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 Biogas with the composition of 60 % methane and 40 % carbon dioxide can be used as methane replacement 
in Dry Reforming of Methane (DRM) for high quality syngas. Endothermically nature of DRM requires an 
efficient catalyst to reduce the compound activation energy and change mechanism path. A nickel-based 
catalyst has advantages of comparable catalytic activity and abundantly available compared to a noble 
catalyst. However, the nickel-based catalyst has fast deactivation and sinters at higher temperature. Many 
factors and variables such as metals loading percentages, addition of secondary metal, support selection and 
promoter can affect the catalyst performance and properties. Conventionally, quest of ideal catalyst requires 
a lot of experiment which are time-consuming and cost-consuming. In this research, response surface 
methodology (RSM) approach was used to optimize the nickel-based catalyst formulation and DRM operating 
condition over prepared catalyst. For catalyst formulation, Box-Behken Design (BBD) was used to find the 
optimum ratio of nickel (1-10 %) with the use of cobalt as secondary metal (0-10 %) and magnesium as 
promoter (0-5 %). NaA-Zeolite synthesis from kaolin was used as support in this research. the kinetic study 
was carried out in order to understand the mechanism path of DRM reaction over prepared catalyst and the 
effect of prepared catalyst on activation energy (Ea). After conducting mathematical and statistical analysis, 
the result confirmed that Ni10Co9Mg1.6/NaA-Zeolite catalyst was an optimum combination that achieved 21.93 
% CH4 conversion, 33.52 % CO2 conversion, 0.904 H2/CO ratio and 0.8440 stability score. The data analysis 
also indicated that there was an interaction effect between variables and responses. The characterization 
analysis was in line with the finding. Lastly, from the kinetic study, the reaction mechanism of DRM over 
Ni10Co9Mg1.6/NaA-Zeolite fit well with Eley-Rideal mechanism whereby CO2 was adsorbed on the catalyst 
surface and CH4 maintained in gas phase. The kinetic analysis also revealed that the catalyst has low 
activation energy for CH4 and CO2 consumptions (46.53 kJ/mol and 39.66 kJ/mol respectively). Low 
activation energy of CO2 indicated the involvement of RWGS reaction. 
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1.   INTRODUCTION  

Emission of methane and carbon dioxide or biogas from palm oil mill 
waste contributes to the increment of greenhouse gas. Current method of 
capturing biogas to be used for generating electricity is not economical and 
environmentally feasible (Khan, 2021). The burning of methane will 
increase more carbon dioxide emissions. Presently, the conversion of 
methane to syngas carbon monoxide and hydrogen shows a promising 
way to utilize the emitted biogas. The dry reforming method (DRM) is 
suitable for converting biogas to syngas due to carbon dioxide composition 
(Zhao et al., 2020). Water is essential for life on earth, and it is a finite 
resource that must be conserved. One way to save water is by minimizing 
industrial use. The industrial sector is a major consumer of water, and 
reducing its usage can have a significant impact on water conservation 
efforts. The dry reforming process is a suitable method to reduce water 
usage in industries. This process uses carbon dioxide instead of water to 
produce hydrogen and other chemicals. By implementing such 
technologies, we can reduce our dependence on water and ensure a 
sustainable future for all. Still, regarding the advantages of DRM, this 

method also faces problems with catalyst. Thus, this research intends to 
solve the problem related to DRM catalyst.  

Research on DRM catalyst is well established and many scientific papers 
have been published on the topic regarding DRM catalyst. The most 
studied objective related to this topic was to find the catalyst formulation 
that gives high catalytic performance, maintains stability and has low 
material cost. Factors such as active metals selection, support selection 
and preparation route are variables that are needed to consider during the 
formulation of DRM catalyst. Findings from other research show that the 
combination of metals nickel (Ni), cobalt (Co) and magnesium (Mg) as 
alloy catalyst can improve the catalyst performance and stability at a lower 
cost. Researcher have studied the activity and stability of Ni–Co/Mg(Al)O 
alloy as catalyst for dry reforming of methane. They have reported that the 
basic properties of magnesium oxide might be the reason for the excellent 
catalyst activity and stability. The catalyst shows significant product yield 
at 750 °C and result from characterization of spent catalyst indicated low 
formation of coke (Duan, 2022).  

In another work, the promoted Ni-Co catalyst shows higher average CH4 



Water Conservation & Management (WCM) 7(1) (2023) 60-76 

 

 
Cite The Article: Abdul Hadi Abdullah, Ahmad Zamani Ab Halim, Amri Hj Mohamed, Mohd Abu Asshaary Daud, Ahmed H.A. 

Dabwan (2023). Biogas Dry Reforming: Development of Ni/Na Zeolite Catalyst Using Response Surface Methodology  
Approach with Reaction Mechanism Evaluation. Water Conservation & Management, 7(1): 60-76. 

 

and CO2 conversions, as well as hydrogen yield. They also highlighted that 
the Ni-Co catalyst have comparable catalytic activity and stability based on 
catalytic reaction and catalyst characterization. Over 90 % feed conversion 
can be achieved using Ni-Co catalyst at 700 °C (Meshksar et al., 2021). In 
addition, Co contributed to the elimination of coke and whisker growth 
due to high oxygen affinity of Co (Aramouni et al., 2021). The effect of base 
promoters Mg, Na, Ca and K on the dry reforming methane nickel-based 
catalyst have been examine (Nisa, 2022). They have reported that the 
catalyst promoted with Mg shows highest reactant gas conversion at 700 
°C with acceptable stability. Based on characterization, they have found 
that the catalyst promoted with Mg increased the CO2 absorption capacity. 
The Mg promoter also can improve the catalyst activity and stability by 
strengthen the interaction between the support and active site (Taherian 
et al., 2021). Alloy catalyst offered many advantages such as increases 
reducibility and dispersion of metals due to interaction effect, effect the 
structural properties of support and metals combination increases the 
resistance towards carbon deposition (Araiza et al., 2021; Wang et al., 
2019; Alvarez et al., 2017). 

Support selection can also influence the catalyst activity by improving the 
metallic particles distribution, size and metal-support interaction. Highly 
porous and high surface area supports are desirable to give high activity 
and good dispersion and the interaction between active species and 
support material can affects the stability and reducibility of a catalyst. Han 
et al. compared the performance of Ni nanoparticles catalysts supported 
on metal oxides (SiO2, Al2O3, MgO, ZrO2, TiO2) (Han et al., 2017). The 
conversion rates of CH4 and CO2 varied widely according to the support 
employed. The interaction between the support and active site also effects 
the catalyst stability, whereas the MgO showed highly resistance toward 
carbon formation at 800 °C reaction temperature. In a research carried out 
by Wysocka et al., Ni/SiO has smaller crystallite size, followed by Ni/Al2O3 
(21 nm) and Ni/ZrO2 (22 nm) (Wysocka et al., 2019).  

In DRM reaction, there are several research which have been published on 
using zeolite as catalyst support (Chen, 2021; Kweon et al., 2022; Liang, 
2023; Najfach et al., 2021). A group researchers highlighted that using 
zeolite support can increase Ni catalytic activity and stability (Kweon et 
al., 2022). They compared the performance of Ni supported with zeolite 
and Al2O3 and reported that catalyst supported with zeolite exhibited 
higher conversions of both CH4 and CO2 and stability than the Ni/Al2O3 
catalysts. The main reason for the high activity of Zi/Zeolite catalyst is due 
to in-situ reduction effect on zeolite framework (Kweon et al., 2022). In a 
review paper entitled Zeolite and clay-based catalysts for CO2 reforming of 
methane to syngas, Hambali et al. concluded that zeolite deserved the 
attention of using as catalyst support for DRM reaction. They listed the 
advantages of zeolite such as availability, peculiar structures, high affinity 
for CO2, environmentally friendly nature and tuneable properties to 
improve selectivity of target products that should be utilized to produce 
ideal DRM catalyst (Hambali et al., 2022; Abdullah et al., 2018). Little work 
has focused on the effect of micropores supports such as NaA type zeolite. 
Moreover, there is no published work that can be found on the 
combination of Ni-Co-Mg that is supported by NaA zeolite for DRM.  

Determining interactions that occur between independent variables 
which influence the catalytic activity requires many experimental results; 
hence, it is cumbersome and time-consuming. In view of this situation, 
several researchers have employed response surface methodology 
approach to investigate the optimum conditions required for obtaining 
maximum hydrogen and syngas yield from catalytic methane dry 
reforming. Izhab et al. used CCD/RSM to evaluate the effect of operating 
variables on product yield and quality (Izhab et al., 2021). They used 3D 
surface graph to visualize the interaction effect between the variables and 
response (Izhab et al., 2021). Hambali et al. used RSM to find the optimum 
condition for DRM reaction over Ta-promoted Ni/ZSM-5 fibre-like 
catalyst. By employing mathematical and statistical evaluations, they 
found that the optimum CH4 conversion that was predicted from the 
response surface analysis was 96.6% of CH4 conversion at reaction 
temperature of 784.15 °C, CO2:CH4 feed ratio of 2.52, and GHSV of 33,760 
mLg−1h−1. They also reported that the calculated error between 
experimental and model simulated result was 0.8 % (Hambali et al., 2021). 
There are several researchers have reported that RSM can be useful tools 
to find the optimum catalyst formulation or reaction condition in DRM 
research field (Rezaei et al., 2019; Yusuf et al., 2022; Khoja et al., 2019).  

