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CHAPTER I 

INTRODUCTION 

1.1 Background and rationale 

In the last decade, carbon dioxide was released into the atmosphere. The 

production of carbon dioxide was generated by the oxidation of fossil fuels. The carbon 

dioxide molecules are stable. The emission of carbon dioxide was found in natural 

process, i.e. photosynthesis. In the future, it is expected that the amount of carbon 

dioxide in the atmosphere, due to fossil fuel burning and high pollution. The methane 

was produced by the biological processes to 9 8%; based on the behavior of bacteria 

and enzyme[1]. As carbon dioxide and methane are greenhouse gases, contributing to 

serious global warming. Dry reforming of methane (DRM) was interested for utilization 

these two greenhouses gases and producing valuable synthesis gases (H2 and CO) as a 

feed-stock for synthetic fuel. The fuel is a clean fuel and can burn completely. The 

hydrogen and carbon monoxide are used as raw materials for the production process 

of methanol, ammonia and dimethyl ether, through the process of Fischer-Tropsch[2]. 

Dry reforming of methane is highly endothermic reaction (Eq.1 . 1 ) .  It’s normally 

accompanied by secondary reaction of the reverse water gas shift (Eq.1.2). 

 

molkJHCOHCOCH /24722 298224   (Eq.1.1) 

molkJHCOOHHCO /2.41298222   (Eq.1.2) 
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In addition, this process is high energy consumption because it is highly 

endothermic reaction. Also, one serious problem is deactivation of catalyst by carbon 

formation and deposition (Eq.1 . 3 , Eq.1 . 4 ) [ 3 ] . Many attentions have been paid to 

research aiming to improve and develop catalysts properties such as increased coke 

resistance. 

 

 molkJHHCCH /4.792 29824            (Eq.1.3)      

molkJHCOCCO /2.1722 2982         (Eq.1.4) 

 

The catalysts for this reaction are mainly divided into two groups: Transition 

metal such as Ruthenium, Platinum, Rhodium, and Palladium exhibit prominent 

activity and resistance to coke formation for dry reforming of methane. However, this 

noble metal is inappropriate to the adoption in industry due to it is valued more 

expensive and inadequate availability. The second group is Ni-based metal and  Co-

based metal such as Nickel and Cobalt, which are industrially more favorable due to 

their low cost and plentiful supply, although they are decrease activity and increase 

carbon deposition on catalysts[4]. The catalysts support is important involvement in 

optimizing the performance of catalyst. Alumina (Al2O3 )  and Zeolites are attractive 

support for dry reforming of methane because they possess high surface area, high 

thermal stability, well-defined structure and high affinity for carbon dioxide[5]. These 

properties are expected to enhance the catalyst selectivity and stability. 

In this research demonstrates three main points; First, the loading order of 

cobalt and nickel metals, which are sequentially loaded on alumina mixed with zeolite 

ZSM-5 support are compared. Second, the selected sequence of metals loading from 

the first part were used to prepare the catalysts with metal molar ratio (Ni + Co = 10). 

The Comparison of catalytic activity between mono metallic and bimetallic catalyst 
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supported on 𝛾 -Al2O3/ZSM-5 zeolite and the last, the selected high catalytic 

performance and comparison of catalytic activity between differences supports (𝛾-

Al2O3, ZSM-5, 𝛾 -Al2O3 /ZSM-5) for carbon dioxide reforming of methane were 

investigated.  

 

1.2 Research objectives 

1.2.1 To compare the loading order of cobalt and nickel metals are loaded 
sequentially on alumina mixed with zeolite ZSM-5 support. 

1.2.2 To compare the catalytic performance and stability for carbon dioxide 
reforming of methane between mono metallic and bimetallic catalyst 

supported on 𝛾-Al2O3/ZSM-5 zeolite.  
 

1.3 Research scopes 

1.2.3 Preparation of the composite supports between alumina and zeolite ZSM-5 

support by sol-gel method with alumina: zeolite ratio of 3: 1. 

1.2.4 Preparation of the different loading order between cobalt and nickel metals 

which are loaded sequentially on alumina mixed with zeolite ZSM-5 support. 

The catalysts are prepared with 5wt%Ni and 5wt%Co by incipient wetness 

impregnation methods. 

1.2.5 The selected metals loading order from the 1.3.2 are used to prepare the 

catalysts with different molar ratio to obtain 10wt%Ni, 7.5wt%Ni 2.5wt%Co, 

5wt%Ni 5wt%Co, 2.5wt%Ni 7.5wt%Co and 10wt%Co respectively. 

1.2.6 Characterization of chemical and physical properties of mono metallic and 

bimetallic catalyst supported on 𝛾-Al2O3/ZSM-5 using various techniques: 

- X-Ray diffraction pattern (XRD) was used to determine crystallite size and 

phase. 
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- Nitrogen adsorption-desorption was used to determine BET specific surface 

area, pore size and pore volume. 

- Scanning Electron Microscopy (SEM) was used to study morphology. 

- Ammonia temperature program desorption (NH3-TPD) was used to determine 

acidity of catalysts. 

- Hydrogen temperature programmed reduction (H2-TPR) was used to determine 

the metal oxide reduction. 

- Carbon monoxide chemisorption (CO-CHEM) was used to determine quantities 

of active site of catalysts. 

- Thermo gravimetric and differential thermal analysis (TG-DTA) was used to 

study carbon deposition. 

 

1.2.7 Investigation of the catalytic performance of prepared catalysts via carbon 

dioxide reforming of methane reaction under the following condition: 

- The catalysts were reduced in situ at 500 °C for 1 hr. in H2 flow 50 ml/min. 

- Reactant feed using the mixed gas between methane in carbon dioxide as ratio 

1:1 was used with flow rate of 60 ml/min. 

- The reaction was performed at the temperature of 700 ◦C at the atmospheric 

pressure. 

- The gas compositions of the reactants and products were analyzed by thermal 

conductivity detector-type gas chromatography. 

 



 
 

CHAPTER II 

THEORY AND LITERATURE REVIEWS 

In this research is based on data from other research that is associated with 

study. It is confirmed the results of experiment, this chapter two are offered theories; 

Synthesis gas and hydrogen production, Carbon dioxide reforming of methane, 

Supported catalyst, Metal catalyst and literature reviews; 

 

2.1 Synthesis gas and hydrogen production 

The production of hydrogen fuel can be produced many processes. However, the 

process is studied most commonly is reforming reaction because expected to 

developed into a commercial process. The reforming is divided to several categories 

depend on type of reactant used as follows: 

- Steam reforming that produces hydrogen gas from water and a carbon 

containing feedstock, such as an alcohol or a hydrocarbon. The remaining oxygen from 

the water, hydrocarbons compound and carbon residue combination as carbon 

monoxide[6]. It is an effective process to produce hydrogen that low cost. Making it is 

used commercially. The principle of process is entering the steam in system to react 

with hydrocarbons compound at a gas phase. 

 

            molkJHCOHOHCH /3.2063 298224            (Eq.2.1) 

 

- Carbon dioxide reforming (also known as dry reforming) is a method of 

producing synthesis gas (mixtures of hydrogen and carbon monoxide) from the reaction 

of carbon dioxide with hydrocarbons such as methane. Synthesis gas is conventionally 
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produced via the steam reforming reaction. In recent years, increased concerns on the 

contribution of greenhouse gases to global warming have increased interest in the 

replacement of steam as reactant with carbon dioxide[7]. The dry reforming reaction 

may be represented by: 

 

         molkJHCOHCOCH /3.24722 298224   (Eq.2.2) 

 

Thus, two greenhouse gases are consumed and useful chemical building 

blocks, hydrogen and carbon monoxide, are produced. A challenge to the 

commercialization of this process is that the hydrogen that is produced tends to react 

with the carbon dioxide. For example, the following reaction typically proceeds with 

lower activation energy than the dry reforming reaction itself: 

The reverse water-gas shift reaction: 

 

         molkJHCOOHHCO /1.42298222   (Eq.2.3) 

 

- The partial oxidation is a process between hydrocarbons and oxygen. This 

process have the advantage it does not require external energy input because the 

reaction is exothermic, resulting the generate energy in the system. But the limitations 

of this process, the amount of oxygen fed to the system must not too high because 

the rest of oxygen will react with hydrogen and convert to water. As a result a loss of 

hydrogen. In addition, another important limitation of this process is in commercial 

operation will higher cost than the other reforming. Due to the system must be 

separated oxygen from air before. If not separate the oxygen, the concentration of 

hydrogen decreased. 
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molkJHCOHOCH /6.352

2

1
298224   (Eq.2.4) 

        molkJHCOOHOCH /88022 2982224   (Eq.2.5) 

 

The synthesis gas produced is converted to organic hydrocarbons by Fischer-

Tropsch synthesis. Instead of supplying heat to the steam reforming process, a partial 

oxidation reaction is also carried out to make it self-sustaining. Another possible 

method to produce carbon monoxide and hydrogen from methane is the dry reforming 

of CO2. The dry CO2 reforming of methane is ≈20% more endothermic than steam 

reforming of methane (see Reactions Eq.2.1, 2.2) and partial oxidation in shows that 

Eq.2.4, 2.5[8]. Synthesis gas was also using feed-stock for methanol synthesis. Another, 

hydrogen production was using feed-stock for ammonia synthesis, hydro treating, 

hydrogenation, and fuel cell power. 

