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ABSTRACT: In the present study, Ni/ZrO2 catalyst was synthesized via a co-precipitation approach, 

and its catalytic activity was evaluated in Combined Steam and Carbon dioxide Reforming of Methane 

(CSCRM) reaction at a temperature range of 773 K–1273 K, CO2:H2O ratio of 0.5-3 and (CO2 + H2O)/CH4 

ratio of 0.5-3. The results demonstrated that the higher (CO2+H2O)/CH4 ratio and temperature were 

required for CH4 conversion of about 100%. The effect of CO2/H2O ratio was little on the CO and H2 

yield. A (CO2+H2O)/CH4 ratio of 1.5 associated with CO2/H2O ratio of 0.5 at the minimum 

temperature of 1073 K was the required reaction condition for the synthesis gas (syngas) formation 

with H2/CO ratio of about 2. The temperature, type, and amount of the oxidizing agent greatly affected 

the amount of coke deposition. The least temperature of 1073 K and (CO2+H2O)/CH4 ratio higher 

than 1.5 irrespective of CO2:H2O ratio was obtained as proper operation conditions to avoid coke 

formation. Moreover, CO2 revealed a higher portion than H2O in coke formation in CSCRM reaction. 
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INTRODUCTION 

In the refining process, Gas to Liquid (GTL) is used  

to convert natural gas or other gaseous hydrocarbons into 

longer-chain hydrocarbons, such as gasoline or diesel fuel [1]. 

Syngas formation, Fischer–Tropsch Synthesis (FTS),  

and product upgrading are the primary purposes of GTL [1]. 

Syngas production from natural gas has gained 

considerable interest in the chemical industries due to  

the existence of numerous problems such as depletion of 

hydrocarbon reserves, rising petroleum prices, and 

environmental aspects [2-3]. The central core of GTL  

 

 

 

the process is FTS, which is responsible for converting  

the syngas are derived from natural gas to clean environmental 

fuels with lower content of sulfur and aromatics [2].  

Therefore designing the syngas production operation is  

absolutely critical to achieving a more economical profit  

for GTL process [3-4]. Methane, as a primary component  

of natural gas, is an energy source with low cost, and  

it is anticipated to extensively provide the energy demand 

in the forthcoming [4-6]. Syngas production via methane 

can be carried out using the three methods with  
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various compositions of H2/CO including reaction with 

steam (SRM) [7-8], carbon dioxide (DRM) [9-10] and 

oxygen (POM) [11-13], which are described below:  

2 24
C H +  H O  C O  +  3          ( )H S R M                 (1) 

2 24
2       C H + C O C      (O + 2 )H D R M                 (2) 

2 24
C H + 0 . 5 O H + C O          2 ( P O M )                   (3) 

POM is an exothermic reaction, while the SRM and 

DRM reactions are both endothermic. The H2/CO ratio  

has a remarkable impact on the application of syngas.  

The H2/CO ratio of syngas formed in DRM is usually less 

than one because of the high tendency of the Reverse  

Water Gas Shift (RWGS) [9-10].  

The SRM reaction leads to producing the syngas with 

a larger H2/CO ratio (higher than 3), which is not suitable 

to produce syngas for GTL process [14]. However, the 

syngas has been producing from SRM reaction is 

economical [7-8]. The products of POM are H2 and CO 

with a ratio of about 2, which is preferred as feed  

for the FTS reaction. Nevertheless, POM reaction shows 

some drawbacks such as explosion danger and difficult 

operation controlling that have far-reaching consequences 

for pragmatic applications in the industry [11-13]. 

One suitable alternative to form syngas with a flexible 

H2/CO ratio can be the combination of two SRM and DRM 

reactions as CSCRM reactions [15-33]. CSCRM has  

a remarkable advantage to producing syngas with various 

H2/CO ratios using the adjusted H2O/CO2 ratio in the inlet 

feed [17]. Besides, side reactions including Methane 

Decomposition (MD), Water-Gas Shift (WGS), Reverse 

Water-Gas Shift (RWGS), and Boudouard reaction could 

be happened followed by CSCRM [17, 24], which are as follow:  

22 2
O O + H     ( W G S  a n d  C + H C )O R W G S          (4) 

4 2
                 C H C    )+  2 H ( M D                         (5) 

2
 O      ( B o u d o u a r d  r e2 C O C a c t+  C i o n )          (6) 

Nickel is often employed as an active metal in CSCRM 

reactions because of its low price, suitable catalytic 

performance, and good availability [26-27]. However, 

nickel-based catalysts suffer from severe coke formation, 

which intensifies the deactivation of catalyst [29-31]. 

Numerous scientists attempted to improve the catalytic 

activity and decrease the coke deposition by utilizing noble 

metals [26-27]. However, noble metals including Pt, Pd, Rh, 

Ru, etc have higher catalytic activity compared  

to Ni-based catalysts in the CSCRM reaction, but their 

applications are constrained due to the high cost and are 

frequently employed as a promoter [26-28]. Batebi et al. [26] 

perceived that methane conversion enhanced near 20% by 

adding Pd as a promoter to Ni/Al2O3 catalyst in the temperature 

range of 773 K-1273 K, while the amount of coke deposition  

was strikingly reduced especially at higher temperatures. 