Numerous kinetic and mechanistic studies conducted by researchers over 
Ni-based catalysts for DRM. It has been verified by several investigations 
that the performance and kinetic of reforming reactions depend on 
catalyst type, shape, size and dispersion of catalyst particles. Kinetic and 
mechanistic data can be used to develop an in-depth understanding and 
insight as to how rate laws are formed. Form of rate law can be used to 
evaluate the rate law parameters and postulate the reaction mechanism 

and rate-limiting steps. Sun et al. investigated the kinetics and mechanistic 
studies of methane dry reforming over Ca promoted 1Co–1Ce/AC-N 
catalyst. The obtained experiment data were fitted by three typical kinetic 
models (Power Law, Eley-Rideal and Langmuir-Hinshelwood). The fitting 
results demonstrated that the best prediction of reforming rates can be 
provided by Langmuir-Hinshelwood model for the reaction temperatures 
between 650 and 800°C (Yun et al., 2021). Other than model 
discrimination method, rate law via deducing method also can be used to 
evaluate the reaction mechanism (Karemore et al., 2022). 

This research involves in formulating and characterizing the Ni-Co-Mg 
catalyst with NaA zeolite support for dry reforming of methane using 
BBD/RSM. BBD/RSM was used as mathematical and statistical tool in 
evaluating optimum formulation for Ni-Co-Mg/NaA-Zeolite catalyst. The 
effect of metals loading range was selected based on literature review. In 
this research, kaolin was utilized as sources of alumina and silica for Na-A 
zeolite synthesis via alkali hydrothermal reaction method. For DRM 
catalytic testing over prepared catalyst, the gas composition of 60% CH4 
and 40% CO2 was used to simulate. A series of DRM reaction experiments 
were carried out at different reactants and product compositions in order 
to obtain main data for reaction mechanism evaluation. The mechanism 
was evaluated by using reaction rate law deduction method and model 
discrimination method. The activation energy (Ea) was determined based 
on DRM reaction at different reaction temperatures. 

2. EXPERIMENTAL 

2.1   Experiment Design 

This study utilized the Response Surface Methodology (RSM) approach to 
determine the optimal catalyst formulation for the DRM reaction. The RSM 
set-up, which was conducted using Design Expert 11.0.0, involved several 
steps. Initially, variables, response, and the range of selected variables 
were determined. For the formulation optimization, nickel, cobalt, and 
magnesium loading percentages were selected as variables with a range of 
1-10 w/w%, and 0-10 w/w% and 0-5 w/w% for the other parameter 
variables. The response variables for catalyst formulation included CH4 
and CO2 conversions, H/CO ratio, and stability score. The experiment 
design was chosen as Box-Behnken design (BBD), and after filling in the 
required parameters, the software generated a table of 17 experiments, 
with five replications of the middle point.After catalyst preparation and 
testing were performed according to Table 1, the data from the 
experimental work were filled into the software. Mathematical and 
statistical evaluation was evaluated by the software according to the given 
parameter. The result from the software which was present in the form of 
mathematical, statistical and plotted graph were used to discuss the 
interaction effect between variables and response.  

The software was also used to optimize the variables for ideal response 
based on mathematical and statistical evaluation. The software generated 
a set of solution based on given parameters for optimization. The solution 
with the highest probability was selected and the simulated result was 
compared with experimental result. Based on the result, the difference 
between simulated and experimental date was used to calculate the 
accuracy of optimization parameters. The characterization techniques 
such as TGA, FESEM and surface analyser were used to confirm the result 
based on catalyst properties. 

2.2   Support Preparation 

Local kaolin purchased from Kaolin Malaysia Sdn. Bhd. was used to 
prepare the NaA Zeolite support. To separate the quartz, the raw kaolin 
was refined with sodium hexametaphosphate, using a fixed amount of 
2.5% from the raw kaolin, and diluted with water to maintain a ratio of 1:5 
(w/w) of water to solid phase. The pre-treatment was conducted at room 
temperature for 2 hours under stirred conditions, followed by 1 hour of 
settling time to allow for the separation of heavy quartz from kaolin. The 
supernatant was then dried in an oven for 24 hours at 105 °C, and the dried 
kaolin was further calcined at 800 °C for 2 hours to convert the kaolin 
phase to metakaolin. The alkaline hydrothermal reaction was carried out 
using a 2.75 M NaOH solution, with a fixed ratio of metakaolin to NaOH 
solution at 1:13.3 (w/v), under stirring conditions at 70 °C for 2 hours. 
After complete crystallization of NaA Zeolite, which was controlled at 60 
°C for 12 hours, the filtration and naturalization of the zeolite were 
conducted using vacuum filtration, followed by washing with distilled 
water. Finally, the NaA Zeolite was dried overnight in an oven at 105 °C 
and stored for future use. 

2.3   Preparation of Catalyst 

The catalyst was prepared using the incipient wetness method. To prepare 
the catalyst, the metal nitrate was dissolved in distilled water and used as 
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a precursor. Chemical Nickel (II) nitrate 6-hydrate, Cobalt (II) nitrate 6-
hydrate, and Magnesium nitrate 6-hydrate were purchased from Merck. 
For catalysts with combined metals, the co-impregnation method was 
employed, with the amount of metal loading determined by the 
experiment design. The ratio of metal nitrate solution to NaA Zeolite 

support was fixed at 3 ml of solution for 1 g of support, and impregnation 
was carried out at ambient temperature for 12 hrs. Subsequently, the 
catalyst was dried at 105 °C to remove water and calcined at 550 °C for 2 
hrs to form the metal oxide. The catalyst was then stored in an airtight 
container for future use. 

Table 1: Experiment Actual Design for Catalyst Formulation Optimization. 

Std Run 

Factor 1 Factor 2 Factor 3 

A. Nickel Loading (%) B. Cobalt Loading (%) C. Magnesium Loading (%) 

13 1 5.5 5 2.5 

8 2 10 5 5 

7 3 1 5 5 

11 4 5.5 0 5 

10 5 5.5 10 0 

9 6 5.5 0 0 

5 7 1 5 0 

4 8 10 10 2.5 

6 9 10 5 0 

17 10 5.5 5 2.5 

16 11 5.5 5 2.5 

14 12 5.5 5 2.5 

1 13 1 0 2.5 

2 14 10 0 2.5 

12 15 5.5 10 5 

15 16 5.5 5 2.5 

3 17 1 10 2.5 

2.4   Catalytic Reaction 

A lab scale fixed bed reactor was used to carry out the dry reforming 
reaction for catalytic testing, as depicted in Figure 1 of the process flow 
diagram. Gas chromatography was used to analyze the composition of the 
product and reactant gases. The simulated gas used for the catalytic 
reaction contained 42% CO2 and 58% CH4 and was purchased from Linde 
Gas Sdn Bhd. The inlet gas flow was regulated using a mass flow controller. 
10 mg of catalyst was filled into a tubular quartz reactor with an internal 
diameter of 4 mm and an outer diameter of 6 mm, and the catalyst was 
positioned at the middle of the reactor and sandwiched with quartz wool. 
Prior to the reaction, the catalyst was in-situ reduced at 550 °C with H2 
flow at 30 ml/min for 30 minutes. The reactant gas was then introduced 
with a flow rate of 30 ml/min, and the product gas was monitored every 
15 minutes using gas chromatography. The reaction was carried out for 60 
minutes, and the reactant conversion was calculated using the provided 
equation. 

𝑪𝑶𝟐𝑪𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 (𝑿𝑪𝑶𝟐
) =  

𝑖𝑛𝑙𝑒𝑡 𝐶𝑂2 – 𝑜𝑢𝑡𝑙𝑒𝑡  𝐶𝑂2 

𝑖𝑛𝑙𝑒𝑡 𝐶𝑂2 
  (1) 

𝑪𝑯𝟒𝑪𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 (𝑿𝑪𝑯𝟒
) =  

𝑖𝑛𝑙𝑒𝑡 𝐶𝐻4 –  𝑜𝑢𝑡𝑙𝑒𝑡 𝐶𝐻4 

𝑁𝑖 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 
       (2) 

The quality of product syngas was calculate based on the ration of H2 and 
CO as the following equation: 

𝑯𝟐

𝑪𝑶
𝑹𝒂𝒕𝒊𝒐 =

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑌𝑖𝑒𝑙𝑑 𝐻2

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑌𝑖𝑒𝑙𝑑 𝐶𝑂
 (3) 

The stability of the catalyst was calculated based on the following equation 
and this equation was modified from previous literature: 

𝑆𝒕𝒂𝒃𝒊𝒍𝒊𝒕𝒚 𝑺𝒄𝒐𝒓𝒆  

= [
(

𝑋𝐶𝐻4  

𝑋𝐶𝐻4.𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 
)+(1−(𝑋𝐶𝐻4 (𝑡=60 min.)−𝑋𝐶𝐻4 (𝑡=30 𝑚𝑖𝑛.))

2
]  

(4) 

 

 

Figure 1: Equipment set-up to simulate biogas dry reforming experiments 

2.6   Thermogravimetry Analysis 

The thermogravimetry analysis was carried out using Mettler Tolledo 
TGA/STDA851 equipment. The weight loss due to heating at the 
temperature range of 30 – 900 °C was evaluated on spent catalyst. The 
sample was placed in a 40 µL alumina crucible and was heated under air 

flow at 0.l L/min.  

