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Chapter 1 

Introduction 

This chapter introduces the significance of carbon dioxide reforming of 

methane technology. The objective and the structure of research are discussed.  

 

1.1 Overview 

 In recent years, the excessive use of natural gas and fossil fuels by rapid 

industrial plants development cause to several environmental problems such as the 

global warming effect [1]. Greenhouse gases include methane (CH4), carbon dioxide 

(CO2), oxides of nitrogen (NOx), ozone (O3) and others. The major greenhouse gases 

are CO2 and CH4. In the future, the two gas concentrations are expected to increase 

even further. By this reason, the reduction and utilization of CH4 and CO2 are 

becoming very important. The synthesis gas production is among of practical ways to 

use this gas. which is a raw material for gas to liquid technology, through the Fischer-

Tropsch process [2].  

 Many reforming process have been introduced for syngas production, such as 

steam reforming of methane (SRM), dry (carbon dioxide) reforming of methane 

(DRM) and partial oxidation of methane (POM). Compared to the others process the 

DRM is most attracted interest, this reaction is well suited to produce CO rich 

synthesis gas or very pure CO [3]. The main problem is the highly deactivation rate 

and the formation of undesired carbon deposition on catalyst 

 The catalyst usually use for this reaction is the group VIII transition metals 

(Ni, Ru, Rh, Pd, Ir, Pt). The noble metal especially Ru and Rh have been shown to be 

the most active and resistance from carbon deposition [4]. However, the limits of 

economic, therefore the noble metal is not suitable used for industrial. On the other 

hand, supported Ni, Co or bimetallic Ni-Co have been extensively investigated as 

catalyst for this process because of its low cost and better availability [5]. The 
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supports have significant effect on DRM catalytic activity and stability. Al2O3, SiO2 

and ZrO2 are commonly use as catalyst support. The use of ZrO2 can result in surface 

acidity, reducibility and high thermal stability. Previous studies have shown that the 

addition of alkaline earth metal oxide such as MgO, CaO can improve the catalytic 

performance [6]. 

 In this work, we have studied the effect of CaO promoter addition on the 

catalytic performance of Co/ZrO2 based catalysts in the carbon dioxide reforming of 

methane. 

 

1.2 Objective of the Research 

 The purpose of this work, to investigate the effect of CaO promoter addition 

on the catalytic activities of Co/ZrO2 based catalysts for the carbon dioxide reforming 

of methane. These catalysts prepared by the flame spray pyrolysis method and the wet 

impregnation method. 

 

1.3 Scope of the Research 

1.3.1 Catalyst preparation 

Scope of this work is divided into two parts. In first part, the cobalt-based 

catalysts are prepared by flame spray pyrolysis (FSP) method with various cobalt 

loading (x=10-30 wt%). The detail is shown in figure 1.1. Subsequently, the CaO 

promoter was incorporated with xCo-ZrO2 synthesized by FSP. The percentages of 

CaO (y) are varies between x/100 to x/2 wt%. The detail is shown in figure 1.2. After 

that, the catalysts with constant percentage of CaO were various method of promoter 

loading. The using methods are FSP and impregnation. The detail is shown in figure 

1.3. Final part, the preparation method of cobalt-based catalysts is dividing into two 

methods. First part, cobalt-based catalyst was prepared by wet impregnation method 

with various method of promoter loading. The detail is shown in figure 2.1. Second 

parts, the percentages of cobalt are split into two equal parts. The first part of cobalt 
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incorporated with ZrO2 by FSP. After that, the last part of cobalt was impregnated on 

Co-ZrO2 synthesized by FSP. Then load the promoter with various methods. 

 

 

 

 
(a)                       (b)                        (c)                       (d)                         (e) 

  Figure 1.1 Diagrams of the Co were incorporated with ZrO2 prepared by  

                            FSP. 

(a). The loading x1 wt% of Co was incorporated with ZrO2 prepared by FSP. 

(b). The loading x2 wt% of Co was incorporated with ZrO2 prepared by FSP. 

(c). The loading x3 wt% of Co was incorporated with ZrO2 prepared by FSP. 

(d). The loading x4 wt% of Co was incorporated with ZrO2 prepared by FSP. 

(e). The loading x5 wt% of Co was incorporated with ZrO2 prepared by FSP. 

 

 

 

 

(a)                        (b)                        (c)                        (d)                       (e) 

  Figure 1.2 Diagrams of the CaO promoter were incorporated with Co-ZrO2  

                           prepared by FSP. 

(a). The loading x wt% of Co and y1 wt% of CaO were incorporated with ZrO2 

prepared by FSP. 

(b). The loading x wt% of Co and y2 wt% of CaO were incorporated with ZrO2 

prepared by FSP. 

(c). The loading x wt% of Co and y3 wt% of CaO were incorporated with ZrO2 

prepared by FSP. 

yCaO-xCo-Z 

y1CaO-xCo-Z y2CaO-xCo-Z y3CaO-xCo-Z y4CaO-xCo-Z 

xCo-Z 

x1Co-Z x2Co-Z x3Co-Z x4Co-Z x5Co-Z 

y5CaO-xCo-Z 
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(d). The loading x wt% of Co and y4 wt% of CaO were incorporated with ZrO2 

prepared by FSP. 

(e). The loading x wt% of Co and y5 wt% of CaO were incorporated with ZrO2 

prepared by FSP. 

 

 

 

 

(a)                                                   (b)                                                     (c) 

  Figure 1.3 Diagrams of the Co-Z catalyst prepared by FSP with various  

                            methods of promoter loading.  

(a). The loading x wt% of Co was incorporated with ZrO2 prepared by FSP. 

(b). The loading x wt% of Co and y wt% of CaO were incorporated with ZrO2 

prepared by FSP. 

(c). The loading y wt% of CaO was impregnated on x wt% of Co incorporated 

with ZrO2 prepared by FSP. 

 

 

 

 

 

 
(a)                                                (b)                                                    (c) 

  Figure 1.4 Diagrams of the Co/Z catalyst prepared by impregnation with  

                            various methods of promoter loading.  

(a). The loading x wt% of Co was incorporated with ZrO2 prepared by 

impregnation. 

(b). The loading x wt% of Co was impregnated on y wt% of CaO incorporated 

with ZrO2 prepared by FSP. 

xCo-Z 

yCaO-xCo-Z yCaO/xCo-Z xCo-Z 

xCo/yCaO-Z yCaO-xCo/Z 

xCo/Z 

xCo/Z 
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(c). The loading x wt% of Co and y wt% of CaO were impregnated on ZrO2 

prepared by FSP. 

 

 

 

 

 

(a)                                        (b)                                       (c) 

  Figure 1.5 Diagrams of the cobalt-based catalyst with various methods of  

                            promoter loading.  

(a). The loading (1/2)x wt% of Co was impregnated on (1/2)x wt% of Co 

incorporated with ZrO2 prepared by FSP. 

(b). The loading (1/2)x wt% of Co was impregnated on (1/2)x wt% of Co and y 

wt% of CaO were incorporated with ZrO2 prepared by FSP. 

(c). The loading (1/2)x wt% of Co and y wt% of CaO were impregnated on 

(1/2)x wt% of Co incorporated with ZrO2 prepared by FSP. 

 

1.3.2 Catalyst characterization 

The bulk crystal structure and chemical phase composition are determined by 

X-ray diffraction (XRD). 

  Reducibility of catalysts is determined by H2 temperature programmed 

reduction (H2-TPR). 

  The basic properties of catalyst samples are determined by CO2 temperature 

programmed desorption (CO2-TPD).  

 

1.3.3 Catalytic activity testing for the carbon dioxide reforming of methane    

  The activity and stability of catalysts are tested by the carbon dioxide 

reforming of methane technology. 

(1/2)xCo/(1/2)xCo-yCaO-Z (1/2)xCo-yCaO/(1/2)xCo-Z 

(1/2)xCo/(1/2)xCo-Z 

(1/2)xCo/(1/2)xCo-Z 
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Chapter 2 

Carbon dioxide reforming of methane technology 

This chapter introduces the background and the development of carbon 

dioxide (CO2) reforming of methane (CH4) technology. The catalyst development for 

this process was explained. 

2.1 Background  

Hydrogen or synthesis gas production can produce from several processes, 

such as dry (carbon dioxide) reforming (Eq.2.1), steam reforming (Eq.2.2) and partial 

oxidation (Eq.2.3). The reforming of natural gas with carbon dioxide has been 

promising use to produce syngas, especially reforming of methane (DRM). This 

process can produce syngas with a low H2/CO ratio which is a feed-stock for liquid 

fuel production, through the Fischer-Tropsch reaction. Moreover, it offers many 

advantages, utilization both CO2 and CH4, transformation the two greenhouse gas into 

valuable syngas.         

CH4 + CO2  2H2 + 2CO ΔH298 = +247 kJ/mol  (Eq.2.1) 

CH4 + H2O  3H2 + CO ΔH298 = +206 kJ/mol  (Eq.2.2) 

CH4 + 0.5O2  2H2 + CO ΔH298 = -71 kJ/mol  (Eq.2.3)    

  The CO2 reforming of CH4 is highly endothermic. Therefore, this reaction is 

requires a highly temperature, low pressure. The reverse water gas shift reaction 

(RWGS) occurs as side reaction (Eq.2.4).  

CO2 + H2  H2O + CO ΔH298 = 41 kJ/mol  (Eq.2.4)    

The methane decomposition (Eq.2.5), the Boudouard’s reaction (Eq.2.6) and 

the CO reduction (Eq.2.7) occur as the formation of undesired carbon deposition, 

which cause of catalyst deactivation.        
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CH4  C + 2H2 ΔH298 = 75 kJ/mol  (Eq.2.5)    

2CO  C + CO2 ΔH298 = -172 kJ/mol  (Eq.2.6)    

     CO + H2  C + H2O ΔH298 = -131 kJ/mol  (Eq.2.7)    

 To estimate the thermodynamic tendency for these reactions to occur, the 

change in Gibbs free energy (ΔG) was plotted versus temperature for the several 

reactions as shown in figure 2.1 and figure 2.2. 

   
  

 Figure 2.1 The change in Gibbs free energy of mainly reaction. (Whitmore, N.  

                               W., 2007)   

 

 Dry reforming 

 Steam reforming 

 Water-gas shift 
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 Figure 2.2 The change in Gibbs free energy of the others reaction. (Whitmore,  

                              N. W., 2007)   

Taking ΔG < 0 to forecast thermodynamic favorability for the above reaction 

to occur, the dry reforming reaction is not favored until the temperature reaches 

650°C. The WGS reaction is favored up until 825°C then the RWGS becomes 

favorable. However, the position of ΔG for the WGS is relative low, meaning that the 

presence of both of either the product or reactant species could drive the reaction in 

either direction. Moreover, the Boudouard reaction and CO reduction reactions are 

favored at temperature up to 700 °C and 675 °C, respectively. Methane 

decomposition does not favorably occur until temperature beyond 550 °C. In the 

temperature range (550-675 °C), the carbonaceous deposits are generated from the 

Boudouard, CO reduction and methane decomposition reactions. This can be 

considered the region where severe carbon is expected.        

 

 CO reduction 

 Boudouard’s reaction 

 CH4 decomposition 
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2.2 Mechanism for the carbon dioxide reforming of methane 

  DRM reaction is forecasted to proceed by the following steps: methane 

decomposition is occurs to form surface carbon and hydrogen, carbon dioxide and 

hydrogen are dissociative adsorption, and carbon dioxide is reduction to carbon 

monoxide. On metal active site, hydrogen species (CHx) is generates from methane 

dissociative adsorption, and produce hydrogen in gas phase. These reactions are 

shown in Eq.2.8-2.12 where M, S and P are remark the active metal, catalyst support 

and promoter, respectively.   

