
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Effect of Ni Loading

The series of Ni-based catalysts with various Ni loadings were tested for 
steam reforming of CFL, catalyst durability, and carbon deposition.

4.1.1 Activity Test
The Ni/ZSM-5 catalysts with various Ni loadings as 3, 5, 7, 9, 11, and 

15 wt% were tested for the catalytic activity on steam reforming of CTLt under 
atmospheric pressure and reactants ratio (H2O/CH4) of 0.8. These activity tests were 
carried out at 700°c for 5 hours. The catalytic activities of all catalysts are shown in 

• Figures.-4.1 to 4.4. In Figure 4.1, CH4 conversions at 5 hours time-on-stream of 
supported Ni catalysts are displayed. Conversions are increased with increasing Ni 
loading up to 11 wt%. At higher Ni loading more than 11 wt%, the catalytic activity 
of Ni/ZSM-5 catalyst starts to decrease. It is believed that large Ni species on the 
surface of 15%Ni/ZSM-5 catalyst led to carbon deposition over active metal species, 
which eventually caused the catalyst deactivation. Moreover, Ni sintering, resulting 
from large amount of Ni, is another cause of the deactivation. According to these 
results, which are in a good agreement with work of Roh et al. (2003) that studied 
the influence of Ni loading over NiO/Ce-ZrCV 9 -AI2O3 catalysts in the steam 
reforming of CH4. They found that the catalyst with 12 wt% Ni loading exhibited the 
highest catalytic activity, selectivity and stability. The conversions of CH4 increased 
with the rise of Ni loading up to 12 wt% and above this level it decreased. And, they 
suggested that Ni sintering resulted in relatively low catalytic activity.

From the results, it seems that CH4 conversion of 3 and 5 wt% Ni 
(72.21% CFLf conversion for 3%Ni/ZSM-5 catalyst and 76.19% CH4 conversion for 
5%Ni/ZSM-5 catalyst after 5 hours of reaction) show lower conversion than those of 
7 to 15 wt% Ni. But, all of them show slightly decrease in conversions along the time. 
It is clear that all catalysts remarkably deactivated with time-on-stream, which is 
most likely due to the carbon formation. As the Ni content increases from 3 to 7 wt%,
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the difference of increasing in CH4 conversion is easy to observe. The catalysts with 
7, 9, and 15 wt% do not show significant difference of CFL} conversions for all 
testing time. Obviously, during the first period of reaction on 15% Ni/ZSM-5 catalyst, 
CH4 conversion shows the increasing step, which may be come from the result of the 
longer induction period on this catalyst. The aggregation of Ni particles at the high 
contents of Ni affects the catalyst by taking along time to reach the equilibrium of 
reaction.

3%Ni/ZSM-5 5%Ni/ZSM-5 7%Ni/ZSM-5 9%Ni/ZSM-5 ll%Ni/ZSM-5 15%Ni/ZSM-5

Figure 4.1 CH4 conversion at 5 hours time-on-stream over Ni/ZSM-5 catalysts with 
different Ni loadings for steam reforming reaction at 700°c and H2O/CH4 ratio of 0.8.

แ 2 yield at 5 hours time-on-stream is presented in Figure 4.2. It 
follows the same trend as that of CH4 conversion. This is due to the fact that the yield 
of H2 correlates with CH4 conversion and H2 selectivity.

In Figures 4.3 and 4.4, the changes of H2 selectivity and CO 
selectivity at the end of reaction time are exhibited, respectively. H2 selectivity of 
almost catalysts stays nearly constant at the reaction time of 300 minutes while the 
selectivity of 3%Ni/ZSM-5 catalyst slightly increases. For the selectivity of CO, it is 
also constant throughout the testing time over the Ni/ZSM-5 catalysts with the range
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of Ni contents about 3 to 15 wt%. CO selectivity of almost catalysts is in a low level 
which is lower than 10% selectivity.

3%Ni/ZSM-5 5%Ni/ZSM-5 7%\'i/ZSM-5 9%Ni/ZSM-5 ll%Ni/ZSM-5 15%Ni/ZSM-5

Figure 4.2 H2 yield at 5 hours time-on-stream over Ni/ZSM-5 catalysts with 
different Ni loadings for steam reforming reaction at 700°c and H2O/CH4 ratio of 0.8.

Figure 4.3 แ 2 selectivity at 5 hours time-on-stream over Ni/ZSM-5 catalysts with 
different Ni loadings for steam reforming reaction at 700°c and H2O/CH4 ratio of 0.8.
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3%Ni/ZSM-5 5%Ni/ZSM-5 7%Ni/ZSM-5 9%Ni/ZSM-5 ll% Ni/ZSM -5 15%Ni/ZSM-5

Figure 4.4 CO selectivity at 5 hours time-on-stream over Ni/ZSM-5 catalysts with 
different Ni loadings for steam reforming reaction at 700°c and H2O/CH4 ratio of 0.8.

It is not surprising that the activity is a function of the overall Ni 
content. However, there is an optimum loading beyond which an increase in Ni 
content does not produce any further significant increase in activity. The optimum Ni 
loading on the Ni/ZSM-5 catalyst is 11 wt%. It gives 90.47% CH4 conversion, 
46.28% H2 yield, 51.16% H2 selectivity, and 5.15% CO selectivity after the reaction 
occurs for 5 hours. Considering, this amount of Ni loading is used for further studies 
on CH4 steam reforming.

4.1.2 Catalyst Characterization
The results from the characterization techniques as X-Ray Diffraction 

(XRD), Transmission Electron Microscopy (TEM), Thermal Gravimetric Analysis 
(TGA), Temperature Programmed Oxidation (TPO), and Inductively coupled 
plasma/optical emission spectrometry (ICP/OES) are revealed in this section. These 
results belong to the supported Ni/ZSM-5 catalysts with different amount of Ni 
loadings.
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4.1.2.1 Inductively Coupled Plasma/Optical Emission Spectrometry
(1CP/0ES)

The Perkin-Elmer Optima 4300 DV inductively coupled 
plasma -optical emission spectrometry was used to determine the actual amounts of 
metal loading for all catalysts prepared by an impregnation. The ICP results were 
expressed in Table 4.1. It shows that the Ni supported catalysts with various Ni 
loadings do not show a significant difference between the actual loading and 
calculated values. It agrees with the ICP results of Ni/KL reported by Tosiri. 
However, the actual loadings of almost spent catalysts are lower than that of the fresh 
catalysts.

T a b le  4.1 ICP results of the Ni/ZSM-5 and Ni/Ce/ZSM-5 catalysts

Sample
Metal.loac ing (wt%)
Ni Ce Al Si

Fresh 3%Ni/ZSM-5 3.7 - - -
Spent 3%Ni/ZSM-5a 2 9 - - -
Fresh 5%Ni/ZSM-5 4 9 - - -
Spent 5%Ni/ZSM-5a 4.7 - - -
Fresh 7%Ni/ZSM-5 7.8 - - -
Spent 7%Ni/ZSM-5a 7.2 - - -
Fresh 9%Ni/ZSM-5 9.8 - - -
Spent 9%Ni/ZSM-5a 9.6 - - -
Fresh ll%Ni/ZSM-5 11.9 - - -
Spent 1 l%Ni/ZSM-5a 107 - - -
Fresh 15%Ni/ZSM-5 15.7 - - -
Spent 15%Ni/ZSM-5a 15.1 - - -
1 l%Ni/3%Ce/ZSM-5 115 3.5 - -
11 %Ni/5%Ce/ZSM-5 112 5.7 - -
11 %Ni/7%Ce/ZSM-5 11.3 7.6 - -
Spent 1 l%Ni/ZSM-5a 10.6 - 0.3 77.4
Spent ll%Ni/ZSM-5b 10.3 - 0.3 76.8
Spent 1 l%Ni/ZSM-5c 10 2 - 02 77.9

(a), (b), (c) catalysts operated on the steam reforming of methane at the H2O/CH4 
ratios of 0.8, 1 , and 2 , respectively.