It is clear that support has a critical role in the catalyst 

activity, selectivity, and stability [15-16]. Al2O3, MgO, 

SiO2, CeO2, La2O3, ZSM-5, and SiO2 supports are extensively 

studied in the CSCRM reaction [15-18, 22-28]. In the recent 

decade, numerous studies on Ni-based catalysts with bimodal 

pore structure supports were investigated in the literature 

 [15-19, 27-29]. The performance of Ni/MgO-Al2O3 catalysts 

in CSCRM reaction was evaluated by Koo et al. [18]. Their 

outcomes illustrated the Ni/MgO-Al2O3 catalyst with 

Mg/Al ratio of 0.5 which presented a fine catalytic activity 

as well as high stability to the catalyst deactivation. Dan et 

al. [31] synthesized Ni/Al2O3, Ni/La2O3-Al2O3, and 

Ni/MgO-Al2O3 with a bimodal pore structure were 

prepared. Their results showed that Ni/Al2O3 catalysts 

promoted using MgO and La2O3 presented better structural 

and functional properties, also Ni/La2O3-Al2O3 catalyst had the 

best activity and stability among the catalysts [31]. Yu et al. [30] 

synthesized Ni/MgAl2O4 catalysts with different 

preparation methods and concluded that 10% Ni/MgAl2O4 

catalyst synthesized using the sol-gel demonstrated better 

catalytic performance because of a strong interaction 

between active metal and support. 

ZrO2 a metal oxide with a great ion exchange 

performance and a surface enriched with oxygen vacancies 

has been remarkably employed as a support for GTL 

process [5]. The addition of zirconia to Co-Pt/Al2O3 

catalyst in CSCRM reaction revealed a noticeable 

improvement in methane conversion and catalyst stability 

against coke deposition [15]. Roh et al. [22] prepared 

the Ni/CeZrO2 catalysts with various Ce/Zr ratios and their 

results proved that Ni/Ce0.8 Zr0.2O2 had the maximum 

activity and stability in CSCRM reaction because  

of the NiO higher dispersion and nano-structure nature of 

Ce0.8Zr0.2O2. The catalysts supported on ZrO2 were synthesized 

via the co-precipitation method and NaOH as a precipitant 

exhibited superior performance in GTL process [5]. 

https://en.wikipedia.org/wiki/Steam_reforming
https://en.wikipedia.org/wiki/Dry_reforming
https://en.wikipedia.org/wiki/Partial_oxidation
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According to the above-mentioned studies, CSCRM 

reaction mostly focused on the influence of support with bimodal 

pore structure and promoter on the catalytic performance  

and stability against deactivation [15-16, 18-26, 28-33].  

It should be noted that investigating the influence of 

operating variables on CSCRM reaction performance was 

only limited to the work of Jang et al. [17]. The influence 

of CO2: H2O ratio (in the range of 0.9-2.9), 

(CO2+H2O)/CH4 ratio (in the range of 0.9-2.9) and 

pressure (1-20 bar) on the performance of Ni/MgO-CeO2 

catalyst was investigated in the CSCRM process [17].  

It is reported that the H2/CO ratio in the formed syngas  

was modified by altering the H2O/CO2 ratio in reaction 

feed, (CO2+H2O)/CH4 ratio, and the process pressure [17]. 

The (CO2+H2O)/CH4 ratio of 1.2 is the minimum 

requirement to avoid coke deposition and also when the 

H2O/CO2 ratio is greater than 2, a preferable H2/CO ratio 

for GTL process can be obtained above 1120 K. Recently, 

the CSCRM reaction kinetic model was derived based  

on Langmuir–Hinshelwood approach and results showed 

the proposed mechanism error in predicting the responses 

was 8.52% [17]. 

In the present work, Ni/ZrO2 catalyst was synthesized 

by the co-precipitation method. Then its physicochemical 

properties were examined via temperature-programmed 

Reduction (TPR), X-Ray Fluorescence (XRF), X-Ray 

Diffraction (XRD), N2 adsorption/desorption (BET), 

Scanning Electron Microscope (SEM), and Temperature 

Programmed oxidation (TPO) tests, which has not been reported 

yet. The influence of temperature in the range of 773 K-

1273 K, CO2:H2O ratio in the range of 0.5-3, and 

(CO2+H2O)/CH4 ratio in the range of 0.5-3 variables on the 

CH4 and CO2 conversions, H2 and CO yield, H2/CO ratio 

and amount of coke formation on the catalyst surface  

in CSCRM reaction was evaluated to achieve the 

preferable operating conditions for GTL process. 

 

EXPERIMENTAL SECTION 

Preparation of Ni/ZrO2 catalyst  

The Ni/ZrO2 nano-structure catalyst was synthesized 

via a co-precipitation approach in the presence of NaOH 

as a precipitant. A specified amount of nickel (II) nitrate 

hexahydrate (Ni(NO3)2·6H2O) and zirconium (IV) nitrate 

pentahydrate (Zr(NO3)4·5H2O) were dissolved in 50 mL  

of deionized water. Another 1 molar solution was obtained 

by dissolving a specified amount of NaOH in 25 mL  

of deionized water. The above two solutions were added  

to a round-bottomed flask containing 90 mL deionized 

water at 313 K under stirring, simultaneously. Then,  

the pH value was adjusted to 13, aged for 12 h at room 

temperature. The obtained sample was filtered and washed 

with deionized water several times. Each sample was dried 

at 373 K in vacuum condition for 10 h and calcined at 873 K 

for 5 h [34].  