 

2.2 Carbon dioxide reforming of methane 

The carbon dioxide reforming of methane is a very interesting reaction. There 

are studies both the academic and industrial utilization, as various advantages such as: 

(a) reducing of carbon dioxide and methane, which are both the greenhouse gases, (b) 

converting of methane and carbon dioxide to hydrogen and valuable synthesis gas, (c) 

producing synthesis gas with a hydrogen/carbon monoxide ratio is close to 1, which is 

more appropriate for use in the production of oxygenated compounds and the 

production of liquid hydrocarbons in the Fischer-Tropsch synthesis[9, 10]. The products 

of this reaction, hydrogen could be applied as fuel cells and more, as mentioned 

above. Another product is the synthesis gas, a mixture of carbon monoxide and 

hydrogen can be used a raw material in the production of methanol, dimethyl ether 

and Fischer-Tropsch synthesis.  
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Table 1 Overall reaction for carbon dioxide reforming of methane. 

 

(1) COHCOCH 22 224 

 

 

TG

molkJH

32.6761770

/3.247298





 

 

CO2 reforming of 

CH4 

 

(2) 
2

2
4

HCCH   

 

 

 

TG

molkJH

45.262190

/75298



  

 

CH4 decomposition 

 

(3) CCOCo 
2

2  

 

 

TG

molkJH

87.4039810

/171298





 

 

CO 

disproportionation 

or Boudouard 

 

(4) OHCOHCO
222

  

 

 

TG

molkJH

84.78545

/41298



  

 

Reverse water-gas 

shift 

 

(5) OHCHCO
22

  

 

molkJH /131298 

 

 

Reverse carbon 

gasification 

 

The reaction equilibrium for carbon dioxide reforming of methane (1), usually 

occur simultaneously with reverse water-gas shift reaction (4), results a H2/CO ratio of 

less than unity. In addition, the side reaction, CH4 decomposition (2), and CO 

disproportionation or Boudouard reaction (3) were involved with carbon deposition on 

the surface catalyst[11].  
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  The equilibrium constant of the carbon dioxide reforming of methane reaction 

(1), is a strongly endothermic reaction which the conversion are increases seriously 

with increasing reaction temperature[12]. However, methane decomposition (2), and 

reverse water-gas shift reaction (4), which are moderately endothermic reactions. 

Hence, the raising in temperature increases the rate of reactions. The Boudouard 

reaction (3) and the reverse carbon gasification reaction (5) are exothermic reaction. 

Therefore, the thermodynamic does not prefer at higher temperatures. In conclusion, 

high temperature is more favorable for the carbon dioxide reforming of methane (1) 

than those of the side reactions (2, 3, and 5). 

Because the carbon dioxide reforming of methane reaction is strongly 

endothermic it required high temperature. Hence, the main drawback of this reaction 

is rapid deactivation by carbon deposition on surface catalyst or sintering of metallic 

particles or metal oxidation. Thus, the selection of appropriate catalysts and supports 

are needed to prevent the deactivation. 
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2.3 Supported catalyst and Metal catalyst 

2.3.1 Supported catalyst 

Alumina (Al2O3) 

Aluminum oxide is a chemical compound of aluminum and oxygen with the 

chemical formula Al2O3. It is the most commonly occurring of several aluminum oxides, 

and specifically identified as aluminum (III) oxide. It is commonly called alumina, and 

may also be called alloy oxide, or aluminum depending on particular forms or 

applications. It commonly occurs in its crystalline polymorphic phase α-Al2O3, in which 

it composes the mineral corundum, varieties of which form the precious gemstones 

ruby and sapphire. 

Physical Properties 

Alumina is the most common commercial carriers because of their excellent 

thermal stability and wide range of chemical, physical, and catalytic properties. The 

alumina consists of more than a dozen well-characterized amorphous or crystalline 

structures. Which vary over wide range of surface area (0.5-600 m2/g), pore size, pore 

distribution and acidity of surface.  

The structure and properties of a given alumina depend on its preparation, 

purity, dehydration, and thermal treatment history. The more acidic, high-surface-area 

alumina hydrate produced at relatively low temperature and treatment at high 

temperature to ‘transitional β,𝛾, η, χ, δ, and θ-alumina and ultimately α-alumina, 

all of lower surface area and acidity. Alumina phase present at different temperatures 

as a function of calcination in Figure 1, and the physical and structural characteristics 

of important alumina phase are listed in Table 2. 
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Figure 1 Alumina phase present at different temperatures: (a) corresponds to the 
path favored for fine crystals, (b) to the path for moist or particles. 
 

Table 2 Physical and structural characteristic of common aluminum oxides. 

Tcalc(oC) Alumina phase SA, (m2/g) Vpore,(cm3/g) Dpore, (nm) 

 

250 

 

pseudoboehmite 

 

390 

 

0.50 

 

5.2 

450 𝛾-alumina 335 0.53 6.4 

650  

850  

950  

1050  

1200  

 

 

δ-alumina  

θ-alumina  

α-alumina  

226  

167  

120  

50  

1-5  

 

0.55  

0.58  

0.50  

0.50  

 

9.8  

14  

16.6  

28  
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Usability  

Aluminum oxide is used in a variety reactions including; benzene hydrogenation 

catalytic reforming, hydrotreating, emission control, methanol synthesis, the water gas 

shift reaction, and oxchlorination. It is also useful for dehydration of alcohols to 

alkenes. Alumina serves as a catalyst support for many industrial catalysts, such as 

those used in hydrodesulfurization and some Ziegler-Natta polymerizations. Zeolites 

are produced from alumina. 

 

Zeolite ZSM-5 (Faujasite) 

Faujasite was discovered in 1842 by Damour and is named for Barthélemy 

Faujas de Saint-Fond, a French geologist and volcanologist. 

Physical Properties 

The faujasite framework consists of sodalite cages which are connected through 

hexagonal prisms. The pores are arranged perpendicular to each other. The pore, which 

is formed by a 12-membered ring, has a relatively large diameter of 7.4 Å. The inner 

cavity has a diameter of 12 Å and is surrounded by 10 sodalite cages. The unit cell is 

cubic with a length of 24.7 Å. Zeolite ZSM-5 have a SiO2/Al2O3 ratio of 23. It thermally 

decomposes at 793 °C. 

Usability 

ZSM-5 has been used as a support material for catalysis. In one such example, 

copper is deposited on the zeolite and a stream of ethanol is passed through at 

temperatures of 240 to 320 °C as a vapors stream, which causes 

the ethanol to oxidize to acetaldehyde; two hydrogen are lost by the ethanol as 

hydrogen gas. It appears that the specific pore size of ZSM-5 is of benefit to this 

process, which also functions for other alcohols and oxidations. The copper is 

http://en.wikipedia.org/wiki/Sodalite
http://en.wikipedia.org/wiki/Ethanol
http://en.wikipedia.org/wiki/Oxidize
http://en.wikipedia.org/wiki/Acetaldehyde
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occasionally combined with other metals, such as chromium, to fine tune the diversity 

and specificity of the products, as there is likely to be more than one. Acetic acid is an 

example of one possible byproduct from hot copper oxidation. 

 

2.3.2 Metal catalyst 

Nickel 

Nickel is silvery-white. Hard, malleable and ductile metal. It is of the iron group 

and it takes on a high polish. It is a fairly good conductor of heat and electricity. In its 

familiar compounds nickel is bivalent, although it assumes other valences. It also forms 

a number of complex compounds. Most nickel compounds are blue or green. Nickel 

dissolves slowly in dilute acids but like iron, becomes passive when treated with nitric 

acid. Finely divided nickel adsorbs hydrogen. 

