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Abstract: This work investigates the kinetics 

of catalytic dry reforming of methane (CDRM) 

to produce hydrogen gas using nickel-based 

catalysts. A new catalyst was prepared, Ni-

ZrO2@MCM-41 (MCMZ) and used in the 

CDRM reaction. The textural, physical, and 

morphological scans are used to characterize 

the prepared catalyst. The performance of the 

newly prepared catalyst in terms of 

temperature effects and long-term stability is 

assessed. The reaction activation energy is 

studied as well. The outcomes of this study 

revealed that the MCMZ provided the highest 

conversion values for CH4 and CO2, with 89 and 

91%, respectively. The optimum reaction 

temperature to achieve the highest syngas 

conversion was 800 °C. In addition, two new 

models that present CH4 and CO2 conversions 

for MCMZ as a function of reaction time to 

predict the rate of catalyst activity were built 

with very high accuracy. It was found that the 

activation energy was within the expected 

limits. Finally, the constants and reaction rate 

were determined. To conclude, this research 

creates a new catalyst with high performance to 

enhance hydrogen gas production from 

methane with carbon dioxide that contributes 

significantly to the field of yielding alternative 

energy sources. 
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 دراسة حركية التفاعل الجاف للميثان  
 باستخدام عوامل مساعدة من النيكل 

 غسان حمد عبدالل  ، الفيصل الجبوري ،مها العلي

 العراق.  – تكريت /   تكريت/ جامعة  كلية الهندسة/  الهندسة الكيمياويةقسم 

 الخلاصة 
النيكل.   مادة على مبنيةجديدة  عوامل مساعدة باستخدام  هيدروجينتم دراسة حركية الإصلاح التحفيزي الجاف للميثان لإنتاج غاز ال  العمل، هذا في 

التركيبية    م استخدام فحوصات. تالمذكور اعلاه  تستخدم في هذا التفاعل ل  MCM2ZrO-Ni@-41وهي:  جديدة    طورة م   عوامل مساعدةتم تحضير  

من حيث تأثيرات درجة الحرارة والاستقرار    حضر الجديدالم  عامل المساعد  المعد. تم تقييم أداء ال  عامل المساعدلتوصيف ال  والفيزيائية والشكلية
يوفر أعلى تحويل للميثان وثاني    MCM2ZrO-Ni@-41نتائج هذه الدراسة أن    اثبتت  تم دراسة طاقة تنشيط التفاعل أيضًا.كما  طويل المدى.  

درجة    800هي    الناتج )الهيدروجين(لغاز  ل درجة الحرارة المثلى للتفاعل لتحقيق أعلى تحويل  ان  ٪ على التوالي.  91و  89أكسيد الكربون بنسبة  
  هي ضمن وجد أن طاقة التنشيط  كما  بدقة عالية جدًا.    CDRMحركية تفاعل    يمثلان  ينجديد   ين رياضيين ذجوتم بناء نم  ذلك،مئوية. بالإضافة إلى  

جديدً بكفاءة عالية لإنتاج غاز    عامل مساعد  قد صنعهذا البحث  ان    نستنتج، تم تحديد معدل التفاعل.    أخيرًا،.  kJ /mol  29الحد المقبول والمقدر بـ  
 . للطاقة  بديلةالهيدروجين من الميثان والذي يمكن أن يساهم بشكل كبير في مجال إنتاج مصادر 

 . ، عامل مساعد أساسه النيكل، إصلاح جاف للميثان، الهيدروجين، طاقة التنشيطMCM41حركية التفاعل، كلمات الدالة: ال
 