2.7   Kinetic Study 

The method for isotherm, kinetic and thermodynamic studies was based 
on the study conducted by Ayodele et al. with minor modification (Ayodele 
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et al., 2016). The effect of reactant and product on the reaction rate was 
investigated by varying the partial pressure of each compound. Table 2 
shows full parameters that were used for the kinetic evaluation of DRM 
reaction over catalyst. Before the reaction, the gas was mixed according to 
Table 2 in a sample bottle. The catalytic activity was carried out similarly 
as the catalytic activity that was mentioned in catalytic evaluation 
experiment. For the kinetic study, in-situ reduction was carried under 
pure H2 atmosphere at 650 °C for 30 minutes. The DRM reaction was 
carried out at a fixed temperature of 700 °C and the inlet gas was 
controlled at 30 ml/min. The amount of catalyst was fixed at 10 mg for the 
experiment. The activation energy of DRM reaction was carried out by 
varying the reaction temperature at 550, 600, 650 and 700°C. The reaction 
rate was estimated from following equation: 

𝑟𝑖
′ =

𝑣0𝐶𝑖

∆𝑊
  (5)  

where ri’ is the rate of consumption of the reactants or rate of formation of  

products (mol i g cat-1min-1); v0 is the exit flow rate (dm3min-1), Ci is the exit 
species i concentration (moldm-3) and ∆W is the catalyst weight.  

3. RESULT AND DISCUSSION 

3.1   Nickel Powder Catalyst: Preliminary Study 

Through years of research and publications, it has been reported that 
nickel metals is the most studied catalyst for DRM. Ni shows the highest 
catalytic activity for DRM reaction compared to others transition metals 
(Guharoy et al., 2021). The material cost is also the significant factor for 
the selection of Ni metals even though the catalytic activity of Ni is 
relatively low compared to precious metal. The catalytic activity of Ni 
metals depends on the contacted surface area during the reaction. When 
the surface area is high, the catalytic activity increases. Therefore, many 
researchers attempt to synthesis or modify the Ni metals with smaller 
particles size and with high contacted surface area. Without using support, 
high surface area of Ni can be achieved by using Ni nanoparticles.                                

Table 2: Experimental Condition for Kinetic Study 

Run 
PCH4 

(bar) 

PCO2 

(bar) 

PH2 

(bar) 
 

PCO2 

(bar) 

Effect of CO2 

1 1 0.8 0  0 

2 1 1.1 0  0 

3 1 2.3 0  0 

Effect of CH4 

4 0.6 1.1 0  0 

5 1.2 1.1 0  0 

6 1.4 1.1 0  0 

Effect of H2 

7 1 1 0.5  0 

8 1 1 0.8  0 

9 1 1 1.8  0 

Effect of CO 

10 1 1 0  0.6 

11 1 1 0  0.7 

12 1 1 0  1.7 

In this research, the powder of unsupported Ni particles was prepared 
using Ni(NO3)2.6H2O salt. The precursor salt was dried and oxidized at 550 
°C to form NiO powder particles. The catalytically active Ni particles were 
formed after reducing with H2 stream at 550°C. The reduction process was 
carried out in-situ before DRM reaction took place. The chemical 
composition of NiO powder was analysed using atomic absorption 
spectroscopy (AAS). The NiO powder contained 96.65 % of Ni.  

For the catalytic study of Ni powder, the DRM reaction was carried out at 
550°C using 20 mg of Ni powder. The inlet gas contained 42% of CH4 and 
58% of CO2 was introduced to the reactor at 30 ml/min. The catalyst was 
diluted with 200 mg of silica sand to prevent pressure drop. DRM reaction 
was carried out for 60 minutes. As shown in Figure 2 and Figure 3, this 
material showed almost no activity during the reaction. The result showed 
very low conversion for both CH4 and CO2 inlet gases.  

This could indicate the deactivating effect of carbon at low temperature. 
The same result has been reported by Littlewood whereby Ni particles 
shows almost no activity in the first 30 minutes on stream at 500 °C and 
very rapidly deactivates within this time (Littlewood, 2016). The 
conversion cannot be immediately improved even by subsequent reaction 
at higher temperature. Low catalytic activity and rapid deactivation for Ni 
particles could be ascribed to the larger Ni particle size since the large size 
of Ni particles provoked carbon deposition. The coke probably covered on 
the surface of particles and hindered the contact with reactant gases (Li et 
al., 2020). The CH4 decomposition and CO disproportionation might be 
responsible for the coke formation. Both reactions are favourable at low 
reaction temperature. The slightly increase of CO2 conversion from Figure 
3 could be due to the RWGS reaction. This might indicate the coke 
formation from methane decomposition in the observed reaction 
temperature window (Bonmassar, 2020). 

Based on the finding, it was clear that the catalytic activity of non-
supported Ni is very low compared to equilibrium conversion at 550 °C. 
As discussed in many publications, the particles size plays an important 

role to increase the catalytic activity. Large or agglomerated Ni metals will 
affect the active site surface area, thus reducing the catalytic activity. In 
some cases, the large size of particles might reduce the reduction ability of 
NiO to form Ni. This problem can be overcome by dispersing the active 
metals on the porous material. The particles size of Ni metals can be 
controlled according to the pores size. In addition, without using catalyst 
support, the site reaction is more favourable due to the existence of other 
active compounds at the surface such as CO, H2 and CO2 that are produced 
by DRM reaction. Adsorption and desorption mechanism of catalyst 
support can change this situation to make the catalyst more selective to 
DRM reaction. Besides that, the catalyst may have the ability to remove 
deposit coke by using catalyst support. Hence, the catalyst can withstand 
coke formation and increase the stability. 

3.2   RSM Model Validation 

In this research, nickel, cobalt and magnesium were selected as active 
metals for catalyst. Nickel is well known for DRM catalyst that has been 
studied by many researchers. Instead of abundantly available, the catalytic 
activity of nickel catalyst is high compared to other metals. Cobalt shows 
high catalytic activity for the important dry reforming of methane (DRM) 
reaction. However, it is prone to deactivation. Chen et al. found that cobalt 
is mainly deactivated by carbon deposition (Chen et al., 2020). In this 
research, magnesium was selected due to its ability to increase the thermal 
stability of the catalyst. According to Zhang et al., magnesium can maintain 
the stability of the hierarchical structure at high temperature. Besides that, 
MgO also provides carrier activation channel of CO2 and improves catalytic 
activity (Zhang, 2018).   

As discussed in the introduction, the quest for catalyst formulation 
depends on multiple variables that need to be controlled and 
experimented. In this research, design of experiment based on Box-
Behnken Design (BBD) was used to reduce the numbers of experiment and 
thus avoid expensive experiment. BBD is an experimental designed for 
response surface methodology that is used to explore the relationship 
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between several variables and response variables. The main objective of 
using response surface methodology is to obtain optimal response within 
the range of selected variables. In the first part of the research, the nickel 
loading percentages, cobalt loading percentages and magnesium lading 
percentages on NaA-Zeolite support were selected as variables. Three 
level BBD was selected to find the optimum formulation for DRM catalyst. 
The optimum formulation was selected based on the impact of variables 
on the response variable, including CH4 conversion, H2/CO ratio and 
catalyst stability. The calculation method for response variables and 
statistical procedure was mentioned in experimental methodology. A total 
of 17 experiments including replication of central points were carried out 

as shown in Table 3. 

The suitability of a model can be determined by evaluating the significance 
of the regression model, the significance of individual model coefficients 
and lack-of-fit. In an experimental design, analysis of variance (ANOVA) 
can be utilised to evaluate the aforementioned variables. Thus, the 
generated model was assessed for validity of using ANOVA. The results of 
BBD ANOVA for CH4 conversion are displayed in Table 4. The relevance of 
model terms is demonstrated when the value of Prob > F is less than 0.05. 
A variable is more important when both its p-value and F-value are 
smaller. 

 

Figure 2: CH4 conversion profile for dry reforming of CH4 on NiO catalysts (50 mg of catalyst, 1 hr of reduction at 550°C, 1 hr of reaction at 550°C, 
CH4/CO2= 0.6/0.4, Flow rate 30 mlmin-1) 

 

Figure 3: CO2 conversion profile for dry reforming of CH4 on NiO catalysts (50 mg of catalyst, 1 hr of reduction at 550°C, 1 hr of reaction at 550°C, 
CH4/CO2= 0.6/0.4, Flow rate of 30 mlmin-1) 

Table 3: Experiment Actual Design for Catalyst Formulation Optimization with Response Data. 

Std Run 

Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3 Response 4 

A. Nickel 
Loading (%) 

B. Cobalt 
Loading (%) 

C. Magnesium 
Loading (%) 

CH4 Conversion CO2 Conversion 
H2/CO 
Ratio 

Stability 
Score 

13 1 5.5 5 2.5 0.1773 0.2724 0.8385 0.718 

8 2 10 5 5 0.217 0.3395 0.8204 0.801 

7 3 1 5 5 0 0 0 0.499 

11 4 5.5 0 5 0.0014 0.0241 0.3501 0.494 

10 5 5.5 10 0 0.202 0.3241 0.8663 0.755 

9 6 5.5 0 0 0.1597 0.2312 0.8296 0.715 

5 7 1 5 0 0.0176 0.0496 0.4609 0.515 

4 8 10 10 2.5 0.2485 0.3448 1.0079 0.845 

6 9 10 5 0 0.2143 0.3172 0.9292 0.789 

17 10 5.5 5 2.5 0.1914 0.2387 0.7924 0.766 

16 11 5.5 5 2.5 0.2457 0.3607 0.9018 0.84 

14 12 5.5 5 2.5 0.2077 0.3162 0.8215 0.789 

1 13 1 0 2.5 0 0.0038 0 0.5 

2 14 10 0 2.5 0.1686 0.2793 0.7753 0.734 

12 15 5.5 10 5 0.23 0.36 0.816 0.819 

15 16 5.5 5 2.5 0.2493 0.3709 0.89969 0.846 

3 17 1 10 2.5 0.1182 0.225 0.6979 0.664 
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Among a number of variables which included nickel loading (A), cobalt 
loading (B) and magnesium loading (C), the second-order effect of 
variables A2, C2 and AB as well as AC and BC had a substantial impact on 
the CH4 conversion model. According to the F-values shown in Table 4, 
nickel loading had the greatest effect on CH4 conversion, whereas 
magnesium loading had the least effect on CH4 conversion. Since the 
overall F-value was 45.11, the quadratic model was found to be significant. 
The significance of the parameters could be ranked as follows based on the 
ANOVA results: A> B> A2> C> BC> AB> C2> AC> B2. 

