t  r e a c t io n s  ( E l - M o e m e n  et al., 2 0 0 8 ) .  T h e  

C 0 2 s e l e c t i v i t y  a t O 2/C H 3O H  m o la r  r a t io  o f  1 .2  w a s  h ig h e r  th a n  o th e r  O 2/C H 3O H  

m o la r  r a t io s .  T h is  r e s u lt  s u g g e s t e d  th a t th e  P O M  r e a c t io n  is  ta k in g  p la c e  a t a  

s ig n i f ic a n t  e x te n t .  H o w e v e r ,  m e t h a n e  w a s  n o t  d e t e c t e d  in  th is  e x p e r im e n t .  In  

c o n c lu s io n ,  th e  c o n c e n t r a t io n  o f  th e  m ix t u r e  o x y g e n ,  s t e a m , a n d  m e th a n o l  w a s  

a p p r o p r ia te d  r e s u lt in g  in  h ig h  a c t iv i t y  in  O S R M  in  l o w  te m p e r a tu r e  r a n g e . T h e  

O 2/ H 2O /C H 3O H  m o la r  r a t io  a t 0 .6 /2 /1  e x h ib i t e d  th e  h ig h e s t  c a t a ly t ic  a c t iv i t y  in  th e  

O S R M  w i t h  th e  h ig h e s t  m e t h a n o l  c o n v e r s io n  a n d  h y d r o g e n  y ie ld  c o m p a r e d  to  o th e r  

m o la r  r a t io s .
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T e m p e ra tu re  (°C )
Figure 4.25 E f f e c t  o f  O2 /H2 O/CH3 OH m o la r  r a tio  o n  th e  c o n c e n t r a t io n  o f  H 2, a n d  

C O  o v e r  3 พ t % A u /C e 0 75Zro.2s0 2  c a t a ly s t s  c a lc in e d  a t 4 0 0  °c.
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T e m p e ra tu re  (°C )

F ig u r e  4 .2 6  E f f e c t  o f  O 2/ H 2O /C H 3O H  m o la r  r a t io  o n  th e  s e l e c t i v i t y  o f  H 2, C O , a n d  

C O 2 o v e r  3 w t% A u /C e o .75Z ro .2502 c a t a ly s t s  c a l c in e d  a t 4 0 0  ° c .
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4 .1 .7  E f f e c t  o f  S t a b i l i t y  b e t w e e n  3  w t % A u /C e 0 7  C a ta ly s t  a n d  3 

w t% A u /C e n  7sZfn 7sO ? C a ta ly s t  a n d  S id e  R e a c t io n  (m e t h a n o l  d e c o m p o s i t i o n  ( M D )  

r e a c t io n )
4.1.7.1 Stability testing

T h e  s t a b i l i t y  o f  3 w t % A u /C e 0 2  a n d  3  w t% A u /C e o .75Z ro .2502 
c a t a ly s t s  fo r  7 2 0  m in u t e s ,  12  h o u r s ,  w a s  t e s t e d  a t 3 5 0  ๐c ,  a s  s h o w n  in  F ig u r e  4 .2 7 .  
T h e  m e t h a n o l  c o n v e r s io n  o f  3  w t % A u /C e 0 2  d e c r e a s e d  fr o m  8 0 .6 7 %  to  5 6 .1 4 %  a n d  

h y d r o g e n  y ie ld  d e c r e a s e d  fr o m  5 0 .7 2 %  to  3 4 .2 8 % . T h e  a c t iv i t y  o f  3  

w t% A u /C e o .75Zro .2502  c a t a ly s t  s h o w e d  s ta b le  a c t i v i t i e s  fo r  O S R M  r e a c t io n  fr o m  

