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Abstract  

 This work studied the composition of Ni-Co-ZrO2/Al2O3 catalyst on properties and efficiency of 

catalysts for carbon dioxide reforming of methane (CMR) when CO2 was fed as the limiting reagent and 

CH4 as the excess reactant. 9wt%Ni-1wt%ZrO2/Al2O3, 4.5wt%Ni-4.5%wtCo-1wt%ZrO2/Al2O3, 9wt%Co-

1wt%ZrO2/Al2O3 and 7wt%Co-3wt%ZrO2/Al2O3 catalysts were prepared by wet impregnation method. 

The physicochemical properties of present catalysts were characterized by XRD, N2 adsorption-desorption 

H2-TPR and CO2-TPD. The CRM performance was determined in a tubular fixed-bed reactor at 600 °C for 

6 h with limiting of carbon dioxide. The carbon deposition on spent catalysts were examined by TGA. The 

results showed that Co-ZrO2 catalysts provided greater activities, selectivity toward H2 and stability than 

Ni-ZrO2 and Ni-Co-ZrO2 catalysts. 9wt%Co-1wt%ZrO2/Al2O3 provided higher reactant conversions and 

H2/CO ratio than 7wt%Co-3wt%ZrO2/Al2O3 while the minimum coke formation was observed on spent 

7wt%Co-3wt%ZrO2/Al2O3. It is because oxophilic properties and oxygen vacancy sites in Co-ZrO2 increase 

CO2 dissociative adsorption as well as oxygen transport on the catalyst surface. 

Keywords: CO2 reforming of methane, Ni-Co catalyst, Co-based catalyst, Ni-Co-ZrO2 catalyst 

Impregnation method, ZrO2 promoter, Coke resistance 

 

Introduction 

 At present, global warming is a major global crisis that causes severe climate variability. The main 

cause of global warming is the accumulation of greenhouse gases in the atmosphere. Carbon dioxide (CO2) 

is the largest contributor while the second is methane (CH4) that could trap heat 28 - 36 times more than 

carbon dioxide [1,2]. The key control of this issue is the reduction of carbon dioxide and methane emissions. 

To premise the key control of climate change, converting methane and carbon dioxide into alternative fuels 

and the intermediate raw material for high value chemical production is considered as a sustainable solution 

[3-5]. Among the industrial processes, carbon dioxide reforming of methane (CRM)) can be transformed 

to the mixture of hydrogen and carbon monoxide (syngas) written as Eq. (1). For products derived from 

CRM process, H2 is a green fuel and syngas is a feedstock for both Fischer-Tropsch (FT) synthesis and 

chemical productions [6,7].  

 Ni-based catalysts are commonly used for CRM process in the case where the quantity of methane is 

equal to or less than carbon dioxide. The development of Ni-based catalysts has been mostly pointed toward 

the suppression of carbon deposition due to side reactions, the Boudouard reaction (Eq. (2)) and the methane 

cracking (Eq. (3)) [8]. When the carbon dioxide is excess, H2 selectivity of catalysts decreases due to the 

reverse water gas shift side reaction (Eq. (4)) [9]. Many modification methods were applied to Ni-based 

catalysts to improve their CRM performance. The addition of alkaline and alkaline earth metal promoters 

or metal oxide promoters (K, Mg, etc.) increasing the basicity of catalyst [10,11] that can prevent methane 

cracking. Perovskite materials have been utilized as promoters or co-active species. CeO2 can prevent the 

NiAl2O4 formation by forming CeAlO3 and Ce1−XNiXO2, when Ce4+ reduced to Ce3+ (CeO2 → CeO2−x), 

resulting in more the Ni active sites on the Ni/Al2O3 catalyst surface [12,13]. ZrO2, as a promoter, enhanced 
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the dispersion of Ni metal on the catalyst [7]. CeO2 and ZrO2 provided the oxygen vacancy and oxygen 

storage properties that promoted H2O activation-dissociation [6,7]. Co, another transition metals, was also 

added as a co-active metal. It was found that the oxophilic property of Co improved the dissociative 

adsorption of CO2 during the reaction resulting in more oxygen mobility for carbon oxidation [14,15]. 

However, Co-based catalysts were tested in similar conditions, but they showed less performance toward 

CRM reaction than Ni-based catalysts [16].  

