
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Catalyst Characterizations

This section shows the catalyst characterization results of Ni 
supported KL zeolite, which are the BET surface area, X-ray Diffraction 
(XRD) and Temperature Programmed Reduction (TPR).

4.1.1 Surface Area Measurement
BET surface area analysis was performed to determine the surface 

area and pore volume of the catalysts. The surface areas of KL zeolite with different 
Ni loading catalysts (3, 5, 7, 10 and 15 % by weight of Ni on KL zeolite) were 
measured by multiple point BET method. The BET characterization results are 
shown in Table 4.1.

Table 4.1 BET characterization results

% Ni loading on KL zeolite Surface area ( พ /g) Pore volume (cc/g)
0 322 0.25
3 228 0.19
5 217 0.17
7 214 0.13

1 0 178 0.14
15 166 0.14

Since the surface area of the KL zeolite without impregnated Ni, blank KL 
zeolite, was much higher than those surface areas of supported catalysts, as shown in 
Table 4.1, the metal loading can reasonably cause a decline in BET surface area. KL 
zeolite was covered by nickel metal and hence overall surface area decreased. The 
effect of Ni loading on pore volume is also illustrated in Table 4.1. The addition of
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Ni decreased the pore volume of catalysts. These results can be explained by the Ni 
particles deposited into the active pore of catalysts.

4.1.2 X-Ray Diffraction (XRP)
Thermal stability testings of KL zeolite catalyst support were 

performed by using XRD characterization to ensure that KT zeolite can tolerate at 
high temperatures. The XRD patterns of KL zeolites calcined at different 
temperatures (750, 800, 850, 900 and 1000°C) are shown in Figure 4.1. The result 
showed that KL zeolites calcined at the temperature range of 750 to 850°c have 
XRD patterns as same as uncalcined KL zeolite but KL zeolite calcined at 900°c 
shows lower intensity of diffraction peak than uncalcined KL zeolite. And KL 
zeolite calcined at 1000 ๐c  does not show the XRD pattern of KL zeolite. In 
conclusion, KL zeolite can tolerate the maximum temperature around 850°c.

Figure 4.1 XRD patterns of KL zeolite and calcined KL zeolites at various 
temperatures.
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The XRD patterns of catalysts with different Ni loadings are illustrated in 
Figure 4.2. Two major XRD peaks, attributed to NiO (111) at 37.3°, NiO (200) at 
43.3° (Matsumura and Nakamori, 2004) and at the 20 value of 63.0° (Oh et al,
2003), were observed resulting from nickel nitrate decomposition after calcinations, 
while the other peaks were attributed to KL zeolite. The peak intensity of nickel 
oxide was increased with the increase in the nickel content due to the higher nickel 
oxide concentration.
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Figure 4.2 XRD patterns of KL zeolite and nickel supported on KL zeolite catalysts 
calcined at 700°c for 4 hours; (♦ ), nickel oxide phase.

The XRD patterns of 7%Ni/KL zeolite catalysts with different ceria content 
are very similar to those of the samples without ceria and illustrated in Figure 4.3. 
The result shows that no ceria phase was detected, implying that ceria phase is 
probably present in an amorphous-like or micro-crystallite state in the catalysts. Ni is 
present in nickel oxide phase at about 37.3° and 43.3° resulting from after calcination 
nickel nitrate was decomposed to nickel oxide. The higher content of ceria, the 
lower nickel oxide peak intensity were observed. It indicated that ceria greatly 
promoted surface Ni dispersion.
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Figure 4.3 XRD patterns of ceria promoted Ni/KL zeolites calcined at 700°c for 4 
hours; ( ♦  ), nickel oxide phase.

After catalytic activity testing on steam reforming of methane was 
accomplished, 7%Ni/KL zeolite catalyst was found to be the best catalyst. Hence, 
7%Ni/KL zeolite was chosen to study the XRD pattern after 5 hours of reaction. 
Figure 4.4 exhibits the XRD patterns of calcined and spent 7%Ni/KL zeolite. The 
result shows that after the reaction, the peaks attributed to nickel oxide were 
disappeared and the Ni peaks, attributed to Ni (111) at 44.5° and to Ni (200) at 51.8°, 
were recorded, showing that the nickel particles were completely reduced during the 
reaction (Matsumura and Nakamori, 2004, Zhang et al., 2003 and Roh et a l, 2003). 
The Ni crystallite size of the spent catalyst is 28 nm (from XRD results), which is 
bigger than the result reported by Roh et al. (2003).