 

Catalyst characterization 

The phase recognition was evaluated by an X-ray 

diffractometer (Shimadzu Company) with Cu Kα 

radiation. To identify the actual content of nickel elements 

in the synthesized sample, XRF analysis was carried out 

via a Bruker S4 Explorer spectrometer (Germany). The 

reduction behavior of the synthesized sample was 

examined by TPR analysis using a chemisorptions 

analyzer (Micromeritics, 2920). The catalyst treatment 

was performed via argon stream at a temperature 520 K for 

2 h, and then the temperature was raised to 900 K to 

remove the humidity. Afterward, the reactor temperature 

was decreased to 293 K via a nitrogen gas stream. Finally, 

the catalyst was heated up to 1000 K with a 15 K/min ramp 

using a hydrogen gas stream. The surface area and porosity 

of ZrO2 support and calcined catalyst were measured via 

BET analysis via a Quantachrome Nova 4200 apparatus. 

The morphology of the prepared catalyst was evaluated via 

the SEM analysis using Hitachi SU3500 apparatus. 

The amount of carbon that was deposited on the spent 

catalysts was examined via temperature-programmed 

oxidation (TPO) test by ChemiSorb 2750 (Micrometrics 

Company). The spent catalysts were gathered after a long-

term stability test for 150 h. First, the catalyst was loaded 

in a reactor and then situated in a furnace where the 

temperature was heated up to 950 K via a nitrogen stream 

for 2 h to eliminate the adsorbed gases and humidity. 

Afterward, the catalyst was reheated up to 1273 K via  

a mixture of oxygen and helium at a rate of 10 K/min. Also, 

the reactor outlet gases were examined via a Varian CP-3800 

gas chromatograph. 

 

Catalyst activity testing 

Fig. 1 displayed a schematic diagram for the CSCRM 

experimental setup. The setup of CSCRM process 

included three sections: inlet feed, reactor, and products 

analyzer. Liquid water was vaporized through an evaporator 
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Fig. 1: The schematic diagram of the experimental setup. 

 

and a piston pump was applied to control the liquid water 

flow rate. Generated steam was mixed with methane and 

carbon dioxide as reaction feed before entering the reactor. 

The flow rates of gas species were controlled via the mass 

flow controllers of Brooks. CSCRM tests were performed 

in a fixed bed reactor with lengths and diameters of 800 mm 

and 13 mm, respectively. The reactor was placed  

in a furnace with three separate controllers to measure the 

temperature of three reactor sections. Samples were 

situated in the center of the reactor. Before starting the 

process, the reduction treatment of catalysts was performed 

via hydrogen with Gas Hourly Space Velocity (GHSV)  

of 1300 1/h for 4 h at 1010 K, based on the results of 

temperature-programmed reduction analysis. The CSCRM 

process was performed at varied working conditions in the 

range of 773-1273 K, (CO2 + H2O)/CH4 ratio of 0.5-3, 

CO2:H2O ratio of 0.5-3, GHSV of 1300 1/h and 

atmospheric pressure. Each CSCRM test was performed 

for 10 h. The outlet gases were examined via a Varian CP-3800 

gas chromatograph. 

To evaluate the performance of synthesized catalysts  

in CSCRM process, methane conversion (xCH4) and 

products selectivity were measured as below:  

4
C H

x ( % )  =  2                                                                   (7) 

m o l e  o f  t h e  i n l e t  m e t h a n e  -  m o l e  o f  t h e  o u t l e t  m e t h a n e  

m o l e  o f  t h e  i n l e t  m e t h a n e  

× 1 0 0  

2
C O

x ( % )  =                                                                    (8) 

2 2

2

m o l e  o f  t h e  i n l e t  C O   -  m o l e  o f  t h e  o u t l e t  C O  

m o l e  o f  t h e  i n l e t  C O  

× 1 0 0  

C O  Y i e l d  ( % )  =                                                                   (9) 

2

m o l e s  o f  t h e  p r o d u c e d  C O  
× 1 0 0

(  m o l e s  o f  t h e  i n l e t  m e t h a n e  ) + ( m o l e  o f  t h e  i n l e t  C O  )

 

2
H Y i e l d   ( % )  =                                                                   (10) 

2

4 2

m o l e s  o f  t h e  p r o d u c e d  H  
× 1 0 0

2 ( m o l e  o f  t h e  i n l e t  C H ) + ( m o l e  o f  t h e  i n l e t  H O  )

 

 

RESULTS AND DISCUSSION 

Effect of (CO2+H2O)/CH4 ratio on the CSCRM reaction 

catalytic activity  

Fig. 2a–e displayed the influences of (CO2 + 

H2O)/CH4 ratio and temperature on the methane 

conversion, CO2 conversion, H2/CO ratio, H2 and  

CO yield in the CSCRM process at a CO2:H2O ratio  

of 0.5. As can be seen in Fig. 2a, the higher  

(CO2+ H2O)/CH4 ratios showed higher methane 

conversion as the temperature was above 973 K.  