  Metal active site 

   CH4 + 2M ↔ CH3 M + H M    (Eq.2.8) 

 CH3 M + 2M ↔ CH2 M + H M    (Eq.2.9) 

 CH2 M + 2M ↔ CH M + H M             (Eq.2.10) 

 CH M + 2M ↔ C M + H M             (Eq.2.11) 

 H M + H M ↔ H2 + 2M              (Eq.2.12) 

  On the catalyst support, it divides into two mechanisms for acidic and basic 

support. Under acid supports the dissociative adsorption of carbon dioxide is able to 

limited by adsorption as the reaction proceeds. The high concentration of 

carbonaceous over the metal blocks the sites for carbon dioxide activation, causing to 

loss of catalyst activity and stability. The reactions under acidic supports are written 

in Eq.2.13-2.15. While a different reaction was reported for basic supports, carbon 

dioxide is adsorbed on the vicinity of the carbonate species. The carbon dioxide is 

reduced by carbonate species to form carbon monoxide. The reactions under basic 

supports are written in Eq.2.16-2.20.      

Acidic support 

CO2  ↔ CO2 M              (Eq.2.13) 

CO2 M ↔ CO M + O M             (Eq.2.14) 

CO M ↔ CO + M              (Eq.2.15) 
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Basic support 

CO2  ↔ CO2 S              (Eq.2.16) 

 CO2 S + O2- ↔ CO3
2- S              (Eq.2.17) 

  2H M ↔ 2H S               (Eq.2.18) 

   CO3
2- S + 2H S ↔ HCO2

- S + OH- S             (Eq.2.19) 

  CO S  ↔ CO               (Eq.2.20) 

  The addition of promoter (alkali, alkaline earth, etc.) can improve the catalyst 

performance and provide oxygen species to prevent the carbon deposited on catalyst’s 

active site. The reactions under promoter are written in Eq.2.21-2.22.       

Promoter 

CO2 + P + S ↔ O P + CO S             (Eq.2.21) 

    O P + C M ↔ CO + P + M              (Eq.2.22) 

2.3 Literature review of catalyst development       

  DRM process has many researches of catalyst development which studies for 

improve the catalytic activity and deactivation of catalyst.  

2.2.1 Metal 

 The active metals usually used for DRM reaction consist of groups VIII 

(Ru), IX (Co, Rh, and Ir), and X (Ni, Pd, and Pt). This research initiates by Fischer 

and Tropsch [15] in 1928. They study the DRM process on various base metals (Fe, 

Co, Ni, Cu, Mo and W) supported on clay, silica and MgCO3 or mixed with Al2O3. 

They found that the Ni and Co have the activity increasing with loading of Al2O3. 

Moreover, noble metals are reported to more active and resistance of carbon 

deposition, but their high cost and have limited availability in commercial scale. 

However, the other metals used in this reaction such as Ni, Co or Ni-Co bimetallic 

were report the high activity for DRM reaction. Alonso et al. [7] study the alumina 

supported Ni, Co and bimetallic Ni-Co catalysts for DRM reaction. They observed 

that the highest cobalt content are the most active and stable, but they produce a large 

amount of carbon. The remarkable stability of the cobalt rich catalysts seem to be 
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related with the presence of large particles that are involved in long-term conversion 

because they produce non-deactivating carbon deposits. Ruckenstein et al. [8] study 

the reaction behavior and carbon deposition for CO2/CH4 reforming reaction over the 

Co/ -Al2O3 catalysts. They found that the amount of carbon were accumulated during 

reforming and deactivation over catalysts with high Co loadings (>12 wt%). 

Moreover, severe deactivation was shown over the catalysts with low Co loading (2 

wt%). Hence, there are two different deactivation mechanisms, namely, carbon 

deposition and oxidation of metallic sites.  

2.2.2 Support 

 The support materials considered for this reaction have included silica, 

alumina, titania, and others mesoporous materials. Support materials can be viewed as 

vehicles for the active sites. Wang et al. [16] study the mesoporous nano-crystalline 

Ni-CaO-ZrO2 catalyst for CH4-CO2 reforming. They observed that the generated of 

mesoporous framework and strong metal-support interaction (SMSI) which are 

prevent the sintering and growth of Ni particle. Furthermore, the formation of inert 

carbon on catalyst surface which is of benefits to the high CH4-CO2 reforming activity 

and stability. Ruckenstein et al. [12] study the CO2 reforming of CH4 over cobalt 

supported on an alkaline earth metal oxide (MgO, CaO, SrO, BaO) as well as on -

Al2O3 and on SiO2. They found that the Co/MgO catalyst exhibited a high and stable 

activity during reaction test. The suppression of carbon deposition and the resistance 

to sintering of catalyst are induced by the fact that CoO and MgO form a solid 

solution. 

2.2.3 Promoter 

 The addition of promoter can enhanced the catalytic performance and 

improve the property of catalyst. Many metal used as promoter such as noble metal 

and metal oxide. Aydinoğlu et al. [9] study the Co/ZrO2 catalysts promoted with 

different metal additives (La, Ce, Mn, Mg, K) for DRM reaction. They observed that 

the Ce-modified catalyst exhibited the highest activity and stability. On the other 

hand, La-modified catalyst shows moderate activity but it has high stability and 

resistant of carbon deposits. Bellido et al. [10] found that the high conversion of Ni 
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supported on ZrO2 stabilized with CaO. The presence of CaO-ZrO2 solid solution 

supports suffer the influence of surface oxygen vacancies on their reduction behavior, 

the reduction peaks shifted to lower temperature. The oxygen vacancies on the 

supports can produce an activated oxygen that react with carbon deposits on the 

surface of metal. Ranjbar et al. [14] study the catalytic properties of nickel catalysts 

with different nickel loadings supported on nanocrystalline calcium aluminate for 

methane reforming with carbon dioxide, which prepared by the co-precipitation 

method using surfactant route. They found that the high activity and stability of 

catalyst in reaction due to the presence of CaO in support. In addition, it revealed that 

the increasing of nickel content affect to enhance the amount carbon deposition.   

2.2.4 Preparation method 

 Besides the application of different kinds of promoter or support, catalyst 

preparation methods are believed by many to be an important factor in the formation 

of coke in the DRM reaction. Sun et al. [11] used the Ni-CaO-ZrO2 with various 

preparation methods. It shows the co-precipitation catalyst has a better stability than 

impregnation catalyst, due to the suppression of coking by strong basicity of support. 

Lemonidou et al. [13] study the effect of preparation methods, namely, the incipient 

wetness impregnation and the total blending, for the reaction of CO2 reforming of 

CH4 over Ni on calcium aluminate catalysts. They found that the catalyst prepared by 

dry impregnation improved the catalytic activities with lower coke deposition, 

because the inhibition of the strong metal-support interaction. 
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Chapter 3 

Flame spray pyrolysis 

Flame spray pyrolysis (FSP), a simple and clean method to produce a large 

amount of various nanoparticles in a short time is desirable for practical purpose [39]. 

The nanoparticles generated by the FSP have shown high purity, controlled 

stoichiometry and crystallinity because the flame could be maintained at temperatures 

high enough to complete thermal decompositions through intense oxidation [40]. 

In FSP the metal precursor was a combustible liquid that was sprayed and 

ignited, resulting in product nanoparticles. Although, this method was developed by 

Sokolowski et al. for the synthesis of Al2O3 since 1977 [41]. Flame spray pyrolysis 

(FSP) gives the opportunity to prepare conveniently such multi-component catalysts 

in a single step. The rapid quenching after the FSP process affords materials with high 

surface area and tunable structural and chemical properties [42-46]. It is generally 

known as a method for making nanoparticles such as fume silica, titania, and carbon 

black in large quantities at low cost [47]. 

Formation of particles in FSP is not established. By investigating the 

morphological control of ZrO2 nanoparticles in FSP, Limaye and Helble [48] 

suggested that there was a competition between gas phase and liquid phase reactions, 

which depended on the temperature. The high temperatures caused liquid precursor to 

vaporize/decompose and reacted in the gas phase to form nanoparticles and, in 

contrast, the reaction of the precursors occurred in the liquid phase within each 

precursor droplet when the temperature was relatively low as shown in Figure 3.1. 

However, the effect of precursor concentration on the particle generation has not been 

reported. 
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Figure 3.1 Suggested mechanism for the generation and growth of TiO2  

nanoparticles in the FSP. (Wooldridge, 1998)   

Mueller et al. [49] investigated continuous FSP synthesis of nanostructured 

silica particles with closely controlled characteristics at high production rates (up 

to1.1 kg/h) in a pilot plant using bag house filters. Fumed silica is selected here for its 

wide range of established applications. Furthermore, there is growing demand for 

silica-based mixed oxide powders at high production rates for catalytic dental and 

refractory applications. The effect of powder production rate, precursor concentration 

and air or O2 dispersion gas flow rate on primary particle diameter, morphology and 

carbon content is studied. Finally, FSP is compared with conventional vapor-fed 

flame aerosol synthesis of nanoparticles. Figure 3.2 shows the experimental set-up of 

the spray pyrolysis plant. The silica precursor, hexamethyldisiloxane (HMDSO, Fluka 

Chem AG, 99%) and the fuel (ethanol (Et.OH), Merck, >99.8%) flow through its 

capillary tube (ID=0.5 mm) while the dispersion gas (air or O2, PanGas, CH4, 

<99.95%) passes through the annular gap that can be adjusted to keep a constant 

pressure drop (1 bar) across the nozzle tip regardless of the dispersion gas flow rate. 

The molar ratio between Et.OH and HMDSO was 10, 1 and 0 (pure HMDSO), 

resulting in solutions of 1.26, 3.0 and 4.7 M HMDSO. The liquid precursor solution 

feed rate through the nozzle ranged from 5.55 to 33.3 ml/min resulting in silica 

production rates from 50 to 1132 g/h. A 1 liter precision syringe pump (Isco, Inc., 

1000D) is used for pulsation-free feeding of 0.1–408 ml/min precursor solution. 
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Figure 3.2 Experimental set-up for fumed silica nanoparticles synthesis at high 

production rates by flame spray pyrolysis using a commercially 

available air-assisted stainless-steel nozzle and an annular supporting 

CH4/O2 diffusion flame. (Mueller et al., 2003)   

Figure 3.3 shows the BET-equivalent average diameter of the silica primary 

particles as a function of SiO2 production rate at a dispersion gas flow rate of 12.5 

l/min using air (circles and O2 without (squares) and with sheath O2 (triangles) at 1.26 

M HMDSO in Et.OH. As the liquid feed rate is increased (5.55–33.3 ml/min) 

corresponding to silica production rate of 50–300 g/h, the particle diameter increases 

from 8 to 29 nm using air as dispersion gas. The primary particle diameter is 

equivalent or larger when using O2 instead of air as dispersion gas. This di6erence in 

particle diameter increases with increasing feed (or production) rate: At a production 

rate of 150 g/h the primary particle diameter is 18 nm using air and is 19 or 18 nm 

using O2 as dispersion gas without or with sheath O2, respectively. At SiO2 production 

rate of 300 g/h that diameter is 29 nm using air and 41 or 33 nm when using O2 as 

dispersion gas without or with sheath O2, respectively. This effect becomes dominant 

with increasing silica production rate (the GLMR is decreasing) as it creates O2 leaner 

flames for which the supply of O2 and acceleration of the combustion becomes more 

and more important leading to bigger particles when using O2 instead of air as 

dispersion gas. 
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Figure 3.3 BET-equivalent diameter of silica nanoparticles as a function of 

powder production rate calculated for the liquid feed rate and constant 

precursor concentration (1.26 M HMDSO in EtOH) using 12.5 l/min 

air or O2 as dispersion gas without and with additional 25 l/min of O2 

sheath flow. Increasing the liquid feed rate decreases the gas liquid 

mass ratio (GLMR) as indicated. (Mueller et al., 2003)  