1.INTRODUCTION
The most prominent greenhouse gases that 
dramatically increase are carbon dioxide, 
methane, hydrofluorocarbons, nitrous oxide, 
hydrochlorofluorocarbons, and ozone in the 
lower atmosphere. These gases, particularly 
carbon dioxide and methane emissions, are 
naturally released into the atmosphere. These 
two gases are identified as the main sources of 
global warming and, hence, climate change [1, 
2]. In addition, energy consumption is 
increasing because of population growth and 
improved living conditions resulting in negative 
environmental outcomes via global warming 
from emitted greenhouse gases (GHG). The 
quality of life in technologically advanced 
communities has always been energy-
dependent, and with the rapid growth of the 
population, energy demand/consumption is 
estimated to increase by 57% by 2030. The 
dependence on fossil fuels and biogas, mainly 
to meet worldwide energy demand, has 
increased GHG emissions. Consequently, 
human activities have markedly increased 
greenhouse gases’ atmospheric concentration. 
Therefore, the necessity to limit the emission of 
greenhouse gases and transform these gases 
into more beneficial products is essential. 
Studies have been conducted to lower this 
undesirable impact and increase the production 
of syngas (H2+CO) as an alternative fuel source. 
Hydrogen is one of the fuel sources and is 
considered environmentally friendly [3, 4]. 
Syngas, or particularly hydrogen gas, can be 
produced using various methods. Pham et al. 
[5] showed that the dry reforming of the 
methane process was a productive process to 
yield the syngas, where they got 77 and 87% 
conversion of CH4 and CO2, respectively, at 
700 °C. Another study implemented by Zhang 
et al. [6] reached approximately 100% 
selectivity of syngas production with a fed ratio 
2:1 of H2/CO at 500 °C using a nickel-based 
catalyst in the dry reforming of methane 
process. Dry reforming methane is a 
prospective process to change the two 

greenhouse gases, i.e., CH4 and CO2, into 
syngas (H2/CO) [4, 7]. Methane is the major 
component of natural gas, widely used in 
producing hydrogen or syngas using different 
catalysts, heating methods, and operating 
conditions [8, 9]. Since the 1980s, the dry 
reforming of methane or catalytic carbon 
dioxide reforming of methane (CDRM), has 
gotten extensive attention from environmental, 
economic, and industrial implications due to 
the efficient exploitation of these two GHGs to 
produce the syngas with appropriate ratios 
(H2/CO) [3, 10]. CDRM is an endothermic 
reaction occurring at very high temperatures, 
requiring an efficient heating source [10]. 

𝐶𝑂2 + 𝐶𝐻4 ↔ 2𝐶𝑂 + 2𝐻2         ∆𝐻298𝑘

= 206 𝑘𝐽/𝑚𝑜𝑙 
(1) 

According to the endothermic nature of CDRM, 
which needs high temperatures for activity, 
considerable energy consumption, and high 
operational costs, the suitability of various 
catalysts for CDRM has been carefully 
examined [11, 12]. The fundamental challenge 
in producing syngas through CDRM is selecting 
the proper catalysts considering their activity, 
product selectivity, stability, and cost. The base 
metals are used in the CDRM as an inexpensive 
and abundant alternative to noble metals. 
However, they are rapidly deactivated due to 
catalyst sintering, coke production, and 
deposition on the catalyst surface. Thereby, 
they are uneconomically viable for use in large-
scale industrial applications [11, 12]. 
Accordingly, the need to use an alternative 
catalyst that is available, efficient with high 
activity, and cost-effective in industrial 
applications is important. Compared to the 
noble metals and metal-based catalysts, it is 
found that nickel-based catalysts are more 
economical and appropriate for the CDRM 
process’s industrial application due to the cost-
effectiveness, high performance, and stability of 
nickel [13]. On the other hand, the deactivation 
of nickel-based catalysts and low stability due 

https://tj-es.com/
https://www.sciencedirect.com/topics/engineering/metal-based-catalyst
https://www.sciencedirect.com/topics/engineering/catalyst-deactivation
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to coke deposition (CO2 reaction with C to form 
CO) and active metal sintering of catalysts are 
still major problems of these catalysts [14]. 
These obstacles can be treated in different ways. 
For instance, selecting an active metal that 
interacts with the support, adding promoters 
with essential characteristics, reducing particle 
size, evaluating the capability of several 
combinations of metal and support, and 
varying the pretreatment and preparation 
method [15]. For example, adding a promoter 
to the catalyst, such as MgO (strong Lewis 
base), improves the CO2 chemisorption, 
thereby decreasing the coke deposition [16]. 
Also, Deng et al. [17] have used boron nitride to 
coat Ni-based catalysts for dry methane 
reforming to enhance the carbon-forming 
resistance. Binti Rosdin et al. [18] used 
magnesium oxide and zirconium oxide as 
support to promote the nickel-based catalyst in 
the dry CDRM process. Similarly, magnesium 
oxide was used in promoting nickel-based 
catalysts by Al-Fatesh et al. [19]. These studies 
proved the significant effects of the support 
used with the nickel-based catalyst in CDRM 
reaction. Therefore, this project focuses on 
using nickel-based catalysts with new 
supporters in CDRM reactions. In this work, a 
mesoporous material was developed by the 
Mobil Oil Corporation. Mobil Composition of 
Matter No. 41 (MCM41) is used as a catalyst 
supporter with the active material of NiZrO to 
prepare a new catalyst. This catalyst is used in 
the CDRM to improve the reaction conversion 
rate and production yield of hydrogen gas, 
which is selected as the most cost-effective, 
readily available, and more appropriate for 
heating than other catalysts. The chemical 
kinetics of this reaction using the newly 
prepared catalyst are investigated, and the 
reaction constants and rate are determined. 

