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CHAPTER I 

INTRODUCTION 

 
1.1 Motivation 

 
Global warming and greenhouse effect are the most of serious issues that the 

world is facing today. The greenhouse effect is a natural process that keeps the earth 

at temperatures that viable temperature condition [1,2]. Energy from the sun warms 
the earth when its heat rays are absorbed by greenhouse gasses and became 
trapped in the atmosphere [3,4]. Some of the most common greenhouse gasses are 
carbon dioxide and methane. Carbon dioxide, which comes from deforestation and 
fuel combustion, is the predominant factor resulting in the CH4, although it has no 
direct effect on the climate change, it is more heat-trapping and it was oxidized 
capacity in the atmosphere than a molecule of CO2. Moreover, the damage of ozone 
layer comes from several sources; first the most problematic are those coming from 
the burning of fossil fuels in power plants [5,6]. Second is the burning of gasoline in 
transportation, which continues to increase because of our increasing demand for 
cars and also increasing in worldwide consumption [7]. Third, deforestation results in 
larger amounts of CO2 remain in the atmosphere [8]. Global warming leads to many 
problems that affect our environment.  

 
Therefore, in recent years many attempts in industrial processes have been 

made to efficiently convert CO2 to useful and non-pollution compound. Specifically, 
the CO2 reforming of methane (DRM, Eq. (1)) [9] is an attractive way to utilize CO2 and 
CH4 emissions that contributes to the greenhouse gas reduction [10]. The reaction is 
important to increasing the hydrogen production that was used in ammonia synthesis 
fuel cell and hydrogenation reaction [10]. Moreover, carbon dioxide reforming of 
methane reaction used produce syngas (CO+H2), which can be utilized as feedstock 
for methanol, dimethyl ether production and/or Fischer-Tropsch synthesis. 

http://www.123helpme.com/search.asp?text=carbon+dioxide
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CH4 + CO2 ↔ 2H2 + 2CO  ∆H = 247 kJ /mol      (1) 

CO2 + H2 ↔ H2O + CO  ∆H = 41.2 kJ /mol      (2) 

Because of this reaction is highly endothermic character (Eq.1) [1]. It requires a 
high reaction temperature [11]. This reaction accompanied by secondary reaction of 
the reverse water gas shift (RWSG, Eq.2) [4]. This reaction is highly endothermic 
reaction at high temperature. However, the problems are deactivation and carbon 
composition of catalyst by side reactions; partial Oxidation of CH4, Boudouard 
reaction and reverse carbon gasification are shown in Eq (3)-(5), respectively [12]. It 
produces carbon composition on catalysts. 

CH4 ↔ C + 2H2   ∆H = 75 kJ /mol (3) 

2CO ↔ C + CO2  ∆H = -172 kJ /mol (4) 

CO + H2 ↔ H2O + C  ∆H = -131 kJ /mol (5) 

Catalysts contain noble metals such as Pt, Ru and Rh, have high activity and 
selectivity for the DRM reaction because of good stability towards coke depositions. 
However they are expensive which limit the industrial application [4]. From a point of 
economy, Nickel is the popular choice because of its high activity which is similar to 
those noble metal [13]. Moreover, a major problem is the carbon decomposition on 
the surface of Nickel catalyst, which leads to agglomerate of catalyst’s active sites 
and to deactivate at high temperature [4,9]. To solve this problem, some researches 
have suggested about cobalt metal because of its behavior towards the protection of 
carbon deposition and the better dispersion on support [5,8]. Thus, comparing metal, 
which consist of Ni, Co and NiCo catalysts are important to investigate their catalytic 
performance. Beside the addition of the metal, the catalyst support also plays on 
important role in the reaction [3,5]. Several research groups have studied effect of 
the support to catalytic activity. Amorphous solids (such as SiO2 [1], MgO [14], TiO2 

[15], -Al2O3 [5]) and crystalline solids (such as zeolite [16], -alumina [14]) have 
been reported as attractive support for DRM reaction. Alumina support was brought 
in exhibits high initial activity, despite its low coke resistance [6]. Therefore, in this 
study modify catalyst support, H-Beta zeolite, is used. H-Beta support has well-
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defined structure, high surface area, high thermal stability and potential to deliver 
high metal dispersion [17]. 

 In this work to investigate the effect of monometallic (10%wt.Ni, 10%wt.Co) 
and bimetallic (5%wt.NiCo) on different supports which are H-Beta-Al2O3, Al2O3-SiO2 
prepared by sol-gel method, and Gamma-alumina commercial catalysts was studied. 
Moreover, to study the effect of bimetallic catalysts with different loading ratio of 
nickel metal and cobalt metal on H-Beta-Al2O3 supports. Loading ratios of nickel and 
cobalt indicate as followed 1:3, 1:1, and 3:1. All catalysts were prepared by the 
incipient wetness impregnation method. The catalytic performances were tested in 
carbon dioxide reforming of methane 

 
 

1.2 Objective of Research 
 

1. To study the effect of different supports (i.e. H-Beta zeolite, Al2O3-SiO2 
prepared by sol-gel method and alumina commercial) on their catalytic activity and 
coke formation in carbon dioxide reforming of methane reaction. 

 
2. To compare between monometallic (Ni,Co) and bimetallic (NiCo) and 

various ratios of Ni:Co loading which are 3:1, 1:1 and 1:3 to see their catalytic 
performance and coke formation in carbon dioxide reforming of methane. 
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1.3 Scope of Research 
 
 1.3.1 Study about the relating research and summary toward the interesting 
literature reviews. 

1.3.2. Prepare monometallic (Ni, Co) approximately 10 wt % and bimetallic (5 
wt% Ni5%wt.Co) on supports (i.e. H-Beta zeolite, Al2O3-SiO2 prepared by sol-gel 
method and alumina commercial, respectively)  

1.3.3. Preparation of bimetallic catalysts various ratio of Ni/Co loading of H-
Beta support with 1:3, 1:1 and 3:1. Catalysts were prepared by incipient wetness 
impregnation method.  

1.3.4 Characterize physical properties of catalysts by using various techniques 
using X-ray diffraction (XRD), Nitrogen physisorption, Temperature program reduction 
(H2-TPR), Temperature-programmed desorption (NH3-TPD), Scanning Electron 
Microscopy (SEM-EDX), H2-chemisorption, and Thermogravimetric analysis (TGA) 

1.3.5 Investigation the performance of the prepared catalysts with carbon 
dioxide reforming of methane reaction under the following condition: 

Before the DRM testing, the catalysts were heated to 600C at heating rate 

10C/min with pure hydrogen (50 ml/min), and then reduced the catalysts for 1 hour 
with pure hydrogen (50ml/min). The synthesized catalysts were tested in dry 

methane reforming reaction (DRM) at 700C in a fixed-bed continuous-flow quartz 
reactor. Feed mixture composing of CH4:CO2 50:50 Vol% was used as a reactant. 
Reactant gas was continuously supplied by mass flow controller at the rate 60 
ml/min. The exit gas was analyzed by Thermal Conductivity Detector-type gas 
chromatograph. 
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1.4 Research Methodology 

 
 1.4.1 Part I: effect of monometallic (10%wt.Ni, 10%wt.Co) and bimetallic 
(5%wt.NiCo) on different supports which are H-Beta-Al2O3, Al2O3-SiO2 prepared 
by sol-gel method and Gamma-alumina commercial. 
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1.4.2 Part II: effect of 5%wt.NiCo catalysts on different supports, which are H-
Beta-Al2O3, Al2O3-SiO2 and Gamma-alumina commercial support. 
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1.4.3 Part III: effect the catalysts were loading with nickel metal and cobalt 
metal of H-Beta-Al2O3 supports with 1:3, 1:1 and 3:1 various ratios between 
nickel and cobalt loading. 
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CHAPTER II 

LITERATURE REVIEWS 

 
2.1 Effect of metal catalyst 
 

Z. Jianguo et al. (2008) [11] studies of Ni-Co bimetallic on MgO support 
prepared by co-precipitation method, effect of bimetallic loading, carbon formation 
on carbon dioxide reforming of methane. The catalysts were prepared with Ni:Co 
loadings ranging between 1.83Ni14.5Co by wt.% and 2.76Ni12.9Co by wt.%, 
respectively. They studied the catalyst’s performances on carbon dioxide reforming 
of methane at 750 ◦C and 1 atm using a high GHSV of 180,000 ml/gcat h. The result 
showed the lower loading of Ni-Co (1.83–3.61 wt.% for Ni and 2.76–4.53 wt.% for Co) 
had higher activity and stability than  Ni-Co loading (5.28–14.5 wt.% for Ni and 7.95–
12.9 wt.% for Co). The research discovered 1.) Cobalt has smaller particle which 
leads to better dispersion than Nickel. Thus, Co improved the dispersion on catalyst. 
2.) Loading content influence coke formation. The lower bimetallic loading to 
complete eliminate carbon dispersion of the catalysts because the lower Ni-Co 
loading (<10 nm) is believed to complete the suppression of the carbon formation 
during reaction. 

 
 
S. In et al. (2014) [8] applied Ni/-Al2O3, CoNi/-Al2O3, and MgCoNi/-Al2O3 

catalysts in the carbon dioxide reforming of methane reaction and then studied 

effect of the promoter, Co and Mg, on coke formation. MgCoNi/-Al2O3 exhibited the 
highest catalytic performance. The research found also a promoting effect of MgO in  

CoNi/-Al2O3 catalyst [18]. The addition of MgO helps accelerating the 
decomposition/dissociation of CH4 and CO2. Moreover, bimetallic Ni-Co reduces coke 
formation in CDR [13]. However, the coke formation on the 3Mg3Co3Ni catalyst 
mainly consisted of the amorphous carbon species which is easily oxidizable. 
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Moreover, there is no fatal encapsulating carbon species, which causes the 
deactivation of the catalyst.  

 
 
D. San Jose´-Alonso et al. (2013) [3] studied effect of Co and Ni loading on 

alumina supported catalysts (4.0, 2.5 and 1.0 wt%) have been prepared by excess 
solution impregnation using aqueous solutions of Ni(NO3)2.6H2O and Co(NO3)2.6H2O. 
This research found that the low metal loading of Co and Ni on alumina supported 
catalysts produce very low amount of carbon in the dry reforming of methane at 700 
◦C and 1 atm. The lower metal loading is due to the presence of small particles of 
catalysts. It hinders the growing of carbon filaments. While as, Co loading has less, is 
deactivated during the first minutes of reaction due to the formation of CoAl2O4 as 
inactive of this reaction.   

 
 
S. Siddhartha et al. (2014) [7] synthesized Alumina supported nickel (Ni/Al2O3), 

nickel-cobalt (Ni-Co/Al2O3) and cobalt (Co/Al2O3) catalysts amount of 15% metal for 
dry methane reforming at 600°C 1 atm. The research found that added Co to catalyst 
improves its activity and stability because of the following reasons: 1.) Co has smaller 
metal particles also the addition of Co helps better metal dispersion. 2.) Interaction 
of Co with the supported Ni [16] resulting in the formation of a stable Ni-Co alloy 
and a synergy between Ni and Co. 3.) Co prevents the oxidation of metal and leads 
to higher activity for methane decomposition. In addition, synthesized catalyst 
contained Ni:Co in a ratio of 3:1 resulted in improved catalytic performance and 
decreased carbon formation because Co  retards carbon formation between Ni 
particle. 

 
 
K. Takanabe et at. (2013) [18] studied the effect of reduction temperature on 

the catalytic behavior of 10%Co/TiO2 catalysts in carbon dioxide reforming of 
methane. The result shown that the Co/TiO2-anatase catalysts reduce at lower 
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temperature (<1073K) had stable activities. On the contrary, the catalysts reduced at 
higher temperature, the crystal phase of TiO2 is convert from anatase to rutile, cause 
almost no activity. Moreover, it does not found the carbon deposition for any of the 
Co/TiO2 catalysts. 

 
 
 E. Ruckenstien et al. (2012) [19] studied the reaction behavior and carbon 

deposition during the carbon dioxide reforming of methane of Co over the -Al2O3 
catalysts with varied Co content loading between 2 and 20%wt. which are calcination 
temperature between 500˚C and 1000˚C. The results found that the stability of 

Co/-Al2O3 were strongly dependent on the calcinations temperature and Co 

content loading. The stable activities have been shown at 6%wt.Co/-Al2O3, T=500˚C 

and 9%wt.Co/-Al2O3, T=1000˚C. However, the catalysts with high Co loadings 
(>12%wt.), remarkable amounts of carbon deposited during reaction, and 

deactivation was occurred. Moreover, the 2%wt. Co/-Al2O3 also found serious 

deactivation, caused by both the carbon deposition for T=500˚C or the oxidation of 
metallic sites for T= 1000˚C. Therefore, the mechanisms of deactivation have two 
different, carbon deposition and oxidation of metallic site. 

 
 
J. Juan-Juan et al. (2015) [20] studied the Ni, Co and Ni-Co alumina supported 

catalyst (9%wt. nominal metal content) in carbon dioxide reforming of methane. The 
result showed that the catalysts with the highest cobalt content, Co(9) and Ni-Co(1-8) 
catalysts are the most active and stable, but produced a large amount of carbon. 
The higher activity shows by cobalt rich catalysts is related with the higher activity of 
this metal for methane decomposition reaction, which is the rate limiting step of 
overall reaction. Moreover, the stability of cobalt rich catalysts also related with the 
appeared of large particles involved in long term conversion, due to they produce 
non-deactivating carbon. 
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2.2. Effect of catalyst support 
 

S. Damyanova et al. (2012) [21] prepared Ni catalysts on different supports 
,-Al2O3,MgAl2O4, SiO2-Al2O3 and ZrO2-Al2O3. The catalyst samples were tested in the 
reaction of reforming of methane with CO2 at 700 ◦C. This work was shown different 
supports influence the catalyst’s structure, catalytic activity and stability of the 
reaction. Ni/MgAl2O4 catalyst showed the highest catalytic performance due to the 
presence of small well dispersed of Ni particles, with size of 5.1nm. Which absence 
filamentous carbon because Ni/MgAl2O4 was strong interaction between Ni oxide 
species and MgAl2O4 support block the metal Ni sintering and the coke formation 
that leads to the high stability of reaction. However, Ni on SiO2-Al2O3 catalyst showed 
the lowest activity because the agglomeration of nickel particles and filamentous 
carbon under reaction conditions. 

 
 
A. Luengnaruemitchai et al. (2008) [22] synthesized Ni metal on different 

types of zeolite supports; zeolite A, zeolite X, zeolite Y, and ZSM-5. All supports 
were prepared by incipient wetness impregnation, and then reacted in the catalytic 
carbon dioxide reforming of methane into synthesis gas at 700 ◦C, and under 
atmospheric pressure. Firstly, researcher chose zeolites for reaction because it had 
well-defined structure, high surface area, high thermal stability, and high affinity for 
CO2, which expected to enhance both catalytic activity and stability. The studies 
found that Ni/zeolite Y showed better catalytic performance than the other studied 
zeolites because zeolite Y support reduced carbon formation effect of catalysts. The 
research found the deactivation of catalyst not observed on catalyst. Finally, 7 wt.% 
Ni was the optimum value for all zeolites supported in dry methane reforming 
reaction. 
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S. Linping et al. (2010) [23] studied the effect of rhodium dispersion on 
catalytic activity and coke resistance on the catalyst. Researchers synthesized Rh/H-
Beta zeolite with varied Rh metal loading from 0.5wt% to 4.0wt% in various reaction 
temperature range 600-900 ◦C. The results indicated the catalysts with Rh loading of 
0.5 wt% and 1.0 wt% exhibiting high resistance to coke because H-Beta has high 
thermal stability with three-dimensional interlinking channels of 12-membered ring. 
They suggested that high dispersion of rhodium on H-Beta at low rhodium loading 
leads to the high activity for this reaction. 

 
 
A. Fakeeha et al. (2013) [16] studied the stability of different supports on dry 

methane reforming reaction with varied reaction temperature (500, 600 and 700 °C). 
Ni/-Al2O3, Ni/Y-zeolite and Ni/H-ZSM-5 catalysts were prepared using the incipient 
wetness impregnation method. The research found that 5%wt Ni/H-ZSM-5 catalysts 
obtained lower carbon deposition for DRM reaction leading to high stability. In 
addition, reaction temperature was the main reason for this deactivation of the 
catalysts was carbon deposition after reaction test. Based on thermodynamics, at a 
high reaction temperature (>650 °C) coke was expected to be formed mainly via CH4 
decomposition.  

 
 
M. Nagai et al. (2013) [24] studied the effect of catalyst pretreatment, the 

ratio of CH4/CO2 and compared Rh supported different support are CeO2  and Al2O3 
in carbon dioxide reforming of methane using micro-reactor. The oxidized or reduced 
Rh/Al2O3 catalyst had better activity and the addition CO2 enhanced formation of H2 
during the carbon dioxide reforming of methane. Furthermore, decrease the catalyst 
deactivation due to high catalytic performance. Rh/CeO2 catalyst is lower activity 
than Rh/Al2O3. 
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H.Y. Wang et al. (2013) [4] studied the carbon dioxide reforming of methane 
using Rh (0.5%wt.) over the reduced supported. Two group of oxide, reducible (CeO2, 
Nb2O5, TaO5, TiO2, and ZrO2) and no reducible (-Al2O3, La2O3, MgO, SiO2, and Y2O3) 
were used as supports. The no reducible metal oxide, (-Al2O3, La2O3, and MgO gave 
stable activities during reaction, and the activity increased in sequence; La2O3 < MgO 
≈ -Al2O3. The stability of catalyst was described as the long activity, ZrO2 and CeO2 
showed a very long activation period, but deactivation occurred of TaO5 and TiO2. 
Hence, the reducible oxide supported group gave lower yields of CO and H2 than 
the no reducible oxide supported group. Conclude, MgO and -Al2O3 were the most 
ability supported because they gave high performance of catalysts 

 
 
L. Ji et al. (2009) [25] studied three cobalt-based catalysts with 10%wt. cobalt 

were prepared by conventional impregnation of commercial -Al2O3 support 
(Co/AlCO-IM), Sol-gel method (Co/AlSG-IM), and direct Sol-gel processing from 
organometallic compounds (Co/AlSG), respectively. The result showed all three 
catalysts had the same activity at 750˚C. While as, Co/AlSG showed low catalytic 
activity with low reaction temperature (550-650˚C), because of the formation of 
CoAl2O4. Nevertheless, it had the best carbon resistivity. Rapid and large carbon 
deposition occurred on Co/AlCO-IM catalyst. Compared with the Co/AlCO-IM catalyst, the 
Co/AlSG had smaller metallic Co particles, more surface OH- species and stronger 
metal-support interaction. These properties may useful for resistant of carbon 
formation. 

 
 
 

 



 
 

 

CHAPTER III 

Theoretical 

 
3.1 Syngas and Hydrogen production 
 

 Hydrogen can be produced from several of feedstock [26]. These include 
fossil resources (such as natural gas and coal), and renewable resources, such as 
biomass and renewable energy sources (e.g. sunlight, wind, wave or hydro-power) 
[27]. A variety of process technologies can be used, including chemical, biological, 
electrolytic, photolytic and thermo-chemical [21]. Moreover, syngas produced 
through the following catalytic processes: partial oxidation, steam reforming, dry 
reforming and oxy-reforming processes [14]. These processed represent a very 
versatile intermediate in several synthetic routes, lead to ultra-clean liquid fuels and 
valuable raw chemicals from alternative sources to petroleum. Syngas and hydrogen 
currently are produced from natural gas by means of three different chemical 
processes: 

 3.1.1 Steam reforming (steam methane reforming – SMR) [15] is an effective 
commercial process. Steam reforming involves the endothermic conversion of 
methane and water vapor into hydrogen and carbon monoxide. Heat is often 
supplied from the combustion of the methane feed-gas. The process typically occurs 
at high reaction temperatures [28]. The gas product contains CO, which can be 
further converted to CO2 and H2 through the water-gas shift reaction [26]. 

CH4 + H2O ↔ CO + 3H2  (6)  
CO + H2O ↔ CO2 + H2  (7)  

 3.1.2 Partial oxidation of natural gas is the process whereby hydrogen is 
produced through the partial combustion of methane with oxygen gas to yield 
carbon monoxide and hydrogen [9]. This process is an exothermic reaction which 
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heat is produced. Hence, a compact design can be achieved because there is no 
need for external heating for the reactor. produced CO is further converted to H2 as 
described in equation (8) [1]. 

CH4 + 1/2O2 ↔ CO + H2  (8) 

 3.1.3 Carbon dioxide reforming of methane or dry methane reforming (DRM) 
[1] is a method to produce synthesis gas (mixtures of hydrogen and carbon 
monoxide) from the reaction of carbon dioxide with hydrocarbons such as methane. 
Synthesis gas is conventionally produced via the steam reforming reaction [14]. In 
recent years, there are increased concerns on the contribution of greenhouse gases 
to global warming [15]. Replacing reactant from steam to carbon dioxide is suggested. 

CH4 + CO2 ↔ 2H2 + 2CO  (9) 
CO2 + H2 ↔ H2O + CO  (10) 

 Moreover, hydrogen applied in ammonia synthesis process, hydrotreating, 
hydrogenation, and fuel cell power [21]. 

 

3.2. Carbon dioxide reforming of methane 

 
Dry (CO2) reforming of methane (DRM) or carbon dioxide reforming of 

methane is a well-studied reaction in both scientific and industrial importance [10]. 
This reaction produces syngas that used in produce wide range of products, such as 
higher alkanes and oxygenates by means of Fischer–Tropsch synthesis [16]. This 
reaction is highly endothermic reaction at high temperature. However, the problems 
DRM are inevitably accompanied by carbon deposition. DRM is a highly endothermic 
reaction and requires operating temperatures at 800–1000 °C. 1.) to attain high 
equilibrium conversion of CH4 and CO2 to H2 and CO. 2.) to minimize the 
thermodynamic driving force for carbon deposition [29]. Products of this reaction, 
first, hydrogen could be applied as fuel cells and more, as mentioned above [6], 
second, the synthesis gas, a mixture of carbon monoxide and hydrogen can be used 
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a raw material in the production of methanol, dimethyl ether and Fischer-Tropsch 
synthesis [14].  

3.2.1 Overall reaction for carbon dioxide reforming of methane. 

CH4 + CO2 ↔ 2H2 + 2CO  ∆H = 247 kJ /mol      (5) CO2 reforming of CH4 

CO2 + H2 ↔ H2O + CO ∆H = 41.2 kJ /mol      (6) Reverse water-gas shift 

CH4 ↔ C + 2H2   ∆H = 75 kJ /mol  (7) CH4 decomposition 

2CO ↔ C + CO2  ∆H = -172 kJ /mol      (8) Boudouard  

CO + H2 ↔ H2O + C  ∆H = -131 kJ /mol      (9) Reverse carbon gasification 

The reaction equilibrium for carbon dioxide reforming of methane (5), usually 
occurs simultaneously with reverse water-gas shift reaction (6), result a H2/CO ratio of 
less than unity. In addition to the side reaction, CH4 decomposition (7) and 
Boudouard reaction (8) were involved with carbon deposition on the catalyst’s 
surface. The equilibrium constant of the carbon dioxide reforming of methane is a 
strongly endothermic reaction which the conversion is increasing seriously with 
increasing reaction temperature [27]. However, methane decomposition (7), and 
reverse water-gas shift reaction, are moderately endothermic reaction. Hence, the 
raising in temperature increases the rate of reaction [7]. The Boudouard reaction (8) 
and the reverse carbon gasification are exothermic reaction [8]. Therefore, the 
thermodynamic does not prefer at higher temperature. In conclusion, high 
temperature is more favorable for the carbon dioxide reforming of methane (5) than 
side reaction [12]. 