 

CH4 (g) + CO2 (g) → 2H2 (g) + 2CO (g)  ΔH°298 = +247 kJ/mol         (1) 

 

2CO (g) → C (s) + CO2 (g)    ΔH°298 = −173 kJ/mol              (2) 

 

CH4 (g) → C (s) + 2H2 (g)    ΔH°298 = +75 kJ/mol                (3) 

 

CO2 (g) + H2 (g) → CO (g) + H2O (g)  ΔH°298 = +41 kJ/mol                (4) 
 

 Concerning the heat trapping ability of greenhouse gases, reducing methane emission in the 

atmosphere has much more effective impact than reducing carbon dioxide emission. To utilize CH4 up to 

maximum quantity, CRM in the case that CO2 is fed as the limiting reagent is considered and it is more 

challenging because this reaction condition can produce large amounts of coke. So, most studies avoid 

using this condition [6,7,10,12,15]. Moreover, the development of catalysts for CRM with high CH4 

concentration is more practical for petroleum industry. Thus, this work aims to develop Ni-Co-ZrO2/Al2O3 

catalysts and to evaluate the practical catalysts for CRM process with CO2 is the limiting reagent. Four 

catalysts; 9wt%Co-1wt%ZrO2/Al2O3, 7wt%Co-3wt%ZrO2/Al2O3, 9wt%Ni-1wt%ZrO2/Al2O3 and 

4.5%wtNi-4.5%wtCo-1%wtZrO2/Al2O3, prepared by incipient wetness impregnation were tested for CRM 

reaction in an in-house fixed-bed reactor. The anti-coking ability was evaluated using TGA analyzer. The 

conversion of reactants, selectivity and coke resistance were revealed and discussed corelating to their 

properties characterized by XRD, N2 physisorption, H2-TPR and CO2-TPD.  

 

Materials and methods 

 Materials 

 All precursors were obtained from the commercial suppliers and used in the synthesis of catalyst. 

Aluminium oxide (Al2O3, 98 %), Zirconium (IV) oxynitrate hydrate (ZrO(NO3)2·H2O, 98 %) and Cobalt 

(II) nitrate hexahydrate (Co(NO3)2·6H2O, 98 %) were purchased from Sigma Aldrich company. Nickel (II) 

nitrate hexahydrate (Ni(NO3)2·6H2O, 98 %) was purchased from Acros OrganicsTM company. All 

solutions were prepared with de-ionized water. 

 

 Catalysts preparation 

 The x wt.% Co-y wt.% ZrO2/Al2O3 catalysts (denoted as xCo-yZrO2/Al2O3; x:y = 9:1 and 7:3) were 

prepared by wetness co-impregnation method. Before impregnation, the Al2O3 support was calcined in air 

at 650 °C for 5 h. The mixed solution of the desired amount of the cobalt nitrate solution and zirconium 

oxynitrate solution was added dropwise to Al2O3 support. The resulting wet powder was dried overnight at 

60 °C and calcined in the air at 650 °C for 5 h with a heating rate of 5 °C min−1.  

 Similarly, 9wt.%Ni-1wt.%ZrO2/Al2O3 and 4.5wt.%Ni-4.5wt.%Co-1wt.%ZrO2/Al2O3 catalyst 

(denoted as 9Ni-1ZrO2/Al2O3 and 4.5Ni-4.5Co-1ZrO2/Al2O3) were prepared by wetness co-impregnation 

method. The appropriate amount of the mixture of nickel nitrate solution, cobalt nitrate solution and 

zirconium oxynitrate solution was dropped onto the Al2O3 support. After impregnation, the powder product 

was dried and calcined using the similar conditions as those catalysts described above. All catalysts were 

pelletized, ground, and sieved to particle size range between 355 - 710 m. 

 

 Catalysts characterization 

 The powder XRD patterns were recorded on a Rigaku SmartLab X-ray diffractometer (Rigaku, 

Tokyo, Japan) with Cu Kα λ = 0.154 nm, operating at 40 kV and 40 mA, and scanning with 2-theta between 

10 to 80 ° using a step size of 0.01 °.  

 The surface properties and the pore structure were characterized by N2 adsorption/desorption 

isotherm, which were measured at −196 °C of liquid nitrogen using BELSORP-mini II instrument (Osaka, 

Japan). Prior to the analysis, the degassing of all sample was performed at 350 °C under N2 flow for 4 h to 

eliminate contaminated and moisture on the surface. Pore size distribution was calculated based on the 
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Barett-Joyner-Halenda (BJH) method. The specific surface area and pore volume were evaluated by the 

multipoint Brunauer-Emmett-Teller (BET) method. 