Considering the coefficient of determination (R2), it could be claimed that 
the model's level of predictability was satisfactory. According to Table 5, 
the predicted R2 (0.9613) was consistent with the adjusted R2 (0.9613) 
(0.8188). The adequate precision of the signal-to-noise ratio is one of the 
other essential components of model estimate. To demonstrate the 
precision, a ratio greater than 4 is desired. In the quadratic model of CH4 
conversion, a ratio of 20.218 indicated an adequate signal. The quadratic 
models for CH4 conversion percentage by real and coded factors are 
represented by Equation (6) and Equation (7) respectively. Positive and 
negative signs in front of model terms indicate synergistic and antagonistic 
effects respectively. 

Model with coded factors: 

𝐿𝑜𝑔𝑖𝑡(𝐶𝐻4 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛) = +0.3945 + 2.11𝐴 + 1.52𝐵 − 0.9254𝐶 −
1.06𝐴𝐵 + 0.751𝐴𝐶 + 1.28𝐵𝐶 − 1.39𝐴2 − 0.4906𝐵2 − 1.01𝐶2  

(6) 

Model with actual factors: 

𝐿𝑜𝑔𝑖𝑡(𝐶𝐻4 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛) = −5.45 + 1.29𝑁𝑖 + 0.505𝐶𝑜 − 0.040𝑀𝑔 −
0.047𝑁𝑖. 𝐶𝑜 + 0.067𝑁𝑖. 𝑀𝑔 + 0.102𝐶𝑜. 𝑀𝑔 − 0.068𝑁𝑖2 − 0.02𝐶𝑜2 −
0.162𝑀𝑔2  

(7) 

The findings of the ANOVA conducted on the model of CO2 conversion are 
presented in Table 4. According to the F-values presented in Table 4, the 
loading of nickel had the most significant impact on CO2 conversion, while 
the loading of magnesium had the least significant impact. It was found 
that the proposed model was significant due to the fact that the overall F-
value was 36.99. The relevance of the parameters was ranked as follows 
based on the results obtained from the ANOVA: A> B>A2> C> AC> AB> C2> 
BC> AB2> B2 

Referring to Table 5, it was demonstrated that the CO2 conversion could be 
accurately proved by the BBD model as R2 was 0.9840 and the p-value of 
the model was highly significant. The model was well fitted to the 
experimental data because the p-value for lack of fit was 0.6065. The 
predicted R2 (0.9574) corresponded to the adjusted R2 (0.8393). The 
adequate accuracy for deactivation was 19.647, which was greater than 
the value required to demonstrate the fitness of statistical prediction. 

Table 4: Analysis of Variance (ANOVA) 

Source Sum of Squares Mean Square F-value p-value Coefficient Estimate Standard Error 

CH4 Conversion 

Model 88.88 9.88 45.11 < 0.0001   

A-Nickel 35.59 35.59 162.58 < 0.0001 2.11 0.1654 

B-Cobalt 18.44 18.44 84.24 < 0.0001 1.52 0.1654 

C-Magnesium 6.85 6.85 31.3 0.0008 -0.9254 0.1654 

AB 4.53 4.53 20.67 0.0026 -1.06 0.2339 

AC 2.26 2.26 10.31 0.0148 0.751 0.2339 

BC 6.52 6.52 29.79 0.0009 1.28 0.2339 

A² 8.09 8.09 36.97 0.0005 -1.39 0.228 

B² 1.01 1.01 4.63 0.0685 -0.4906 0.228 

C² 4.29 4.29 19.61 0.0031 -1.01 0.228 

CO2 Conversion 

Model 71.05 7.11 36.99 0.0001   

A-Nickel 23.21 23.21 120.85 < 0.0001 2.41 0.2191 

B-Cobalt 11.41 11.41 59.4 0.0003 1.19 0.1549 

C-Magnesium 4.96 4.96 25.8 0.0023 -0.7871 0.1549 

AB 3.77 3.77 19.62 0.0044 -0.9706 0.2191 

AC 4.45 4.45 23.15 0.003 1.05 0.2191 

BC 2.4 2.4 12.51 0.0123 0.7749 0.2191 

A² 8.55 8.55 44.52 0.0005 -1.42 0.2136 

B² 0.0066 0.0066 0.0346 0.8586 -0.0397 0.2136 

C² 3.14 3.14 16.33 0.0068 -0.863 0.2136 

AB² 1.82 1.82 9.46 0.0218 -0.9529 0.3099 

H2/CO Ratio 

Model 5.56 0.6176 8.26 0.0055   

A-Nickel 2.73 2.73 36.49 0.0005 0.584 0.0967 

B-Cobalt 1.2 1.2 15.98 0.0052 0.3865 0.0967 

C-Magnesium 0.0378 0.0378 0.505 0.5003 -0.0687 0.0967 

AB 6.91E-07 6.91E-07 9.24E-06 0.9977 -0.0004 0.1367 

AC 0.0047 0.0047 0.063 0.8091 0.0343 0.1367 

BC 0.4384 0.4384 5.86 0.046 0.3311 0.1367 

A² 0.5174 0.5174 6.92 0.0339 -0.3505 0.1333 

B² 0.108 0.108 1.44 0.2685 -0.1601 0.1333 

C² 0.4201 0.4201 5.62 0.0496 -0.3159 0.1333 

Stability Score 

Model 1.49 0.1653 59.06 < 0.0001 0.8365 0.021 

A-Nickel 0.7045 0.7045 251.65 < 0.0001 0.2967 0.0187 

B-Cobalt 0.0632 0.0632 22.56 0.0021 0.1256 0.0265 

C-Magnesium 0.1511 0.1511 53.98 0.0002 -0.1374 0.0187 

AB 0.0541 0.0541 19.33 0.0032 -0.1163 0.0265 

AC 0.031 0.031 11.07 0.0126 0.088 0.0265 

BC 0.0461 0.0461 16.45 0.0048 0.1073 0.0265 

A² 0.1663 0.1663 59.41 0.0001 -0.1985 0.0257 

C² 0.045 0.045 16.08 0.0051 -0.1032 0.0257 

A²B 0.0229 0.0229 8.18 0.0244 0.107 0.0374 
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Table 5: Model Fit Statistic 

Std. Dev. R² Adjusted R² Predicted R² Adeq. Precision 

CH4 Conversion 

0.4679 0.9831 0.9613 0.8188 20.2177 

CO2 Conversion 

0.4382 0.984 0.9574 0.8393 19.647 

H2/CO Ratio 

0.2734 0.9139 0.8033 0.6117 9.2549 

Stability Score 

0.0529 0.9870 0.9703 0.8689 26.0904 

By using Equation (8) and Equation (9) respectively, the empirical 
relationship between independent variables and CO2 conversion 
percentage in terms of coded factors and real factors was evaluated based 
on RSM results. 

Model with coded factors: 

𝐿𝑜𝑔𝑖𝑡(𝐶𝑂2 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛) = +0.4755 + 2.41𝐴 + 1.19𝐵 −
0.7871𝐶 − 0.9706𝐴𝐵 + 1.05𝐴𝐶 + 0.744𝐵𝐶 − 1.42𝐴2 −
0.0397𝐵2 − 0.8630𝐶2 − 0.9529𝐴𝐵2  

(8) 

Model with actual factors: 

𝐿𝑜𝑔𝑖𝑡(𝐶𝑂2 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛) = −3.86537 + 1.07902𝑁𝑖 − 0.128845𝐶𝑜 −
0.449795𝑀𝑔 − 0.0041563𝑁𝑖. 𝐶𝑜 + 0.093709𝑁𝑖. 𝑀𝑔 +
0.061991𝐶𝑜. 𝑀𝑔 − 0.070369𝑁𝑖2 − 0.041996𝐶𝑜2 − 0.138078𝑀𝑔2 −
0.008470 𝑁𝑖. 𝐶𝑜2  

(9) 

Nickel loading was found to have the greatest impact on stability score, 
which was similar to the models for CH4 conversion and CO2 conversion. 
According to Table 4, the magnesium loading percentage had the least 
noticeable impact on the results. The model developed (Equation (10)-
(11)) in this investigation was appropriate since it showed a true link 
between independent variables as indicated by the low P-value and a 
reasonable coefficient of determination (R2 = 0.9139). Additionally, 
adjusted R2 and predicted R2 almost agreed, demonstrating high goodness 
of fit of the model (Table 5). 