  

http://www.lenntech.com/Periodic-chart-elements/Fe-en.htm
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Physical Properties 

From Table 3 shows the physical property of cobalt 

Table 3 Physical properties of cobalt.(Othmer ) 

 

  

Parameters                                                    Value  

 

Name                                                               Nickel 

 

 

Symbol                                                             Ni 

Atomic number                                                  28 

Atomic mass                                                      58.71 g.mol-1 

Electronegativity according to Pauling                   1.8 

Density                                                             8.9 g.cm-3 at 20°C 

Melting point                                                     1453 °C 

Boiling point                                                      2913 °C 

Vanderwaals radius                                            0.124 nm 

Ionic radius                                        0.069 nm (+2) ; 0.06 nm (+3) 

Isotopes                                                            10 
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Cobalt  

Cobalt-based catalysts began to be widely studied for the carbon dioxide 

reforming of methane because had good activity, availability and low cost Moreover, 

cobalt also has good activity which may help to promote the carbon resistance of the 

catalyst. Many cobalt compounds are used in chemical reactions such as cobalt 

acetate is used for the convert of xylene to terephthalic acid, the precursor to the 

bulk polymer polyethylene terephthalate. Generally catalysts are the cobalt 

carboxylates. They are also used in paints, varnishes, and inks as "drying agents" through 

the oxidation of drying oils. 

Cobalt-based catalysts are also important in reactions relate with carbon 

monoxide. The reforming reaction such as stream reforming and carbon dioxide 

reforming, useful in hydrogen production, uses cobalt oxide-base catalysts. Moreover, 

cobalt is also a catalyst in the Fischer–Tropsch reaction, used in the hydrogenation of 

carbon monoxide into liquid fuels. 
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Physical Properties 

From Table 4 shows the physical property of cobalt 

Table 4 Physical properties of cobalt  

Parameters  Value  

Name  Cobalt 

Symbol  Co 

Atomic number  27 

Element category  transition metal 

Atomic weight  58.93 

Electronegativity  
1.88 (Pauling 

scale) 

Ionization energies, kJ.mol-1 

 1st  

 2nd 

 3rd  

Latent heat of fusion 

 Boiling point 

 Latent heat of vaporization at bp, ΔHvapkJ/ga  

Specific heat, J/(g.oC)a 

 15-100oC  

 Molten metal   

Coefficient of thermalexperature, oC-1 

 cph at room temperature 

 fcc at 417oC  

760.4  

1648  

3232 

 

 395  

3100  

6276  

 

0.442 

 0.560 

12.5  

14.2 
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2.4 Literature Reviews 

Table 5 Recently Reported Catalysts for Dry Reforming of Methane 

Metal Support Preparation Result Referenc

es 

 

Ni 

 

zeoliteA, 

zeoliteX, 

zeoliteY, 

ZSM-5 

 

Incipient 

wetness 

impregnation 

 

    Ni/zeolite Y a weight of Ni loading at 

7wt.% showed the best catalytic 

performance than the other types of 

zeolites. 

 

[13] 

 

Ni-Co 

 

Al-Mg-O 

 

Co-

precipitation 

 

    The kinetic studies of Ni-Co/Al- 

Mg-O bimetallic catalyst in the 

temperature range 650-750 °C.  

The L-H kinetic model derived from the 

proposed mechanism was found to fit 

the kinetic measurement well. It was 

also found that the power-law model 

is able to satisfactorily fit the kinetic 

experimental results as well. 

 

[14] 

 

Ni-Co 

 

𝛾 -Al2O3 

 

Impregnation 

 

    Ni,Co and Ni–Co alumina supported 

catalysts highest cobalt content are the 

most active and stable, but they 

produce a large amount of carbon.  

 

[15] 
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Metal Support Preparation Result References 

 

Co-Mn 

 

TiO2 

 

Co-

precipitated 

 
    The results presented in this work 

revealed that forming the catalyst 

under 75 bar compression pressure 

and 

4 wt.% Syton binder led to the 

maximum selectivity.  

 

[16] 

 

Ni-Mg 

 

Al2O4 

 

Incipient 

wetness 

impregnation 

 
    Ni/MgAl2O4 and on gold modified 

Au-Ni/MgAl2O4 samples in a plug flow 

reactor. The CO2 conversion of the 

reaction is complete at 800 °C for both 

catalysts although 0.5 wt% , whereas 

on long range the activity is improved 

in the presence of gold. 

 

[17] 

 

Ni, 

NiRh, 

NiCo 

 

Ce–Zr-

oxide 

 

Wet 

impregnation 

 
    Alloyed NiRh, NiCo particles and 

sintered Ni were observed, with the 

simultaneous presence of carbidic 

carbon, carbon nanotubes and shell-

type graphitic carbon deposition. 

Support degradation and segregation 

happened to some extent, but still 

there was a certain amount of Ni in 

strong interaction with the support 

Broad metal particle size distribution 

seems to play a role in long term 

stability. 

 

[18] 
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Metal Support Preparation Result 
Referenc

es 
 
Co ,Ni 
 

 
CeO2 

 
Co-
precipitation 
 

 
    The Co-Ni/CeO2 catalyst is more 
active and more selective than the 
Co/CeO2 and Ni/CeO2 monometallic 
catalysts. Co-Ni/CeO2 and Co/CeO2, 
show a substantially higher resistance 
to carbon deposition in comparison 
with Ni/CeO2. 

 
[19] 

 
Ni 

 
ZSM-5 
 

 
Hydrothermal 

 
     Ni nanoparticle supported on 
mesoporous ZSM-5 was found highly 
active. The 5%Ni loaded Ni-ZSM-5 
catalyst shows 96.2% methane 

conversion at 800 ◦C. It was also found 
that, acidic support decreases the 
activity of the catalyst mainly due to 
the weak ability of adsorption of CO2 
on the acidic support. The deactivation 
of the catalyst is due to the coke 
deposition and also the formation of 
NiCO3 over the catalyst. 

 
[20] 

 
LaNiO3 
 

 
SBA-15, 
MCM-41 
 

 
Hydrothermal 

 
    LaNiO3/MCM-41 exhibited the higher 
initial catalytic activity, owing to the 
higher Ni dispersion, while LaNiO3/SBA-
15 was superior to LaNiO3/MCM-41 in 
the long-term stability, which could be 
due to the stable silica matrix restricted 
the agglomeration of nickel species. 

 
[21] 
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Metal Support Preparation Result Referenc
es 

 
Ni 

 
Al2O3-
ZrO2 
 

 
impregnation 
and so-gel 
 

 
- The results of this study showed that 
the sole gel method had excellent 
effects on physicochemical properties 
of Ni/Al2O3-ZrO2 nano catalyst in 
comparison to impregnation method. 
- Ni-Co/Al2O3-ZrO2 had the excellent 
activity and selectivity. 

 
[22] 

 
Ni , Pt 
 

 
CeZrO2 

 
Wet 
impregnation 
 

 
The CeZrO2 supported catalyst in the 
presence of Pt shows high stability 
due to oxygen spillover. The addition 
of  Pt to Ni reduces the induction 
period especially on the alumina 
supported catalyst. 

 
[23] 



 
 

CHAPTER III 

EXPERIMENTAL 

In this chapter consist of three sections involved in the preparation process of 

catalyst. First, prepare for alumina and alumina mixed with zeolite ZSM-5 support by 

sol-gel method, after that load cobalt and nickel metals on other types of support. 

The catalysts are prepared with molar ratio (Ni/Co = 1) by incipient wetness 

impregnation methods. Second, characterize physical properties of mono metallic and 

bimetallic catalysts supported on 𝛾-Al2O3/ZSM-5 zeolite by using various techniques: 

X-Ray diffraction pattern (XRD), Nitrogen adsorption-desorption, Scanning Electron 

Microscopy (SEM-EDX), Ammonia temperature program desorption (NH3-TPD), Carbon 

monoxide chemisorption and Thermo gravimetric and differential thermal analysis (TG-

DTA). Last, investigate performance of catalysts for carbon dioxide reforming of 

methane reaction. 

 

3.1 Catalyst Preparation 

3.1.1 Alumina support by sol-gel method. 

3.1.2 Alumina mixed with zeolite ZSM-5 support by sol-gel method. 

Chemicals of alumina 

a) Alumina Isopropoxide: AIP, ([(CH3)2CHO]3Al) from Aldrich. 

b) Ethanol, (C2H5OH) from Merck 

c) Hydrochloric acid, (HCl) from Merck 
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Chemicals of zeolite ZSM-5 

Zeolite ZSM-5 (BET area 202 m2/g), was obtained from TOSOH Corporation 

(Japan) in proton form with SiO2/AlO3 mole ratio 23. Before used, zeolite ZSM-5 was 

powder. 

 

Preparation of alumina support by sol-gel method. 