37

4.1.2.2 X-Ray Diffraction (XRD)
XRD patterns were recorded by using a Rigaku X-Ray 

Diffractometer system (RINT-2200) to identify the structure of the catalysts which 
were performed at different metal loadings.

Figure 4.5 illustrates the XRD patterns of ZSM-5 zeolite and 
calcined Ni/ZSM-5 catalysts with various Ni loadings of 3, 11, and 15%wt. The 
XRD patterns of the samples show well crystalline materials corresponding to the 
MFI structure (Tosheva, 1999). All samples showed the typical pattern peaks 
identified as NiO peaks, corresponding to the N iO (lll) at 20 = 37.3°, NiO(200) at 
20 = 43.3°, and NiO(220) at the 20 value of 63° (Matsumura and Nakamori, 2004 
and Oh et a l, 2003), while the other peaks were attributed to ZSM-5 zeolite. 
Comparison of XRD profiles of zeolite peaks before and after Ni loading revealed a 
very small loss of crystallinity in the Ni/ZSM-5 catalysts. The NiO phase in the 
calcined catalysts suggests the decomposition of nickel nitrate in air at 700°c for 4 
hours to form the NiO species during the preparation of catalysts. According to these 
XRD patterns of calcined catalysts, the intensity of NiO peaks trends to increase with 
the increasing Ni content which give more NiO concentration.

The mean crystallite sizes of the NiO crystallite were 
determined from line broadening calculations using the Scherrer equation for 
N iO (lll), NiO(200), and NiO(220) peaks and the results are reported in Table 4.2. 
Discernible increases in metal crystallite sizes were observed at the high amounts of 
Ni loading in comparison with the small amounts of Ni loading.

The XRD patterns of all spent catalysts (Ni loadings of 3, 5, 7, 
9, 11, and 15%) are presented in Figure 4.6. Two major XRD peaks, attributed to 
N i(lll)  at 44.5° and Ni(200) at 51.8° (Roh et a l, 2003 and Matsumura and 
Nakamori, 2004), were recorded. After the reaction, the peaks attributed to NiO were 
diminished and the Ni peaks were intensified, showing that the Ni particles were 
completely reduced during the reaction, which can be confirmed by the XRD 
patterns of all reduced catalysts in the appendix B. In the profiles of spent samples, 
Ni peaks intensity moves forward with the increasing of Ni content.

The Ni crystallite sizes for both reduced and spent catalysts 
are shown in Table 4.3. They were also determined from the line broadening of the
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XRD peaks of N i(lll) and Ni(200). It is seen that the spent catalysts with high 
amounts of Ni loading show larger metal crystallite sizes than the catalysts with 
small amounts of Ni loading. And, the metal crystallite sizes of almost spent catalysts 
are also slightly larger than those of reduced catalysts. These may indicate that Ni 
particles aggregated during the reaction and Ni sintering occurred. It agrees well with 
the results of Ni/KL and Ni/NaY reported by Tosiri and Chankam.

Figure 4.5 XRD patterns of ZSM-5 zeolite and various amounts of Ni supported on 
ZSM-5 zeolite catalysts calcined at 700°c for 4 hours; (A), NiO phase.
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T a b le  4 .2  Metal crystallite sizes o f  calcined Ni/ZSM -5 catalysts with various 
amounts o f  N i loading

Catalyst
N iO ( l l l )

(20 = 37.3°) 
(nm)

N iO (200)
( 2 0 - 4 3 .3 ° )

(nm)

N iO (220) 
(20 =  63°) 

(nm)
3% Ni/ZSM-5 12.65 10.04 2 1 . 2 2

1 l% Ni/ZSM -5 22.91 27.39 21.37
15%Ni/ZSM-5 27.95 26.71 23.47

F ig u re  4 .6  X R D  patterns o f  spent Ni/ZSM -5 catalysts with various loadings o f  Ni, 
which operated on steam reforming reaction at 7 0 0 °c  and atmospheric pressure for 5 
hours; ( • ) ,  N i metal phase.
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Table 4.3 Metal crystallite sizes o f  both reduced and spent Ni/ZSM -5 catalysts with  
various amounts o f  N i loading

Catalyst

N i ( l l l )  
(20 = 44.5°) 

(nm)

N i(200) 
(20 =  51.8°) 

(nm)
reduced spent reduced spent

3% Ni/ZSM-5 25.02 27.08 19.84 28.30
5% Ni/ZSM-5 18.99 30.22 13.32 21.59
7% Ni/ZSM-5 32.27 34.33 20.39 22.82
9% Ni/ZSM-5 31.32 33.27 26.13 24.74
1 l% Ni/ZSM -5 31.21 38.49 21.08 33.96
15%Ni/ZSM-5 35.61 33.79 25.82 30.66

4 .1 .2 .3  T em peratu re P ro g ra m m e d  O xida tion  (TPO )
The amount, location, and morphology o f  carbon deposited on 

the spent Ni catalysts in activity tests were measured by temperature programmed 
oxidation (TPO) experiments. It provides direct information regarding coke 
oxidation rate. Figure 4.7 shows the CO2 signal as a function o f  temperature during 
the TPO experiments performed after 5 hours o f  reaction time for N i/ZSM -5 at 
7 0 0 °c . At least three types o f  carbonaceous species were found to exist on the 
catalysts, as shown on TPO curves o f  the spent 3% Ni/ZSM -5, 5% Ni/ZSM -5, 
7% Ni/ZSM -5, and ll% N i/Z SM -5 catalysts after the reactions under normal 
conditions; the first low  temperature peak with high intensity at the range o f  350- 
3 9 0 °c  (except for 3% Ni/ZSM-5 catalyst which has the low  intensity at this point), 
the second peak is observed around 450-550°C and the last one with low  intensity at 
above 600°c . The peaks observed at the range o f 350-390°C may be related with 
surface carbon Cs as the superficial carbide, which may be the reaction intermediate. 
The c s may be, or develop into, more than one form o f  carbon (Satterfield, 1991 and 
Tosiri, 2006). A filamentous or whiskerlike carbon is the second form o f  carbon
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which attributed to the peaks occurring around 450-550°C. And other peaks above 
6 0 0 °c  are identified as pyrolytic carbon (Satterfield, 1991). Nevertheless, it is 
interesting to note that even in the case o f  the pure amorphous carbon, the TPO peak 
is non-symmetric. This is an indication that the carbon reaction order is less than one 
and the peak is more symmetric when the carbon reaction order is one (Querini, 
2004), especially in a profile o f 7% Ni/ZSM-5 catalyst. For 15%Ni/ZSM-5 catalyst, a 
first peak is observed at 3 9 0 ° c  and a second peak with high intensity is observed at 
6 5 0 °c . On the other hand, the high temperature peak was not observed in the spent 
9% Ni/ZSM -5 catalyst and the intensity o f  a low  temperature peak was very small 
even longer reaction time.

W ang (1998) proposed that there is a relationship between  
oxidation temperature and the distance between the coke on the support and the 
metal. Coke on the support is burned at a higher temperature than the coke on the 
metal. From this Figure, it is clear that the gasification o f  carbon is more difficult for 
N i/ZSM -5 catalysts with high amounts o f  Ni loading (except 9 %  N i loading) due to 
the longer distance between surface carbon and Ni particles which deposited at inner 
pores during the impregnation method.