Representative TEM-pictures of silica powders made by the FSP are shown in 

Figure 3.4. Using air as dispersion gas resulted in lower flame temperatures and 

shorter particle sintering rates leading to smaller particles (Figure 3.4b) than with O2 

(Figure 3.4d) which was in agreement with the measured BET-equivalent particle 

diameter as shown in Figure 3.4. The morphology of the product was strongly 

affected by the residence time of the particles at high temperatures. At a production 

rate of 150 g/h, agglomerates of small primary particles were made regardless of the 

dispersion gas composition (Figures 3.4a, c, and e). At higher production rate (300 

g/h) the enthalpy of the flame was increased resulting in longer particle residence 

times at high temperature in higher flame temperatures and shorter particle residence 

times, both leading to the formation of larger primary particles (Figures 3.4b, d, and 

f). Large single particles with diameters up to 100 nm as well as small agglomerated 
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silica particles were observed when O2 was used as dispersion gas (Figures 3.4d and 

f). Some of the larger particles seem to be non-agglomerated coexisting with 

agglomerates containing smaller primary particles, implying inhomogeneous flame 

conditions and too short residence times at high temperature for complete particle 

coalescence or sintering. The product morphology seems not to be affected by the 

sheath O2 as indicated in Figures 3.4c and e at 150 g/h and in Figures 3.4d and f at 

300 g/h. 

 

Figure 3.4 Transmission electron micrographs of silica nanoparticles at production 

rates of 150 g/h (top row) and 300 g/h (bottom row) using 12.5 l/min air 

(a, b) or O2 as dispersion gas without (c, d) and with (e, f) additional 25 

l/min of O2 sheath flow using 1.26 M HMDSO in Et.OH. (Mueller et al., 

2003) 

In the conventional flame synthesis where vapor phase reaction was 

employed, the amount of precursor introduced into the flame determined the collision 

frequency of the particles during the growth process. Chang et al. [50] investigated an 

increment in precursor concentration leading to increase the particle size because of 

the enhanced collision and sintering rates at the high flame temperature. Similarly, 

higher precursor concentrations resulted in larger particle sizes in the flame spray 

pyrolysis. TEM micrographs of TiO2 nanoparticles are shown in Figure 2.5 at various 

precursor concentrations: (a) 0.1 M; (b) 0.5 M; (c) 1.0 M. Particles were spherical and 
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non-hollow. The particle size distributions obtained from the TEM micrographs were 

also shown in Figure 3.5 (d). The geometric mean diameter and geometric standard 

deviation of particles prepared at the precursor concentration of 0.1 M were about 9 

nm and 1.48, respectively, and those were increased to about 49 nm and 1.83 by 

increasing the precursor concentration to 1.0 M. The size of particles prepared with 

low precursor concentration was clearly smaller than that of particles prepared with 

high precursor concentration.  

 

Figure 3.5 TEM micrographs (a–c) and particle size distribution (d) of TiO2 

nanoparticles prepared at various precursor concentrations: (a) 0.1 M, 

(b) 0.5 M and (c) 1.0 M. (Mueller et al., 2003) 

The changes of the average primary particle diameter with respect to the 

precursor concentration can be calculated from the specific surface areas shown in 
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Figure 3.6. As the precursor concentration increased from 0.1 to 1.0 M while the all 

gas flow rates were kept at constant, the average primary particle diameter increased 

from 13 to 61 nm, corresponding to 126 and 25 m2/g in the specific surface area, 

respectively. The average particle size was found to increase by a factor of 4.7 when 

the precursor concentration was increased by one order of magnitude. If one particle 

generated from one, the average diameter of particles from a precursor concentration 

of 1.0 M would be expected to be 2.2 times the average diameter of particles from a 

precursor concentration of 0.1 M. However, the factor of 4.7 indicated either a 

multiple particle formation per one precursor solution droplet with a concentration of 

0.1 M or the particles from the precursor concentration of 1.0 M originated from the 

coalescence of smaller particles. These results from BET and TEM micrographs 

revealed that the particles mean size can be easily controlled by changing the 

precursor concentration in flame spray pyrolysis. However, all the particle sizes did 

not grow in proportion to the increment of precursor concentration. TEM micrograph 

shown in Figure 3.5 (b) and size distribution in Figure 3.5 (d) show the particles 

prepared with a precursor concentration of 0.5 M have a bimodal size distribution. 

The geometric standard deviation of particles prepared at 0.5 M was as broad as 2.26. 

It meant that the synthetic processes of small particles at 0.1 M and large particles at 

1.0 M were different from each other. When the precursor concentration was 0.5 M, 

both of small and large particles coexisted and they may be originated from two 

different synthetic pathways simultaneously. The particles in FSP were produced as a 

result of the competition between droplet vaporization and reaction inside the droplet. 

When the droplet vaporization was dominant, the vaporized precursors reacted in gas 

phase and particle growth occurred by collision and coalescence. On the contrary, 

when the intradroplet reaction was dominant, the precursor droplet underwent 

hydrolysis and/or oxidation within the confines of the sprayed liquid droplet and one 

droplet produces one particle. The precursor with a molar concentration of 0.1 M was 

vaporized and decomposed in the high temperature region and reacted in the vapor 

phase, resulting in small particles. 
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Figure 3.6 Average particle diameter of TiO2 nanoparticles as a function of the 

precursor concentration. (Mueller et al., 2003)  
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Chapter 4 

Experimental 

 This chapter is proposed the experimental and procedures used in this study. It 

is divided into three parts consisting of catalyst preparation, catalyst characterization 

and catalyst activity on the carbon dioxide reforming of methane testing. The first part 

explains catalyst preparation by flame spray pyrolysis, and wet impregnation 

methods. The second part explains catalyst characterization using different techniques 

containing X-ray diffraction (XRD), H2 temperature programmed reduction (TPR) 

and CO2 temperature programmed desorption. Finally, a detailed procedure for 

catalyst evaluation in the carbon dioxide reforming of methane is explained. 

4.1 Catalyst Preparation 

4.1.1 Material 

 The chemicals used in the catalyst preparation are listed in table 4.1 

Table 4.1 The details of chemicals used in the catalyst preparation 

Chemicals Formula Grade Manufacture 

Zirconium (IV)     

n-butoxide 
C16H36O4Zr 

76-80 %  

in n--butanol 

Strem Chemicals, 

USA  

Cobalt 

naphthenate 
Co(C11H10O2)2 

10 wt%  

in mineral spirits 
Fluka 

Cobalt (II) nitrate 

hexahydrate 
Co(NO3)2

.6H2O 98% 
Ajax Finechem Pty 

Ltd 

Calcium stearate [CH3(CH2)16COO]2Ca 7% Ca by wt. 
Sigma-Aldrich Cheme 

GmbH, Germany 
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Chemicals Formula Grade Manufacture 

Calcium nitrate Ca(NO3)2
.4H2O 99% 

Ajax Finechem Pty 

Ltd 

Xylene C6H4(CH3)2 99.0% PA Panreac 

 

4.1.2 Preparation by Flame Spray Pyrolysis 

The FSP was technique used for preparation of support and catalysts. A 80 

wt% of zirconium n-butoxide and cobalt naphthenate were used as a catalyst 

precursor and diluted with xylene to a 0.5 M solution. The catalyst precursor was fed 

in the center of the FSP nozzle by syringe pump at 5 ml/min. Dispersing the precursor 

by oxygen was fed at rate 5 ml/min. The pressure drop at the nozzles was held 

constant at 1.5 bar by adjusting the orifice gap area at the nozzle. The catalyst powder 

was collected on a glass microfiber filter (Whatman) with the aid of a vacuum pump. 

   

 
Precursor injection

pump

Oxygen Flame

Oxygen dispersion

Oxygen
Methane

Burner Chamber

Vacuum Pump

Hood

  

Figure 4.1 Experimental set-up scheme of flame spray pyrolysis 
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4.1.3 Metal loading by wet impregnation 

The metal oxide promoted cobalt catalyst on zirconia support with different 

position were prepared by wet-impregnation using cobalt (II) nitrate hexahydrate 

[(Co(NO3)2).6H2O] and/or Calcium nitrate [Ca(NO3)2
.4H2O]. The aqueous precursors 

were droplet above until flooding on support prepared by flame spray pyrolysis. After 

wet impregnation the catalyst precursors were stirred under 70°C for 6 h and 

subsequently the samples were dried at 110°C overnight. All catalysts were calcined 

from room temperature to 500°C by temperature rate 10°C /min and held at 500°C for 

4 h under air flow. The catalysts which succeed from first calcinations were 

introduced to the second impregnation. The second aqueous precursor was used to 

wet impregnation again and followed by the second calcination in the same condition. 

4.2 Catalyst Characterization 

4.2.1 X-ray diffraction (XRD) 

 The XRD measurement was used to identification and quantification of 

minerals, compounds and other crystalline phases of each catalyst. It was conducted 

on Rigaku/Miniflex II desktop X-ray diffractometer using Cu Kα (1.541841 Å) as the 

radiation source, equipped with a generator voltage of 30 kV and tube current of 15 

mA. The intensity data were recorded over a 2θ range of 20°-80° with a step size 

0.01° and with a scanning rate of 2°/min. The average size of crystallites was assessed 

using the Scherrer equation.  

4.2.2 H2 Temperature Programmed Reduction (H2-TPR) 

The reduction behavior and reducibility of catalysts were investigated by 

temperature programmed reduction with H2. The equipment used was a 

Micrometritics Pulse Chemisorb 2910 instrument. The procedure was conducted as 

follows: 

1. A 0.05 g of catalyst samples in a quartz U-tubular reactor was initially 

heated under 30 ml/min of nitrogen atmosphere flow at a heating rate of 10°C/min to 

150°C and held for 1 h to eliminate the adsorbed water. After the pretreatment, the 

system was cooled to room temperature. 
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2. The reducing gas (10% H2 in Ar) was switched on at 30 ml/min from room 

temperature to 800°C at the ramp heating rate of 10°C/min. The H2 consumption was 

measured with a thermal conductivity detector. A cold trap (liquid nitrogen/             

2 propanol bath) was used to remove water from the exit stream. 

4.2.3 CO2 Temperature Programmed Desorption (CO2-TPD) 

The surface basicity and base strength distribution of catalysts was 

investigated by temperature programmed desorption with CO2 as the probe molecule. 

The equipment used was a Micrometritics Pulse Chemisorb 2910 instrument. The 

procedure was conducted as follows: 

1. A 0.2 g of catalyst samples in a quartz U-tubular reactor was initially heated 

under 30 ml/min of helium atmosphere flow at a heating rate of 10°C/min to 150°C 

and held for 1 h to eliminate the adsorbed water. After the pretreatment, the system 

was cooled to 50 °C in helium before proceeding with the analysis. 

2. The samples were exposed to 30 ml min-1 of CO2 for 1 h. After that, to 

remove the physisorbed CO2 from the sample, 30 ml min-1 of helium was passed over 

the sample for 10 min. The temperature was then increased to 800 °C with a ramping 

rate of 10 °C min-1 and held at this temperature for 30 min while simultaneously 

recording the CO2 desorption from the sample. 