Model with coded factors: 

𝐿𝑜𝑔𝑖𝑡(𝑆𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑆𝑐𝑜𝑟𝑒) = +1.36 + 0.5840𝐴 + 0.3865𝐵 −
0.0687𝐶 − 0.0004𝐴𝐵 + 0.0343𝐴𝐶 + 0.3311𝐵𝐶 − 0.3505𝐴2 −
0.1601𝐵2 − 0.3159𝐶2  

(10) 

Model with actual factors: 

𝐿𝑜𝑔𝑖𝑡(𝑆𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑆𝑐𝑜𝑟𝑒) = −0.3023 + 0.3127𝑁𝑖 + 0.0753𝐶𝑜 −
0.076𝑀𝑔 − 0.000018𝑁𝑖. 𝐶𝑜 + 0.00305𝑁𝑖. 𝑀𝑔 +
0.0265𝐶𝑜. 𝑀𝑔 − 0.0173𝑁𝑖2 − 0.0064𝐶𝑜2 − 0.0505𝑀𝑔2  

(11) 

Finally, nickel loading percentage is the variable with the greatest 
influence on H2/CO ratio. As shown in Table 4, the cobalt loading 
percentage (B) had the least effect on the response. R2 (0.9870) and the p-
value for lack of fit (0.3554) suggested that the BBD model proposed in 
this study accurately predicted the H2/CO ratio. The predicted R2 (0.9703) 
agreed satisfactorily with the adjusted R2 (0.8689) (Table 5). The adequate 
precision of the H2/CO ratio, which was 26.0904, validated the validity of 
statistical prediction. Polynomial prediction models for H2/CO ratio were 
created using the BBD model for both real and coded factors. The models 
are described in Equation (12) and Equation (13) respectively. 

Model with coded factors: 

𝐻2

𝐶𝑂
𝑟𝑎𝑡𝑖𝑜 = +0.8365 + 0.2967𝐴0.1256𝐵 − 0.1374𝐶 −

0.1163𝐴𝐵 + 0.0880𝐴𝐶 + 0.1073𝐵𝐶 − 0.1985𝐴2 − 0.1032𝐶2 −
0.1070𝐴2𝐵  

  (12) 

Model with actual factors: 

𝐻2

𝐶𝑂
𝑟𝑎𝑡𝑖𝑜 = −0.00118 + 0.2383𝑁𝑖 − 0.0641𝐶𝑜 − 0.0583𝑀𝑔 −

0.0168𝑁𝑖. 𝐶𝑜 + 0.00782𝑁𝑖. 𝑀𝑔 + 0.00854𝐶𝑜. 𝑀𝑔 − 0.0151𝑁𝑖2 −
0.01652𝑀𝑔2 − 0.008470 𝑁𝑖2. 𝐶𝑜  

 (13) 

The normal probability plot of the studentized residuals was used to figure 
out how good the models were. Figure 6(a–d) shows the normal 
probability plot and how it compares to the studentized residuals of 
responses. As shown in Figure 6(a–d), the residual points were in the right 
spot around the straight line. This means that the distribution of errors 
was normal, the data was normal, and the least-square fit was good. 

 

Figure 6: Normal probability plot of residual for (a) CH4 conversion, (b) CO2 conversion, (c) stability score and (d) H2/CO ratio 

3.2.1   Impact of Metals Loading on the Feed Conversion 

Figure 7 and Figure 8 show the effects of different input variables on feed 
conversion such as nickel loading percentage, cobalt loading percentage 
and magnesium loading percentage as 3D surface plots and contour plots. 

Figures 7 (a and b) and Figures 8 (a and b) show that feed conversion went 
up in all of the samples studied as nickel loading went up. This was likely 
because nickel can lower activation energy and speed up reactions (Wu et 
al., 2019). In addition, with an increase in cobalt loading percentage, the 
feed conversion also improved, indicating that the cobalt active site was 



Water Conservation & Management (WCM) 7(1) (2023) 60-76 

 

 
Cite The Article: Abdul Hadi Abdullah, Ahmad Zamani Ab Halim, Amri Hj Mohamed, Mohd Abu Asshaary Daud, Ahmed H.A. 

Dabwan (2023). Biogas Dry Reforming: Development of Ni/Na Zeolite Catalyst Using Response Surface Methodology  
Approach with Reaction Mechanism Evaluation. Water Conservation & Management, 7(1): 60-76. 

 

capable of dissociating CO2 into CO and O2 and boosting the DRM reaction 
(Figure 7 (a and c) and Figure 8 (a and c)) (Khairudin et al., 2021). 
Referring to Figure 7 (b and c) and Figure 8 (b and c), the feed conversion 
of CH4 and CO2 decreased as the magnesium loading percentage increased. 
Arbag reported similar finding in which the catalyst activity reduced after 
the addition of Mg (Arbag, 2018). This situation might be related to the 
strong interaction between NiO and MgO, thus increasing the reduction 
temperature of catalyst. Arbag also concluded that the incorporation of Mg 
enhances the contribution of reverse water gas shift reaction. According 
to Karam et al., high Mg loading causes the mean size of nickel particles to 
grow. Some nickel atoms are trapped at the interface between nickel 
nanoparticles and alumina walls, which may be related to the significant 
loss of pore ordering and reduced access to nickel nanoparticles. On the 
other hand, some nickels can be occluded in segregated NiO-MgO 
nanodomains, indicating that nickel has a strong interaction with MgO. 
Furthermore, the increase in basicity may play a role in keeping the nickel 
nanoparticles to be partially oxidized, causing a loss of nickel metallic 
character (Karam, 2020). 

3.2.2   Impact of Metals Loading on the Stability Score 

Stability score in this research is the measurement of the catalyst stability 
by considering both feed conversion and catalyst stability. Stability is 
determined based on the reduction of catalyst performance after one hour 
of catalytic testing. Figure 9 shows how different metal loading 
percentages such as nickel loading percentage (A), cobalt loading 
percentage (B) and magnesium loading percentage (C) affect the stability 
score of a catalyst. The stability score of a catalyst is an important thing to 
think about when making a catalyst. In DRM, the main things that cause 
the catalyst to fail working are the build-up of coke and/or the sintering of 
active sites. According to Park et al., the primary cause of catalyst 
deactivation is carbon deposition or coke formation. Coke formation may 
result from a variety of reactions, including the decomposition of methane, 
the Boudouard reaction, the hydrogenation of CO2, and the hydrogenation 
of CO. By considering thermodynamics, methane decomposition results in 
coke formation at higher temperatures, whereas the other three processes 
result in coke formation at lower temperatures (Park et al., 2022).  

 

Figure 7: 3D surface and contour plots of the predicted CH4 conversion as a function of (a) Nickel loading percentage (%) and cobalt loading percentage 
(%) at 2.5 % magnesium loading, (b) Nickel loading percentage (%) and magnesium loading percentage (%) at 5 % cobalt loading, and (c) Magnesium 

loading percentage (%) and cobalt loading percentage at 5 % nickel loading. 

 

Figure 8: 3D surface and contour plots of the predicted CO2 conversion as a function of (a) Nickel loading percentage (%) and cobalt loading percentage 
(%) at 2.5 % magnesium loading, (b) Nickel loading percentage (%) and magnesium loading percentage (%) at 5 % cobalt loading, and (c) Magnesium 

loading percentage (%) and cobalt loading percentage at 5 % nickel loading. 
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According to the order of coke formation on the catalyst is directly 
proportional to the particle size of Ni, with highly dispersed catalysts 
exhibiting significantly less coke formation (Das et al., 2020). The reduced 
Ni particle size on the catalyst also enhances the interfacial area between 
Ni and basic sites, resulting in a synergistic effect on the coke resistance of 
these catalysts. Higher nickel loading results in weak metal-support 
interactions in catalysts due to agglomeration of nickel particles, which 
favours the occurrence of sintering processes and even coke deposition 
(Bacariza et al., 2022). Figure 9(a) and (b) show that the stability score 
increases as the nickel loading increases. However, the effect on the 
stability score becomes less significant as the nickel loading increases. The 
effect of cobalt loading on stability score can be observed from Figure 9(a) 
and (c). The result showed that the stability score slightly increases with 
the cobalt loading percentage. The same result has been published by Kim 
et al., whereby the introduction of Co into the catalyst increased the 
activity with only a small effect on coke formation. Cobalt addition might 
improve the interaction between the active site, hence increasing the 
resistance of the catalyst to carbon formation (Kim et al., 2018).  

As shown in Figure 9(b) and (c), increasing the magnesium loading 
percentage from 2.5 % to 5 % had a negative effect on the stability score 
of the catalyst. The literature had largely highlighted the magnesium can 
increase the catalyst stability at optimum amount. According to Arbag 
[35], incorporating small amount of metal oxides which have strong 
basicity would increase the ability of the catalyst to chemisorb more CO2 
and help to oxidize the carbon deposited on the catalyst surface (Arbag, 
2018). They also mentioned that adding a small amount of strong-basic 
metal oxides would make the catalyst to be able to chemisorb more CO2 
and help to oxidize the carbon that has built up on the surface of the 
catalyst. The development of the NiO-MgO mixed oxide phase increases 
metal-support contact, hence minimising catalyst deactivation by 
sintering and reducing coke deposition. A group researchers summed up 

that adding Mg is good because it adds basic sites to the catalyst (Karam, 
2020). However, the Mg content should be controlled and kept at an 
intermediate level to avoid MgO segregation, which happen when there is 
a lot of Mg and at the same time will lead to the formation of big MgO 
crystals, a loss of structural ordering, a decrease in the specific surface, and 
a loss of accessible sites. 

