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CHAPTER I 

 

INTRODUCTION 

 

1.1 Introduction 

 

Recently, dry reforming of methane for production of synthesis gas is 

becoming an attractive for the chemical utilization of natural gas and carbon dioxide 

which is substances intimately related to greenhouse effect and energy resources. 

Numerous supported catalysts have been tested especially nickel and noble metal-

based catalysts [1]. 

 

Supported-Ni catalysts have been tried for this reaction and showed high 

activity comparable to noble metals [2]. However, the coke formation over nickel-

based catalysts during the dry reforming is known to be more serious than for any 

other reforming reactions. It is well known that bimetallic catalysts exhibit superior 

activity, selectivity and deactivation resistance than the corresponding monometallic 

samples [3].  

 

There has been a lot recent interest in mixed oxide catalyst systems like Ce1-

xZrxO2 (Ce-ZrO2) because of certain inherent advantages [4]. Moreover, it has been 

reported that the nature of supports affects the catalytic performance of Ni catalysts in 

dry reforming of methane. The activity and stability of these catalysts varied greatly 

with different supports. It is known that the addition of ZrO2 to CeO2 leads to 

improvements in oxygen storage capacity of CeO2, redox property, thermal resistance 

and promotion of metal dispersion [5]. Furthermore, it has been established that the 

reducibility of CeO2 is greatly enhanced when it is mixed with ZrO2 to form a solid 

solution of Ce1-xZrxO2. Therefore, the Ce-ZrO2 system has appeared as a promising 

candidate of a support material in bimetallic catalyst system. 
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1.2 Objective 

 

1. To synthesize the Ni-Ru/Ce1-xZrxO2 bimetallic catalysts.  

2. To optimize the bimetallic catalyst in dry reforming of methane at 450
o
C 

for 17h. 

 

1.3 Scope of research 

 

1.3.1 Survey literature 

1.3.2 Synthesize Ce-ZrO2 mixed oxides by water-in-oil microemulsion method 

1.3.3 Synthesize Ni/Ce-ZrO2 catalyst by the impregnation method  

1.3.4 Synthesize Ru-Ni/Ce-ZrO2 catalyst by the impregnation method 

 1.3.5 Characterize the prepared catalysts by following methods: 

  - X-ray diffraction (XRD) 

  - X-ray fluorescence (XRF) 

  - Brunauer-Emmett-Teller method (BET) 

  - Scanning electron microscopy (SEM) 

  - Energy dispersive X-ray analysis (EDX) 

  - Thermogravimetric analysis (TGA) 

  - Gas Chromatography (GC)   

 1.3.5 Summarize the results and write thesis 

 



CHAPTER II 

 

THEORY AND LITERATURE REVIEWS 

 

2.1 Theory 

 

 2.1.1 Dry reforming reaction 

 

 The thermodynamics of the carbon dioxide reforming of methane has been 

deeply investigated. The corresponding carbon dioxide reforming reaction is 

described as 

 

CO2 + CH4  2CO + 2H2  �H
�

298 = 247 kJ/mol 

       �G
�
 = 61770 - 67.32T  2.1 

 

 This reaction is highly endothermic and equally favored by low pressure but 

requires a higher temperature. A reverse water-gas shift reaction occurs as a side 

reaction: 

 

CO2 + H2  H2O + CO  �H
�

298 = 41 kJ/mol 

       �G
�
 = -8545 + 7.84T  2.2 

 

 Under conditions of stoichiometric CO2 reforming, carbon depositions occurs 

as in the Boudouard reaction 

 

2CO  CO2 + C   �H
�

298 = -172 kJ/mol 

       �G
�
 = -39810 - 40.847T 2.3 

 

and in the methane cracking 

 

CH4  C + 2H2   �H
�

298 = 75 kJ/mol 

       �G
�
 = 21960 - 26.45T  2.4 
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 The standard free energy change employed to calculate the minimum 

operation temperatures for CO2 reforming and CH4 cracking, and the upper limiting 

temperatures of the other side reaction (2.2) and (2.3). Assuming �G
�
 = 0, the upper 

or lower limiting temperatures for reactions (2.1) - (2.4) will be obtained. CO2/CH4 

reaction can proceed above 645
�
C accompanied by methane cracking reaction, while 

above 817
�
C reverse water gas shift reaction and the Boudouard reaction could not 

occur. In the temperature range of 557�700
�
C carbon will form from methane 

cracking of the Boudouard reaction. 

 

Table 2.1 Limiting temperatures for reactions in the CO2/CH4 system 

 

Reaction 

 

1
a
  2

b
  3

b
  4

a
 

 

Temperature /
����C           645            817            700           557 

 

Reaction type        Reforming         RWGS         CO       C       CH4 cracking 

 

Reaction taking place       �645          �817          �700              �557 

 

a: Lower limit and b: Upper limit 

 

 Nowadays, two viewpoints have been proposed about the mechanism of dry 

reforming of methane. The general opinion is that firstly methane is adsorbed, 

activated and dissociated on the reduced metal catalyst. Nevertheless, the divarication 

occurs about whether carbon dioxide also dissociate on the surface of the catalyst. 

Takayasu [6] suggested that gaseous carbon dioxide directly reacted with hydrogen 

formed from methane to water, steam reforming then followed to obtain synthesis gas. 

That is to say, the substance of the carbon dioxide reforming is the same as the steam 

reforming. 
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 The reaction of methyl species on Ni(111) and Ni(110) was studied [7] 

employing mass spectroscopy. The results showed that the C-H rupture of methyl 

readily occurs at -53.15
�
C. It gave good evidence that C-H rupture of fairly stable 

methyl is easy. The activation of methane on VIII group metals is not very difficult. 

The strong chemisorption of CHx and hydrogen formed by methane on metals may 

largely decreased the energy barrier of dehydrogenation of methane and promotes the 

stepwise dissociation at lower temperature. Compared with VIII group metals, the 

metal oxide catalysts have not the strong interaction with methane and CHx. So, the 

very high temperature is necessary for the activation of methane to supply enough 

energy. 

 

 Erdohelyi et al. [8] proposed the mechanism of dry reforming of methane over 

supported noble metal catalysts on the basis of kinetic studies. Methane may undergo 

two reactions as following routes: stepwise dehydrogenation followed by the surface 

reaction with surface oxygen or OH to CO and H2 (1), or direct reaction with surface 

oxygen species to CHx then follow former route (2). Carbon dioxide may react with 

adsorbed hydrogen, surface carbon and surface CHx fragments. 

 

 The proposed mechanism is as follows: 

 

  CH4   
M

 CHx(ad) + H(ad)  (x = 0�3) 

 

  CH4 + O(ad)   
M

  CH3(ad) + OH(ad)   

 

  CO2 + H(ad)   
M

  CO + OH(ad)   

 

  2OH(ad)       
M

       H2O + O(ad)   

 

  CHx + O(ad)   
M

  CO + xH(ad)   

 

  CHx + CO2   
M

  2CO + xH(ad)   

 

  2H(ad)       
M

       H2(g)   



 6 

 

  C(ad) + CO2   
M

  2CO  

 

  C(ad) + H2O   
M

  CO + H2 

 

 The mechanism of dry reforming of methane may somewhat change when 

different type of catalysts are used. Zhang et al. [9] reported that Ni/La2O3 catalyst 

showed high stability because a new reaction pathway occurred at the Ni/La2O3 

interface. They proposed a mechanism that under the CO2/CH4 reaction conditions, 

CH4 mainly cracks on the Ni crystallites to form H2 and surface carbon species (CHx 

species), while CO2 is preferably adsorbed on the Ni/La2O3, support or the LaOx 

species which are decorating the Ni crystallites in the form of La2O2CO3. At high 

temperatures the oxygen species of La2O2CO3 may participate in the reactions with 

the surface carbon species (CHx) on the neighboring Ni sites to form CO. Owing to 

the existence of such synergetic sites which consist of Ni and La elements, the carbon 

species formed on the Ni sites are favorably removed by the oxygen species 

originated from La2O2CO3, thus resulting in an active and stable performance. 

 

 Yan et al. [10] reported that the decomposition of methane on nickel catalyst 

could result in the formation of at least three kinds of surface carbon species on 

supported nickel catalyst. Generally, the carbon deposition comprises various forms 

of carbon which are different in terms of reactivity. The distribution and features of 

these carbonaceous species depend sensitively on the nature of transition metals and 

the conditions of methane adsorption. These carbonaceous species can be described 

as: completely dehydrogenated carbidic C� type, partially dehydrogenated CHx (1 � x 

� 3) species, namely C� type, and carbidic cluster C� type formed by the 

agglomeration and conversion of C� and C� species under certain conditions. A 

fraction of the surface carbon species, which might be assigned to carbidic C� 

(�188
�
C), was mainly hydrogenated to methane even below 227

�
C. It showed that 

carbidic C� species is rather active and thermally unstable on nickel surface. The 

carbidic C� species was suggested to be responsible for CO formation. A significant 

amount of surface carbon species were hydrogenated to methane below 327
�
C and 

were assigned to partially dehydrogenated C� (�310
�
C) species. The majority of the 
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surface carbon was hydrogenated above 527
�
C and was attributed to carbidic clusters 

C� (�550
�
C). The possible reaction processes of carbon dioxide reforming with 

methane was inferred as follows: methane is firstly decomposed into hydrogen and 

different surface carbon species, then the adsorbed CO2 reacts with surface carbons to 

form CO. 

 

 The proposed mechanism is as follows [10]. 