 Because the carbon dioxide reforming of methane reaction is strongly 
endothermic it requires high temperature. Thus, the main drawback of this reaction is 
the rapid deactivation by carbon deposition on catalyst’s surface, sintering of 
metallic particles, or metal oxidation. The selection of appropriate catalysts and 
supports are playing an important role to prevent the deactivation [6]. 
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3.3 Sol-gel method 
 

 Sol-gel methods are synthesis materials from solutions, in which the gel 
formation is present at one of the process stages[30]. The most famous version of 
the sol-gel process is based on the processes of controlled hydrolysis of compounds, 
usually alkoxides M(OR)x (M = Si, Ti, Zr, V, Zn, Al, etc.) or corresponding chlorides, in 
an aqueous or organic medium, usually alcohol [18]. 
 
 At the first stage of the sol-gel process the hydrolysis and poly-condensation 
reactions lead to the formation of a colloidal solution, i. e. sol, of hydroxide particles 
whose size does not exceed several dozen nm [24]. Increasing bulk concentration of 
the dispersed phase or other changes in external conditions (pH, solvent substitution) 
leads to the intense formation of contacts between particles and the formation of a 
monolithic gel, consists of a three dimensional continuous network, which encloses a 
liquid phase, In a colloidal gel, the network is built from agglomeration of colloidal 
particles. In a polymer gel the particles have a polymeric sub-structure made by 
aggregates of sub-colloidal particles [31]. Generally, the sol particles may interact by 
van der Waals forces or hydrogen bonds. A gel may also be formed from linking 
polymer chains. In most gel systems used for materials synthesis, the interactions are 
of a covalent nature and the gel process is irreversible. The gelation process may be 
reversible if other interactions are involved [32]. 
  
 Sol-gel process is played by the processes of solvent removal from the gel 
(drying). Depending on the method the synthesis can result in various products 
(xerogels, ambigels, cryogels, aerogels), whose properties are described in the 
corresponding sections [33]. The common features of these products include the 
preservation of the Nano sizes of the structural elements and sufficiently high values 
of specific surface area (hundreds of m2/g), although the bulk density can vary by 
hundreds of times. Most products of sol-gel synthesis are used as precursors in 
obtaining oxide Nano-powders, thin films or ceramics [11]. 
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Figure 3.1 Sol-gel synthesis 

 
 
3.4 Alumina 

 
Alumina has been the most common commercial carriers because of their 

excellent thermal stability and wide range of chemical, physical, and catalytic 
properties. Alumina (Al2O3) or Aluminum Oxide is the only oxide formed by the metal 
aluminum and occurs in nature as the minerals corundum (Al2O3), diaspore 
(Al2O3.H2O), gibbsite (Al2O3.3H2O), and most commonly as bauxite [34], which is an 
impure form of gibbsite. The alumina consists of more than a dozen well-
characterized amorphous or crystalline structures. It varies over wide range of surface 
area (0.5-600 m2/g), pore size and pore distribution. Alumina is also the most 
important and wide-ranging use of alumina is in the field of ceramics [35]. 
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The structures and properties of a given alumina depend on its preparation, 
purity, dehydration, and thermal treatment history [11]. The more acidic, high-
surface-area alumina hydrate produced at relatively low temperature by precipitation 
from either acidic or basic solutions and are transformed by dehydration and 
treatment at high temperature to ‘transitional’, , , , , and - alumina and 
ultimately -alumina, all of lower surface area and acidity [36]. Some of the more 
well-known transformations are illustrated as a function of calcination temperature in 
Figure 3.2, and the physical and structural characteristics of important alumina phase 
formed at different calcinations temperatures are listed in Table 3.1 [8]. 

 

Figure 3.2 Alumina phase present at different temperatures 
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Table 3.1 Physical and structural characteristic of common aluminum oxides. 
Tcalc(°C) Alumina phase SA, (m2/g) Vpore, (cm3/g) Dpore, (nm) 

250 Pseudoboehmite 390 0.50 5.2 

450 - alumina 335 0.53 6.4 

650  226 0.55 9.8 

850  167 0.58 14 

950 - alumina 120 0.50 16.6 

1050 - alumina 50 0.50 28 

1200 α- alumina 1-5   

 
 

3.5 Zeolite 
 
Zeolites are microporous, aluminosilicate minerals commonly used as 

commercial adsorbents and catalysts [28]. The term zeolite had been adsorbed by 
the material. Based on this, called the material zeolite, from the Greek zein, meaning 
"to boil" and líthos, meaning "stone" [37]. Zeolites are water-aluminosilicates of 
natural or synthetic origin with highly structures. They consist of SiO4 and AlO4

- 
tetrahedra, which are inerlinked through common oxygen atoms give a three 
dimensional network through which long channels run [38]. The interior characteristic 
of zeolites channels, which are characteristic of zeolites, are water molecules and 
mobile alkali metal ions, which can be exchanged with other cations. These 
compensate for the excess negative charge in the anionic framework resulting from 
the aluminum content [14]. The interior of the pore system, with its atomic-scale 
dimension, is the catalytically active surface of the zeolites. The inner pore structure 
depends on the composition, the zeolite type [39]. 

 
 

http://en.wikipedia.org/wiki/Aluminosilicate
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H-Beta Zeolite 
 

 
Figure 3.3 Structure of H-Beta zeolite 

 
Zeolite beta (BEA) showed high catalytic activity. The structure of BEA was 

only recently determined, because the crystals of BEA always contains severe 

structure faulting and hence shows strong diffuse scattering in diffraction patterns 

[35]. The structure of BEA consists of an inter-grown hybrid of two distinct polytypic 

series of layers viz. polymorph A and B. Both the polymorphs have 3D network of 12-

ring pores. The polymorph grows as two dimensional sheets and the sheets 

randomly alternate between the two [40]. BEA has two mutually perpendicular 

straight channels each with a cross section of 0.76 x 0.64 nm along the a and b 
direction and a helical channel of 0.55 x 0.55 nm along the c-axis. BEA is of great 
industrial interest because of its high acidity and larger pore size [40]. BEA has been 
successfully used for acid catalyzed reactions, catalytic cracking, aromatic and 
aliphatic alkylation. It has been shown that the acidity of BEA can be tuned by the 
incorporation of trivalent and tetravalent atoms (B, Al, V, Ti, Sn, Cr, Fe) into the 
framework positions of BEA [41]. In addition, H-Beta has well-defined structure, high 
surface area, high thermal stability , high affinities for carbon monoxide, and potential 
to deliver high metal dispersion [37]. 
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3.6 Silica dioxide 
  

  Silica dioxide is a chemical compound that is an oxide of silicon with 
the chemical formula SiO2. Silica is a group IV metal oxide, which has good abrasion 
resistance, electrical insulation and high thermal stability [42]. Silica occurs 
commonly in nature as sandstone, silica sand or quartzite. It is the starting material 
for the production of silicate glasses and ceramics. Silica is one of the most abundant 
oxide materials in the earth's crust [42]. It can exist in an amorphous form (vitreous 
silica) or in a variety of crystalline forms. Often it will occur as a non-crystalline 
oxidation product on the surface of silicon or silicon compounds [43]. 
 
 

3.7 Metal catalyst  
 
Catalysts contain noble metal such as Pt, Ru and Rh, have high activity and 

selectivity for the DRM reaction in addition to good stability towards coke deposition, 
however there are still high cost [44]. From a point of economy, Industrial used Ni 
metal because Ni catalyst has high activity catalytic. Moreover, a major problem Ni 
catalyst is carbon deposition on surface, which leads to agglomerates of active site of 
catalyst and deactivation at high temperature [7, 8]. To solve this problem, some 
researches data reported about cobalt metal generally behavior towards the 
suppression of carbon deposition and cobalt has better dispersion on support. 

 

 

 

 

 

http://en.wikipedia.org/wiki/Oxide
http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Silicon
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3.7.1 Nickel 
 
 Nickel is a chemical element with symbol Ni and atomic number is 28. Nickel 
has high activity in chemical industrial such as a catalyst in carbon dioxide reforming 
of methane. Pure nickel shows a significant chemical activity that can be observed 
when nickel is powder to maximize the exposed surface areas on which reactions 
can occur, but larger pieces of the metal are slow to react with air at ambient 
conditions due to the formation of a protective oxide surface [7]. 
 
 The nickel atom has two electron configurations, [Ar] 3d8 4s2 and [Ar] 3d9 4s1, 
which are transition metal The most common oxidation state of nickel is +2, but 
compounds of Ni0, Ni+, and Ni3+ are well known, as well as exotic oxidation states 
Ni2−, Ni1−, and Ni4+ [27]. 
 
 Nickel(0) or Tetracarbonylnickel (Ni(CO)4) is a volatile, highly toxic liquid at 
room temperature. On heating, the complex decomposes back to nickel and carbon 
monoxide: 

Ni(CO)4  ↔ Ni + 4CO    (10) 
   

 The related nickel(0) complex bis(cyclooctadiene)nickel(0) is a useful catalyst 
in organonickel chemistry due to the easily displaced cod ligands [45]. 
 
 Nickel(I) complexes are uncommon, however one example is the tetrahedral 
complex NiBr(PPh3)3. Many nickel(I) complexes feature Ni-Ni bonding, such as the dark 
red diamagnetic K4[Ni2(CN)6] [46] 
 
 Nickel(II) forms compounds with all common anions, i.e. the sulfide, sulfate, 
carbonate, hydroxide, carboxylates, and halides. Nickel(II) sulfate is produced in large 
quantities by dissolving nickel metal or oxides in sulfuric acid [47]. It exists as both a 
hexa- and heptahydrates. This compound is useful for electroplating nickel. Common 
salts of nickel, such as the chloride, nitrate, and sulfate, dissolve in water to give 

http://en.wikipedia.org/wiki/Atomic_number
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green solutions containing the metal aquo complex [Ni(H2O)6]
2+. The structures of 

these solids feature octahedral Ni centers. Nickel(II) chloride is most common, and its 
behavior is illustrative of the other halides. Nickel(II) chloride is produced by 
dissolving nickel or its oxide in hydrochloric acid [48]. 
 
 Nickel(III) and (IV) Numerous Ni(III) compounds are known, with the first such 
examples being Nickel(III) trihalophosphines [49]. Further, Ni(III) forms simple salts 
with fluoride or oxide ions, Ni(III) can be stabilized by σ-donor ligands. Ni(IV) is 
present in the mixed oxide BaNiO3 [50]. 
. 
 
3.7.2. Cobalt  
 

 Cobalt is a chemical element with symbol Co and atomic number 27. Like 
nickel, common oxidation states of cobalt include +2 and +3 [51], although 
compounds with oxidation states ranging from −3 to +4 are also known. A common 
oxidation state for simple compounds is +2 (cobalt(II)). These salts form the pink-
colored metal aquo complex [Co(H2O)6]

2+ in water [8]. It is readily oxidized with water 
and oxygen to brown cobalt(III) hydroxide (Co(OH)3). At temperatures of 600–700 °C, 
CoO oxidizes to the blue cobalt(II,III) oxide (Co3O4), which has a spinel structure. The 
reduction potential for the reaction [52] 
 

Co3++ e− → Co2+   (11) 
  
 Several cobalt compounds are used in chemical reactions as oxidation 
catalysts. Cobalt acetate is used for the conversion of xylene to terephthalic acid, 
the precursor to the bulk polymer polyethylene terephthalate. Typical catalysts are 
the cobalt carboxylates [33]. They are also used in paints, varnishes, and inks as 
"drying agents" through the oxidation of drying oils. The same carboxylates are used 
to improve the adhesion of the steel to rubber in steel-belted radial tires [53]. 
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Cobalt-based catalysts are also important in reactions involving carbon monoxide. 
Steam reforming, useful in hydrogen production, uses cobalt oxide-base catalysts. 
Cobalt is also a catalyst in the Fischer–Tropsch process [17], used in the 
hydrogenation of carbon monoxide into liquid fuels [54]. The hydroformylation of 
alkenes often rely on cobalt octacarbonyl as the catalyst, although such processes 
have been partially displaced by more efficient iridium- and rhodium-based catalysts 
[55]. 
 
  
  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

CHAPTER IV 

EXPERIMENTAL 

 
In this chapter describes the experimental procedure used in this research, 

which can divide into three sections. Firstly, to explains support and catalysts 
preparation in this work in section 4.1. Secondly, the properties of the catalysts 
characterized by various techniques and discussed in section 4.2. Finally, the reaction 
studies in the carbon dioxide reforming of methane reaction explained in section 4.4. 
 
 
4.1 Catalyst preparation 
 
 This research focuses on the monometallic and bimetallic catalysts on Al2O3-
H-Beta and Al2O3-SiO2 support, which are prepared by Sol-gel method and Gamma-
alumina commercial support. Therefore, the details of preparation procedure are 
important. 
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4.1.1 Chemicals 
 
 The support and material precursor used for the catalysts preparation are 
listed in the Table 4.1 
 
Table 4.1 Chemical used for the catalysts preparation 

Chemical Formula Manufacturer 
H-Beta-zeolites  TOSOH 
aluminum isopropoxide >98% C9H21O3Al Aldrich 
Silica dioxide >98% SiO2 Aldrich 
Alumina oxide >98% Al2O3 Aldrich 
Ethanol 99% C2H5OH Qrec New Zealand 
Hydrochloric acid 37.7% HCl Sixma 
Nickel (II) nitrate hexahydrate 98% Ni(NO3)2.6H2O Fluka 
Cobalt (II) nitrate hexahydrate 98% Co(NO3)2.6H2O Carbo Erba 

 
 
4.2 Material preparation 
 
 4.2.1 Support synthesis by sol-gel method 

 In this study H-Beta alumina and silica alumina were employed as support. 
Which were prepared by Sol-gel method. For this purpose, alumina isopropoxide 
used as precursor was first hydrolyzed in mixture of ethanol and deionized water 

with volume ratio by stirred at 80C for 1 hr. Then, increase temperature of solution 

to 90C for 15 min. After that H-Beta zeolite or silica powder was added into the 
solution with H-Beta zeolite or silica to Al2O3 weight ratio 1:3. Subsequently, added 
hydrochloric acid to solutions and controlled pH value equal to 2.5 with stirred at 

90C around 10 hr. After this step the sol was become viscous. The formed gel was 

dried overnight at 110C and calcined at 550C under air condition for 2 hr. 4.2.1 
Catalysts synthesis by incipient wetness impregnation method 
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4.2.2 Catalysts synthesis by incipient wetness impregnation method 

H-Beta zeolite alumina, silica alumina, and alumina commercial supported 
monometallic and bimetallic with varied compositions (10wt%Ni, 10wt%Co and 
5wt%Ni5%wt.Co) were synthesized by the Incipient Wetness Impregnation (IWI) 
technique using nickel nitrate hexahydrate, and cobalt nitrate hexahydrate as Ni and 
Co precursors with appropriate concentration loading above. After impregnation, 
catalysts were kept at room temperature for 4 h in order to assure completely 

adequate distribution of metal. Then, the catalysts were dried at 110C overnight 

and calcined at 500C for 4 hr. 

 

4.3 Catalyst characterization 
 

4.3.1 X-Ray diffraction (XRD) 
 
 X-Ray diffraction (XRD) used to find the crystal structure of an unknown. Then 

XRD is used to investigate unknown material and determine of unknown solids. 
These features are critical to studies in geology, environmental science, material 
science, engineering and biology. Other applications include; characterization of 
crystalline materials, identification of fine-grained minerals. Thus this work, X-ray 
diffraction (SIEMENS D 5000), it was connected to a personal computer with Diffract 
AT version 3.3 program for fully control of XRD analyzer. The XRD is analyzer for the 

Cu K radiation between 20-80 with a generator voltage and current of 30kV and 

30mA respectively, to identify the crystallite phase. The step scan was 0.04. 

 
 
4.3.2 N2-physisorption 
  

 Brunauer- Emmett-Teller Method (BET) method is the most widely used 
procedure to determine the surface area of solid materials and involve use of the 
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BET equation. BET is used to find specific surface area, pore volume and pore 
diameter of prepared catalysts. 0.1 grams of each samples were analyzed by N2 
adsorption desorption isotherm used micromeritics ASAP 2020 at liquid nitrogen 

temperature of -196C. This research determined surface area and pore size 
distribution were calculated by BET and (BJH) methods respectively. 
 
 

4.3.3 Scanning Electron Microscope (SEM-EDX) 
 

A scanning electron microscope (SEM) is a type of electron microscope that 
produces images of a sample by scanning with a focused beam of electrons. SEM is 
the most widely used procedure to determine the morphology structure of sample. 
Other applications include the shape and size of the sample. The JEOL JSM-35 CF 
model at the Scientific was used for this work. 

 

4.3.4 Thermogravimetric analysis (TGA) 
 

The as-spun alumina fibers was subjected to the thermogravimetric and 
differential thermal analysis (Diamond Thermogravimetric 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 room temperature to 1000 oC. The analysis 

was performed at a heating rate of 10C/min in 100ml/min flow air. 

 
4.3.5 Hydrogen Temperature Programmed Reduction (H2-TPR) 
 
The reducing temperatures of prepared catalysts were observed by 

Temperature Programmed Reduction of Hydrogen (H2-TPR) equipment by using 
Micromeritics chemisorp 2750 Pulse Chemisorption System. In experiment, 0.1g of 
the catalyst samples was placed in a quartz tube and the sample was pretreated in 
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flow of nitrogen at 500C for 1 hr. The H2-TPR profiles were obtained using 10%H2 in 

Ar gas mixture flow rate of 25 ml/min from 40C to 800C. Hydrogen consumption 
during the TPR experiments was measured by the TCD as a function of temperature. 

 

4.3.6 Temperature Programmed Desorption (NH3-TPD) 
 
Acid properties of prepared catalysts were observed by NH3-TPD by using 

Micrometritics Chemisorb 2750 Pulse Chemisorption System. In experiment, 0.1g of 
the catalyst sample was place in a quartz tube and the sample was pretreated in a 

helium flow at 500C for 1 h and then ammonia was introduced with helium. After 

that, the samples were heat from 40C to 800C while the temperature was 

elevated at a rate of 10C /min. The desorbed ammonia was detected by a TCD. 

 

4.3.7 Hydrogen Chemisorption 
 
Hydrogen Pulse Chemisorption was performed by using Micrometritics 

Chemisorb 2750 and ASAP 2101CV.3.00 software unit fitted with a Thermal 
Conductivity Detector (TCD) to determine amount of H2 chemisorption of catalyst. 
0.1g of the catalyst sample was place in a quartz tube and the catalyst sample were 

reduced by H2 at 600C for 1 h at flow rate of 30 ml/min. H2 was pulsed over 
reduced sample until TCD. The synthesized catalysts were tested in dry methane 

reforming reaction (DRM) at 700C 
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4.4 Reaction in carbon dioxide reforming of methane 
 
 4.4.1 Material 
 
 In this reaction, the CH4 in CO2 feed was used to the reactant gas from Thai 
Industrial Gas Limited (TIG). The carbon dioxide reforming of methane was operated 
using 0.2 g catalyst packed in a fixed-bed continuous-flow quartz reactor feed 
mixture composition of CH4:CO2 50:50 Vol% the total gas flow rate was 60 ml/min. 

The catalyst was heat from ambient temperature to 600C and reduced in flowing H2 
for 1h. under atmospheric pressure. Then, the synthesized catalysts were tested in 

dry methane reforming reaction (DRM) at 700C. The exit gas was analyzed by 
Thermal Conductivity Detector-type gas chromatograph (Shimudzu, GC-8A) equipped 
with Porapak-Q and Molecular sieve 5A packed column. 

 
 
4.4.2 Apparatus 
 
The catalytic test was performed in a flow system as shown diagrammatically 

in Figure 4.1 The apparatus consisted of a fixed-bed continuous-flow quartz reactor, 
electrical furnace and temperature controller. The instruments used in this system 
are listed and explain flow; 

 
 
 
 
 
 
 
 
 
 
 



   
 

 

51 

 
 

 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 4.1 Flow Diagram of carbon dioxide reforming of methane 
 

1. CH4:CO2 balance gas (1:1 ratio)  9. Inlet gas inject port 
2. N2 gas cylinder     10. Furnace 
3. H2 gas cylinder     11. Quartz tube 
4. On-off valve     12. Thermocouple 
5. Filter      13. Bubble flow 
6. Mass flow controller    14. Temperature controller 
7. Check valve     15. Variable voltage transformer 
8. 4-ways fitting     16. outlet gas inject port 
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4.4.2.1 Reactor 
 
The reactor was a quartz tube. Length of 47 mm and inner diameter of 12 mm. 

The catalyst was filled between quartz wool layers. 
 
4.4.2.2 Temperature controller 
 
There is a magnetic switch connected to a variable voltage transformer and a 

temperature controller this system included a thermocouple attached to the catalyst 
bed in reactor. A dial setting established a set point at any temperature within the 
ranged between 0˚C to 1000˚C 

 
4.4.2.3. Electrical furnace 
 
 This supply required heated to the reactor for reaction. The reactor could be 

operated at 700˚C 
 
4.4.2.4 Gas controlling system 
 
Gas was adjusted by a pressure regulator (0-120 psig), an on-off valve and needle 

valve were used adjust flow of gas. 
 
4.4.2.5 Gas chromatographs 
 
Gas composition in feed and product were analyzed by a Shimadzu GC8A gas 

chromatograph equipped with a TCD (Thermal conductivity detector). The operating 
conditions for each instrument are summarized in Table 4.2 
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Table 4.2 Operating condition of gas chromatograph in carbon dioxide 
reforming of methane 

Gas Chromatograph Shimazu, GC-8A 
Detector TCD TCD 
Column Porapack-Q Molecular sieve 5A 

Carrier gas Ar Ar 
Carrier gas flow 50 ml/min 50 ml/min 

Column temperature 
- Initial 
- Final 

 
70˚C 
70˚C 

 
70˚C 
70˚C 

Detector temperature 100˚C 100˚C 
Injector temperature 100˚C 100˚C 

Current (mA) 80 80 
Analyzed gas CO2 H2, CH4, CO 

 
 
4.4.3 Reaction method 
 
 The carbon dioxide reforming of methane was carried out at atmospheric 
pressure in fix-bed flow reactor (quartz tube, inner diameter 12 mm and length 47 
mm) packed with 0.2 g catalyst. The reactor temperature was measured and 
controlled by K-type thermocouple positioned at the middle of catalyst bed. The 
catalyst was reduces in pure hydrogen (50ml/min) at 600˚C for 1 h. Then, the 
hydrogen was replaced by pure nitrogen (50ml/min) and the system was heated 
(10˚C/min) to the reaction temperature for 30 min. The catalytic performance test 
was carried out at 700˚C. The feed gas consisted of methane and carbon dioxide 
(volume ratio 1:1), and feed flow rate 75 ml/min. The gas compositions of reactants 
and products were analyzed by TCD detector type gas chromatograph (Shimudzu, 
GC-8A) equipped with a Porapack-Q and Molecular sieve 5A packed column.