These TPO profiles are related to the amounts o f  carbon 
deposited on Ni/ZSM -5 catalysts with various Ni loadings that reported in Table 4.4. 
It exhibits that the low est formation o f  deposited carbon can occur at 9% Ni/ZSM-5 
catalyst and the amounts o f  deposited carbon on the surface are slightly extend with 
the enhancement o f  Ni loadings.
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F ig u re  4.7 TPO profiles o f  the Ni/ZSM -5 catalysts with various amounts o f  Ni 
loading after 5 hours o f  reaction at 7 0 0 °c  and atmospheric pressure.

T a b le  4 .4  Amounts o f  carbon deposited on Ni/ZSM -5 catalysts with various Ni 
loadings after 5 hours o f  reaction, which were characterized by using TPO and TGA  
techniques

Catalyst % w t Carbon0 -* % wt Carbon(2)
3% Ni/ZSM-5 0.40 0.43
5%Ni/ZSM-5 0.56 0.57
7% Ni/ZSM-5 0.51 0.55
9% Ni/ZSM-5 0 . 2 1 0.3
1 l% Ni/ZSM 5 0.57 0.53
15%Ni/ZSM-5 0.63 0 . 6 8

As measured by TPO 
(2) As measured by TGA
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4 .1 .2 .4  T h erm al G ra v im e tr ic  A n a ly s is  (TGA)
The catalyst deactivation in this reaction is basically related to 

the deposition o f  inactive carbon species on the active metal sites. The amounts o f  
carbon formed on the Ni supported catalysts with various N i loadings after 5 hours 
reaction were determined by TGA measurements, which were carried out in an 
oxygen-containing atmosphere (Table 4 .4  on above). TGA results show that the 
weight losses o f  all samples tell the amounts o f  carbon deposited on the surface o f  
Ni/ZSM -5 catalysts. And, almost present TGA results have the intimately %wt 
carbon values and move on with the identical trends as compared to the results which  
measured by the TPO technique. Additionally, these TGA results can help to confirm  
the TPO results for the identification o f  the catalyst deactivation by coking as a main 
cause.

'. ' 4.1 .2 . วิ T ransm ission  E lec tro n  M icro sco p y  (TEM )
The localization, nature, and structure o f  deposited coke have 

been examined with electron microscopy. In the case where carbon w histles are 
formed, there are a large number o f studies using this technique. For this technique, 
the morphology o f  the carbon deposits is easily distinguished from the catalyst, and 
the interpretation o f  the analysis is easier than in other cases where coke is 
distributed oh the surface o f  the catalyst. And, one o f  the limitations is that the TEM 
cannot see non-aromatic functional groups, and therefore each stack can be 
surrounded by an unknown amount o f  carbon and considerably enlarge the size o f  
the real carbonaceous individual units (Querini, 2004).

TEM images o f  the 3% Ni/ZSM-5, ll% N i/Z SM -5, and 
15%Ni/ZSM-5 catalysts reduced at 7 0 0 °c  for 1 hour are shown in Figure 4.8. Many 
small Ni particles (about 8-53 nm) are observed on the plane o f  the support for the 
reduced 3% Ni/ZSM -5 catalyst as shown in Figure 4.8(a). And, Figure 4.8(b) shows 
that the larger Ni particles with diameters mainly ranging between 21 and 79 nm 
appeared on the reduced ll% N i/Z SM -5 catalyst. Obviously, the increase o f  Ni 
content resulted in the aggregation o f  Ni particles. The reduced 15%Ni/ZSM-5 
catalyst has a considerably broader particle size distribution relative to the others 
which appears from 23 to 136 nm (Figure 4.8(c)).
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(c)
F ig u re  4 .8  TEM im ages o f  the catalysts after แ 2 reduction at 700°C;
(a) 3% Ni/ZSM -5, (b) ll% N i/Z SM -5, (c) 15%Ni/ZSM-5.

In order to compare the TEM technique with the XRD  
technique, the average particle size is calculated according to the equation ds =  z  
n;di3/ z  nidi2 on the basis o f  counting the diameter o f  numerous particles. The average 
particle sizes o f  the reduced 3%Ni/ZSM-5, ll% N i/Z SM -5, and 15%Ni/ZSM-5 
catalysts are 24.18, 60.92, and 95.60 nm, respectively. Judging from the X R D  results, 
the Ni particle sizes which calculated from the Scherrer equation are smaller than 
those observed by TEM, especially on the high N i contents catalysts. The differences 
are probably due to errors or limitations for detecting the small particles o f  TEM  
(Canizares e t  a l . ,  1998). Likewise, the well dispersion o f  the reduced 3% Ni/ZSM -5
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catalyst compared to the reduced 1 l% Ni/ZSM -5 and 15% Ni/ZSM-5 catalysts can be 
also observed by Figure 4.8.

Figure 4.9  shows the TEM im ages o f  the 3% Ni/ZSM -5, 
ll% N i/Z SM -5, and 15% Ni/ZSM-5 catalysts after the reforming reaction at 7 0 0 °c  
for 5 hours. The images o f  all spent catalysts with various N i loadings did not change 
much for before and after reaction, indicating that little carbon was formed on these 
catalyst surfaces during the reaction. But, it perceives that the N i particles after 
reaction are greater than before reaction. And, the agglomeration o f  N i particles, 
which grows up with the increasing o f  N i contents, is easier to observe. Therefore, 
considering these results, Ni sintering may be another cause o f  the deactivation in 
this catalyst. However, these are concerned with Quincoces e t  a l. (2 0 0 2 )’s work that 
studied the effect o f  the M o addition on the N i/A l2 0 3  catalysts in dry reforming 
reaction. N i sintering at a short time o f  reaction was found to be a cause o f  
deactivation which can be dernoristrated by the TEM images, where an increase in 
the particles size w as observed.

From Figures 4.9(a) and 4.9(b), the size distribution o f  N i 
particles for the spent 3% Ni/ZSM-5 catalyst is around 8-73 nm and the N i particles 
o f  13-107 nm were mainly observed by TEM on the spent ll% N i/Z SM -5 catalyst 
surface. With a broader particle size distribution, the spent 15%Ni/ZSM-5 catalyst 
expressed the N i particle diameters as 20-126 nm (Figure 4.9(c)).

Further information comes from the calculation o f  the average 
metal particle size with above equation. The average particle sizes o f  the spent 
3% Ni/ZSM -5, 1 l% Ni/ZSM -5, and 15%Ni/ZSM-5 catalysts are 49.71, 64.67, and 
109.68 nm, respectively. These present results by TEM images show a considerable 
agreement with the results o f  XRD measurements, which indicated that the metal 
crystallite sizes o f  the N i/ZSM -5 catalysts after reaction are larger than the sizes o f  
catalysts before reaction. B esides, the low  dispersion o f  the Ni/ZSM -5 catalysts after 
reaction, corresponding to a larger particle, can be observed by these TEM images.
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(c)

F ig u re  4.9 TEM images o f  the the catalysts after reforming reaction at 700°C; 
(a) 3% Ni/ZSM -5, (b) 1 l% Ni/ZSM -5, (c) 15%Ni/ZSM-5.
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4 .2  E ffec t o f  S te a m -to -M e th a n e  R atio

The series o f  1 l% Ni-based catalysts with various steam-to methane ratios 
were tested in steam reforming o f  CH4.