The precursor, alumina isopropoxide dissolved in mixture of ethanol and 

deionized water with volume ratio 1:1 under mild stirring at 80oC for 1 hr. After that, 

hydrochloric acid is dropped into the solutions unit pH value is equaled to 2.5 and 

aged with stirring at 80oC about 5 hr. units eliminating the solvent and dried at 105oC 

overnight and calcination under air at 550oC for 2 hr. 

 

Preparation of alumina mixed with zeolite ZSM-5 support by sol-gel method. 

The precursor, alumina isopropoxide dissolved in mixture of ethanol and 

deionized water with volume ratio 1:1 under mild stirring at 80oC for 1 hr. Then 

temperature is increases to 90oC. After that, zeolite ZSM-5 is mixed into the solutions 

and hydrochloric acid  are dropped into the solutions unit pH value is equal to 2.5 and 

aged with stirring at 90oC about 5 hr., unit eliminating the solvent. And then mixed with 

zeolite ZSM-5 support are dried at 105oC overnight and calcination under air at 550oC 

for 2 hr. 
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3.1.3 Nickel and Cobalt -base metal catalyst  

Chemicals of nickel metal 

a) Nickel nitrate hexahydrate, [Ni(NO3)2.6H2O] from Carlo Erba  

Chemicals of cobalt metal 

b) Cobalt nitrate hexahydrate, [Co(NO3)2.6H2O] from Carlo Erba  

 

Preparation of nickel and cobalt -base metal loading on alumina mixed with 

zeolite ZSM5 support by impregnation method. 

The nickel and cobalt catalysts with various metal content (10wt.%Ni, 

10wt.%Co) were prepared by the incipient wetness impregnation method using a 

alumina mixed with zeolite ZSM-5 (sol-gel) support and aqueous solution of 

Ni(NO3)2.6H2O and  Co(NO3)2.6H2O of the appropriate concentration to have the metal 

loading above. The impregnated support is kept at room temperature for 4 hr. to assure 

adequate distribution of metal complete. Then, the catalysts were dried at 105oC 

overnight and calcination under air at 500oC for 2 hr.  
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3.1.4 Bimetallic catalysts  

Chemicals of bimetallic 

a) Nickel nitrate hexahydrate, [Ni(NO3)2.6H2O] from Merck 

b) Cobalt nitrate hexahydrate, [Co(NO3)2.6H2O] from Carlo Erba  

 

Preparation of Ni-Co bimetallic catalysts loading on alumina, ZSM-5 and 

alumina mixed with zeolite ZSM-5 support by impregnation method. 

The bimetallic Ni-Co catalysts are loaded sequentially on alumina (5wt.%Ni 

5wt.%Co), ZSM-5 (5wt.%Ni 5wt.%Co) and alumina mixed with zeolite ZSM-5 support 

with various compositions (5wt.%Ni 5wt.%Co, 5wt.%Ni-5wt.%Co, 5wt.%Co-5wt.%Ni, 

7.5wt.%Ni-2.5wt.%Co and 2.5wt.%Ni-7.5wt.%Co) are prepared by the incipient wetness 

impregnation and  method using a alumina mixed with zeolite ZSM-5 (sol-gel) support 

and  aqueous solution of Ni(NO3)2.6H2O and Co(NO3)2.6H2O of the appropriate 

concentration to have the metal loading above. The impregnated support was kept at 

room temperature for 4 hr. to assure adequate distribution of metal complete. Then, 

the catalysts were dried at 105oC overnight and calcination under air at 500oC for 2 hr.  

 

3.2 Catalyst characterization 

3.2.1 X-ray diffraction (XRD) 

The analysis of crystalline phases is performed by X-ray diffraction (XRD) 

patterns of the samples are carried on an X-ray diffraction SIEMENS D 5000 connected 

to a personal computer with Diffract AT version 3.3 program for fully control of XRD 

analyzer. The XRD analysis is conducted to Cu-Kα radiation between 20o - 80o with a 

generator voltage and current of 30 kV and 30 mA, respectively.  
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3.2.2 Nitrogen adsorption-desorption 

The catalyst 0.1 gram are study BET surface area, pore volume and pore 

diameter are measured by N2 adsorption–desorption isotherm at liquid nitrogen 

temperature (-196 ◦C) using a Micromeritics ASAP 2020. The surface area and pore 

distribution are calculated according to Brunauer-Emmett-Teller (BET) and Barret-

Joyner-Halenda (BJH) methods.  

 

3.2.3 Scanning Electron Microscopy (SEM-EDX)  

Scanning Electron Microscopy is employed for including morphology metal 

dispersion of catalysts. The JEOL JSM-35 CF model at the Scientific and Technology 

Research Equipment Centre, Chulalongkorn University (STREC) was used for this 

purpose. 

 

3.2.4 Ammonia temperature program desorption (NH3-TPD)   

The acid properties of prepared catalysts are observed by Temperature 

Programmed Adsorption of Ammonia (NH3-TPD) equipment by using Micromeritics 

chemisorp 2750 Pulse Chemisorption System. In an experiment, 0.10 g of the catalyst 

sample is placed in a quartz tube and pretreated at 200oC in a flow of helium. The 

sample was saturated with 15%NH3/He. After saturation, the physisorbed ammonia was 

desorbed in a helium gas flow about 30 min. Then the sample was heated from 40 to 

500oC at a heating rate 10oC/min. The amount of ammonia in effluent was measured 

via TCD signal as a function of temperature. 
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3.2.5 Hydrogen temperature programmed reduction (H2-TPR)  

The reducing temperatures of prepared catalysts are observed by Temperature 

Programmed Reduction of Hydrogen (H2-TPR) equipment by using Micromeritics 

chemisorp 2750 Pulse Chemisorption System. In an experiment, about 0.10 g of the 

catalyst sample is placed in a quartz tube and pretreated at 200 ◦C in a flow of 

nitrogen. The sample is reduced with 10%H2/Ar. Then the sample is heated from 30 

to 800 ◦C at a heating rate 10 ◦C /min. The amount of hydrogen consumption in 

effluent is measured via TCD signal as a function of temperature. 

 

3.2.6 Carbon monoxide chemisorption  

Static CO chemisorption at room temperature on the reduce catalysts will be 

used to determine the number of reduce surface nickel and cobalt metal atoms.  The 

total CO chemisorption will be calculated from the number of injection of a known 

volume.  CO chemisorption will be carried out following the procedure using a 

Micrometrics chemisorb 2750 Pulse Chemisorption System. In an experiment, about 

0.10 g of the catalyst sample is placed in a quartz tube. Prior to chemisorption, the 

catalysts will be reduced at 500oC for 1 hour after ramping up at a rate of 10oC/min.  

After that, carbon monoxide 20 microliter was inject to catalyst and repeat until 

desorption peak constant. Amount of carbon monoxide adsorption on catalyst was 

relative amount of active site. 
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3.2.7 Thermal gravimetric and differential thermal analysis (TG-DTA)  

The as-spun alumina fibers is subjected to the thermo gravimetric and 

differential thermal analysis (Diamond Thermo gravimetric and Differential Analyzer, TA 

Instruments SDT Q600) to determine the carbon content in the sample, as well as their 

thermal behaviors in the range of 30 - 1000oC . The analysis was performed at a heating 

rate of 10oC /min in 100 ml/min flow of air. 

 

3.3 Catalytic performance test 

3.3.1 Chemicals for reaction  

a) Feed gas: consisted of 50% methane balance carbon dioxide (molar 

ratio1:1) 

b) UHP Nitrogen gas, 99.999%  

c) UHP Hydrogen gas, 99.999%  

3.3.2 Instrument and Apparatus  

a) Reactor: The reactor is a fixed bed flow reactor made from a quartz 

tube length of 47 mm. and inner diameter of 12 mm. 

b) Automatic Temperature and controller: There is a magnetic switch 

connected to a variable voltage transformer and a temperature 

controller connected to a thermocouple attached to the catalyst bed 

in reactor. A dial setting established a set point at any temperature 

within the range between 0oC to 1000oC. 

c) Electric Furnace: This supply the required heated to the reactor for 

reaction. The reactor could be operating at 700oC. 

d) Gas Controlling System: Gas was equipped with pressure regulator (0-

120 psig), an on-off valve and needle valve are used adjust flow of gas. 
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e) Gas Chromatographs: Operating conditions are shown in Table 6. 