 The reducibility of the calcined catalyst was investigated through temperature programmed reduction 

of hydrogen (H2-TPR) employing a BELCAT-basic system (BEL JAPAN, INC., Osaka, Japan). In this 

analysis, 0.050 g of the calcined was outgassed at 220 °C for 2 h in argon (Ar) flow of 30 mL min−1, 

followed by cooling to ambient temperatures. Consequently, the catalyst sample was reduced in the 

temperature programmed from 40 to 850 °C under 5 vol.% H2/Ar flow of 30 mL min−1. The H2 uptake was 

monitored by thermal conductivity detector (TCD). 

 The basicity of the reduced catalysts was evaluated by temperature-programmed desorption of carbon 

dioxide (CO2-TPD) on the similar instrument of the H2-TPR. Prior the measurement, 0.050 g of catalyst 

sample was pre-treated by heating at 220 °C under He (30 mL/min) for 2 h, following by cooling 40 °C. 

Next, the catalyst was in-situ reduced at 600 °C for 2 h with pure H2 flow of 30 mL min−1 and cooled to  

40 °C in flowing He. Then, a pure CO2 gas was introduced to be adsorbed on the catalyst surface at 40 °C 

for 1.5 h. Afterward, the catalyst was purged in He flow to flush physically adsorbed CO2 on the surface. 

After purging, the catalyst was heated from 50 to 700 °C at a rate of 10 °C min−1 in He flow, and the 

desorbed CO2 was monitored by TCD. 

 The quantity and types of the carbon deposition on the spent catalysts during the dry methane 

reforming reaction were estimated by the thermogravimetric analysis (TGA) using a METTLER TOLEDO 

thermogravimetric analyzer (METTLER TOLEDO, Columbus, OH, USA)  

 The CRM reaction was demonstrated in a tubular fixed-bed reactor at 600 °C for 6 h. Prior to the 

reaction, 0.200 g of catalyst was in-situ reduced at 600 °C for 3 h in a H2 atmosphere (30 mL min−1). Then, 

the feed molar composition of CH4:CO2:N2 = 4:2.5:2 at an overall flow rate of 85 mL min−1 was introduced 

to the reactor. Afterwards, the exit gases were analyzed by an on-line gas chromatography (Agilent 

GC7890A Agilent, Santa Clara, CA, USA) equipped with a TCD detector. The catalyst performance was 

elucidated in terms of a CH4 conversion (Eq. (5)), CO2 conversion (Eq. (6)) and H2/CO ratio (Eq. (7)) as 

expressed in the following equations: 

 

%CH4 conversion = 
Flow rate of CH4,in − Flow rate of CH4,out

Flow rate of CH4,in
×100                                              (5) 

 

%CO2 conversion = 
Flow rate of CO2,in−Flow rate of CO2,out

Flow rate of CO2,in
×100                                                                            (6) 

 

H2/CO ratio = 
Flow rate of H2,out

Flow rate of COout
                                                                                (7) 

 

Results and discussion 

 Characterization  

 The X-ray diffractograms of the Al2O3 support and all catalyst samples calcined at 650 °C are 

presented in Figure 1. The broad diffraction peaks of amorphous γ-Al2O3 phase at 2-theta of 38, 45 and  

67 ° (JCPDS No. 29-0063) were observed in the diffractograms of all samples. Peaks corresponding to the 

Co3O4 phase at 19, 37, 43 and 65 ° were detectable in diffractogram of 7Co-3ZrO2/Al2O3, 9Co-1ZrO2/Al2O3 

and 4.5Ni-4.5Co-1ZrO2/Al2O3 catalysts. In the 9Ni-1ZrO2/Al2O3 catalyst, the discrete peaks of NiO phase 

located at 37, 43 and 66 ° were discovered [17]. The characteristic diffractograms at 2-theta of 19, 37, 43 

and 66 ° can be attributed to the non-completely single-phase structure of the CoAl2O4 (or NiAl2O4) spinel 

due to the certain Co2+ (or Ni2+) ions substituted into the γ-Al2O3 lattice during catalyst preparation [18]. It 

should be noted that diffraction peaks of ZrO2 cannot be detected due to its low content. 
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Figure 1 The X-ray diffraction pattern of all sample (A) γ-Al2O3, (B) 7Co-3ZrO2/Al2O3,  

(C) 9Co-1ZrO2/Al2O3, (D) 9Ni-1ZrO2/Al2O3 and (E) 4.5Ni-4.5Co-1ZrO2/Al2O3. 