8 6 .7 3 %  to  8 5 .2 5 %  f o r  m e th a n o l  c o n v e r s io n  a n d  f r o m  5 8 %  to  5 6 .4 2 %  fo r  h y d r o g e n  

y ie ld .  T h e  a c t iv it y  o f  3 w t% A u /C e o .75Z ro .2502 c a t a ly s t  w a s  h ig h e r  th a n  th a t  o f  3 

w t % A u /C e Û 2 c a ta ly s t .  T h e r e f o r e ,  th e  3 w t% A u /C e o .75Z ro .2502  c a t a ly s t  h a s  a b i l i t y  to  

im p r o v e  lo n g - t e r m  s t a b i l i t y  o f  c a t a ly s t  w h e n  c o m p a r e d  w ith  3  w t % A u /C e Û 2 c a ta ly s t .  
H o w e v e r ,  p u r e  C eC >2 h a s  p o o r  th e r m a l s ta b i l i ty  s o  th e r e  a re  m a n y  r e s e a r c h e r s  s tu d ie d  

th e  p o s s i b l e  w a y  to  e n h a n c e  th e  th e r m a l s t a b i l i t y  o f  CeC>2. T h e y  d is c o v e r e d  th a t  th e  

a d d it io n  f o r e ig n  c a t io n s  s u c h  a s  Z r4+ in to  th e  C eC >2 la t t ic e  to  fo r m  a s o l id  s o lu t io n  

m a y  im p o r ta n t ly  im p r o v e  th e  s t a b i l i t y  o f  th e  s u r f a c e  a rea  a n d  s t r o n g ly  e n h a n c e  th e  

r e d o x  p r o p e r t ie s  o f  C e Û 2. M o r e o v e r ,  C e 0 2 - Z r Û 2 h a s  b e e n  w i d e l y  u t i l i z e d  fo r  r e d o x  

p r o p e r t ie s ,  h ig h  o x y g e n  s to r a g e  c a p a c i ty ,  b e t te r  c a ta ly t ic  a c t iv i t y  a t lo w e r  

te m p e r a tu r e  a n d  h ig h  th e r m a l s ta b i l ity .  T h e s e  a re  th e  r e a s o n  w h y  C e 0 2 - Z r Û 2 h a s  a ls o  

b e e n  a c c e p t e d  fo r  th e  a p p lic a t io n  in  m o b i le  f u e l - c e l l  a p p l ic a t io n s  in s te a d  o f  p u re  

C eC >2 ( R y n k o w s k i  et a l ., 2 0 0 9 ) .
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T im e on s te am  (m in)

Figure 4.27 Stability testing of the 3 wt%Au/Ceo.7 5Zro.2 5 0 2 and 3 wt%Au/Ce0 2  

catalysts at reaction temperature of 350 ๐c . (Reaction conditions: O2 /H2 O/CH3 OH 
molar ratio = 0 .6 :2 :1 ).

4.1.7.1.1 X-ray Diffraction (XRD)
F ig u r e  4 .2 8  s h o w s  th e  X R D  p a tte r n s  o f  f r e s h  a n d  

s p e n t  o f  3 w t % A u / C e 0 2 a n d  3 w t% A u /C e o ,75Zro.2 5 0 2 c a t a ly s t s .  T h e  s p e n t  c a ta ly s t  

w a s  t e s t e d  fo r  7 2 0  m in u t e s ,  1 2  h o u r s . T h e  A u  ( 1 1 1 )  c r y s t a l l i t e  p la n e s  at 3 8 .5 °  

b e c o m e  m o r e  v i s i b l e  w h e n  t e s t in g  th e  lo n g  te r m  s t a b i l i t y  o f  c a t a ly s t s .  I n te r e s t in g ly ,  
th e  a p p e a r a n c e  o f  A u  ( 2 0 0 )  a n d  A u  ( 2 2 0 )  c r y s t a l l i t e  p la n e s  b e c o m e  m o r e  v i s i b l e  at 

2 0  =  4 4 .4 °  a n d  6 4 .6 ° ,  r e s p e c t iv e ly  (Z h a n g  et al, 2 0 1 1 ) .  E s p e c i a l l y ,  in  th e  c a s e  o f  

s p e n t  3 w t % A u / C e 0 2 a n d  3 w t% A u /C e o .75Z ro.2 5 0 2 c a t a ly s t s ,  A u  c r y s t a l l i t e  p la n e s  

w e r e  m o r e  o b s e r v e d  a n d  th e ir s  in t e n s i t i e s  w e r e  h ig h e r  th a n  th a t o f  b o th  fr e s h  

c a t a ly s t s .
T h e  s p e n t  3 w t%  A u /  C eo .75Zro.25O 2 c a ta ly s t  

o b v i o u s l y  s h o w e d  th a t th e  in t e n s i t y  o f  C e 0 2 d i f f r a c t io n  p e a k s  w e r e  h ig h e r  th a n  th a t  