The result revealed the insufficient amount of oxidizing 

agent as a limiting reactant led to lower CH4  

conversion [17].  
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Fig. 2: The effects of (CO2 + H2O)/CH4 ratio and temperature at a fixed CO2:H2O ratio of 0.5 on the  

(a) CH4 conversion, (b) CO2 conversion, (c) H2 yield, (d) CO yield, and (e) H2/CO ratio. 

 

Nevertheless, the changes of CH4 conversion versus 

(CO2+ H2O)/CH4 ratio variable were exactly reversed 

below 973 K. It indicated that there was a great mutual 

dependency of temperature and (CO2+H2O)/CH4 for CH4 

conversion. Thus, the CH4 conversion of about 100% was 

achieved at (CO2 + H2O)/CH4 ratio higher than 2 in the 

range of 1073 K-1273 K. Jang et al. [17] illustrated that 

except the (CO2 + H2O)/CH4 ratio of 0.9, the CH4 

conversion reaches to 100% at a temperature higher than 

1123 K. They stated that inadequate amount of oxidizing 

agent results in the low methane conversion since  

the oxidizing agent was presumed as the limiting reactant. 

 Fig. 2b indicates the CO2 conversion trends as  

a function of temperature for different (CO2 + H2O)/CH4 

ratios at a fixed CO2:H2O ratio of 0.5. The CO2 conversion 

remarkably decreased when the (CO2 + H2O)/CH4 ratio  
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increases from 0.5 to 3. These results exhibited that 

the (CO2+H2O)/CH4 ratio has a greater influence on the 

CO2 conversion than CH4 conversion. CO2 conversion  

was augmented by increasing the temperature in the range 

of 873 K-1173 K, while this trend was reversed below 873 K. 

Özkara-Aydinoǧ lu [32] observed that CO2 conversion has 

a negative value for higher (CO2 + H2O)/CH4 ratios in the 

range of 773 K-873 K, which agreed well with the outcomes 

of our study. According to Eq. 4, the CO and H2O are 

transformed into H2 and CO2 in WGS reaction  

so that the produced CO2 via WGS reaction was greater 

compared to the consumed CO2 via DRM at lower 

temperatures [7, 26]. It is evident that the effect of reaction 

temperature on the CO2 conversion was not significant in 

the temperature range of 1173 K-1273 K (see Fig. 2b). 

Jang et al. [17] monitored a similar trend for (CO2 + 

H2O)/CH4 ratios of (i.e., 0.9, 1.2 and 1.4). Nevertheless, 

they observed that for higher (CO2 + H2O)/CH4 ratios of 

2.0 and 2.9, H2 yield started decreasing at 1073 K. They 

demonstrated that this phenomenon can be because  

of the RWGS occurrence. Thus, it led to the consumption 

of H2 by RWGS (Eq. (4)), and finally, the H2 yield  

was reduced at temperatures above 1073 K [26]. 

Fig. 2c exhibited H2 yield in terms of temperature with 

different (CO2 + H2O)/CH4 ratios. It is obvious that the H2 

yield has increased by the reduction of (CO2 + H2O)/CH4 ratio 

in the range of 0.5 to 3. This can be related to the excess 

CO2 with produced H2 which is converted to CO and H2O 

by RWGS and consequently results in the lower H2 yield 

at a higher (CO2 + H2O)/CH4 ratio. At (CO2 + H2O)/CH4 

ratios of 0.5, 1, 1.5, H2 yield almost was constant in the 

range of 1073 K-1273 K, while H2 yield decreased for 

(CO2 + H2O)/CH4 ratios of 2, 2.5, and 3. Our previous 

work proved the RWGS reaction was favorable compared 

to the WGS at temperatures higher than 1073 K [32] so that 

the excess CO2 reacted with H2 and the value of consumed H2 

in RWGS was higher than produced H2 in SRM. 

The changes in CO yield versus temperature with 

various (CO2 + H2O)/CH4 ratio has been depicted in Fig. 2d. 

It is clear that the CO yield at the lower (CO2 + H2O)/CH4 

ratios (i.e., 0.5, 1 and 1.5 was higher compared to (CO2 + 

H2O)/CH4 ratios of 2, 2.5 and 3. According to Fig. 2c and d, 

the H2 yield was higher than CO yield under identical 

operating conditions. Also, the CO yield was increased  

by the rising temperature in the range of 773 K-1273 K. This 

proved that SRM and DRM reactions were favorable  

at a higher temperature.  

Additionally, the variation of H2/CO ratio in terms  

of temperature for various (CO2 + H2O)/CH4 ratios is demonstrated 

in Fig. 2e. The values of high H2/CO ratios were achieved 

at temperatures lower than 873 K. This was because of the 

hydrogen produced via the MD (Eq. 5) and the CO 

consumed via the Boudouard reaction (Eq. 6) and WGS 

(Eq. 5) [17]. H2/CO ratio gently reached a range of 1.4-3 

by increasing the temperature. For (CO2 + H2O)/CH4 ratios 

of 0.5 and 1, H2/CO ratio reached 2.4 in the range  

of 1073 K - 1273 K. At lower (CO2 + H2O)/CH4 ratios, 

excess methane can be converted to coke and hydrogen 

without producing carbon monoxide via MD reaction [32]. 