The minimum energy required for the CDRM 
reaction is presented by calculating the 
activation energy of this reaction. Thus, this 
research aims to investigate the kinetics of the 
CDRM reaction to express the system 
performance and behavior using a newly 
prepared catalyst in planned operating 
conditions to produce an environmentally 
friendly energy source with reasonable 
conversion to be used in the industrial design 
and simulation. 
2.METHODOLOGY 
2.1.Materials 
The methane was brought from the laboratories 
of the North Refineries  Company in Baiji within 
the specifications attached in Table 1. Carbon 
dioxide, nitrogen, helium gases, and hydrogen 
gases were purchased from a local provider. The 
properties of those gases are tabulated in Table 
1.  
2.1.1.Catalysts Active Components and 
Support Material 
Nickel nitrate hexahydrate and zirconium 
nitrate hexahydrate were used as the active 
materials in the catalyst preparations. Ethanol 
hydroxide was used as an emulsion breaker. 
Cyclohexane and ethylene glycol were used as 
solvents, while ammonium hydroxide was used 
as a pH stabilizer. More details about these 
materials are provided in Table 2. (MCM-41) is 
a mesoporous material belonging to a family of 
aluminosilicate and silicate solids, which is 
suitable to be used as catalysts and catalyst 
supports. MCM-41 has a hierarchical structure 
based on a regular arrangement of cylindrical 
mesopores ranging from 2 to 6.5 nm in 
diameter, see Fig. 1. MCM-41, used in this work, 
was a white powder of size ranging from 100 to 
1000 nm with more than 850 m2/g BET surface 
area, a 3.4 nm average pore diameter, and 
≥0.75 cm3/g pore volume [20]. 

Table 1 Properties of the Gases Used in Dry Reforming of Gases Used in the Reaction. 
Gas 
name 

Molecular 
weight 
(g/mol) 

Purity 
(%) 

Density 
(kg/m³) 

Boiling 
point 
(°C) 

Melting 
point 
(°C) 

Vapor 
pressure 
(kPa) 

Viscosity 
(CP) 

CH4 16.04 89 % 0.656 −161.50 −182.5 6294.9 0.01107 
CO2 44.0095 92% 1.795 -78.464 -78.464 6450.0 1.495 
N2 14.0067 98% 1.25 -78.464 -195.8 3399.1 0.01695 
H2 2.016 98% 8.98 -252.87 -259.16 2916.5 0.009 

Table 2 Active Components Used in this Study in Preparation of the Catalyst. 
Chemicals %Purity Function Supplier/Source 

Ni(NO3)2.6H2O 98.2 Active metal Local provider 
Zr(NO3)4.6H2O 97.5 Active metal Local provider 
C2H6OH 99 Micro-emulsion system breaker Sigma-Aldrich, Germany 
C6H12 98 A solvent of active materials Sigma-Aldrich, Germany 
(C2H4O)n+H2O --------- A solvent of active materials Sigma-Aldrich, Germany 
NH4OH 100 Stabilizing pH to 7 Local provider 

 

https://tj-es.com/
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Fig. 1 MCM-41 Structure (a) Along the 

Channel Direction and (b) Perpendicular to 
the Channel Direction [21]. 