 

 The N2 adsorption-desorption isotherm and pore size distribution of Al2O3 support as well as all 

calcined catalysts are depicted in Figures 2(A) - 2(B), respectively. The physisorption isotherm of all 

samples are a type IV isotherm with an H2-shaped hysteresis loop, associating to the cylindrical-shaped 

channels with the non-uniform pores [19] (Figure 2(A)). When the Co (and/or Ni) and ZrO2 were 

impregnated onto Al2O3 support, the hysteresis loops of all catalysts imply a lower pore volume than the 

Al2O3 support at the relative pressure (P/P0) of 0.60 - 0.95 because of the pore blockage during the 

impregnation [20]. The pore size distribution curves (Figure 2(B)) were elucidated by the Barret-Joyner-

Halenda (BJH) method and the average pore size results were computed from the distribution (Table 1). 

The Al2O3 support has the broad pore size distribution averaged at 6.7 nm with the surface area of 160.7 

m2 g−1. After Co (and/or Ni) and ZrO2 loading, 7Co-1ZrO2/Al2O3, 9Co-1ZrO2/Al2O3, 9Ni-1ZrO2/Al2O3 and 

4.5Ni-4.5-1ZrO2/Al2O3 catalysts show a narrow average pore size peak centered about 4.0 - 4.6 nm and the 

lower surface area (about 133.0 - 143.4 m2 g−1). These results can be attributed to the blocking phenomenon 

of mesoporous Al2O3 by Co2O3 or/and NiO with ZrO2 particles. 

 

      

Figure 2 (A) N2 adsorption-desorption isotherms and (B) BJH pore size distributions of γ-Al2O3,  

7Co-3ZrO2/Al2O3, 9Co-1ZrO2/Al2O3, 9Ni-1ZrO2/Al2O3 and 4.5Ni-4.5Co-1ZrO2/Al2O3. 
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Table 1 Textural properties of all samples. 

Samples 
N2 adsorption-desorption 

Surface area (m2 g−1) Total pore volume (cm3 g−1) Average pore size (nm) 

Al2O3 support 160.7 0.51 6.7 

7Co-3ZrO2/Al2O3 143.4 0.27 4.6 

9Co-1ZrO2/Al2O3 141.9 0.34 4.0 

9Ni-1ZrO2/Al2O3 140.0 0.36 4.0 

4.5Ni-4.5Co-

1ZrO2/Al2O3 
133.0 0.32 4.6 

 

 The reducibility property corresponds to oxide species and the interaction of oxide components. 

Reduction of calcined catalyst samples (Figure 3) were investigated in the temperature range of 50 to  

700 °C using H2-TPR. Peaks around 150 - 400 °C are referred to the reaction of oxide species (Co3O4 or/and 

NiO) that interact weakly with Al2O3 support. Peaks appearing in 400 - 580 °C are corelated to the reduction 

of CoO to Co species (for 7Co-3ZrO2/Al2O3 and 9Co-1ZrO2/Al2O3) and the reduction of NiO having a 

moderate interaction with Al2O3 support (for 9Ni-1ZrO2/Al2O3). Third reduction peak at temperature over 

580 °C is ascribed to the reduction of the Co2+ and Ni2+ species in the strong metal-support interaction 

(SMSI) oxides such as CoAl2O4 and NiAl2O4 spinel phase, respectively [21-23]. The H2-TPR profile of 

9Co-1ZrO2/Al2O3 catalyst shows the peak shoulder centered at 425 °C, the reduction peak centered at  

525 °C, and the peak shoulder centered at 635 °C. The results are evident in the reduction of the Co3O4 → 
CoO → Co species in the moderate associated strong interaction with Al2O3 support [24,25]. When  

7 %wt. Co and 3 %wt.ZrO2 were impregnated onto Al2O3 support, H2-TPR peaks of 7Co-3ZrO2/Al2O3 shift 

slightly toward lower temperatures (centered about 400, 510 and 625 °C) and the area undercurve is larger. 