At (CO2 + H2O)/CH4 ratio of 1.5, H2/CO ratio gradually 

approached near 2 at temperatures higher than 1073 K, 

which was appropriate for FTS reaction. For (CO2 + H2O)/CH4 

ratios of 2, 2.5, and 3, H2/CO ratio was higher than 2.0 

between 973 K-1073 K, as SRM reaction was prevailing 

compared to the DRM. H2/CO ratio decreased to lower 

than 2 (in the range of 1.4-1.7) above 1073 K. This might 

be probably attributed to the favorability of the DRM and 

RWGS reactions over the SRM at a temperature higher 

than 1073 K [17, 32]  

 

Effect of CO2:H2O ratio on the CSCRM reaction 

catalytic activity  

Fig. 3a–e presented the influences of the CO2:H2O ratio 

and temperature on methane conversion, CO2 conversion, 

H2/CO ratio, H2 and CO yield in the CSCRM reaction for 

(CO2 + H2O)/CH4 ratio of 1.5. Due to the H2/CO ratio 

obtained at about 2 at (CO2 + H2O)/CH4 ratio of 1.5, 

this value was selected for further experiments. According 

to Fig. 3a, methane conversion has been greatly augmented 

by rising the temperature that can be assigned to the 

endothermic nature of the SRM and DRM reactions [7]. 

The methane conversion increased by raising the CO2:H2O 

ratio in the range of 0.5 to 3 (see Fig. 3a). When the portion 

of carbon dioxide was greater compared to the steam in the 

inlet feed, a noticeable amount of methane converted  

at a temperature lower than 973 K. Although, methane 

conversion did not change against CO2:H2O ratios in the 

temperature range of 1073 K-1273 K. It should be noted 

that methane conversion reached near 100 % at a temperature 

above 1173 K in all values of CO2:H2O ratios. 
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Fig. 3: The effects of the CO2:H2O ratio and temperature at a fixed (CO2 + H2O)/CH4 ratio of 1.5 on the  

(a) CH4 conversion, (b) CO2 conversion, (c) H2 yield, (d) CO yield, and (e) H2/CO ratio. 

 

Fig. 3b exhibited the CO2 conversion in terms of  

the temperature with different CO2:H2O ratios. As depicted  

in Fig. 3b, CO2 conversion has increased as the CO2:H2O ratio 

increases. The increase of CO2 portion in oxidizing agent 

caused the DRM reaction to become more desirable than  

the SRM reaction [7, 26], thereby the CO2 conversion increased.  

CO2 conversion for CO2:H2O ratios of 0.5, 1, and 1.5 

decreased with increasing temperature, while CO2 

conversion for CO2:H2O ratios of 2, 2.5, and 3 remained 

relatively unchanged in the range of 773 K-873 K. This 

indicated to the rate of CO2 consumption via DRM is 

almost the same with CO2 produced via WGS in the range 

of 773 K-873 K. Similar to Fig. 2b, the CO2 conversion 

increased by increasing of temperature at 873 K-1173 K. 

This expressed that DRM (due to its highly endothermic 

nature) and RWGS were predominant reactions at higher  
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temperatures [7, 17, 26]. For CO2:H2O ratios of 2, 2.5, and 3, 

the trends of CO2 conversion against temperature 

overlapped in the range of 1173 K-1273 K. For all 

CO2:H2O ratios, CO2 conversion values were close to each 

other in the range of 1173 K- 1273 K. 

H2 and CO yields in terms of the temperature at 

different CO2:H2O ratios are presented in Fig. 3c and d. 

As can be seen, the changes in H2 and CO yields with 

CO2:H2O ratios were little. This indicated that the same 

portion of reactants can be transformed into hydrogen 

and carbon monoxide, even at the various CO2:H2O 

ratios. Comparing Fig. 2c and d with Fig. 3c and d, it can 

be concluded that the yield of the syngas formation was 

completely independent of CO2:H2O ratio, while affected 

by (CO2 + H2O)/CH4 ratio. These results were in perfect 

harmony with the study of Jang et al. [17]. Furthermore, 

H2 yield was increased by soaring temperature in the 

range of 773 K– 1073 K. This affirms that H2 was produced 

by SRM, DRM, and WGS reactions. It is obvious that the 

changes in H2 yield with temperature were not noticeable 

in the range of 1073 K – 1273 K (see Fig. 3c). This 

indicated that H2 produced by SRM and DRM reactions 

is almost similar to hydrogen consumed in RWGS. The 

CO yield is significantly augmented by raising the 

temperature owing to the preferable nature of reforming 

reactions at high temperatures [32]. Below 1073 K, the 

ascending trend of CO yield in terms of temperature was 

intensive, whereas, for temperatures above 1073 K,  

the trend gradually increased. Although, the influence of 

temperature on the CO yield was greater compared to H2 

yield. 