2.2.Method 
2.2.1.Catalyst Preparation 
Preparing the catalysts included fabrication 
using a one-pot method [22, 23]. MCM-41 was 
used as catalyst support. During the synthesis 
of MCM-41, a rod-shaped micelles surfactant of 
cetyltrimethylammonium bromide was added 
to the synthesis solution. Silica was added to 
coat the surfactant, condensed the silanol 
groups, and bridged the oxygen atoms with 
silicon atoms to form the MCM-41 [24]. A 1.25 
gm of nickel nitrite, Ni(NO3)2.6H2O, and 1.86 
gm of zirconium nitrate, Zr(NO3)4, were 
dissolved in 50 ml of deionized water. A 
magnetic stirrer was used to stir the last 
solution for one hour at room temperature to 
get the saturated solution. Then, the solution 
was directly poured into 450 ml of polyethylene 
glycol and cyclohexane mixture with 
continuous stirring for 20 h at 40 °C. After that, 
5 ml of concentrated ammonia solution (28 
wt% NH3) was promptly added into the first 
aqueous solution and incessantly stirred for 3 h. 
Moreover, 50 ml of deionized water containing 
4.25 gm MCM-41 was added slowly dropwise 
with continuous stirring at 40 °C for 48 h. Later, 
50 ml of ethanol hydroxide was added to the 
solution and centrifuged for 10 min at 5,000 
rpm [24]. The initially obtained Ni-
ZrO2@MCM-41 nanoparticles were collected 
for the next step of drying and calcination. The 
collected Ni-ZrO2@MCM-41 was dried in a 
furnace at 60 °C for 18 h, calcined at 600 °C for 
3 h, and then constantly calcined at 800 °C for 
3 h atmospheric pressure [24]. 
2.2.2.Characterization of the Catalyst 
X-ray diffraction (XRD) patterns of the 
prepared catalyst samples were determined 
using Bruker AXS D4 Endeavour with CuKα 
radiation in Rigaku Smart Lab XRD at 19 Mayis 
University, Advanced Technology Research, 
and Application Center, Turkey. About 1 - 2 g of 
sample was placed on a specimen holder at 
room temperature and tested over a 2θ range (5 
– 90 degrees) using a wavelength of 1.5406 Å 
and CuKα1 radiation at 40 kV and 35 mA. The 
crystalline structure and composition of the 
MCMZ were characterized using the XRD. 
Using the multipoint surface area analysis 

method, Brunauer-Emmett-Teller (BET) was 
used to determine the specific surface area 
SBET, total pore volume, and micropore 
volume of catalysts. The test was conducted in 
Quanta chrome Instrument v5.2 (Hitit 
University, Turkey). A catalyst powder of 0.274 
g was placed in a sample cell and heated to 90 
°C. The temperature was kept constant for the 
first hour of the test and then raised to 350 °C 
for 2 h. A scanning electron microscope (SEM) 
imaging for MCMZ was performed to estimate 
the morphology of the prepared catalyst using a 
JeolJsm-7001f scanning electron microscope 
(19Mayis University/Advanced Technology 
Research and Application Center, Turkey). A 
catalyst samples test was conducted by 
scattering a small amount of catalyst powder on 
double-sided adhesive tabs on Al stubs. Later, it 
was coated under vacuum with a carbon thin 
layer (~30 nm) at 2.0 kV and 25 mA. Various 
images were collected for further analysis. 
Lastly, transmission electron microscopy 
(TEM) was used with a very short electron 
beam through a thin specimen to form high-
resolution images of samples on the nanoscale. 
The TEM observation was conducted using a 
Zeiss-EM10C-100KV transmission electron 
microscope accelerating voltage (19Mayis 
University/Advanced Technology Research and 
Application Center, Turkey). All TEM images 
were taken at 200 000 magnifications. The 
catalyst particle size distribution measurement 
calculations were executed using the Image-Pro 
software.3.4 Design and Manufacture of the 
Project System. 
2.2.3.Reactor Set-up 
A fixed bed reactor (40 cm height, OD 10 mm, 
and ID 6 mm) working at reaction heating 
temperature, reached 850 °C (max) with a heat 
rate of 15 °C/min was built and worked 
efficiently Fig. 2. The reactor comprised a 
stainless-steel mesh cup of 2 to 5 nm size. This 
cup was designed to contain the catalyst powder 
in the middle of the reactor. The reactor furnace 
was built using electric heaters with a capacity 
of 3000 W wrapped in a spiral to turn them 
around and made them surround the reactor, 
then enclosed with a stainless-steel cylinder. 
The system specifications are reported in Table 
3. 
Table 3 Technical Parameters of the Fixed-Bed 
Tubular Reactor. 