 
 

 

CHAPTER V 

RESULTS AND DISCUSSION 

 
The chapter is divided into three parts. Part (5.1) illustrates the effect of 

monometallic (10%wt.Ni, 10%wt.Co) and bimetallic (5%wt.NiCo) on different 
supports which are H-Beta-Al2O3, Al2O3-SiO2 prepared by sol-gel method and Gamma-
alumina commercial. Part (5.2) illustrates the effect of kinds of supports, which are H-
Beta-Al2O3, Al2O3-SiO2 and Gamma-alumina commercial support. All supports used 
5%wt.Ni5%wt.Co which is prepared by incipient wetness impregnation. Part (5.3) 
illustrates the effect catalysts with different loading ratio of nickel metal and cobalt 
metal on H-Beta-Al2O3 supports. Loading ratios of nickel and cobalt indicates as 
followed 1:3, 1:1 and 3:1. Catalysts were prepared by incipient wetness impregnation 
method. The catalysts were characterized by XRD, N2-physisorption, H2-TPR, NH3-TPD, 
H2-chemisorption, TGA, SEM-EDX. The performance of the catalytic activity in the CO2 
reforming of methane also explained in this part. 
  
 
5.1 Effect of monometallic (10%wt.Ni, 10%wt.Co) and bimetallic 
(5%wt.Ni5%wtCo) on different supports 
 
5.1.1 Effect of monometallic (10%wt.Ni, 10%wt.Co) and bimetallic 
(5%wt.Ni5%wtCo) on H-Beta-Al2O3 support 
 
5.1.1.1 Catalysts characterization 
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5.1.1.1.1 X-ray diffraction (XRD) 

 
 The XRD pattern show the monometallic (10%wt.Ni, 10%wt.Co) and 
bimetallic (5%wt.Ni5%wt.Co) on H-Beta-Al2O3 support. H-Beta-Al2O3 was prepared by 
sol-gel method. The monometallic and bimetallic catalysts which prepared by the 
incipient wetness impregnation were calcined at 500˚C. XRD result of each catalysts 

are shown in figure 5.1. The scans were recorded in the 2 range of 20-80˚. The XRD 
diffraction peaks of all the Ni-loaded catalysts exhibit at 2 degrees 32.6˚, 43.9˚and 
64.1˚, which correspond to NiO or NiAl2O4 crystalline phase [20]. Also, the Co-loaded 
catalysts exhibit at 2 degrees 26.3˚, 30.3˚, 36.4˚, 43.9˚, 58.1˚ and 64.1˚, which 
correspond to Co3O4 or CoAl2O4 crystalline phase [1]. The Co3O4 or CoAl2O4 and NiO 

and NiAl2O4 crystalline phase, there is no significant difference between phase 
structures [11]. This suggests that the Co3O4 or CoAl2O4 and NiO or NiAl2O4 may have 
similar morphology due to the detection limit of the XRD [41, 56]. In term of Ni and 
Co species, the XRD peaks corresponding to nickel oxide and cobalt oxide crystallite 
phase could not be separated because of their similar morphology [43]. The result 
showed H-Beta-Al2O3 has sharp peak, however, after added metal both in the 
monometallic (10%wt.Ni/H-Beta-Al2O3, (10%wt.Co/H-Beta-Al2O3) and bimetallic 
(5%wt.Ni5%wt.Co/H-Beta-Al2O3) catalyst can decrease the crystallite phases. The 
monometallic catalysts showed characteristic peaks of H-Beta-Al2O3 support with the 
corresponding peaks of metal oxides: Co3O4 and NiO, respectively. 
5%wt.Ni5%wt.Co/H-Beta-Al2O3 was reported in the literature review that during the 
calcination Ni and Co tend to form NiCo2O4. However in bimetallic catalyst, no 
NiCo2O4 or Co3O4 were detected, most likely because of their small particle sizes [20, 
43]. These features suggest the cobalt species have higher dispersion in the 
bimetallic system than in 10%wt.Co/H-Beta-Al2O3. The crystallite sizes of the 
catalysts calculated by Scherrer equation using XRD pattern. The average crystallite 
sizes after calcination at 500˚C are summarized in table 5.1 The size of the catalyst 
H-Beta-Al2O3 support was 30.9 nm and the sizes of catalysts containing 10wt%.Ni, 
10wt%.Co and 5wt%.Ni5%wt.Co were 34.6 nm, 24.9 nm and 21.9 nm respectively. 
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The 10%wt.Ni/H-Beta-Al2O3 had the biggest size, 37.6 nm. It was reported in the 
literature review that the agglomerate of nickel particles [15]. 
 

 
 
Figure 5.1 The XRD patterns to compare between monometallic (10%wt.Ni, 
10%wt.Co) and bimetallic (5%wt.Ni5%wt.Co) on H-Beta-Al2O3 catalysts, 
♦ = Co3O4 or CoAl2O4, ●= NiO or NiAl2O4. 
 
 
 
 
 
 
 
 
 
 

      Co3O4 or CoAl2O4 
        NiO or NiAl2O4 

 
5%Ni5%Co/H-Beta-Al2O3 

10%Ni/H-Beta-Al2O3 

10%Co/H-Beta-Al2O3 

H-Beta-Al2O3 



   
 

 

57 

Table 5.1 Average crystallite size of between monometallic and bimetallic on H-
Beta-Al2O3 catalysts 

Sample 
Average crystallite size of catalysts 

from XRD (nm) 
5%Ni5%Co/H-Beta-Al2O3 21.9 
10%Ni/H-Beta-Al2O3 34.6 
10%Co/H-Beta-Al2O3 24.9 
H-Beta-Al2O3 30.9 

 
 
5.1.1.1.2 N2 physisorption 
 
 The nitrogen adsorption-desorption isotherm of the monometallic and 
bimetallic on H-Beta-Al2O3 catalysts are displayed in Fig. 5.2. All samples exhibited 
type IV isotherms and H2-shaped hysteresis loops that are typical of mesoporous 
structure. The H2-shaped hysteresis loops are associated with a more complex pore 
structure such as interparticle porosity or irregular tube-like porosity 
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Figure 5.2 Nitrogen adsorption-desorption isotherm of the monometallic and 
bimetallic on H-Beta-Al2O3 catalysts 
  
 The surface areas of catalysts were characterized by BET (Brunauer-Emmett-
Teller) method [57]. BET surface area, pore volume, and pore size of the 
monometallic (10%wt.Ni, 10%wt.Co) and bimetallic (5%wt.Ni5%wt.Co) on H-Beta-
Al2O3 catalysts were summarized in Table 5.2. The surface areas of monometallic 
and bimetallic catalysts were ranged between 255-306 m2/g. 5%wt.Ni5%wt.Co/H-
Beta-Al2O3 has higher surface area than 10%wt.Ni/H-Beta-Al2O3 and 10%wt.Co/H-Beta-
Al2O3. However, BET surface areas of catalysts were decreased compare to that of 
support. This suggests that some pore of H-Beta-Al2O3 support may be blocked by Ni-
metal and Co-metal loaded particles [56]. Moreover, pore volume of 10%wt.Ni/H-
Beta-Al2O3, 10%wt.Co/H-Beta-Al2O3 and 5%wt.Ni5%wt.Co/H-Beta-Al2O3 catalysts and 
catalyst support were ranged between 0.12-0.14 cm3/g. There is no significant 
difference between catalysts and catalyst support. In term of Ni and Co species, this 
suggests that the particles size of the Ni and Co metal may be small and their 

▲ H-Beta-Al2O3 
■ 10%Ni/ H-Beta-Al2O3 
♦ 10%Co/ H-Beta-Al2O3 
 5%Ni5%Co/ H-Beta-Al2O3 
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dispersion on support catalysts [54]. Then, the pore size of 10%wt.Ni/H-Beta-Al2O3, 
10%wt.Co/H-Beta-Al2O3, 5%wt.Ni5%wt.Co/H-Beta-Al2O3 catalysts and catalyst support 
were ranged between 3.56-3.90 nm. The monometallic and bimetallic catalysts 
indicated the decrease of pore size compare to H-Beta-Al2O3 support, illustrating that 
the some pores of H-Beta-Al2O3 were blocked by Ni and Co loaded particles [54, 55]. 
 
Table 5.2 N2 physisorption illustrate BET surface areas, pore volume and pore 
size of monometallic and bimetallic on H-Beta-Al2O3 catalysts 

Sample 
BET surface area 

(m2/g) 
Average pore 

volume (cm3/g) 
Average pore 

size (nm) 
5%Ni5%Co/H-Beta-Al2O3 270 0.14 3.78 
10%Ni/H-Beta-Al2O3 262 0.12 3.56 
10%Co/H-Beta-Al2O3 255 0.15 3.81 
H-Beta-Al2O3 306 0.18 3.90 

 
 
5.1.1.1.3 Hydrogen temperature program reduction (H2-TPR) 
 
 Hydrogen temperature program reduction technique was carried out to 
determine the reduction behaviors of the monometallic (10%wt.Ni, 10%wt.Co) and 
bimetallic (5%wt.Ni5%wt.Co) on H-Beta-Al2O3 catalysts samples prepared by the 
incipient wetness impregnation method by nickel nitrate and cobalt nitrate. In 
general, the TPR profiles depend on the metal support interaction, variance in metal 
particle size, and support porous structure which; resulted in different reducibility of 
nickel and cobalt species on the H-Beta-Al2O3 support [42]. The TPR profile for the 
monometallic (10%wt.Ni, 10%wt.Co) and bimetallic (5%wt.NiCo) on H-Beta-Al2O3 
catalysts samples are shown in Figure 5.2. 
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Table 5.3 TPR data of monometallic and bimetallic on H-Beta-Al2O3 catalysts 

Sample 
Tm (˚C) 

1˚ peak 2˚ peak 3˚ peak 
5%Ni5%Co/H-Beta-Al2O3 284 308 457 
10%Ni/H-Beta-Al2O3 520 - - 
10%Co/H-Beta-Al2O3 344 437 560 

 
 
According to the TPR profiles, the reducibility of NiO particles could be 

classified into one sharp peak, which was assigned to NiO to Ni0 species reduction 
[20]. The TPR-profiles of 10%Co/H-Beta-Al2O3 and 5%Ni5%Co/H-Beta-Al2O3, in both 
cases, three reduction peaks can be observed. It is estimated that the first reduction 
peak is the bulk Co3O4, the second reduction peak means the reduction of Co3O4 to 
CoO and the third peak represents the reduction of CoO to metallic cobalt [58, 59]. 
A similar result was also reported by Bouarab et al [60]. The reduction temperature 
of bimetallic catalyst is attribution to the formation of Ni-Co alloy as similar result 
reported by Wang et al [8]. The TPR results of the monometallic (10%wt.Ni, 
10%wt.Co) and bimetallic (5%wt.Ni5%wt.Co) supported on H-Beta-Al2O3 catalysts 
were compared the peak temperature summarized in Table 5.3. The reduction 
temperature of 5%wt.Ni5%wt.Co/H-Beta-Al2O3 decreased compared to 10%wt.Ni/H-
Beta-Al2O3 and 10%wt.Co/H-Beta-Al2O3 catalysts (10%wt.Ni/H-Beta-Al2O3 reduction 
temperature: 520˚C, 10%wt.Co/H-Beta-Al2O3 reduction temperature: 344˚C, 437˚C 
and 560˚C, 5%wt.Ni5%wt.Co/H-Beta-Al2O3 reduction temperature: 289˚C, 308˚C and 
457˚C). The decreased reduction temperature means in part that Ni and Co atoms in 
the 5%wt.Ni5%wt.Co/H-Beta-Al2O3 catalyst are more easily accessible than that in 
10%wt.Ni/H-Beta-Al2O3 and 10%wt.Co/H-Beta-Al2O3 catalysts [61]. A shift in the 
reduction peaks to lower temperatures implied an easier reducibility of the 
5%wt.Ni5%wt.Co/H-Beta-Al2O3 samples [52]. This result indicates that the addition of 
Co improves the dispersion of Co, leading to the surface enrichment of cobalt in 
5%wt.Ni5%wt.Co/ H-Beta-Al2O3 [59].  
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Figure 5.3 The TPR profiles of monometallic (10%wt.Ni, 10%wt.Co) and 
bimetallic (5%wt.Ni5%wt.Co) on H-Beta-Al2O3 catalysts 
 
 
5.1.1.1.4 Ammonia temperature program Desorption (NH3-TPD) 
 
 Ammonia temperature program desorption (NH3-TPD) was a widely technique 
used to determine the acidity on the surface of the catalysts [62]. The strength of 
the acid is related to the desorption temperature [59]. In addition, the total amount 
of ammonia desorption corresponding to the amount of total acidity at surface of 
catalysts [62]. 

 
 
 
 

5%NiCo/H-Beta-Al2O3 

10%Ni/H-Beta-Al2O3 

10%Co/H-Beta-Al2O3 

308˚C 
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344˚C 
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Table 5.4 Acidity form NH3-TPD of monometallic and bimetallic on H-Beta-Al2O3 
catalysts 

Samples Total acid site, (mmol H+/g cat) 
5%Ni5%Co/H-Beta-Al2O3 0.15 
10%Ni/H-Beta-Al2O3 0.14 
10%Co/H-Beta-Al2O3 0.09 
H-Beta-Al2O3 0.14 

  
The acidity on the surface of the samples monometallic and bimetallic on H-

Beta-Al2O3 catalysts were determined by NH3-TPD. The desorption temperature of 
5%wt.Ni5%wt.Co/H-Beta-Al2O3, 10%wt.Ni/H-Beta-Al2O3 and H-Beta-Al2O3 support only 
exhibit one desorption peak (5%wt.Ni5%wt.Co/H-Beta-Al2O3, 10%wt.Ni/H-Beta-Al2O3 

and H-Beta-Al2O3 support could be classified desorption temperature 141˚C, 154˚C, 
and 126˚C, respectively) indicating the presence of weak acid sites. 10%wt.Co/H-
Beta-Al2O3 presented a major desorption peak at 163˚C and a minor desorption peak 
at 460˚C. Generally, desorption temperature peak at temperature within 100–250˚C 
can be ascribed to weak acid sites and the desorption peak at temperature above 
250˚C is associated with strong acid sites [63]. It is apparent that no strong acid sites 
on 5%wt.Ni5%wt.Co/H-Beta-Al2O3, 10%wt.Ni/H-Beta-Al2O3 and H-Beta-Al2O3 support. 
In contrast, the presence of desorption peaks at high temperature on 10%wt.Co/H-
Beta-Al2O3 demonstrated the existence of strong acid sites compared with other 
catalysts. The desorption peak ascribed to strong acid sites on 10%wt.Co/H-Beta-
Al2O3 shifted to a much higher temperature (460˚C), indicating the increase of strong 
acidity. It has been known that the strong acid sites are responsible for the formation 
of coke and polymer on the catalyst surface [36, 46]. Moreover, the amounts of acid 
sites on the surface catalysts were showed in Table 5.4. The total acid sites of 
monometallic and bimetallic catalysts were ranged between 0.09-0.14 mol H+/g cat. 
The result find the increased acidity on 5%wt.Ni5%wt.Co/H-Beta-Al2O3 and 
10%wt.Ni/H-Beta-Al2O3 may hamper CO2 adsorption and activation leading to a lower 
activity [36]. 
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Figure 5.4 The NH3-TPD profiles of monometallic (10%wt.Ni, 10%wt.Co) and 
bimetallic (5%wt.Ni5%Co) on H-Beta-Al2O3 catalysts 
 
 
5.1.1.1.5 Scanning electron microscopy analyses (SEM) 

 
EDX analysis was determined quantitatively the amount of composition on 

the catalyst surfaces [46]. In all of the EDX, the values found for composition of a 
given catalyst were typically found in catalysts [16]. EDX results indicate that surface 
composition is close to target at roughly 10%wt.Ni, 10%wt.Co and 5%wt.Ni5%wt.Co. 
Catalysts with monometallic and bimetallic loadings were also investigated. The 
adjacent from target composition may be due to adequate mixing of the catalyst 
materials [29]. 
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Table 5.5 EDX Surface Composition (% Element) result of monometallic and 
bimetallic on H-Beta-Al2O3 catalysts 

Samples 
%Element %Atomic 

Al Si Ni Co Al Si Ni Co 
5%Ni5%Co/H-Beta-Al2O3 40.08 48.82 5.73 5.37 47.77 44.55 3.93 3.76 
10%Ni/H-Beta-Al2O3 37.17 55.36 9.28 - 37.93 57.37 4.70 - 
10%Co/H-Beta-Al2O3 36.03 53.20 - 10.77 36.03 55.33 - 8.64 

 
 

5.1.1.1.6 Hydrogen chemisorption 
 
 The amount of active site of the monometallic (10%wt.Ni, 10%wt.Co) and 
bimetallic (5%wt.Ni5%wt.Co) on H-Beta-Al2O3 catalysts were analyzed by the H2 
chemisorption. Table 5.6 shows the H2 chemisorption of the nickel and cobalt active 
site of the monometallic and bimetallic catalysts incurred from the incipient wetness 
impregnation method after calcined at 500˚C and reduction at 600˚C. The nickel and 
cobalt active site were ranged between 2.03-8.18 X1018 molecules H2/g cat in the 
order: 5%wt.Ni5%wt.Co/H-Beta-Al2O3 > 10%wt.Ni/H-Beta-Al2O3 > 10%wt.Co/H-Beta-
Al2O3. Besides, the 5%wt.Ni5%wt.Co/H-Beta-Al2O3 shows higher H2 chemisorption and 
better dispersion on support than 10%wt.Ni/H-Beta-Al2O3 and 10%wt.Co/H-Beta-Al2O3 
catalysts. This suggested 5%wt.Ni5%wt.Co/H-Beta-Al2O3 sample exhibited higher 
surface area and dispersion, illustrating the homogeneous distribution of the small Ni 
and Co particles [5]. According to the average crystallite size as measured from XRD, 
the crystallite size of catalysts from the 5%wt.Ni5%wt.Co/H-Beta-Al2O3 was smaller 
than the 10%wt.Ni/H-Beta-Al2O3. Therefore, the crystallite size of nickel and cobalt 
species of 5%wt.Ni5%wt.Co/H-Beta-Al2O3 may be easier to reduce to nickel and 
cobalt active site [58].  

 
 
 
 



   
 

 

65 

Table 5.6 Hydrogen chemisorption result of monometallic and bimetallic on H-
Beta-Al2O3 catalysts 

Sample 
H2 chemisorption 

(x10-18 molecules/g.cat) 
% Dispersion 

5%Ni5%Co/H-Beta-Al2O3 8.18 6.14 
10%Ni/H-Beta-Al2O3 6.33 4.57 
10%Co/H-Beta-Al2O3 2.03 3.97 

 
 

5.1.1.1.7 Thermogravimetric analysis (TGA) 
 

 The amount of carbon deposited on the monometallic and bimetallic on H-
Beta-Al2O3 catalysts samples after being used in CO2 reforming of CH4 was 
determined by TGA. The weight losses as a result of combustion of the carbon 
deposited on the spent catalysts are shown in Fig. 5.4. The weight losses of 
monometallic and bimetallic catalysts temperature were ranged between 434-505˚C. 
Weight losses temperature of 5%Ni5%Co/H-Beta-Al2O3, 10%Ni/H-Beta-Al2O3, and 10% 
Co/H-Beta-Al2O3 are 434˚C, 464˚C and 505˚C, respectively. However, the weight 
losses of monometallic and bimetallic catalysts were ranged between 24.9-56.3%. 
According to the TG profiles, cobalt-containing catalysts, 10%Ni/H-Beta-Al2O3 and 
10%Co/H-Beta-Al2O3 catalysts, showed a weight loss about 38.8% and 56.3% 
respectively, whereas 5%NiCo/H-Beta-Al2O3 catalyst exhibited a weight loss about 
24.9% revealing a lower carbon accumulation [48]. These features mirror a 
substantially higher resistance to carbon deposition of cobalt-containing catalysts [36, 
50]. Furthermore, they demonstrate that cobalt is effective in preventing carbon 
deposition even if it is alloyed with nickel [16, 64]. 
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Figure 5.5 TGA curves in air atmosphere after being used in reaction at 700 ◦C 
for 5 h for the monometallic (10%wt.Ni, 10%wt.Co) and bimetallic 
(5%wt.Ni5%wt.Co) on H-Beta-Al2O3 catalysts calcined at 500˚C  
 
 
5.1.1.2 The catalytic activity of the monometallic and bimetallic on H-Beta-Al2O3 
catalysts in CO2 reforming of methane 

 
 The overall activities of the monometallic (10%wt.Ni, 10%wt.Co) and 
bimetallic (5%wt.Ni5%wt.Co) on H-Beta-Al2O3 catalysts were studied in carbon 
dioxide reforming of methane reaction. Firstly, 0.2 g catalyst was packed in the quartz 
reactor. Total gas flow rate was 50 ml/min with the gas nitrogen. Secondly, the 
catalysts were reduced in flowing hydrogen at 600˚C for 1 h. Next, increase 
temperature to 700˚C with nitrogen. Finally, the reaction was carried out at 700˚C 
and 1 atm. 

24.9% 

38.8% 

56.3% 
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 The conversion and product selectivity during carbon dioxide reforming of 
methane reaction are shown in Table 5.7. The steady state of methane and carbon 
dioxide conversion of carbon dioxide reforming of methane reaction of the 
monometallic (10%wt.Ni, 10%wt.Co) and bimetallic (5%wt.Ni5%wt.Co) on H-Beta-
Al2O3 catalysts were ranging between 71.2-78.7% and 85.7-90.3% respectively. The 
CO2 conversion was higher than the CH4 conversion. This behavior is attributed to the 
occurrence of the reverse water gas shift reaction (RWGS) as is also suggested by the 
H2O evidence in the outlet gas stream. The RWGS, CO2 + H2 ↔ 4CO + H2O, is 
favored at high temperatures due to its endothermic nature [29, 61]. In the order 
methane and carbon dioxide conversion: 5%wt.Ni5%wt.Co/H-Beta-Al2O3 > 
10%wt.Ni/H-Beta-Al2O3 > 10%wt.Co/H-Beta-Al2O3. It was found that the 
5%wt.Ni5%wt.Co/H-Beta-Al2O3 showed the highest methane and carbon dioxide 
conversion among the 10%wt.Ni/H-Beta-Al2O3 > 10%wt.Co/H-Beta-Al2O3 catalysts. 
According to H2 chemisorption, the amount of nickel and cobalt active sites of 
5%wt.Ni5%wt.Co/H-Beta-Al2O3 catalysts are the highest the Ni and Co active sites 
although the BET surface area of 5%wt.Ni5%wt.Co/H-Beta-Al2O3 has high surface area 
and decrease pore volume which the nickel and cobalt particles may be located in 
the pore of H-Beta-Al2O3 support [42]. Comparing the monometallic (10%wt.Ni/H-
Beta-Al2O3, 10%wt.Co/H-Beta-Al2O3) catalysts, the 5%wt.Ni5%wt.Co/H-Beta-Al2O3 
exhibit slightly higher methane and carbon dioxide conversion than the 10%wt.Co/H-
Beta-Al2O3. According to H2 chemisorption, the amounts of active sites of 
10%wt.Ni/H-Beta-Al2O3 are higher than 10%wt.Co/H-Beta-Al2O3 catalyst. However 
5%wt.Ni5%wt.Co/H-Beta-Al2O3, cobalt addition improved nickel active catalyst which 
can result in higher methane and carbon dioxide conversion during the 3 h time-on-
steam. The improved with cobalt catalysts performances can be attributed to better 
dispersion of the NiO particles, according to the smaller crystallite sizes found in the 
XRD patterns[16]. That is the smaller NiO and CoO may be easier to reduce to active 
nickel and cobalt particles. Moreover, comparing the monometallic and bimetallic 
catalysts, the bimetallic (5%wt.Ni5%wt.Co/H-Beta-Al2O3) a shift of the reduction 
temperature towards lower temperature than monometallic catalysts, therefore, the 
reduction of NiO and CoO was easier [40]. According to the crystallite sizes, the 
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bimetallic showed the smaller NiO crystallite size. For the bimetallic catalyst, 
reducibility of the catalyst was also increased with the addition of Co-promoter. 
Furthermore, TGA result cobalt added to promoter of nickel base catalyst which 
gives higher resistance to carbon deposition of cobalt-containing catalysts. 
Furthermore, they demonstrate that cobalt is effective in preventing carbon 
deposition even if it is alloyed with nickel [60]. 
 