 

 1) Dissociative adsorption of methane is the rate-determining step. 

 

CH4(g) CH4(ad) CHx(ad) + (4-x)H(ad) Carbon(ad) + xH(ad)  x = 1�3 

 

 2) Dissociative adsorption of carbon dioxide 

 

 CO2(g) CO2(ad) CO(ad) + O(ad) Carbon(ad) + O(ad) 

 

 3) Formation of water 

 

 2H(ad) + O(ad) H2O(ad)  H2O(g) 

 

 4) Formation of hydrogen 

 

 2H(ad)  H2(ad)  H2(g) 

 

 5) Formation of carbon monoxide and decarbonation 

 

 CO(ad) CO(g);  carbon(ad) + O(ad) CO(ad)  CO(g) 
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This mechanism is actually the synergic decomposition process of methane 

and carbon dioxide (described as Figure 2.1)  

 

 

 

Figure 2.1 Patterns of activation and reaction of methane with carbon dioxide on the 

nickel catalyst. 

 

2.1.2 Characterization Techniques 

 

 2.1.2.1 X-ray diffraction (XRD) 

 

X-ray Powder Diffraction (XRD) is an efficient analytical technique used to 

identify and characterize unknown crystalline materials. Monochromatic x-rays are 

used to determine the interplanar spacings of the unknown materials. Samples are 

analyzed as powders with grains in random orientations to insure that all 

crystallographic directions are "sampled" by the beam. When the Bragg conditions for 

constructive interference are obtained, a "reflection" is produced, and the relative peak 

height is generally proportional to the number of grains in a preferred orientation. The 

x-ray spectra generated by this technique, thus, provide a structural fingerprint of the 

unknown. Mixtures of crystalline materials can also be analyzed and relative peak 

heights of multiple materials may be used to obtain semi-quantitative estimates of 

abundances. A glancing x-ray beam may also be used to obtain structural information 

of thin films on surfaces. In addition, changes in peak position that represent either 

compositional variation (solid solution) or structure-state information (e.g. order-
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disorder transitions, etc.) are readily detectable. Peak positions are reproducible to 

0.02 degrees. 

  

 2.1.2.2 Brunauer-Emmett-Teller method (BET) 

 

BET theory is a well-known rule for the physical adsorption of gas molecules 

on a solid surface. The concept of the theory is an extension of the Langmuir theory, 

which is a theory for monolayer molecular adsorption, to multilayer adsorption with 

the following hypotheses: (a) gas molecules physically adsorb on a solid in layers 

infinitely; (b) there is no interaction between each adsorption layer; and (c) the 

Langmuir theory can be applied to each layer. 

 

 2.1.2.3 Scanning electron microscopy (SEM) 

The imaging method of the scanning electron microscope (SEM) allows 

separation of the two functions of a microscope, localization and information transfer. 

The SEM utilizes a very fine probing beam of electrons which sweeps over the 

specimen to emit a variety of radiations. The signal, which is proportional to the 

amount of radiation leaving an individual point of the specimen at any instant, can be 

used to modulate the brightness of the beam of the display cathode-ray tube as it rests 

on the corresponding point of the image. In practice, the points follow one another 

with great rapidity so that the image of each point becomes an image of a line, and the 

line in turn can move down the screen so rapidly that the human eye sees a complete 

image as in television. The image can also be recorded in its entirety by allowing the 

point-by-point information to build up in sequence on a photographic film. 

 

 2.1.2.4 Energy dispersive X-ray analysis (EDX) 

 

An energy-dispersive x-ray analyzer (EDX) is a common accessory which 

gives the scanning electron microscope (SEM) a very valuable capability for 

elemental analysis. The electron beam in an SEM has an energy typically between 

5,000 and 20,000 electron volts (eV). The energy holding electrons in atoms (the 

binding energy) ranges from a few eV up to many kilovolts. Many of these atomic 
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electrons are dislodged as the incident electrons pass through the specimen, thus 

ionizing atoms of the specimen. Ejection of an atomic electron by an electron in the 

beam ionizes the atom, which is then quickly neutralized by other electrons. In the 

neutralization process an x-ray with an energy characteristic of the parent atom is 

emitted. By collecting and analyzing the energy of these x-rays, the constituent 

elements of the specimen can be determined. 

 

 2.1.2.5 Thermogravimetric analysis (TGA) 

 

 Thermogravimetry (TG) provides the analyst with quantitative measurement 

of any weight change associated with a transition. For example, TG can directly 

record the loss in weight with time or temperature due to dehydration or 

decomposition. Thermogravimetric curves are characteristic for a given compound or 

system because of the unique sequence of physicochemical reactions which occur 

over definite temperature ranges and at rates that are a function of the molecular 

structure. Changes in weight are a result of the rupture and/or formation of various 

physical and chemical bonds at elevated temperature that lead to the evolution of 

volatile products or the formation of heavier reaction products. From such curves data 

are obtained concerning the thernodynamics and kinetics of the various chemical 

reactions, reaction mechanisms, and the intermediate and final reaction products. The 

usual temperature range is from ambient to 1200
�
C with inert or reactive atmosphere. 

 

2.1.2.6 X-ray fluorescence (XRF) 

 

       X-Ray fluoresecence (XRF) is a quantitative elemental analysis technique 

based on the characteristic X-ray emission behavior of different elements under 

incident X-ray irradiation. When supplied with high energy radiation (e.g. X-ray), an 

electron is knocked out of its shell, and replaced with an electron from a higher 

energy shell. This high-low energy transition results in the emission of photons, the 

set of wavelengths for which is specific to each element. Examination of relative 

intensities of different emitted wavelengths can thus give a quantitative measurement 

of relative quantities of each element in a sample. 

 



 11 

2.2 Literature reviews 

 

2.2.1 Preparation of mixed cerium/zirconium oxide 

 

 In 2000, Montoya et al. [5] studied Ni/ZrO2 catalysts promoted with different 

amounts of CeO2 (0, 1, 8 and 20 %wt.) which were prepared by the sol-gel method. 

The increasing of CeO2� concentration led to increase both of t-ZrO2 stability and 

catalyst activity, although some degree of deactivation, due mainly to the sintering of 

the support, was not completely avoided by ceria addition. CeO2 also induced a larger 

difference between CO2 and CH4 conversions and a lowering of the H2/CO ratio, thus 

enhancing the reverse water gas shift reaction during dry reforming of methane 

 

 In 2003, Menad et al. [4] prepared a novel Ru/Ce0.5Zr0.5O2 catalyst by the 

impregnation with Ru
3+

 of a mixed Ce-Zr oxide obtained by water-in-oil 

microemulsion method. Under reaction condition (T = 650
�
C, 19h), the catalyst 

supported on Zr and Ce oxides prepared by the microemulsion method showed higher 

activity and stability than prepared by the impregnation which including single oxides 

(CeO2, ZrO2, and SiO2) and CeO2-ZrO2 mixed oxides. Only 3% activity was lost 

within the first 8 h in reaction and its performance was perfectly maintained for a 

further 12 h. The introduction of cerium as a promoter in the ZrO2 structures was 

shown to improve the catalyst performance by increasing the oxygen mobility in the 

support and consequently reducing deactivation by carbon deposition during reaction. 

 

 In 2004, Roh et al. [11] used the co-precipitation method to prepare nickel 

oxide dispersed on CeO2, ZrO2 and cubic Ce0.8Zr0.2O2 support compared with the 

conventional impregnation method for dry reforming of methane reaction. The co-

precipitated Ni-Ce-ZrO2 catalyst had higher BET surface area, smaller nano-

crystallite sizes of both Ce0.8Zr0.2O2 support and NiO compared with the impregnated 

one. The co-precipitated Ni-Ce-ZrO2 catalyst also exhibited high activity and stability 

during reaction at 800
�
C. 
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 In 2004, Kuznetsova et al. [12] reported that the surface and bulk oxygen 

reactivity and mobility of ceria-based solid solutions as related to the process of 

methane conversion into syngas can be tuned in a broad limits by bulk and surface 

promoters. Results of TPR experiments with different reductants reasonably agree as 

far as the effect of ceria-based solid solutions doping on the reactivity of the 

surface/bulk oxygen and its amount was concerned.  

 

 In 2004, Xiancai et al. [13] studied the catalytic activity and coke resistance of 

La2O3 promoted nickel-based catalysts. Catalysts were characterized by CO-TPD, 

CO2-TPD, TPR, XPS and XRD techniques. They found that the catalytic activity, 

resistance to carbon deposition and the stability of the catalysts can be greatly 

improved with the addition of a rare earth oxide. Compared with the catalyst prepared 

by impregnation method, rare earth-doped Ni-based catalyst prepared by sol-gel 

procedure has more oxygen vacancies, led to higher catalytic activity. Thus 5.0 %wt. 

Ni-0.75%wt. La-BaTiO3 shows higher catalytic activity than the catalysts               

5.0%wt. Ni/La-BaTiO3 (Ba/La = 1/0.002) and 5.0 %wt.Ni-1.5 %wt. La/BaTiO3. 

 

 In 2005, Laosiripojana et al. [14] reported that doping of CeO2 on Ni/Al2O3 

was improved dry reforming activity for H2 and CO productions at solid oxide fuel 

cell (SOFC) operating temperature 800-900
�
C. In particular, 8% CeO2 doped 

Ni/Al2O3 showed the best reforming reactivity among those with ceria content in the 

range of  0 to 14 %wt. 