Reactor Specifications 
Model Fixed Bed Tubular Reactor 
Temperature Up to 850 °C 
Heating type  Electrical furnace 
Mode of temp. control  PID 
Volume 11.3 ml 
Covering material Stainless steel  
Power of Heating  3000 W 
Accuracy of temp. control  ± 15ºC 
Power supplied 220 V  
Wire of the furnace  Cr20Ni80 
Temp. sensor Thermocouple (K-type)  

https://tj-es.com/
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Fig. 2 A Schematic Diagram of the Catalytic Dry Reforming of the Methane System.

2.2.4.Experimental Procedure 
100 mg of catalyst powder MCMZ 
(NiZrO2@MCM-41)  was placed in the reactor 
bed using the mesh cup 5000 in the middle of 
the reactor in a disk shape. To activate the 
catalyst in the reaction, hydrogen gas flowed 
with 50 ml/min for 20 min at 800 °C. Then, the 
gases were supplied to the reactor at a pressure 
of 1 atm and a rate of 80 ml/min at a ratio 
N2:CH4:CO2 of 40:20:20 ml/min. The flow was 
controlled using the flowmeter for each gas; the 
initial heating temperature was set at 450 °C, 
and the reactor furnace temperature was set at 
500 °C. Samples were withdrawn from the gas 
products of the reaction and collected using 
plastic balls to be tested using the gas 
chromatograph (GC) device. GC was used to 
examine the conversion rate of methane gas by 
injecting samples of the reaction product into 
the GC device. For the first experiment and 
after 120 minutes of operation, the reactor 
vessel was washed firstly using ethanol solution 
and secondly using deionized water and then 
was left until dried and prepared for the next 
experiment. These steps were repeated, using 
temperatures of 600, 700, and 800 °C; samples 
were taken simultaneously after 20 minutes 
and examined using the GC. All previous steps 
were repeated, and samples were taken 10 
hours after the reaction to approve the 
activity/performance of the catalyst at different 
reaction temperatures. The reactor was re-
cleaned and re-filled with 100 mg of the first 
catalyst, and the activation process was 
conducted using hydrogen gas. The reactor was 
fed with gases with the same proportions in step 
number 1 but at a constant temperature (800 
°C), using different intervals of time 2, 10, 18, 
20, 22, 28, 30, 32, 38, 40, 42, 48, 50, 52, 58, 
and 60 hours. 10. The results were analyzed by 

measuring the percentage of methane 
remaining after conducting the reaction and 
knowing its conversion. The operating 
parameters used in this work are illustrated in 
Table 4. 
Table 4 Variable Parameters Used in Catalytic 
Dry Reforming of Methane Process. 

Variables  Variables 
number 

Values 

Catalyst 1 MCMZ 
Temperature 
(ºC) 

4 (500, 600, 700, 
800) 

Reaction time (h) 3 (2, 10, 10 ~ 60) 

2.3.Reaction Kinetics Theory 
Kinetic studies for the fixed bed reactor running 
a dry reforming reaction of CH4 with CO2 under 
differential conditions were managed in the 
same reactor system. Although the CDRM 
reaction thermodynamics is well understood, 
the information about its mechanism and 
kinetics is still vastly questionable [25]. In this 
research, the kinetics of the CDRM reaction is 
determined. CDRM belongs to a considerably 
complex reaction, Eq. (1). However, Eqs. (2)-(6) 
show the importance of the other reactions of 
all product composition obtained from the 
main reaction, Eq. (1). The reaction kinetics is 
highly related to the feed composition and 
reaction conversion [26]. 