Figure 4.5 exhibits the XRD patterns of ceria promoted 7%Ni/KL zeolite 
catalyst after 5 hours of reaction. It was observed that the peak intensity of Ni metal 
tends to decrease and broad with increasing of ceria content. This can be suggested 
that the catalysts with high ceria content have higher Ni dispersion than the catalysts 
with low ceria content.
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Figure 4.4 XRD patterns of KL zeolite, fresh and used (5 hours of reaction) 
7%Ni/KL zeolite catalyst; (♦ ), nickel oxide phase (•), nickel metal phase.
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Figure 4.5 XRD patterns of used ceria promoted 7%Ni/KL zeolite catalyst (5 hours 
of reaction); (•), nickel metal phase.
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4.1.3 Temperature Programmed Reduction (TPR)
TPR curves of Ni/KL zeolite catalysts with various Ni loadings (0, 3, 

5, 7, 10 and 15 wt%) are presented in Figure 4.6. The KL zeolite shows no peak 
along the whole temperature range. For Ni/KL catalysts, a broaden peak appears in 
the range from 300 to 620°c. With the increase of Ni content, TPR profiles show a 
reduction peak with a maximum at 450°c, followed by a hump at about 620°c. 
According to Dong et al. (2001) and Dong et al. (2002), pure nickel oxide shows a 
reduction peak at about 420°c. The area under the peak is attributed to the PÎ2 

consumption for reducing NiO to metallic Ni. The increasing of Ni contents results 
in higher area under the peak. Based on the analysis, the reduction peak at 450°c for 
the catalysts corresponds to bulk nickel oxide with small interaction with support. 
Dong et al. (2002) suggested that the reduction degree of nickel oxide in the catalysts 
increased with the increasing of nickel loading. Therefore, the catalyst with low 
content of Ni resulted in the strong interaction between support and metal. A hump 
(at 620°C) can be assigned to the complex NiOx species, which has a strong 
interaction with support (Roh et al., 2003). NiOx shoulders can be seen over the 
catalysts having more than 10% Ni content.

Figure 4.6 TPR patterns of Ni/KL zeolite catalysts with different Ni loadings.
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TPR curves for ceria promoted Ni/KL zeolite catalysts (7wt% of Ni with 
ceria contents of 1, 3, 5 and 7 wt%) are presented in Figure 4.7. The 7%Ni/KL 
zeolite catalyst shows a maximum peak at 450°c corresponding to high uniformity 
of nickel oxide. The promoted catalysts showed a broader main reduction peak at 
higher temperatures than that for the 7%Ni/KL zeolite. In the case of ceria promoted 
catalysts, hydrogen consumption was observed from 200 to 300°c. The width of the 
reduction peak suggests a broad particle size distribution (Montaya et al., 2 0 0 0 ), 
concluding that it is associated to a more dispersed nickel oxide exhibiting a strong 
interaction with the support. The reduction peak shifts to a higher maximum 
temperature as the ceria content increases. This is associated to larger nickel oxide 
particles having a lower interaction with the support. A small consumption peak at 
around 200°c was clearly seen in the profile of 3% ceria and the peak maximum was 
at 250°c. It has been reported that ceria exhibits a reduction peak at about 880°c 
(Dong et al, 2002) and supported ceria is much easier to reduce than the bulk ceria 
(Loong and Ozawa, 2000).

Figure 4.7 TPR patterns of ceria promoted 7%Ni/KL zeolite catalysts.



27

4.2 Effect of Nickel Loading

The effect of different nickel loadings (3, 7 and 15 wt%) over the KL zeolite 
catalyst was tested for the catalytic activity on steam reforming of methane at 
H2 O/CH4 of 3. The light-off patterns of all catalysts were the same as shown in 
Figure 4.8. It can be clearly seen that the activity of the Ni/KL zeolite increases 
significantly with increasing reaction temperature from 600 to 800°c with a given Ni 
loading. The result shows that at 600°c, methane conversion of all catalysts is 
relatively low ( 11-31%) and sharply increases at 700°c (75-85%). At 800°c, the 7 
and 15 wt% Ni/KL zeolite show about 100% methane conversion while 3 wt% 
Ni/KL give about 80% methane conversion.