 

2.2.2 Effect of active monometallic component 

 

 In 2002, Dong et al. [15] studied the effect of Ni content on the Ni/Ce-ZrO2 

catalyst for oxy-reforming, steam reforming and oxy-steam reforming. Among the 

various values of Ni loading (3-30 %wt.), the conversion of methane in all the 

reactions increased with increasing nickel content up to 15 %wt. and then decreased 

above this value. The 15 %wt. Ni/Ce-ZrO2 exhibited not only the highest catalytic 

activity and selectivity but also remarkable stability. 
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 In 2005, Schulz et al. [16], reported that a Pd/�-Al2O3 catalyst with a low 

metal loading close to 1% exhibited a catalytic activity for dry reforming of methane 

above 600
�
C comparable to those of similar Pt or Rh catalysts. The decline in activity 

was due to palladium sintering. The addition of Ce to Pd/�-Al2O3 practically 

eliminated the deposition of carbon and diminished the sintering process, increasing 

the stability of the catalyst for the reforming reaction. 

 

 In 2006, Chang et al. [17] prepared zirconia-supported nickel catalysts by a 

incipient wetness method. Among nickel content of 2.5-23 %wt., 13 %wt. Ni/ZrO2 

catalyst exhibited the highest activity. Moreover, Ni/ZrO2 with a Ce modifier and a 

Ca promoter prepared by sol-gel method and impregnation of metal led to higher 

activity as well as catalyst stability. 

 

 In 2006, Pompeo et al. [18] studied Ni and Pt catalysts supported on �-Al2O3, 

�-Al2O3-ZrO2 and ZrO2 in dry reforming of methane. It was found that 2 %wt. Ni 

based catalysts were more active than 1 %wt. Pt based catalysts. The lowest 

deactivation observed in Ni and Pt support on �-Al2O3-ZrO2, compared to �-Al2O3 

can be explained by an inhibition of carbon deposition in system having ZrO2. 

 

2.2.3 Effect of active bimetallic component 

 

 In 2005, Jozwiak et al. [19] studied the activity and stability of silica 

supported monometallic Ni, Rh and bimetallic Ni-Rh catalysts towards the dry 

reforming of methane. The results showed that both monometallic and bimetallic were 

comparably good catalyst for this reaction and Rh-rich catalysts are resistant to 

deactivation and carbon formation. For bimetallic 2.5 %wt.Ni-2.5%wt. Rh/SiO2 

prepared by incipient wetness method showed the 82% CH4 conversion at 700
�
C with 

the loss of activity about 1.6% and 3.6% of coke formation. 

 

 In 2002, Crisafulli et al. [3] reported about the effect of addition of Ru to 

supported Ni catalysts towards the dry reforming of methane. The increasing of Ru 

content led to both activity and stability increased. The influence of Ru addition was 

instead much less remarkable on H-ZSM5 zeolite than silica supported samples. They 
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suggested that the Ni-Ru interaction observed over H-ZSM5 zeolite supported 

catalysts was lower than over silica. Therefore, a 1.94 %wt.Ni-0.63 %wt.Ru/silica 

gave the higher strong improvement in the activity and stability. 

 

 In 2006, Hou et al. [2] reported that the noble metals (5 %wt. Ru, Rh, Pt, Pd, 

and Ir) showed higher coke resistance ability, while their activity was lower than that 

of Ni and Co (10 %wt., loading amount). Meso-porous Al2O3 supported Rh and small 

amounts of Rh-promoted Ni catalysts exhibited a higher activity and excellent coke 

resistance ability than pure Ni/Yas3-8. H2-TPR characterization indicated that Rh 

improved the reducibility of Ni, which increased the reforming activity of the 

catalysts. 



CHAPTER III 

 

EXPERIMENTAL 

 

3.1 Materials 

 

1. Zirconyl nitrate (ZrO(NO3)2
.
H2O, Acros 

2. Cerium nitrate hexahydrate (Ce(NO3)2
.
6H2O, Acros 

3. Heptane (n-C7H16), Carlo 

4. Hexanol (n-C6H14O, Acros  

  5. t-Octylphenoxypolyethoxyethanal (Triton X-100), Acors 

6. Tetramethylammonium hydroxide ((CH3)4NOH, Fluka  

7. Nickel nitrate hexahydrate (Ni(NO3)2
.
6H2O), Carlo 

8. Ruthenium (III) nitrosyl nitrate, Aldrich 

9. Methyl alcohol, Carlo 

10. Quartz wool, Alltech 

11. Helium gas, Bangkok Industrial Gas Co., Ltd. (BIG) 

12. Argon gas, Thai Industrial Gas Co., Ltd. (TIG) 

13. Hydrogen gas, Bangkok Industrial Gas Co., Ltd. (BIG) 

14. Standard hydrogen in argon, Thai Industrial Gas Co., Ltd. (TIG) 

15. Standard mixed gas, methane: carbon dioxide (1:1), Bangkok Industrial  

      Gas Co., Ltd. (BIG) 

 

3.2 Equipments 

 

 1. Oven, Memmert UM-500 

 2. Furnace, Carbolite RHF 1600 muffle furnace 

 3. Home-made reaction apparatus 

 4. Digital flow meter, Alltech 

 5. Flow meter 
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3.3 Characterization methods 

 

 X-ray powder diffraction (XRD) 

 

 The X-ray diffraction (XRD) patterns were recorded using a D/Max 2002 

Rigaku diffractometer using Cu K� radiation. X-ray diffraction was used to obtain 

information of the structure and composition. 

 

 Brunauer-Emmett-Teller method (BET) 

 

 The surface area was measured by nitrogen adsorption at -196
�
C using a 

BELSORP-mini. The BET surface area was determined by N2 adsorption which 

decreases with increasing particle size. The quantity of adsorbed material gave 

directly the total surface are of the sample which based upon on adsorbed.  

 

 Scanning Electron Microscopy (SEM) 

 

The morphology of catalysts were observed by scanning electron microscope 

(SEM) using JEOL model JSM-5800 LV with electro dispersive spectrometer (EDS) 

for qualitative and quantitative analysis. The spatial resolution for SEM-EDX lies 

between 0.8 and 1.2 µm for the samples we investigated. For avoid charging, prior 

SEM analysis sample was painted with carbon ink and gold-coated. 

 

Thermogravimetric Analyzer (TGA) 

 

Thermogravimetric analyses (TGA) of carbon deposition and removal were 

preformed on at atmospheric pressure. The weight change over specific temperature 

ranges provides indications of the composition of the sample and thermal stability. 

Each catalyst sample (about 20 mg) was heated from 30 to 800 
�
C at a rate of 

20
�
Cmin

-1 
in the flow (58 mlmin

-1
) of N2, and holding for 10 min. At 800

�
C, the run 

was continued for 30 min in air 8 mlmin
-1

 with N2 50 mlmin
-1

 for 20 min. 
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X-ray fluorescence (XRF) 

 

 The weight content of metal loadings was determined by X-ray fluorescence 

(XRF) analysis using WD-XRF model PW-2400. 

 

3.4 Experimental procedure 

  

 In this chapter the experimental procedure was divided into 5 parts 

 3.4.1 Preparation of Ce/ZrO2 mixed oxides  

 3.4.2 Preparation of Ni-Ce/ZrO2 catalysts 

 3.4.3 Preparation of Ru-Ni-Ce/ZrO2 catalysts 

 3.4.4 Dry reforming reaction test 

 3.3.5 Instrument analysis 

 

 3.4.1 Preparation of Ce-ZrO2 mixed oxides  

 

Zr-Ce mixed oxide was prepared by the microemulsion method. To synthesize 

the support, a water-in-oil microemulsion was prepared by mixing, while stirring 50 

ml of an aqueous solution containing the same concentration (0.25 M) of both Zr and 

Ce ions (zirconyl nitrate (ZrO(NO3)2
.
H2O) and cerium nitrate hexahydrate 

(Ce(NO3)2
.
6H2O) with 427 ml of heptane (n-C7H16), 92.8 ml of hexanol (n-C6H14O) 

and 88.8 ml of surfactant (Triton X-100). Another similar WO microemulsion was 

prepared with containing tetramethylammonium hydroxide ((CH3)4NOH) as an 

aqueous solution. After stirred separately for 1 h, then mixed and stirred at room 

temperature for 24 h. The resulting suspension was centrifuged for 20 min with 6,000 

rpm, decanted and washed the remaining solid with methanol. After centrifuging and 

decanting again, the solid was first dried for a 15 min. at room temperature, then at 

110
�
C for 24 h and finally it was calcined in air at 500

�
C for 5 h using a ramp of 

4
�
Cmin

-1
. In this step, the consider parameters were shown in Table 3.1. 
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ZrO(NO3)2
.
H2O   (CH3)4NOH    

Ce(NO3)2
.
6H2O        n-C7H16 

      n-C7H16       n-C6H14O 

     n-C6H14O    Triton X-100 

  Triton X-100 

 

 

stir 1 h      stir 1 h 

 

stir at room temperature, 24 h 

 

centrifuge 

 

decant 

 

wash the solid with methanol 

 

centrifuge 

 

decant 

 

dry at room temperature 

 

dry at 110
�
C, 24 h  

 

calcine at 500
�
C, 5 h   

 

   Ce-ZrO2 mixed oxide 

 

Scheme 3.1 Preparation of Ce-ZrO2 mixed oxide. 
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Table 3.1 Parameter used in preparation mixed oxides step. 