𝐶𝑂2 + 𝐻2 ↔ 𝐶𝑂 + 𝐻2𝑂 (2) 

𝑂2 + 4𝐻2 ↔ 𝐶𝐻4 + 2𝐻2𝑂 (3) 

𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2 (4) 

𝐶𝐻4 ↔ 𝐶 + 2𝐻2 (5) 

2𝐶𝑂 ↔ 𝐶 + 𝐶𝑂2 (6) 

Recently, another suggested mechanism points 
to the CH4 decomposition to carbon atoms in 
elementary H-construction steps, quickly 
converted into H atoms to be extracted from 
CH4, the most relevant step kinetically [27]. 
CO2 is dissociative adsorbed as CO and O on the 

https://tj-es.com/
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catalyst’s surface. The CDRM reaction 
equilibrium to produce the synthesis gas is 
represented by Eq. (1) and effectively affected 
by the instantaneous occurrence of the RWGS 
reaction, Eq. (2). Some researchers set that, 
during CDRM, the RWGS reaction occurs 
closely to thermodynamic equilibrium [28, 29]. 
to ease the calculations, other researchers 
considered that the CDRM reaction is at 
equilibrium in the kinetic consideration [30]. 
Bradford and Vannice have considered the first 
assumption of RWGS reaction in their 
calculations over a wide range of temperatures 
[31]. The present investigational outcomes 
showed that the conversion of CO2 is higher 
than CH4 due to the RWGS equilibrium. The 
measured selectivity H2/CO ratios were 
calculated by the stoichiometric equation Eq. 
(7). This reaction indicates that the reaction of 
CDRM is affected by the instantaneous 
happening of the RWGS reaction [32]. 

𝐻2 𝐶𝑂⁄ = (3 −
𝑟𝐶𝑂2

𝑟𝐶𝐻4

) (1 +
𝑟𝐶𝑂2

𝑟𝐶𝐻4

)⁄  (7) 

where 𝑟𝐶𝐻4
 and 𝑟𝐶𝑂2

 are the experimental rates 

of CH4 and CO2 conversions, respectively. The 
differential analysis method was used to 
determine the reaction rate equation, including 
the reaction constant and order. In this method, 
the system  was assumed to be isothermal, and 
the pressure drop was negligible. Also, consider 
CH4, CO2, CO, and H2 in Eq. (1) as A, B, C, and 
D, respectively [33]. 

𝐴 + 𝐵 ↔ 2𝐶 + 2𝐷 
(8) 

𝐹𝐴0
=

𝑣𝐴𝑥𝜌𝐴

𝑀𝑊𝑡𝐴

 (9) 

𝐹𝐴0
= 0.0492 𝑚𝑜𝑙 ℎ𝑟⁄ ;   

𝐹𝐵0
= 0.0489 𝑚𝑜𝑙 ℎ𝑟                 ⁄  

𝜃𝐵 = 𝐹𝐵0
𝐹𝐴0

= 0.993 ≅ 1.0⁄   

𝛿 =
𝑐

𝑎
+

𝑑

𝑎
+

𝑏

𝑎
− 1 =

2

1
+

2

1
+

1

1
+ 1 = 2  (10) 

𝑦𝐴0
= 𝑦𝐵0

= 0.5;            ∈= 𝑦𝐴0
. 𝛿 = 1 

𝐶𝐴0
=

𝐹𝐴0

𝑣
= 0.041

𝑚𝑜𝑙

𝑙
  

𝐹𝐴 = 𝐹𝐴0
(1 − 𝑥) (11) 

𝐹𝐵 = 𝐹𝐴0
(𝜃𝐵 −

𝑏

𝑎
𝑥) (12) 

𝐹𝐶 = 𝐹𝐴0
(𝜃𝐶 +

𝑐

𝑎
𝑥) (13) 

𝐹𝐷 = 𝐹𝐴0
(𝜃𝐷 +

𝑑

𝑎
𝑥) (14) 

𝐹𝐷 = 𝐹𝐶 = 𝐹𝐴0
(2𝑥) (15) 

𝐶𝐴 =
𝐹𝐴0

𝑣
(1 − 𝑥) =  𝐶𝐴0

(1 − 𝑥) (16) 

𝐶𝐵 =

𝐹
𝐵0−

𝑏
𝑎

𝐹𝐴0𝑥

𝑣
=  𝐶𝐴0

(1 − 𝑥)

(1 + 𝑥)
 (17) 

𝐶𝐶 =
𝐹

𝐶0−
𝑐
𝑎

𝐹𝐴0𝑥

𝑣
=  𝐶𝐴0

(2𝑥)