 The product selectivity is observed during carbon dioxide reforming of 
methane reaction. The result shows that the selectivity to CO is lower in 
5%wt.Ni5%wt.Co/H-Beta-Al2O3 than in the 10%wt.Ni/H-Beta-Al2O3 and 10%wt.Co/H-
Beta-Al2O3. In contrast, 5%wt.Ni5%wt.Co/H-Beta-Al2O3 showed the higher H2 
selectivity than the bimetallic. These results suggest that the high catalytic activity of 
the bimetallic sample is mostly related to the intrinsic nature of the Co-Ni alloy a 
better dispersion of the active phase in smaller particles, as recently proposed for an 
analogous system [65]. 
 
Table 5.7 The conversion, and product selectivity during CO2 reforming of 
methane at initial and steady-state conditions of monometallic and bimetallic 
on H-Beta-Al2O3 catalysts at 600˚C 

Sample 
Conversion (%) a Product selectivity (%) a 

Initial b Steady state c Initial b Steady statec 

CH4 CO2 CH4 CO2 H2 CO H2 CO 
5%Ni5%Co/H-Beta-Al2O3 79.4 90.3 78.7 92.3 95.8 4.2 96.7 3.3 
10%Ni/H-Beta-Al2O3 74.2 87.9 73.7 89.0 60.6 39.4 60.9 39.1 
10%Co/H-Beta-Al2O3 71.1 85.7 71.2 86.2 56.1 43.9 56.5 43.5 

a CO2 reforming of methane was carried out at 600˚C, 1 atm, CH4/CO2= 1:1 
b After 30 min of reaction 
b After 3 h of reaction 
 



   
 

 

69 

 
Figure 5.6 Methane conversion of monometallic and bimetallic on H-Beta-Al2O3 
catalysts at 700˚C 

 

 
Figure 5.7 Carbon dioxide conversion of monometallic and bimetallic on H-Beta-
Al2O3 catalysts at 700˚C 
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Figure 5.8 Hydrogen selectivity of monometallic and bimetallic on H-Beta-Al2O3 
catalysts at 700˚C 
 

 
Figure 5.9 Carbon monoxide selectivity of monometallic and bimetallic on H-
Beta-Al2O3 catalysts at 700˚C 
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5.1.2 Effect of monometallic (10%wt.Ni, 10%wt.Co) and bimetallic (5%wt.NiCo) 
on SiO2-Al2O3 support 
 
5.1.2.1 Catalysts characterization 
 
5.1.2.1.1 X-ray diffraction (XRD) 

  
Figure 5.9 shows the XRD patterns of the monometallic (10%wt.Ni, 10%wt.Co) 

and bimetallic (5%wt.Ni5%wt.Co) on SiO2-Al2O3 support. For both nickel and SiO2-
Al2O3 supported Ni based catalysts the diffraction lines observed at 2 degrees 30.2˚, 
43.9˚, 58.3˚and 65.5˚ are attributed to the NiO [20]. While, the Co-loaded catalysts 
exhibited at 2 degrees 30.2˚, 43.9˚, 58.3˚ and 64.0˚ are attributed to the Co3O4 [36]. 
In term of Ni and Co species, in all the catalysts diffraction peaks of nickel oxide and 
cobalt oxide crystallite phase were not detected because of their same morphology 
[55]. It is interesting to note that, for all catalysts, the peak intensities increase with 
the metal loading, which reflect the increase in crystallinity. The monometallic 
10%wt.Co/SiO2-Al2O3 and 10%wt.Ni/SiO2-Al2O3 catalysts show characteristic peaks of 
SiO2-Al2O3 support together are metal oxides: Co3O4 and NiO, respectively. Although 
bimetallic catalyst was reported in the literature that during the calcination Ni and Co 
tend to form NiCo2O4, in bimetallic catalyst 5%wt.Ni5%wt.Co/SiO2-Al2O3, neither 
NiCo2O4 nor Co3O4 were detected, most likely because of their small particle sizes 
[14]. These features suggest the cobalt and nickel species have higher dispersion in 
the bimetallic system than in monometallic [56].  

 
The Scherrer equation using the reflection at 37.9◦in the XRD patterns, the 

crystal size of monometallic, bimetallic and catalyst support was estimated range 
16.6-41.9 nm are summarized in table 5.8 As seen, only slight increase are noticed in 
the SiO2-Al2O3 crystal size upon the addition of metals. The size of the 10%wt.Ni/ 
SiO2-Al2O3 had the biggest size, 37.6 nm. It was reported in the literature that 
agglomeration of Ni particles due to low dispersion of 10%wt.Ni/ SiO2-Al2O3 catalyst 
[40]. 
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Figure 5.10 The XRD patterns to compare between monometallic (10%wt.Ni, 
10%wt.Co) and bimetallic (5%wt.NiCo) on SiO2-Al2O3 catalysts,        
♦ = Co3O4 or CoAl2O4, ● = NiO or NiAl2O4. 
 

 

Table 5.8 Average crystallite size of between monometallic and bimetallic on 
SiO2-Al2O3 catalysts 

Sample 
Average crystallite size of catalysts 

from XRD (nm) 
5%Ni5%Co/SiO2-Al2O3 25.8 
10%Ni/SiO2-Al2O3 41.9 
10%Co/SiO2-Al2O3 24.5 
SiO2-Al2O3 16.6 

      Co3O4 or CoAl2O4 
        NiO or NiAl2O4 

 

5%Ni5%Co/SiO2-Al2O3 
Al2O3 

10%Ni/ SiO2-Al2O3 

10%Co/ SiO2-Al2O3 

SiO2-Al2O3 



   
 

 

73 

5.1.2.1.2 Nitrogen physisorption 
 
 The nitrogen adsorption-desorption isotherm of the monometallic and 
bimetallic on SiO2-Al2O3 catalysts are shows in Fig. 5.11. All samples exhibit type II 
isotherms and H2-shaped hysteresis loops that are typical of macropore structure 
(>50 nm) [30]. The H2-shaped hysteresis loops are associated with a more complex 
pore structure such as interparticle porosity or irregular tube-like porosity. 
 

 
 

Figure 5.11 nitrogen adsorption-desorption isotherm of the monometallic and 
bimetallic on SiO2-Al2O3 catalysts 
 

Structural properties of the monometallic (10%wt.Ni, 10%wt.Co), bimetallic 
(5%wt.Ni5%wt.Co) and SiO2-Al2O3 support are presented in Table 5.9. The surface 
areas of monometallic and bimetallic catalysts were ranged between 126-173 m2/g, 
compared to no loaded metal on supports the 10%wt.Ni/SiO2-Al2O3 and 
10%wt.Co/SiO2-Al2O3 possess lower specific surface area.  The results showed that 

▲ SiO2-Al2O3 
■ 10%Ni/SiO2-Al2O3 
♦ 10%Co/SiO2-Al2O3 
 5%Ni5%Co/SiO2-Al2O3 
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addition of Nickel and cobalt metal of 5%wt.Ni5%wt.Co/SiO2-Al2O3 do not affect BET 
surface areas; these features suggest the cobalt and nickel species have higher 
dispersion in the bimetallic system than in monometallic [23]. Pore volume of 
10%wt.Ni/ SiO2-Al2O3, 10%wt.Co/ SiO2-Al2O3, 5%wt.Ni5%wt.Co/ SiO2-Al2O3 catalysts 
and catalyst support were range between 0.32-0.41 cm3/g. The pore volume of the 
monometallic and bimetallic catalysts decrease compared with SiO2-Al2O3 support 
due to blocking of some nickel and cobalt metal loading of support [3]. Then, the 
pore size of 10%wt.Ni/SiO2-Al2O3, 10%wt.Co/SiO2-Al2O3, 5%wt.Ni5%wt.Co/SiO2-Al2O3 
catalysts and catalyst support were range between 7.83-8.80 nm. The average pore 
size of the bimetallic and monometallic supported on SiO2-Al2O3 catalysts has no 
obvious change [3, 59].  

 
Table 5.9 N2 physisorption illustrate BET surface areas, pore volume and pore 
size of monometallic and bimetallic on SiO2-Al2O3catalysts 

Sample 
BET surface area 

(m2/g) 
Average pore 

volume (cm3/g) 
Average pore 

size (nm) 
5%Ni5%Co/SiO2-Al2O3 171 0.35 7.88 
10%Ni/SiO2-Al2O3 151 0.32 7.94 
10%Co/SiO2-Al2O3 126 0.37 8.08 
SiO2-Al2O3 173 0.41 7.83 

 
 
5.1.2.1.3 Hydrogen temperature program reduction (H2-TPR) 
 
 Hydrogen temperature program reduction technique was carried out to 
determine the reduction behaviors of the monometallic (10%wt.Ni, 10%wt.Co) and 
bimetallic (5%wt.Ni5%wt.Co) on SiO2-Al2O3 catalysts samples. In general, the TPR 
profiles depend on the metal support interaction, variance in metal particle size, and 
support porous structure which, resulted in different reducibility of nickel and cobalt 
species on the SiO2-Al2O3 [33]. The TPR profile for the monometallic (10%wt.Ni, 
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10%wt.Co) and bimetallic (5%wt.Ni5%wt.Co) supported on SiO2-Al2O3 catalysts 
samples are shown in Figure 5.10 

 
Table 5.10 TPR data of monometallic and bimetallic on SiO2-Al2O3 catalysts 

Sample 
Tm (˚C) 

1˚ peak 2˚ peak 3˚ peak 
5%Ni5%Co/SiO2-Al2O3 373 530 - 
10%Ni/SiO2-Al2O3 560 - - 
10%Co/SiO2-Al2O3 459 597 - 

 
Figure 5.10 show the TPR profiles of monometallic and bimetallic catalysts. In 

10%wt.Ni/SiO2-Al2O3 catalyst case, one broad reduction peak at 560˚C, which is 
attributed to NiO species interacting with SiO2-Al2O3 support, was assigned to NiO to 
Ni0 species reduction that had a weak interaction with the support, implying the 
aggregation of NiO [12]. The TPR-profiles of 10%wt.Co/H-Beta-Al2O3 and 
5%wt.Ni5%wt.Co/H-Beta-Al2O3, in both cases, two reduction peaks can be observed. 
The first reduction is profile of pure Co3O4 to CoO, the second reduction peak means 
the reduction of CoO to Co0 [11]. The TPR results of the monometallic (10%wt.Ni, 
10%wt.Co) and bimetallic (5%wt.Ni5%wt.Co) on SiO2-Al2O3 catalysts were compared 
the peak temperature summarized in Table 5.10. However, the reduction 
temperature of 5%wt.Ni5%wt.Co/SiO2-Al2O3 decreased compared to 10%wt.Ni/SiO2-
Al2O3 and 10%wt.Co/SiO2-Al2O3 catalysts. The decreased reduction temperature 
means in part that Ni and Co atoms in the 5%wt.Ni5%wt.Co/SiO2-Al2O3 catalyst are 
easier to access than that in 10%wt.Ni/SiO2-Al2O3 and 10%wt.Co/SiO2-Al2O3 catalysts. 
A shift in the reduction peaks to lower temperatures implied an easier reducibility of 
the catalyst [34]. This result indicates that the addition of Co improves the dispersion 
of Co. It is effecting to catalytic performance of carbon dioxide reforming of methane 
[11]. 
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Figure 5.12 The TPR profiles of monometallic (10%wt.Ni, 10%wt.Co) and 
bimetallic (5%wt.Ni5%wt.Co) on SiO2-Al2O3 catalysts 

 
 

5.1.2.1.4 Ammonia temperature program Desorption (NH3-TPD) 
  

Ammonia temperature program desorption (NH3-TPD) was a widely technique 
used to determine the acidity on the surface of the catalysts. The strength of the 
acid is related to the desorption temperature [11]. In addition, determine the total 
amount of ammonia desorption corresponding to the amount of total acidity at 
surface of catalysts [12]. 

 
 
 

5%Ni5%Co/SiO2-Al2O3 

10%Ni/SiO2-Al2O3 

10%Co/SiO2-Al2O3 

459˚C 

373˚C 
560˚C 

530˚C 

597˚C 
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Table 5.11 Acidity form NH3-TPD of monometallic and bimetallic on SiO2-Al2O3 
catalysts 

Samples Total acid site, (mmol H+/g cat) 
5%Ni5%Co/SiO2-Al2O3 0.12 
10%Ni/SiO2-Al2O3 0.11 
10%Co/SiO2-Al2O3 0.08 
SiO2-Al2O3 0.14 

 
 The acidity of the samples was determined by temperature-programmed 
desorption of ammonia (NH3-TPD). Generally, desorption temperature peak within 
100–250˚C is ascribed to weak acid sites and the desorption peak at temperature 
above 250˚C is associated with strong acid sites [32]. The desorption temperature of 
10%wt.Ni/ SiO2-Al2O3 only exhibits one desorption peak indicating the presence of 
weak acid sites [12]. 5%wt.Ni5%wt.Co/SiO2-Al2O3, 10%wt.Co/SiO2-Al2O3 and SiO2-Al2O3 
support presents a major desorption peak at 119˚C, 126˚C and 138˚C, respectively 
and a minor desorption peak at 246˚C, 241˚C and 428˚C, respectively. It is apparent 
that no strong acid site on 10%wt.Ni/SiO2-Al2O3. In contrast, the presence of 
desorption peaks at high temperature of catalysts demonstrated the existence of 
strong acid sites [31]. The desorption peak ascribed to strong acid sites on 10%wt.Co/ 
SiO2-Al2O3 and 10%wt.Ni/SiO2-Al2O3 shifted to a much higher temperature (460˚C), 
indicating the increase of strong acidity. It has been known that the strong acid sites 
are responsible for the formation of coke of carbon dioxide reforming of methane. 
Moreover, the amounts of acid sites on the surface catalysts show in Table 5.11. The 
total acid sites of monometallic and bimetallic catalysts were ranged between 0.08-
0.14 mol H+/g cat. The result finds the similar acidity on 5%wt.Ni5%wt.Co/SiO2-Al2O3 
and 10%wt.Ni/SiO2-Al2O3 may be hamper CO2 adsorption and activation leading to a 
lower activity of reaction [30]. 
 



   
 

 

78 

 
 
Figure 5.13 The NH3-TPD profiles of monometallic (10%wt.Ni, 10%wt.Co) and 
bimetallic (5%wt.NiCo) supported on SiO2-Al2O3 catalysts 

 
 

5.1.2.1.5 Scanning electron microscopy analyses (SEM) 
 

The EDX result shows for composition of a given monometallic and bimetallic 
on SiO2-Al2O3 catalysts were typically found in catalysts. EDX results indicate that 
surface composition is close to target at roughly 10%wt.Ni, 10%wt.Co and 
5%wt.Ni5%wt.Co. Catalysts with monometallic and bimetallic loadings were also 
investigated. The adjacent from target composition may be due to adequate mixing 
of the catalyst materials [7]. 

 
 
 

10%Ni/SiO2-Al2O3 

10%Co/SiO2-Al2O3 

SiO2-Al2O3 

241˚C 

5%Ni5%Co/SiO2-Al2O3 

246˚C 

166˚C 

126˚C 

138˚C 

119˚C 

428˚C 
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Table 5.12 EDX Surface Composition (% Element) result of monometallic and 
bimetallic on SiO2-Al2O3 catalysts 

Samples 
%Element %Atomic 

Al Si Ni Co Al Si Ni Co 
5%Ni5%Co/SiO2-Al2O3 50.52 38.25 4.34 4.69 62.87 28.45 4.70 3.98 
10%Ni/SiO2-Al2O3 48.79 40.31 10.90 - 59.98 30.49 9.53 - 
10%Co/SiO2-Al2O3 50.29 41.25 - 9.04 62.54 27.81 - 9.65 

 
 

5.1.2.1.6 Hydrogen chemisorption 
 
 Results of H2 chemisorption shown in Table 5.13 indicate that the 
monometallic (10%wt.Ni, 10%wt.Co) and bimetallic (5%wt.Ni5%wt.Co) on SiO2-Al2O3 
catalysts is characterized by a higher chemisorption capacity and metallic surface. 
The nickel and cobalt active site were ranged between 4.58-5.43 X1018 molecules 
H2/g cat in the order: 5%wt.Ni5%wt.Co/SiO2-Al2O3 > 10%wt.Ni/SiO2-Al2O3 > 
10%wt.Co/SiO2-Al2O3. This suggests that 5%wt.Ni5%wt.Co/SiO2-Al2O3 sample exhibits 
higher surface area and dispersion, illustrating the homogeneous distribution of the 
small Ni and Co particles [45]. Therefore, 5%wt.Ni5%wt.Co/SiO2-Al2O3 (%Dispersion: 
5.43%) exhibited higher metal dispersion and larger H2 adsorption amount than the 
10%wt.Ni/SiO2-Al2O3 (%Dispersion: 3.19%) and 10%wt.Co/SiO2-Al2O3 (%Dispersion: 
2.63%). According to the average crystallite size as measured from XRD, the 
crystallite size of 5%wt.Ni5%wt.Co/SiO2-Al2O3 was smaller than the other catalysts. 
However, the crystallite size of nickel and cobalt species of 5%wt.Ni5%wt.Co/SiO2-
Al2O3 may be easier to reduce to nickel and cobalt active site [5]. Nickel and cobalt 
species were more homogeneously dispersed than 10%wt.Ni/SiO2-Al2O3 and 
10%wt.Co/SiO2-Al2O3 catalysts, as also demonstrated in TPR result. 
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Table 5.13 Hydrogen chemisorption result of monometallic and bimetallic on 
SiO2-Al2O3 catalysts 

Sample 
H2 chemisorption 

(x10-18 molecules/g.cat) 
% Dispersion 

5%Ni5%Co/SiO2-Al2O3 5.43 5.63 
10%Ni/SiO2-Al2O3 4.96 3.19 
10%Co/SiO2-Al2O3 4.58 2.63 

 
 
5.1.2.1.7 Thermogravimetric analysis (TGA) 

  
For the monometallic and bimetallic on SiO2-Al2O3 catalysts samples after 

being used in CO2 reforming of CH4. The weight losses of monometallic and 
bimetallic catalysts temperature were ranged between 400-670˚C. However, the 
weight losses of monometallic and bimetallic catalysts were ranged between 24.9-
56.3%. In terms of % weight loss, they are 24.9%, 38.8% and 56.3% for 
5%wt.Ni5%wt.Co/SiO2-Al2O3, 10%wt.Ni/SiO2-Al2O3 and 10%wt.Co/SiO2-Al2O3, 
respectively. The result shows that the highest amount of carbon depositions was 
obtained on the 10%wt.Co/SiO2-Al2O3 catalysts. Therefore, the highest amount of 
carbon depositions was due to lower resistance to carbon deposition of catalysts 
[47].  
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Figure 5.14 TGA curves in air atmosphere after being used in reaction at 700 ◦C 
for 5 h for the monometallic (10%wt.Ni, 10%wt.Co) and bimetallic 
(5%wt.Ni5%wt.Co) on SiO2-Al2O3 catalysts calcined at 500˚C  

 
 

5.1.2.2 The catalytic activity of the monometallic and bimetallic on SiO2-Al2O3 
catalysts in CO2 reforming of methane 

 
 The overall activities of the monometallic (10%wt.Ni, 10%wt.Co) and 
bimetallic (5%wt.Ni5%wt.Co) on SiO2-Al2O3 catalysts were studied in carbon dioxide 
reforming of methane reaction. Firstly, 0.2 g catalyst was packed in the quartz 
reactor. Total gas flow rate was 50 ml/min with the gas nitrogen. Secondly, the 
catalysts were reduced in flowing hydrogen at 600˚C for 1 h. Next, increase 
temperature to 700˚C with nitrogen. Finally, the reaction was carried out at 700˚C 
and 1 atm. 

24.9% 38.8% 

56.3% 
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 The conversion and product selectivity during carbon dioxide reforming of 
methane reaction are shown in Table 5.14. The steady state of methane and carbon 
dioxide conversion in carbon dioxide reforming of methane reaction of the 
monometallic (10%wt.Ni, 10%wt.Co) and bimetallic (5%wt.Ni5%wt.Co) on SiO2-Al2O3 
catalysts were methane and carbon dioxide conversion ranging between 50.1-68.0% 
and 83.3-87.9% respectively. Figures 5.13 and 5.14 are shows the data on catalytic 
activity of all catalysts, expressed as methane and carbon dioxide conversion at 
700˚C. In all cases, CH4 conversions were lower than the corresponding CO2 
conversion, probably due to the influence of the secondary reverse water-gas shift 
reaction [66]. In the order methane and carbon dioxide conversion: 
5%wt.Ni5%wt.Co/SiO2-Al2O3 > 10%wt.Ni/SiO2-Al2O3 > 10%wt.Co/SiO2-Al2O3. It was 
found that the 5%wt.Ni5%wt.Co/SiO2-Al2O3 shows the highest methane and carbon 
dioxide conversion among other catalysts. According to H2 chemisorption, the 
amount of nickel and cobalt active sites of 5%wt.Ni5%wt.Co/SiO2-Al2O3 catalysts are 
high Ni and Co active sites, although the BET surface area of 5%wt.Ni5%wt.Co/SiO2-
Al2O3 are high surface area. Comparing part to 10%wt.Ni/SiO2-Al2O3 and 
10%wt.Co/SiO2-Al2O3) catalysts, the 10%wt.Ni/SiO2-Al2O3 exhibits slightly higher 
methane and carbon dioxide conversion than the 10%wt.Co/SiO2-Al2O3 catalyst. 
According to H2 chemisorption and %Dispersion, the amounts of active sites of 
10%wt.Ni/SiO2-Al2O3 catalyst are higher than 10%wt.Co/SiO2-Al2O3 catalyst. Moreover, 
comparing the monometallic and bimetallic catalysts, addition of cobalt improved 
nickel base catalyst which result in higher methane and carbon dioxide conversion 
during the 3 h. The improved with cobalt catalysts performances can be attributed 
to better dispersion, according to the smaller crystallite sizes found in the XRD 
patterns [2]. That is the smaller NiO and CoO may be easier to reduce to active 
nickel and cobalt particles from H2-TPR result [2]. Therefore, the reduction 
temperature of 5%wt.Ni5%wt.Co/H-Beta-Al2O3 shifts of toward lower temperature 
than monometallic catalysts. For the bimetallic catalyst reducibility of the catalyst 
are also increased with the addition of Co-promoter. According to the crystallite 
sizes, the bimetallic showed the smaller NiO crystallite size [67]. Furthermore, TGA 
result cobalt added to promoter of nickel base catalyst which higher resistance to 
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carbon deposition of cobalt-containing catalysts. Addition to all catalysts no 
deactivation has been observed during this long reaction period [29]. This means that 
the deposited carbon does not deactivate the catalyst active sites [29, 41]. Therefore, 
the catalytic activity remains constant since the active metal is still accessible to the 
reactants. 
 