Fig. 3e depicted the changes in H2/CO ratio against 

temperature at various CO2:H2O ratios. When the portion 

of CO2 was greater compared to steam, syngas with a low 

H2/CO ratio (lower than 2) was produced using the DRM 

reaction [17]. The H2/CO ratio was augmented by raising 

the steam amount in the reaction feed because of the 

occurrence of SRM. Thereby, it was demonstrated that 

H2/CO ratio in formed syngas can be controlled  

by altering the CO2:H2O ratio at a constant (CO2 + H2O)/CH4 

ratio. For CO2:H2O ratios of 3, 2.5, 2, 1.5, and 1, the 

H2/CO ratio was more than 2 at below 973 K, while this 

value was lower than 2 at above 973 K. For CO2:H2O 

ratio of 0.5, H2/CO ratio declined from 13 to 2 in the 

range of 773 K-1073 K. In addition, to produce the 

syngas with the H2/CO ratio of 2 (suitable for GTL 

process), the CO2:H2O ratio and temperature should be 0.5 

and above 1073 K, respectively. The H2/CO ratio reached 

 a constant value by raising the temperature in the range of 

1073 K– 1273 K. The decrease in H2/CO ratio at higher 

temperatures can be related to the DRM reaction being 

favorable compared to the SRM [17]. Conversely,  

the H2/CO ratio decreased to lower than 2 at temperatures 

above 1173 K for (CO2 + H2O)/CH4 ratios of 2 and 2.9 [17, 32]. 

 

TPO analysis 

Fig. 4a demonstrated the amount of deposited coke  

on the catalyst surface obtained via TPO analysis in terms 

of temperature for various (CO2 + H2O)/CH4 ratios at 

CO2:H2O ratio of 0.5.  

The amount of coke decreased by raising the (CO2 + H2O)/CH4 

ratio. This proved that the higher (CO2 + H2O)/CH4 ratio  

can decrease the coke deposition. For the (CO2 + H2O)/CH4 

ratios (i.e., 3, 2.5, 2, and 1.5), coke formation was about zero 

at above 1073 K. The above results revealed that higher 

temperature and (CO2 + H2O)/CH4 ratio avoid the coke 

formation. For the (CO2 + H2O)/CH4 ratios of 1.2 and 1.4, 

the amount of coke deposition reached almost zero when 

the temperature increased up to 1023 K. The coke 

deposition on this catalyst is attributed to the MD reaction 

(Eq.(5)) and the Boudouard reaction (Eq. (6)) [17, 26]. 

Ruckenstein and Wang [35] comprehended that catalyst 

deactivation in DRM reaction was because of both coke 

formation and oxidation of metallic sites. They declared 

that the stability of Co/Al2O3 catalysts in DRM reaction 

was strikingly affected by the cobalt content and  

the calcination temperature. It should be determined  

the temperature dependence of carbon-containing products 

in the MD and Boudouard reactions, separately. The amounts 

of carbon-containing products versus temperature were 

listed in Table 1. However, the MD was desirable at high 

temperatures, but a noticeable amount of coke deposition 

was seen at low temperatures.  

The Boudouard reaction was suitable at low 

temperatures and did not happen above 1073 K. This 

indicated that the coke formation is because of both the 

Boudouard and MD reactions, but the portion of the 

Boudouard reaction is higher at low temperatures. While 

the portion of MD in the coke deposition expanded by 

increasing the temperature. Therefore, the main factors of  
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Table 1: Carbon containing product for the various reactions. 

Reaction Temperature (K) 
Carbon containing product (%) 

CH4 C CO2 CO 

MD (CH4=100 %) 

773 62 38 --- --- 

873 33.12 66.76 --- --- 

973 17.34 82.66 --- --- 

1073 4.78 95.22 --- --- 

1173 2.23 97.77 --- --- 

1273 1.11 98.89 --- --- 

Boudouard (CO=100%) 

773 --- 51.12 42.18 6.6 

873 --- 40.15 42.34 17.51 

973 --- 22.65 17.3 60.05 

1073 --- 6.43 6.28 87.29 

1173 --- 2.13 --- 97.87 

1273 --- 1.56 --- 98.44 

SRM (CH4:H2O=1) 

773 57.12 20.07 15.28 7.53 

873 32.12 27.89 12.76 27.23 

973 13.23 12.55 6.13 68.09 

1073 4.98 2.22 2.06 90.74 

1173 1.87 0.97 --- 97.16 

1273 1.05 --- --- 98.95 

DRM (CH4:CO2=1) 

773 8.04 56.47 31.24 4.25 

873 5.12 42.43 21.58 30.87 

973 3.35 21.79 11.38 63.48 

1073 1.76 6.22 5.12 86.9 

1173 --- 3.03 1.35 95.62 

1273 --- 0.96 --- 99.04 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4: Amount of coke deposition in terms of (a) (CO2 + H2O)/CH4 ratio and temperature at a fixed  

CO2:H2O ratio of 0.5, (b) CO2:H2O ratio, and temperature at a fixed (CO2 + H2O)/CH4 ratio of 1.5. 
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coke deposition was MD and Boudouard reactions at (CO2 

+ H2O)/CH4 ratios of 0.5 and 1. The amount of coke was 

near zero for (CO2 + H2O)/CH4 ratios of 1.5, 2, 2.5, and 3 

above 1073 K irrespective of the CO2: H2O ratio. 

Fig. 4b showed the amount of accumulated coke in 

terms of CO2:H2O ratio at (CO2 + H2O)/CH4 ratios of 1.5. 