4.3 Catalyst Evaluation  

The catalytic activity and product selectivity of all samples were tested by 

carbon dioxide reforming of methane in a fixed-bed quartz tubular reactor under 

atmospheric pressure. The gases were used in this synthesis test are listed in table 4.2.  

Table 4.2 The details of gases used in carbon dioxide reforming of methane  

      test 

 

 

 

 

Gases Formula Grade 

Methane CH4 Ultra high purity 

Carbon dioxide CO2 Ultra high purity 

Argon Ar Ultra high purity 

Hydrogen H2 Ultra high purity 
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Figure 4.2 show the flow diagram of the system for testing the catalytic 

activity by carbon dioxide reforming of methane. The instrument consisted of a fixed-

bed reactor, an electrical furnace, an automation temperature controller, a gas 

controlling system, TCD gas chromatography. The equipments used in this system 

were listed and explained as follows: 

 

1.   Pressure Regulator 2.   Plug Value   3.   Metering Valve  

4.   Check valve  5.   Catalyst Bed        6.   Furnace  

7.  Temperature Controller 8.   Bubble Flow Meter           9.   Sampling Valve  

10. GC-TCD    

Figure 4.2 Schematic diagram of the reaction line for catalytic activity test  

                          analyzed by GC-TCD equipped with Porapak Q  

4.3.1  Reactor 

Catalytic activity measurements were carried out in a fixed-bed quartz tubular 

reactor (0.6 cm. inside diameter). The catalyst sample was placed between two quartz 

wool layers. The gas flows (Ar, H2, CH4 and CO2) were adjusted by metering valve. 

The reaction proceeded at atmospheric pressure. The products were analyzed online 

by gas chromatography, equipped with TCD (thermal conductivity detector) and 

column Porapak Q. 
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4.3.2  Electrical Furnace 

The electrical furnace was used to supply heat to the reactor. The reactor could 

be operated from room temperature up to 800°C at the maximum voltage of 220 volt. 

4.3.3 Gas Controlling System 

The flow rate of each gas used in this synthesis was controlled by a gas 

controlling system which consisted of pressure regulators and metering valves. 

4.3.4  Gas Chromatograph 

The product stream was analyzed online by two Shimadzu GC-14B gas 

chromatographs with TCD (thermal conductivity detector). The operating conditions 

for each instrument are shown in the tables 4.3. 

  Table 4.3 The operating conditions of TCD gas chromatographs for the  

                               catalytic activity test 

Gas chromatograph Shimadzu GC-14B 

Detector TCD 

Column Porapak Q 

Carrier gas Ar (UHP) 

Carrier gas flow 30 ml/min 

Injector temperature 150°C 

Detector temperature 150°C 

Column temperature 
40°C (held for 8 min)  

100oC (Ramp rate 20 °C/min, held for 8 min) 

Analysis gas H2, CO, CH4 and CO2 
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The procedure step performed as follows: 

 1. 0.2 ml of catalyst sample was performed in a fixed-bed quartz tube 

reactor which placed in the furnace. 

 2. Prior to the catalytic activity test, the temperature was raised to 500 °C 

in argon flow rate of 60 ml/min with a heating rate of 10°C/min and the catalyst was 

reduced by hydrogen with flow rate of 60 ml/min at 500 °C for 2 h. 

 3. After the reduction, to purge the physisorbed H2 on catalyst surface by 

argon at 500 °C for 10 min, and increasing the reactor temperature to 800 °C in argon 

flow under atmospheric pressure, the CH4 and CO2 (molar ratio of CH4/CO2 = 1 and 

GHSV = 18.000 h-1) was introduced. The total volumetric flow rate was 60 ml/min. 

The composition of product was analyzed by on-line gas chromatographs (GC) 

connecting with TCD detector.  
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Chapter 5 

Results and discussion 

This chapter showed the results and discussion of research. The effect of CaO 

loaded on cobalt-based catalyst prepared by various methods. It divided into two 

sections, including the FSP-made cobalt-based catalyst, the wet impregnation/FSP 

methods (wet impregnation and FSP-wet impregnation method). The catalysts 

properties were characterize by XRD, H2-TPR and CO2-TPD. The carbon dioxide 

reforming of methane reaction was the catalytic activity test.  

5.1 The cobalt-based catalyst prepared by FSP 

The effect of CaO loading on FSP-made cobalt-based catalyst was investigate, 

it divided into three parts, consisting of cobalt metal contents, CaO loading and CaO 

addition method.  

5.1.1 The effect of various cobalt metal contents 

The cobalt-based catalyst prepared by FSP with various percentages of cobalt 

(10-30 wt.%). These catalysts symbol and detail were showed in table 5.1.      

   Table 5.1 The details of xCo-Z (x=10-30 wt.%)  

Catalyst symbol Details of catalyst 

10Co-Z The 10 wt.% of Co were incorporated with ZrO2 by FSP 

15Co-Z The 15 wt.% of Co were incorporated with ZrO2 by FSP 

20Co-Z The 20 wt.% of Co were incorporated with ZrO2 by FSP 

25Co-Z The 25 wt.% of Co were incorporated with ZrO2 by FSP 

30Co-Z The 30 wt.% of Co were incorporated with ZrO2 by FSP 
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5.1.1.1 The physical and chemical properties of catalyst 

a. Phase analysis by X-ray diffraction (XRD) 

The crystal structure and phase composition of the Co/ZrO2 catalysts were 

investigated by XRD technique. XRD patterns of catalysts are depicted in figure 5.1. 

peaks of ZrO2 displayed in two patterns, monoclinic (2θ = 24.5°, 28.5°, 31.6°, 34.3°, 

40.8°, 49.3°, 54.3° and 55.4°) and tetragonal and/or cubic (2θ = 30°, 35°, 50° and 60°) 

peaks. The XRD patterns of tetragonal and cubic showed the same pattern was not 

clear. Kuznetsova and Sadykov report that the boundaries between these phases are 

not clear, particularly near the equimolar composition as they have the same fluorite-

type cationic sublattice in which the oxygen atoms are displaced in interstitial 

positions [31]. Therefore, it is impossible to distinguish cubic from tetragonal 

structure by the XRD technique [32, 33]. The inhibition of ZrO2 phase transformed to 

stable monoclinic was observed for higher Co contents. Besides, XRD peak positions 

(2θ = 19.02°, 31.3°, 36.88°, 38.59°, 44.85°, 59.41° and 65.30°) and relative intensities 

obtained for the Co3O4 match with the JCPDS card No: 073-1701 file, assigned it as 

Co3O4 with a cubic structure. It can be seen that the increasing of Co content resulted 

in sharp peak of Co3O4. In addition, the peak position at 2θ = 42° was ascribed to 

CoO. The crystalline size of catalyst showed in table 5.2. It was observed that the 

Co3O4 particle size was increases when the Co loaded with high content. 

 

Figure 5.1 XRD patterns of samples xCo-Z (x = 10-30 wt.%) 
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   Table 5.2 The crystalline size of xCo-Z (x=10-30 wt.%)  

Catalysts ZrO2 phase 
(%) 

ZrO2 
crystalline size 

(nm) 

Co3O4 
crystalline size 

(nm) 

CoO 
crystalline size 

(nm) 

10Co-Z 
M (72.7) 51.1 

18.0 43.1 
T′ (27.3) 46.0 

15Co-Z 
M (76.3) 47.4 

39.0 43.1 
T′ (23.7) 32.0 

20Co-Z 
M (71.5) 43.0 

45.0 40.2 
T′ (28.5) 30.5 

25Co-Z 
M (59.1) 50.6 

50.4 43.1 
T′ (40.9) 36.3 

30Co-Z 
M (51.3) 47.4 

62.8 51.0 
T′ (48.7) 44.9 

Note: Monoclinic (M), Tetragonal or Cubic (T′)    

 b. The reduction behavior of catalyst by H2 temperature programed  

                reduction (H2-TPR) 
 

The Co3O4 bulk was reduced at temperature range between 240-530 °C as 

showed in Figure 5.2. There were separate into two peaks, small peak at 355 °C and 

main peak at 417 °C. The small peak was assigned to the cobalt nitrate, which was 

still remaining after incomplete decomposition during calcination step. The main peak 

was assigned to the two steps of the Co3O4 reduction to Co metal, as showed in the 

following equations. 

 Co3O4 + H2   3CoO + H2O   (Eq.5.1) 

 CoO + H2   Co + H2O   (Eq.5.2) 

 

Figure 5.2 H2-TPR profiles of the cobalt oxide bulk (C. Poosri, 2012)  
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Figure 5.3 H2-TPR profiles of the xCo-Z (x = 10-30 wt.%) 

 Figure 5.3 exhibited the TPR profiles of the xCo-Z (10-30 wt.%) prepared by 

FSP. The reduction behavior of Co3O4 can separate into two groups at 500 °C. The 

small broad peak at low temperature (< 500 °C) was assigned to the reduction of 

Co3O4 with weak metal-support interaction and the large peak at high temperature (> 

500 °C) was assigned to the reduction of Co3O4 with strong metal-support interaction. 

It can be seen that the lower Co content (< 20%) showed the reduction of Co3O4 with 

strong interaction. The reduction temperature was slightly shifted to low temperature 

when the Co content was increased. On the other hand, the Co content more than 20% 

exhibited the large peak of strong interaction at high temperature, it meaning that the 

difficult to reduce Co3O4 leading to the loss of active site. However, the minimum 

reduction temperature was performed at 20% of Co loaded. The reducibility of 

catalysts showed in table 5.3.  

   Table 5.3 The reducibility of xCo-Z (x=10-30 wt.%)  

Catalysts 10Co-Z 15Co-Z 20Co-Z 25Co-Z 30Co-Z 

Reducibility 
(%) 

58.0 67.9 67.5 70.7 65.0 
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 c. The basic properties of catalyst by CO2 temperature programed  

                desorption (CO2-TPD) 

 The CO2-TPD technique was carried out to determine the basicity of catalyst. 

The CO2-TPD profiles of catalysts were showed in figure 5.4. It can found that the 

basic site of catalyst can divided into three type, consisting of weak basic site (100-

300 °C), medium basic site (300-600 °C) and strong basic site (600-800 °C). The 

ZrO2 prepared by FSP displayed in weak and medium basic site. It should be noted 

that the surface basicity of catalyst was increase when the small amount of Co loaded 

on ZrO2, especially for 10Co-Z showed the medium and strong basic site. The 

decreasing of basic site was observed at high Co loaded.  

 

Figure 5.4 CO2-TPD profiles of the xCo-Z (x = 10-30 wt.%) 

The numbers of basic sites of catalyst showed in table 5.2. Total basicity of 

10Co-Z was rapidly increased while the high Co content exhibited the decreasing of 

total basicity 
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Table 5.4 The number of basic sites of different basicity strengths for xCo-Z  

                       (x = 10-30 wt.%)  

Catalysts 
Basic sites (%) Total basicity 

(μmol g-1) Weak Medium Strong 
ZrO2

a 33.5 66.5 - 211.3 
10Co-Z 21.7 56.2 22.1 331.4 
15Co-Z 4.6 95.4 - 260.6 
20Co-Z 28.8 62.4 8.8 116.4 
25Co-Z 20.1 72.1 7.9 89.7 
30Co-Z 13.0 70.4 16.6 112.2 

Note: ZrO2 prepared by FSP and thermal treatment in N2 at 800 °C, 1 h.  