 The product selectivity is observed during carbon dioxide reforming of 
methane reaction. The result was observed that the selectivity to CO is lower in 
5%wt.Ni5%wt.Co/SiO2-Al2O3 catalysts than in the 10%wt.Ni/SiO2-Al2O3 and 
10%wt.Co/SiO2-Al2O3 catalysts. In contrast, 5%wt.Ni5%wt.Co/SiO2-Al2O3 shows the 
higher H2 selectivity than the monometallic catalysts these results suggest that the 
high catalytic activity of the bimetallic sample in system [40]. 
 
Table 5.14 The conversion, and product selectivity during CO2 reforming of 
methane at initial and steady-state conditions of monometallic and bimetallic 
on SiO2-Al2O3 catalysts at 600˚C 

Sample 
Conversion (%) a Product selectivity (%) a 

Initial b Steady state c Initial b Steady statec 

CH4 CO2 CH4 CO2 H2 CO H2 CO 
5%Ni5%Co/SiO2-Al2O3 67.8 88.3 68.0 87.5 79.9 20.1 81.5 18.5 
10%Ni/SiO2-Al2O3 51.7 87.2 52.3 85.9 32.2 67.7 26.2 63.0 
10%Co/SiO2-Al2O3 47.1 83.7 50.1 83.3 32.7 67.3 35.8 64.2 

a CO2 reforming of methane was carried out at 600˚C, 1 atm, CH4/CO2 
b After 30 min of reaction 
b After 3 h of reaction 
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Figure 5.15 Methane conversion of monometallic and bimetallic on SiO2-Al2O3 
catalysts at 700˚C 

 

 
Figure 5.16 Carbon dioxide conversion of monometallic and bimetallic on SiO2-
Al2O3 catalysts at 700˚C 

5%Ni5%Co/SiO2-Al2O3 

10%Ni/SiO2-Al2O3 

10%Co/SiO2-Al2O3 

5%Ni5%Co/SiO2-Al2O3 

10%Ni/SiO2-Al2O3 

10%Co/SiO2-Al2O3 
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Figure 5.17 Hydrogen selectivity of monometallic and bimetallic on SiO2-Al2O3 
catalysts at 700˚C 

 

 
Figure 5.18 Carbon monoxide selectivity of monometallic and bimetallic on 
SiO2-Al2O3 catalysts at 700˚C 

5%Ni5%Co/SiO2-Al2O3 

10%Ni/SiO2-Al2O3 

10%Co/SiO2-Al2O3 

5%Ni5%Co/SiO2-Al2O3 

10%Ni/SiO2-Al2O3 

10%Co/SiO2-Al2O3 
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5.1.3. Effect of monometallic and bimetallic on -Al2O3 catalysts 
 
5.1.3.1 Catalysts characterization 
 
5.1.3.1.1 X-ray diffraction (XRD) 
 

 The phase structure of the catalysts was analyzed using X-ray diffraction [15]. 
The XRD patterns shows the monometallic (10%wt.Ni, 10%wt.Co) and bimetallic 

(5%wt.Ni5%wt.Co) on -Al2O3 support, which -Al2O3 as commercial grade are shown 
in Figure 5.1. The scans were recorded in the 2 range of 20-80˚. The diffraction 
peaks of all the Ni-loaded exhibits at the main characteristic peaks positioned at 2 
degrees 36.2˚, 43.7˚and 61.6˚, are correspond to the NiO or NiAl2O4 crystalline phase 
[28]. The Co-loaded catalysts were observed at 2 degrees 30.6˚, 36.2˚, 42.9˚, 58.6˚, 
and 63.6˚, are correspond to the Co3O4 or CoAl2O4 crystalline phase [28]. In term of 
Ni and Co species observes in all samples with no different Ni-Co content. This 
suggests that the NiAl2O4 and CoAl2O4 which are indistinguishable in XRD due to their 

similar morphology [17]. The result indicates that the broad peak of -Al2O3. 
However, the monometallic and bimetallic as the Ni-Co content increases, obvious 
increase in peak intensity was observed for the peaks of 2 = 30.6˚, 36.2˚, 42.9˚ and 
58.6˚, indicating the increase in the amount of Ni-Co content of catalysts [53]. The 
XRD analysis shows that all the samples have been well-crystallized. It can also be 
seen from the XRD patterns that the bulk phases of the catalysts are not alternated 
significantly with the change of Ni-Co content [12].  
 

The crystallite sizes of the catalysts are summarized in table 5.17 the 
crystallite sizes of monometallic and bimetallic were range between 24.9-37.6 nm. 

The 10%wt.Ni/-Al2O3 had 28.9 nm, which are larger than 10%wt.Co/-Al2O3 and 

5%wt.Ni5%wt.Co/-Al2O3 catalysts. The crystallite size of the catalyst is an important 
factor of the activity of carbon dioxide reforming of methane reaction. Moreover, it 
can be concluded that there is a proper amount of Co minimizing the crystallite size 
and improving the catalytic activities [56]. 
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Figure 5.19 The XRD patterns to compare between monometallic (10%wt.Ni, 

10%wt.Co) and bimetallic (5%wt.Ni5%wt.Co) on -Al2O3 catalysts,   

♦ = Co3O4 or CoAl2O4, ● = NiO or NiAl2O4 
 
 
Table 5.15 Average crystallite size of between monometallic and bimetallic on 

-Al2O3 catalysts 

Sample 
Average crystallite size of catalysts 

from XRD (nm) 

5%Ni5%Co/-Al2O3 24.8 

10%Ni/-Al2O3 28.9 

10%Co/-Al2O3 25.2 

-Al2O3 38.3 

5%Ni5%Co/-Al2O3 
 

10%Ni/-Al2O3 
 
10%Co/-Al2O3 
 

-Al2O3 

♦ Co3O4 orCoAl2O4 
● NiO or NiAl2O4 
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5.1.3.1.2 Nitrogen physisorption 
 
 The nitrogen adsorption-desorption isotherm of the monometallic and 

bimetallic on -Al2O3 catalysts are displayed in Fig. 5.20. All samples exhibited type 
IV isotherms and H2-shaped hysteresis loops that are typical of mesoporous structure 
[30]. The H2-shaped hysteresis loops are associated with a more complex pore 
structure such as interparticle porosity or irregular tube-like porosity. 
 

 
 
Figure 5.20 nitrogen adsorption-desorption isotherm of the monometallic and 
bimetallic on -Al2O3 catalysts 
 

The physical properties of the monometallic (10%wt.Ni, 10%wt.Co), bimetallic 
(5%wt.Ni5%wt.Co) and catalyst support are summarized in Table 5.16. The surface 
areas of monometallic and bimetallic catalysts were ranged between 255-306 m2/g. 

▲ -Al2O3 
■ 10%Ni/ -Al2O3 
♦ 10%Co/ -Al2O3 
 5%Ni5%Co/ -Al2O3 
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The 10%wt.Co/-Al2O3 catalyst shows the highest BET surface areas 117m2/g. The 
BET surface area of the monometallic and bimetallic catalyst decreases in the 

following order: 10%wt.Co/-Al2O3 (117 m2/g) > 10%wt.Ni/-Al2O3 (110 m2/g) > 

5%wt.Ni5%wt.Co/-Al2O3 (104 m2/g). However, the BET surface areas of metal loaded 

catalysts were decrease compared to -Al2O3 support, illustrating that the some 

pores of -Al2O3 were blocked by Ni and Co loaded particles [66]. The pore volume 

of 10%wt.Ni/-Al2O3, 10%wt.Co/-Al2O3, 5%wt.Ni5%wt.Co/-Al2O3, and catalyst 
support were range between 0.16-0.23 cm3/g. Likewise, the pore volume of the 
monometallic and bimetallic catalysts decreased after loading metal. Then, the pore 

size of 10%wt.Ni/-Al2O3, 10%wt.Co/-Al2O3, 5%wt.Ni5%wt.Co/-Al2O3, and catalyst 
support were range between 3.83-4.05 nm. On the contrary, there was no change in 
the pore volume for all catalyst. In term of Ni and Co species, this suggests that the 
particles size of the Ni and Co metal may be small and dispersion on support 
catalysts [12].  
 
Table 5.16 N2 physisorption illustrate BET surface areas, pore volume and pore 

size of monometallic and bimetallic supported on -Al2O3 catalysts 

Sample 
BET surface area 

(m2/g) 
Average pore 

volume (cm3/g) 
Average pore 

size (nm) 

5%Ni5%Co/ -Al2O3 104 0.18 3.83 

10%Ni/ -Al2O3 110 0.19 3.90 

10%Co/ -Al2O3 117 0.16 4.05 

-Al2O3 138 0.23 4.01 

 
 
5.1.3.1.3 Hydrogen temperature program reduction (H2-TPR) 
 

The reducibility of the catalysts samples was measured using hydrogen 
temperature-programmed reduction, observations from the TPR profiles. H2-TPR and 
the corresponding profiles are compared between the monometallic (10%wt.Ni, 
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10%wt.Co) and bimetallic (5%wt.Ni5%wt.Co) on -Al2O3 catalysts samples are shown 
in Figure 5.18. 

 

Table 5.17 TPR data of monometallic and bimetallic on -Al2O3 catalysts 

Sample 
Tm (˚C) 

1˚ peak 2˚ peak 3˚ peak 

5%Ni5%Co/-Al2O3 366 582 - 

10%Ni/-Al2O3 598 - - 

10%Co/-Al2O3 459 608 - 

 
According to the TPR profiles, for nickel loaded samples the sharp peak seen 

at 598◦C can be attributed to the reduction of NiO → Ni0 reduction [55]. It shows in 
literature that the reduction of pure NiO[55]. According to the literature, the 
reduction of pure Co3O4 takes place as a two-step reduction process via Co3O4 → 

CoO → Co◦ [21].  While the shoulder observed 459 ◦C for 10%wt.Co/-Al2O3 is 

attributed to the reduction of Co3O4 → CoO, the main peak seen at 608 ◦C for 

10%wt.Co/-Al2O3 attributed to the reduction of CoO → Co◦ [41]. Bimetallic 
samples exhibit a complex reduction profile. The main reductions are observed at 

366 ◦C for and 582 ◦C for 5%wt.Ni5%wt.Co/-Al2O3, are lower than the main 
reduction temperatures of monometallic catalyst, which may be attributed to the 
formation of nickel–cobalt alloy [68]. A shift in the reduction peaks to lower 

temperatures implied an easier reducibility of the 5%wt.Ni5%wt.Co/-Al2O3, the 
reduction temperature were affect catalytic activity directly [25]. TPR results of the 

monometallic (10%wt.Ni, 10%wt.Co) and bimetallic (5%wt.Ni5%wt.Co) on -Al2O3 
catalysts were compared the peak temperature summarized in Table 5.17. 
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Figure 5.21 The TPR profiles of monometallic (10%wt.Ni, 10%wt.Co) and 

bimetallic (5%wt.Ni5%wt.Co) on -Al2O3catalysts 
5.1.3.1.4 Ammonia temperature program Desorption (NH3-TPD) 

 
 Ammonia temperature program desorption (NH3-TPD use to determine the 
acidity on the surface of the monometallic (10%wt.Ni, 10%wt.Co) and bimetallic 

(5%wt.Ni5%wt.Co) on -Al2O3 catalysts samples. The strength of the acid is related to 
the desorption temperature [67]. 

 
 
 
 
 

5%Ni5%Co/-Al2O3 

10%Ni/-Al2O3 

10%Co/-Al2O3 

459˚C 

366˚C 
598˚C 

582˚C 

608˚C 
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Table 5.18 Acidity form NH3-TPD of monometallic and bimetallic on -Al2O3 
catalysts 

Samples Total acid site, (mmol H+/g cat) 

5%Ni5%Co/-Al2O3 0.11 

10%Ni/-Al2O3 0.09 

10%Co/-Al2O3 0.06 

-Al2O3 0.07 

 
 NH3-TPD profiles of the monometallic, bimetallic and catalyst support. NH3 
desorption peaks were detected in the tested temperature range (from 40 to 600˚C), 
which illuminates the presence acid sites owing to NH3 absorption energies on the 
samples [69]. These desorption peaks were de-convoluted and summarized total 
acid site in Table 5.18. The weak, medium and strong acid sites were estimated from 
the desorption peak in the temperature range 120–280˚C, 280–450˚C and 450–750˚C, 

respectively [49]. The desorption temperature of 5%wtNi5%wtCo/-Al2O3, 

10%wt.Ni/-Al2O3 , 10%wt.Co/-Al2O3 and -Al2O3 support have only one desorption 

peak (5%wt.Ni5%wt.Co/-Al2O3, 10%wt,Ni/-Al2O3, 10%wt.Co/-Al2O3 and -Al2O3 
support could be classified desorption temperature 126˚C, 207˚C, 201˚C and 203˚C, 
respectively) indicating the presence of weak acid sites. In contrast, the presence of 

desorption peaks at lower temperature of 5%wt.Ni5%wt.Co/-Al2O3 shifts to a much 
low temperature compared with other catalysts. It has been known that the acid 
sites at high temperature are responsible for the formation of coke and polymer on 
the catalyst surface [70]. Moreover, the amounts of acid sites on the surface catalysts 
were showed in Table 5.18. The total acid sites of monometallic and bimetallic 
catalysts were ranged between 0.06-0.11 mol H+/g cat. The result shows the 

increased acidity on 5%wt.Ni5%wt.Co/-Al2O3 may hamper CO2 adsorption and 
activation leading to a lower activity [58]. 
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Figure 5.22 The NH3-TPD profiles of monometallic (10%wt.Ni, 10%wt.Co) and 

bimetallic (5%wt.NiCo) on -Al2O3catalysts 
 

 
5.1.3.1.5 Scanning electron microscopy analyses (SEM) 

 
The EDX result showed values found for composition of a given 

monometallic and bimetallic on -Al2O3 catalysts were typically found in catalysts. 
EDX results indicate that surface composition is close to target at roughly 10%wt.Ni, 
10%wt.Co and 5%wt.Ni5%wt.Co. However EDX indicates 5.84%wt.Ni, 6.04%wt.Co as 

5%wt.Ni5%wt.Co/-Al2O3, 10.59%wt.Ni as 10%wt.Ni/-Al2O3 and 8.97%wt.Co as 

10%wt.Co/-Al2O3. Catalysts with monometallic and bimetallic loadings were also 
investigated. The adjacent from target composition may be due to adequate mixing 
of the catalyst materials [45]. 

 

10%Ni/-Al2O3 

10%Co/-Al2O3 

-Al2O3 

5%Ni5%Co/-Al2O3 

126˚C 

207˚C 

201˚C 
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Table 5.19 EDX Surface Composition (% Element) result of monometallic and 

bimetallic on -Al2O3catalysts 

Samples 
%Element %Atomic 

Al Si Ni Co Al Si Ni Co 

5%Ni5%Co/-Al2O3 88.12 - 5.84 6.04 91.91 - 4.22 3.87 

10%Ni/-Al2O3 89.41 - 10.59 - 91.35 - 8.65 - 

10%Co/-Al2O3 91.03 - - 8.97 92.53 - - 7.43 

 
 

5.1.3.1.6 Hydrogen chemisorption 
 

H2 pulse chemisorption results the amount of active site of over various 

monometallic (10%wt.Ni, 10%wt.Co) and bimetallic (5%wt.Ni5%wt.Co) on -Al2O3 

catalysts are presented in Table 5.20. The nickel and cobalt active site were ranged 

between 1.84-8.18 X1018 molecules H2/g cat in the order: 5%wt.Ni5%wt.Co/-Al2O3 > 

10%wt.Ni/-Al2O3 > 10%wt.Co/-Al2O3. The H2 chemisorption of 5%wt.Ni5%wt.Co/-

Al2O3 is higher than the 10%wt.Ni/-Al2O3 and 10%wt.Co/-Al2O3. Compared with 

10%wt.Ni/-Al2O3 and 10%wt.Co/-Al2O3 was investigated the same amount of Ni 

and Co loading, the 10%wt.Ni/-Al2O3 exhibits higher Ni dispersion, illustrating the 
homogeneous distribution of the small Ni nanoparticles because amorphous 

structure and the strong interaction between Ni and -Al2O3 support [63]. The 

5%wt.Ni5%wt.Co/-Al2O3 shows higher H2 chemisorption and better dispersion on 

support than 10%wt.Ni/-Al2O3 and 10%wt.Co/-Al2O3 catalysts.  
 
According to the average crystallite size as measured from XRD, the crystallite 

size of catalysts from the 5%wt.Ni5%wt.Co/-Al2O3 was smaller than the 10%wt.Ni/-
Al2O3. Therefore, the crystallite size of nickel and cobalt species of 

5%wt.Ni5%wt.Co/-Al2O3 may be easier to reduce to nickel and cobalt active site 
with the result of H2-TPR [19]. 
 



   
 

 

95 

Table 5.20 Hydrogen chemisorption result of monometallic and bimetallic on -
Al2O3 catalysts 

Sample 
H2 chemisorption 

(x10-18 molecules/g.cat) 
% Dispersion 

5%Ni5%Co/-Al2O3 8.18 7.93 

10%Ni/-Al2O3 5.43 2.63 

10%Co/-Al2O3 1.84 0.89 

 
 

5.1.3.1.7 Thermogravimetric analysis (TGA) 
 
 TGA analysis in Figure 5.20 showing TGA curves monometallic (10%wt.Ni, 
10%wt.Co) and bimetallic (5%wt.Ni5%wt.Co) used catalysts (after 3 h reaction). In this 
figure, the carbon deposition can be represented by weight loss and thermal 
differences between the samples and the inert materials [71]. The weight losses of 
monometallic and bimetallic catalysts temperature were ranged between 388-495˚C. 
The weight loss of the spent catalysts decreased in the following order: 

5%wt.Ni5%wt.Co/-Al2O3 > 10%wt.Ni/-Al2O3 > 10%wt.Co/-Al2O3. However, the 
weight losses of monometallic and bimetallic catalysts were ranged between 24.9-

56.3%. According to the TG profiles, cobalt-containing catalysts, 10%wt.Co/-Al2O3 
catalysts, showed a weight loss of about 88.7%, whereas 5%wt.NiCo/H-Beta-Al2O3 

and 10%wt.Ni/-Al2O3 catalyst exhibits a weight loss of 40.0% and 45.6% revealing a 
lower carbon accumulation [3]. However, the only displayed minimal weight losses, 
demonstrating its higher de-coking performance of catalytic reaction [7]. 
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Figure 5.23 TGA curves in air atmosphere after being used in reaction at 700 ◦C 
for 5 h for the monometallic (10%wt.Ni, 10%wt.Co) and bimetallic (5%wt.NiCo) 

on -Al2O3 catalysts calcined at 500˚C  
 

 
5.1.3.2 The catalytic activity of the monometallic and bimetallic on -Al2O3 
catalyst in CO2 reforming of methane 
 

The overall activities of the monometallic (10%wt.Ni, 10%wt.Co) and 

bimetallic (5%wt.Ni5%wt.Co) on -Al2O3 catalysts were studied in carbon dioxide 
reforming of methane reaction. Firstly, 0.2 g catalyst was packed in the quartz 
reactor. Total gas flow rate was 50 ml/min with the gas nitrogen. Secondly, the 
catalysts were reduced in flowing hydrogen at 600˚C for 1 h. Next, increase 
temperature to 700˚C with nitrogen. Finally, the reaction was carried out at 700˚C 
and 1 atm.  

40.0% 45.6% 

88.7% 
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 The CH4 and CO2 conversions of monometallic and bimetallic at 700˚C are 
shown in Figure 5.21 and Figure 5.22 the conversion and product selectivity during 
carbon dioxide reforming of methane reaction are shown in Table 5.21 The steady 
state in methane and carbon dioxide conversion of carbon dioxide reforming of 
methane reaction of the monometallic (10%wt.Ni, 10%wt.Co) and bimetallic 

(5%wt.Ni5%wt.Co) on -Al2O3 catalysts were ranged between 59.0-68.9% and 74.0-

81.2% respectively. In the order: 5%wt.Ni5%wt.Co/-Al2O3 > 10%wt.Ni/-Al2O3 > 

10%wt.Co/-Al2O3. The 5%wt.Ni5%wt.Co/-Al2O3 shows the highest methane and 

carbon dioxide conversion among the 10%wt.Ni/-Al2O3 > 10%wt.Co/-Al2O3 
catalysts, evidenced H2 chemisorption, the amount of nickel and cobalt active sites 

of 5%wt.Ni5%wtCo/-Al2O3 catalysts are highest. Comparing the monometallic 

(10%wt.Ni/-Al2O3, 10%wt.Co/-Al2O3) catalysts, the 10%wt.Ni/-Al2O3 exhibits 

slightly higher methane and carbon dioxide conversion than the 10%wt.Co/-Al2O3 
catalyst. According to H2 chemisorption, the amounts of active sites of 

5%wt.Ni5%wt.Co/-Al2O3 catalyst are higher than 10%wt.Ni/-Al2O3 catalyst. 
However, the improved with added cobalt catalysts performances can be attributed 
to better dispersion of the NiO particles, according to the smaller crystallite sizes 
found in the XRD patterns [52]. That is the smaller NiO and CoO may be easier to 

reduce to active nickel and cobalt particles[26]. 5%wt.Ni5%wt.Co/-Al2O3 is shift of 
the reduction temperature towards lower temperature than monometallic catalysts. 

Therefore, the reduction of NiO and CoO is easier [24]. TGA result 5%NiCo/-Al2O3 
has the lowest coke formation due to low deactivation of catalysts [31]. However, 
catalyst deactivation may be related to their lower Ni dispersion with high nickel 
loading that leads to the sintering of Ni particles and considerable coke accumulation 
[4]. Therefore, addition of cobalt to nickel catalysts improves catalytic performances 
of carbon dioxide reforming of methane reaction [32]. 
 
 The H2 and CO product selectivity of monometallic and bimetallic catalysts 
are given in Figure 5.23 and Figure 5.24. All catalysts exhibit similar performance in 
carbon dioxide reforming of methane. The steady state of H2 and CO selectivity of 
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carbon dioxide reforming of methane reaction of the monometallic (10%wt.Ni, 

10%wt.Co) and bimetallic (5%wt.Ni5%wt.Co) on -Al2O3 catalysts were ranged 
between 25.4-27.5% and 46.6-50.4% respectively. In terms of H2 and CO product 
selectivity, CO selectivity is higher than H2 selectivity for all the catalysts.  
 