 

Table 6 Operating condition of gas chromatograph for CO2 reforming of CH4 

Gas 

Chromatograph 
Shimazu, GC 8A Shimazu, GC 8A 

 

Detector 

Column 

Carrier gas 

Carrier gas flow 

Column 

Temperature 

- Initial 

- Final 

Detector 

temperature 

Injector 

Temperature 

Analyzed gas 

 

TCD 

Polapack-Q 

Argon 

30 ml/min 

 

 

70 °C 

70 °C 

 

 

100 °C 

100 °C 

CO2 

 

TCD 

Molecular sieve   5A 

Argon 

30 ml/min 

 

 

70 °C 

70 °C 

 

 

100 °C 

100 °C 

CH4, CO, H2 
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3.3.3 Reaction Method 

The carbon dioxide reforming of methane is carried out at atmospheric pressure 

in fixed-bed flow reactor (quartz tube, length 47 mm and inner diameter 12 mm) 

packed with 0.05 g catalyst. The reactor temperature is measured and controlled by 

K-type thermocouple positioned at the middle of catalyst bed. The catalysts are 

reduced in pure hydrogen (50 ml/min) at 600oC for 1 h. Then, the hydrogen is replaced 

by pure nitrogen (50 ml/min) and the system is heated (10oC/min) to the reaction 

temperature for 40 min before. The catalytic performance test is carried out at 700oC. 

The feed gas consisted of methane and carbon dioxide (molar ratio 1:1), and feed flow 

rate 60 ml/min. Figure 2 shown the scheme diagram of CO2 reforming of CH4 reaction.  

The gas compositions of reactants and products is analyzed by thermal 

conductivity detector-type gas chromatograph (Shimudzu, GC-8A) equipped with a 

Porapak-Q and Molecular sieve 5A packed column. Argon is used as carrier gas (30 

ml/min). 

The conversions of CO2 and CH4 are defined in Equation (3.1) and (3.2) and the 

selectivity of H2 and CO are defined in Equation (3.3) and (3.4), respectively 

 

            𝑋𝐶𝐻4
=

[𝐶𝐻4]𝑖𝑛−[𝐶𝐻4]𝑜𝑢𝑡

[𝐶𝐻4]𝑖𝑛
× 100    (Eq.3.1) 

 

           𝑋𝐶𝑂2
=

[𝐶𝑂2]𝑖𝑛−[𝐶𝑂2]𝑜𝑢𝑡

[𝐶𝑂2]𝑖𝑛
× 100    (Eq.3.2) 

 

          𝑆𝐻2
=

[𝐻2]𝑜𝑢𝑡

[𝐻2]𝑜𝑢𝑡+[𝐶𝑂]𝑜𝑢𝑡
× 100    (Eq.3.3)  

 

          𝑆𝐶𝑂 =
[𝐶𝑂]𝑜𝑢𝑡

[𝐻2]𝑜𝑢𝑡+[𝐶𝑂]𝑜𝑢𝑡
× 100    (Eq.3.4) 
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Where [CH4] in and [CO2] in are the flow rates of the reactants feed and [CH4] out, [CO2] 

out, [H2] out and [4] out are the flow rates of the corresponding gas compositions in 

the carbon dioxide reforming of methane reaction.
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CHAPTER IV 

RESULTS AND DISCUSSION 

In this chapter compose of two sections. Firstly, 4.1 study of the different 
loading order between cobalt and nickel metals. Secondly, 4.2 study the catalysts with 
different molar ratio to obtain 10%Ni , 7.5%Ni-2.5%Co , 5%Ni-5%Co , 2.5%Ni-7.5%Co 
and 10%Co on mix supported. Each section presents catalyst characterization by 
several techniques such as X-Ray diffraction pattern (XRD), Nitrogen adsorption-
desorption, Scanning Electron Microscopy (SEM-EDX), Ammonia temperature program 
desorption (NH3-TPD), Hydrogen temperature programmed reduction (H2-TPR), Carbon 
monoxide chemisorption, Thermo gravimetric and differential thermal analysis (TG-
DTA) and catalytic activities and selectivity in carbon dioxide reforming of methane 
reaction. 
 

4.1 Study of the different loading order between cobalt and nickel metals. 

4.1.1 Characterization of catalyst 

4.1.1.1 X-Ray Diffraction 

The X-Ray Diffraction patterns of the 𝛾-Al2O3 prepared by sol gel methods, 

ZSM-5 commercial and mix supported 𝛾-Al2O3/ZSM-5 prepared by sol gel methods 

shown in Figure 3. The XRD patterns of the 𝛾-Al2O3 were shown at 36.6°, 45.5°, 67[24], 
ZSM-5 commercial were shown at 20.8°, 23°-24.4°, 29.2°-30.1°, 45.5°, 66.8  and mix 

phased 𝛾-Al2O3/ZSM-5 were shown similar ZSM-5 pattern[25]. 
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Figure 3The XRD patterns of 𝛾-Al2O3, ZSM-5 and 𝛾-Al2O3/ZSM-5 support. 

After loading order between cobalt and nickel metals on Al2O3/ZSM-5 supports 
shown in Figure 4. The XRD patterns fresh catalyst were shown peck NiO, CoO, Co3O4 
and NiAl2O3 at 37°, 45°, 59°, 65° and 67° respectively[25, 26]. There has small peck 
because percentage of loaded metal has less. 

 
Figure 4 The XRD patterns of fresh catalyst 5%Ni 5%Co/ 𝛾-Al2O3/ZSM-5, 

5%Ni- 5%Co/ 𝛾-Al2O3/ZSM-5 and 5%Co-5%Ni/ 𝛾-Al2O3/ZSM-5. 
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4.1.1.2 Nitrogen adsorption-desorption 

The specific surface area, pore volume and pore size of the catalyst of 𝛾-Al2O3 

prepared by sol gel methods, ZSM-5 commercial and mix supported 𝛾-Al2O3/ZSM-5 
and catalysts were determined by technical analysis with Brunauer-Emmitt-Teller Method 

(BET). The results demonstrate in table 7 for the 𝛾-Al2O3 and ZSM-5 supports have 

specific surface area 200 m2/g. In addition, specific surface area of mix supported 𝛾 -
Al2O3/ZSM-5 increased 259m2/g. The specific surface area and the pore volumes of a 
bimetal was decreased suggests that the metals are deposited inside the pores of 
supports. However,  [27]. 
Table 7 Physical properties of support and bimetallic catalysts. 

Catalysts 
SBET

a 
(m2/g) 

Pv
b 

(cm3/g) 
PS

c 
(nm) 

𝛾-Al2O3 200 0.30 3.8 

ZSM-5 200 0.16 6.3 

𝜸-Al2O3/ZSM-5 259 0.30 4.7 

5%Ni 5%Co/ 𝛾- Al2O3/ZSM-5 204 0.23 4.7 

5%Ni-5%Co/ 𝛾- Al2O3/ZSM-5 201 0.21 4.7 

5%Co-5%Ni/ 𝛾-Al2O3/ZSM-5 161 0.22 5.2 
SBET

a : Specific surface area ; calculated by the BET equation. 
Pv

b : BJH desorption pore volume. 
PS

c : BJH desorption average pore diameter. 

 

The N2 adsorption/desorption isotherms for the prepared support and catalysts 
display in Figure 5 and Figure 6, respectively. The isotherm of ZSM-5 has type I, 

characteristic of the microporous structure. While, the isotherms of 𝛾-Al2O3, ZSM-5 

and 𝛾-Al2O3/ZSM-5 supports and different loading order bimetallic catalyst  can be 
classified as a type IV , characteristic for micro-mesoporous materials.[28, 29] 
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Figure 5 The nitrogen adsorption/desorption isotherms of support. 

 
Figure 6 The nitrogen adsorption/desorption isotherms of different loading order 
bimetallic catalyst. 
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4.1.1.3 Scanning Electron Microscopy (SEM-EDX) 

The morphology of the 𝛾 -Al2O3, ZSM-5 and 𝛾 -Al2O3/ZSM-5 supports were 
shown in Figure 7. The morphology of the different loading order between cobalt and 
nickel metals catalysts are appeared in Figure 8. The image of loaded sample shows 
that the original crystallinity of the supports is not affected by NiO and CoO loading 
hence the morphology of catalysts is significant similarity of supports in Figure 
7[30].Moreover, used catalysts were indicated in Figure 9. The surface of the 5%Ni 

5%Co/ 𝛾-Al2O3/ZSM-5, 5%Ni-5%Co/ 𝛾-Al2O3/ZSM-5 and 5%Co-5%Ni/ 𝛾-Al2O3/ZSM-5 
catalysts  were covered by filamentous carbon[31]. 
 

  

 
Figure 7 The SEM images of the (a) 𝛾-Al2O3, (b) ZSM-5 and (c) 𝛾-Al2O3/ZSM-5 
supports. 
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Figure 8 The SEM images of (d) 5%Ni 5%Co/ 𝛾-Al2O3/ZSM-5,  

(e) 5%Ni-5%Co/𝛾-Al2O3/ZSM-5 and (g) 5%Co-5%Ni / 𝛾-Al2O3/ZSM-5 fresh catalysts. 