(1 + 𝑥)
 (18) 

𝐶𝐷 =

𝐹
𝐷0−

𝑑
𝑎

𝐹𝐴0𝑥

𝑣
=  𝐶𝐴0

(2𝑥)

(1 − 𝑥)
 (19) 

−𝑟(𝑎)

𝑎
=

−𝑟(𝑏)

𝑏
=

𝑟(𝑐)

𝑐
=  

𝑟(𝑑)

𝑑
 (20) 

𝑟(𝑐) = 2. (−𝑟(𝑎))        −𝑟(𝑎) =
𝐹𝐴𝑜 𝑋 

⍙𝑊
 (21) 

For forward reaction [33, 34]: 

�́�(𝑐) = 𝑘𝐶𝐴
𝛼𝐶𝐵

𝛽
 (22) 

𝐶𝐵  →  𝐾 = 𝑘𝐶𝐵
𝛽

  ;      𝑟́ (𝑐) = �̌�𝐶𝐴
𝛼 (23) 

𝑙𝑛�́�(𝑐) = 𝑙𝑛�̌� + 𝛼𝑙𝑛𝐶𝐴 (24) 

For backward reaction, the concentration C 
equals D [33]: 

2𝐶 + 2𝐷 → 𝐴 + 𝐵 (25) 

−�́�(𝑐) = 𝑘𝑛 𝐶𝐶
𝛾
 (26) 

𝑙𝑛(−�́�(𝑐)) = 𝑙𝑛 𝑘𝑛 + 𝛾𝑙𝑛𝐶𝐶  (27) 

3.RESULTS AND DISCUSSION 
3.1.Catalyst Characterization 
3.1.1.BET Results 
BET test shows the presence of a mesopore 
structure in the range (30 to 40 nm) for the 
MCMZ catalyst according to the silica particle 
accumulation. The specific surface area of 
MCMZ was 143 m2/g. The pore volume of 
MCMZ was 1.328 cm3.g-1. These outcomes are 
compatible with the results earlier reported in 
the literature for this type of catalyst with a 
core-shell structure [35]. For example, Zhang et 
al. [36] and Liu et al. [24] determined the BET 
surface area and pore sizes of their catalysts 
used in CDRM reactions. BET test results are 
illustrated in Table 5. 

Table 5 The Catalyst Surface Area, Pore 
Volume, and Average Radius. 

Catalyst BET 
Surface 
Area 
(m2/g) 

Total 
Pore 
Volume 
(cm3/g) 

Radius 
Average 
(nm) 

MCMZ 143.122 1.328 1.85608 

3.1.2.SEM Results 
The MCMZ catalyst morphology prepared in 
the present work was considered by scanning 
electron microscopy (SEM). MCMZ’s SEM 
imaging and its constituents are shown in Fig. 
3. It is observed that MCMZ particles had few 
large particles with grainy and crumbly shapes, 
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and some of them were relatively small in 
spherical or semi-spherical shape, and other 
very small particles with irregular morphology 
and core-shell shape and cleaved surfaces [35]. 
This result is consistent with Barbosa et al. [37] 
and Sukri et al. [38]. Both researchers showed 
that the micrographs of their prepared catalyst 
revealed the coral-reef-like structure in 
irregular shapes along with cleaved surfaces 
[37, 38]. 
3.1.3.TEM Results 
TEM was used to image nanoparticles and the 
crystallinity of MCMZ. The average crystallite 
size for MCMZ was 7.5 nm (estimated by 
applying ImageJ software). This finding agrees 
with that obtained from XRD patterns, which 
refer to a wider peak width and a smaller 
crystallite particle size [18]. This test proves 
that adding ZrO2 to the MCM-41 support 
produces finer morphology. As shown in Fig. 4, 
most Ni nanoparticles were fitted between the 
zirconia shell and silica core [39]. Thus, TEM 
results are compatible with Yang et al. [40]. The 
study explored the high dispersion of Zr and Ni 