Temperature (°C)

Figure 4.8 Methane conversion as a function of reaction temperatures over different 
nickel loadings on KL zeolite; %Ni loading: (♦ ) 3, (■ ) 7 and (A) 15 at H2 O/CH4  

ratio of 3.

Light-off temperatures (T50) of 670, 630 and 625°c were observed for 3, 7 
and 15 %Ni loading over KL zeolite, respectively. 7 %Ni/KL zeolite gave almost 
the same light off temperature as 15%Ni/KL zeolite even increase the nickel content.
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From these results, it can be suggested that loading with the Ni content of 7% is 
optimum content.

The KL zeolite catalysts with different Ni loadings (3, 5, 7, 10 and 15 wt%) 
were tested for the catalytic activity on steam reforming of methane at H2 O/CH4 of 3 
and reaction temperature of 700°c. The changes of methane conversion with time 
on stream over supported Ni catalysts with various Ni contents are presented in 
Figure 4.9.

Figure 4.9 Methane conversion as a function of time on stream over different nickel 
loadings on KL zeolite; %Ni loadings ะ (♦ ) 3, (■ ) 5, (A) 7, ( • )  10 and (x) 15 at 
H2 O/CH4 ratio of 3 and 700°c.

The result shows that for 3%Ni/KL zeolite catalyst shows rather high 
activity (78% methane conversion) at the initial stage, but the catalytic activity 
decreases gradually with increasing time. It shows 34% methane conversion after 
300 min. And 5%Ni/KL zeolite catalyst also shows significantly deactivation 
because at the beginning, it exhibits 82% methane conversion but the activity 
decreases to 59% methane conversion after 300 min. At the beginning, the 
conversion of methane increases with increasing of Ni content from 3 to 7 wt% at the 
same reaction temperature but remains almost constant for nickel contents of higher 
than 7 wt%. The catalyst with Ni contents of 7, 10 and 15 wt% did not show
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significant difference of methane conversion throughout time on steam although the 
Ni content was increased and did not also show significant deactivation within 300 
min of reaction time.

Figure 4.10 shows the changes of hydrogen yield with time on stream. The 
trend is as same as the methane conversion due to hydrogen yield defined as a 
function of methane conversion and hydrogen selectivity. The changes of hydrogen 
selectivity with time on stream are shown in Figure 4.11. For 3%Ni/KL zeolite, 
hydrogen yield and hydrogen selectivity decreases with increasing time 
corresponding to methane conversion. 5%Ni/KL zeolite shows the decrease of 
hydrogen yield while hydrogen selectivity remains almost constant with time on 
stream, and the higher contents of Ni shows almost both constant hydrogen yield and 
hydrogen selectivity. The changes of carbon monoxide selectivity are presented in 
Figure 4.12. Within 5-15 wt% range of Ni content, selectivity of carbon monoxide is 
also constant within 300 min of reaction time except 3%Ni/KL zeolite catalyst in 
which it shows rather high carbon monoxide selectivity with increasing time. 
However, at 270-300 min time on stream, it shows slightly decrease in carbon 
monoxide selectivity due to an increase in hydrogen selectivity. In conclusion, 7% 
Ni catalyst, which is found to be an optimum Ni content gave 85% methane 
conversion, 65% hydrogen yield, 71% hydrogen selectivity and 19% carbon 
monoxide selectivity. This result is in good agreement with catalytic performance 
over Ni/y-Al2 0 3  (Zhang et al, 2003) which had the optimum Ni content of more than 
1 2 wt%.

Therefore, the catalyst with 7wt% of nickel content was chosen for studying 
the effect of ceria as a catalyst promoter.
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Figure 4.10 Hydrogen yield as a function of time on stream over different nickel 
loadings on KL zeolite; %Ni loadings : (♦ ) 3, (■ ) 5, (A) 7, ( • )  10 and (x) 15 at 
H2 O/CH4 ratio of 3 and 700°c.

Time on stream (min)

Figure 4.11 Hydrogen selectivity as a function of time on stream over different 
nickel loadings on KL zeolite; %Ni loadings : (♦ ) 3, (■ ) 5, (A) 7, ( • )  10 and (X) 15 
at H2 0/CH4 ratio of 3 and 700°c.
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Time on stream (min)

Figure 4.12 Carbon monoxide selectivity as a function of time on stream over 
different nickel loadings on KL zeolite; %Ni loadings : (♦ ) 3, (■ ) 5, (A) 7, ( • )  10 
and (x) 15 at H 2O / C H 4 ratio of 3 and 700°c.