4.2.1 Activity Test
Since the 1 l% Ni/ZSM -5 is preferred by steam reforming o f  CH 4 , the 

effect o f  steam-to-methane (H 2 O/CH 4 ) ratio on CH 4  conversion, H 2 yield, H2 

selectivity, and CO selectivity is studied over this catalyst. The reactions were fixed  
at 7 0 0 °c  and atmospheric pressure to obtain a high activity. It w as reported that 
amount o f  H 2 in the final product is adjustable by increasing the H 2 0/CTLt ratios; 
therefore, in this work, three H 2 0 /CH4  ratios o f  0 .8 , 1 , and 2  were studied.

C H 4  conversion as a function o f  time-on-stream is expressed in Figure
4.10. With increasing H 2 0 /C H 4  ratio in the feed, the conversions o f  CH 4  are 
decreased. Like that a higher H 2 O /C H 4  ratio results in a lower CTL} conversion. The 
disagreement between these results and the results from Yamazaki e t  a l. (1996)’ร 
study appears. Their study concerned about methane-steam reaction under low  
steam-to-carbon ratio to develop the stability o f  Ni catalysts. Yamazaki e t  a l. showed  
that, while the N i/A l2 0 3 -M g0  revealed good activity and stability w ith high C H 4 

conversion around 98% for more than 40 hours under a steam to carbon ratio o f  2, it 
lost its activity and structure (81% CH 4  conversion at the beginning) and the reactor 
was plugged due to the coke formation under a steam to carbon ratio o f  1 at 7 5 0 °c  
and atmospheric pressure.
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F ig u re  4 .1 0  CH4  conversion as a fonction o f  time-on-stream over Ni/ZSM -5  
catalysts w ith different H2 O/CH4  ratios for steam reforming reaction at 7 0 0 °c .

It is apparent that the CH 4  conversions, with .respect to either 
H 2 O /C H 4  ratio o f  0.8 or H 2 O /C H 4  ratio o f  1 are quite similar for the small declination 
along a period o f  catalytic reaction. It shows 84.75%  CH 4  conversion for a ratio o f  
0 . 8  and 74.05%  CH 4  conversion for a ratio o f 1, at the end o f  testing (5 hours). On 
the contrary, the significant decreasing o f  CH 4  conversion with the time-on-stream  
not occurred when the H 2 O /C H 4  ratio was 2. It is noticeable that this result may 
com e from the excess steam in the feed.
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F ig u r e  4 .11  H 2 y ie ld  as a fu n c tio n  o f  tim e -o n -s tre a m  o v e r  N i/Z S M -5  ca ta ly s ts  w ith  
d iffe re n t H 20 /C H 4 ra tio s  fo r  s te am  re fo rm in g  reac tio n  a t 7 0 0 ° c .

F ig u re  4.11 sh o w s th e  ch an g es  o f  H 2 y ie ld  w ith  th e  tim e  o f  reac tio n . 
D u rin g  5 h o u rs  o f  reac tio n , th e  red u c tio n  o f  H 2 y ie ld  e m e rg e s  in  a ll d iffe re n t 
H 20 /C H 4 ra tio s  s tu d ied  ca ta ly st. A  ris in g  o f  f l 20 /C H 4 ra tio  p ro d u c e s  a lo w e r  level o f  
th e  y ie ld . A t a  FBO/CKU ra tio  o f  1, th e  in itia l and  th e  la s t H 2 y ie ld s  o f  1 l% N i/Z S M -5  
c a ta ly s t a re  5 2 .7 2 %  and  3 8 .5 8 % , re sp ec tiv e ly . B esid es , th e  c a ta ly s t sh o w s -5 5 .4 8 %  
H2 y ie ld  a t th e  b eg in n in g  and 4 6 .2 8 %  H2 y ie ld  a t th e  end  u n d e r  th e  re a c ta n ts  ra tio  o f  
0 .8 . A n d  3 8 .4 0 %  o f  H 2 y ie ld  su d d en ly  fall to  0%  w ith in  165 m in u te s  o f  r e a c tio n  at 
r a tio  o f  2. T h is  o b v io u s  s to p p in g  o f  H 2 p ro d u c tio n  o n  th e  ex ce ss  s te am  c o n d itio n  m a y  
b e  th e  re su lt o f  th e  d e a lu m in a tio n  in  z e o li te ’ร s tru c tu re . S team  g rea tly  en h a n c e s  th e  
ra te  o f  S i-O -A l b o n d  c leav ag e  an d  rem o v es  te tra h e d ra lly  c o o rd in a te d  a lu m in u m  fro m  
th e  la ttic e , w h ic h  in c rea se s  th e  acce ss ib ility  o f  ac id  s ites  (B ey er, 2 0 0 2 ). G en era lly , it 
is  w e ll a c c e p te d  th a t ac id ity  o f  z e o lite s  g o v e rn s  th e ir  a c tiv ity , an d  th e  ac id ity  in d u c e s  
th e  fo rm a tio n  o f  c a rb o n  fo r th is  case , ex p la in in g  w h y  th e  ro le  o f  d e a lu m in a tio n  is  
co n s id e red . D u rin g  th e  re a c tio n  tim e  o f  9 0 -1 5 0  m in u te s , H 2 y ie ld  o f  th e  
1 l% N i/Z S M -5  ca ta ly s t at a H 20/CFL} ra tio  o f  2 sh o w s a rap id  in c rea se  c o m p ared  to  
th e  o thers. T h is  m ay  re ly  on  th e  fo rm a tio n  o f  H 2 v ia  th e  w a te r  g as  sh ift re a c tio n  o f  
C O  and  w a te r  w h ich  are  p ro d u c e d  by  th e  in co m p le te  c o m b u s tio n  o f  C H 4 and  th e
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d isso lv ed  o x y g e n  in  th e  w a te r. H o w ev e r, th is  is  n o t d u e  to  le a k in g  c o rre sp o n d in g  to  
L a o s ir ip o ja n a  e t a l . 'ร, w o rk , it re p o rte d  th a t th e  ad d itio n  o f  th e  o x y g e n  in to  th e  s team  
re fo rm in g  re a c tio n  can  in c rea se  th e  c o n v e rs io n  o f  m e th an e , re su ltin g  in  th e  
d isa g re e m e n t w ith  th e  re su lts  as sh o w n  in F ig u re  4 .10 . T h ese  m a y  h e lp  to  co n firm  
th a t th e  o x y g e n  u sed  in  th e  c o m b u s tio n  d id  n o t com e fro m  th e  a ir  w h ic h  co n ce rn ed  to  
th e  le a k in g  o f  th e  ac tiv ity  te s t line. M o reo v e r, th is  C H 4 c o m b u s tio n  is  an o th e r 
re a c tio n  w h ic h  can  o c c u r  to g e th e r  w ith  th e  steam  re fo rm in g  o f  C H 4 w h en  th e  sy stem  
h a s  m o re  d isso lv ed  o x y g e n  fro m  w a te r. A nd , th e se  re a c tio n s  a re  ex p re ssed  in  th e  
fo llo w in g  eq u a tio n s:

C H 4 (g )  +  1 5 0 2 (g ) ~  C O  (g )+  2 H 20  (g ) (4 .1 )
C O  (g ) +  H 20  (g ) ~  C 0 2 (g ) +  H 2 (g ) (4 .2 )

A t th e  sam e  tim e , th e  tran s fo rm a tio n  o f  N i m e ta l p h a se  m ay  p a ra lle le d  
o c c u r  on  th e  ca ta lyst. N i m e ta l o n  th e  ca ta ly s t cou ld  b e  re a c te d  w ith  th e  d isso lv ed  
o x y g en  in  th e  w a te r  to  fo rm  N iO  ac c o rd in g  to  th e  fo llo w in g  eq u a tio n :

2 N i +  0 2 (g ) «-►  2N iO  . (4 .3 )

N iO  is  an  in ac tiv e  fo rm  o f  th is  c a ta ly s t fo r  th e  s te am  re fo rm in g  
reac tio n . T h e re fo re , th e  fo rm a tio n  o f  th is  in a c tiv e  N iO  p h a se  su g g e s ts  th e  d e c re a se  
and  d ro p p in g  o f  H 2 p ro d u c tio n  a f te r  150 m in u te s  o f  re a c tio n  as  sh o w n  in  H 2 y ie ld  
g ra p h  (F ig . 4 .1 1 ).