Table 5.21 The conversion, and product selectivity during CO2 reforming of 
methane at initial and steady-state conditions of monometallic and bimetallic 

on -Al2O3catalysts at 600˚C 
 

Sample 
Conversion (%) a Product selectivity (%) a 

Initial b Steady state c Initial b Steady statec 

CH4 CO2 CH4 CO2 H2 CO H2 CO 
5%Ni5%Co/-Al2O3 69.1 83.8 68.9 81.2 33.8 66.2 34.7 65.3 

10%Ni/-Al2O3 64.5 78.2 63.9 79.3 33.0 64.3 34.7 64.8 
10%Co/-Al2O3 60.4 75.9 59.0 74.0 35.7 67.0 35.2 65.3 

a CO2 reforming of methane was carried out at 600˚C, 1 atm, CH4/CO2=1 
b After 30 min of reaction 
b After 3 h of reaction 
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Figure 5.24 Methane conversion of monometallic and bimetallic on -Al2O3 
catalysts at 700˚C 

 

 
Figure 5.25 Carbon dioxide conversion of monometallic and bimetallic on -
Al2O3 catalysts at 700˚C 

5%Ni5%Co/-Al2O3 

10%Ni/-Al2O3 

10%Co/-Al2O3 

5%Ni5%Co/-Al2O3 

10%Ni/-Al2O3 

10%Co/-Al2O3 
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Figure 5.26 Hydrogen selectivity of monometallic and bimetallic on -Al2O3 

catalysts at 700˚C 
 

 
Figure 5.27 Carbon monoxide selectivity of monometallic and bimetallic on -
Al2O3 catalysts at 700˚C 

5%Ni5%Co/-Al2O3 

10%Ni/-Al2O3 

10%Co/-Al2O3 
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5.2 Effect of the bimetallic on different supports  
 
5.2.1 Catalysts characterization 
 
5.2.1.1 X-ray diffraction (XRD) 
 
 The crystallite sizes of the catalysts were calculated by Scherrer equation 
using XRD pattern [32]. The particle size of NiO and CoO species for 
5%wt.Ni5%wt.Co/H-Beta-Al2O3 catalyst is smaller than that of the other catalysts. The 
small crystallite size of the NiO shows a good dispersion and better access to the 
active phase. H-Beta-Al2O3 support with the Ni and Co metal addition exhibits better 
metal dispersion compare to other supports [34]. Sanchez and et al [53]. reported 
that H-Beta has high metal dispersion of catalysts due to well-order structure, 
interaction between metal catalysts, and oxygen ion lattice vacancies. 

 
Table 5.22 Average crystallite size of bimetallic catalysts on different supports 

Sample 
Average crystallite size of catalysts 

from XRD (nm) 
5%Ni5%Co/H-Beta-Al2O3 21.9 
5%Ni5%Co/SiO2-Al2O3 25.8 

5%Ni5%Co/-Al2O3 24.8 

 
  

5.2.1.2 Nitrogen physisorption 
 
 The nitrogen adsorption-desorption isotherm of the bimetallic catalysts on 

different supports are display in Fig. 5.28. 5%Ni5%Co/H-Beta-Al2O3 and 5%Ni5%Co/-
Al2O3 samples exhibit type IV isotherms. While 5%Ni5%Co/SiO2-Al2O3 indicate type II 
isotherms and H2-shaped hysteresis loops that are typical of mesoporous structure 
[30]. The H2-shaped hysteresis loops are associated with a more complex pore 
structure such as interparticle porosity or irregular tube-like porosity. 
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Figure 5.28 nitrogen adsorption-desorption isotherm of the bimetallic catalysts 
on different supports  
 

The specific surface area of the bimetallic (5%wt.Ni5%wt.Co) on different 
supports which are H-Beta-Al2O3, Al2O3-SiO2 prepared by sol-gel method and Gamma-
alumina commercial are illustrated in Table 5.23. The surface areas of catalysts were 
characterized by BET (Brunauer-Emmett-Teller) method. BET surface areas, pore 
volume, and pore size are summarized in Table 5.2. The surface areas of bimetallic 
catalysts on different supports were ranged between 104-270 m2/g. The modified 
supports with H-Beta prepared by Sol-gel method shows higher surface area than 

modified support with -Al2O3 and SiO2, because H-Beta zeolite has well‐defined 
structures, and  high surface areas that improve properties of catalyst support [55]. 
Moreover, pore volume of the 5%wt.Ni5%wt.Co on different supports were ranged 
between 0.14-0.35 cm2/g. the modified support with H-Beta prepared by Sol-gel 

method and -Al2O3 commercial support can result in similar pore volume and pores 

▲ 5%Ni5%Co/H-Beta-Al2O3 
■ 5%Ni5%Co/-Al2O3 
 5%Ni5%Co/ SiO2-Al2O3 
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size. It indicates that the modified supports do not significantly influence the textural 

properties of 5%wt.Ni5%wt.Co/H-Beta-Al2O3 and 5%wt.Ni5%wt.Co/-Al2O3 
catalysts[36]. The modified supports with SiO2 by Sol-gel method indicates the most 
increase of pore volume and pore size among the other catalysts [28]. 

 
Table 5.23 N2 physisorption illustrate BET surface areas, pore volume and pore 
size of bimetallic catalysts on different supports 

Sample 
BET surface 
area (m2/g) 

Average pore 
volume (cm3/g) 

Average pore 
size (nm) 

5%Ni5%Co/H-Beta-Al2O3 270 0.14 3.78 
5%Ni5%Co/SiO2-Al2O3 171 0.35 7.88 

5%Ni5%Co/-Al2O3 104 0.18 3.83 

 
 

5.2.1.2 Hydrogen temperature program reduction (H2-TPR) 
 

Temperature programmed reduction (TPR) analysis was used for evaluating 
the reduction properties of prepared catalysts. It was carried out to determine the 
reduction behaviors of the 5%wt.Ni5wtCo on modified catalysts supports with H-
Beta-Al2O3, Al2O3-SiO2 prepared by sol-gel method and Gamma-alumina commercial. 
All catalysts samples were prepared by the incipient wetness impregnation method 
with nickel nitrate and cobalt nitrate. In general, the TPR profiles depend on the 
metal support interaction, variance in metal particle size, and support porous 
structure which, result in different reducibility of the modified catalysts support 
samples are shown in Figure 5.25. 
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Table 5.24 TPR data of bimetallic catalysts on different supports 

Sample 
Tm (˚C) 

1˚ peak 2˚ peak 3˚ peak 
5%Ni5%Co/H-Beta-Al2O3 284 308 475 
5%Ni5%Co/SiO2-Al2O3 373 530 - 

5%Ni5%Co/-Al2O3 366 582 - 

 
The TPR profiles of bimetallic (5%wt.Ni5%wt.Co) on different supports which 

are H-Beta-Al2O3, Al2O3-SiO2 prepared by sol-gel method and Gamma-alumina 
commercial catalysts. The reduction temperature can be used to manifest the metal-
support interaction the reducibility [20]. TPR profile of nickel species indicates of NiO 
particles there is assigned to NiO to Ni0 species reduction [38]. From TPR profiles, 
three reduction peaks of cobalt species can be observed.  It is estimated that the 
first reduction peak is the bulk Co3O4, the second reduction peak means the 
reduction of Co3O4 to CoO and the third peak represents the reduction of CoO to 
metallic cobalt[1]. A similar result was also reported by Bouarab et al [14]. The TPR 
results of the bimetallic (5%wt.Ni5%wt.Co) on different supports which are H-Beta-
Al2O3, Al2O3-SiO2 prepared by sol-gel method and Gamma-alumina commercial 
catalysts are summarized in Table 5.24. However, the reduction peak of 
5%wt.Ni5%wt.Co/H-Beta-Al2O3 is shifted to lower temperature (around 582˚C) 

compared with modified catalyst support by Al2O3-SiO2 and -Al2O3. The addition of 
H-Beta modifies to catalyst support decrease the reduction temperature and 
increases the reducibility of bimetallic catalyst [14]. A shift in the reduction peaks to 
lower temperatures implied an easier reducibility of the 5%wt.Ni5%wt.Co/H-Beta-
Al2O3 samples [57]. This result indicates that the modified support with H-Beta 
zeolite improves the dispersion of Ni and Co species because H-Beta-Al2O3 support 
has higher surface areas to effect of the dispersion of Ni and Co metal [21]. 
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Figure 5.29 The TPR profiles of bimetallic catalysts on different supports 
 
 
5.2.1.3 Ammonia temperature program Desorption (NH3-TPD) 
 
 The surface acidity of the bimetallic (5%wt.Ni5%wt.Co) on different supports 
are H-Beta-Al2O3, Al2O3-SiO2 prepared by sol-gel method and Gamma-alumina 
commercial catalysts samples. The strength of the acid is related to the desorption 
temperature [56]. The overall acidity of the samples was quantified from the 
adsorption step at 100 ◦C. Then, followed by the removal of physically bound 
ammonia from the surface with flowing of helium [40]. 
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5%Ni5%Co/SiO2-Al2O3 
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Table 5.25 Acidity form NH3-TPD of bimetallic catalysts on different supports 
Samples Total acid site, (mmol H+/g cat) 

5%Ni5%Co/H-Beta-Al2O3 0.15 
5%Ni5%Co/SiO2-Al2O3 0.12 

5%Ni5%Co/-Al2O3 0.11 

 
 NH3-TPD profiles of the bimetallic (5%wt.Ni5%wt.Co) on different supports, 
which are modified Al2O3 by H-Beta zeolite, SiO2 prepared by sol-gel method, and 
Gamma-alumina commercial catalysts, exhibit two bands corresponding to two types 
of acid sites. The first peak consists of a peak located at low temperatures (≤280 ◦C) 
accompanied by a second own which is much more intense feature at relatively high 
temperatures above 280˚C [16]. The latter are probably due to a fraction of strong 
acid sites present at the surface of the catalysts [10]. It can be found the desorption 

temperature of -Al2O3 support and modified support by H-Beta zeolite have only 

one desorption peak (5%wt.Ni5%wt.Co/ H-Beta-Al2O3 and 5%wt.Ni5%wt.Co/-Al2O3 
can be classified have desorption temperature at 141˚C, 126˚C respectively) 
indicating the presence of weak acid sites. In contrast, the presence of desorption 

peaks at lower temperature on 5%wt.Ni5%wt.Co/-Al2O3 shifted to low temperature 
compared to other catalysts. The acid sites at high temperature are responsible for 
the formation of coke and polymer on the catalyst surface [41]. The result finds the 
modified support with SiO2 has two peaks which locate at low temperature 
(5%wt.Ni5%wt.Co/SiO2-Al2O3 could be classified desorption temperature 119˚C, 
246˚C respectively). Moreover, these desorption peaks are de-convoluted and 
summarized total acid site in Table 1. The total acid sites of bimetallic 
(5%wt.Ni5%wt.Co) on different supports were ranged between 0.11-0.15 mol H+/g 
cat. The results find the similar acidity of all cases leading to lower activity.  
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Figure 5.30 The NH3-TPD profiles of bimetallic catalysts on different supports. 

 
 

5.2.1.4 Scanning electron microscopy analyses (SEM) 
 

EDX analyses for the bimetallic (5%wt.Ni5%wt.Co) on different supports which 
are modified Al2O3 by H-Beta zeolite, SiO2 prepared by sol-gel method, and Gamma-
alumina commercial catalysts are demonstrated in Table 5.26. All elements in the 
fabricating method are clearly observed in the EDX spectra [42]. EDX analysis was 
used to determine quantitatively the amount of composition on the catalyst surfaces 
[29]. From all of the samples, the surface composition is close to target at roughly 
5%wt.NiCo. All catalysts were similar with target composition metal were prepared 
by incipient wetness impregnation. 
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Table 5.26 EDX Surface Composition (% Element) result of bimetallic catalysts 
on different supports 

Samples 
%Element %Atomic 

Al Si Ni Co Al Si Ni Co 
5%Ni5%Co/H-Beta-Al2O3 40.08 48.82 5.73 5.37 47.77 44.55 3.93 3.76 

5%Ni5%Co/SiO2-Al2O3 50.52 38.25 4.34 4.69 62.87 28.45 4.70 3.98 

5%Ni5%Co/-Al2O3 88.12 - 5.84 6.04 91.91 - 4.22 3.87 

 
 

5.2.1.5 Hydrogen chemisorption 

 
H2-chemisorption (metal dispersion, metal surface area and active particle 

size) results over bimetallic (5%wt.Ni5%wt.Co) on different supports which are 
modified Al2O3 by H-Beta zeolite, SiO2 prepared by sol-gel method, and Gamma-
alumina commercial catalysts are presented in Table 5.27. The amount of nickel and 

cobalt active site of modified catalysts support by H-Beta, SiO2 and -Al2O3 were 
ranged between 1.84-8.18 X1018 molecules H2/g cat. It is found that the H2 
chemisorption of modified support with H-beta zeolite is higher than the modified 

support by SiO2 and -Al2O3. Moreover, the modified support with H-Beta has the 
most improving metal dispersion compare to others. According to the average 
crystallite size as measured from XRD, the crystallite size of modified support with H-
Beta is smaller than others catalysts support. Therefore, the H2-TPR result, the 
crystallite size of nickel and cobalt species of 5%wt.Ni5%wt.Co/H-Beta-Al2O3 may be 
easier to reduce to nickel and cobalt active site [6]. Also, BET surface areas of 
modified support with H-Beta are the highest due to higher Ni and Co dispersion [68].  
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Table 5.27 Hydrogen chemisorption result of bimetallic catalysts on different 
supports 

Sample 
H2 chemisorption 

(x10-18 molecules/g.cat) 
% Dispersion 

5%Ni5%Co/H-Beta-Al2O3 8.18 6.14 
5%Ni5%Co/SiO2-Al2O3 5.43 5.63 

5%Ni5%Co/-Al2O3 1.84 0.89 

 
 

5.2.1.6 Thermogravimetric analysis (TGA) 
 
 The amount of carbon deposition on bimetallic (5%wt.Ni5%wt.Co) on 
different supports which are modified Al2O3 by H-Beta zeolite, SiO2 prepared by sol-
gel method, and Gamma-alumina commercial catalysts, were measured. After the 
prepared catalysts were used in carbon dioxide reforming of methane conducted at 
700˚C, they were investigated by means of TGA in an oxidative atmosphere, as 
shown in Figure 5.27. The percentage of the weight loss of 5%wt.Ni5%wt.Co/H-Beta-

Al2O3 is similar to 5%wt.Ni5%wt.Co/SiO2-Al2O3. The 5%wt.Ni5%wt.Co/-Al2O3 is 
exhibits the largest weight loss.  
 
 It is evident that the weight loss shown by TG curves of the used catalysts 
was due to the burning of deposited carbon present on the catalyst [61]. The 
contribution from metal oxidation was negligible during temperature programmed 
oxidation. Therefore, the TGA results clearly show a considerable amount of coke 
was deposited on the surface of the used catalysts [43]. According to the higher 
surface areas and smaller crystallite sizes of other catalysts support, the modified 
support with H-Beta has the most improving metal dispersion compares to others 
[72]. The addition H-Beta zeolite adjusts increases dispersion of Ni and Co metal. 
Most probably, the high coking resistance of this catalyst stems from its very well 
dispersed Ni and Co sites present all over the Ni and Co covered surface due to high 
activity of carbon dioxide reforming of methane reaction [25]. 
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Figure 5.31 TGA curves in air atmosphere after being used in reaction at 700 ◦C 
for 5 h for bimetallic catalysts on different supports 
 

 

5.2.2 The catalytic activity of bimetallic catalysts on different supports in CO2 
reforming of methane 
 
 The overall activities of bimetallic on different supports which are H-Beta-
Al2O3, Al2O3-SiO2 prepared by sol-gel method, and Gamma-alumina commercial 
catalysts were investigated. All catalysts were prepared by incipient wetness 
impregnation method and were studied in carbon dioxide reforming of methane. 
Firstly, 0.2 g catalyst was packed in the quartz reactor. Total gas flow rate was 50 
ml/min with the gas nitrogen. Secondly, the catalysts were reduced in flowing 
hydrogen at 600˚C for 1 h. Next, increased temperature to 700˚C with nitrogen. 
Finally, the reaction was carried out at 700˚C and 1 atm. 

40.0% 

24.9% 24.9% 
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 Catalytic activity of all the samples is shown in Table 5.28. The steady state 
of methane and carbon dioxide conversion of carbon dioxide reforming of methane 
reaction of the bimetallic on different supports were ranged between 68.0-78.7% and 
81.2-92.3%, respectively. It is also obvious that, CO2 conversion is higher than CH4 
conversion due to reverse water–gas shift reaction (CO2 + H2 ↔ CO + H2O) [73]. 

Compare to modified support by H-Beta zeolite, SiO2 by Sol-gel method and -Al2O3 
support of the bimetallic catalyst. In the order methane conversion: 

5%wt.Ni5%wt.Co/H-Beta-Al2O3 > 5%wy.Ni5%wt.Co/SiO2-Al2O3 ≈ 5%wt.Ni5%wt.Co/-
Al2O3 and carbon dioxide conversion: 5%wt.Ni5%wt.Co/H-Beta-Al2O3 > 

5%wt.Ni5%wt.Co/SiO2-Al2O3 > 5%wt.Ni5%wt.Co/-Al2O3, respectively. The catalyst 
modified with H-Beta show the highest methane and carbon dioxide conversion, 
suggesting that this modified catalyst with H-Beta can provide sufficient Ni and Co 
active sites for the reactants [67]. According to H2 chemisorption, the amount of 
nickel and cobalt active sites of 5%wt.Ni5%wt.Co/H-Beta-Al2O3 catalyst has highest 
nickel and cobalt active sites, although the BET surface areas of 5%wt.Ni5%wt.Co/H-
Beta-Al2O3 catalyst had the highest surface area [69]. The well dispersion and high 
specific surface area of modified Al2O3 support with H-Beta to improve catalytic 
performance of carbon dioxide reforming of methane. The addition of H-Beta 
increased the interaction between NiO and support which influenced the reducibility, 
and the electronic properties of catalysts [2]. Also, H-Beta is characteristic beneficial 
to the absorption and activation of CO2. Moreover, the modified support with SiO2-

Al2O3 displays higher methane and carbon dioxide conversion higher than -Al2O3 
commercial support. Therefore, the improvement of supports by Sol-gel method 
enhances catalysts performance which attributed to better dispersion of the NiO and 
CoO particles, according to the smaller NiO and CoO crystallite size found in the XRD 
pattern [44]. The modified support with H-Beta, SiO2 prepare by Sol-gel method has 
smaller NiO and CoO may be easier to reduce to active site nickel and cobalt 
particles exhibit a shift of the reduction temperature towards lower temperature 

than -Al2O3 commercial support [64]. TGA result shows the modified support with 
H-Beta has the lowest coke formation due to low deactivation of catalysts. However, 
catalyst deactivation may be related to their low Ni dispersion with high nickel 
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loading that leads to the agglomerate of Ni particles [49]. Among these support 
modifiers, H-Beta-Al2O3 by Sol-gel method has the best effect in suppressing carbon 
formation because it improves the activity of reaction. 
 
 Among the bimetallic on different supports, modified support with H-Beta has 
the best H2 selectivity. These results in hydrogen products selectivity are related to 
the high specific area, small particle size, well dispersion and small crystallite size.  
 
Table 5.28 The conversion, and product selectivity during CO2 reforming of 
methane at initial and steady-state conditions of bimetallic catalysts on 
different support at 600˚C 

Sample 
Conversion (%) a Product selectivity (%) a 

Initial b Steady state c Initial b Steady statec 
CH4 CO2 CH4 CO2 H2 CO H2 CO 

5%Ni5%Co/H-Beta-Al2O3 79.4 90.3 78.7 92.3 95.8 4.2 96.7 3.3 
5%Ni5%Co/SiO2-Al2O3 67.8 88.3 68.0 87.5 79.9 20.1 81.5 18.5 

5%Ni5%Co/-Al2O3 69.1 83.8 68.9 81.2 33.8 66.2 34.7 65.3 
a CO2 reforming of methane was carried out at 600˚C, 1 atm, CH4/CO2=1 
b After 30 min of reaction 
b After 3 h of reaction 
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Figure 5.32 Methane conversions of bimetallic catalysts on different supports at 
700˚C 
 

 
Figure 5.33 Carbon dioxide conversion conversions of catalysts on different 
supports at 700˚C 

5%Ni5%Co/H-Beta-Al2O3 

5%Ni5%Co/SiO2-Al2O3 

5%Ni5%Co/-Al2O3 

5%Ni5%Co/H-Beta-Al2O3 

5%Ni5%Co/SiO2-Al2O3 

5%Ni5%Co/-Al2O3 
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Figure 5.34 Hydrogen selectivity of bimetallic catalysts on different supports at 
700˚C. 

 

 
Figure 5.35 Carbon monoxide selectivity of bimetallic catalysts on different 
supports at 700˚C. 

5%Ni5%Co/H-Beta-Al2O3 

5%Ni5%Co/-Al2O3 
 

5%Ni5%Co/SiO2-Al2O3 
 

5%Ni5%Co/H-Beta-Al2O3 
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5.3 The effect of bimetallic catalysts with different loading ratio of nickel metal 
and cobalt metal on H-Beta-Al2O3 

 
5.3.1 Catalysts characterization 

 
5.3.1.1 X-ray diffraction (XRD) 
 
 The XRD pattern of the bimetallic was investigated different loading ratio of 
nickel metal and cobalt metal on H-Beta-Al2O3 supports. Loading ratios of nickel and 
cobalt indicates as followed 1:3, 1:1, and 3:1 which were prepared by the incipient 
wetness impregnation. The XRD patterns in the 20˚ to 80˚ region are shown as 
supplementary information in Figure 5.32. The XRD diffraction peaks at 2 degrees 
32.6˚, 43.9˚and 64.1˚, are corresponded to NiO or NiAl2O4 crystalline phase[64]. Also, 
the Co-loaded catalysts exhibit at 2 degrees 26.3˚, 30.3˚, 36.4˚, 43.9˚, 58.1˚ and 
64.1˚, are correspond to Co3O4 or CoAl2O4 crystalline phase [49]. In term of Ni and Co 
species, the XRD peaks corresponding to nickel oxide and cobalt oxide crystallite 
phase could not be separated because of their similar morphology [70]. While no 
NiCo2O4 nor Co3O4 were detected, most likely because of their small particle sizes. 
These features suggest the cobalt species have higher dispersion, for example Ni-Co 
alloy [66]. The result indicated that the lower Ni:Co ratio results in decreasing in the 
intensity of XRD patterns. It is shows the decrease crystallite phase. 
 

The average crystallite sizes of bimetallic were investigated different loading 
ratio of nickel metal and cobalt metal on H-Beta-Al2O3 supports after calcination at 
500˚C are summarized in table 5.32. The crystallite sizes of catalysts with 
monometallic and bimetallic were ranged between 24.9-34.9 nm. The crystallite 
sizes of the metal in the 7.5%wt.Ni2.5%wt.Co/H-Beta-Al2O3 catalyst are 33.6 nm, 
which are larger than those sizes of the metal in the 5%wt.Ni5%wt.Co/H-Beta-Al2O3 
and 2.5%wt.Ni7.5%wt.Co/H-Beta-Al2O3. The 7.5%wt.Ni2.5%wt.Co/H-Beta-Al2O3 had 
the biggest size, 33.6 nm. Cobalt addition was reported in the literature review that 
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to reduce agglomerate of nickel particles because cobalt to obstruct between nickel 
particles [48]. 