4.3 Effect of Ceria Content

The 7%Ni/KL zeolite catalysts promoted with different ceria contents (1,3, 
5 and 7 wt%) were tested for the catalytic activity on steam reforming of methane at 
H2 O/CH4 of 3 and the reaction temperature of 700°c. The changes of methane 
conversion with time on stream over ceria promoted Ni/KL zeolite catalysts are 
presented in Figure 4.13.

Within 300 min of time on stream, all catalysts show almost constant 
methane conversion and do not show deactivation. In order to ease the evaluation of 
ceria effect, a typical dependence of average of methane conversion on ceria content 
is illustrated in Table 4.2.
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Figure 4.13 Methane conversion as a function of time on stream over ceria 
promoted Ni/KL zeolite catalysts; %ceria contents: (♦ ) 0, (ฒ) 1, (A) 3, ( • )  5 and (x) 
7 at H2 O/CH4 ratio of 3 and 700°c.

Table 4.2 Effect of ceria content on catalytic activity

Number Ceria
(%)

CH4 conversion 
(%)

H2 yield
(%)

H2 selectivity
(%)

CO selectivity 
(%)

1 0 85.5 61.8 72.2 21.4
2 1 82.4 60.0 72.7 19.4
3 3 85.7 62.1 72.4 21.3
4 5 84.5 60.8 72.0 23.1
5 7 8 6 . 1 62.6 72.7 2 2 . 8

Reaction conditions: 7 0 0 ° c ,  1 atm, H2 0 :CH4 = 3

From Table 4.2, methane conversion was hardly affected by an increase in 
ceria content. The results show that the ceria promoted Ni/KL zeolites did not 
exhibit significant difference on catalytic performance as compared to unpromoted 
Ni/KL zeolite catalyst within 300 min.
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The changes of hydrogen yield with time on stream and average values are 
presented in Figure 4.14 and Table 4.2, respectively. The promoted catalysts do not 
display the effect on hydrogen yield, and the hydrogen yield of all catalysts remains 
constant within 300 min. The hydrogen yield is in the same trend as methane 
conversion.

Hydrogen and carbon monoxide selectivity with time on stream of all 
catalysts and their average values are shown in Figures 4.15 and 4.16, and Table 4.2, 
respectively. The promoted catalysts do not affect on hydrogen and carbon 
monoxide selectivity. From average values, it can be suggested that hydrogen 
selectivity and carbon monoxide depend on methane conversion.

Although the addition of ceria to 7%Ni/KL zeolite catalyst did not show 
significant difference in terms of catalytic activity, but it reduced carbon deposition 
on catalyst. The main purpose of addition of ceria to catalyst is, therefore, to reduce 
carbon deposition. In this part, it can be concluded that the addition of ceria to 
Ni/KL zeolite catalyst can greatly decrease the coke deposition of the Ni supported 
on KL zeolite catalyst. TPO results of ceria promoted catalysts are shown in Table
4.3.

Table 4.3 TPO results of ceria promoted 7Ni/KL zeolite catalyst after 5 hours of 
reaction

Number Ceria content (%) Coke deposition (%)
1 0 0.35
2 1 0.31
3 3 0.29
4 5 0.25
5 7 0.24
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Figure 4.14 Hydrogen yield as a function of time on stream over ceria promoted 
Ni/KL zeolite catalysts; %ceria contents: (♦ ) 0, (■ ) 1, (A) 3, ( • )  5 and (x) 7 at 
H2 O/CH4 ratio of 3 and 700°c.

Time on stream (min)

Figure 4.15 Hydrogen selectivity as a function of time on stream over ceria 
promoted Ni/KL zeolite catalysts; %ceria contents: (♦ ) 0, (■ ) 1, (A) 3, ( • )  5 and (x) 
7 at H2 O/CH4 ratio of 3 and 700°c.
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Time on stream (min)

Figure 4.16 Carbon monoxide selectivity as a function of time on stream over ceria 
promoted Ni/KL zeolite catalysts; %ceria contents: (♦ ) 0, (■ ) 1, (A) 3, ( • )  5 and (X) 
7 at H2 O/CH4 ratio of 3 and 700°c.