 

Weight of total solid (g) 0.0145, 0.7250, 1.0875, 1.4500 

Calcination temperature (
�
C) 500-900 

 

 

 3.4.2 Preparation of Ni/Ce-ZrO2 catalysts 

 

Supported catalysts with Ni loadings of 5-20% wt was prepared on the diverse 

supports by the impregnation method using nickel nitrate hexahydrate 

(Ni(NO3)2
.
6H2O). The impregnated catalysts were first dried for 15 min at room 

temperature, and then at 110
�
C for 24 h and finally it was calcined in air at 800

�
C for 

5 h using a ramp of 4
�
Cmin

-1
. In this step, the consider parameters were shown in 

Table 3.2 

 

Table 3.2 Parameter used in preparation catalysts step. 

 

Ce/Zr ratio 0.15, 0.5, 0.75, 1 

Ni (% wt.) 5, 10, 15, 20 

  

 

3.4.3 Preparation of Ru-Ni/Ce-ZrO2 catalysts 

 

The impregnation method using nickel nitrate hexahydrate (Ni(NO3)2
.
6H2O) 

and ruthenium (III) nitrosyl nitrate, Aldrich), respectively for impregnating to the 

supports. Then, the catalysts were dried for 15 min at room temperature, then at 

110
�
C for 24 h and finally it were calcined in air at 800

�
C for 5 h using a ramp of 

4
�
Cmin

-1
.  
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3.4.4 Dry reforming reaction test 

 

The catalytic activity was carried out using a fixed-bed reactor at atmospheric 

pressure in dry reforming of methane. Each catalyst of 1.0 g was loaded in the shell 

side by using two quartz wool plugs at both ends of the shell side of the reactor. The 

catalyst was reduced in the reactor with pure hydrogen gas 20 ml/min at 550
�
C for 4 h 

prior to each catalytic measurement at atmospheric pressure.  Helium or argon gas 

was flushed and used as a carrier gas for the entire experiment. The reactant feed 

comprised a gaseous mixture of CH4:CO2 (1:1) were introduced into reactor 

controlled by a mass flow controller and the flow rate was controlled at 20 ml/min. 

The pressure of the feed gas was monitored by a pressure gauge. Temperature 

controllers (Omega CN-9000) were used to control the temperature of the furnace and 

the reactor. A thermocouple was placed inside the tube side in order to control the 

temperature in the catalytic bed. The catalyst lifetime of dry reforming reaction test 

was preformed for 17 h at temperature 450
�
C and was monitored by using on-line gas 

chromatography. 

 

3.3.5 Instrument analysis 

 

3.3.5.1 Determination of gas composition in dry reforming reaction by 

using online GC-TCD 

 

The gas composition from the shell side were analyzed by the on-line gas 

chromatography (Perichrom model PR2100) equipped with two automotive valves, a 

sampling valve and a bypass valve. The Clarity computer software was used for 

acquiring and analyzing the all data. A serial/bypass configuration was arranged for 

two isothermal columns; Hayesep Q (no.1) and Molecular sieve 13X (no.2), at 40
�
C. 

The valve no.2 was set to “off” during the entire experiment. While the valve no.1 

was set to “on” for 19 seconds and then “off”. To allow injection of sample gases, the 

carrier gas with pressure 150kPa directed the mixture of methane, carbon monoxide, 

carbon dioxide, and hydrogen went through the Heyasep Q column, and then quickly 

entered the serial-arranged Molecular sieve 13X for separating the hydrogen and 

carbon monoxide, where those gases were separated and passed to the Thermal 

Conductivity Detector (TCD). The temperatures of inlet, oven, and detector were 
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100
�
C, 40

�
C, and 150

�
C, respectively. The analysis time was 10 min. The amount of 

permeated gas composition was analyzed by comparing the area under peak with 

external standard from the calibration curve. The correlation value of accepted 

calibration curve must be at 99.5% confidence level. 

 

 

 

 

 

 

 

 

 

 

 



   CHAPTER IV 

 

RESULTS AND DISCUSSION 

  

4.1 Preparation of Ce0.5Zr0.5O2 mixed oxide 

 

4.1.1 Proper amounts of total solid and solvent for mixed oxide 

preparation  

 

In 2003, Menad et al. [4] prepared a novel Ce0.5Zr0.5O2 mixed oxide, as a 

support of Ru catalysts, by the water-in-oil microemulsion method in the dry 

reforming of methane. It was proved to be a high activity catalytic system with 

excellent stability under certain reaction condition. However, they reported that in 

each preparation the mixture of n-heptane and hexanol 1,200 ml was used to obtain 

1.45 g of mixed oxide. Obviously, the solvent seems to be too large volume. 

Therefore, the synthesis of Ce0.5Zr0.5O2 mixed oxide was attempted using smaller 

volume of solvent. 

 

The support was prepared by water-in-oil microemulsion method according to 

Menad et al. [4] at 4 different amounts of solid and solvent as shown in Table 4.1. 

The procedure was shown in Section 3.4.1. After stirring the microemulsion at room 

temperature for 24 h, it was found that the aggregation was found in entry 4 while the 

other 3 entries were in emulsion forms. Finally, the mixed oxides from these 3 entries 

were obtained at approximately equal to the total solid used in each entry. These 

mixed oxides were further characterized using X-ray diffraction (XRD) and their 

XRD diagrams were shown in Figure 4.1. 

 

Among these 3 entries, entry 3 had the highest relative intensity. Only the 

pattern of entry 3 had a good agreement with the XRD library pattern of tetragonal 

Ce0.5Zr0.5O2 (JCPDS: 38-1436) with 2� = 28.9, 33.4, 47.8 although all of them 

approximately showed the XRD pattern of Ce0.5Zr0.5O2 mixed oxide. 
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20 30 40 50 60 70

2 theta (degree)

 

Figure 4.1 XRD diagrams of Ce0.5Zr0.5O2 mixed oxide synthesized with different 

amounts of solid and solvent after calcined in air at 500
�
C for 5 h using a ramp of 

4
�
Cmin

-1
. 

 

The crystallite size of Ce0.5Zr0.5O2 mixed oxide was calculated by the 

Scherrer’s equation from half-height width of diffraction peaks. Only the peak at 

around 2� = 29.0 could be read by instrument for entries 1 and 2. Therefore, the unit 

cell parameters of these 2 entries could not be calculated. In addition, these 3 mixed 

oxides had the approximate crystallite size of 10 nm. Accordingly, the mixed oxide in 

entry 3 was the most suitable condition for the preparation of tetragonal Ce0.5Zr0.5O2. 

  

Table 4.1 The summarized parameters of Ce0.5Zr0.5O2 mixed oxide by water-in-oil 

microemulsion method. 

 

Unit cell 

parameter(Å) 

Entry Solvent 

(ml) 

Weight 

of total 

solid (g) 

Weight 

of mixed 

oxide (g) 

Crystallite 

size (nm) 

a b c 

1 1,330 1.4500 1.4489 9.8 - - - 

2 250 0.0145 0.0138 10.0 - - - 

3 250 0.7250 0.7195 10.0 3.73 3.73 5.40 

4 250 1.0875 - - - - - 

 

Entry 3 

 

Entry 2 

Entry 1 
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4.1.2 Effect of calcination temperature  

 

 In general, the calcination temperature affects on catalyst phase changing. The 

Ce0.5Zr0.5O2 mixed oxide was prepared according to Section 4.1.1. After calcination in 

air at different temperatures for 5 h using a ramp of 4
�
C/min, they were characterized 

by XRD. The XRD patterns were shown in Figure 4.2. 

 

 

20 30 40 50 60 70 80

2 theta (degree)

 

Figure 4.2 XRD diagrams of Ce0.5Zr0.5O2 at different calcination temperatures.  

 

 The XRD patterns of all mixed oxides, at calcination temperature of 500-

800
�
C, showed the similar reflection corresponding to tetragonal Ce0.5Zr0.5O2 mixed 

oxide (JCPDS: 38-1436, 2� = 29.2, 33.7, 48.8 and 57.6). When the calcination 

temperature was increased to 900
�
C, XRD pattern was shifted to higher 2� and not 

corresponded to tetragonal Ce0.5Zr0.5O2. It could be possible that the sintering or phase 

transfer was emerged.  

  

This result was similar to the report of Sukkaew [20] that the calcination 

temperature had an effect on prepared support. He found that Mg-ZrO2, prepared by 

co-precipitation method, was represented the cubic phase at calcination temperature in 

the range of 600-700
�
C. When the calcination temperature was increased to 800-

950
�
C, ZrO2 monoclinic phase was emerged in concomitant with small amount of 

900����C 

 

800����C 

 
700����C 

 
600����C 

 

500����C 
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MgO cubic phase. Similar observation of Rezaei et al. [21], they found that the 

increasing calcination temperature from 600 to 800
�
C led to the tetragonal weight 

percent decrease and sintering occurred resulting in an increase in crystallite size. It 

can be concluded that calcination temperature had an important function to catalyst 

phase changing. 

 

Table 4.2 Characteristic XRD patterns of tetragonal Ce0.5Zr0.5O2 mixed oxide at 

different calcined temperatures. 