o f  th e  f r e s h  c a t a ly s t ,  w h ic h  p o s s ib ly  c a m e  fr o m  th e  s in t e r in g  o f  s o m e  Z r 0 2 p a r t ic le s  

d u r in g  th e  s t a b i l i t y  te s t .  O n  th e  o th e r  h a n d , th is  m ig h t  r e p r e s e n t  th e  s e g r e g a t io n  o f  

s o m e  Z r 0 2 p a r t ic le s  fr o m  th e  s o l id  s o lu t io n  p h a s e ,  in d ic a t in g  th e  la c k  o f  s o l id
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s o lu t i o n  d u r in g  t h e  O S R M  r e a c t io n  ( R y n k o w s k i  et a l ., 2 0 0 9 ) .  H o w e v e r ,  th e  a m o u n t  

o f  Z r  c o n c e n t r a t io n  is  n o t  h ig h  e n o u g h  (Z r  =  0 .2 5 ) ,  s o  th e  X R D  p a tte r n  o f  ZrC>2 h a s  

n o t  s e e n  c h a n g in g .  In  th e  s a m e  t im e ,  th e  in t e n s i t i e s  a n d  th e  p e a k  a r e a s  o f  C eC >2 o f  

s p e n t  3 w t%  A u /C e C k  c a t a ly s t  h a s  m o r e  o b v i o u s l y  v i s i b l e  w h e n  c o m p a r e d  w i t h  th e  

f r e s h  3 w t%  A u /C e C k  c a ta ly s t .  H o w e v e r ,  th e  r e s u lt s  f r o m  t h e  c a t a ly t ic  a c t iv i t y  c o u ld  

c o n f ir m  th a t  th e  s e g r e g a t io n  o f  s o m e  Z rC k p a r t ic le s  fr o m  th e  s o l i d  s o lu t io n  p h a s e  h a d  

n o t  a f f e c t  to  th e  c a t a ly t ic  p e r fo r m a n c e  b e c a u s e  th e  a c t iv i t y  o f  3 w t% A u /C e o .75Zro.25C>2 
c a t a ly s t  s h o w e d  h ig h e r  th a n  3  w t % A u /C e 0 2  c a t a ly s t .  It c o u ld  b e  c o n c lu d e d  th a t  th e  3 

w t% A u /C e o .75Zro.25Ck c a t a ly s t  h a s  a b i l ity  to  im p r o v e  lo n g - t e r m  s t a b i l i t y  o f  c a ta ly s t  

w h e n  c o m p a r e d  w i t h  3  w t% A u /C e C k  c a ta ly s t .

2 T he ta  (deg .)

Figure 4.28 X R D  p a tte r n s  o f  th e  3 w t% A u /C e o .75Zro.25C k a n d  3 w t % A u /C e 0 2  
c a t a ly s t s . :  ( • )  C e C k ; (■ ) Z rC k; ( ° )  A u .
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4.1.7.1.2 Temperature-Programmed Oxidation (TPO)
T h e  T P O  t e c h n iq u e  w a s  u s e d  to  q u a n t i f y  th e  a m o u n t  

o f  c a r b o n  d e p o s i t io n  ( c o k e  f o r m a t io n )  o n  th e  s p e n t  c a t a ly s t .  In  th is  s tu d y , th e  3 

w t% A u /C e o .75Z ro .2502 a n d  3 w t % A u /C e 0 2  c a t a ly s t s  w e r e  t e s t e d  a t 3 5 0 ° c  fo r  12 
h o u r s .  F ig u r e  4 . 2 9  s h o w s  th e  T P O  p r o f d e s  o f  th e  s p e n t  c a t a ly s t s .  T h e  3  w t % A u /C e 0 2  
c a t a ly s t  s h o w e d  p e a k  w i t h  h ig h  in t e n s it y  a t l o w  te m p e r a tu r e  ( 2 2 0 ° C ) .  F o r  th e  3 

w t% A u /C e o .75Z ro .2502  c a t a ly s t ,  it s h o w e d  a  p e a k  w it h  l o w  i n t e n s i t y  a t 2 5 0  °c. A t  l o w  