  

 
Figure 9 The SEM images of (h) 5%Ni 5%Co/ 𝛾-Al2O3/ZSM-5,  

(i) 5%Ni-5%Co/ 𝛾-Al2O3/ZSM-5 and (j) 5%Co-5%Ni/ 𝛾-Al2O3/ZSM-5 used catalysts 
time on the stream 5hr. 



 
 

52 

4.1.1.4 Ammonia temperature program desorption (NH3-TPD) 

The corresponding desorption curves NH3-TPD profiles of the 𝛾-Al2O3, ZSM-5 

and 𝛾-Al2O3/ZSM-5 supports are showed in Figure 10. The NH3-TPD found weak acid 
sites at low temperature in range 70-350oC. Besides, ZSM-5 supports have strong acid 
sites at high temperature of in range 470oC. Furthermore, The different loading order 

between cobalt and nickel metals: 5%Ni 5%Co/  𝛾 -Al2O3/ZSM-5, 5%Ni-5%Co/  𝛾 -

Al2O3/ZSM-5 and 5%Co-5%Ni/ 𝛾-Al2O3/ZSM-5 catalysts were represent in Figure 11. 
The catalysts have weak acid sites at low temperature in range 80-350oC. In addition, 
the amounts of acid sites on the surface of supports and catalysts were calculated as 

showed in Table 8. The acidity of bimetallic catalysts 5%Ni 5%Co/ 𝛾-Al2O3/ZSM-5 have 

high acidity than 5%Ni-5%Co/  𝛾 -Al2O3/ZSM-5 and 5%Co-5%Ni/  𝛾 -Al2O3/ZSM-5 
catalysts. 

 
Figure 10 The NH3-TPD profiles of the supports. 
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Figure 11 The NH3-TPD profiles of the different loading order between cobalt and 

nickel metals on 𝛾-Al2O3/ZSM-5 support. 
 

Table 8 The acidity of supported and the different loading order between cobalt and 

nickel metals catalysts. 

Catalysts Total acid site, (mmol H+/g) 
 

𝛾-Al2O3 6.46 

ZSM-5 2.91 

𝛾-Al2O3/ZSM-5 1.73 

5%Ni 5%Co/ 𝛾-Al2O3/ZSM-5 1.17 

5%Ni-5%Co/ 𝛾-Al2O3/ZSM-5 1.12 

5%Co-5%Ni/ 𝛾-Al2O3/ZSM-5 1.25 
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4.1.1.5 Hydrogen temperature programmed reduction (H2-TPR) 

Hydrogen temperature - programmed reduction (H2-TPR) were conducted to 
examine the reducibility of the catalysts. The TPR profiles are shown in Figure 12. The 
reduction peaks in Ni–Co bimetallic catalyst are included totally two peaks. First, weak 

peak were reduced NiO and CoO range at 300-450◦C as a result of very low metal–
support interactions. Second, strong peak indicates that a broad peak at higher 

temperature range at 450-600◦C so assigned to reduction of NiO and CoO particles 
with high interaction with the supports [5, 32].  

 
Figure 12 The TPR profiles of the different loading order between cobalt and nickel 

bimetallic catalysts calcined at 500 ◦C. 
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4.1.1.6 Carbon monoxide chemisorption 

The active site of the catalyst was investigated amount of carbon monoxide 
adsorption. The carbon monoxide adsorption directly is proportional the active site. 
The result amount of carbon monoxide adsorption and dispersion of the catalyst as 

shown in Table 9.The 5%Ni 5%Co/  𝛾 -Al2O3/ZSM-5 catalyst has good dispersion 
because carbon monoxide were high adsorbed and high active site.  
Table 9 The amount of carbon monoxide adsorbed and dispersion on a catalyst. 

Catalysts 

volume of 
CO 

adsorption 
(cm3/g) 

% 

Dispersion 

Active site 
(*1019 molecul 

CO/g) 

5%Ni 5%Co/ 𝛾-Al2O3/ZSM-5 0.42 1.1 1.12 

5%Ni-5%Co/ 𝛾-Al2O3/ZSM-5 0.27 0.7 0.73 

5%Co-5%Ni/ 𝛾-Al2O3/ZSM-5 0.27 0.7 0.73 

 
 

4.1.1.7 Thermo gravimetric and differential thermal analysis (TG-DTA) 

A quantitative analysis of coke formation over the used catalyst after the 
reaction was investigated by TGA-DTG in air. The results are shown in Figure 13.  The 

rate of coke formation decreases in the following order: 5%Co-5%Ni/ 𝛾-Al2O3/ZSM-5 

> 5%Ni-5%Co/ 𝛾 -Al2O3/ZSM-5 > 5%Ni 5%Co/ 𝛾 -Al2O3/ZSM-5. Therefore, catalysts 
were deactivated and break down.  
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Figure 13 Thermo gravimetric profiles of catalysts after 5 hr. of reaction 
 
4.1.2 Catalytic activity and selectivity 

There are studied catalysts performances for carbon dioxide reforming of 
methane reaction. The catalysts were reduced in H2 at 500 °C for 1 hr. in fixed bed 
reactor. Then, the reaction was operated to feed CH4 mixed with CO2 flow rate 60 
ml/min at 700 °C for 1 atm. 

The CH4 and CO2 conversion of catalysts for carbon dioxide reforming of 
methane reaction were indicated in Figure 14. The catalysts 5%Ni 5%Co/ 𝛾-Al2O3/ZSM-
5, 5%Ni-5%Co/ 𝛾-Al2O3/ZSM-5 and 5%Co-5%Ni/ 𝛾-Al2O3/ZSM-5 have conversion of 
methane 74% ,49% and 82%. Additionally, the catalysts have conversion of carbon 
dioxide 87%, 70% and 83%. Moreover, The H2 and CO selectivity were demonstrated 
in Figure 15. The catalysts 5%Ni 5%Co/ 𝛾-Al2O3/ZSM-5 had high H2 selectivity 47% in 
contrast the catalysts has low CO selectivity 53%.  
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Figure 14 The CH4 and CO2 conversion of catalysts; 5%Co/ 𝛾-Al2O3/ZSM-5, 

5%Ni-5%Co/ 𝛾-Al2O3/ZSM-5 and 5%Co-5%Ni/ 𝛾-Al2O3/ZSM-5 
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Figure 15 The H2 and CO selectivity of catalysts; 5%Co/ 𝛾-Al2O3/ZSM-5, 

5%Ni-5%Co/ 𝛾-Al2O3/ZSM-5 and 5%Co-5%Ni/ 𝛾-Al2O3/ZSM-5 
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4.2 Study the catalysts with different molar ratio on mix supported. 

4.2.1 Characterization of catalyst 

4.2.1.1 X-Ray Diffraction 

There are XRD patterns of mono metallic and bimetallic catalysts supported 

on 𝛾 -Al2O3/ZSM-5 zeolite indicated in Figure 16. The catalysts were prepared by 
incipient wetness impregnation. Then, there were calcinated under air at 500oC. The 
XRD patterns fresh mono metallic 10%Ni/Al2O3/ZSM-5 display pecks of NiO and 
NiAl2O3. Also, 10%Co/Al2O3/ZSM-5 shown pecks of CoO and Co3O4. As well as, the XRD 
patterns fresh bimetallic demonstrate pecks NiO , CoO ,Co3O4 and NiAl2O3 at 37°, 45°, 
59°, 65° and 67°. The mono metallic and bimetallic catalysts have XRD patterns like 
Figure 4.2[33, 34].  
 

 
Figure 16 The XRD patterns of monometallic and bimetallic catalysts supported on 

𝛾-Al2O3/ZSM-5 
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4.2.1.2 Nitrogen adsorption-desorption 

There are characteristic investigations of mono metallic and bimetallic catalysts 
by BET (Brunauer-Emmett-Teller). The specific surface area, pore volume and pore size 
of the mono metallic (10%Ni, 10%Co) and bimetallic (7.5%Ni 2.5%Co, 5%Ni 5%Co and 

2.5%Ni 7.5%Co) on 𝛾-Al2O3/ZSM-5 support represent at Table 10. For mono metallic 
and bimetallic have specific surface area 171-204 m2/g. The bimetallic catalysts 5%Ni 

5%Co/𝛾-Al2O3/ZSM-5 has higher specific surface area than other catalysts. Moreover, 
both the average pore diameter and pore size were no significant difference whole 
catalysts. 
Table 10 Physical properties of bimetallic and monometallic catalysts. 

