
RESULTS AND DISCUSSION
CHAPTER IV

In the p r ev io u s  stu d y  (C h ird d ilok , 2 0 0 9 ) , cop p er-b a sed  ca ta ly s ts  w er e  d e v e lo p e d  
for d eh y d ro x y la tio n  o f  g ly cero l to  p rod u ce p ro p y len e  g ly c o l. T h e  C u -Z n 0 /A l2 0 3  

ca ta ly s t  sh o w ed  th e  h ig h e st  ca ta ly tic  a c tiv ity  com p ared  w ith  C U /A I2 O 3 and  C u /Z n O  
ca ta ly sts . W h en  com p a red  w ith  the ca ta ly st prepared  b y  co -p rec ip ita tio n , th e  s ta b ility  o f  
th e  im p regn ated  c a ta ly s t  w a s  lo w er  than th e  co -p rec ip ita ted  ca ta ly st. T h e  better  
p erfo rm an ce  o f  th e  co -p rec ip ita ted  ca ta ly st m ig h t b e  attributed th e p r esen ce  o f  C uO  
h ig h ly  d isp ersed  in sp in e l- lik e  m atrix . T h erefore , in the p resen t s tu d y , w e  fo c u s  on  so l-  
g e l m eth o d  w ith  in ten tio n  to  im p ro ve  th e d isp ersio n  o f  C uO  sp e c ie s .

4.1 Incipient Wetness Impregnation (IWI) and Co-precipitation (COP)

F igu re  4.1 sh o w s  the co m p a riso n  o f  ca ta ly tic  a c tiv ity  b e tw een  th e  ca ta ly st  
p repared  b y  c o -p rec ip ita tio n  and im p regn ation . T h e co -p rec ip ita ted  c a ta ly s t  sh o w s  
h ig h er  sta b ility  than th e  im p regn ated  ca ta ly st at L H S V  o f  1.5 h '1.

B y  d e fin itio n , L H S V  refers to  the ratio b e tw e e n  th e  h ou r ly  f lo w  o f  liq u id  (m l/h )  
and th e  v o lu m e  o f  ca ta ly s t  (m l). D u e  to  th e  d iffe r e n c e  in b u lk  d en sity , at th e  sa m e  
v o lu m e , the w e ig h ts  o f  ca ta ly sts  prepared  b y co -p rec ip ita tio n  and im p reg n a tion  are  
d ifferen t, as sh o w n  in T a b le  4 .1 .

Table 4.1 C ata lyst w e ig h ts  and v o lu m e s  ob ta in ed  b y  d ifferen t p reparation  m eth o d s

Preparation method Volume (ml) Catalyst weight (g)
IWI 2.0 1.31
C O P 2.0 2.40
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F ig u r e  4 .1  G ly cero l c o n v e r s io n  as a fu n ction  o f  t im é  on  stream  o v er  C u -Z n O /A l20 3 
ca ta ly sts  prepared  b y  d ifferen t p reparation  m eth od s: (๐). in c ip ien t w e tn e s s  im p reg n a tion , 
and (♦ ) c o -p rec ip ita tio n . R ea ctio n  con d itio n s: 2 5 0 ° c ,  5 0 0  p s ig , H 2:g ly cero l =  4 :1 , and  
L H S V  =  1.5 h '1.
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F ig u r e  4 .2  G ly cero l c o n v e r s io n  as a fu n ction  o f  t im e  on  stream  ov er  C u -Z n O /A l20 3 
ca ta ly sts  prepared  b y  d ifferen t preparation  m eth od s: (๐ )  in c ip ien t w e tn e s s  im p regn ation , 
and (♦ ) co -p rec ip ita tio n . R ea ctio n  con d itio n s: 2 5 0 ° c ,  5 0 0  p s ig , H 2:g ly cero l =  4 :1 , and  
W H S V  =  2 .7 8  h"1 2 3.
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T h e w e ig h t o f  co -p rec ip ita ted  ca ta ly st is a lm o st  tw o  t im e s  o f  im p regnated  
ca ta ly st at th e  sam e v o lu m e . T h e h igher th e  w e ig h t  o f  ca ta ly st is  u se d , th e  h ig h er  th e  
a c tiv e  s ite s  are av a ila b le . T h u s, the ca ta ly tic  a c tiv ity  o f  co -p rec ip ita ted  ca ta ly st m a y  be  
en h an ced  b y  th is  e ffec t .