te m p e r a tu r e  ( < 3 0 0  ° C ) ,  th e  c o k e  d e p o s i t e d  w a s  n o t  p o ly a r o m a t ic  t y p e  a n d  it  c o u ld  b e  

a s s ig n e d  to  th e  o x id a t io n  o f  th e  w e a k ly  p o ly m e r iz e d  c o k e  d e p o s i t e d  o n  th e  m e ta l  
p a t ic le s .  A t  h ig h  te m p e r a tu r e  ( > 3 5 0  ° C ) ,  th e  c o k e  c o m p o n e n t s  w e r e  p o ly a r o m a t ic  

t y p e  r e p r e s e n te d  th e  h ig h  p o ly m e r iz e d  c o k e  d e p o s i t e d  n e a r  th e  m e ta l - s u p p o r t  

m te r p h a s e  ( L u e n g n a r u e m it c h a i  et al, 2 0 0 8 ) .  T h e  a m o u n t  o f  c a r b o n  d e p o s i t io n  fo r  

s p e n t  3 w t% A u /C e o .75Z ro .2502 c a ta ly s t  w a s  0 .1 6  w t%  a n d  s p e n t  3 w t % A u /C e Û 2 
c a t a ly s t  w a s  0 .4 7  w t% . In  th is  s tu d y , th e  r e s u lt  fr o m  T P O  a s s o c ia t e d  w i t h  th e  r e s u lt  

f r o m  th e  c a t a ly t ic  a c t iv it y ,  it w a s  fo u n d  th a t 3 w t % A u /C e 0 2  c a t a ly s t  g a v e  th e  lo w e r  

a c t iv i t y  th a n  3 w t% A u /C e o .75Z r0.25 0 2  c a t a ly s t  d u e  to  th e  d e a c t iv a t io n  o f  c e r ia  

s u p p o r te d  o n  g o ld  c a ta ly s t .  T h e  m a in  c a u s e  o f  d e a c t iv a t io n  c a n  b e  d e s c r ib e d  fr o m  

b l o c k a g e  o f  th e  a c t iv e  s i t e s  b y  c a r b o n a te s  a n d /o r  fo r m a ts  ( K im  a n d  T h o m p s o n ,  2 0 0 5 )  

th a t  r e la te d  to  th e  r e s u lt  f r o m  F o u r r ie r  T r a n s fo r m  S p e c t r o s c o p y  ( F T - I R ) .  W h i le  th e  3 

w t% A u /C e o .75Z ro .2502 c a t a ly s t  g a v e  h ig h e r  c a t a ly t ic  a c t i v i t y  a n d  g o o d  l o n g - t e r m  

s ta b i l i ty .  It c o u l d  b e  c o n f ir m e d  th e  a d d it io n  o f  z ir c o n ia  in to  th e  c e r ia  la t t ic e  h a s  a n  

im p o r ta n t  r o le  o n  b o th  c a t a ly t ic  a c t iv it y  a n d  it s  s ta b i l ity .  T h e r e f o r e ,  th e  C e 0 2 - Z r Û 2 
s y s t e m s  w e r e  c o n s id e r e d  a s  th e  o x id e  s u p p o r t s  fo r  g o ld  c a t a ly s t s  in  th e  o x id a t iv e  

s t e a m  r e fo r m in g  r e a c t io n  ( O S R M ) .



9 7

T e m p e ra tu re  (°C )

Figure 4.29 T P O  p r o f i l e s  o f  s p e n t  3 w t% A u /C e o  75Zro.2s0 2  a n d  3  พ t% A u /C e 0 2  
c a t a ly s t s  a fte r  r e a c t io n  te m p e r a tu r e  3 5 0  ° c ,  a n d  t im e  o n  s t r e a m  12  h o u r s .  ( R e a c t io n  

c o n d i t io n s :  O 2/ H 2O /C H 3O H  m o la r  ra tio  =  0 .6 : 2 : 1 ) .

4.1.7.2 Effect o f Side Reaction (methanol decomposition (MD)
reaction)

It h a s  b e e n  r e p o r te d  th a t  th e  m e t h a n o l  d e c o m p o s i t i o n  r e a c t io n  

is  r e s p o n s ib le  fo r  th e  m a in  p r o d u c t  fr o m  th e  m e t h a n o l ,  th e  e x p e r im e n t  o n  m e th a n o l  
d e c o m p o s i t i o n  a s  s h o w n  in  E q u a t io n  4 .1  w a s  s t u d ie d  o v e r  th e  p r e p a r e d  c a ta ly s t s .