N o ticeab ly , th e  c o n tin u e  stan d in g  o f  C H 4 c o n v e rs io n  fo r  th e  
l l% N i/Z S M -5  ca ta ly s t o p e ra te d  u n d e r  a  H 2O /C H 4 ra tio  o f  2 a f te r  165 re a c tio n  
m in u te s  m ay  re la te  to  th e  fo rm a tio n  o f  C 0 2 g as  (Fig. 4 .1 4 )  w h ic h  co u ld  b e  g e n e ra te d  
fro m  th e  c o m b u s tio n  o f  th e  d isso lv ed  o x y g en  in  th e  w a te r  and  e ith e r th e  su rface  
ca rb o n  o f  m e th a n e  o r  C O  fro m  th e  s team  re fo rm in g . In  c o n s is te n t w ith  th is  v iew , 
N iO  is o b ta in e d  as in  X R D . T he fo rm a tio n  o f  C 0 2 g a s  in  th is  w a y  can  b e  e x p la in ed  
b y  th e  fo llo w in g  eq u a tio n :

2C O  (g ) +  0 2 ( g ) ~ 2 C 0 2 (g) (4 .4 )
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And, this reaction can occur over the NiO phase that may explain the 
continue formation o f  CO2 after the appearance o f  the catalyst deactivation.

T i m e - o n - s t r e a m  (m in )

F igure 4.12 H 2 selectivity as a function o f  time-on-stream over N i/ZSM -5 catalysts 
with different H 2 O/CH4  ratios for steam reforming reaction at 700°c .

A s shown in Figure 4.12, แ 2 selectivity o f  the catalysts remains 
m ostly constant throughout the reaction time at H 2 O/CH4  ratios o f  0.8 and 1. The 
average value o f  H2 selectivity on these ratios is around 50%. Conversely, the 
1 l% Ni/ZSM -5 catalyst at a H2 O/CH 4 ratio o f  2 encounters the deactivation problem  
which immediately drops H 2 selectivity. It shows the same trend as the H 2 yield o f  
the catalyst at a H 2 O/CH 4  ratio o f  2. The increasing o f  this selectivity at the period o f  
90-150 minutes may be explained by the formation o f  H 2 which corresponding to 
Equations 4.1 and 4.2, respectively. And, the suddenly decrease after 150 minutes o f  
reaction may be explained by the NiO  formation as expressed in Equation 4.3. This 
selectivity reaches the highest point (about 94.93%  H2 selectivity) at the tim e o f  150 
min and rapidly falls to 0 % H2 selectivity in the next.

In Figure 4.13, the selectivity o f  CO is expressed. Although, the 
operation occurs at different H 2 O /C H 4  ratios, the CO selectivity trends to decrease 
along 5 hours o f  the test. Especially, at a H 2 O /CH 4  ratio o f  2 which makes the
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selectivity stays at much lower point because o f  the appearance o f  water gas shift 
reaction on this condition.
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F ig u r e  4 .1 3  CO selectivity as a function o f  time-on-stream over Ni/ZSM -5 catalysts 
with different H 2 O /C H 4  ratios for steam reforming reaction at 7 0 0 °c .
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F ig u r e  4 .14  C O 2 yield as a function o f time-on-stream over Ni/ZSM -5 catalysts 
with different H 2 O /C H 4  ratios for steam reforming reaction at 70 0 °c .
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The CO2 yields are expressed in Figure 4.14. CO2 yield o f  the 
catalysts show s the near value throughout the reaction time at H 2 O/CH4  ratios o f  0.8 
and 1. However, at a H 2 O/CH4  ratio o f  2, the yield o f  CO2 trends to decrease in the 
time o f  90-140 minutes o f  the test. It may be the result o f  the reverse conversion into 
CO by N i metal on the catalyst surface. After this period, this yield trends to increase 
and stays continuously constant at the high level until the end. This CO 2 gas is 
generated from the combustion o f  the dissolved oxygen in the water and either the 
surface carbon o f  methane or CO from the steam reforming as occurred in Equation
4.4.

Hence, based on the above results, it can be concluded that the 
suitable H 2 O /C H 4  ratio for the reaction o f  steam reforming over ll% N i/Z SM -5  
catalyst is 0.8. This is due to a higher activity obtained from the activity test.

4.2 .2  Catalyst Characterization
The 1 l% Ni/ZSM -5 catalysts operated at different H 2 O /C H 4 ratios o f  

0.8, 1, and 2 were characterized by ICP, XRD, TGA, and TPO, respectively. And, 
the results are expressed in following;

4 .2 .2 .1  In d u c tive ly  C o u p led  P la sm a /O p tic a l E m iss io n  S p ec tro m e try
(IC P /O E S )

Considering at different H 2O/CH4  ratios, there are little 
differences in the %A1 and %Si contents o f  the spent ll% N i/Z SM -5 catalyst 
operated at a H2 O/CH4  ratio o f  2 (Table 4.1), which may be suggested that the 
dropping o f  hydrogen production is caused by the dealumination (Beyer, 2002).

4 .2 .2 .2  X -R a y  D iffra c tio n  (XRD )
Figure 4.15 shows the XRD patterns o f  spent samples (1 l% Ni 

loading). The spent samples were applied to methane steam reforming under 
different stoichiometric feed com positions (H 2 O /CH 4  = 0.8, 1, and 2) for 5 hours. 
The X R D  patterns o f  spent catalysts show the metallic Ni peaks which assigned to 
N i ( l l l )  at 44.5° and N i(200) at 51.8° (Roh el a /., 2003 and Matsumura and 
Nakamori, 2004) and other peaks attributed to ZSM -5 zeolite. The higher H 2 O /C H 4
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ratio gives the lower peak intensity o f  Ni metal. After steam reaction o f  
1 l% Ni/ZSM -5 with the H 2 O /C H 4  ratios o f  0.8 and 1 for 5 hours, metallic N i peaks 
were detected. This is an evidence that the absolute reduction o f  Ni particles 
occurred during the reaction. On the other hand, the XRD pattern o f  catalyst operated 
at a H 2 O /C H 4  ratio o f  2 exhibits the appearance o f  NiO peaks with metallic N i peaks, 
confirming the formation o f  inactive form o f  Ni that reduced the activity in steam  
reforming.

Table 4.5 reports the metal crystallite sizes o f  spent 
1 l% Ni/ZSM -5 catalysts w hich operated on reforming reaction at H 2 O /C H 4  ratios o f  
0.8, 1, and 2 for 5 hours. The Scherrer equation was used to calculate the crystallite 
sizes. As observed in Table 4.5, the X R D  peaks o f  N i(200), the N i crystallite size o f  
a catalyst operated at the lowest H 2 O /C H 4  ratio is larger than that o f  the other 
catalysts (at H 2 O /C H 4  ratios = 1 and 2 ). There are little differences between the 
N i(l 1 1 ) crystallite size in the catalysts at all H 2 O /C H 4  ratios.