From  the reason  a b o v e , the a c tiv it ie s  o f  both  ca ta ly sts  w e r e  tested  ag a in  and  
W H S V  w h ich  f ix e s  the w e ig h t o f  ca ta lyst w er e  u sed  in stead  o f  L H S V  (W H S V  refers to  
th e  ratio b e tw een  th e h ou r ly  f lo w  o f  liqu id  (g /h )  and th e w e ig h t  o f  th e  ca ta ly st (g )) . T h e  
resu lt sh o w s  that the sta b ility  o f  co -p rec ip ita ted  ca ta ly st is  lo w e r  than that o f  
im p regnated  ca ta ly st at W H S V  o f  2 .7 8  h '1, as sh o w n  in F ig u re  4 .2 .

4 .2  S o l-G e l M e th o d

4 .2 .1  E ffec t  o f  A lu m in iu m  Iso p ro p o x id e  (A IP ) to  W ater M o la r  R a tio
T h e a c t iv it ie s  o f  th e  so l-g e l C u -Z n O /A l2 C>3 ca ta ly sts  p repared  at d ifferen t  

A IP  to w ater  m olar ratios are sh o w n  in F ig u re  4 .3 . A m o n g  th e c a ta ly s ts  te sted , it is  
fou n d  that th e  ca ta ly st prepared w ith  an A IP -to -w a ter  m o la r  ratio o f  1 :15 0  sh o w s  th e  
h ig h e st  a c tiv ity . T h is resu lt is in ag reem en t w ith  the w o rk  o f  G o n z a le z  e t a l. (1 9 9 7 ) .  
T h e y  fou n d  that the ex ten t o f  p o ly m eriza tio n  w a s  la rgely  d ep en d en t on  th e n u m b er o f  
m o le s  o f  w ater  w h ich  w a s  added. In the c a se  o f  su b sto ic h io m e tr ic  q u an titie s  o f  w a ter , 
th e  h y d ro ly s is  o f  the a lc o x id e  w a s  n ot c o m p le te , and lin ear  o l ig o m e r s  w e r e  ob ta in ed . 
W h en  the w ater  to a lc o x id e  ratio w a s  in e x c e s s  o f  that requ ired  for  s to ic h io m e tr y , the  
t im e  required for the form ation  o f  the g e l w a s  a lso  o b serv ed  to  in crea se . T h erefore , th e  
form ation  o f  th e  gel ob ta in ed  from  the ca ta ly sts  prepared  w ith  1 to  10 0  and 1 to  2 0 0  o f  
A IP  to  w ater m olar ra tio s m ay  not b e  c o m p le te  d u e to th e  n o n -sto ic h io m e tr ic  q u an titie s  
o f  w ater.
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T im e  on  s tr e a m  (h)

F ig u r e  4 .3  (a ) G ly cero l c o n v e r s io n  and (b ) se le c t iv ity  to  p r o p y le n e  g ly c o l a s  a fu n ctio n  
o f  t im e  on  stream  o v er  C u -Z n 0 /A l 2 0 3  ca ta ly sts  prepared  b y  d ifferen t A IP  to  w a ter  m o lar  
ratio: (□ ) A IP :w a ter  =  1 :10 0 , ( • )  A IP :w ater  =  1 :15 0 , and (x )  A IP :w a ter  =  1 :20 0 . 
R ea ctio n  co n d itio n s: 2 5 0 ° c ,  5 0 0  p s ig , H 2 :g ly cero l =  4 :1 , and W H S V  =  2 .7 8  h 1.

4 .2 .2  E ffe c t  o f  C a lc in a tio n  T em perature
T h e  s o l-g e l C u -Z n 0 /A l20 3 ca ta ly sts  w ith  an A IP -to -w a ter  m o la r  ratio o f  

1 :1 5 0  w a s  se le c te d  to  stu d y  th e  e f fe c t  o f  c a lc in a tio n  tem perature. T h e  ca ta ly s ts  w er e  
prepared and ca lc in e d  at d ifferen t ca lc in a tio n  tem p eratu res. F ig u re  4 .4  sh o w s  th e  
c o n v e r s io n  o f  g ly cero l and se le c t iv ity  to p ro p y len e  g ly c o l , r e sp e c tiv e ly . T h e  ca ta ly st  
ca lc in e d  at 5 0 0 ° c  s h o w s  th e  h ig h e s t  c o n v e r s io n  and s e le c t iv ity  com p a red  w ith  th e  
ca ta ly s t  c a lc in e d  at 4 0 0 ° c ,  6 0 0 ° c ,  and 7 0 0 ° c .
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T im e on stream  (h)