 

 
 
Figure 5.36 The XRD patterns of the bimetallic catalysts with different loading 
ratio of nickel metal and cobalt metal on H-Beta-Al2O3, ♦ = Co3O4 or CoAl2O4,              
● = NiO or NiAl2O4 
 

Table 5.29 Average crystallite size of bimetallic catalysts with different loading 
ratio of nickel metal and cobalt metal on H-Beta-Al2O3 

Sample 
Average crystallite size of catalysts 

from XRD (nm) 
7.5%Ni2.5%Co/H-Beta-Al2O3 33.6 
5%Ni5%%Co/H-Beta-Al2O3 27.9 
2.5%Ni7.5%Co/H-Beta-Al2O3 24.3 
H-Beta-Al2O3 34.9 

      Co3O4 or CoAl2O4 
        NiO or NiAl2O4 

 

7.5%Ni2.5%Co/H-Beta-Al2O3 

5%Ni5%Co/H-Beta-Al2O3 

2.5%Ni7.5%Co/H-Beta-Al2O3 

H-Beta-Al2O3 
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5.3.1.2 N2 physisorption 
 
 The nitrogen adsorption-desorption isotherm of the bimetallic catalysts with 
different loading ratio of nickel metal and cobalt metal on H-Beta-Al2O3 are display in 
Fig. 5.37. All samples exhibited type IV isotherms and H2-shaped hysteresis loops 
that are typical of mesoporous structure. The H2-shaped hysteresis loops are 
associated with a more complex pore structure such as interparticle porosity or 
irregular tube-like porosity [30]. 
 

  
 
Figure 5.37 nitrogen adsorption-desorption isotherm of the bimetallic catalysts 
with different loading ratio of nickel metal and cobalt metal on H-Beta-Al2O3 
 
 The specific surface area, pore volume, and pore size of the bimetallic was 
investigate different loading ratio of nickel metal and cobalt metal on H-Beta-Al2O3 
supports, loading ratios of nickel and cobalt indicates as followed 1:3, 1:1 and 3:1 are 
summarized tin Table 5.30. The surface areas of the varied bimetallic catalysts were 

▲ H-Beta-Al2O3 
■ 2.5%Ni7.5%/H-Beta-Al2O3 
♦ 5%Ni5%Co/ H-Beta-Al2O3 
 7.5%Ni2.5%Co/ H-Beta-Al2O3 
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ranged between 267-295 m2/g. The result shows surface areas of H-Beta-Al2O3 
support are decrease. This suggests that some pore of H-Beta-Al2O3 support may 
have been blocked by Ni-metal and Co-metal loaded particles [74]. The result 
indicates that the decrease of ratio of Ni:Co catalysts the surface area shows increase. 
Because the cobalt addition promotes dispersion of active nickel may not be spread 
on the pore space of H-Beta-Al2O3 support [22]. Moreover, the pore volume and pore 
size of bimetallic with different loading ratio of nickel metal and cobalt metal on H-
Beta-Al2O3 supports were ranged between 0.14-0.17 cm3/g and 3.67-3.95 nm, 
respectively. It was found no significant difference between catalysts and catalyst 
support. In term of Ni and Co species, this suggests that the particles size of the Ni 
and Co metal may be small and dispersion on support catalysts [47]. Also, the 
addition of the varied ratio bimetallic does not have a significant effect on the 
structure of catalysts. 
 
Table 5.30 N2 physisorption illustrate BET surface areas, pore volume and pore 
size of bimetallic catalysts with different loading ratio of nickel metal and 
cobalt metal on H-Beta-Al2O3 

Sample 
BET surface 
area (m2/g) 

Average pore 
volume (cm3/g) 

Average pore 
size (nm) 

7.5%Ni2.5%Co/H-Beta-Al2O3 267 0.14 3.95 
5%Ni5%Co/H-Beta-Al2O3 270 0.14 3.78 
2.5%Ni7.5%Co/H-Beta-Al2O3 295 0.17 3.67 
H-Beta-Al2O3 306 0.18 3.90 

 
 

5.3.1.3 Hydrogen temperature program reduction (H2-TPR) 
  

Hydrogen temperature program reduction technique was employed to 
determine the reduction behaviors of the bimetallic was investigated different 
loading ratio of nickel metal and cobalt metal on H-Beta-Al2O3 supports, loading 
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ratios of nickel and cobalt indicate as followed 1:3, 1:1 and 3:1 are summarized in 
Figure 5.33. 

 
Table 5.31 TPR data of bimetallic catalysts with different loading ratio of nickel 
metal and cobalt metal on H-Beta-Al2O3 

Sample 
Tm (˚C) 

1˚ peak 2˚ peak 3˚ peak 
7.5Ni2.5Co/H-Beta-Al2O3 544 - - 
5Ni5Co/H-Beta-Al2O3 284 308 475 
2.5Ni7.5Co/H-Beta-Al2O3 395 519 605 

 
The TPR results of the bimetallic with different loading ratio of nickel metal 

and cobalt metal on H-Beta-Al2O3 supports. Loading ratios of nickel and cobalt 
indicates as followed 1:3, 1:1 and 3:1 are summarized in Table 5.31. The H2-TPR 
profiles of the 7.5%wt.Ni2.5%wt.Co/H-Beta-Al2O3 are appears only one peak. 
However, the H2-TPR profile of the 5%wt.Ni5%wt.Co/H-Beta-Al2O3 and 
2.5%wt.Ni7.5%wt.Co/H-Beta-Al2O3 sample appear to possess three distinct peaks at 
284, 308, 457˚C and 395, 519, 605˚C respectively. The 5%wt.Ni5%wt.Co/H-Beta-Al2O3 
and 2.5%wt.Ni7.5%wt.Co/H-Beta-Al2O3 sample with the peaks shifted to lower 
temperatures. A shift in the reduction peaks to lower temperatures implied an easier 
reducibility of the Ni-Co/H-Beta-Al2O3 samples [58]. Thus, the presence of a second 
reducible metal-oxide species assisted in the reduction of the Ni-Co/H-Beta-Al2O3 
samples by lowering the reduction temperatures. The 5%wt.Ni5%wt.Co/H-Beta-Al2O3 
catalysts are suitable for the performance of reducibility catalyst. 
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Figure 5.38 The TPR profiles of bimetallic catalysts with different loading ratio 
of nickel metal and cobalt metal on H-Beta-Al2O3 
 

 

5.3.1.4 Ammonia temperature program Desorption (NH3-TPD) 
  

Ammonia temperature program desorption (NH3-TPD) is widely technique 
used to determine the acidity on the surface of the catalysts. The strength of the 
acid is related to the desorption temperature [5]. In addition, the total amount of 
ammonia desorption correspond to the amount of total acidity at surface of catalysts 
[13]. 
 
 
 
 

544˚C 
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7.5%Ni2.5%Co/H-Beta-Al2O3 

5%Ni5%Co/H-Beta-Al2O3 

2.5%Ni7.5%Co/H-Beta-Al2O3 
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Table 5.32 Acidity form NH3-TPD of bimetallic catalysts with different loading 
ratio of nickel metal and cobalt metal on H-Beta-Al2O3 

Samples Total acid site, (mmol H+/g cat) 
7.5%Ni2.5%Co/H-Beta-Al2O3 0.17 
5%Ni5%Co/H-Beta-Al2O3 0.15 
2.5%Ni7.5%Co/H-Beta-Al2O3 0.14 
H-Beta-Al2O3 0.14 

 
The surface acidity of the bimetallic was investigated different loading ratio of 

nickel metal and cobalt metal on H-Beta-Al2O3 supports. Loading ratios of nickel and 
cobalt indicates as followed 1:3, 1:1 and 3:1 was characterized by means of 
temperature programmed desorption. The de-convolution of the NH3-TPD 
thermograms of the 7.5%wt.Ni2.5%wt.Co/H-Beta-Al2O3 sample exhibit two bands 
corresponding to two types of acid sites. The first band consist of a peak located at 

low temperatures (≤220◦C) accompanied by a second one which is more intense 

feature at relatively high temperatures (250–370◦C), the latter being probably due to 
a fraction of strong acid sites present at the surface of the catalysts [75]. However, 
the desorption temperature of 5%wt.Ni5%wt.Co/H-Beta-Al2O3, and 
2.5%wt.Ni7.5%wt.Co/H-Beta-Al2O3 have exhibited only one desorption peak 
(5%wt.Ni5%wt.Co/H-Beta-Al2O3, 2.5%wt.Ni7.5%wt.Co/H-Beta-Al2O3 could be classified 
desorption temperature 141˚C and 133˚C, respectively) indicating the presence of 
weak acid sites. Moreover, the desorption peak ascribed to strong acid sites on 
7.5%wt.Ni2.5%wt.Co/H-Beta-Al2O3 shifted to a much higher temperature (511˚C), 
indicating the increase of strong acidity. It has been known that the strong acid sites 
are responsible for the formation of coke and polymer on the catalyst surface [76]. 
Moreover, the amounts of acid sites on the surface catalysts are showed in Table 
5.32. The total acid sites of catalysts were ranged between 0.14-0.17 mol H+/g cat. 
The results find the similar acidity for all catalysts. 
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Figure 5.39 The NH3-TPD profiles of bimetallic catalysts with different loading 
ratio of nickel metal and cobalt metal on H-Beta-Al2O3 

 
 

5.3.1.5 Scanning electron microscopy analyses (SEM) 
 

EDX analysis was used to determine quantitatively the amount of 
compositions on the catalyst surfaces of the bimetallic catalysts with different 
loading ratio of nickel metal and cobalt metal on H-Beta-Al2O3 supports by incipient 
wetness impregnation. Loading ratios of nickel and cobalt indicates as followed 1:3, 
1:1 and 3:1 are summarized in Table 5.33. EDX results indicate that surface 
compositions were close to target at roughly 7.5%wt.Ni2.5%wt.Co, 5%wt.Ni5%wt.Co, 
and 2.5%wt.Ni7.5%wt.Co. The adjacent from target composition may happen due to 
adequate mixing of the catalyst materials [46] 

. 
 

5%Ni5%Co/H-Beta-Al2O3 
 

2.5%Ni7.5%Co/H-Beta-Al2O3 

H-Beta-Al2O3 

7.5%Ni2.5%Co/H-Beta-Al2O3 
 

135˚C 
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133˚C 

126˚C 

511˚C 
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Table 5.33 EDX Surface Composition (% Element) result of bimetallic catalysts 
with different loading ratio of nickel metal and cobalt metal on H-Beta-Al2O3 

Samples 
%Element %Atomic 

Al Si Ni Co Al Si Ni Co 
7.5%Ni2.5%Co/H-Beta-Al2O3 39.46 50.72 7.61 2.21 45.89 45.49 6.54 2.08 

5%Ni5%Co/H-Beta-Al2O3 40.08 48.82 5.73 5.37 47.77 44.55 3.93 3.76 

2.5%Ni7.5%Co/H-Beta-Al2O3 44.98 45.16 2.62 7.24 43.89 47.48 2.30 6.33 

 
 

5.3.1.6 Hydrogen chemisorption 
  

The amount of H2 chemisorbed and metal dispersion on the bimetallic was 
investigated different loading ratio of nickel metal and cobalt metal on H-Beta-Al2O3 
supports. Loading ratios of nickel and cobalt indicates as followed 1:3, 1:1 and 3:1 
are also calculated and reported in Table 5.34. The nickel and cobalt active site were 
ranged between 3.04-8.18 X1018 molecules H2/g cat in the order: 5%wt.Ni5%wt.Co/H-
Beta-Al2O3 > 7.5%wt.Ni2.5%wt.Co/H-Beta-Al2O3 > 2.5%wt.Ni7.5%wt.Co/H-Beta-Al2O3. 
The amount of active sites on 5%wt.Ni5%wt.Co/H-Beta-Al2O3 is more than those on 
7.5%wt.Ni2.5%wt.Co/H-Beta-Al2O3 and 2.5%wt.Ni7.5%wt.Co/H-Beta-Al2O3. 
Furthermore, the amount of H2 chemisorbed bimetallic catalysts decreased with an 
increase in Ni:Co ratio in the Ni-Co/H-Beta-Al2O3catalysts. The decrease amount of H2 
chemisorbed suggested a decline in the number of surface metal sites. The metal 
dispersion (%) given in Table 5.34. Also, the 5%wt.Ni5%wt.Co/H-Beta-Al2O3 has the 
suitable metal dispersion because Ni:Co ratio are the optimization of prepare 
catalysts. The amount of H2 chemisorbed and metal dispersion (%) appears to be 
related to the amount of Ni and Co present in the catalyst. Furthermore, changes in 
the metal crystallite size (from XRD) appear to be related to the average crystallite 
size as measured from XRD, the crystallite size of catalysts from the 
5%wt.Ni5%wt.Co/H-Beta-Al2O3 between 7.5%wt.Ni2.5%wt.Co/H-Beta-Al2O3 and 
2.5%wt.Ni7.5%wt.Co/H-Beta-Al2O3. Therefore, the crystallite size of nickel and cobalt 
species of 5%wt.Ni5%wt.Co/H-Beta-Al2O3 may be easier to reduce to nickel and 
cobalt active site [45]. Besides, 5%wt.Ni5wt%Co/H-Beta-Al2O3 showed higher H2 
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chemisorption and better dispersion on support than 7.5%wt.Ni2.5%wt.Co/H-Beta-
Al2O3 and 2.5%wt.Ni7.5%wt.Co/H-Beta-Al2O3 catalysts because of the agglomerate of 
nickel particles of 7.5%wt.Ni2.5%wt.Co/H-Beta-Al2O3 [62]. While as, 
2.5%wt.Ni7.5wt.Co/H-Beta-Al2O3 has lower bases Ni metal than others catalysts. 

 
Table 5.34 Hydrogen chemisorption result of bimetallic catalysts with different 
loading ratio of nickel metal and cobalt metal on H-Beta-Al2O3 

Sample 
H2 chemisorption 

(x10-18 molecules/g.cat) 
% Dispersion 

7.5%Ni2.5%Co/H-Beta-Al2O3 5.97 3.75 
5%Ni5%Co/H-Beta-Al2O3 8.18 6.14 
2.5%Ni7.5%Co/H-Beta-Al2O3 3.04 3.43 

 
 

5.3.1.7 Thermogravimetric analysis (TGA) 
 
 The amount of carbon deposition on the bimetallic was investigated different 
loading ratio of nickel metal and cobalt metal on H-Beta-Al2O3 supports, loading 
ratios of nickel and cobalt indicates as followed 1:3, 1:1 and 3:1 were measured. 
After the prepared catalysts were used in carbon dioxide reforming of methane 
conducted at 700˚C, they were investigated by means of TGA in an oxidative 
atmosphere.  

The amount of carbon deposited on the samples after being used in carbon 
dioxide reforming of methane was determined by TGA. The weight losses as a result 
of combustion of the carbon deposited on the spent catalysts are shown in Fig. 5.35. 
The percentage of the weight loss of 2.5%wt.Ni7.5%wt.Co/H-Beta-Al2O3 is the largest 
weight loss. It is evident that the weight loss showed by TG curves of the used 
catalysts was due to the burning of deposited carbon present on the catalyst [27]. 
Therefore, the 5%wt.Ni5%wt.Co/H-Beta-Al2O3 shows that a considerable amount of 
coke was deposited on the surface of the used catalysts. 5%wt.Ni5%wt.Co/H-Beta-
Al2O3 is the suitable catalyst because of the higher surface areas and smaller 
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crystallite sizes than other catalysts support [19]. The optimization of cobalt addition 
has improving nickel metal dispersion of catalysts due to reduce coking of these 
systems [77].  

 

 
 
Figure 5.40 TGA curves in air atmosphere after being used in reaction at 700 ◦C 
for 5 h for of bimetallic catalysts with different loading ratio of nickel metal 
and cobalt metal on H-Beta-Al2O3 

 
 

5.3.2 The catalytic activity of bimetallic catalysts with different loading ratio of 
nickel metal and cobalt metal on H-Beta-Al2O3 

 
 The overall activities of the bimetallic were investigated different loading ratio 
of nickel metal and cobalt metal on H-Beta-Al2O3 supports. Loading ratios of nickel 
and cobalt indicates as followed 1:3, 1:1 and 3:1 were studied in carbon dioxide 
reforming of methane reaction. Firstly, 0.2 g catalyst was packed in the quartz 
reactor. Total gas flow rate was 50 ml/min with the gas nitrogen. Secondly, the 
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catalysts were reduced in flowing hydrogen at 600˚C for 1 h. Next, increased 
temperature to 700˚C with nitrogen. Finally, the reaction was carried out at 700˚C 
and 1 atm. 
 
 The conversion and product selectivity during carbon dioxide reforming of 
methane reaction are shown in Table 5.35. The steady state of methane and carbon 
dioxide conversion of carbon dioxide reforming of methane reaction of the bimetallic 
was investigated different loading ratio of nickel metal and cobalt metal on H-Beta-
Al2O3 supports. Loading ratios of nickel and cobalt indicates as followed 1:3, 1:1 and 
3:1 were methane and carbon dioxide conversion ranging between 58.1-78.7% and 
81.1-90.3% respectively. In the order: 5%wt.Ni5%wt.Co/H-Beta-Al2O3 > 
7.5%wt.Ni2.5%wt.Co/H-Beta-Al2O3 > 2.5%wt.Ni7.5%wt.Co/H-Beta-Al2O3. The CO2 
conversions of the different catalysts were also measured and were higher than the 
CH4 conversions. A higher CO2 conversion has been attributed to the reverse water 
gas shift reaction (RWGS), which also occurs during the carbon dioxide reforming of 
methane reaction [3]. The 5%wt.Ni5%wt.Co/H-Beta-Al2O3 shows the highest methane 
and carbon dioxide conversion among the others catalysts (7.5%wt.Ni2.5%wt.Co/H-
Beta-Al2O3 and 2.5%wt.Ni7.5%wt.Co/H-Beta-Al2O3). According to H2 chemisorption, 
the amount of nickel and cobalt active sites of 5%wt.Ni5%wt.Co/H-Beta-Al2O3 
catalysts had the highest. However, the optimal promotion with cobalt improved 
nickel active catalyst which can result in higher methane and carbon dioxide 
conversion during the 3 h time-on-steam. The improvement with cobalt catalysts 
performances can be attributed to better dispersion of the NiO particles [3,59], 
according to the smaller crystallite sizes that found in the XRD patterns. That is the 
smaller NiO and CoO may be easier to reduce to active nickel and cobalt particles 
[7]. The reduction temperature of 5%wt.Ni5%wt.Co/H-Beta-Al2O3 catalyst has shifted 
of towards lower temperature. Then, reducibility of the catalyst was also increased 
with the addition optimal of Co-promoter [51].  
 
 The product selectivity was observed during carbon dioxide reforming of 
methane reaction. The result shows that the selectivity to CO is lower in 
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5%wt.Ni5%wt.Co/H-Beta-Al2O3 than in the 7.5%wt.Ni2.5%wt.Co/H-Beta-Al2O3 and 
2.5%wt.Ni7.5%wr.Co/H-Beta-Al2O3. In contrast, 5%wt.Ni5%wt.Co/H-Beta-Al2O3 shows 
the higher H2 selectivity than the 7.5%wt.Ni2.5%wt.Co/H-Beta-Al2O3 and 
2.5%wt.Ni7.5%wt.Co/H-Beta-Al2O3. These results suggest that the high catalytic 
activity of the bimetallic sample is mostly related to the optimal cobalt addition to 
effect intrinsic nature of the Co-Ni alloy a better dispersion of the active phase in 
smaller particles, as recently proposed for an analogous system [8]. 
 
Table 5.35 The conversion, and product selectivity during CO2 reforming of 
bimetallic catalysts with different loading ratio of nickel metal and cobalt metal 
on H-Beta-Al2O3 

Sample 

Conversion (%) a 
Product selectivity (%) 

a 

Initial b Steady state c Initial b 
Steady 
statec 

CH4 CO2 CH4 CO2 H2 CO H2 CO 
7.5%Ni2.5%Co/H-Beta-Al2O3 61.6 82.9 60.5 81.1 69.6 30.4 72,7 72.7 

5%Ni5%Co/H-Beta-Al2O3 74.7 90.3 78.7 92.3 95.8 4.2 67.0 96.7 

2.5%Ni7.5%Co/H-Beta-Al2O3 59.9 80.9 58.1 81.1 44.1 55.9 31.9 46.2 
a CO2 reforming of methane was carried out at 600˚C, 1 atm, CH4/CO2 
b After 30 min of reaction 
b After 3 h of reaction 
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Figure 5.41 Methane conversion of bimetallic catalysts with different loading 
ratio of nickel metal and cobalt metal on H-Beta-Al2O3 at 700˚C 
 

 
Figure 5.42 Carbon dioxide conversion of bimetallic catalysts with different 
loading ratio of nickel metal and cobalt metal on H-Beta-Al2O3 at 700˚C 
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Figure 5.43 Hydrogen selectivity of bimetallic catalysts with different loading 
ratio of nickel metal and cobalt metal on H-Beta-Al2O3 at 700˚C 

 

 
Figure 5.44 Carbon monoxide selectivity of bimetallic catalysts with different 
loading ratio of nickel metal and cobalt metal on H-Beta-Al2O3 
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CHARTER VI 

CONCLUSIONS AND RECOMMENDATION 

 
6.1 Conclusions 

 
In the present work, the effect of monometallic (10%wt.Ni, 10%wt.Co) and 

bimetallic (5%wt.Ni5%wt.Co) on different supports are H-Beta-Al2O3, Al2O3-SiO2 
prepared by sol-gel method, and Gamma-alumina commercial catalysts was studied. 
Moreover, to study the effect of bimetallic catalysts with different loading ratio of 
nickel metal and cobalt metal on H-Beta-Al2O3 supports. Loading ratios of nickel and 
cobalt indicate as followed 1:3, 1:1, and 3:1. For comparison purpose, all catalysts 
were prepared by the incipient wetness impregnation method. The catalytic 
performances were tested in carbon dioxide reforming of methane. The results can 
be concluded as followed: 
 

1. The bimetallic (5%wt.Ni5%wt.Co) on H-Beta-Al2O3 catalyst prepared by Sol-
gel method exhibit higher methane and carbon dioxide conversion than the 
monometallic (10%wt.Ni, 10%wt.Co) catalysts. The better catalytic performances are 
explained by higher surface area, smaller crystallite size due to higher dispersion of 
nickel particle on the surface of support to influence a shift the reduction 
temperature toward lower temperature, make it easier to reduce to active nickel and 
cobalt particles. 
 

2. The highest catalytic activity is achieved by the 5%wt.Ni5%wt.Co/H-Beta-
Al2O3 catalyst, which contained Ni:Co in a ratio of 1:1. It can be explain by the 
optimization amount of nickel and cobalt active sites, the smaller with NiO and CoO 
particles due to higher dispersion of nickel particle on the surface of support implied 
an easier reducibility, a shift of the reduction temperature toward lower temperature. 
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In addition, the optimal cobalt addition has improved nickel metal dispersion of 
catalysts due to reduce coking of these systems. 
 
 
6.2 Recommendations 
  

1. Temperature has a major in the carbon dioxide reforming of methane. 
Therefore, it is investigate in the different reaction temperature which would to 
influence the catalytic activity. 
 

2. The coke formation of metal on support to affect the catalytic 
performances, so it is interesting to investigate coke formation on catalysts using TEM 
technique. 
 
 3. Stability is interesting to investigate catalytic performances. Therefore, to 
study the effect of the long time reaction in the carbon dioxide reforming of 
methane reaction influences catalytic activity. 
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APPENDIX A 

CALCULATION FOR CATALYST PREPARATION 

 
1. Preparation of different support which are H-Beta-Al2O3, Al2O3-SiO2 prepared 
by sol-gel method and Gamma-alumina commercial catalysts samples. 
 