 
Catalysts 

SBET
a 

(m2/g) 
Pv

b 
(cm3/g) 

PS
c 

(nm) 

10%Ni/𝛾- Al2O3/ZSM-5 200 0.24 4.8 

7.5%Ni 2.5%Co/𝛾-Al2O3/ZSM-5 197 0.22 4.9 

5%Ni 5%Co/𝛾- Al2O3/ZSM-5 204 0.23 4.7 

2.5%Ni 7.5%Co/𝛾- Al2O3/ZSM-5 171 0.20 5.0 

10%Co/𝛾- Al2O3/ZSM-5 188 0.24 4.8 

SBET
a : Specific surface area ; calculated by the BET equation. 

Pv
b : BJH desorption pore volume. 

PS
c : BJH desorption average pore diameter. 

 

Furthermore, the nitrogen adsorption/desorption isotherms of bimetallic7.5%Ni 

2.5%Co, 5%Ni 5%Co and 2.5%Ni 7.5%Co) and monometallic (10%Ni, 10%Co)  on 𝛾-
Al2O3/ZSM-5 were revealed in Figure 17. Both, bimetallic and mono metallic have 
characteristic isotherm type IV for micro-mesoporous materials[35]. 
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Figure 17 The nitrogen adsorption/desorption isotherms of bimetallic and 
monometallic catalysts. 
 
4.2.1.3 Scanning Electron Microscopy (SEM) 

Characterizations of bimetallic and mono metallic fresh catalysts were further 
carried out with SEM. The SEM micrographs shown in Figure 18 the Figure morphology 
of samples have significant similarity of supports in Figure 7. Additionally, The SEM 
images of bimetallic and mono metallic catalysts were used time on the stream 5 hr. 
demonstrate in Figure 19 the surface catalysts were deposited by higher amount of 
filamentous carbon[36].  
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Figure 18 The SEM images of (k) 10%Ni/ 𝛾-Al2O3/ZSM-5, (l) 7.5%Ni 2.5%Co/𝛾-

Al2O3/ZSM-5, (m) 2.5%Co 7.5%Ni / 𝛾-Al2O3/ZSM-5  and (n) 10%Co/ 𝛾-Al2O3/ZSM-5 
fresh catalysts. 
 

  

  
Figure 19 The SEM images of (o) 10%Ni/ 𝛾-Al2O3/ZSM-5, (p) 7.5%Ni 2.5%Co/𝛾-

Al2O3/ZSM-5, (q) 2.5%Co 7.5%Ni / 𝛾-Al2O3/ZSM-5 and (r) 10%Co/ 𝛾-Al2O3/ZSM-5 
used catalysts time on the stream 5 hr. 
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4.2.1.4 Ammonia temperature program desorption (NH3-TPD) 

The NH3-TPD profiles for different molar ratio loading of bimetallic and mono 
metallic are shown in Figure 20. The profiles are composed of one broad peak at low 
temperature range of 30 to 500°C refer to weak acid sites. The acid properties of 
catalysts with different molar ratio on mix supported are also reported in Table 11. 
The bimetallic 5%Ni 5%Co/Al2O3/ZSM-5 has acidity more than other catalysts. 
 

 
 

Figure 20 The NH3-TPD profiles for different molar ratio loading of bimetallic and 
monometallic. 
 
Table 11 The acidity of catalysts with different molar ratio on mix supported. 

Catalysts Total acid site, (mmol H+/g) 
 

10%Ni/𝛾- Al2O3/ZSM-5 0.96 

7.5%Ni 2.5%Co/𝛾-Al2O3/ZSM-5 0.87 

5%Ni 5%Co/𝛾- Al2O3/ZSM-5 1.17 

2.5%Ni 7.5%Co/𝛾- Al2O3/ZSM-5 0.85 

10%Co/𝛾- Al2O3/ZSM-5 0.87 
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4.2.1.5 Hydrogen temperature programmed reduction (H2-TPR)  

The H2-TPR patterns of bimetallic and mono metallic shown in Figure 21. Both 
bimetallic and mono metallic have reduction peak rang at 300-600 ºC. The peaks are 
free NiO and CoO species, which have weak interaction with support.  
 

 

Figure 21 The H2-TPR patterns of bimetallic and mono metallic 
 

4.2.1.6 Carbon monoxide chemisorption  

The amount CO chemisorption of bimetallic and mono metallic at room 
temperature is display in Table 12. The reduced catalysts are used to calculate amount 
of active surface Ni and Co metal. Active sites of catalysts were calculated from 
amount of carbon monoxide adsorption on catalysts. The bimetallic 5%Ni 
5%Co/Al2O3/ZSM-5 has high volume of CO adsorption 0.4 cm3/g hence the bimetallic 
(5%Ni 5%Co) has high active site and high metal dispersion. 
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Table 12 The amount of carbon monoxide adsorbed and dispersion on a catalyst. 

Catalysts 
volume of CO 

adsorption 
(cm3/g) 

% 
Dispersion 

 
Active site 

(*1019 
molecul 
CO/g) 

10%Ni/𝛾-Al2O3/ZSM-5 0.40 1.1 1.10 

7.5%Ni 2.5%Co/𝛾-Al2O3/ZSM-5 0.31 0.8 0.84 

5%Ni 5%Co/𝛾-Al2O3/ZSM-5 0.42 1.1 1.12 

2.5%Ni 7.5%Co/𝛾-Al2O3/ZSM-5 0.35 0.9 0.93 

10%Co/𝛾-Al2O3/ZSM-5 0.37 1.0 0.99 

 
 
4.2.1.7 Thermo gravimetric and differential thermal analysis (TG-DTA) 

Thermo gravimetric analysis was characterized amount of coke. Figure 22 
showed the percent weight loss of spent different molar ratio loading of bimetallic 

and mono metallic. The results showed the coke decomposition over 5%Ni 5%Co/𝛾-

Al2O3/ZSM-5 > 10%Ni/𝛾-Al2O3/ZSM-5 > 7.5%Ni 2.5%Co/𝛾-Al2O3/ZSM-5 > 10%Co/𝛾-

Al2O3/ZSM-5 > 2.5%Ni 7.5%Co/𝛾-Al2O3/ZSM-5. 
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Figure 22 Thermo gravimetric profiles of different molar ratio loading of bimetallic 

and monometallic after 5 hr. of reaction. 

 

4.2.2 Catalytic activity and selectivity 

There are presented catalysts performances for carbon dioxide reforming of 
methane over different molar ratio loading of bimetallic and monometallic in Figure 

23. The bimetallic 5%Ni 5%Co/𝛾-Al2O3/ZSM-5 has conversion of CH4 81%. Moreover, 

it has conversion of CO2 96%. Also, the mono metallic 10%Ni/ 𝛾-Al2O3/ZSM-5 has 

conversion of CH4 68% and CO2 94%. Furthermore, the bimetallic 7.5%Ni 2.5%Co/𝛾-
Al2O3/ZSM-5 has conversion of CH4 66% and CO2 85%. As well as, both the bimetallic 

2.5%Ni 7.5%Co/ 𝛾 -Al2O3/ZSM-5 and mono metallic 10%Co/ 𝛾 -Al2O3/ZSM-5 have 
similarly conversion of CH4 58% but conversion of CO2 76% and 91%,respectively. 
Additionally, the selectivity of H2 and CO all catalysts shown in Figure 24 at the 

bimetallic 5%Ni 5%Co/𝛾-Al2O3/ZSM-5 has selectivity H2 47% and CO 56% more than 
other  catalysts. 
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Figure 23 The CH4 and CO2 conversion of catalysts; 10%Ni/𝛾-Al2O3/ZSM-5, 7.5%Ni 

2.5%Co/𝛾-Al2O3/ZSM-5, 5%Ni 5%Co/𝛾-Al2O3/ZSM-5, 2.5%Ni 7.5%Co/𝛾-Al2O3/ZSM-5 

and 10%Co/𝛾-Al2O3/ZSM-5. 
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Figure 24 The H2 and CO selectivity of catalysts; 10%Ni/𝛾-Al2O3/ZSM-5, 7.5%Ni 

2.5%Co/𝛾-Al2O3/ZSM-5, 5%Ni 5%Co/𝛾-Al2O3/ZSM-5, 2.5%Ni 7.5%Co/𝛾-Al2O3/ZSM-5 

and 10%Co/𝛾-Al2O3/ZSM-5 
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The H2 and CO product yields (%) obtained after 5 h for CO2 reforming of methane 

are reported in Table 13 the bimetallic catalysts (5%Ni 5%Co/ Al2O3/ZSM-5) had high 

H2 yield of about 34 % and high CO yield 78 % than the other catalysts. 

Table 13 H2 and CO yield (%) obtained during CO2 reforming of methane. 