Figure 4.4 (a) Glycerol conversion and (b) selectivity to propylene glycol as a function 
of time on stream for the Cu-Zn0/Al20 3 catalysts prepared by sol-gel method and 
calcined at different temperatures: (♦ ) 400°c, ( o )  500°c, (□ ) 600°c, and ( A )  700°c. 
Reaction conditions: 250°c, 500 psig, H2:glycerol = 4:1, and WHSV = 2.78 h'1.
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The TPR profiles of the calcined and uncalcined catalysts are shown in 
Figure 4.5. The catalysts calcined at 500 ๐c, 600 ๐c, and 700 °c show the combination 
of two reduction peaks. The first peak is attributed to the reduction of highly dispersed 
CuO species, and the second at higher temperature is attributed to the reduction of CuO 
which strongly interacts with ZnO and/or A I 2 O 3 support (Yang et al, 2008). By 
increasing calcination temperature, the reduction peaks are shifted to lower temperature 
which might be attributed to the formation of the Cu2+ ion in a distorted octahedral 
geometry of C U A I 2 O 4  spinel which has been observed at much lower temperatures 
(Marchi et al., 2003). Moreover, for the catalyst calcined at 400°c, a large broad peak at 
around 320 °c may be the reduction peak of incomplete calcination of precursor at this 
temperature. This result corresponds to the TPR profile of uncalcined catalyst, which 
shows the peak of H2 consumption of precursor at around 330 °c.

Temperature (๐C)

Figure 4.5 TPR profiles of the Cu-ZnO/Al203 catalysts prepared by sol-gel method and 
calcined at different temperatures.
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Figure 4.6 XRD patterns of the (a) fresh and (b) reduced Cu-ZnO/Al2 0 3 catalysts 
prepared by sol-gel method and calcined at different temperatures.



51

The XRD patterns of the Cu-Zn0 /Al203 catalysts calcined at 400-700 °c 
are illustrated in Figure 4.6. All samples exhibit diffraction patterns consistent with the 
presence of aluminate-like spinel species as shown in Figure 4.6 (a). Since, ZnAl20 4  and 
CUAI2O4 display nearly coincident diffraction patterns. Therefore, the spinel phase is 
difficult to specify from X-ray results. It has been reported that bulk CUAI2O4 spinel is 
thermodynamically unstable below 600 °c and an intermediate CuO phase precede to 
the copper aluminate formation up to 900 °c (Barroso et al., 2006). Flowever, the 
possible interaction between ZnO and AI2O3 to form ZnAl20 4  might decrease the 
possibility of the CUAI2O4 formation because the amount of ZnO is larger than Cu by 4 
times (El-Shobaky et al., 1999). For XRD patterns of the reduced catalysts in Figure 4.6 
(b), the increase in calcination temperature leads to the sharper of XRD diffraction peak 
which can indicate that the crystalline size of each species increases excepting the 
catalyst calcined at 400 °c, the intensity of Cu diffraction peak is lower thân the other 
three catalysts. This could be due to unbumed precursor present in the catalyst.

Moreover, the result from XRD corresponds with that from BET. Table
4.2 shows the decrease in specific surface area with increasing calcination temperature. 
The decrease in surface area could be due to the loss of active sites or increasing 
crystalline size as shown in Figure 4.6

Table 4.2 BET surface areas of the Cu-Zn0 /Al203 catalysts calcined at different 
temperatures

Calcination Temperature (°C) BET surface area (m2/g)
400 224
500 185
600 130
700 104
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4.2.3 Effect of Solution pH
In this study, catalysts were prepared with different solution pH and 

calcined at 500°c. The activities of them are shown in Figure 4.7. From the results, the 
prepared catalyst with solution pH of 10 shows the highest stability as the conversion 
starts to decay at 35 hours of time on stream.

This result is in agreement with Kim et al. (2000). They found that the 
performance of Pd-AkOî prepared in a basic condition showed an activity higher than 
the one prepared in an acidic condition. The results indicated that the highly dispersed 
and uniform clusters were formed on the Pd-Al2Û3 catalyst prepared at pH of 10.