 

Calcination 

temperature 

(
����C) 

Crystallite 

size 

(nm) 

500 10.0 

600 11.2 

700 10.6 

800 11.5 

900 - 

  

 

The data of crystallite size and unit cell parameters were listed in Table 4.2. It 

was found that a rising of calcination temperature was resulted in an increase of the 

relative intensity. However, no significant changing of crystallite size was observed at 

the temperature from 500 to 800
�
C. It can be concluded from the above data 

demonstrated that the calcination temperature at 800
�
C was selected because it gave 

the highest relative crystallinity with a tiny effect on the crystallite size. Therefore, the 

preparation of Ce0.5Zr0.5O2 was used: ratio of solid/solution concentration was that 

0.7250 g of solid, 250 ml of solvent and calcination temperature at 800
�
C.  

  

 

 

 

 

 



 26 

4.2 Effect of Ce1-xZrxO2 support containing 15% Ni on dry reforming  

 

 4.2.1 Preparation and characterization of Ce1-xZrxO2 support containing 

15% Ni 

  

The nature of the oxide support greatly affects the catalyst due to the aspects 

of the support structure, metal-support interaction, and acidity-basicity of support. 

Since CO2 is well know as an acid gas, adsorption and dissociation of CO2 could be 

improved with a basic catalyst. Maraina et al. [22]� reported that the Pt/Al2O3 

deactivated very quickly during 20 h on stream at 800
o
C and a CH4/CO2 ratio of 1:1, 

while the catalysts with ZrO2 content above 5 %wt. presented improved stability 

during 60 h. In addition, it was concluded by Ding et al. [23] that the effect of the 

factors on the performance of the catalysts is that support � Ni metal loading � MgO 

addition � CeO2 addition � interaction between metal and support. It has shown the 

evidence that understanding of the nature and selection of support could be greatly 

essential for improving the catalyst. 

 

In this section, the CeO2 promoter was added in order to improve the basicity 

of support because CO2 was adsorbed strongly on the surface of basic catalysts. The 

Ce1-xZrxO2 mixed oxide was prepared by water-in-oil microemulsion followed: the 

condition in Section 4.1. After impregnated with Ni 15% by weight, the obtained 

catalysts were calcined in the air at 800
�
C for 5 h using a ramp of 4

�
C/min. 
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2� (degree)

 

Figure 4.3 XRD diagrams of Ce1-xZrxO2 support containing 15% Ni: (a) Ni/CeO2, 

(b) Ni/Ce0.75Zr0.25O2, (c) Ni/Ce0.5Zr0.5O2, (d) Ni/Ce0.15Zr0.85O2 and (e) Ni/ZrO2. 

 

Each metal oxide showed its characteristic peak as demonstrated in Figure 4.3. 

For all catalysts, the hexagonal NiO peaks at around 2� = 37.0 and 43.0 (JCPDS: 89-

1701) were very small. In addition, the NiO peaks observed were very broad 

indicating good dispersion of NiO crystallites in Ce0.75Zr0.25O2 matrix. The cubic 

CeO2 support containing 15% Ni showed visible peaks at 2� = 28.5, 33.0, 47.4, and 

56.3, which represented the characteristic reflections corresponding to (111), (200), 

(220), and (311) planes of CeO2, respectively. Whereas the XRD patterns of ZrO2 

support containing 15% Ni showed characteristic peaks of monoclinic phase           

(2� = 24.1, 24.5, 28.2, and 31.5). No evidence for extra peaks as regards non-

incorporated ZrO2 was observed in any XRD patterns of Ce1-xZrxO2 support 

containing 15% Ni (x = 0.25, 0.5, 0.85). These can be suggested that ZrO2 could be 

incorporated into the CeO2 lattice to form a solid solution. With regard to the addition 

of Zr, the diffracting peaks were shifted to higher 2� angles. For support containing 

Ni, the characteristic peaks of the tetragonal Ce0.15Zr0.85O2 appeared at 2� = 29.7, 

34.6, 49.6, and 58.6. The (101) reflection shifted to 29.1 for Ce0.5Zr0.5O2. By 

progressively doping with Ce, the symmetry corresponded increasingly to the cubic 

for Ce0.75Zr0.25O2. 

 

(a) 

(b) 

(c) 

(d) 

(e) 

����CeO2 

����ZrO2 

���� NiO 

 

� 

� � 
� 

� � 

� � � � 
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Table 4.3 Characteristic XRD patterns of Ce1-xZrxO2 support containing 15% Ni. 

 

Peak Oxide 2���� d-spacing (nm) Miller indices JCPDS 

(a) 

 

 

 

CeO2 

 

 

 

28.5 

33.0 

47.4 

56.3 

3.13 

2.71 

1.91 

1.63 

(111) 

(200) 

(220) 

(311) 

65-2975 

 

 

 

(b) 

 

Ce0.75Zr0.25O2 

 

 

 

28.7 

33.4 

47.8 

56.8 

3.10 

2.68 

1.90 

1.62 

(111) 

(200) 

(024) 

(311) 

28-0271 

 

 

 

(c) 

 

 

 

Ce0.5Zr0.5O2 

 

 

 

29.1 

33.8 

48.5 

57.6 

3.06 

2.65 

1.87 

1.60 

(101) 

(002) 

(112) 

(103) 

38-1436 

 

 

(d) 

 

Ce0.15Zr0.85O2 

 

29.7 

34.6 

49.6 

58.6 

3.00 

2.59 

1.84 

1.57 

(101) 

(110) 

(112) 

(103) 

88-2398 

(e) 

 

 

 

ZrO2 24.1�

24.5 

28.2 

31.5�

3.70 

3.63 

3.16 

2.83 

(011) 

(110) 

(-111) 

(111) 

89-1701 
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This observation was attributed to the shrinkage of the lattice due to the 

replacement of Ce
4+

 with a smaller cation radius Zr
4+

. For all XRD parameter of     

Ce1-xZrxO2 support containing 15% Ni was shown in Table 4.3. These results were in 

good congruent outcome with the results from Xu et al. [24]. In agreement with the 

results by Rodriguez et al. [25], the lattice constant decreased with increasing Zr 

content in Ce-ZrO2 mixed oxide. 

 

The approximate average sizes Ce1-xZrxO2 were calculated by Scherrer’s 

equation as shown in Table 4.4. It was indicated that the crystallite size slightly 

decreased while increasing in Zr content. 

 

Table 4.4 The XRD parameters of Ce1-xZrxO2 support containing 15% Ni. 

 

Unit cell parameters 

(Å) 

 

Oxide 

 

Crystallite size 

(nm) 

 

Phase 

a      b c 

CeO2 43.3 cubic 5.69 5.69 5.69 

Ce0.75Zr0.25O2 20.9 cubic 6.35 6.35 6.35 

Ce0.5Zr0.5O2 11.6 tetragonal 3.74 3.74 5.29 

Ce0.15Zr0.85O2 10.8 tetragonal 3.66 3.66 5.19 

ZrO2 60.9 monoclinic 5.14 5.19 5.30 

 

 Table 4.5 summarized the characteristics of Ce1-xZrxO2 support containing 

15% Ni after calcined at 800
�
C for 5 h. It was found that the BET surface area of   

Ce1-xZrxO2 support containing 15% Ni (x = 0.25, 0.5, 0.85) were much higher than 

those with the pure CeO2 and ZrO2. It could be noticed that the BET surface areas of 

Ce1-xZrxO2 support containing 15% Ni increased with an arising of Ce content. The 

results were similar to those of Laosiripojana et al. [26]. They prepared Ni/Ce-ZrO2 

samples with the Ce/Zr ratios of 1/0, 1/1, 1/3, and 3/1 by co-precipitation method. 

They found that the BET surface areas increased with increasing Ce content which 

obtained around 6.2 to 18.0 m
2
g

-1
.  
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As a general trend, it is observed that ceria induces a slight increase in BET 

surface area of Ni/Ce-ZrO2 [5]. However, Rossignol et al. [27] found that the surface 

area of CeO2-ZrO2 mixed oxide was independent of the synthesis method and the 

CeO2 concentration. 

 

Table 4.5 BET surface area and nickel content using XRF of Ce1-xZrxO2 support 

containing 15% Ni. 

 

Oxide Ni %wt 

(XRF) 

Surface area 

(m
2
g

-1
) 

Pore volume 

(cm
3
g

-1
) 

Average pore 

size(nm) 

CeO2 13 8 0.13 32.57 

Ce0.75 Zr0.25O2 13 19 0.20 21.30 

Ce0.5Zr0.5O2 14 17 0.18 24.49 

Ce0.5Zr0.5O2 0 91 0.18 5.41 

Ce0.15Zr0.85O2 13 14 0.13 27.14 

ZrO2 12 10 0.13 35.12 

 

The average percentage of nickel on Ce1-xZrxO2 support was around 13-14 % 

by weight obtained by X-ray fluorescence (XRF). These results can be suggested that 

the rest of nickel was left in the medium along the impregnation. Then, all the 

prepared Ce1-xZrxO2 support containing 15% Ni was tested in dry reforming of 

methane. 