 The calculation shown below is H-Beta-Al2O3, Al2O3-SiO2 and Gamma-alumina 
commercial catalyst. The support weight used for all preparation is 1g. 
 
- Calculation of Al2O3 modified support by H-Beta zeolite by Sol-gel method. 
 

Based on 1 g of H-Beta-Al2O3 support used, the composition of the H-Beta-
modified Al2O3 supports will be follows: 

 
Reagent: - H-Beta zeolite commercial (ratio Al:Si are 27) 
 
  - Aluminium isopropoxide (C9H21O3Al) >98% 
 Molecular weight = 204.25 g/mol 
 
  - Ethanol (C2H5OH) 99% 
 Molecular weight = 46.07 g/mol 
 
  - Hydrochloric acid 37.7% 
 Molecular weight = 36.46 g/mol 
 
For weight ratio of H-Beta/Al2O3 = 1:3 is shown as follow; 
 
 Base on H-Beta zeolite 5g to apply 15g of Aluminium isopropoxide  
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For molar ratio of H2O/Al2O3 = 15:0.1 is shown as follow; 
 Aluminium isopropoxide = 0.1 mol 
     = 0.1x18  = 20.4g 
 H2O    = 15 mol 

= 15X18  = 270g 
 

Therefore, 20.4 g of Aluminium isopropoxide  to apply 270 g of H2O 
      15 g of Aluminium isopropoxide  to apply 198.53 g of H2O 
 
For volume ratio of H2O/Ethanol = 1:1 is shown as follow; 
 H2O    = 198.53g  
 Density of H2O (1 g/cm3) = 198.53 cm3 
 
Therefore, 198.53 cm3of H2O  to apply 198.53 cm3 of Ethanol 
 
 
- Calculation of Al2O3 modified support by SiO2 zeolite by Sol-gel method. 
 

Based on 1 g of SiO2 support used, the composition of the SiO2-modified 
Al2O3 supports will be follows: 

 
Reagent: - Silica dioxide (SiO2) >99% 
 Molecular weight = 60.08 g/mol 
  - Aluminium isopropoxide (C9H21O3Al) >98% 
 Molecular weight = 204.25 g/mol 
  - Ethanol (C2H5OH) 99% 
 Molecular weight = 46.07 g/mol 
  - Hydrochloric acid 37.7% 
 Molecular weight = 36.46 g/mol 
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For weight ratio of H-Beta/Al2O3 = 1:3 is shown as follow; 
 
 Base on Silica dioxide 5g to apply 15g of Aluminium isopropoxide  
 
For molar ratio of H2O/Al2O3 = 15:0.1 is shown as follow; 
 
 Aluminium isopropoxide = 0.1 mol 
     = 0.1X18  = 20.4g 
 H2O    = 15 mol 

= 15X18  = 270g 
 

Therefore, 20.4 g of Aluminium isopropoxide  to apply 270 g of H2O 
      15 g of Aluminium isopropoxide  to apply 198.53 g of H2O 
 
For volume ratio of H2O/Ethanol = 1:1 is shown as follow; 
 H2O    = 198.53g  
 Density of H2O (1 g/cm3) = 198.53 cm3 
 
Therefore, 198.53 cm3of H2O  to apply 198.53 cm3 of Ethanol 
 
2. Preparation of monometallic (10%wt.Ni and 10%wt.Co) on different support 
catalyst by incipient wetness impregnation method 
 

 Preparation of the monometallic with percent loading of 10%wt.Ni and 
10%wt.Co supported on different support catalyst by incipient wetness impregnation 
method, the composition of catalysts will be as follows; 
 
 Precursors: - Nickel (II) nitrate hexahydrata Ni(NO3)2.6H2O >98% 
  Molecular weight = 290.79 g/mol 
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   - Cobalt nitrate hexahydrate, Co(NO3)2.6H2O >98% 
  Molecular weight = 290.79 g/mol 
 
Calculation: For percent loading of 10%wt.Ni and 10%wt.Co are shown as follows: 
Base on 1g of monometallic supported on different supports catalyst: 
 
100g of nickel on different supports catalyst  Consisted of nickel to 10g 
1g of nickel on different supports catalyst  Consisted of nickel to 0.1g 
 
100g of cobalt on different supports catalyst  Consisted of cobalt to 10g 
1g of cobalt on different supports catalyst  Consisted of cobalt to 0.1g 
  

The amount of nickel required 0.1g was prepares from nickel precursor as Ni 
(NO3)2.6H2O which had the molecular weight  290.79 g/mol, and the molecular weight 
of Ni is 58.693 g/mol. Therefore, the amount of nickel precursor can be calculated 
follows; 
 
Ni (NO3)2.6H2O required =  
 
    = 
  
     

= 0.485 g of Ni (NO3)2.6H2O 
 

The amount of cobalt required 0.1g was prepares from nickel precursor as 
Co(NO3)2.6H2O  which had the molecular weight 290.79 g/mol, and the molecular 
weight of Co is 58.693 g/mol. Therefore, the amount of nickel precursor can be 
calculated follows; 
 
 
Co (NO3)2.6H2O required =  

MW of Ni (NO3)2.6H2O x nickel required x 0.98 
MW of Ni 

290.79 g/mol x 0.1g of Ni x 0.98 

58.693 g Ni /mol 

MW of Co (NO3)2.6H2O x cobalt required x 0.98 
MW of Co 
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    = 
  
     

= 0.485 g of Co (NO3)2.6H2O 
 
 

3. Preparation of bimetallic (5%wt.Ni5%wt.Co) on different supports catalyst by 
incipient wetness impregnation method 
  

The calculation shown below is for 5%wt.NiCo on different supports. The 
support weight used for all preparation is 1g. Preparation of the bimetallic with 
percent loading of 5%wt.NiCo catalyst by incipient wetness impregnation method, 
the composition of catalysts will be as follows; 

 
 Precursors: - Nickel (II) nitrate hexahydrata Ni(NO3)2.6H2O >98% 
  Molecular weight = 290.79 g/mol 
 
   - Cobalt nitrate hexahydrate, Co(NO3)2.6H2O >98% 
  Molecular weight = 290.79 g/mol 
 
Calculation: For percent loading of 5%wt.NiCo are shown as follows: 
Base on 1g of bimetallic catalyst: 
 
100g of nickel on different supports catalyst  Consisted of nickel to 5g 
1g of nickel different supports catalyst  Consisted of nickel to 0.05g 
 
100g of cobalt on different supports catalyst  Consisted of cobalt to 5g 
1g of cobalt on different supports catalyst  Consisted of cobalt to 0.05g 
  
 

290.79 g/mol x 0.1g of Co x 0.98 

58.693 g Co /mol 
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The amount of nickel required 0.05g was prepares from nickel precursor as Ni 
(NO3)2.6H2O which had the molecular weight  290.79 g/mol, and the molecular weight 
of Ni is 58.693 g/mol. Therefore, the amount of nickel precursor can be calculated 
follows; 
 
Ni (NO3)2.6H2O required =  
 
    = 
  
     

= 0.243 g of Ni (NO3)2.6H2O 
 

The amount of cobalt required 0.05g was prepares from nickel precursor as 
Co(NO3)2.6H2O  which had the molecular weight 290.79 g/mol, and the molecular 
weight of Co is 58.693 g/mol. Therefore, the amount of nickel precursor can be 
calculated follows; 
 
Co (NO3)2.6H2O required =  
 
    = 
  
     

= 0.243 g of Co (NO3)2.6H2O 
 

 
 
 
 
 
 
 

MW of Ni (NO3)2.6H2O x nickel required x 0.98 
MW of Ni 

290.79 g/mol x 0.05g of Ni x 0.98 
58.693 g Ni /mol 

290.79 g/mol x 0.05g of Co x 0.98 

58.693 g Co /mol 

MW of Co (NO3)2.6H2O x cobalt required x 0.98 
MW of Co 
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APPENDIX B 

CALCULATION FOR THE CRYSTALLITE SIZES 

 
Calculation of the crystallite sizes by Scherrer equation method 
 
 The crystallite sizes were calculates from the half-height width of the 
diffraction peak of X-ray diffraction pattern using the Debye-Scherrer equation. 
  
From Debye-Scherrer equation; 
 
   D =       (i) 
 
 
Where  D = Crystallite size, Å 
  K = Crystallite-shape factor = 0.9 

   = X-ray wavelength, 1.54056 Å for CuKα 
      = Observed peak angle, degree 
 = X-ray diffraction broadening, radian 

 
 The X-ray diffraction broadening () can be obtained by using Warren’s 
formula. 
 
 From Warren’s formula 
  

2 = 
2
m -  

2
s      (ii) 

 

Therefore  = √  
      

  
 
Where  m = the measured peak width in radians at half peak height 
  s = the corresponding width of a standard material 

 

Cos 
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Example: Calculation of the crystallite size of NiO on H-Beta-Al2O3 support 
 
 The half-height width of peak = 0.229007˚ (from Figure B.1) 
     = 0.229007 X 0.0174 
     = 0.003997 radian 
 
 The corresponding half-height width of peak H-Beta standard = 0.000394 
 

 Therefore   = √  
      

  

     = √                    
     = 0.003996926 radian 

 = 0.003996 radian 
 2 = 22.661˚ 
  = 0.197755 radian 
  = 1.54056 Å 
 
The crystallite size  =  
    

= 353.79 Å 
   = 35.38 nm. 

0.9 X 1.54056 

(0.003996) Cos 0.197755 
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Figure B.1 The measured peak of 10%Ni/H-Beta-Al2O3 to calculate the crystallite 
size 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

22.66˚ 

0.2290˚ 
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APPENDIX C 

CALCULATION FOR THE TOTAL ACID SITES OF CATALYSTS 

 
Calculation of the total acid sites by Ammonia temperature program desorption 

(NH3-TPD) is as follows; 
 
1. Conversion of total peak area to peak volume 

 
Conversion from Micrometrics Chemisorb 2750 is equal to 77.57016 ml/area 

unit. Therefore, total peak volume is derived from 
 
Example: The H-Beta-Al2O3 supported has the total peak area to 1.64 
 
Total peak volume = 77.57016 X total peak area 
   = 77.57016 X 1.64 
   = 47.30432 ml 
 

2. Calculation for adsorbed volume of 15% NH3 
 

Adsorbed volume of 15% NH3 = 0.15 X total peak volume  
     = 0.15 X 47.30432 ml 
     = 7.0956 ml 
 

3. Total acid sites are calculated from the following equation 
 
Total acid site  =    
  
 
 

(Adsorbed volume, ml) x 101.325 Pa 

8.314 (Pa.ml/K.mmol) x 298 K x (weight of catalyst, g) 
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For the H-Beta-Al2O3 support, used 0.1016 g of this sample was measured. 
 
Therefore: 
 
Total acid site  =    
 
   =  0.2856 mmol H+/g 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

7.0956 ml x 101.325 Pa 

8.314 (Pa.ml/K.mmol) x 298 K x 0.1016 g 
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APPENDIX D 

CALCULATION FOR H2 CHEMISORPTION 

  
Calculation of the metal active sites and metal dispersion by H2 

chemisorption is as follows; 
 
Volume of active gas dosed from a loop (Vinj) 
 
  Vinj  =  Vloop x       x          x  
 
 
Where; 

Vloop = loop volume injected  100 L 
Tamb = ambient temperature  295.15 K 
Tstd = standard temperature  273.15 K 
Pamb = ambient pressure  760 mmHg 
Pstd = ambient pressure  760 mmHg 
%A = % active gas   100% 
 
Therefore; 
 

  Vinj  =  100 L x        x    x  
      

      = 92.546 L 
 
 
 
 
 

T std 

T amb 

P amb 

P std 

%A 

100% 

273.15K 
295.15K 

760 mmHg 
760 mmHg 
 

100% 
 100% 



   
 

 

152 

Volume chemisorbed (Vads) 
 

   Vads = 
    

 
   ∑ [  

  

  
] 

    

 
Example; for H2 chemisorption on 10%wt.Ni/H-Beta-Al2O3 is shown as follow; 
 
Vinj = volume injected  92.546 L 
m = mass of sample  0.1006 g 
Af = area of last peak  0.0403 
 

Peak Ai Ai/Af 1- Ai/Af Vads 
1 0.03305 0.820099 0.179901 165.4982 
2 0.04042 1.002978 0.002978 2.739281 
3 0.04006 0.994045 0.005955 5.478563 
4 0.04038 1.001985 0.001985 1.826188 
5 0.0403 1 0 0 

Sum    175.5423 
 

   Vads = 175.5423 L/g 
    = 0.175542 cm3/g 
 
%Metal dispersion 
 
   %D = Sf x         x     x 100% x 100% 
 
Where; 
Sf = stoichiometry factor, H2 on Ni  2 
Vads = volume adsorbed   0.175542 cm3/g 
Vg = molar volume of gas at STP  22414 cm3/mol 
M.W. = molar weight of metal   290.79 g/mol 
%M = weight percent of active metal 10% 

Vads 
Vg 

M.W. 
%M 
 



   
 

 

153 

 
 %D = 2 x     x         x 100% x 100% 
   

= 4.57% 
 
Nickel active sites 
 
   Ni active sites = Sf x  x NA  
 
Where; 
Sf = stoichiometry factor, H2 on Ni  2 
Vads = volume adsorbed   0.175542 cm3/g 
Vg = molar volume of gas at STP  22414 cm3/mol 
NA = Avogadro’s number   6.023 x 1023 molecules/mol 
 
 
Ni active sites = 2 x    x  
    
 

=   
    
 
 

 
 
 
 
 
 
 
 

0.175542 cm3/g 
22414 cm3/mol 

290.79 g/mol 
1% 
 

Vads 
Vg 

0.175542 cm3/g 
22414 cm3/mol 

6.023 x 1023 molecules 
mol 
 

6.33 x 1023 H2 molecules 
g 
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APPENDIX E 

CALIBRATION CURVES 

 
 The calibration curves are used for calculation of the composition of reactant 
and product in carbon dioxide reforming of methane. The reactant are methane and 
carbon dioxide, the main product are hydrogen and carbon monoxide in carbon 
dioxide reforming of methane reaction. 
 
 The Thermal Conductivity Detector (TCD), gas chromatography Shimadzu 
model 8A was used to analyze the concentration of the products and reactants by 
molecular sieve 5A and porapack-Q column. 
 
 Mole of reagent showed y-axis and the area reported by gas chromatography 
showed the x-axis are exhibited in the curve. The calibration curves of methane, 
carbon dioxide, hydrogen and carbon monoxide are illustrated in the following figure 
E1-E4, respectively. 
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Figure E.1 The calibration curve of methane 

 
 

 
Figure E.2 The calibration curve of carbon dioxide 

 

y = 1E-11x + 9E-08 
R² = 0.9992 

 

y = 7E-11x - 7E-06 
R² = 0.9987 
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Figure E.3 The calibration curve of hydrogen 

 

 
Figure E.4 The calibration curve of carbon monoxide 

 
 
 

y = 5E-12x - 1E-05 
R² = 0.9976 

 

y = 4E-11x - 4E-06 
R² = 0.9969 

 



   
 

 

157 

APPENDIX F 

CALCULATION CONVERSION AND SELECTIVITY IN CARBON DIOXIDE 
REFORMING OF METHANE 

 
 The catalytic performance for the carbon dioxide reforming of methane was 
evaluated in term of activity for methane and carbon dioxide conversion. 
 
 Methane and carbon dioxide conversion are defined as moles of methane 
and carbon dioxide converted with respect to reactant in feed as follows: 
 
CH4 conversion (%)=   
 
 
CO2 conversion (%)=   
 
  

Hydrogen and carbon monoxide selectivity are defined as moles of hydrogen 
and carbon monoxide converted with respect to product in out of reaction as 
follows: 
 
H2 selectivity (%) =   
 
 
CO selectivity (%) =   
 
 
 

 

(mole of CH4 in feed - mole of CH4 in product) x 100 
mole of CH4 in feed 

(mole of CO2 in feed - mole of CO2 in product) x 100 
mole of CO2 in feed 

mole of H2 in product x 100 

(mole of H2 in product + mole of CO in product) 

(mole of H2 in product + mole of CO in product) 
mole of CO in product x 100 



   
 

 

158 

 

 

 
VITA 
 

VITA 

 

Miss Pornthicha Katong was born in March 30th, 1991 in Lampang, 
Thailand. She finished high school from Assumption College Lampang, Lampang in 
2009. After that, she certificate from the Bachelor’s degree in Chemical 
Engineering, faculty of Engineering and Industrial Technology, Silpakorn University 
of Sanam Chandra Palace Campus, Nakhon Pathom, Thailand in April 2013. 
Thereafter, she continued to study in Master’s degree of Chemical Engineering, 
department of Chemical Engineering, faculty of Engineering, Chulalongkorn 
University, Bangkok, Thailand since 2013 and joined of center of excellence on 
catalytic reaction engineering research group. 

Pornthicha Katong and Suphot Phatanasri, “CO2 reforming of methane on 
Ni,Co-containing Al2O3-H-Beta zeolite prepared by Sol-gel method”, proceeding 
of the Pure and Applied Chemistry International Conference 2015 (PACCON), 
Bangkok, Thailand, Jan. 21-23, 2015. 


	THAI ABSTRACT
	ENGLISH ABSTRACT
	ACKNOWLEDGEMENTS
	CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER I
	INTRODUCTION
	1.1 Motivation
	1.2 Objective of Research
	1.3 Scope of Research
	1.4 Research Methodology

	CHAPTER II
	LITERATURE REVIEWS
	2.1 Effect of metal catalyst
	2.2. Effect of catalyst support

	CHAPTER III
	Theoretical
	3.1 Syngas and Hydrogen production
	3.2. Carbon dioxide reforming of methane
	3.3 Sol-gel method
	3.4 Alumina
	3.5 Zeolite
	3.6 Silica dioxide
	3.7 Metal catalyst
	3.7.1 Nickel
	3.7.2. Cobalt


	CHAPTER IV
	EXPERIMENTAL
	4.1 Catalyst preparation
	4.1.1 Chemicals

	4.2 Material preparation
	4.2.1 Support synthesis by sol-gel method
	4.2.2 Catalysts synthesis by incipient wetness impregnation method

	4.3 Catalyst characterization
	4.3.1 X-Ray diffraction (XRD)
	4.3.2 N2-physisorption
	4.3.3 Scanning Electron Microscope (SEM-EDX)
	4.3.4 Thermogravimetric analysis (TGA)
	4.3.5 Hydrogen Temperature Programmed Reduction (H2-TPR)
	4.3.6 Temperature Programmed Desorption (NH3-TPD)
	4.3.7 Hydrogen Chemisorption

	4.4 Reaction in carbon dioxide reforming of methane
	4.4.1 Material
	4.4.2 Apparatus


	CHAPTER V
	RESULTS AND DISCUSSION
	5.1 Effect of monometallic (10%wt.Ni, 10%wt.Co) and bimetallic (5%wt.Ni5%wtCo) on different supports
	5.1.1 Effect of monometallic (10%wt.Ni, 10%wt.Co) and bimetallic (5%wt.Ni5%wtCo) on H-Beta-Al2O3 support
	5.1.1.1 Catalysts characterization
	5.1.1.1.1 X-ray diffraction (XRD)
	5.1.1.1.2 N2 physisorption
	5.1.1.1.3 Hydrogen temperature program reduction (H2-TPR)
	5.1.1.1.4 Ammonia temperature program Desorption (NH3-TPD)
	5.1.1.1.5 Scanning electron microscopy analyses (SEM)
	5.1.1.1.6 Hydrogen chemisorption
	5.1.1.1.7 Thermogravimetric analysis (TGA)

	5.1.1.2 The catalytic activity of the monometallic and bimetallic on H-Beta-Al2O3 catalysts in CO2 reforming of methane

	5.1.2 Effect of monometallic (10%wt.Ni, 10%wt.Co) and bimetallic (5%wt.NiCo) on SiO2-Al2O3 support
	5.1.2.1 Catalysts characterization
	5.1.2.1.1 X-ray diffraction (XRD)
	5.1.2.1.2 Nitrogen physisorption
	5.1.2.1.3 Hydrogen temperature program reduction (H2-TPR)
	5.1.2.1.4 Ammonia temperature program Desorption (NH3-TPD)
	5.1.2.1.5 Scanning electron microscopy analyses (SEM)
	5.1.2.1.6 Hydrogen chemisorption
	5.1.2.1.7 Thermogravimetric analysis (TGA)

	5.1.2.2 The catalytic activity of the monometallic and bimetallic on SiO2-Al2O3 catalysts in CO2 reforming of methane

	5.1.3. Effect of monometallic and bimetallic on (-Al2O3 catalysts
	5.1.3.1 Catalysts characterization
	5.1.3.1.1 X-ray diffraction (XRD)
	5.1.3.1.2 Nitrogen physisorption
	5.1.3.1.3 Hydrogen temperature program reduction (H2-TPR)
	5.1.3.1.4 Ammonia temperature program Desorption (NH3-TPD)
	5.1.3.1.5 Scanning electron microscopy analyses (SEM)
	5.1.3.1.6 Hydrogen chemisorption
	5.1.3.1.7 Thermogravimetric analysis (TGA)

	5.1.3.2 The catalytic activity of the monometallic and bimetallic on (-Al2O3 catalyst in CO2 reforming of methane


	5.2 Effect of the bimetallic on different supports
	5.2.1 Catalysts characterization
	5.2.1.1 X-ray diffraction (XRD)
	5.2.1.2 Hydrogen temperature program reduction (H2-TPR)
	5.2.1.3 Ammonia temperature program Desorption (NH3-TPD)
	5.2.1.4 Scanning electron microscopy analyses (SEM)
	5.2.1.5 Hydrogen chemisorption
	5.2.1.6 Thermogravimetric analysis (TGA)

	5.2.2 The catalytic activity of bimetallic catalysts on different supports in CO2 reforming of methane

	5.3 The effect of bimetallic catalysts with different loading ratio of nickel metal and cobalt metal on H-Beta-Al2O3
	5.3.1 Catalysts characterization
	5.3.1.1 X-ray diffraction (XRD)
	5.3.1.2 N2 physisorption
	5.3.1.3 Hydrogen temperature program reduction (H2-TPR)
	5.3.1.4 Ammonia temperature program Desorption (NH3-TPD)
	5.3.1.5 Scanning electron microscopy analyses (SEM)
	5.3.1.6 Hydrogen chemisorption
	5.3.1.7 Thermogravimetric analysis (TGA)

	5.3.2 The catalytic activity of bimetallic catalysts with different loading ratio of nickel metal and cobalt metal on H-Beta-Al2O3


	CHARTER VI
	CONCLUSIONS AND RECOMMENDATION
	6.1 Conclusions
	6.2 Recommendations

	REFERENCES
	APPENDIX A
	CALCULATION FOR CATALYST PREPARATION
	APPENDIX B
	CALCULATION FOR THE CRYSTALLITE SIZES
	APPENDIX C
	CALCULATION FOR THE TOTAL ACID SITES OF CATALYSTS
	APPENDIX D
	CALCULATION FOR H2 CHEMISORPTION
	APPENDIX E
	CALIBRATION CURVES
	APPENDIX F
	CALCULATION CONVERSION AND SELECTIVITY IN CARBON DIOXIDE REFORMING OF METHANE
	VITA