Time on stream (h)

Figure 4.7 Glycerol conversion as a function of time on stream over Cu-Zn0 /Al203 
catalysts prepared by different solution pH: (0) pH = 1, (•) pH = 2, (ฒ) pH = 3, (x) pH = 
6 , and (A) pH = 10. Reaction conditions: 250°c, 500 psig, H2:glycerol = 4:1, and WHSV 
= 2.78 h '1.
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It has been known that under acidic condition hydrolysis occurs at a faster 
rate than condensation and the resulting gel is weakly branched. Under basic condition, 
the condensation rate is higher than hydrolysis rate and the resulting gel is highly 
branched and contains colloidal aggregates (Ertl et al., 1999).

As pH value increased, the network structures were developed in the gels. 
The three-dimension networks were completely formed. The gel precursors become the 
network structures with a lot of pores. The formation of the porous network structures 
may be originated from the release of gasses, such as N H 3  and H 2 O  during drying 
process. In fact, during calcination, the N H 4 N O 3  can decompose to release N H 3 , N O x 
and water vapor. For the case of high pH value much N H 4 N O 3  remains in dried gels. 
Thus, a lot of gasses will be released from the precursors during calcinations, resulting 
in high porous materials (Yue et al., 2004).

4.3 Effect of Catalyst Preparation Technique on Catalytic Performance

In this part, the activities of catalysts prepared by different methods were 
compared. The sol-gel Cu-Zn0/Al20 3 catalyst with an AIP-to-water molar ratio of 
1:150, solution pH of 10, and calcination temperature of 500 ๐c  was selected to compare 
with the catalyst prepared by co-precipitation and impregnation. Due to the difference in 
bulk density as shown in Table 4.3, the catalytic activity of the catalysts prepared by 
different methods cannot directly be compared because of the difference in contact time 
between reactant and catalyst.

Table 4.3 Bulk density of the catalysts prepared by different methods

Preparation method Bulk density (ml/g)
I W I 1 .4 5

S G 1.80
C O P 0.80
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To solve this problem, Sic, an inert material, is used as a diluent to increase 
catalyst volume, while the weight of catalyst is still the same. To obtain the same 
volume of all catalysts, the difference of dilution ratio is required and the details are 
shown in Appendix c.

Figure 4.8 Plot of (a) glycerol conversion and (b) propylene glycol selectivity as a 
function of time on stream over Cu-Zn0 /Al203 catalysts prepared by different 
preparation methods. Reaction conditions: 250 °c, 500 psig, H2:glycerol = 4:1, and 
WHSV = 2.78 h'1.

Figure 4.8 shows the catalytic activity and product selectivity of the Cu- 
Zn0 /Al20 3  catalysts prepared by incipient wetness impregnation, co-precipitation, and 
sol-gel methods. The experimental results demonstrate that the impregnated Cu- 
ZnO/Al2C>3 catalysts showed the highest conversion and selectivity compared to the 
catalyst prepared by co-precipitation and sol-gel methods. This can be possibly 
attributed to more Cu species exposed on the catalyst surface—in case of the 
impregnated Cu-Zn0 /Al203  catalyst—instead of entering the bulk as in sol-gel and co
precipitated catalysts leading to more active site for reaction.
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Figure 4.9 Temperature-programmed oxidation (TPO) profiles of the spent Cu- 
ZnO/Al2C>3 catalysts prepared by different preparation methods. (Reaction conditions: 
250 °c, 500 psig, H2:glycerol = 4:1, and WHSV = 2.78 h 1).

The TPO profiles and percentages of carbon deposit on the spent Cu-Zn0 /Al203 
catalysts as analyzed by temperature-programmed oxidation (TPO) are shown in Figure
4.9. It was found that the highest amount of coke was observed on the spent co
precipitated catalyst. Moreover, the coke obtained over the impregnated Cu-Zn0/Al20 3 
catalyst can be removed at relatively lower temperature. This result is in agreement with 
the loss in catalytic activities of the Cu-Zn0 /Al203  catalysts as mentioned earlier. This 
coke may be formed by unwanted polymerization of unsaturated intermediates (Ertl et 
al, 2008). The TPO results indicate that the poor stability of the sol-gel and co
precipitated catalysts could be due to high amount of coke which can plug the catalyst 
pores. Therefore, they cannot easily remove at low temperature.