3.2.3   Effects of Process Variables on H2/CO Ratio 

Figure 10 shows how different metal loading percentages such as nickel 
loading percentage (A), cobalt loading percentage (B) and magnesium 
loading percentage (C) affect the H2/CO ratio. As presented in Figure 10 (a 
and b), H2/CO ratio increased at higher nickel loading. It is possible that 
the contribution of water-gas shift reaction is responsible for the increase 
in the values of the H2/CO ratio (Anzures, 2021). In the study conducted, 
the researchers used a NiO/Dolamite catalyst and found that the H2/CO 
ratio went up as the nickel loading went up to 10%, which was because of 
the reverse water-gas shift reaction (RWGS) and the reduction of NiO 
species to active Ni (Shamsuddin, 2021). According to physical and 
chemical studies conducted by the increased catalytic activity of a nickel-
cobalt catalyst with a 7 wt.% of cobalt oxide content is dependent on the 
formation of easily dispersed reduced nanophases in the catalyst, which 
results in an increase in activity and selectivity (Myltybayeva, 2020). Same 
result was found in this research, whereby the H2/CO ratio was affected by 
the amount of cobalt loading (Figure 10 (a and c)). The negative effect of 
magnesium loading percentages on H2/CO ratio is depicted in Figure 10 (b 
and c). This result was in line with the findings of Karam et al., which 
showed that the Mg-richest catalyst has a lower H2/CO ratio (Karam, 
2020). This drop reflects a substantial occurrence of the Reverse Water-
Gas Shift (RWGS) side reaction, which is known to occur in the same 
temperature range as DRM and converts CO2 and H2 into CO and H2O while 
consuming CO2 and H2. 

 

Figure 9: 3D surface and contour plots of the predicted carbon stability score as a function of (a) Nickel loading percentage (%) and cobalt loading 
percentage (%) at 2.5 % magnesium loading, (b) Nickel loading percentage (%) and magnesium loading percentage (%) at 5 % cobalt loading, and (c) 

Magnesium loading percentage (%) and cobalt loading percentage at 5 % nickel loading 

3.2.4   Optimization of the Process Variables 

By utilizing response surface methodology (RSM) and function 
optimization technique, the researchers determined the optimal catalyst 
formulation for the reforming process. In this research, RSM was 
implemented via regression analysis software (Design Expert V. 11.0.0). 
By considering the maximum and minimum levels of all variables which 
included loading percentage (A), cobalt loading percentage (B) and 
magnesium loading percentage (C), an optimal condition was 
programmed as a pre-set condition in the software to evaluate the 
conversion of feed, stability score and H2/CO ratio. The optimization 
module of the software was used to find a combination of parameters that 
simultaneously satisfied the requirements for all process variables and 
responses. Table 6 displays the optimization criteria used to get optimal 
values for the four responses. The primary objective was to optimize feed 

conversion, catalyst stability score, and H2/CO with the target of 1.0.  

The software Design Expert version 11.0.0 generated 22 solutions with a 
desirability value of 1.000. Table 7 contains twenty solutions and the 
optimum condition for Solution 18 (based on the highest CH4 conversion 
and stability score) was chosen to conduct additional investigations. 
Figure 11 depicts the response surface of the optimization plot for Solution 
18. Furthermore, Figure 12 depicts the desirability of all process variables 
and response for Solution 18. Considering the total desirability value, it 
was possible to conclude that the methane dry reforming process was 
nearly ideal within the range of the selected conditions. After the software 
determined the optimum condition, its validity was tested by running an 
experiment under the optimum condition set for Solution 18. Table 8 
shows the validation results of the model of dry reforming of methane over 
Ni-Co-Mg/NaA Zeolite catalysts prepared under optimal conditions. The 
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experimental data mean is within a 95 % confidence interval. The findings 
suggested that statistical analysis was reliable in optimizing the catalytic 
dry reforming process. The optimum catalyst for dry reforming of 

methane at a desirability level of 1.000 was shown as follows: nickel 
loading percentage = 9.91%, cobalt loading percentage = 8.84%, and 
magnesium loading percentage = 1.62%. 

Table 6: Optimization Criteria at the Desired Goals for the Reforming Studies 

Name Goal Lower Limit Upper Limit 

A:Nickel is in range 1 10 

B:Cobalt is in range 0 10 

C:Magnesium is in range 0 5 

CH4 Conversion is in range 0 0.2493 

CO2 Conversion is in range 0 0.3709 

H2/CO is target = 1 0 1.0079 

Stability Score is in range 0.494 0.846 

 

 

Figure 10: 3D surface and contour plots of the predicted H2/CO as a function of (a) Nickel loading percentage (%) and cobalt loading percentage (%) at 
2.5 % magnesium loading, (b) Nickel loading percentage (%) and magnesium loading percentage (%) at 5 % cobalt loading, and (c) Magnesium loading 

percentage (%) and cobalt loading percentage at 5 % nickel 

 

Figure 11: Response surface of the optimization plot for Solution 1 with magnesium loading 1.6 %. 
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Figure 12: Desirability of the optimum condition for Solution 1 

3.3 Comparing the Performance of Ni10/NaA-Zeolite and 
Ni10Co9Mg1.6/NaA-Zeolite 

In this study, a comparison was made between the Ni10/NaA-Zeolite and 
Ni10Co9Mg1.6/NaA-Zeolite catalyst. The catalytic experiments were carried 
out at same reaction condition to compare the catalyst performance. As 
shown in Figure 13, the Ni10Co9Mg1.6/NaA-Zeolite catalyst showed 
promising reactant conversion, stability score and H2/CO ratio compared 
to Ni-NaA zeolite. From the result, at reaction temperature of 550°C, the 
methane conversion increased from 15% to 21% with the use of 
Ni10Co9Mg1.6/NaA-Zeolite catalyst compared to Ni10/NaA-Zeolite. The CO2 
conversion also significantly changed from 25% to 34% via the use of 
Ni10Co9Mg1.6/NaA-Zeolite. The H2/CO ratio of Ni10Co9Mg1.6/NaA-Zeolite 
0.9014 was close to 1. The alloy catalyst also increased the stability score 
of the catalyst from 0.709 to 0.805. The experiment data showed its 
agreement with other findings on the effect of using support and metallic 
alloy as DRM catalyst. 

The characterization on fresh Ni10/NaA-Zeolite and Ni10Co9Mg1.6/NaA-
Zeolite catalyst was carried out using the surface analyzer and FESEM. The 
result from characterization were used to investigate the physicochemical 
properties of catalyst. FESEM analysis allowed the researchers to conduct 
visual investigation of the catalyst surface. Ni10/NaA-Zeolite and 
Ni10Co9Mg1.6/NaA-Zeolite catalysts were layered on the carbon tape before 
FESEM pictures were taken. A FESEM image of the fresh Ni10/NaA-Zeolite 
and Ni10Co9Mg1.6/NaA-Zeolite (before reduction treatment) is shown in 

Figure 14. When the magnitude was increased to 50,000x, clear cubic 
shapes were observed. The cubic surface of Ni10/NaA-Zeolite (Figure 14 
(a)) and Ni10Co9Mg1.6/NaA-Zeolite (Figure 14(b)) shows the presence of 
the sphere shape particles. The sphere shape might be the image of metals 
particles that overloaded the support pore and the particles on the tri-
catalyst was uniformly distributed. 

 The structural properties of catalysts are summarized in Table 9. It could 
be observed that addition of active metals (Ni, Co and Mg) increased BET 
surface areas. This might be caused by the formation of metal 
agglomeration on the support surface. It could also be observed that the 
micropore surface area decreased with the addition of active metals due 
to pore filling of catalyst support. Furthermore, the pore volume did not 
show significant change compared to Ni10Co9Mg1.6/NaA-Zeolite catalyst 
and support.  

The N2 adsorption/desorption isotherm of support and catalyst are 
displayed in Figure 15. For all the samples, all the isotherms were 
categorised into IV type isotherms with H3-shaped hysteresis loops, which 
were the significant features for ordered mesoporous materials. The H3-
shaped hysteresis loops also illuminated that all the mesopores were slit-
shaped pores channels. Furthermore, the pore size distributions of these 
materials are exhibited in Figure 16 and the position of the peaks of the 
curves were all located in the range of 13.8-14.7 nm. It could be observed 
that the addition of metals shifted the pore size distribution to smaller 
sizes. 

 

Figure 13: Comparison of catalyst activity of mono-catalyst (Ni10/NaA-Zeolite) and tri-catalyst (Ni10Co9Mg1.6/NaA-Zeolite). 
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Table 8: Model Validation from Dry Reforming of Methane Over Ni-Co-Mg/Naa-Zeolite Catalysts Using the Optimum Formulation. 