F ig u re  4.15 XRD patterns o f  ZSM -5 zeolite and spent 1 ]% Ni/ZSM -5 catalysts with  
various H 2 O /C H 4  ratios operated on steam reforming reaction at 7 0 0 °c  and 
atmospheric pressure for 5 hours; (A ) ,  NiO phase; ( • ) ,  N i metal phase.
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T a b le  4 .5  Metal crystallite sizes o f  spent ll% N i/Z SM -5 catalysts with various 
H 2 O/CH4 ratios

H20/CH 4
ratio

N i O ( l l l )
(20 =  37.3°)

N

N iO (200) 
(20 =  43.3°) 

(nm)

N iO (220) 
(20 =  63°) 

(nm)

N i ( l l l )
(20 = 44.5°) 

(nm)

N i(200) 
(20 =  51.8°) 

(nm)
R = 0.8 - - - 38.49 33.96
R = 1 - - - 36.06 28.03
R  = 2 29.11 30.52 29.77 39.19 31.2

4 .2 .2 .3  T em pera tu re  P ro g ra m m e d  O x id a tio n  (T P O ) a n d  T herm al 
G ra v im e tr ic  A n a ly s is  (TG A )

Since the carbon formation is. considered to be a serious 
problem for this work, the temperature'programmed'oxidation (TPO) and Thermal 
Gravimetric Analysis (TGA) experiments were applied to determine the amount, 
location, and m orphology o f  carbon deposited on the spent ll% N i catalysts with 
various H 2 O/CH4 ratios.

F igure 4.16 TPO profiles o f  the N i/ZSM -5 catalysts after 5 hours o f  reaction at 
7 0 0 °c  and atmospheric pressure with various ratios o f  H2 O/CH4 .
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T a b le  4 .6  Amounts o f  carbon deposited on ll% N i/Z SM -5 catalysts with various 
H 2 O /C H 4  ratios after 5 hours o f  reaction, which were characterized by using TPO and 
TGA techniques

Catalyst % w t Carbon(1) % wt Carbon(̂
H 2 O/CH 4  = 0.8 0.57 0.53
H2 O/CH4  = 1 0 . 2 0.31
H 2 O/CH4  = 2 0 . 2 2 0.26

(1) As measured by TPO
(2) As measured by TGA

Figure 4.16 shows the profiles obtained by.TPO technique for 
several ll% N i/Z SM -5 catalysts with different H 2 Û /C H 4  ratios used in reforming 
process. According to the spent ll% N i/Z SM -5 catalysts with the H 2 O /C H 4  ratios o f  
1 and 2 profiles, three peaks o f  different carbon species are observed. The first peaks 
with highest intensity are discovered at about 3 5 0 °c  which related to the high 
formation o f  carbide carbon species. Around 520-550°C, the second peaks which 
corresponding to the filamentous carbon are observed and these show  the shift o f  the 
peaks compared to a TPO pattern o f  the catalyst with a H 2 O /C H 4  o f  0 . 8  that has the 
second peak at 4 9 0 °c . The other peaks are displayed around 7 0 0 °c  with low  
intensity. And, they are attributed to the pyrolytic carbon species as described  
previously. A ll TPO patterns show that an increased H 2 O /C H 4  ratio negatively  
impacted the intensity o f  peaks which involves the change o f  coke formation. In the 
case with excessive steam in the feed, the CO 2  signal is lower than that in case with a 
low  level or proportional steam in feed.

A lso, the catalyst has the higher total o f  deposited carbon at a 
H 2 O /C H 4  ratio = 0.8, whereas essentially lower amounts o f  deposited carbon were 
observed at H 2 O /C H 4  ratios o f  1 and 2 that, as seen in Table 4.6. This is 
corresponding to Goud e t  a l. (2007) work, which implied that s / c  ratio is a critical 
parameter in enhancing the rate o f  reaction and minimizing the rate o f  deactivation.
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The higher concentration o f  steam in the feed should translate into higher catalyst 
surface coverage by steam, as a result o f  the lower rate o f  deactivation w hich might 
also be due to higher extent o f  WGS reaction in the presence o f  excess steam. The 
present results prove this previous work, since the increasing steam concentration 
detracts the carbon content on the catalyst surface.

Furthermore, the TGA results as shown in the Table 4 .6  can 
help to confirm the amounts o f  deposited carbon that were occurred on the catalysts 
and to understand the effect o f  the steam which has a function in the suppression o f  
the carbon formation on these catalysts.

4 .3  E ffe c t  o f  C er ia  C o n ten t

The series o f  1 l% Ni/ZSM -5 catalysts with various Ce loadings were studied 
in steam reforming o f  CFLt at a H 2 O/CH4 ratio o f  0.8 in order to improve the 
performance o f  the Ni-based catalysts.

4.3.1 Activity Test
The ll% N i/Z SM -5 zeolite catalysts promoted with various Ce ( > 2  

contents (3, 5, and 7 wt%) were tested for the catalytic activity on reforming reaction 
at a H 2 O /C H 4  ratio o f  0.8 and 70 0 °c . Figure 4 .17 presents the conversions o f  CH 4  at 
5 hours time-on-stream over these catalysts. The CFI4  conversions o f  the 3% and 5% 
CeÜ 2 promoted catalysts show almost constant for 5 hours o f  reaction. And, their 
values are so close when the reaction reached the end. It is seen that there is a little 
difference on the catalytic performance o f  the 3% and 5 %CeC>2 promoted Ni/ZSM -5  
catalyst as compared to the unpromoted Ni/ZSM -5 zeolite catalyst. The stability o f  
the N i/ZSM -5 was found to be improved by the addition o f  CeC>2 into the catalysts. 
CH 4  conversions are increased by the CeC>2 addition (3 and 5 wt%), excepting for the 
1 l% Ni/7% Ce/ZSM -5 catalyst which shows the dropping o f  C H 4  conversion since 
the first period o f  the reaction as 120 minutes. This is the consequence o f  the high 
carbon formation on this catalyst which lead to the plugging o f  the reactor after 1 2 0
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minutes time-on-stream. Also, the high amounts o f  deposited carbon can be 
confirmed by the TPO and TGA characterizations as following.

These are parallel with the reported results in Crisafulli e t  a l. (2 0 0 2 )’ร 
paper that explained in the case o f  the addition o f  Ru as a promoter on supported Ni 
catalysts. It affects the catalytic performance towards the CO 2 reforming o f  methane.

Consequently, using the promoter is known as a w ay to improve the 
catalytic performance o f  the catalysts on reforming reaction and there are many 
species o f  the promoter which can be used in each suitable case.

*

0%Ce 3% Ce 5%Ce 7 %Ce
Ni/Ce/ZSM-5 Catalyst

^  A s measured at 120 minutes o f  reaction.

F ig u r e  4 .17  CH 4  conversion at 5 hours time-on-stream over 1 l% Ni/ZSM -5 catalysts 
with different Ce ( > 2  contents for steam reforming reaction at 7 0 0 °c  and a H 2 O /C H 4  

ratio o f  0 .8 .

From Figure 4.18, the promoted catalysts exhibit the influence on the 
yield o f  แ 2 The H 2 yields o f  the 3 wt% and 5 wt% CeC>2 promoted catalysts remain 
constant throughout 5 hours o f  the testing time and also show  the close values at the 
end o f  reaction (excepting with the 1 l% Ni/7% Ce/ZSM -5 catalyst). It shows that the 
addition o f  CeC>2 promotes the production o f  แ 2 and the trends o f  แ 2 yield and C H 4  

conversion are the same.
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In Figures 4.19 and 4.20, แ 2 selectivity and CO selectivity at the end 
o f  reaction time are displayed, respectively. N o existing o f  the effect o f  the promoted 
catalysts on แ 2 selectivity (excepting for the 1 l% Ni/7% Ce/ZSM -5 catalyst), but 
there is a small difference in the selectivity o f  CO over the promoted and 
unpromoted catalysts (5.15%  at the last o f  1 l% Ni/ZSM -5).