As shown in Table 4.4, the impregnated Cu-Zn0/Al20 3 catalyst has a lower 
surface area and pore volume compared with y-Al203  support, while pore diameter is
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still the same. This is possibly due to loss of pore size caused by Cu and ZnO 
impregnation (Zhang et al., 2009). In spite of the lowest BET surface area, the Cu- 
Zn0/Al20 3 prepared by incipient wetness impregnation shows the highest activity. 
Therefore, the surface area is not an important parameter for this reaction. It can be 
observed that, catalytic activities of the Cu-ZnO/AI20 3 catalysts decreased with a 
decrease in pore diameter. This may lead to pore plugging of carbon deposition when 
large amount of coke was formed and result in losing the active sites for reaction (Ertl et 
al, 2008).

4.4 Catalyst Regeneration

In this study, the spent Cu-Zn0 /AI20 3  catalysts were regenerated in-situ in order 
to eliminate the deposited carbon on the surface. After that the regenerated Cu- 
ZnO/Al20 3 catalysts were re-tested at the same condition as the fresh catalysts.

Figure 4.10 Time course of conversion of glycerol over the (a) fresh, and (b)
regenerated Cu-ZnO/Al20 3 catalysts: Reaction conditions: 250 ๐c, 500 psig, H2:glycerol
= 4:1
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Figure 4.10 shows the glycerol conversion as a function of time on stream for the 
fresh and regenerated Cu-Zn0 /Al203 catalysts. The result reveals that the regenerated 
catalysts give the conversion as good as the fresh catalyst at the beginning of reaction 
time. However, the stability of the regenerated catalysts is lower than the fresh catalysts. 
Therefore, it may imply that the deactivation of the first cycle is not only due to the coke 
formation.

T e m p e r a t u r e  ( ° Q

Figure 4.11 TPR profiles of the fresh and spent Cu-Zn0 /Al203 catalysts prepared by 
different methods.

The H2-TPR profiles of the Cu-Zn0 /Al203 catalysts before and after the first 
cycle of reaction are shown in Figure 4.11. All of the spent catalysts from the first cycle 
have two reduction peaks. The low-temperature peak describes a process in which small 
grains of CuO were reduced into Cu. The high-temperature peak describes a process in 
which larger grains of CuO were reduced into Cu. The temperature of reducible CuO 
peaks of the spent catalysts were separated and shifted higher, compared with that of the 
fresh catalysts. This fact implies that some grains of Cu become larger during the course
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of reaction (Dong-sheng et al., 2008), which is another important cause of the catalyst 
deactivation. Moreover, in the case of the sol-gel Cu-ZnO/Al2C>3 catalysts the น2 
consumption of spent catalyst is much less than that of the fresh catalyst, indicating the 
decrease in Cu contents.

2 - T h e t a  ( d e g r e e )

Figure 4.12 XRD patterns of the reduced Cu-Zn0 /Al20 3  catalysts prepared by different 
methods: ( o )  Cu, (♦ ) ZnO, (□ ) Al20 3 and (A) ZnAl20 4.

Figure 4.12 shows the XRD patterns of the reduced Cu-Zn0 /Al203  catalysts, the 
change in diffraction lines of all catalysts before and after reaction is observed. For the 
impregnated and co-precipitated catalysts, the spent Cu-Zn0 /Al20 3  catalysts after de
coking provide a higher intensity of Cu diffraction peak than the fresh catalysts. This 
exhibits the larger crystallize size of Cu species. While the Cu diffraction peak of the 
sol-gel catalyst shows the decrease in intensity after the reaction indicating the loss of 
Cu species which corresponds with the TPR result.
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Moreover, the phase change in the spent impregnated Cu-ZnO/AfCE catalyst is 
observed. The diffraction peak of ZnO is absent after the course of reaction. This 
indicates that ZnO migrates from the upper layer of Y-AI2O3 support into the bulk and 
forms ZnAl2Û4 phase. In addition, the catalytic activities of Y-AI2O3 support decrease 
progressively as a function of time on stream due to the formation of metal aluminate 
which exhibits a lower catalytic activity as compared with the metal oxide itself (El- 
Shobaky et al, 1999).

Figure 4.13 TPR profiles of the impregnated Cu-Zn0 /Al203  catalysts at different 
conditions and the CuO reference standard.