4.4 Effect of Steam to Methane Ratio

The effect of steam to methane ratios on methane conversion, hydrogen 
yield, hydrogen selectivity and carbon monoxide selectivity are discussed in this 
section. The 7%Ni/KL zeolite catalyst was tesed for the catalytic activity on steam 
reforming of methane at 700°c and the H2 O/CH4 ratios of 1, 2 and 3. The changes 
of methane conversion with time on stream are presented in Figure 4.17.

The results show at the beginning, methane conversion of 7%Ni/KL zeolite 
at different H 2 O /C H 4  ratios are almost the same (89% conversion). After the time 
on stream of 300 min, methane conversion of 7%Ni/KL zeolite at H 2 O /C H 4  ratio of 1 
slightly decreases. It shows 84% methane conversion. On the other hand, methane 
conversion of 7%Ni/KL zeolite at H 2 O /C H 4  ratios of 2 and 3 does not show 
significant decrease due to excess steam condition within 300 min.

Hydrogen yields with time on stream are shown in Figure 4.18. Hydrogen 
yield of 7%Ni/KL zeolite catalyst at different H 2 O /C H 4  ratios are in the same trend 
as methane conversion.
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Hydrogen and carbon monoxide selectivity with time on stream are shown 
in Figures 4.19 and 4.20, respectively. The results show that hydrogen and carbon 
monoxide selectivity at different H2 O/CH4 ratios remain almost constant throughout 
time on stream. The average values of hydrogen selectivity at H2O/CH4  ratio (1, 2 
and 3) are 72.14, 72.46 and 72.48%, respectively, and average values of carbon 
monoxide selectivity at H2O/CH4 ratio ( 1 , 2  and 3) are 21.67, 21.45 and 21.41%, 
respectively. It can be seen that with the increase of H2 O/CH4 ratio, hydrogen 
selectivity tends to increase while carbon monoxide selectivity tend to decrease due 
to the water gas shift reaction (WGSR) occurring at excess stream condition. In this 
part, it can be concluded that KL zeolite still gave good catalytic activity even 
operated at different steam to methane ratios.

Figure 4.17 Methane conversion as a function of time on stream over 7%Ni/KL 
zeolite catalysts at 700°c and H 2 O /C H 4  ratio of (A) 1, (■ ) 2 and (♦ ) 3.



37

Figure 4.18 Hydrogen yield as a function of time on stream over 7%Ni/KL zeolite 
catalysts at 700°c and H2 O/CH4 ratio of (A) 1, (ฒ) 2 and (♦ ) 3.

Figure 4.19 Hydrogen selectivity as a function of time on stream over 7%Ni/KL
zeolite catalysts at 700°c and H2O/CH4 ratio of (A) 1, (ฒ) 2 and (♦ ) 3.
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Figure 4.20 C a r b o n  m o n o x i d e  s e l e c t i v i t y  a s  a  f u n c t io n  o f  t im e  o n  s tr e a m  o v e r  

7 % N i/K L  z e o l i t e  c a t a ly s t s  a t 7 0 0 ° c  a n d  H 2O /C H 4 r a t io  o f  ( A )  1 , (ฒ ) 2  a n d  (♦ ) 3 .

4.5 Comparison between KL Zeolite and Commercial Catalyst

In  t h i s  s e c t i o n ,  a - a l u m i n a  i s  d e f i n e d  a s  c o m m e r c i a l  c a t a l y s t  s u p p o r t  

( L e e ,  1 9 9 7 ) ,  t h e  7 % N i / K L  z e o l i t e  a n d  7 % N i / o c - a lu m in a  c a t a l y s t s  w e r e  t e s t e d  

f o r  c o m p a r i s o n  o f  c a t a l y t i c  a c t i v i t y  o n  s t e a m  r e f o r m i n g  o f  m e t h a n e  a t  7 0 0 ° c  

w i t h  H 2O / C H 4 r a t io  o f  1 a n d  3

4 . 5 .1  A t  h b O : C H 4  =  3 :1
T h e  c h a n g e s  o f  m e t h a n e  c o n v e r s i o n  w i t h  t i m e  o n  s t r e a m  o f  