 

4.2.2 Dry reforming using Ce1-xZrxO2 support containing 15% Ni 

 

 In order to select the most suitable catalyst, the dry reforming of methane 

reaction was carried out over Ce1-xZrxO2 support containing 15% Ni at 450
�
C. It can 

be observed that Ni/ZrO2 was obtained the lowest CH4 and CO2 conversion. When 

ceria was added onto the Ni/ZrO2 catalyst, CH4 and CO2 conversion were 

significantly increased which was noticeable in Figure 4.4. As a general trend, CH4 

and CO2 conversions increased according to the CeO2 content [5]. The conversion of 

CO2 was higher than CH4 conversion because the reverse water-gas shift (RWGS) 

reaction (equation 2.2) occurs in concomitant with dry reforming of methane.  
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Methane conversion 
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Carbon dioxide conversion 
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*He: carrier gas 

 

Figure 4.4 CH4 and CO2 conversions with time on stream over Ce1-xZrxO2 support 

containing 15% Ni (reaction condition: T = 450
�
C, CH4/CO2 = 1 : 1): (a) Ni/CeO2, (b) 

Ni/Ce0.75Zr0.25O2, (c) Ni/Ce0.5Zr0.5O2, (d) Ni/Ce0.15Zr0.85O2 and (e) Ni/ZrO2. 
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Carbon monoxide yield 
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*He: carrier gas 

 

Figure 4.5 CO yield with time on stream over Ce1-xZrxO2 support containing 15% Ni 

(reaction condition: T = 450
�
C, CH4/CO2 = 1 : 1): (a) Ni/CeO2, (b) Ni/Ce0.75Zr0.25O2, 

(c) Ni/Ce0.5Zr0.5O2, (d) Ni/Ce0.15Zr0.85O2 and (e) Ni/ZrO2. 

 

Some differences could be observed. For Ni/Ce0.5Zr0.5O2, Ni/Ce0.15Zr0.85O2 and 

Ni/ZrO2 catalysts, the conversions attained were much close to each others. It can be 

proposed that the nature of the catalysts which cerium content was less than or equal 

0.5 mole ratio had not much influence on the catalytic behavior of Ni/ZrO2.  It could 

be noted that the order of CH4 conversion was Ni/ZrO2 � Ni/Ce0.15Zr0.85O2 � 

Ni/Ce0.5Zr0.5O2 � Ni/CeO2 � Ni/Ce0.75Zr0.25O2. In addition, CO yield was increased 

with increasing Ce content on Ni/Ce1-xZrxO2 catalyst and similar to CH4 and CO2 

conversions as shown in Figure 4.5. It should also be noted that the carrier gas of the 

reaction was He which could be overlap with H2 in GC diagram. Therefore, it could 

not be detected H2 peak from the reaction. Likewise, the results by Roh et al. [28] 

showed that the 15% Ni/Ce0.8Zr0.2O2 gave more than 97% CH4 conversion at 800
�
C. 
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Table 4.6 Reaction results over Ce1-xZrxO2 support containing 15% Ni after reaction 

for 17 h. 

 

Conversion (%) Catalyst 

CH4  CO2  

CO yield 

(%) 

Amount of deposited 

carbon (%) 

CeO2 4.1 6.3 3.5 10.35 

Ce0.75Zr0.25O2 6.1 8.3 3.8 9.36 

Ce0.5Zr0.5O2 1.9 3.7 1.8 0.18 

Ce0.15Zr0.85O2 1.7 2.9 1.6 1.79 

ZrO2 1.4 1.7 1.2 0.35 

 

  All the catalysts showed a similar slow deactivation along the reaction time. 

The deactivation of Ni-catalysts during the dry reforming of methane was mainly due 

to the formation of carbonaceous deposit [5]. The total amount of carbon formation 

over the Ni/Ce1-xZrxO2 catalysts was obtained from the fact that an increase in the 

ceria content enhances the carbon formation. The lowest carbon deposition was 

exhibited by the Ni/ZrO2 catalyst owing to its low catalytic activity, in accordance 

with the CH4 conversion and carbon formation obtained by Montaya et al. [5]. 

Moreover, Ni/CeO2 catalyst gave the conversion lower than Ni/Ce0.75Zr0.25O2 catalyst. 

Because the redox properties of Ce and the high mobility of lattice oxygen was 

probably the factors that initially promote catalytic activity in dry reforming of 

methane, but its easier reducibility under the reaction probably led to decreased CO2 

adsorption on the support surface. In addition, it was reported by Laosiripojana et al. 

[14] that the dry reforming of methane over 8% CeO2 doped Ni/Al2O3 showed the 

best activity: 5.0% CH4 conversion in 400
�
C and 90% CH4 conversion in 800

�
C.  
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  SEM image of Ni/Ce0.75Zr0.25O2 catalyst before and used after 17 h reaction 

showed that there was some carbon on used catalyst surface (Figure 4.6). 

  

 (a) 

 

 

 (b) 

 

Figure 4.6 SEM images of Ni/Ce0.75Zr0.25O2 catalyst: (a) before the reaction, and (b) 

after the reaction for 17 h at 450
o
C. 

 

Within this perspective, the cubic Ce0.75Zr0.25O2 containing 15% Ni gave the 

higher activity than the others. It was recognizable that the cubic Ce-ZrO2 helps to 

increase the availability of surface oxygen by a released mechanism during the dry 

reforming reaction. Moreover, the cubic Ce0.75Zr0.25O2 is easily reducible and it 

contains the better capability of redox couple of Ce
3+

 and Ce
4+

 than the other phases 

of Ce-ZrO2 [11]. Regarding these experiment results, the cubic Ce0.75Zr0.25O2 

containing 15% Ni was selected for the further investigation. 
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4.3 Effect of Ni content of Ni catalysts on dry reforming  

 

 4.3.1 Preparation and characterization of Ni catalysts 

 

 The catalytic activity of dry reforming reaction depends on the types of 

supports, promoters and metals. In addition, metal loading has a direct effect to 

catalysis activity. The noble metal catalysts generally exhibit promising performance 

for dry reforming of methane reaction. Although some noble metals show high 

activity and selectivity for carbon-free operation, high cost and limited availability of 

noble metals prevent the commercial use of this reaction. Therefore, it is more 

practical to develop an improved nickel catalyst which exhibits stable operation for a 

long period of time. The nickel is the best non-noble metallic component as a catalyst 

for this reaction [25]. In addition, it has shown an excellent activity comparable to 

noble metal catalysts [2]. Normally, higher loadings are required for nickel catalyst, in 

which the metal-support interactions are stronger than heavier metals. However, the 

side reaction caused by nickel is carbon deposition on catalyst which could possibly 

deposit at the active site of catalyst.  

 

In this section, the study was focused on the investigation of the appropriate 

amount of nickel loading which gave high conversion of methane and carbon dioxide.  

The cubic Ce0.75Zr0.25O2 according to Section 4.2 was used as a support for Ni 

catalyst. The XRD patterns of the Ni catalysts were shown in Figure 4.7. The amount 

of nickel loading was varied from 5 to 20% by weight of support and prepared by 

impregnation. Weak diffraction peaks of the NiO crystalline phase was observed for 

all Ni catalysts, except the one with 5% nickel (d).  
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20 30 40 50 60 70 80

2 theta (degree)

 

Figure 4.7 XRD patterns of Ni catalysts at different nickel loading: (a) 20% Ni, (b) 

15% Ni, (c) 10% Ni, and (d) 5% Ni. 

 

 The intensity of NiO peaks (2� = 37.2 and 43.3) became stronger with an 

increasing amount of nickel content on the catalyst. It can be suggested that NiO 

crystallite size was too small to be observed at lower amounts of 5%Ni adding. 

Therefore, it is possible that part of NiO was existed in the crystalline phase at high 

nickel content (Ni � 5%wt). They were very weak although diffraction peaks of the 

NiO crystalline phase were observed at 10% NiO. In addition, the crystallinty was 

increased with increasing the nickel content. Similar observations were reported by 

Xu et al [24]. They found that the NiO particle size was too small to be observed at 

lower amount of NiO (Ce1-xNixO2, x = 0.1). Although diffraction peaks of the NiO 

crystal phase were observed when x = 0.5, they were still very weak when compared 

with the mixture of CeO2 and NiO (CeO2:NiO = 0.5:0.5). Additionally, the results 

were shown that the Ce0.75Zr0.25O2 had cubic phase for all Ni catalysts as illustrated by 

the XRD patterns which were corresponding to (111), (200), (024), (220), and (311) 

planes (JCPDS: 28-0271).  

 

 

 

 

(a) 

(b) 

(c) 

(d) 

NiO NiO 
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It can be observed that the relative intensity of NiO increased with increasing 

nickel loading. According to broad peaks of 5% Ni, it was unable to detect the NiO. 

When more nickel was loaded, the relative intensity was higher. Due to the fact that it 

could be generated the process of the metal sintering on the support surface at higher 

nickel loading (Ni � 5%). 

 

 To study on Ni catalyst property, the BET surface area of the catalysts was 

observed after the reduction treatment. The 20%Ni catalyst showed the decreasing in 

both the surface area and pore volume. It can be assumed that some Ni was deposited 

in the rest of catalyst pore or metal sintering. However, 15%Ni catalyst gave the 

highest surface area. Possibly, NiO deposited around the pore. All catalysts gave 

approximately average pore size of 24.4 nm and similar surface area: impregnation of 

Ni on supports did not disturb the support structure. The BET parameter of Ni catalyst 

was shown in Table 4.7. In addition, this result was related to the work of Roh et al. 

[28]. They reported that Ni/Ce0.8Zr0.2O2 synthesized by co-precipitation/digestion 

method shows intensifying NiO peaks become stronger with increase in Ni content. It 

is expected that well Ni dispersion could be obtained with 15% Ni loading. 
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Table 4.7 BET surface area of Ni catalysts. 