C H 3O H  «-* C O  +  2 H 2, A H ° r =  1 2 8  k J m o f 1 ( 4 .1 )
T h e  3 w t% A u /C e o .75Z ro.2 5 0 2 c a t a ly s t  c a l c in e d  a t 4 0 0  ° c  w a s  

t e s t e d .  T h e  r e a c t io n  c o n d i t io n s  w e r e  o p e r a te d  a t 0 .8  m l /h o u r  o f  l iq u id  f l o w  ra te , 5 0  

m l/m in  o f  ca r r ie r  g a s  ( H e ) ,  a n d  r e a c t io n  te m p e r a tu r e  r a n g e  o f  2 0 0  to  4 0 0  ° c .  F r o m  

F ig u r e  4 .3 0  s h o w s  th e  c a ta ly t ic  a c t iv it y  o f  3 w t% A u /C e o .75Zro.2 5 0 2 c a ta ly s t  in  
m e t h a n o l  d e c o m p o s i t i o n  r e a c t io n . T h e  c a t a ly s t  h a d  H 2 c o n c e n t r a t io n  in  r a n g e  o f  

1 .0 8 %  to  8 .6 2 %  a n d  C O  c o n c e n tr a t io n  a r o u n d  0 %  to  0 .5 7  % . I n te r e s t in g ly ,  th e  

m e t h a n o l  d e c o m p o s i t i o n  r e a c t io n  c a n  b e  o b t a in e d  a t l o w  te m p e r a tu r e  r a n g e  o f  2 0 0 -  

4 0 0  ° c ,  a s  th e  s a m e  r a n g e  o f  O S R M  r e a c t io n .  F ig u r e  A 7  s h o w s  th e  m e th a n o l  

c o n v e r s io n  a n d  h y d r o g e n  y ie ld  in c r e a s e d  w i t h  in c r e a s in g  t e m p e r a tu r e ,  th e  m e th a n o l  

c o n v e r s io n  a n d  h y d r o g e n  y ie ld  r e a c h e d  1 8 .6 7 %  a n d  1 5 .0 3 % , r e s p e c t i v e ly ,  a t 4 0 0  ° c .
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A s  i l lu s tr a t e d  in  F ig u r e  4 .3 1 ,  th e  s e l e c t i v i t y  o f  g a s  p r o d u c t s  fo r  

M D  r e a c t io n  w a s  c o m p a r e d . It w a s  fo u n d  th a t th e  h y d r o g e n  s e l e c t i v i t y  in c r e a s e d  w ith  

a  s l i g h t  in c r e a s e  in  C O  s e l e c t i v i t y  w i t h  th e  r e a c t io n  te m p e r a tu r e .  It is  c le a r  th a t  th e  

lo w e r  a m o u n t  o f  C O  s e l e c t i v i t y  d u e  to  th e  C O  c a n  b e  t r a n s fo r m e d  to  th e  C H 4 a n d  th e  

C O 2 f o r m e d  d u r in g  th e  r e a c t io n  w a s  a t th e  e x p e n s e  o f  C O  a n d  w a t e r  ( P e r e z -  

H e m a n d e z  et al, 2 0 1 1 ) .  T h e  f o l lo w i n g  r e a c t io n s  c o u ld  b e  o c c u r r e d  o n  th e  c a ta ly s t :

C O  +  3 H 2 ~ C H 4 + H 20  ( 4 .2 )
C O  +  H 20  ~  C 0 2 +  H 2 ( 4 .3 )

Figure 4.30 T h e  c o n c e n t r a t io n  o f  F l2, an d  C O  o v e r  3  w t% A u /C e o .7sZro.25 0 2 c a ta ly s t  

in  th e  m e t h a n o l  d e c o m p o s i t i o n  r e a c t io n .
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Figure 4.31 T h e  s e l e c t i v i t y  o f  H 2, C O , C 0 2, a n d  C H 4 o v e r  3  w t% A u /C e o .75Zro.250 2 
c a t a ly s t  in  th e  m e t h a n o l  d e c o m p o s i t io n  r e a c t io n .
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