Catalysts H2 Yield (%) CO Yield (%) 

5%Ni 5%Co/𝛾- Al2O3/ZSM-5 34 78 

5%Ni - 5%Co/𝛾- Al2O3/ZSM-5 21 23 

5%Co - 5%Ni/𝛾- Al2O3/ZSM-5 31 28 

7.5%Ni 2.5%Co/𝛾-Al2O3/ZSM-5 28 28 

2.5%Ni 7.5%Co/𝛾- Al2O3/ZSM-5 24 25 

10%Ni/𝛾- Al2O3/ZSM-5 31 28 

10%Co/𝛾- Al2O3/ZSM-5 25 26 

 

 



 
 

CHAPTER V 

CONCLUSIONS AND RECOMMENDATION 

5.1 Conclusions  

The CO2 reforming of methane was carried out at 700 oC with CO2:CH4 ratio of 
50:50. The bimetallic catalysts (5%Ni 5%Co/ Al2O3/ZSM-5) had high H2 selectivity of 
about 47% with  low CO selectivity of about 53%, high H2 yield of about 34 % , high 
CO yield  78 % ,high volume of CO adsorption, high active site , high metal dispersion 
and high  stability  despite relatively higher coke formation than the other catalysts. 

 
5.2 Recommendations 

From this experiment, we have expected to improve acidity, quantity of metal 
loading catalyst for syngas production. Recommendations for the future work are the 
following: 

To determine type of acidity (Bronsted and Lewis) with pyridine desorption and 
Fourier Transform Infrared Spectrophotometer (FTIR) for synthetic catalyst. 

To the elements metal with inductively coupled plasma (ICP). 
To study interaction of Al2O3 cover on ZSM-5 by X-Ray photoelectron 

spectroscopy. 
To provide elemental identification and quantitative compositional 

information by Scanning Electron Microscopy (SEM) with Energy Dispersive X-Ray 
Analysis (EDX).
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APPENDIX A 

CALCULATION FOR CATALYST PREPARATION 

 

1. Preparation of 10%Ni/Al2O3/ZSM-5 monometallic catalyst by 
impregnation.  

Example: Preparation of the 10%Ni/Al2O3/ZSM-5 catalyst  

Reagent:  Ni(NO3)2.6H2O, Molecular weight  = 292 g/mol  

Ni, Molecular weight    = 59 g/mol  

At 1 gram catalyst, consisted of: Alumina   = 0.9 g  

   Cobalt   = 0.1 g  

Calculation:  

Ni(NO3)2.6H2O   = (0.1×292)/59  =0.4949 g 

The 10%Ni/Al2O3/ZSM-5 catalyst was prepared from the 0.4949 g of 

Ni(NO3)2.6H2O impregnated on 0.9 g of Al2O3/ZSM-5 supported. 

 

2. Preparation of Ni-Co/ Al2O3/ZSM-5  bimetallic catalyst by co-

impregnation  

Preparation of Ni-Co/Al2O3/ZSM-5   bimetallic catalysts by co-impregnation 

method with various nickel-cobalt contents were 5% 5% that showed as follows:  

Example: Preparation of the 5%Ni 5%Co/Al2O3/ZSM-5 catalyst. 
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Reagent:  Ni(NO3)2.6H2O, Molecular weight   = 292 g/mol  

Ni, Molecular weight     = 59 g/mol  

Co(No3)2.6H2O, Molecular weight   = 292 g/mol  

Co, Molecular weight     = 59 g/mol 

At 1 gram catalyst, consisted of: Alumina    = 0.9 g  

Nickel     = 0.05 g  

Cobalt     = 0.05 g 

Calculation: 

Ni(NO3)2.6H2O   = (0.05×292)/59   = 0.2475 g 

Co(NO3)2.6H2O   = (0.05×292)/59   = 0.2475 g 

The 5%Ni 5%Co/ Al2O3/ZSM-5 catalyst bimetallic catalyst was prepared from 

the 0.2475 g of Ni(NO3)2.6H2O and 0.2475 g of Co(NO3)2.6H2O impregnated on 0.9 g of 

Al2O3/ZSM-5 supported. 
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APPENDIX B 

CALIBRATION CURVES 

This appendix shows the calibration curves for calculation of composition of 

products and reactants in carbon dioxide reforming of methane over Al2O3/ZSM-5 

supported. The main products of this reaction are carbon monoxide and hydrogen. 

The Thermal Conductivity Detector (TCD), gas chromatography Shimadzu 

model 8A was used to analyze the concentration of products and reactants by using 

molecular sieve 5A and porapack-Q column. 

Mole of reagent in y-axis and area reported by gas chromatography in x-axis are 

exhibited in the curves. The calibration curves of methane, carbon dioxide, hydrogen 

and carbon monoxide are illustrated in Figure C1-C4, respectively. 

 

Figure B1 The calibration curve of methane. 
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Figure B2 The calibration curve of carbon dioxide. 

 

 

Figure B3 The calibration curve of hydrogen. 
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Figure B4 The calibration curve of carbon monoxide. 
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APPENDIX C 

DATA FOR CALCULATION OF ACID SITE 

The total acid site of prepared catalyst is calculated as follows.  

Calculation 

Total acidity is calculated from the NH3-TPD profiles as the following step. 

 

The NH3-TPD profiles: 

- Under area of the NH3-TPD profiles of the sample = A 

- The mole of NH3 was calculated from the calibration curve of NH3 as 

formula: 

The mole of NH3 of the sample = 0.294×A  mmole. 

 

- Amount of sample = B g. 

 

The total acidity of sample = 
𝑇ℎ𝑒 𝑚𝑚𝑜𝑙𝑒 𝑜𝑓 𝑁𝐻3 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
 

      

           = (0.294×A)/B   mmol NH3/g catalyst 
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C1 The calibration curve of ammonia from Micromeritics Chemisorp 2750 
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APPENDIX D 

CALCULATION FOR METAL ACTIVE SITES AND DISPERSION 

Calculation of the total CO chemisorption and metal dispersion of the 

catalyst, a stoichiometry of CO/Ni = 1 and CO/Co = 1. The calculation procedure is as 

follows: 

Example: Calculation of the total CO chemisorption of 10%Ni/Al2O3/ZSM-5 

Sf =stoichiometry factor CO:Ni    = 1    

Vads =volume adsorbed     = 0.62 cm3/g  

Vg  = molar volume of gas at STP   = 22414 cm3/mol  

m.w. =molecular weight of metal  = Ni   = 59 g/mol   

%M =%metal      = 10%Ni  

Vinjet =volume injected    = 0.02 cm3 

M =mass of sample     = 0.1 g  

  

% Metal Dispersion (%D)   = Sf*(Vads/Vg)*(m.w/%M)*100%*100% 

= 1*(0.62 /22414)*(58.6934/10)*100*100 =1.6 

Active site (molecule of CO/g) = Sf*(Vads/Vg)*(6.02*1023) 

     =1*(0.62/22414)*(6.02*1023)  

= 1.66*1019 molecul CO/g



 

 

APPENDIX E 

CALCULATION FOR CONVERSION SELECTIVITY AND YIELD 

The conversions of CO2 and CH4 are defined in Equation (F.1) and (F.2) and the 

selectivity of H2 and CO are defined in Equation (F.3) and (F.4), respectively 

 

           𝑋𝐶𝐻4
=

[𝐶𝐻4]𝑖𝑛−[𝐶𝐻4]𝑜𝑢𝑡

[𝐶𝐻4]𝑖𝑛
× 100    (Eq.F.1) 

 

           𝑋𝐶𝑂2
=

[𝐶𝑂2]𝑖𝑛−[𝐶𝑂2]𝑜𝑢𝑡

[𝐶𝑂2]𝑖𝑛
× 100    (Eq.F.2) 

 

         𝑆𝐻2
=

[𝐻2]𝑜𝑢𝑡

[𝐻2]𝑜𝑢𝑡+[𝐶𝑂]𝑜𝑢𝑡
× 100    (Eq.F.3)  

 

          𝑆𝐶𝑂 =
[𝐶𝑂]𝑜𝑢𝑡

[𝐻2]𝑜𝑢𝑡+[𝐶𝑂]𝑜𝑢𝑡
× 100     (Eq.F.4) 

 

           𝑌𝐻2
=

[𝐶𝐻2]
𝑜𝑢𝑡

2[𝐶𝐶𝐻4]
𝑖𝑛

× 100      (Eq.F.5) 

           𝑌𝐶𝑂 =
[𝐶𝐶𝑂]𝑜𝑢𝑡

[𝐶𝐶𝐻4]
𝑖𝑛

+[𝐶𝐶𝑂]𝑖𝑛
× 100    (Eq.F.6) 
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