7 % N i / K L  z e o l i t e  a n d  7 % N i / a - a l u m i n a  a r e  s h o w n  in  F i g u r e  4 . 2 1 .  T h e  r e s u l t s  

s h o w  t h a t  m e t h a n e  c o n v e r s i o n  o f  7 % N i / a - a l u m i n a  i s  h i g h e r  t h a n  7 % N i / K L  

z e o l i t e .  B o t h  c a t a l y s t s  s h o w e d  n o  d e a c t i v a t i o n  t h r o u g h o u t  3 0 0  m i n  o f  t i m e  o n  

s t r e a m .
H y d r o g e n  y i e l d  w i t h  t i m e  o n  s t r e a m  i s  in  t h e  s a m e  t r e n d  a s  

m e t h a n e  c o n v e r s i o n  a n d  s h o w n  in  F ig u r e  4 . 2 2 .
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Figure 4.21 M e t h a n e  c o n v e r s i o n  a s  a  f u n c t i o n  o f  t i m e  o n  s t r e a m  o v e r  

7 % N i / K L  z e o l i t e  c a t a l y s t  ( ♦ )  a n d  7 % N i / a - a l u m i n a  c a t a l y s t  (ฒ ) a t  700°c a n d  

H 2 O / C H 4  r a t io  o f  3 .

Figure 4.22 Hydrogen yield as a function of time on stream over 7%Ni/KL
zeolite catalyst (♦ ) and 7%Ni/a-alumina catalyst (ฒ) at 700°c and H2O/CH4

ratio of 3.
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T h e  c h a n g e s  o f  h y d r o g e n  a n d  c a r b o n  m o n o x i d e  s e l e c t i v i t y  w i t h  

t i m e  o n  s t r e a m  a r e  s h o w n  in  F i g u r e s  4 . 2 3  a n d  4 . 2 4 ,  r e s p e c t i v e l y .  T h e  a v e r a g e  

v a l u e  o f  h y d r o g e n  s e l e c t i v i t y  f o r  7 % N i / a - a l u m i n a  a n d  7 % N i / K L  z e o l i t e  a r e  

7 2 . 4 8  a n d  7 4 .8 7 % ,  r e s p e c t i v e l y ,  a n d  t h e  a v e r a g e  v a l u e  o f  c a r b o n  m o n o x i d e  

s e l e c t i v i t y  f o r  7 % N i / a - a l u m i n a  a n d  7 % N i / K L  z e o l i t e  a r e  1 8 .0 2  a n d  2 1 .4 1 % ,  

r e s p e c t i v e l y .  T h e  r e s u l t s  s h o w  t h a t  h y d r o g e n  s e l e c t i v i t y  o f  7 % N i / a - a l u m i n a  

w a s  s l i g h t l y  h i g h e r  t h a n  7 % N i / K L  z e o l i t e  w h i l e  c a r b o n  m o n o x i d e  s e l e c t i v i t y  

o f  7 % N i / a - a l u m i n a  w a s  s l i g h t l y  l o w e r  t h a n  7 % N i / K L  z e o l i t e .  I t  c a n  b e  

s u g g e s t e d  t h a t  7 % N i / a - a l u m i n a  c a t a l y s t  p r o m o t e d  m o r e  w a t e r  g a s  s h i f t  

r e a c t i o n  ( W G S R )  t h a n  7 % N i / K L  z e o l i t e  c a t a l y s t .

T im e o n  s trea m  (m in)

Figure 4.23 H y d r o g e n  s e l e c t i v i t y  a s  a  f u n c t i o n  o f  t i m e  o n  s t r e a m  o v e r  

7 % N i / K L  z e o l i t e  c a t a l y s t  ( ♦ )  a n d  7 % N i / a - a l u m i n a  c a t a l y s t  (■ ) a t  7 0 0 ° c  a n d  

H 2 O / C H 4  r a t i o  o f  3 .
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Figure 4.24 C a r b o n  m o n o x i d e  s e l e c t i v i t y  a s  a  f u n c t i o n  o f  t i m e  o n  s t r e a m  o v e r  

7 % N i / K L  z e o l i t e  c a t a l y s t  ( ♦ )  a n d  7 % N i / a - a l u m i n a  c a t a l y s t  (■ ) a t  7 0 0 ° c  a n d  

H 20 / C H 4 r a t io  o f  3 .