5.1.1.2 The catalytic activity of xCo-Z catalyst for carbon dioxide reforming  

                 of methane  

Catalytic activities of catalyst were test by carbon dioxide reforming of 

methane reaction. The catalyst activity can reported in term of CH4 and CO2 

conversion as Figure 5.5 and Figure 5.6. All catalyst showed the low activity in this 

reaction but it very stable for long time. It can be seen that 20Co-Z showed the 

highest activities both of CH4 and CO2 leading to the increasing of H2 production, it 

was agree with H2 production rate displayed in figure 5.7.  Besides, the low reaction 

activities was perform at lower and higher than 20% of Co content, this results can be 

explained by two characteristic of catalyst. The small Co3O4 particle size was 

observed for the Co content lower than 20%, it presence the reduction of Co3O4 with 

strong metal-support interaction leading to the loss of metal active site. In the reaction 

mechanism CH4 is decomposed on the metal to yield a surface CHx species and H2. 

Upon sorption, CO2 dissociates to CO and adsorbed O2 which reacts with the CHx 

species to CO and H2 [34]. Thus, the loss of active site is cause to low reaction 

activities. But it can stabilize the conversion for long time. In the literature, the 

presences of ZrO2 which metals are electron-rich and always show SMSI. This effect 

is believed to be responsible for the reduced carbon deposition on catalyst surface [11, 

18, 24, 25, 26]. On the other hand, for high Co loaded showed the low activities by 

others reason, it showed the large metal particles size but it was low degree of 
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reducibility. Normally, the large particles size can easily metal oxide reduced to 

metal. In the contrast, the high reduction temperature of large Co3O4 particles size 

was observed may be ascribed as an agglomeration of small particles in form the 

cluster. Then, the increasing of Co loaded cannot improve the catalytic activities of 

catalyst. However, all catalyst showed the good stability for long time due to the 

surface basicity. This affective can improve the activities of CO2 leading to the 

suppression of carbon deposition which is the catalytic deactivation cause.       

 

Figure 5.5 CH4 conversion of xCo-Z (x = 10-30 wt.%) 

 

Figure 5.6 CO2 conversion of xCo-Z (x = 10-30 wt.%) 
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Figure 5.7 and Figure 5.8 showed the trend of H2 production rate and H2/CO 

ratio in product stream. Though CH4/CO2 were fed at stoichiometric ratio, the ratio of 

H2/CO produced is lower than 1 especially for the catalyst with low activity. The 

deviation from stoichiometric value is cause to the significant extent of the RWGS 

reaction [13].        

 

Figure 5.7 The H2 production rate of xCo-Z (x = 10-30 wt.%) 

 

Figure 5.8 The H2/CO ratio of xCo-Z (x = 10-30 wt.%) 

It should be noted that the CO2 conversion always higher than CH4 

conversion, this indicated that the side reaction was occur during the reaction 
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condition. From the previous work, they reported that RWGS is a mainly side reaction 

for DRM process. It favored to occur at high temperature and low pressure. The low 

H2/CO ratio was observed due to the loss of H2 in the product stream by the RWGS. 

The water generated can detectable during the reaction. 

 

Figure 5.9 The correlation of H2/CO and ξRWGS/ξDRM 

Figure 5.9 showed the H2/CO ratio is relative to the ξRWGS/ξDRM ratio when the 

assuming is only RWGS as side reaction occurred. We found that the result of 

experiment is located on the hypothesis curve. The catalysts with low activity tend to 

increase the extent of RWGS reaction. Thus, FSP-made cobalt-based catalyst has the 

low activity due to the limited of CH4 decomposition. But the catalytic activity 

remains stable when the rate of methane decomposition and carbonate are in balance. 

However, The optimum Co loaded at 20 wt.% has the highest activity and stability in 

this reaction, and inhibited the RWGS reaction. 

5.1.2 The effect of various CaO contents 

The effect of various CaO contents (0.2-10wt.%) on cobalt-based catalysts 

with 20 % of Co loaded prepared by FSP. These catalysts symbol and detail were 

showed in table 5.5. 
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Table 5.5 The details of 20Co-yCaO-Z (y = 0.2-10 wt.%)  

Catalyst symbol Details of catalyst 

20Co-0.2CaO-Z 
The loading 20 wt.% of Co and 0.2 wt.% of CaO were 

incorporated with ZrO2 prepared by FSP. 

20Co-1CaO-Z 
The loading 20 wt.% of Co and 1 wt.% of CaO were 

incorporated with ZrO2 prepared by FSP. 

20Co-2CaO-Z 
The loading 20 wt.% of Co and 2 wt.% of CaO were 

incorporated with ZrO2 prepared by FSP. 

20Co-5CaO-Z 
The loading 20 wt.% of Co and 5 wt.% of CaO were 

incorporated with ZrO2 prepared by FSP. 

20Co-10CaO-Z 
The loading 20 wt.% of Co and 10 wt.% of CaO were 

incorporated with ZrO2 prepared by FSP. 

 

5.1.2.1 The physical and chemical properties catalyst 

a. Phase analysis by X-ray diffraction (XRD) 

 

Figure 5.10 XRD patterns of 20Co-yCaO-Z (y = 0.2-10 wt.%)  

The results of XRD analysis for 20Co-Z with CaO loaded are presented in 

Figure 5.10. The XRD patterns showed the peak of ZrO2 and Co oxide. Both M-ZrO2 

and T′-ZrO2 were found in the 0.2 wt.% of CaO loaded. It was observed that only T′-
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ZrO2 phase was detected as high CaO loaded (> 0.2 wt.%). The diffraction peaks of 

T′-ZrO2 became broader as CaO content rising, which indicated that the T′-ZrO2 

crystalline size was rather small. Generally, ZrO2 exists in M-ZrO2 phase at 

temperature below 1170 °C, and T′-ZrO2 phase is metastable which tends to be 

transformed into the M-ZrO2 as temperatures elevated to a certain range [29, 35, 36]. 

The stability of metastable phase could be assigned to the effect of CaO loaded and 

the small crystal size [37]. This result may be indicated that the high CaO loaded can 

stabilize the T′ phase. Moreover, the absence of CaO crystal peak in the diffraction 

patterns indicated a complete incorporation of CaO into the ZrO2 lattice to form CaO-

ZrO2 solid solution during its preparation [38]. Koirala et al. investigated the CaO 

sorbents for CO2 capture. They reported the CaO peaks were observed for the low 

Zr/Ca ratio and disappeared upon further increase of Zr doping [27]. The well-

dispersed CaO can prove the mechanical stability of the prepared catalyst with low 

CaO content for long time operation. On the other hand, the diffraction peak of Co 

oxide became broader when more CaO contents. The crystalline size of catalyst as 

showed in table 5.6. It can be observed that the catalyst with CaO loaded showed the 

smaller particles size than the catalyst without CaO loaded.      

   Table 5.6 The crystalline size of 20Co-yCaO-Z (y = 0.2-10 wt.%) 

Catalysts 
ZrO2 
phase 
(%) 

ZrO2 
crystalline size 

(nm) 

Co3O4 
crystalline size 

(nm) 

CoO 
crystalline size 

(nm) 

20Co-Z 
M (71.5) 43.0 

45.0 40.2 
T′ (28.5) 30.5 

20Co-0.2CaO-Z 
M (24.8) 30.1 

25.5 35.6 
T′ (75.2) 30.0 

20Co-1CaO-Z T′ (100) 35.0 32.8 32.1 

20Co-2CaO-Z T′ (100) 35.6 36.6 40.2 

20Co-5CaO-Z T′ (100) 26.9 41.7 27.0 

20Co-10CaO-Z T′ (100) 25.0 22.3 13.9 

Note: Monoclinic (M), Tetragonal or Cubic (T′)    
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b. The reduction behavior of catalyst by H2 temperature programed  

                reduction (H2-TPR) 
 

The reduction behavior of catalyst with various CaO contents present in 

Figure 5.11, two reduction peaks are observed in the TPR profiles, the first peak 

around 300-500 °C and second peak around 500-650 °C. These peaks were related to 

the reduction of cobalt oxide in different environments. The reduction peak of 0.2CaO 

loaded was observed at lower temperature, compared with 20Co-Z. The reduction 

temperature became higher as the CaO content rising. It can be attributed to the 

formation of CaO-ZrO2 solid solution can affect to increase the strong interaction 

between metal-support. This affective resulted in the loss of active site. However, the 

small amount of CaO loaded can prove the reducibility of catalyst.  

 

Figure 5.11 TPR profiles of 20Co-yCaO-Z (y = 0.2-10 wt.%) 

The reducibility of catalysts with and without CaO loaded showed in table 5.7, 

It can be seen that the increasing of total reducibility when the presence of CaO on 

20Co-Z. 
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   Table 5.7 The reducibility of 20Co-yCaO-Z (y = 0.2-10 wt.%)  

Catalysts 20Co-Z 
20Co-

0.2CaO-Z 
20Co-

1CaO-Z 
20Co-

2CaO-Z 
20Co-

5CaO-Z 
20Co-

10CaO-Z 

Reducibility 
(%) 

67.5 73.3 83.4 87.2 83.0 86.1 

 c. The basic properties of catalyst by CO2 temperature programed  

                desorption (CO2-TPD) 
 

 The CO2-TPD profiles of catalyst with various CaO contents are the presented 

in Figure 5.12. In the literature, it was reported that the CO2-TPD profiles of pure 

CaO show that the desorption peak of chemisorbed CO2 in temperature range 300-600 

°C. This peak is related to the strong basic sites of CaO [29, 30]. With increasing CaO 

loading, the desorbed temperature for medium basic site continued to decrease. The 

shift of the medium desorption peak position was related to the effect of weak basic 

nature of zirconia covers the surface of strong basic sites of CaO. While the 

increasing of CaO up to 2 wt.% was observe the strong basic site, especially for 10 

wt.% of CaO    

 

Figure 5.12 CO2-TPD profiles of 20Co-yCaO-Z (y = 0.2-10 wt.%) 
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 The difference in the distribution of basic sites for each catalyst indicates that 

the basicity and base strength distributions are influenced by CaO loaded on the Co-Z 

catalyst, as showed in table 5.8. The small amount of CaO loaded on 20Co-Z catalysts 

results in the decreasing of strong basic site. In contrast, the creation of a strong basic 

site was observed for 20Co-Z with high CaO loaded (> 1wt.%).   

Table 5.8 The number of basic sites of different basicity strengths for 20Co-

yCaO-Z (y = 0.2-10 wt.%)  

Catalysts 
Basic sites (%) Total basicity 

(μmol g-1) Weak Medium Strong 

20Co-Z 28.8 62.4 8.8 116.4 

20Co-0.2CaO-Z 20.1 70.5 9.4 57.8 

20Co-1CaO-Z 24.5 72.6 2.9 183.3 

20Co-2CaO-Z 20.3 54.9 24.8 176.1 

20Co-5CaO-Z 25.2 59.7 15.0 285.3 

20Co-10CaO-Z 12.8 32.7 55.3 434.4 

 

5.1.2.2 The catalytic activity of Co-ZrO2 catalyst for carbon dioxide  

                   reforming of methane.  

 
Figure 5.13 CH4 conversion of 20Co-yCaO-Z (y = 0.2-10 wt.%)  
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Figure 5.13 and Figure 5.14 were presented the CH4 and CO2 conversion. It 

can be seen that the rates of conversion increased with small amounts of CaO loaded 

in the catalyst. It may be attributed to the generated of small metal particle size with 

weak metal-support interaction results in the decreasing of reduction temperature 

leading to the high active site on catalyst surface. Moreover, the surface basic site 

created from CaO loaded exhibited the surface of oxygen-rich which was the 

beneficial influence to the catalytic activities improvement. The CO2 dissociative 

adsorption on the active surface, leading to the surface oxygen and CO released. This 

step is fast and highly reversible, while the reaction between carbon atom and 

activated oxygen occurs more slowly, being the limiting step. For the suppression of 

inert carbon deposition, activated oxygen from CO2 should be able to oxidize the 

carbon species or CHx intermediates from CH4 decomposition. By this reason, the 

active surface where CO2 activation could be enhanced the oxygen vacancies in the 

solid solution supports. While the low activities was observed for high CaO content 

because the loss of metal active site.    