When the portion of carbon dioxide was larger than that of 

steam in the inlet feed, the coke formation was intensified 

below 1073 K. It was proved that the temperature, type, 

and amount of the oxidizing agent had a remarkable effect 

on the coke formation [17, 27, 32]. This described that 

even if the portion of oxidizing agents and methane was 

the same in the reaction feed, the coke formation strikingly 

depends on the type of oxidizing agent [17]. 

The influence of the type of oxidizing agent on the 

carbon-containing products, reactions of SRM (CH4 = 50% 

and H2O = 50%) and DRM (CH4 = 50% and CO2 = 50%) 

were accomplished individually, which outcomes are 

displayed in Table 1. It is clear that the CO2 had a higher 

portion than H2O in the coke formation. Thereby,  

the steam can remarkably prevent coke formation 

compared to carbon dioxide, which was entirely 

compatible with the results of Fig. 4b. However, it should 

be noted that the amount of coke deposition was very little 

above 1073 K for both SRM and DRM reactions. Above 

1073 K, the large quantity of the carbon-containing agent 

was CO for both SRM and DRM reactions, and also there 

were no CH4 and CO2. 

Generally, three variables of temperature, type, and 

amount of the oxidizing agent can be affected by the coke 

deposition. Below 1073 K, the coke deposition was implied 

on the type and amount of the oxidizing agent. However, 

above 1073 K, the (CO2 + H2O)/CH4 ratio (amount  

of the oxidizing agent) had a powerful influence on the 

coke formation. 

 

TPR analysis 

TPR test was performed to evaluate the reducibility of 

the catalyst synthesized by the precipitation method, and 

the reduction spectrum was displayed in Fig. 5. The two 

reduction peaks were seen in the TPR profile of Ni/ZrO2 

catalyst. The low-temperature reduction peak occurred  

at around 630 K, which can be related to the reduction  

of bulk NiO species to metallic nickel [30]. The high-

temperature peak at around 720 K corresponded to the 

reduction of NiO species which interacted with ZrO2  
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: TPR spectrum of the calcined catalyst. 

 

support [36]. In the literature [34], two hydrogen 

consumption peaks with different areas occurred in the 

range of 573 K-823 K for Ni/ZrO2 catalyst prepared  

by the impregnation method. They demonstrated that  

the low-temperature peak might be implied by the 

reduction of nickel oxide which weakly interacts with 

ZrO2, and the high-temperature peak showed the existence 

of NiO species that strongly interact with ZrO2 [34]. 

However, Ni/ZrO2 catalyst synthesized by combustion 

method only had one H2 reduction peak at 800 K that 

indicating a strong interaction between nickel oxide 

species with the support [34, 36]. 

 

XRF analysis 

The physicochemical properties of the synthesized 

sample are illustrated in Table 2. The XRF analysis proved 

that nickel's actual content was 9.89 wt%. According to 

XRF outcomes, the actual content was near the nominal 

value (10 wt %). Although, the actual loading was much 

lower than its nominal value. This would be related  

to the segment of nickel species decomposed during  

the calcination treatment. 

 

XRD analysis 

The XRD spectrum of the Ni/ZrO2 catalyst was seen in 

Fig. 6. According to Fig. 6a, the diffraction peaks at 2θ 

angle of 30. 3°, 50.6°, and 60.32° can be indexed to  

the (1 1 1), (2 2 0), and (3 1 1) tetragonal ZrO2 [JCPDS 

No.79-1771], and the typical peaks at 24.1° and 28.1° 

related to ZrO2 crystal phase with monoclinic structure 

[JCPDS 37-1484]. After the reduction treatment,  

it was clear that the intensity of monoclinic ZrO2 peaks 
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was decreased, while the peaks intensity of the 

tetragonal phase was increased (see Fig. 6b). It is 

generally reported that ZrO2 phase started to change 

from monoclinic to tetragonal state when the reduction 

temperature was bigger than 1273 K [36]. The 

diffraction peaks appearing at 43.2° and 63.1° would 

correspond to NiO species in the calcined catalyst (see 

Fig. 6a) [7, 27, 34, 36]. The NiO species were not seen 

in the XRD spectrum of the reduced catalyst, which was 

proved nickel oxide entirely transformed to metallic 

nickel during the reduction treatment (see Fig. 6b).  

The peaks were revealed at 44.1° and 76.3° 

attributed to the metallic nickel in the XRD profile of 

the reduced catalyst [JCPDS 04-0850]. The average 

nanoparticle size of nickel was measured via the 

Scherrer equation: d = K λ/β cos θ, where d is the 

particle size, K is a constant (K = 0.9), λ is the 

wavelength of X-ray (Cu Kα= 0.154 nm) and β is the 

width of the peak at half of the maximum height. The 

particle size of NiO and metallic nickel in the calcined 

and reduced catalysts were about 16 nm and 27 nm, 

respectively. This increment would be related to the Ni 

particle agglomeration during the reduction treatment, 

which is well agreed with various reports [27]. 

 
SEM analysis 

SEM images of the Ni/ZrO2 catalysts were seen in Fig. 7. 