To confirm that the deactivation of the catalysts does not result from de-coking 
process, the fresh impregnated Cu-ZnO/AECE catalyst was reduced, calcined and then 
characterized with TPR and XRD without passing the reaction.
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The TPR profiles of the fresh (calcined), spent (after de-coking), and re-oxidized 
impregnated Cu-Zn0 /Al203  catalysts are shown in Figure 4.13. The first peak of three 
catalysts appearing at the same temperature around 250 ๐c  represents the reduction of 
small uniform CuO grains. While the second peak at higher temperature represents the 
larger grains of CuO, which correspond to the reduction of bulk CuO. For the spent 
catalyst (after de-coking), the amount of H2 consumption at the first peak decreases 
while the peak at higher temperature increases compared with the fresh (calcined) and 
re-oxidized catalyst. This indicates that some Cu grains are sintered during the course of 
reaction corresponding with the work of Dong-sheng et al. (2008). However, the 
reduction and calcination of catalyst have a minor effect on the sintering of Cu which is 
clearly observed in the case of re-oxidized catalyst.

Figure 4.14 XRD patterns of the impregnated Cu-Zn0/Al20 3 catalysts at different 
conditions.

The XRD patterns of the impregnated Cu-Zn0/Al20 3 catalysts are shown in
Figure 4.14. From the result, the diffraction lines of the fresh (calcined) and re-oxidized
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catalysts are similar. This implies that de-coking process does not affect the structure of 
the catalyst while the phase change of ZnO and Y-AI2O3 to the spinel-like phase is 
significantly observed in the spent catalyst.

The physical properties of the catalysts obtained from BET surface area analyzer 
are summarized in Table 4.4. The sintering of active metals during the reaction may lead 
to the decrease in BET surface area. Moreover, after reaction, pore diameter of catalysts 
is increased while pore volume is decreased. This implies that the pore of catalyst is 
blocked by some deposited carbon which cannot completely remove by de-coking 
process. From these data, we can conclude that the decrease in surface area of the spent 
catalysts is caused by both the sintering of active metals on the catalyst surface and the 
plugging of residual carbon in the catalyst pore.

Table 4.4 Percentages of carbon deposition and physical properties of the fresh 
(calcined) and spent Cu-ZnO/AhCE catalysts after de-coking

Catalyst Coke
(wt%)

BET surface 
area (m2/g)

Pore volume 
(cm3/g)

Pore diameter 
(ททา)

Y-AI2O3 - 256 0.834 8.94
IWI Fresh - 145 0.477 8.91

Spent 2.30 129 0.357 8.94
SG Fresh - 175 0.395 6.18

Spent 3.88 146 0.369 8.90
COP Fresh - 182 0.185 3.64

Spent 5.47 128 0.144 4.64
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Table 4.5 The compositions of the fresh (calcined) and spent Cu-Zn0 /Al20 3  catalysts 
prepared by different methods

Catalyst Composition (wt%) *
Cu Zn Al

IWI Fresh 9.00 30.80 26.39
Spent 8.92 29.85 26.66

COP Fresh 9.82 29.93 26.58
Spent 9.06 28.88 27.45

SG Fresh 8.36 28.35 28.61
Spent 5.26 28.47 30.38

* Determined by XRF

The compositions of the fresh (calcined) and spent catalysts determined by XRF 
are summarized in Table 4.5. The Cu, Zn, and A1 contents of fresh (calcined) and spent 
catalyst seem to be similar for both impregnated and co-precipitated catalysts, while the 
content of Cu in sol-gel catalyst is decreased significantly after reaction.

Table 4.6 Percentage of copper leaching after 4 hours of reaction determined by XRF 
and AAS

Copper Leaching (wt%)
XRF AAS
3.10 2.58

To confirm that the Cu species are leached during the reaction, product from 
reaction of the sol-gel Cu-Zn0 /Al20 3  catalyst was burnt in the air to eliminate organic 
compounds at 600 °c. Then, the residual substance was dissolved in aqueous solution of 
nitric acid and characterized by AAS. The amount of leaching copper obtained from
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XRF and AAS are shown in Table 4.6. This result confirms that the Cu species are 
leached during the reaction. Although the leaching of Cu is observed in the sol-gel 
catalyst, its catalytic activity is greater than that of the co-precipitated catalyst. It implies 
that the deactivation of sol-gel catalyst is independent of the leaching of Cu species.
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