7% Ce

F ig u re  4 .1 8  แ 2 yield at 5 hours time-on-stream over 1 l% Ni/ZSM -5 catalysts with  
different Ce0 2  contents for steam reforming reaction at 7 0 0 °c  and a H 2 O /CH 4  ratio 
o f  0 .8 .

too

ร5
•o

0% Ce 3 % Ce 5%Ce 
N i/C e/Z SM -5 C atalyst

As measured at 120 minutes o f  reaction.
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0 % C e 3 % Ce 5% Ce 7% C e
N i/C e /Z S M -5  C a ta ly st

A s measured at 120 minutes o f  reaction.

F ig u r e  4 .1 9  H2 selectivity at 5 hours time-on-stream over ll% N i/Z SM -5 catalysts 
with different C e 0 2 contents for steam reforming reaction at 7 0 0 °c  and a H 2 0 /CH 4 

ratio o f  0 .8 .

0% C e 3% C e 5% C e 7% C e
N i/C e/Z SM -5 C atฟ yst

As measured at 120 minutes o f  reaction.

F ig u re  4 .2 0  CO selectivity at 5 hours time-on-stream over 1 l% Ni/ZSM -5 catalysts 
with different C e 0 2 contents for steam reforming reaction at 7 0 0 °c  and a H 2 0 /C H 4 

ratio o f  0 .8 .
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F ig u re  4 .2 1  Product Distribution o f  the 1 l% Ni/ZSM -5 catalysts with different CeC>2 

contents operated on steam reforming reaction at 7 0 0 °c  and a H 2 O/CH4 ratio o f  0.8 
for 2  hours.

Figure 4.21 shows the product gas distribution o f  the ll% N i/Z SM -5  
catalysts w ith different CeC>2 contents operated on the reforming reaction for 2  hours. 
W hile the product compositions o f  the 1 l% Ni/3% Ce/ZSM -5 and ll% N i/5% C e  
/ZSM -5 catalysts do not show significant difference at 2 hours o f  reaction, H2 and 
CH 4  becom e the main compositions in the product gases o f  the 1 l% Ni/7% Ce/ZSM -5  
catalyst at the same time. The appearance o f  the higher CO2 com position in the 3wt%  
and 5wt% CeC>2 content catalysts reveals that the reduction o f  carbon formation can 
be promoted by the addition o f  CeC>2 w hich towards the combination o f  oxygen from  
CeC>2 and C H 4  in feed gas. On the other hand, the presence o f  CO2 com position for 
the 1 l% Ni/7% Ce/ZSM -5 catalyst was rarely observed, this may confirm that too 
high CeÛ 2 content can not promote this reaction and can not help to inhibit the 
formation o f  coke.

The results from this part can be suggested that the presence o f  Ce0 2  

can help to produce more hydrogen on the steam reforming o f  methane at the 
suitable conditions. The promoted catalyst gives the higher activity and stability 
along the tim e o f  reaction due to more resistance to sintering and coking. W hile, the 
3 wt% and 5 wt% C e 0 2 addition to Ni/ZSM -5 catalysts enhanced the stability and
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activity o f  N i/ZSM -5 catalysts, the Ni/Ce/ZSM -5 catalyst added over or about 7 พt% 
o f  C e 0 2 w as deactivated more rapidly than the Ni/ZSM -5 catalyst without C e 0 2 

component, as explained by the characterizations in the previous part. These are 
corresponding with Laosiripojana e t al. (2005) who noted that the doping o f  too high 
C e 0 2 content results in the oxidation o f  Ni, which could reduce the reforming 
reactivity.

Finally, the results in all parts lead to several interesting conclusions 
which indicate that the 1 l% Ni/5% Ce/ZSM -5 catalyst shows the best catalytic 
performance in terms o f  activity and stability (along 1 2  hours time-on-stream). 
Furthermore, it is also revealed that the addition o f  C e 0 2 promoter reduced the size 
o f  N i species and produced the highly dispersed Ni species, and consequently, 
retarded the catalyst deactivation.

4 .3 .2  Catalyst Characterization
The ll% N i/Z SM -5 catalysts with different C e 0 2 loadings which  

tested at a H2 0/CFLj ratio o f  0.8 were characterized by ICP, XRD, TGA, TPO, and 
TEM methods to uphold the activity test results as followed.

4.3.2.1. In d u c tive ly  C o u p le d  P la sm a /O p tic a l E m issio n  S p ec tro m e try
(IC P /O E S)

The elemental analyses (Ce and N i) were performed by ICP as 
shown in Table 4.1. For the C e 0 2 promoted catalysts, the actual loading and 
calculated values o f  the C e 0 2 and N i loadings also do not show  a significant 
difference. This also agrees with Damyanova et. al. (2002) work that studied for the 
characterization o f  ceria coated alumina carrier. It reported the actual % C e 0 2 

loadings via the ICP results and further showed no difference between the actual and 
calculated values.

4 .3 .2 .2  X -R a y  D iffra c tio n  (X R D )
The X R D  patterns o f  spent catalysts with various amounts o f  

ceria promoter (C e 0 2 loadings o f  3, 5, and 7%) are expressed in Figure 4.22. A  
characteristic band at 20 = 25° (d = 3.56 Â) was the main difference between the
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spectra o f  the 1 l% Ni/7% Ce/ZSM -5 catalyst and the other promoted catalysts. This 
line corresponds to line (002) o f  pregraphitic carbon (d(O0 2) = 3.35 Â) (Querini, 2004). 
These results indicate that the coke on the 1 l% Ni/7% Ce/ZSM -5 catalyst has indeed a 
certain degree o f  organization and 7 wt% is an overload o f  CeC>2 loading for this 
catalyst due to the presence o f  an obvious carbon peak. Generally, coke structure can 
be characterized by X R D  analysis that makes it possible to determine if  there is coke  
with crystalline structure on the catalyst. However, this technique has low  sensitivity 
in this system, since the carbon signal remains very weak even at very high coke  
ratio o f  the 1 l% Ni/7% Ce/ZSM -5 catalyst, which can be assured by the appeared 
TPO, TGA, and TEM results in Table 4.8 and Figure 4.24. Additionally, the 
appearance o f  CeC>2 species can be correlated with the broadening and decreasing in 
the intensity o f  XRD patterns specific to crystalline N i observed in this Figure 4.22. 
These observations (broadening/low intensity peaks) from the XRD patterns o f  
crystalline species can be related to a less crystalline phase and well-dispersed Ni.

Table 4 .7  states the Ni crystallite sizes o f  spent Ce0 2  

prom oted-1 l% Ni/ZSM -5 catalysts which carried on reforming reaction at a H 2 O /C H 4  

ratio o f  0.8 for 5 hours. These XRD measurements demonstrate that the Ni crystallite 
size, as measured by the diffraction line width, decreased with the higher loading o f  a 
promoter. It indicates that the presence o f  CeC>2 on these Ce0 2 -containing catalysts 
favors the formation o f  dispersed Ni-metal particles as compared to the unpromoted 
catalysts w hich contain larger Ni-metal particles, and consequently, retards the 
sintering o f  N i species on the catalyst surface in the Ni-Ce/ZSM -5 catalyst.
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2Theta(deg.)

F ig u r e  4 .2 2  X R D  patterns o f  spent ll% N i/Z SM -5 catalyst and CeC>2 promoted- 
ll% N i/Z SM -5 catalysts which operated on steam reforming reaction at 7 0 0 °c  and 
atmospheric pressure for 5 hours; (♦ ), c  phase; ( • ) ,  Ni metal phase.