 

Catalyst Surface area 

(m
2
g

-1
) 

Pore volume 

(cm
3
g

-1
) 

Average pore size 

(nm) 

5%Ni-Ce0.75Zr0.25O2 15 0.12 24.4 

10%Ni-Ce0.75Zr0.25O2 16 0.18 21.3 

15%Ni-Ce0.75Zr0.25O2 20 0.20 24.4 

20%Ni-Ce0.75Zr0.25O2 17 0.16 24.4 

 

  

The impregnated Ni on Ce0.75Zr0.25O2 was determined by XRF and EDX. As 

the results shown in Table 4.8, the nickel content from XRF was similar to EDX for 

all catalysts. However, those from EDX were much higher than XRF. It could be due 

to some inhomogeneous nickel dispersion.  

 

Table 4.8 The amount of nickel content deposited on Ce0.75Zr0.25O2 using XRF and 

EDX. 

 

Deposited nickel (%wt)  Nickel content  

(%wt) XRF  EDX 

5 3 4 

10 8 9 

15 12 13 

20 17 17 

 

 The dispersion of nickel on the support was obtained by EDX mapping as 

shown in Figure 4.8. As a result of such figure, it can be interpreted that all supports 

obtained well dispersion of nickel. The increasing of mapping area was obtained 

when increased the nickel content. However, the pictures were not definitely clear as 

regards some charging because it was either non-conductivity or surface roughness. 
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 (a) 

 

 (b) 

 

 (c) 

 

 (d) 

Figure 4.8 EDX mapping of Ni catalysts: (a) 5% Ni, (b) 10% Ni, (c) 15% Ni, and (d) 

20% Ni. 
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4.3.2 Dry reforming using Ni catalysts  

 

 In this part, the amount of nickel on the support was considered in order to 

give the suitable catalyst. Catalytic activity with regard to the conversion of methane 

and carbon dioxide were measured at atmospheric pressure for 17h over a series of Ni 

catalysts with the nickel content of 5-20 % by weight (Figure 4.9). It was observed 

that the 5%Ni catalyst gave the lowest both of CH4 and CO2 conversions. In addition, 

the conversions increased with increasing the nickel content except in 20%Ni catalyst. 

These results were similar trend to CO yield (Figure 4.10). 

 

Table 4.9 showed the average percent conversion and the amount of deposited 

carbon. Among the catalysts, 15%Ni catalyst exhibited the highest activity even 

though a large amount of carbon was deposited on catalyst surface during the 

reaction. It is possible to elaborate that it might be attributed to the participation of 

carbon species as a reaction intermediate in the dry reforming of methane. In addition, 

it can be suggested that the decreasing in metal dispersion could obtained in 20%Ni 

catalyst which led to lower conversions obtained [15]. In all cases, CO2 conversion 

was higher than CH4 conversion as a result of contribution of reverse water gas shift 

(RWGS) reaction. It is likely that the activity and stability of 15%Ni catalyst was 

corresponded to the BET surface area as shown in Table 4.8. Similar to previous 

report, 13% Ni/ZrO2 catalyst gave the highest for dry reforming of methane among 

the nickel content between 2.5 and 23 % at 750
�
C. Even though, a large amount of 

carbon was deposited on catalyst surface during the reaction (reaction conditions: T = 

750
�
C, CH4:CO2:N2 = 1:1:3, P = 1 atm) [9]. 
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Methane conversion 
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Carbon dioxide conversion 
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Figure 4.9 CH4 and CO2 conversions with time on steam over Ni catalysts in dry 

reforming of methane (reaction condition: T = 450
�
C, CH4/CO2 = 1 : 1). 
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Carbon monoxide yield 
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*He: carrier gas 

 

Figure 4.10 CO yield with time on stream over Ni catalysts in dry reforming of 

methane (reaction condition: T = 450
�
C, CH4/CO2 = 1 : 1).   

 

This result was also similar to previous report discussing the effect of Ni 

loading on the co-precipitated Ni/Ce0.8Zr0.2O2 catalysts. It was found that 15%Ni co-

precipitated with Ce0.8Zr0.2O2 having cubic phase gave synthesis gas with CH4 

conversion more than 97% at 800
�
C and such activity was maintained without 

significant loss during the reaction for 100 h. Moreover, both CH4 and CO2 

conversion increased with the rise of Ni loading up to 15%, and then they decreased 

(reaction conditions: T = 800
�
C, CH4:CO2:N2 = 0.98:1.02:1.00, P = 1 atm) [28].  

 

The amount of deposited carbon was increased with increasing of nickel 

content. In addition, 20%Ni was obtained the conversions lower than 15%Ni while 

carbon deposition was higher. This may be because of the fact that the 20% Ni 

catalyst has relative low Ni dispersion and large Ni particle size from metal sintering. 

Therefore, it was obtained in low coke resistance during the reaction.  
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Table 4.9 Reaction results over Ni catalysts after reaction for 17 h. 

 

Conversion (%)  

Catalyst CH4  CO2  

CO yield 

(%) 

Amount of  

deposited carbon (%) 

5%Ni-Ce0.75Zr0.25O2 3.9 6.5 3.4 4.54 

10%Ni-Ce0.75Zr0.25O2 5.0 7.6 3.7 4.67 

15%Ni-Ce0.75Zr0.25O2 5.8 8.3 3.8 10.51 

20%Ni-Ce0.75Zr0.25O2 3.8 6.3 3.2 12.43 

 

  

 Therefore, the amount of nickel loading had an effect on catalysis activity. It 

was reported by Yan et al. [10] that they prepared Al2O3 support by the incipient 

wetness impregnation method. They found that conversion of CH4 and CO2 gradually 

increased with elevated Ni metal loading, reaching a maximum level at 8 wt%. 

(Reaction condition reaction: T = 727
�
C, CH4:CO2 = 1:1, P = 1 atm). From the above 

results, 15%Ni catalyst was selected for further investigation in order to find the 

optimum catalyst for dry reforming of methane at 450
�
C. 

 

4.4 Effect of Ru content of Ni-Ru bimetallic catalysts on dry reforming  

 

 4.4.1 Preparation and characterization of Ni-Ru bimetallic catalysts  

 

 To improve the catalyst activity, the addition of ruthenium into nickel catalyst 

was attempted. It has been reported that bimetallic catalysts exhibited superior 

activity, selectivity and deactivation resistance to monometallic catalyst [19]. 

Crisafulli et al. [29] reported that the addition of Ru or Pd onto Ni/SiO2 had a strong 

influence on the catalytic performance towards the dry reforming of methane. In 

addition, low loadings (about 1% 	 5%) of the noble metals are usually sufficient due 

to their effective performance [30]. On this basis, the effect of Ru content on the 

activity of Ni catalyst towards the dry reforming of methane was studied. 

 

 

 



 44 

 The various amount of Ru was added onto the optimum Ni catalyst from 

Section 4.3. They were characterized by XRD. Figure 4.11 showed the XRD patterns 

of these catalysts. All supports gave the characteristic peaks at around 2� = 28.0, 33.0, 

47.0, and 56.0 which corresponding to (111), (200), (024), and (220) planes (JCPDS: 

28-0271). These data thus indicated that all of them had cubic structure of 

Ce0.75Zr0.25O2. 

 

 

20 30 40 50 60 70 80

2 theta (degree)

 

Figure 4.11 XRD patterns of Ni-Ru catalyst with various ruthenium loadings. 

 

 The appearance of the peaks at around 2� = 37.0 and 43.0 indicated the 

presence of hexagonal NiO (JCPDS: 78-0643). Unfortunately, no peaks 

corresponding to Ru could be observed. These could be due to the tiny amount of Ru 

deposited on the support which could not be detected by XRD. Table 4.10 showed the 

XRD parameter of NiO. Among these catalysts, 0.7%Ru catalyst was the highest 

ruthenium loading which the crystallite size of NiO was unchanged. It can be 

suggested that 0.3 to 0.7%Ru loading obtained the good quality of dispersion of NiO 

as a broad peak [5]. Moreover, when the amount of Ru reached to 1.0%, the crystallite 

size of NiO was greatly increased to 45 nm.  

 

 

Ru without support 

1.0% Ru 

0.7% Ru 

0.5% Ru 

NiO NiO 

0.3% Ru 
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Table 4.10 The crystallite size of NiO on Ni-Ru bimetallic catalysts. 

 

Ru content(%wt) Crystallite size of NiO (nm) 

0.3 38 

0.5 39 

0.7 39 

1.0 45 

 

 

 Table 4.11 showed the surface area of Ni-Ru bimetallic catalysts obtained by 

BET. The surface area increased with increasing ruthenium content from 0.3 to 0.7 

%Ru. Beyond 0.7% Ru loading, it seemed that surface area was not affected. It seems 

that excessive ruthenium caused the metal sintering. These results were conformed to 

the XRD patterns that the crystallite size of NiO was suddenly raised up when the 

impregnated ruthenium was 1.0 %Ru.  

 

Table 4.11 The BET surface area of Ni-Ru bimetallic catalysts. 

 

Ru content  

(%wt)  

Surface area 

 (m
2
g

-1
) 

Pore volume 

(cm
3
g

-1
) 

Average pore size 

(nm) 

0.3 14 0.16 32.57 

0.5 18 0.20 37.87 

0.7 19 0.24 34.14 

1.0 19 0.22 32.57 

 

 The percentage of metal content was obtained by XRF. As shown in Table 

4.12, the nickel content in all catalysts was approximately around 13%. However, the 

nickel content from XRF was less than the nickel loading, it can be stated that the rest 

of metal was left in the medium used during the impregnation. These results were 

similar to those using ruthenium content. 
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Table 4.12 Ruthenium and nickel content of catalysts determined by XRF. 