 

 

Figure 5.14 CO2 conversion of 20Co-yCaO-Z (y = 0.2-10 wt.%) 
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Figure 5.15 The H2 production rate of 20Co-yCaO-Z (y = 0.2-10 wt.%) 

 The CO2 conversion is higher than the CH4 conversion for all catalysts. This is 

indicated that the RWGS is occurring together with dry reforming reaction. The 

present of strong basic site leading to the activation of CO2 adsorbed on surface, while 

the active site of CH4 was less. Thus, the excess CO2 may be react with the produced 

H2 by RWGS reaction. By this reason, the low H2 production was observed for the 

catalyst with low activities. The ratio of H2/CO always less than 1 as showed in 

Figure 5.16.  

 

 

Figure 5.16 The H2/CO ratio of 20Co-yCaO-Z (y = 0.2-10 wt.%) 
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Figure 5.17 The correlation of H2/CO and ξRWGS/ξDRM 

The correlation of H2/CO and ξRWGS/ξDRM at steady state as showed in figure 

5.17, the result exhibit the trend of reaction occurred. The small amount of CaO 

loaded can promoted the activity in dry reforming process. However, the 

enhancement of catalyst activity and stability is believed to the balance between CH4 

decomposition and coke formation.  

5.1.3 The effect of various CaO loading methods 

The effect of various methods for CaO loading on FSP-made cobalt-based 

catalysts was investigated, consisting of FSP and wet impregnation method. These 

catalysts symbol and details were showed in table 5.9.    

Table 5.9 The symbol and details 20Co-Z catalyst with 1CaO loaded 

Catalyst symbol Details of catalyst 

20Co-Z The 20 wt.% of Co were incorporated with ZrO2 by FSP 

20Co-1CaO-Z The loading 20 wt% of Co and 1 wt.% of CaO were 
incorporated with ZrO2 prepared by FSP. 

1CaO/20Co-Z The loading 1 wt% of CaO was impregnated on 20 wt.% of 
Co incorporated with ZrO2 prepared by FSP. 
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5.1.3.1 The physical and chemical properties catalyst 

a. Phase analysis by X-ray diffraction (XRD) 

The XRD patterns of catalysts showed in Figure 5.18. Both M-ZrO2 and T′-

ZrO2 were observed in the impregnated CaO catalyst, but the diffraction intensity of 

T′-ZrO2 peak was smaller than the CaO loaded by FSP, indicating the presence of 

small crystalline size. Moreover, the weakly diffraction peak of Co3O4 was also 

observed for impregnated CaO catalyst. However, it was suggested that the CaO 

loaded methods can affected to the phase transformation of ZrO2. FSP method has the 

stronger influence than the wet impregnation method, which was stabilize ZrO2 in 

metastable phase (Tetragonal or Cubic).     

 

Figure 5.18 XRD patterns of 20Co-Z catalyst with 1CaO loaded 

The crystalline size of catalyst was determined from Debye-Scherrer equation, 

which showed in table 5.10. The results from XRD technique confirmed that the 

presence of CaO on catalyst can stabilize the tetragonal or cubic ZrO2 phase. The CaO 

loading method results in the kind of solid solution. In this work, the catalyst with 

CaO loaded prepared by FSP had the homogeneous solid solution with small particle 

size.       
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Table 5.10 The crystalline size of 20Co-Z catalyst with 1CaO loaded 

Catalysts 
ZrO2 
phase 
(%) 

ZrO2 
crystalline size 

(nm) 

Co3O4 
crystalline size 

(nm) 

CoO 
crystalline size 

(nm) 

20Co-Z 
M (71.5) 43.0 

45.0 40.2 
T′ (28.5) 30.5 

20Co-1CaO-Z T′ (100) 35.0 32.8 32.1 

1CaO/20Co-Z 
M (25.2) 22.3 

21.2 22.1 
T′ (74.8) 25.8 

Note: Monoclinic (M), Tetragonal or Cubic (T′)    

 For the phase analysis of spent catalyst showed in Figure 5.19, we can found 

that the patterns of cobalt oxide for the spent catalyst differ to the fresh catalyst. The 

present of Co metal peak while the peaks of cobalt oxide are disappeared, it was 

indicated that the oxidation of metal active site was not occur under reaction 

condition. Furthermore, the decreasing of peak intensity was observed for 20Co-

1CaO-Z (spent).      

 

Figure 5.19 XRD patterns of the fresh and spent of 20Co-Z catalyst with 

1CaO loaded (after running the reaction for 16 h) 
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The crystalline size of spent catalysts showed in table 5.11, the particle size of 

20Co-Z (spent) catalyst was slightly increase which attributed to the agglomerate of 

small particles. Besides, the particle size 20Co-1CaO-Z (spent) was not increase 

because the presence of CaO-ZrO2 solid solution.      

   Table 5.11 The crystalline size of 20Co-Z catalyst with 1CaO loaded 

Catalysts 
ZrO2 phase 

(%) 
Crystalline size (nm) 

ZrO2  Co3O4  CoO  Co  
F S F S F S F S S 

20Co-Z 

M 
(71.5) 

M 
(77.9) 

43.0 64.4 
45.0 - 40.2 - 36.2 

T′ 
(28.5) 

T′ 
(22.1) 30.5 47.3 

20Co-1CaO-Z T′ 
(100) 

T′ 
(100) 35.0 33.0 32.8 - 32.1 - 44.1 

Note: Fresh catalyst (F), Spent catalyst (S) 

Monoclinic (M), Tetragonal or Cubic (T′)    

b. The reduction behavior of catalyst by H2 temperature programed  

     reduction (H2-TPR) 

 

Figure 5.20 TPR patterns of 20Co-Z catalyst with 1CaO loaded 
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The CaO loaded on Co-based catalyst by wet impregnation exhibited the 

shifting of main reduction peak to lower temperature, compared with 20Co-Z. 

Whereas the first peak was shift to higher temperature, it was suggested that the 

reduction of the homogeneous crystalline size from table 5.11. Thus, the CaO loaded 

by wet impregnation showed the reduction of Co3O4 in a narrow range of temperature. 

The reducibility of catalyst showed in table 5.12, the increasing of reducibility for  

CaO impregnate on 20Co-Z was observed.     

   Table 5.12 The reducibility of 20Co-Z catalyst with 1CaO loaded 

Catalysts 20Co-Z 20Co-1CaO-Z 1CaO/20Co-Z 

Reducibility (%) 67.5 83.4 72.4 

  

 c. The basic properties of catalyst by CO2 temperature programed  

                 desorption (CO2-TPD) 
 

  

Figure 5.21 CO2-TPD profiles of 20Co-Z catalyst with 1CaO loaded 
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 The CO2-TPD profiles of catalyst showed in figure 5.21. It was observed that 

the strong basic sites were created at high temperature for CaO impregnated catalyst. 

This is attributed to the surface covered by CaO. The total basicity from table 5.13 

showed the increasing of total basicity when the CaO loaded.   

Table 5.13 The number of basic sites of different basicity strengths for 20Co- 

                            Z catalyst with 1CaO loaded 

Catalysts 
Basic sites (%) Total basicity 

(μmol g-1) Weak Medium Strong 
20Co-Z 28.8 62.4 8.8 116.4 

20Co-1CaO-Z 24.5 72.6 2.9 183.3 
1CaO/20Co-Z 25.2 59.3 15.5 164.5 

 

5.1.3.2 The catalytic activity of Co-ZrO2 catalyst for carbon dioxide  

                   reforming of methane  

The CH4 and CO2 conversion were presented in Figure 5.22 and Figure 5.23 

respectively. It can found that the low reaction activity both CH4 and CO2 conversions 

for CaO impregnate catalyst, indicating the small metal particles size should be 

covered by CaO leading to the loss of active surface. Besides, the strong basic site 

was active for CO2 capture which leading to the fell in reaction activity.   

 

Figure 5.22 CH4 conversion of 20Co-Z catalyst with 1CaO loaded 
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Figure 5.23 CO2 conversion of 20Co-Z catalyst with 1CaO loaded 

 

Figure 5.24 The H2 production rate of 20Co-Z catalyst with 1CaO loaded 

The H2 production rate and ratio of H2/CO were presented in Figure 5.26 and 

Figure 5.26 respectively. We can found that the CaO impregnate catalyst showed the 

lowest of H2 production rate compared with the other catalyst. This results confirmed 

by the low H2/CO ratio was observed. At the same time the correlation of product 

ratio and ratio of ξRWGS/ξDRM showed the highest of RWGS reaction rate was 

performed at CaO impregnated catalyst.  
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Figure 5.25 The H2/CO ratio of 20Co-Z catalyst with 1CaO loaded 

 

Figure 5.26 The correlation of H2/CO and ξRWGS/ξDRM 

Thus, it can be concluded that CaO loaded on 20CO-Z by FSP enhanced the 

activities and stabilities for carbon dioxide reforming of methane reaction and 

inhibition of the RWGS reaction. On the other hand, the CaO loaded by wet 

impregnation can promote the reaction of RWGS.  
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5.2 The cobalt-based catalyst prepared by FSP/wet impregnation 

5.2.1 The effect of cobalt-based catalyst prepared by wet impregnation with  

           various CaO loading methods  

The cobalt-based catalyst prepared by impregnation with various method of 

CaO loading. These catalysts symbol and details were showed in table 5.14.      

Table 5.14 The details of 20Co/Z catalyst with 1CaO loaded 

Catalyst symbol Details of catalyst 

20Co/Z 
The 20 wt.% of Co were impregnate on ZrO2 prepared 

by FSP 

20Co/1CaO-Z 
The 20 wt.% of Co were impregnate on 1 wt.%  of CaO 

incorporated with ZrO2 by FSP 

20Co-1CaO/Z 
The 20 wt.% of Co and 1 wt.% of CaO were impregnate 

with ZrO2 prepared by FSP 

 

5.2.1.1 The physical and chemical properties of catalyst  

a. Phase analysis by X-ray diffraction (XRD) 

  

 
Figure 5.27 XRD patterns of 20Co/Z catalyst with 1CaO loaded 
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   Table 5.15 The crystalline size of fresh 20Co/Z catalyst with 1CaO loaded 

Catalysts 
ZrO2 
phase 
(%) 

ZrO2 
crystalline size 

(nm) 

Co3O4 
crystalline size 

(nm) 

CoO 
crystalline size 

(nm) 

20Co/Z M (100) 35.0 61.1 56.6 

20Co/1CaO-Z 
M (24.4) 39.7 

38.9 43.1 
T′ (75.6) 35.6 

20Co-1CaO/Z 
M (72.2) 39.7 

49.0 43.1 
T′ (27.8) 23.2 

Note: Monoclinic (M), Tetragonal or Cubic (T′)    

 The XRD patterns of 20Co/Z with 1CaO loaded showed in Figure 5.27. The 

diffraction peak of ZrO2 was observed only monoclinic phase (M-ZrO2) for 20Co/Z. 