It was clear that spherical shape nanoparticles were 

homogeneously distributed on the support external surface 

without remarkable sintering emerging before reduction 

treatment (see Fig. 7a). The particle size distribution 

histogram measured through SEM analysis and particles 

size was in the range of 7–32 nm with an average of 17 nm 

(see Fig. 8a). 

The smaller particles aggregated to form a larger 

particle during the catalyst reduction treatment because of 

sintering (see Fig. 7b). For the reduced catalyst, the 

agglomeration of the nickel species was more prevalent 

than the unreduced catalyst. Thereby, the average particle 

size in the reduced catalyst was bigger compared to the 

unreduced catalyst. According to Fig. 8b, the particle size 

of the reduced catalyst was between 12-60 nm with an 

average size of 29 nm. The average particle size obtained 

by SEM analysis was near to the values measured using  

XRD test. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: The XRD patterns of (a) the calcined catalyst, (b) the 

reduced catalyst. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: The SEM images of (a) The calcined catalyst,  

(b) The reduced catalyst. 

 

BET analysis 

BET analysis was performed to examine the surface 

area, pore volume, and average pore size of the support 

and the prepared catalyst (see Table 2). The loading of 

nickel on the ZrO2 support led to a decrease in the 

surface area from 221.24 m2/g to 188.46 m2/g (see Table 2). 

In addition, pore volume and average pore size of 

Ni/ZrO2 catalyst were smaller than pure ZrO2, which would be 
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Table 2: Physicochemical properties of Ni/ZrO2 catalyst. 

Catalyst Ni (wt%) Surface area (m2/g) Pore volume (cm3/g) Average pore size (nm) 

ZrO2 --- 221.24 0.69 8.21 

10% Ni/ZrO2 9.89 188.46 0.55 6.87 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: The particle size distribution measured by SEM analysis for (a) the calcined catalyst, (b) the reduced catalyst. 

 

due to the partial blockage of ZrO2 pores during the 

sample synthesis [2-4]. 

 

The stability test 

Fig. 9 showed the stability test of Ni/ZrO2 catalyst in 

CSCRM reaction at different operating conditions. At 

temperature 1173 K, CO2:H2O ratio of 0.5 and 

(CO2+H2O)/CH4 ratio of 1.5, methane conversion, H2/CO 

ratio, H2 and CO yields were almost unchanged during 150 h 

on stream. This indicated that the amount of coke 

formation on the catalyst surface was zero according to 

TPO analysis results.  

Jang et al. [17] described that conversions and yields 

were stable and without any deactivation at 1123 K, 

CO2:H2O ratio of 0.5, and (CO2+H2O)/CH4 ratio of 1.2. 

At temperature 873 K, CO2:H2O ratio of 0.5 and 

(CO2+H2O)/CH4 ratio of 0.5, methane conversion was 

extremely stable during 120 h initial on stream with 

66.27%, and then started to decrease to 58.84% in the time 

period of 120 h to 150 h (see Fig. 9a). The catalyst 

deactivation in CSCRM reaction was because of the 

carbon deposition via Boudouard reaction according to 

TPO test results. The values of H2 and CO yield were 

nearly fixed up to 110 h initial and then started to reduce 

between 110 h- 150 h (see Fig. 9b and c). However,  

the decreasing CO yield was higher compared to H2 yield, 

which would be attributed to the Boudouard reaction 

occurrence and finally high consumption of carbon 

monoxide. It was apparent that H2/CO ratio was unchanged 

at about 8.92 up to 110 h and then started to augment to 9.82 

between 110 h - 150 h (see Fig. 9d). This growth related  

to the decrease in CO yield was bigger than H2 yield. 

 

CONCLUSIONS 

The influence of (CO2+H2O)/CH4 ratio, CO2:H2O 

ratio, and the process temperature on the performance of 

CSCRM in the presence of Ni/ZrO2 catalyst was 

investigated. We achieved the most conversions in higher 

(CO2 + H2O)/CH4 ratios and temperatures with the 

CO2:H2O ratio of 0.5. The higher values of CO2 

conversion, CO, and H2 yield were attained at a lower 

(CO2 + H2O)/CH4 ratios. It was found that the H2/CO ratio, 

methane, and CO2 conversions can be controlled by 

altering the CO2:H2O ratio. 

However, changing the CO and H2 yield with  

CO2:H2O ratio was little. At (CO2 + H2O)/CH4 ratio of  

1.5 and CO2:H2O ratio of 0.5, the H2/CO ratio gradually 

approached approximately 2 at temperatures higher  

than 1073 K, this is preferable operating conditions  

for syngas preparation in the GTL process. The variables 

of temperature, type, and amount of the oxidizing  

agent significantly affected the coke deposition.  

The amount of coke deposition decreased by raising  

the (CO2 + H2O)/CH4 ratio. Temperature above  
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Fig. 9: The stability test of catalyst in CSCRM reaction at different operating conditions (a) methane conversion,  

(b) H2 yield, (c) CO yield, and (d) H2/CO ratio. 

 
1073 K was required to avoid coke deposition except at 

the (CO2 + H2O)/CH4 ratio of 0.5 and 1 irrespective of 

CO2:H2O ratio. However, the amount of coke deposition 

decreased by enhancing steam loading in the oxidizing 

agent. 
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