Solution 1 of 100 Response Predicted Mean Data Mean† 95% PI low 95% PI high Erorr % 

CH4 Conversion‡ 0.245 0.219 0.129 0.324 10.5 

CO2 Conversion‡ 0.334 0.335 0.172 0.449 0.4 

H2/CO 1.0000 0.904 0.840 1.160 9.6 

Stability Score‡ 0.840 0.805 0.705 0.924 4.2 

 

Table 9: Structural Properties of the Catalysts 

Catalyst Surface Areaa (m2g-1) 
Micropore Surface Areab 

(m2g-1) 
Pore Volumec (cm3g-1) Pore Widthd (nm) 

NaA-Zeolite 4.40 12.99 0.092 99.5 

Ni10/NaA-Zeolite 23.55 3.698 0.098 14.7 

Ni10Co9Mg1.6/NaA-Zeolite 22.59 2.54 0.104 13.8 

a: BET surface area; b: t-plot micropore surface area; c: BJH desorption cumulative volume; c: BJH desorption average pore width 
 

 

Figure 14: Fresh (a) Ni10/NaA-Zeolite and (b) Ni10Co9Mg1.6/NaA-Zeolite (50,000x of magnification) 

Table 7: 20 Out of 22 Solutions of Desirability for Catalyst Formulation Optimization 

Number Nickel Cobalt Magnesium CH4 Conversion CO2 Conversion H2/CO Stability Score Desirability 

1 9.855 9.052 1.516 0.243 0.326 1 0.841 1 

2 9.412 9.143 1.41 0.249 0.339 1 0.839 1 

3 9.833 9.262 1.451 0.237 0.314 1 0.839 1 

4 9.976 9.298 1.472 0.233 0.305 1 0.839 1 

5 9.939 9.375 1.443 0.232 0.302 1 0.839 1 

6 9.214 9.422 1.326 0.246 0.334 1 0.837 1 

7 9.369 9.676 1.289 0.236 0.313 1 0.835 1 

8 9.981 9.995 1.305 0.21 0.256 1 0.833 1 

9 9.545 9.71 1.302 0.231 0.301 1 0.835 1 

10 9.67 9.157 1.448 0.244 0.327 1 0.84 1 

11 8.976 9.574 1.282 0.247 0.338 1 0.835 1 

12 9.082 9.797 1.247 0.24 0.322 1 0.833 1 

13 9.303 9.579 1.302 0.24 0.322 1 0.835 1 

14 9.951 9.89 1.323 0.214 0.265 1 0.834 1 

15 9.614 9.777 1.297 0.227 0.293 1 0.834 1 

16 8.827 9.918 1.222 0.243 0.331 1 0.832 1 

17 9.724 9.95 1.278 0.219 0.276 1 0.833 1 

18 9.991 8.841 1.623 0.247 0.334 1 0.843 1 

19 9.435 9.994 1.238 0.225 0.291 1 0.832 1 

20 9.614 9.534 1.348 0.234 0.308 1 0.837 1 
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Figure 15: N2 adsorption/desorption isotherms of (a) NaA-Zeolite, (b) Ni10/NaA-Zeolite and (c) Ni10Co9Mg1.6/NaA-Zeolite 

 

Figure 16: Pore size distributions of calcined catalysts 

3.4   Kinetic Study of CO2 Reforming of CH4 Over Ni10Co9Mg1.6/NaA-
Zeolite Catalyst 

Reliable kinetic data could be obtained when mass transfer limitation is 
negligible. There are two types of possible mass transfer limitations: 
external diffusion and internal diffusion limitation. The external diffusion 
will control the overall rate of reaction if the transport rate of the gaseous 
species to the catalyst surface is slower than the rate of chemical reaction 
on the surface. The transport rate depends on the thickness of the 
boundary layer on the catalyst surface that is created by the flow rate of 
gas through catalyst bed. A higher flow rate of gas through the catalyst bed, 
which is higher superficial velocity, leads to an increase in the transport 
rate. A slower species transport rate through the pores will cause the 
internal diffusion to limit the overall rate of reaction. The internal diffusion 
effect can be reduced by increasing the species transport rate through the 
pores. In conclusion, the experimental conditions should be controlled in 
which the mass transfer affects such as external and internal diffusion are 
negligible. For this research, the experimental conditions were selected 
based on the work of Littlewood and Song (Littlewood, 2016; Song, 2010). 
The following operating conduction was used to carry out the kinetic tests: 
(1) Particle size: 354-500 μm (average = 427μm), (2) Amount of catalysis: 
10 mg of catalyst, and (3) Gas flow rate: 22 mL/min (with GHSV = 132,000 
cm3/g.hr). 

3.4.1   Rate Law from the Experimental Data 

The rate law of the DRM on the Ni10Co9Mg1.6/NaA-Zeolite was determined 
from the differential reactor experiments. The experimental data is shown 
in Table 10. Table 10 indicates the rate of reaction of methane as a function 

of the partial pressure of carbon dioxide (CO2), methane (CH4), hydrogen 
(H2) and carbon monoxide (CO). A partial pressure of either CH4 or CO2 is 
kept constant while varying that of the other (He was used as make-up 
carrier gas to keep the same GHSV). 

For this purpose, the reaction was assumed to be irreversible. The 
qualitative conclusion was analysed based on the experimental data 
(Table 10) to find the dependence of the rate of disappearance of methane 
on the partial pressure of methane, carbon dioxide, hydrogen and carbon 
monoxide. In 7th, 8th and 9th runs, it could be observed that the 
consumption rate of methane decreased with increasing concentration of 
hydrogen at fixed partial pressure of methane and carbon dioxide. A rate 
expression in which the hydrogen partial pressure appeared in the 
denominator could explain this dependency: 

−𝑟𝐶𝐻4

′ =  
1

1 + 𝐾𝐻2
𝑃𝐻2

+ ⋯
 (14) 

The decrease of the methane consumption rate with an increase in 
hydrogen partial pressure might be related to the adsorption of hydrogen 
into the zeolite surface and RWGS reaction. 

The effect of CO concentration was investigated in runs 10, 11 and 12. The 
data indicated that the consumption rate of methane did not depend on 
the CO partial pressure. As shows in a double increase in the pressure of 
carbon monoxide had little effect on -r’CH4. Consequently, it could be 
assumed that carbon monoxide was either very weakly adsorbed or went 
directly into the gas phase (Zhang et al., 2009). By referring to runs 1, 2 
and 3 in Table 10, the data showed that the consumption rate of methane 

(a) 

(b) 

(c) 
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increased as the carbon dioxide concentration increased from 0.8 to 1.1 
bar. However, the consumption rate of methane declined when the partial 
pressure increased to 2.3 bar. A form of the rate expression that would 
describe this behaviour which was shown as follows:  

−𝑟𝐶𝐻4

′ =  
𝑃𝐶𝑂2

1 + 𝐾𝐶𝑂2
𝑃𝐶𝑂2

+ ⋯
 (15) 

When examining the results from runs 4, 5 and 6, it could be seen that the 
rate increased linearly with increasing methane partial pressure and it 
could be qualitatively concluded that the reaction was first order in 
methane. In light of this fact, methane was either not adsorbed on the 
surface or its coverage of the surface was extremely low  for  the  pressure  

used. If it was adsorbed, -r’CH4 would have a dependence on PCH4 analogous  
to the dependence of -r’CH4 on the partial pressure of carbon dioxide. 
Equation (16) was used for first-order dependence on CH4. 

−𝑟𝐶𝐻4

′ ~ 𝑃𝐶𝐻4
 (16) 

By combining all the equations (14)-(16), the overall rate law could be 
written as in equation (17) and the equation was in qualitative agreement 
with the data shown in Table 10. 

−𝑟𝐶𝐻4

′ =  
𝑘𝑃𝐶𝐻4

𝑃𝐶𝑂2

1 + 𝐾𝐻2
𝑃𝐻2

+ 𝐾𝐶𝑂2
𝑃𝐶𝑂2

 (17) 

Table 10: Experimental Conditions and Results for Kinetic Study from Different Reaction 

Run 
PCH4 

(bar) 

PCO2 

(bar) 

PH2 

(bar) 

PCO2 

(bar) 

-rCH4 

(g mol methane/g cat.s 

Effect CO2 

1 1 0.8 0 0 1.19E-03 

2 1 1.1 0 0 1.33E-03 

3 1 2.3 0 0 1.11E-03 

Effect CH4 

4 0.6 1.1 0 0 6.41E-04 

5 1.2 1.1 0 0 1.33E-03 

6 1.4 1.1 0 0 1.49E-03 

Effect H2 

7 1 1 0.5 0 1.23E-03 

8 1 1 0.8 0 1.13E-03 

9 1 1 1.8 0 8.52E-04 

Effect CO 

10 1 1 0 0.6 1.26E-03 

11 1 1 0 0.7 1.17E-03 

12 1 1 0 1.7 1.06E-03 

3.4.2   Mechanism Consistent with Experimental Observations 

In this part of discussion, the mechanism for the dry reforming of methane 
was proposed. In this particular reaction, dry reforming of methane on 
Ni10Co9Mg1.6/NaA-Zeolite was assumed to be surface-reaction-limited 
rather than adsorption- or desorption-limited. The reaction assumed that 
CO2 was adsorbed on the surface and then reacted with CH4 in the gas 
phase to produce benzene that was adsorbed on the surface and methane 
in the gas phase. The following equation showed the mechanism and 
associated rate laws for each elementary step: 

CO2 Adsorption: 

CO2(g)    +    S  ↔  CO2.S   (18) 
 

𝑟𝐴𝐷 =  𝑘𝐴 {𝐶𝑣𝑃𝐶𝑂2
−

𝐶𝐶𝑂2.𝑆

𝐾𝐶𝑂2

} 
(19) 

Surface Reaction:  

CH4(g)    +    CO2.S  ↔  H2.S    +    CO(g) (20) 
 

𝑟𝑠 = 𝑘𝑠 {𝑃𝐶𝐻4
𝐶𝐶𝑂2.𝑆 −

𝐶𝐻2.𝑆𝑃𝐶𝑂

𝐾𝑆
}  (21) 

Desorption: 

B.S  ↔  B(g)    +    S    (22) 

 

𝑟𝐷 =  𝑘𝐷(𝐶𝐻2.𝑆 − 𝐾𝐻2
𝑃𝐻2

𝐶𝑣 (23) 

By referring to Equation (19), at equilibrium (rAD=0), then the equation 
could be simplified as  

𝐶𝐶𝑂2.𝑆 = 𝐾𝐶𝑂2
𝑃𝐶𝑂2

𝐶𝑣  (24) 

and, 

𝐶𝐻2.𝑆 = 𝐾𝐻2
𝑃𝐻2

𝐶𝑣  (25) 

was simplified from Equation (23) by setting rAD=0 at equilibrium. 
Equation (26) was used to perform a site balance to obtain Cv: 