4 . 5 . 2  A t  H 7Q : C H 4 = 1 : 1
T h e  c h a n g e s  o f  m e t h a n e  c o n v e r s i o n  w i t h  t i m e  o n  s t r e a m  o f  

7 % N i / K L  z e o l i t e  a n d  7 % N i / a - a l u m i n a  a r e  s h o w n  i n  F i g u r e  4 . 2 5 .  T h e  r e s u l t s  

s h o w  t h a t  m e t h a n e  c o n v e r s i o n  o f  7 % N i / K L  z e o l i t e  i s  s l i g h t l y  h i g h e r  t h a n  

7 % N i / a - a l u m i n a .  B o t h  c a t a l y s t s  s h o w  m e t h a n e  c o n v e r s i o n  d e c r e a s i n g  

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

r e f o r m i n g  o f  m e t h a n e .
H y d r o g e n  y i e l d  w i t h  t i m e  o n  s t r e a m  i s  in  t h e  s a m e  t r e n d  a s  

m e t h a n e  c o n v e r s i o n  a n d  s h o w n  in  F i g u r e  4 . 2 6 .
H y d r o g e n  a n d  c a r b o n  m o n o x i d e  s e l e c t i v i t y  w i t h  t i m e  o n  s t r e a m  

a r e  s h o w n  i n  F i g u r e s  4 . 2 7  a n d  4 . 2 8 .  T h e  r e s u l t s  s h o w  t h a t  h y d r o g e n  a n d  

c a r b o n  m o n o x i d e  s e l e c t i v i t y  o f  b o t h  7 % N i / K L  z e o l i t e  a n d  7 % N i / o c - a lu m in a  

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

s e l e c t i v i t y  f o r  7 % N i / a - a l u m i n a  a n d  7 % N i / K L  z e o l i t e  a r e  7 2 . 1 8  a n d  7 2 .4 8 % ,  
r e s p e c t i v e l y ,  a n d  t h e  a v e r a g e  v a l u e  o f  c a r b o n  m o n o x i d e  s e l e c t i v i t y  f o r
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7 % N i/a -a lu m in a  and 7 % N i/K L  z e o lite  are 2 0 .8 8  and 2 1 .4 1 % , r e sp e c t iv e ly .  
7% N i/K L  z e o l i t e  g iv e s  h y d ro g en  and carb on  m o n o x id e  s e le c t iv ity  s l ig h t ly  
h ig h er  than  7 % N i/o c-a lu m in a  w ith  m eth a n e  c o n v e r s io n  o f  7 % N i/K L  z e o lite  
s lig h t ly  h ig h e r  than 7% N i/oc-a lu m in a .

Time on stream (min)

Figure 4.25 M eth a n e  c o n v e r s io n  as a fu n c tio n  o f  t im e  on  stream  o v e r  

7 % N i/K L  z e o l i t e  c a ta ly s t  (♦ ) and 7 % N i/a -a lu m in a  c a ta ly s t  (■ ) at 700°c and  
H 2 O / C H 4  ratio  o f  1.
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Figure 4.26 H y d ro g en  y ie ld  as a fu n c tio n  o f  tim e  o n  stream  o v e r  7 % N i/K L  

z e o lite  c a ta ly s t  (♦ ) and 7 % N i/a -a lu m in a  c a ta ly s t  (■ ) at 700°c and H 2 O /C H 4 

ratio  o f  1 .

Figure 4.27 Hydrogen selectivity as a function of time on stream over
7%Ni/KL zeolite catalyst (♦ ) and 7%Ni/a-alumina catalyst (ฒ) at 700°c and
H2O/CH4 ratio of 1.



4 4

Time on stream (min)

Figure 4.28 C arb on  m o n o x id e  s e le c t iv ity  as a fu n c tio n  o f  tim e  on  stream  o v er  

7 % N i/K L  z e o l i t e  c a ta ly s t  (♦ ) and 7 % N i/a -a lu m in a  c a ta ly s t  (■ ) at 700°c and  

H 2 O /C H 4  ratio  o f  1.