It indicates that adding ZrO2 content up to 3 %wt results in more Co on the surface due to weaker metal-

support interaction compared to 9Co-1ZrO2/Al2O3 [26]. The area under reduction curves of 4.5Ni-4.5Co-

1ZrO2/Al2O3 and 9Ni-1ZrO2/Al2O3 catalysts are dramatically lower than 7Co-3ZrO2/Al2O3 and 9Co-

1ZrO2/Al2O3 catalysts, especially 9Ni-1ZrO2/Al2O3. The TPR profile of 4.5Ni-4.5Co-1ZrO2/Al2O3 shows 

peak centered at 400 °C and the higher temperature peak centered at 600 °C. The peak at medium 

temperature range relates to simultaneously the reduction of Co3O4 to CoO, CoO to Co and NiO to Ni.  

The peak at high temperature range corresponds to the reduction CoO and NiO incorporated to Al2O3 

support (CoAl2O4 and NiAl2O4 spinel structure). The reduction curve of 9Ni-1ZrO2/Al2O3 with board peaks 

starting at 500 °C reflecting the reduction of nickel oxide species in NiO-Al2O3 support accompanies with 

NiAl2O4 species interaction. These results occur because Co can be inherently incorporated with ZrO2 [27]. 

Thus, Co in Co-ZrO2 has less interaction with Al2O3 compared to Ni in Ni-ZrO2. 

 

 

Figure 3 H2-TPR profile of all catalyst samples. 
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 The CO2 adsorption ability according to the distribution of basic sites on the reduced catalyst surface 

was evaluated via CO2-TPD measurement. The desorption peaks in CO2-TPD profiles (Figure 4) indicate 

3 types of basic site strength depending on the desorption temperature. The desorption of CO2 at the relative 

low temperature (50 - 150 °C (or 200 °C)) from weak basic sites are associated to the adsorption of CO2 

over the surface hydroxyl groups. The desorption of CO2 at the relative medium temperature (150 (or 200 

- 450 °C) from moderate basic sites are corresponded to the adsorption of CO2 over the Lewis acid-base 

pairing. The desorption of CO2 at the relative high temperature ( 450 °C) from strong basic sites are 

connected to the adsorption of CO2 over the low-coordination surface oxygen anions [27-30]. The amount 

of CO2 desorption determined from the profiles are reported in Table 2. Compared to all present catalysts, 

7Co-3ZrO2/Al2O3 provides the highest number of weak basic sites and 4.5Ni-4.5Co-1ZrO2/Al2O3 has the 

second highest number of weak basic sites than other catalysts. 9Co-1ZrO2/Al2O3 catalyst presented highest 

amount of moderate basic sites. The smallest number of basic sites were found on 9Ni-1ZrO2/Al2O3. It can 

be explained that oxygen vacancy sites near Co in ZrO2 effectively absorb and dissociate CO2 [27]. 

 

 

Figure 4 CO2-TPD profile of all reduced catalyst samples. 

 

 

Table 2 Deconvolution of the CO2-TPD profiles for all reduced catalysts. 

Samples 
CO2-TPD deconvolution (mmol g−1) 

Weak Moderate Strong Total basicity 

7Co-3ZrO2/Al2O3 0.088 0.055 0.050 0.193 

9Co-1ZrO2/Al2O3 0.049 0.091 0.048 0.188 

9Ni-1ZrO2/Al2O3 0.060 0.046 0.045 0.151 

4.5Ni-4.5Co-1ZrO2/Al2O3 0.078 0.070 0.088 0.236 

 

 

 Catalytic activity, selectivity and stability  

 The CRM test in the case that CO2 is the limiting reagent was performed on the present catalysts at 

600 C for 6 h and the results are reported in Figures 5(A) - 5(C). The order of CO2 conversion, CH4 

conversion and H2/CO ratio was found in the similar trend as 9Co-1ZrO2/Al2O3 > 7Co-3ZrO2/Al2O3 >            

9Ni-1ZrO2/Al2O3 > 4.5Ni-4.5Co-1ZrO2/Al2O3 catalysts. In this case, Co-based catalysts show the highest 

activity (Figures 5(A) - 5(B)) which the excellent selectivity toward H2 (Figure 5(C)).  
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Figure 5 (A) CH4 conversion, (B) CO2 conversion and, (C) H2/CO ratio for carbon dioxide reforming of 

methane (CRM) of all catalysts: Reaction conditions 600 °C and 1 atm for 6 h. 