𝐶𝑡 =  𝐶𝑣 + 𝐶𝐶𝑂2.𝑆 + 𝐶𝐻2.𝑆 (26) 

replaced Equation (24) and Equation (25) into Equation (26) and 
rearranged to obtain the following equation; 

𝐶𝑣 =
𝐶𝑡

1 + 𝐾𝐶𝑂2
𝑃𝐶𝑂2

+ 𝐾𝐻2
𝑃𝐻2

 (27) 

Next, substituted for CCO2.S and CH2.S and then substituted for Cv in Equation 
(27) to obtain the rate law for the case of surface-reaction control: 

−𝑟𝐶𝐻4

, =  
𝐶𝑡𝑘𝑆𝐾𝐶𝐻4

(𝑃𝐶𝐻4
𝑃𝐶𝑂2

−
𝑃𝐻2

𝑃𝐶𝑂

𝐾𝑃
)

1 + 𝐾𝐶𝑂2
𝑃𝐶𝑂2 + 𝐾𝐻2

𝑃𝐻2

 
(28) 

By neglecting reverse reaction, the final rate law for the dry reforming of 
methane on Ni9.67Co8.22Mg2.71/NaA-Zeolite was shown as follows: 

−𝑟𝐶𝐻4

, =  
𝑘𝑃𝐶𝐻4

𝑃𝐶𝑂2

1 + 𝐾𝐶𝑂2
𝑃𝐶𝑂2 + 𝐾𝐻2

𝑃𝐻2

 (29) 

3.4.3   Comparison with Existing Model 

Data obtained from the differential mode kinetics experiments in Table 10 
was used to fit with Power Law, Langmuir-Hinshelwood and Eley-Rideal 
models. A non-linear regression analysis on the data from Table 10 was 
carried out to determine which rate law best described the data. Polymath 
was chosen as the software package to solve this problem. The data in 
Table 10 were typed into the system. After entering the data, the result 
was obtained which was shown in Table 11. 

The data from Table 10 were entered into Polymath nonlinear-least-
squares. The model equation was: 

−𝑟𝐶𝐻4

, =  
𝑘𝑃𝐶𝐻4

𝑃𝐶𝑂2

1 + 𝐾𝐶𝑂2
𝑃𝐶𝑂2 + 𝐾𝐻2

𝑃𝐻2

          (30) 

Figure 16 shows the parameters values after regression analysis using 
Polymath software. 
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Table 11: Rate Law Expression and Regression Result on Experimental Data 

Model Rate Law R2 Variance 

Power Law −𝑟𝐶𝐻4

, =  𝑘𝑃𝐶𝐻4

𝑎 𝑃𝐶𝑂2

𝑏  0.888 6.926x10-9 

Dual Site Mechanism −𝑟𝐶𝐻4

, =  
𝑘𝑃𝐶𝐻4

𝑃𝐶𝑂2

(1 + 𝐾𝐶𝑂2
𝑃𝐶𝑂2 + 𝐾𝐻2

𝑃𝐻2
+ 𝐾𝐶𝐻4

𝑃𝐶𝐻4
)2

 0.910 6.251x10-9 

Eley-Rideal −𝑟𝐶𝐻4

, =  
𝑘𝑃𝐶𝐻4

𝑃𝐶𝑂2

1 + 𝐾𝐶𝑂2
𝑃𝐶𝑂2 + 𝐾𝐻2

𝑃𝐻2

 0.919 4.970x10-9 

 

 

Figure 16: Polymath result on experiment data to evaluate the rate law parameters. 

Converting the rate law to kilogram of catalyst and minutes: 

−𝑟𝐶𝐻4

, =  
0.0347𝑃𝐶𝐻4𝑃𝐶𝑂2

1+31.298𝑃𝐶𝑂2+2.6997𝑃𝐻2

 
𝑔 𝑚𝑜𝑙 𝐶𝐻4

𝑔 𝑐𝑎𝑡.𝑠
×

1000 𝑔

1 𝑘𝑔
×  

60 𝑠

1 𝑚𝑖𝑛
  

to get the final form: 

−𝑟𝐶𝐻4

, =  
2082𝑃𝐶𝐻4𝑃𝐶𝑂2

1+31.298𝑃𝐶𝑂2+2.6997𝑃𝐻2

 
𝑔 𝑚𝑜𝑙 𝐶𝐻4

𝑘𝑔 𝑐𝑎𝑡.𝑚𝑖𝑛
  

3.4.4   Apparent Activation Energy 

The temperature sensitivity of the CH4 consumption rate over the 
Ni10Co9Mg1.6/NaA-Zeolite catalyst was investigated with the temperature 
range of 550-700°C. From this study, an Arrhenius plot could be obtained 

as shown in Figure 17. The Arrhenius plot allows obtaining the activation 
energy of CH4 consumption, CO2 consumption, H2 formation and CO. The 
activation energy of each species reaction rate is summarized in Table 12 
and is compared with data published by others. 

Since the activation energy barrier of CH4 consumption step was greater 
than that of CO2 consumption step, it could be assumed that the CH4 
dissociation step could be the rate determining step in this study. The 
lower activation energy barrier for CO2 consumption might be caused by 
the presence of strong Lewis base of MgO which could facilitate the 
activation of CO2 [45]. In addition, the apparent activation energy barrier 
for H2 formation step was greater than that for the CO formation step. This 
indicated that the reverse water gas-shift (RWGS) reaction occurred 
during the CO2 reforming of CH4 process. 

 

Figure 17: Arrhenius plot for CH4 consumption, CO2 consumption, H2 formation and CO formation. 

CONCLUSION 

In this present works, the catalyst for dry reforming of simulated biogas 
with the composition of 58% CH4 and 42% CO2 was successfully carried 
out by using newly formulated catalyst. The method of catalyst 
formulation in this research was based on response surface methodology 

(RSM) which aimed to reduce the time and cost consuming experiment. In 
conclusion, the BBD-RSM statistical analysis confirmed that the 
combination of NaA-zeolite, nickel metals, cobalt metal and magnesium 
metal could be used as catalyst for dry reforming reaction. In addition, 
with minimum experiments, the interaction between the variables was 
evaluated and discussed.  
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Table 12: Calculation of Activation Energy from Arrhenius Plot in This Research and From Literature. 

Catalyst ECH4 (kJ/mol) ECO2 (kJ/mol) EH2 (kJ/mol) ECO (kJ/mol) Reference 

Ni/MFI-(WI) 21.3 19.7   Hambali et al. (2020) 

Ni-PS@Ce0.9Zr0.1O2 46.2 - - - Das et al. (2021) 

Ni/CeO2-SiO2-P 97.3    Sun et al. (2021) 

NiCe/SiO2 79.8 67.2   Li et al. (2021) 

Ni-Mg-Al2O3. 51 40   Karam et al (2021) 

Ni/Co/Mg-NaA Zeolite 46.53 39.66 46.65 34.49 This work 

There were numbers of findings that could be concluded from the first part 
of the research. Firstly, the catalyst combination with NaA-zeolite could be 
used as DRM catalyst. However, at the tested condition, the production 
conversion was slightly low compared to equilibrium conversion. 
Secondly, the addition of secondary metal cobalt and promoter could 
improve the product conversion. From the catalytic reaction, at reaction 
temperature of 550°C, the methane conversion increased from 15% to 
21% via the use of Ni10Co9Mg1.6/NaA-Zeolite compared to Ni10/NaA-
Zeolite. The CO2 conversion also significantly changed from 25% to 34% 
by using Ni10Co9Mg1.6/NaA-Zeolite. The H2/CO ratio of Ni10Co9Mg1.6/NaA-
Zeolite 0.9014 was close to 1. The alloy catalyst also increased the catalyst 
stability score from 0.709 to 0.805. It could be seen that the addition of 
active metals (Ni, Co and Mg) increased BET surface areas. This might be 
caused by the formation of metals agglomeration on the support surface. 
It could also be observed that the micropore surface area decreased with 
the addition of active metals due to pore filling of catalyst support. Lastly, 
the statistical analysis was used to determine the optimum formulation of 
catalyst. After the experiment confirmation, it could be concluded that the 
optimum formulation for catalyst was nickel loading percentage = 9.91%, 
cobalt loading percentage = 8.84%, and magnesium loading percentage = 
1.62% with NaA-zeolite as support. The error between the simulation and 
experiments was less than 10 % for all responses.  

As the reaction condition, the kinetic and mechanism were also important 
for sizing and scale-up in a chemical process. Hence, the experimental 
works were used to evaluate the kinetic and mechanism studies of 
simulated biogas dry reforming over Ni10Co9Mg1.6/NaA-Zeolite catalyst. 
After going through confirmation with experimental data and comparison 
with existing kinetic model, the reaction mechanism could be explained by 
Eley Ridel model. The reaction occurred on the catalyst surface with CO2 
being adsorbed on the catalyst surface and CH4 in gas phase. The 
temperature sensitivity of the CH4 consumption rate over the 
Ni10Co9Mg1.6/NaA-Zeolite catalyst was investigated in the temperature 
range of 550-700°C. The Arrhenius plot from the experimental data was 
used to obtain the activation energy of CH4 consumption, CO2 
consumption, H2 formation and CO. From the data, the activation energy of 
CH4 consumption, CO2 consumption, H2 formation and CO were 46.53, 
39.66, 46.65 and 34.49 kJ/mol respectively. The activation energy also 
indicated the existing of the RWSG side reaction. 
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