The mixtures of monoclinic and tetragonal/cubic phase (T′-ZrO2) were observed for 

the catalyst with CaO loaded. Indicating that the interaction of CaO with ZrO2 leading 

to the formation of CaO-ZrO2 solid solution which stabilize the mixtures of tetragonal 

and cubic phase. It can be seen that the sharp peak of T′-ZrO2 was appeared when the 

CaO loaded by FSP. On the other hand, CaO loaded by impregnation method showed 

the weakly peak which attributed to the CaO was not form CaO-ZrO2 solid solution, 

but it covered on the surface. The crystalline size of catalyst showed in table 5.15, the 

Co3O4 particle size of CaO loaded by FSP was smaller than the CaO impregnate 

catalyst. Moreover, the inhibition of ZrO2 phase transform was also observed for CaO 

loaded in FSP step. 
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Figure 5.28 XRD patterns of the fresh and spent of 20Co/Z catalyst with 

1CaO loaded (after running the reaction for 10 h) 

Table 5.16 The crystalline size of fresh and spent 20Co/Z catalyst with 1CaO 

loaded 

Catalysts 

ZrO2 phase 
(%) 

Crystalline size (nm) 

ZrO2  Co3O4  CoO  Co  C 

F S F S F S F S S S 

20Co/Z 
M 

100 
M 

100 
35.0 46.2 61.1 - 56.6 - 80.2 14.4 

20Co/1CaO-
Z 

M 
71.5 

M 
77.9 

39.7 46.2 
38.9 - 43.1 - 22.4 10.0 

T′ 
28.5 

T′ 
22.1 35.6 37.8 

Note: Fresh catalyst (F), Spent catalyst (S), Graphite carbon (C) 

Monoclinic (M), Tetragonal or Cubic (T′)    

The XRD patterns of spent catalyst showed in figure 5.28. We can found that 

the absence of Co oxide peak after reaction but the Co metal peak was observed. 

Indicating that the oxidation of Co metal does not occurred during the reaction. 

Besides, the diffraction peak position at 2θ = 26.4° was assigned to the graphite 

carbon which was the key factor for the deactivation of catalyst. Both of 20Co/Z and 



55 

20Co/1CaO were observed the peak of graphite carbon. The table 5.16 showed the 

crystalline size of catalyst. The increment of crystalline size after reaction was 

observed related to the agglomeration of small particles during reaction.   

 b. The reduction behavior of catalyst by H2 temperature programed  

                reduction (H2-TPR) 

 

Figure 5.29 TPR patterns of 20Co/Z catalyst with 1CaO loaded 

 The H2-TPR profiles of catalyst showed in figure 5.29. The two reduction 

peak of 20Co/Z was located at low temperature. These peaks were assigned to the 

reduction of weak interaction of metal support. It can be seen that the CaO loaded by 

FSP showed the discrete peak with low intensity. The increasing of strong reduction 

peak intensity compared with 20Co/Z. On the other hand, the CaO impregnated on 

20Co/Z showed the TPR peak was similar to the 20Co/Z. Indicating that the CaO 

impregnated did not affected to the reduction behavior of catalyst. The reducibility of 

catalyst showed in table 5.17.    
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   Table 5.17 The reducibility of 20Co/Z catalyst with 1CaO loaded 

Catalysts 20Co/Z 20Co/1CaO-Z 20Co-1CaO/Z 

Reducibility (%) 75.8 75.0 79.1 

  

 c. The basic properties of catalyst by CO2 temperature programed  

                desorption (CO2-TPD) 
 

 The basic site of catalyst was determined by CO2-TPD profiles as showed in 

figure 5.30. Three type of basic site was observed for 20Co/Z, especially the sharp 

peak located at 300-400 °C which assigned to medium basic site. The CaO loaded on 

20Co/Z by FSP showed the weak and medium basic site. Moreover, the weakly basic 

site was observed for CaO impregnated on 20Co/Z.    

 

Figure 5.30 CO2-TPD profiles of 20Co/Z catalyst with 1CaO loaded 
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Table 5.18 The number of basic sites of different basicity strengths for 

20Co/Z catalyst with 1CaO loaded 

Catalysts 
Basic sites (%) Total basicity 

(μmol g-1) Weak Medium Strong 

20Co/Z 8.0 55.9 36.1 199.7 

20Co/1CaO-Z 27.9 56.8 15.3 117.1 

20Co-1CaO/Z 36.4 55.6 8.0 129.3 

The table 5.18 showed the total basicity and basic site distribution of catalyst. 

We can found that the total basicity was decreased with the CaO loaded on catalyst, 

both of FSP and wet impregnation.  

 

5.2.1.2 The catalytic activity of 20Co/ Z catalyst with 1CaO loaded for carbon  

                dioxide reforming of methane  

The result from reaction test were showed in figure 5.31-5.34, consisting of 

CH4 and CO2 conversion, H2 production rate and ratio of H2/CO. The 20Co/Z showed 

the high activities but it slightly deactivation with time on steam. Besides, it can be 

seen that the 20Co/1CaO-Z showed the lower initial conversion compared with the 

20Co/Z, but the activities was increased with time on steam. Indicating that the 

catalyst had the surface reconstruction during reaction, it can prove the activities of 

catalyst. On the other hand, the carbon deposited was observed on the spent catalyst 

by XRD. For 20Co/1CaO-Z, it was suggested that the observed carbon formation was 

not the inactive carbon but it may be cause of activities improvement. In contrast the 

observed carbon species on 20Co/Z was the inactive carbon, which cause of catalyst 

deactivation. In addition, the 20Co-1CaO/Z showed the rapidly decrease of activities 

at the initial time and slightly decrease with time on steam. The H2 production rate 

and ratio of product agree with the activities of catalyst.          
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Figure 5.31 CH4 conversion of 20Co/Z catalyst with 1CaO loaded 

 

 

Figure 5.32 CO2 conversion of 20Co/Z catalyst with 1CaO loaded 
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Figure 5.33 The H2 production rate of 20Co/Z catalyst with 1CaO loaded 

 

 

Figure 5.34 The H2/CO ratio of 20Co/Z catalyst with 1CaO loaded 
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Figure 5.35 The correlation of H2/CO and ξRWGS/ξDRM 

The correlation of product ratio and ξRWGS/ξDRM  was demonstrated the 20Co/Z 

and 20Co/1CaO-Z promoted the reaction of DRM and more inhibition of RWGS 

reaction than the 20Co-1CaO/Z. 

 

5.2.2 The effect of cobalt-based catalyst prepared by FSP-wet impregnation 

with various CaO loading methods  

The cobalt-based catalyst prepared by FSP-impregnation with various method 

of CaO loading. These catalysts symbol and details were showed in table 5.19.      

Table 5.19 The details of 10Co/10Co-Z catalyst with 1CaO loaded 

Catalyst symbol Details of catalyst 

10Co/10Co-Z 
The loading 10 wt.% of Co was impregnated on 10 wt.% of 

Co incorporated with ZrO2 prepared by FSP 

10Co/10Co-1CaO-Z 

The loading 10 wt.% of Co was impregnated on 10 wt.% of 

Co and 1 wt.% of CaO were incorporated with ZrO2 prepared 

by FSP 
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Catalyst symbol Details of catalyst 

10Co-1CaO/10Co-Z 

The loading 10 wt.% of Co and 1 wt.% of CaO were 

impregnated on 10 wt.% of Co incorporated with ZrO2 

prepared by FSP 

 

5.2.2.1 The physical and chemical properties of catalyst 

a. Phase analysis by X-ray diffraction (XRD) 

 Figure 5.36 showed the XRD patterns of catalyst, It can be observed that the 

CaO loaded on 10Co/10Co-Z had the XRD patterns similar to the previously results. 

The stabilization of tetragonal/cubic ZrO2 phase induced by CaO loaded was 

observed, especially the CaO loaded by FSP. The FSP method showed the strongly 

effective for catalyst construction.   

 

Figure 5.36 XRD patterns of 10Co/10Co-Z catalyst with 1CaO loaded 
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   Table 5.20 The crystalline size of 10Co/10Co-Z catalyst with 1CaO loaded 

Catalysts 
ZrO2 
phase 
(%) 

ZrO2 
crystalline 
size (nm) 

Co3O4 
crystalline 
size (nm) 

CoO 
crystalline 
size (nm) 

10Co/10Co-Z 
M (75.4) 46.2 

87.4 56.7 
T′ (24.6) 43.5 

10Co/10Co-1CaO-Z T′ (100) 37.8 25.4 35.6 

10Co-1CaO/10Co-Z 
M (61.6) 37.2 

34.6 40.2 
T′ (38.4) 29.1 

Note: Monoclinic (M), Tetragonal or Cubic (T′)    

 The crystalline size of catalysts showed in table 5.20. The large crystalline size 

was observed for 10Co/10Co-Z. Besides, the CaO loaded on 10Co/10Co-Z presented 

the small crystal particles size. The smallest particles size was observed for CaO 

loaded by FSP. In previous studied, the crystalline size of 10Co-Z was smallest 

particle size. Indicating that the CaO loaded together with 10Co-Z in FSP step can 

produce the solid solution with stronger interaction than the CaO impregnated.         

 b. The reduction behavior of catalyst by H2 temperature programed  

                reduction (H2-TPR) 

The 10Co/10Co-Z showed the main reduction peak at high temperature and 

the shifting of reduction to higher temperature was observed for catalyst with CaO 

loaded. It may be attributed to the reduction of Co oxide with small particles size. In 

previous work, the small metal particles size had the strong metal support interaction 

leading to the difficultly metal oxide reduced. Besides, the total reducibility of 

catalyst showed in table 5.21. It can observed that the reducibility of 10Co/10Co-Z 

was not change after CaO loaded.     
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Figure 5.37 TPR patterns of 10Co/10Co-Z catalyst with 1CaO loaded  

   Table 5.21 The reducibility of 10Co/10Co-Z catalyst with 1CaO loaded  

Catalysts 10Co/10Co-Z 10Co/10Co-1CaO-Z 10Co-1CaO/10Co-Z 

Reducibility 
(%) 

82.8 80.5 82.9 

  

 c. The basic properties of catalyst by CO2 temperature programed  

                desorption (CO2-TPD) 
 

 The basic properties of catalyst showed in figure 5.38. All catalysts showed 

the similarity of CO2-TPD profiles. It can be seen that the catalyst with CaO loaded 

demonstrated the slightly sharp peak located at medium basic site. Moreover, the 

strength of strong basic site was decrease by CaO loaded. In the literature, 

impregnation of calcium to the supported solid base catalysts results in the creation of 

a large number of medium and strong basic sites on the surface and the catalyst was 

the homogeneous tetragonal/cubic phase after Ca2+ doped into the ZrO2 lattice [29, 

30]. The surface basicity calculated from the CO2-TPD peaks area, was listed in table 

5.22.  
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Figure 5.38 CO2-TPD profiles of 10Co/10Co-Z with 1CaO loaded 

Table 5.22 The number of basic sites of different basicity strengths for 

10Co/10Co-Z catalyst with 1CaO loaded  

Catalysts 
Basic sites (%) Total basicity 

(μmol g-1) Weak Medium Strong 

10Co/10Co-Z 29.0 43.3 27.7 110.5 

10Co/10Co-1CaO-Z 27.2 60.1 12.7 127.5 

10Co-1CaO/10Co-Z 29.9 64.9 5.3 137.3 

 

It can be seen from the results (see Table 5.22), the distribution of basic site 

after CaO loaded as demonstrated in the weak and medium basic site. Indicating that 

the small amount of CaO loaded cannot create the solid solution with strength 

construction.       
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5.2.2.2 The catalytic activity of 10Co/10Co-Z with 1CaO loaded for carbon 

dioxide reforming of methane.  