 

 The anti-coking ability of the present catalysts in the CRM were evaluated via TGA measurement 

(Figure 6 and Table 3). Quantity of carbon deposition can be determined by the value of weight loss and 

types of coke are evaluated from the temperature ranges of weight loss during TGA measurement. 

Amorphous carbon, graphitic carbon and whisker carbon are oxidized at low (150 - 300 C), medium (300 

- 550 C) and high temperatures ( 550 C), respectively [31]. The spent 9Ni-1ZrO2/Al2O3 shows the 

maximum coke accumulation with almost only the whisker carbon, the hardest type for removal [32]. The 

second maximum coke accumulation was observed on the spent 9Co-1ZrO2/Al2O3 containing all 3 types 

of carbon deposition. Among all spent catalysts, the spent 4.5Ni-4.5Co-1ZrO2/Al2O3 and spent 7Co-

3ZrO2/Al2O3 with 2 types of carbon deposition (Filamentous carbon was rarely detected) show small 

amount of carbon deposition. The spent 7Co-3ZrO2/Al2O3 that also presents high activities has the 

minimum coke deposit.  

 

 

Figure 6 TGA profiles of all spent catalysts. 

 

 

Table 3 Weight loss per gram of all spent catalysts. 

Spent catalysts Weight loss per gram (mg g−1) 

7Co-3ZrO2/Al2O3 173 

9Co-1ZrO2/Al2O3 345 

9Ni-1ZrO2/Al2O3 367 

4.5Ni-4.5Co-1ZrO2/Al2O3 245 
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 CRM reaction is known to consist of CH4 adsorption-dissociation mechanism creating C* and H*  

(*denotes an adsorption state) and CO2 adsorption-dissociation mechanism creating CO* and O*. If C* can 

be oxidized effectively, less amount of coke will be formed and easily eliminated. Considering the feed 

composition and the inherent of reactants, the concentration of CO2 in the feed is less than that of CH4 and 

the chemical bond in CO2 is very strong due to the stable bond energy of the CO2 molecule [33].  Ni-based 

catalysts are normally active toward CH4 and less active for CO2 [6]. Thus, 9Ni-1ZrO2/Al2O3 shows low 

activity with large amount of coke for CRM at low CO2 as it hardly drives CO2 adsorption-dissociation 

mechanism. The effective CRM performance of Co-ZrO2/Al2O3 for low CO2 condition is indeed a 

consequence of the oxophilicity of Co (Co2O3 → CoO → Co) accompanied with oxygen vacancy sites near 

Co in ZrO2 [27]. As the high activity for the limiting reagent (CO2), the catalysts then provide high 

conversion of the excess reactant (CH4). When the Co-based catalysts have high moderate base sites, it 

provides high oxophilic properties. Consequently, 9Co-1ZrO2/Al2O3 shows higher activity than  

7Co-3ZrO2/Al2O3. When the ratio of ZrO2 to Co is greater, the number of oxygen vacancy sites are 

generated resulting in moving more O* atoms through the active surface [34-36]. Atom of O* can directly 

oxidized C* or produce the surface hydroxyl (-OH*, related to CO2-TPD result). Then, surface carbon of 

7Co-3ZrO2/Al2O3 catalysts is effectively oxidized by O* and OH*. This property of 7Co-3ZrO2/Al2O3, 

however, decreased the selectivity toward H2 compared to 9Co-1ZrO2/Al2O3 catalyst. Similarly,  

4.5Ni-4.5Co-1ZrO2/Al2O3 catalyst also shows the ability to oxidize coke but provides lowest activity among 

all for this reaction condition. It can be explained by Ni-Co alloy formation after the reduction that subtract 

nature activity of Co. 

 

Conclusions 

 The Co-ZrO2/Al2O3 developed in this work illustrates the great CRM performance when CO2 is the 

limiting reagent. Co with ZrO2 promoter provides oxophilicity accompanied with active sites toward CO2 

as well as the oxygen transfer. Therefore, Co-ZrO2/Al2O3 catalysts present an appropriate activity on CRM 

operated at severe condition. 9%wtCo-1%wtZrO2/Al2O3 catalyst provides high activity with selective 

toward H2. The superior of coke prevention was observed on 7%wtCo-3%wtZrO2/Al2O3 even when CH4 is 

an excess reagent. Thus, this work reveals that Co-ZrO2/Al2O3 catalysts can be considered as the candidate 

catalyst to develop for CRM process in petroleum industry. 
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