 

Ru loading (%wt) Ru 

(%wt) 

Ni 

(%wt) 

0.3 0.27 13 

0.5 0.42 13 

0.7 0.68 14 

1.0 0.89 13 

 

4.4.2 Dry reforming using Ni-Ru bimetallic catalysts 

 

In this section, the Ni-Ru bimetallic catalysts supported on Ce0.75Zr0.25O2 

according to Section 4.4.1 were tested in dry reforming of methane which comparing 

to Ni catalyst supported on Ce0.75Zr0.25O2 and Ru catalyst supported on Ce0.75Zr0.25O2. 

The experimental condition was used according to Section 3.4.4 with used argon as a 

carrier gas. Therefore, it can be observed the H2 gas from the reaction. The results of 

dry reforming activity were shown in Figure 4.12. The conversion of CH4 was higher 

than CO2 for all catalysts because of the reverse water gas shift reaction. For Ni-Ru 

bimetallic catalyst, the increasing of Ru content led to increase the catalytic activity. 

The catalytic performance of Ni-Ru bimetallic catalysts were strongly dependent the 

Ru content. It was possible to observe that growing amounts of Ru continuously 

improved both activity and stability. However, 1%Ru on Ni catalyst was obtained the 

lowest conversion among Ni-Ru bimetallic catalyst. It can be suggested that metal 

sintering or low surface area caused decreasing in catalytic activity. According to the 

suggestion of published paper about bimetallic catalysts [19], the formation of Ni-Ru 

clusters on silica caused an obvious improvement in the activity and stability of the 

bimetallic system due to an increase in the metallic dispersion of Ni. Moreover, they 

were suggested that the Ni-Ru particles had a surface mainly covered by nickel, in 

accordance with the previous results reported on the same bimetallic system [31]. 
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Methane Conversion 
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Figure 4.12 CH4 and CO2 conversions with time on steam over Ru on Ni catalysts in 

dry reforming of methane (reaction condition: T = 450
�
C, CH4/CO2 = 1 : 1). 
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Carbon monoxide yield  
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Figure 4.13 CO and H2 yields with time on stream over Ru on Ni catalysts in  

dry reforming of methane (reaction condition: T = 450
�
C, CH4/CO2 = 1 : 1). 
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By comparing to monometallic catalyst, 0.7%Ru on Ni catalyst gave higher 

methane conversion than 15%Ni/Ce0.75Zr0.25O2 and 1%Ru/Ce0.75Zr0.25O2. It should be 

noted that the deactivation of 15%Ni/Ce0.75Zr0.25O2 was obtained at high conversion. 

These results had similar trend to CO and H2 yield as shown in Figure 4.13. 

Moreover, the obtained H2 was less than CO which confirmed the reverse water gas 

shift reaction. The amount of deposited carbon was suppressed by addition of Ru as 

shown in Table 4.13. However, some of carbon deposition was obtained according to 

CH4 conversion. 

 

Table 4.13 Reaction results over Ru-Ni bimetallic catalysts. 

 

Conversion (%) Yield (%) Ni (%) Ru (%) 

CH4 CO2 CO H2 

Amount of deposited 

carbon (%) 

15 0 5.8 8.3 3.8 4.1 10.51 

15 0.3 3.7 7.7 10.7 5.2 10.31 

15 0.5 8.6 10.7 11.7 7.3 9.20 

15 0.7 6.9 11.8 13.4 8.4 6.50 

15 1.0 4.2 8.4 7.9 1.8 1.57 

0 1 1.6 3.1 1.6 N/A 0.30 

 

 Considering the report [32] that carbon whiskers have high mechanical 

strength and the catalyst particle was destroyed when the whiskers hit the pore walls, 

the build-up of whisker carbon on a catalyst should be suppressed. Since it was 

reported [33] that the rate of carbon formation on noble metals was far less than on 

nickel. Thus, a few atomic layers of carbon were observed on the most of the Ru 

catalyst surface. Crisafulli et al. [29] suggested the formation of more reactive 

carbonaceous species on Ru-Ni/SiO2 catalyst was less than on Ni/SiO2 catalyst during 

the dry reforming of methane, considering the results of the temperature-programmed 

surface reaction of the deposited carbonaceous species with H2 (H2-TPSR) after a 

CH4-decomposition experiment. 
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From the results, the 15%Ni-0.7%Ru/Ce0.75Zr0.25O2 bimetallic catalyst gave 

the highest catalytic activity and stability in dry reforming of methane at 450
�
C than 

monometallic catalyst for 17 h. Owing to the fact that there is a price difference 

between noble metals and Ni, promotion of Ni by a small amount of Ru is more 

practical to industrial application. 



CHAPTER V 

 

CONCLUSIONS AND SUGGESTIONS 

 

 The results presented in this research demonstrated that the cubic 

Ce0.75Zr0.15O2 containing 15% Ni had an advantage for dry reforming of methane. 

During the reaction, the gas-solid reaction on Ce0.75Zr0.15O2 surface took place 

simultaneously with the side reactions on the surface of Ni, which was the reverse 

water gas shift reaction. These side reactions led to deposit of carbon on catalyst 

surface and decreased the catalytic activity. However, it should also be noted that pure 

ceria resulted in the oxidation of Ni. It reduced the reforming activity. Therefore, the 

cubic Ce0.75Zr0.15O2 support provided more stable catalysts than CeO2 or ZrO2 

containing 15% Ni because ZrO2 stabilized the cubic structure and enhanced oxygen 

storage capacity.  

 

 From the results of Ni loading from 5 to 20 %, it showed that CH4 and CO2 

conversions in the reactions increased with increasing nickel content up to 15% and 

then decreasing at 20%. It can be suggested that the metal dispersion on the support 

surface was decreased after 15% of nickel loading. In addition, the sintering of nickel 

oxide was obtained according to the increasing of NiO crystallite size. A small 

amount of Ru doped over 15% Ni catalyst proved to be effective in CH4 and CO2 

conversions. It is noteworthy that the carbon formation on Ni catalyst was greatly 

suppressed by doping a small amount of Ru onto the catalyst. Moreover, it was 

proved that the bimetallic catalyst had better catalytic activity than monometallic 

catalyst. 

 

 Due to the above mentioned, the 0.7%Ru-15%Ni/Ce0.75Zr0.15O2 bimetallic 

catalyst exhibited the highest activity in the dry reforming reaction at 450
�
C for 17 h. 
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Suggestion 

- According to previous report [8], they studied in dry reforming of methane at 

400 to 900
�
C to obtain the highest CH4 and CO2 conversions. They found that the best 

activity over 8% CeO2 doped Ni/Al2O3 was obtained at 900
�
C. Therefore, catalytic 

activity of Ni-Ru bimetallic catalyst supported on Ce0.75Zr0.25O2 shall be investigated 

in dry reforming of methane at the temperature range of 500 - 900
�
C. 

 

- It will be interesting to study the performance of Ni-Ru bimetallic catalyst 

supported on Ce0.75Zr0.25O2 in dry reforming of methane in palladium membrane 

reactor comparing to the conventional reactor. It is expected that higher conversion 

from palladium membrane reactor will be resulted since H2 produced from reaction 

can be simultaneously separated via the diffusion through palladium membrane. 
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Figure A-1 SEM of 0.3%Ru-15%Ni/Ce0.75Zr0.25O2 catalyst. 

 

 

 

Figure A-2 SEM of 0.5%Ru-15%Ni/Ce0.75Zr0.25O2 catalyst. 
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Figure A-3 SEM of 0.7% Ru-15%Ni/Ce0.75Zr0.25O2 catalyst. 

 

 

 

Figure A-4 SEM of 1.0%Ru-15%Ni/Ce0.75Zr0.25O2 catalyst. 
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Figure B-1 GC chromatogram over 15%Ni-0.3%Ru/Ce0.75Zr0.25O2 catalyst after dry  

        reforming of methane at 700 min, 450
�
C. 
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Figure B-2 GC chromatogram over 15%Ni-0.5%Ru/Ce0.75Zr0.25O2 catalyst after dry  

        reforming of methane at 700 min, 450
�
C. 
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Figure B-3 GC chromatogram over 15%Ni-0.7%Ru/Ce0.75Zr0.25O2 catalyst after dry  

        reforming of methane at 700 min, 450
�
C. 
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Figure B-4 GC chromatogram over 15%Ni-1.0%Ru/Ce0.75Zr0.25O2 catalyst after dry  

        reforming of methane at 700 min, 450
�
C. 
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Figure C-1 TGA profile over 15%Ni/Ce0.75Zr0.25O2 catalyst after dry reforming of  

                    methane for 17 h at 450
�
C. 
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Figure C-2 TGA profile over 15%Ni-0.3%Ru/Ce0.75Zr0.25O2 catalyst after dry  

        reforming of methane for 17 h at 450
�
C. 
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Figure C-3 TGA profile over 15%Ni-0.5%Ru/Ce0.75Zr0.25O2 catalyst after dry  

        reforming of methane for 17 h at 450
�
C. 
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Figure C-4 TGA profile over 15%Ni-0.7%Ru/Ce0.75Zr0.25O2 catalyst after dry  

        reforming of methane for 17 h at 450
�
C. 
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Figure C-5 TGA profile over 15%Ni-1.0%Ru/Ce0.75Zr0.25O2 catalyst after dry  

        reforming of methane for 17 h at 450
�
C. 
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Figure C-6 TGA profile over 1%Ru/Ce0.75Zr0.25O2 catalyst after dry  

        reforming of methane for 17 h at 450
�
C. 
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