 

Figure 5.39 CH4 conversion of 10Co/10Co-Z catalyst with 1CaO loaded 

 

Figure 5.40 CO2 conversion of 10Co/10Co-Z catalyst with 1CaO loaded 

 The catalytic activity of catalyst in this reaction showed in Figure 5.39-5.42. 

The 10Co/10Co-Z catalyst showed the highest activity but slightly deactivation. In 

spite of CaO loaded catalyst showed the fell in activity in this reaction. Indicating that 

the dispersion of Co metal was disturbed induced by the CaO loaded, both of FSP and 

wet impregnation. Obviously, the dispersion of Co metal played a factor in 

determining the catalytic activity of the 10Co/10Co-Z and with CaO loaded catalysts. 
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H2 production rate over these catalysts follow the similar trends compared with the 

conversion curves.        

 

Figure 5.41 The H2 production rate of 10Co/10Co-Z catalyst with 1CaO  

                               loaded 

 

 

Figure 5.42 The H2/CO ratio of 10Co/10Co-Z catalyst with 1CaO loaded 
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Figure 5.43 The correlation of H2/CO and ξRWGS/ξDRM 

The figure 5.43 showed the correlation of H2/CO and ξRWGS/ξDRM. The ratio of 

H2/CO over the three catalysts showed the values were lower than one due to the side 

reaction of RWGS. The highest H2/CO ratio was obtained over the 10Co/10Co-Z 

catalyst, which indicated that the carbon dioxide reforming reaction over this catalyst 

occurs in a more stoichiometric way, and the influence of RWGS was much smaller.  

Thus, it can be concluded that the 10Co/10Co-Z showed the high reaction 

activity but it slightly deactivated with time on steam. Besides, the CaO loaded on 

10Co/10Co-Z showed the decreasing of reaction activity and promoted the RWGS.  
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Chapter 6 

Conclusions 

The present work is focused on the effect of CaO on the carbon dioxide 

reforming of methane activities of Co/ZrO2 catalyst prepared by FSP. The 

experimental conclusions are summarized as follows:   

1. FSP and CaO loaded can stabilize the tetragonal/cubic ZrO2 phases 

leading to the strong metal support interaction and the optimum loading of Co is 20%, 

which are promoted the reaction activity.  

2. Addition of small amount CaO in FSP step on FSP-made Co-based 

catalyst can improve and stabilize the activity for long time on steam.  

3. Addition of CaO in FSP step on 20Co/Z prepared by impregnation can 

improve the catalyst activity.    

4. Addition of CaO on 10Co/10Co-Z showed the low reaction activity but it 

stable for long time  
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Appendix A 

Calculation for catalyst preparation 

Table A.1 Chemical Properties 

Metal or  

Metal  

oxide 

MW.  

of metal 

Metal  

Precursor 

MW  

of Metal  

Precursor 

Density 

(g/cm3) 

Metal 
content  

(%) 

Co 58.93 Co(C11H10O2)2 407.25 0.92 6 

Co 58.93 Co(NO3)2.6H2O 291.03 - 98 

ZrO2 123.22 Zr{O(CH2)3CH3}4 383.68 1.05 80 

CaO 56.08 [CH3(CH2)16COO]2Ca 607.02 - 6.6 

CaO 56.08 Ca(NO3)2
.4H2O 236.15 - 99 

 

A.1  Calculation of catalyst prepared by wet impregnation 

Preparation of catalysts by wet impregnation method is shown as follows:  

Reagent: 20 wt% Co of Cobalt nitrate [Co(NO3)2·6H2O] 

Support:  ZrO2 

Pormotor:     1 wt% CaO of calcium nitrate [Ca(NO3)2
.4H2O] 

Example: Calculation for the preparation of 20Co-1CaO/Z catalyst use 

Co(NO3)2·6H2O as Co precursor (Co/ZrO2) 

Based on 100 g of catalyst used, the composition of the catalyst will be as follows: 
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Cobalt    = 20     g 

Calcium oxide  = 1    g 

ZrO2    =  100-21  =  79 g 

Precursor solution 0.5 M in 500 ml of solution 

  Zr{O(CH2)3CH3}4 = ml
g

ml
mol

gmol 19.114
05.1

68.383
8.0

25.0  

For 2 g of catalyst 

Cobalt required  =  2 × (20/79)  =  0.5063 g 

Thus, Cobalt 0.5063 g. was prepared from Cobalt nitrate  

Cobalt metal 58.93 g in Cobalt nitrate 291.03 g 

For 0.5063 g of cobalt metal 

Cobalt nitrate required = (0.5063 × (291.03/58.93))/0.98  

= 2.5514 g 

Calcium oxide required = 2 × (1/99) = 0.0202 g 

[Ca(NO3)2
.4H2O]  =

 g
molCaOpre

gCaO
gCaO

molCaOgCaO 0859.0
199.0
15.236

08.56
10202.0   

A.2 Calculation of catalyst prepared by flame spray pyrolysis 

0.5 M solution was used as precursor for catalyst preparation by flame spray 

pyrolysis is shown as follows:  

Example: Calculation for the preparation of the 20Co-1CaO-Z catalysts, 80 wt% of 

zirconium (IV) n-butoxide (Strem Chemicals, USA), calcium stearate (Sigma-

Aldrich) and cobalt naphthenate (Fluka) were used as precursor and diluted with 

xylene (PA Panreac) to a 0.5 M in 500 ml of solution 
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  Mole balance; 

25.0
... 2

2

RuMW
wtRu

CoMW
Cowt

ZrOMW
ZrOwt  Mole   (A.1) 

Based on 0.5 M solution 20 wt%Co/ZrO2 used, the composition of the catalyst 

will be as follows: 

Cobalt    = 20     g 

Calcuim oxide  = 1    g 

ZrO2    =  100 – 21    g 

=  79    g 

Therefore, ratio of wt% cobalt = 0.2532    wt% ZrO2 

          ratio of wt% CaO  = 0.0127   wt% ZrO2 

From (A.1)      

 25.0
08.56

0127.0
93.58

2532.0
22.123

222 wtZrOZrOwtZrOwt
  Mole 

   2ZrOwt   =  19.7827   g 

   mole ZrO2 = 
22.123

7827.19  = 0.1605 mole 

From (A.1)    25.0
08.5693.58

1605.0 wtCaOCowt            Mole 

Therefore, ratio of wt% CaO  = 0.05                   wt%Co  

   Cowt  =  0.0886   mole =  5.2212 g 

3321.73
05.18.0

68.383
22.123

7827.19 3

g
cmgmolZNB  cm3 
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7319.90
92.006.0

0084.5)OHCo(C
3

221011 g
cmmole

 cm3  

Calcium oxide; 

Mole CaO = 0.25 – 0.1605- 0.0886 = 0.068 mole = 3.8134 g 

7924.3
066.0

8134.13CaCOO])(CH[CH 21623
gCaO

 g  

 

Add xylene solvent into the chemicals until the mixed of precursors increase to 500 

ml 
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Appendix B 

Calculation of the crystallite size 

Calculation of the crystallite size by Debye-Scherrer equation 

The crystallite size was calculated from the half-height width of the diffraction 

peak of XRD pattern using the Debye-Scherrer equation. 

 

Figure B.1 Derivation of Bragg's Law for X-ray diffraction. (Poosri, 2012)  

 

sindyzxy  

 Thus    sind2xyz  

 But    nxyz  

 Therefore   nsind2    Bragg’s Law 

     
sin2
nd  

  



79 

The Bragg's Law was derived to Eq. B.1 

From Scherrer equation: 

cos 
KD     (Eq. B.1)

  

Where  D = Crystallite size, Å 

K = Crystallite-shape factor = 0.9 

 λ = X-ray wavelength, 1.5418 Å for CuKα 

 θ = Observed peak angle, degree 

   β = X-ray diffraction broadening, radian 

The X-ray diffraction broadening (β) is the pure width of powder diffraction 

free from all broadening due to the experimental equipment. α-Alumina is used as a 

standard sample to observe the instrumental broadening since its crystallite size is 

larger than 2000 Å. The X-ray diffraction broadening (β) can be obtained by using 

Warren’s formula. 

From Warren’s formula: 

2
S

2
M BB    (Eq. B.2) 

 

Where  BM = The measured peak width in radians at half peak height. 

BS  = The corresponding width of the standard material. 
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Example: Calculation of the crystallite size of zirconia 

The half-height width of zirconia peak in 20Co-1CaO-Z  = 0.37° (Figure B.2) 

= (2π  0.37)/360 

= 0.00646 radian 

The corresponding half-height width of peak of α-alumina (from the Bs value 

at the 2θ of 30.35° in Figure B.3) = 0.0036 radian 

The peak width,  2
S

2
M BB  

   22 0036.000646.0  

radian00536.0  

B  =  0.00536 radian 

2θ  =  30.35° 

θ  =  15.175° 

λ  =  1.5418 Å 

The crystallite size  = 
175.15cos00536.0

5418.19.0  = 268.2Å 

   = 26.82 nm 
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Figure B.2 The half-height width of zirconia peak in 20Co-1CaO-Z for  

            calculation of the crystallite size 

 

Figure B.3 The plot indicating the value of line broadening due to the  

                              equipment. (Poosri, 2010) 

   The data were obtained by using α-alumina as a standard  
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Appendix C 

Calculation for degree of reduction 

The degree of reduction was determined by give cobalt reduced to cobalt 

metal. It can be calculated via the following formula. 

 

   Reducibility (%)   100
catalyst of reduce  touptake H al theoreticofAmount 

catalyst of reduce  touptakeH ofAmount 
2

 2  

 

Molecular weight of Co (g)   =  58.93 g 

Molecular weight of Co3O4 (g)  = 240.79 g 

Integral area of pure Co3O4 0.1g (unit) = 9.42 unit 

Weight of catalyst used (g)   = 0.1 g 

Integral area of catalyst (unit)   = A unit 

 

The reduction of Co3O4 to Co metal. 

 

Co3O4 + 4H2 → 3Co + H2 

 

Mole of H2 consumption    =  4 mole of Co3O4 consumption 

= 4 mole × (0.1g Co3O4/ 240.79) 

      = 1.66×10-3 mole 

Example for 20Co-Z 

 

Integral area of catalyst   = 1.006 unit 

Percentage of Co on catalyst   = 20 wt. % 

Weight of catalyst used    = 0.058 g 
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Reducibility (%)    =        

93.583
4

100
200586.0

42.9
006.11066.1 3

100 

 

              =  67.55 % 
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Appendix D 

Calculation of surface basicity 

The basicity properties of catalysts were measured by CO2-TPD and 

calculated the total basicity in term of CO2 adsorbed per grams of catalysts. The CO2 

calibration curve was showed in figure D.1.   

 

Figure D.1 Calibration curve of CO2 

Example for 20Co-Z 

Integral area of CO2 adsorbed peak  = 0.164 unit 

Weight of catalyst used    = 0.058    g. 

From calibration curve: 

Mole of CO2      =  14.971 μmole 

Total basicity     =    

      = 72.7  μmol/g.catalyst 
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Appendix E 

International Presentation 

T. Kierdwarunpunya, C. Chaisuk " Effect of cobalt loading in Co-ZrO2 

catalyst on carbon dioxide reforming of methane", 12th International Conference on 

Atomically Controlled Surfaces, Interfaces and Nanostructures in conjunction with 

21st International Colloquium on Scanning Probe Microscopy (ACSIN-12 & 

ICSPM21), Tsukuba, Japan, November 4 - 8, 2013, Poster presentation. 
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