T a b le  4 .7  N i crystallite sizes o f  spent CeC>2 promoted-1 l% Ni/ZSM -5 catalysts with  
various amounts o f  CeC>2 loadings

Catalyst
N i ( l l l )  

(20 = 44.5°)
N

N i(200) 
(20 =  51.8°)

พ
unpromoted 38.49 33.96

1 l% Ni/3% Ce/ZSM -5 35.32 30.14
1 l% Ni/5% Ce/ZSM -5 37.48 25.30
1 l% Ni/7% Ce/ZSM -5 23.45 25.82

4 .3 .2 .3  T em pera tu re  P ro g ra m m e d  O x ida tion  (T P O )
In order to analyze a CeC>2 promoter loading effect on the 

catalyst deactivation by coking, using TPO measurement is preferred. Figure 4.23
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reproduces the profile results for two main peaks (around 350 and 500°C) o f  
1 l% Ni/ZSM -5 catalysts for which the C e 0 2 had been added to 3 % ,  5%, and 7%wt 
(Because o f  a very high coke formation relative to the high C 0 2 signal, w hich makes 
a profile o f  adding as 7 wt% ceria cannot involve in this figure). And, these peaks are 
identified as the superficial carbide and filamentous carbon species, respectively. 
Prior to the addition o f  C e 0 2, a significant decrease o f  the signal intensity o f  C 0 2 is 
observed after increasing the contents o f  C e 0 2 from 3 to 5wt%, which is relative to  
coking.

The considerable coke formation data on the steam reforming 
reaction over ll% N i/Z SM -5 catalysts with several C e 0 2 contents are exposed in 
Table 4.8. Previously, Craciun e t  a l . (1998) implied that the deactivation o f  catalysts 
can occur through the loss o f  the oxygen-storage capacity, which is a significant 
property o f  C e 0 2. And, the deactivation has usually been explained as being due to a 
loss in the contact between C e 0 2 and precious metal. The reported results are 
correlative to those, Table 4.8 shows interesting information in the difference o f  the 
deposited carbon quantities on ll% N i/Z SM -5 catalyst without C e 0 2 compared to 
C e 0 2-supported Ni catalysts. W hile the C e 0 2 content was increased (for 3 and 5wt% 
C e 0 2), the formation, o f  coke was inversely slow down. According to these TPO 
results, the agreement with Laosiripojana e t  a l. (2 0 0 5 )’ร research which studied the 
influence o f  the doping ceria on the resistance toward carbon formation on dry 
reforming o f  methane is shown. They found that the amount o f  carbon formation 
decreased with increasing Ce content as evidenced by TPO measurement.

Nevertheless, the limited loading o f  a C e 0 2 promoter is 
noticed since the result showed the obviously large quantities o f  deposited carbon on
1 l% Ni/7% Ce/ZSM -5 catalyst, which may be explained by the disappearance o f  the
0 2 transfer from C e 0 2 to the precious metal. These results demonstrate that C e 0 2 is a 
good promoter for this catalyst. It has the bifunctional mechanism to assist the 
reduction o f  coking, which is a main cause o f  the deactivation in this case, under the 
suitable range o f  loading.
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F ig u r e  4 .2 3  TPO  profiles o f  the N i/Z S M -5  catalysts w ith  several CeC>2 contents  
after 5 hours o f  reaction  under 7 0 0 ° c ,  atm ospheric pressure, and a H 2 O /C H 4  ratio o f
0.8 .

T a b le  4 .8  C om parison o f  the carbon deposited  quantities b etw een  ll% N i/Z S M -5  
catalyst and CeC>2 p rom o ted -1 l% N i/Z S M -5  catalysts w ith  several C e 0 2 contents  
after 5 hours o f  reaction.

C atalyst % w t Carbon(l) % w t Carbon(2)
U nprom oted 0 .57 0 .53

1 l% N i/3% C e/Z S M -5 0 .26 0 .43
ll% N i/5 % C e/Z S M -5 0 .22 0 .7 9
11 % N i/7% C e/Z SM -5 50.61 57

(1) A s m easured by TPO
(2) A s m easured by T G A
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4 .3 .2 .4  T h erm al G ra v im e tr ic  A n a ly s is  (TG A )
A s shown in Table 4.8, there is a little difference in the 

amounts o f  carbon deposited on 1 l% Ni/5% Ce/ZSM -5 which measured by TGA and 
TPO. W hile the TGA result revealed the increasing in carbon formation o f  the 
1 l% Ni/5% Ce/ZSM -5 catalyst compared to the ll% N i/Z SM -5 catalyst, which the 
amounts o f  carbon increased from 0.53 to 0.79 wt%, TPO measurement showed 
inverse data as 0.57 wt% decrease to 0.22 wt% carbon. This contrast may be 
explained by Querini’s information w hich denoted that the result from the 
conventional TGA analysis is somewhat complicated due to w eight changes caused 
by the oxidation o f  catalytic components and dehydration. And, this technique is also 
a sensitive technique to determine small amounts o f  coke.

4 .3 .2 .5  T ran sm ission  E lec tro n  M ic ro sc o p y  (TEM )
TEM im ages were taken for the spent Ce0 2 -promoted catalysts 

(5% and 7% CeC>2 loading) after 5 hours réaction to examine the m orphology o f  the 
catalysts, as shown in Figure 4.24. The TEM image o f  the 1 l% Ni/7% Ce/ZSM -5  
shows the presence o f  tubular filament carbon with Ni particle at the end (Figure 
4.24(b)). The mechanism o f  growth o f  carbon tubes is generally believed to involve  
diffusion o f  dissolved carbon in the Ni. Therefore, it w as observed that carbon tube 
size was equivalent to or smaller than the Ni size (Lee e t a l., 2004).

The numbers o f  carbon tubes with uniform sizes were 
observed on the spent 1 l%NL/7%Ce/ZSM-5 catalyst, w hile carbon tubes just started 
to form on the spent 1 ]% Ni/5% Ce/ZSM -5 catalyst. These TEM im ages are related to 
the results o f  deposited carbon quantities which measured by TPO and TGA  
techniques. It suggests that a very high carbon formation o f  the spent 
1 l% Ni/7% Ce/ZSM -5 catalyst compared to the spent 1 l% Ni/5% Ce/ZSM -5 catalyst 
m akes the deposited carbon easier to observe by TEM. The average particle sizes 
which calculated from previous equation for the spent 1 l% Ni/5% Ce/ZSM -5 and 
1 l% Ni/7% Ce/ZSM -5 catalysts are 122.75 and 15.37 nm, respectively. And, the Ni 
particles o f  66-145 nm were mainly observed by TEM on the spent 
1 l% Ni/5% Ce/ZSM -5 catalyst surface. The present Ni particle size o f  the spent 
1 l% Ni/7% Ce/ZSM -5 catalyst is parallel with the result from X R D  measurement,
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w hich indicates that the N i crystallite size decreased with the addition o f  CeC>2 . But, 
this TEM result o f  the spent 1 l% Ni/5% Ce/ZSM -5 shows the negative result 
compared to XRD result. However, the carbon growth rate can be related to the 
ability o f  metal particle segregation from the support by the observation o f  a large 
number o f  metal particles detached from the support. This supports that the presence 
o f  Ce0 2  promotes the dispersion o f  the metal on the surface o f  catalyst.

F ig u r e  4 .2 4  TEM im ages o f  the catalysts after reforming reaction at 700°C; 
(a) 1 l% Ni/5% Ce/ZSM -5, (b) ll% Ni/7% Ce/ZSM -5.
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