4.6 Stability Test

7 % N i/K L  z e o lite ,  7 % N i/a -a lu m in a  and 7 % N i-3 % C e/K L  z e o l i t e  w ere  
se le c te d  to  s tu d y  for th e  s ta b ility  at th e  H 2 O / C H 4  o f  3 and 700°c w ith  t im e  o n  
stream  o f  4 8  h ou rs. T h e c h a n g e s  o f  m eth a n e  c o n v e r s io n  w ith  tim e  o n  stream  
o f  a ll c a ta ly s ts  are sh o w n  in  F ig u re  4 .2 9 .  T h e re su lts  sh o w  that 7 % N i/K L  
z e o l i t e  g iv e s  co n sta n t m eth a n e  c o n v e r s io n  at th e b e g in n in g  and u n til 8 0 0  m in  
th e m eth a n e  c o n v e r s io n  d ra m a tica lly  d e c r e a se s  and r e a c h e s  around 30%  at 48  
h ou rs o f  t im e  on  stream  su g g e s t in g  a certa in  in s ta b ility  o f  7 % N i/K L  z e o l i t e  
c a ta ly s t  in th is  r ea c tio n . T h is  resu lt is  in  a g reem en t w ith  our X R D  resu lt. 
F rom  X R D  p attern s o f  7 % N i/K L  c a ta ly s t  (F ig u re  4 .4 ) ,  th e  ch a ra cter istic  p ea k s  
o f  m e ta ll ic  N i w ere  o b se r v e d  in  th e sp en t c a ta ly s t . T h is  in c id e n t is  p ro b a b ly  
c a u se d  b y  s in te r in g  o f  th e c a ta ly s t  d u rin g  th e rea c tio n . 7 % N i/a -a lu m in a  a lso  
g iv e s  co n sta n t m eth a n e  c o n v e r s io n  at th e  b e g in n in g  and u n til 9 6 0  m in  the
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m eth a n e  c o n v e r s io n  d ra m a tica lly  d e c r e a se s  and r ea ch es  around 67%  at 48  
h ours o f  t im e  on  stream . T h e c o n v e r s io n  o f  7 % N i-3 % C e/K L  z e o lite  rem ain s  
a lm o st u n c h a n g ed  th ro u g h o u t 48  h ou rs o f  t im e  on  stream . In c o n c lu s io n , K L  
z e o lite  and a -a lu m in a  c a ta ly s ts  sh o w  th e  s ig n if ic a n t  d e a c tiv a tio n  w ith  
in c r e a s in g  t im e  w h ile  th e  c er ia  p ro m o ted  K L z e o l i t e  c a ta ly s t  g iv e s  h ig h  
s ta b ility  b e c a u se  cer ia  p ro b a b ly  en h a n ced  th e  carb on  fo rm a tio n  res is ta n t o f  
c a ta ly st . T h e  r e su lts  sh o w  th e  sa m e trend  as m eth a n e  c o n v e r s io n . T h e SE M  
resu lts  rep orted  by X u  et  al.  ( 1 9 9 9 )  in d ica ted  that th e a d d itio n  o f  rare earth  
o x id e s  (C e Û 2  or L a 2 0 3 ) c a u se  th e p a r tic le s  o f  c a ta ly s t  to  b e c o m e  sm a lle r  than  
th e u n p ro m o ted  N i/A ^ C E  c a ta ly s t . It h as b e e n  rep orted  th e  a d d itio n  o f  rare 
earth  o x id e  on  the N i/A h C h  m ig h t lea d  to  a m o n o -la y e r  d isp e r s io n  o f  rare 
earth  o x id e  w h ic h  can  s ig n if ic a n t ly  im p ro v e  N i d isp e r s io n  and in crea se  th e  
a c t iv ity  an d  th erm al s ta b ility  o f  th e c a ta ly s t . T h e c h a n g e s  o f  h y d ro g en  y ie ld  
w ith  tim e  o n  stream  o f  a ll c a ta ly s ts  are sh o w n  in F ig u re  4 .3 1 .

Figure 4.29 M eth a n e  c o n v e r s io n  as a fu n c tio n  o f  t im e  on  stream  at H2 O/CH4

ratio  o f  3 and 7 0 0 ° c .
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The changes of hydrogen selectivity with time on stream of all 
catalysts are shown in Figure 4.30. The results show that 7%Ni/KL zeolite 
gives constant hydrogen selectivity at the beginning and until 900 min the 
hydrogen selectivity dramatically decreases. 7%Ni/a-alumina also gives 
constant hydrogen selectivity (around 75%) at the beginning and slightly 
decreases (around 71%) at 48 hours of time on stream. The hydrogen 
selectivity of 7%Ni-3%Ce/KL zeolite remains almost unchanged throughout 
48 hours of time on stream.

Figure 4.30 Hydrogen selectivity as a function of time on stream at H 2 O / C H 4

ratio of 3 and 700°c.
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Time on stream (min)

Figure 4.31 Hydrogen yield as a function of time on stream at H2O/CH4 ratio 
of 3 and 700°c.
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