particles in the molecule sieve and support, 
respectively [40]. 
3.1.4.XRD Results 
Figure 5 illustrates the XRD patterns of the 
MCMZ catalyst. The XRD pattern of the MCM-
41 revealed several peaks between the angle 
(2θ) 20 to 40o with different positions and 
intensities. The appearance of sharp peaks at 
23.5, 30, and 34.5 o indicated the MCM-41 
crystalline nature. While the broad peaks refer 
to the amorphous nature [41, 42], which verifies 
the results of the present work. The diffraction 
peaks at 23.5, 30, 34.5, 50.3, and 64° are 
indexed to the nickel phyllosilicate 
Ni3Si4O10(OH)2.5H2O [43, 44]. These outcomes 
agree with Yang et al.’s [40] investigation of dry 
reforming of methane, where they used 
Ni/ZrO2Sin@MCM-41 as a catalyst. In 
particular, the peak at 13 of MCM-41 and other 
peaks at 36, 42, and 64° of nickel oxides or 
nickel phyllosilicates [40]. Taherian et al. [45], 
who used Ni-MgO-MCM-41, showed similar 
results due to the effect of metal oxides on 
MCM-41.  

  
Fig. 3 SEM Images of the MCMZ Catalyst. 

  
Fig. 4 SEM Images of the MCMZ Catalyst. 

 
Fig. 5 XRD Patterns of the MCMZ Catalyst. 
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3.2.CDRM Catalytic Performances 
3.2.1.Temperature Effect 
The effectiveness of the catalyst and its ability 
to convert methane to syngas at different 
temperatures (500, 600, 700, and 800 °C) 
during constant intervals of time were 
examined. This section displays the 
temperature effect on the reaction conversion 
using MCMZ. The tests were performed for 2 h 
(Fig. 6) and 10 h (Fig. 7) to explore the optimum 
temperature with good performance. The 
variations in conversion percentages of CH4 
and CO2 with increasing temperatures in the 
CDRM using MCMZ during 2 h are shown in 
Fig. 6. It is shown that the conversion 
percentages of CH4 and CO2 at 500 ºC were 20 
and 25%. These percentages intensely 
increased to 55 and 82% for CH4 and 61 and 
84% for CO2 when the temperature increased to 
600 and 700 °C, respectively. Progressively, the 
conversions of CH4 and CO2 increased to their 
highest at 89 and 91%, respectively, with 
increasing reaction temperature to 800 ºC after 
2 h of reaction. Hence, the methane and carbon 
dioxide conversion percentages using MCMZ 
were significantly improved with the rise in 
reaction temperatures because the CDRM was 
an endothermic reaction highly required in 
high-temperature reactions [24]. These results 
demonstrated that methane and carbon dioxide 
conversions achieved their highest levels at 800 

°C during two hours of reaction. MCMZ 
provides the highest conversion values for CH4 
and CO2 with 89 and 91%, respectively. On the 
other hand, Fig. 7 displays the CDRM 
experiment results conducted after 10 h using 
MCMZ. The reaction conversion percentage of 
CH4 and CO2 at 500 °C were 19 and 22%, 
respectively. These values of conversions 
jumped up to 52 and 59% at 600 °C and then 
increased to 78 and 81% at 700 °C for CH4 and 
CO2, respectively. While at the highest reaction 
temperature (800 °C), the conversions of CH4 
and CO2 increased to 81 and 89%, respectively. 
From Figs. 6 and 7, it is noticed that the CO2 
conversion is slightly greater than the 
conversion of CH4 and attributed to the reverse 
water-gas shift (RWGS) reaction of Eq. (1), 
(𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2+𝐻2). In addition, it was 
found that the best reaction temperature ranges 
from 700 to 800 °C, where 800 °C was optimal 
according to the high reaction conversion rate. 
This finding is consistent with the results 
obtained from the study of Song et al. [46] when 
they used the catalyst MgO/Al2O3 support at 
800 °C. They achieved conversions for CH4 and 
CO2 of 86% and 91%, respectively. Also, Lou 
[47] got 84% and 89% conversions of CH4 and 
CO2, respectively, when they used Ni/ZrO2 at 
700 °C. 

 
Fig. 6 CH4 and CO2 Conversion After 2h Using MCMZ Catalyst. 

 
Fig. 7 CH4 and CO2 Conversion After 10h Using MCMZ Catalyst.
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3.2.2.Long-Term Stability Test of MCMZ 
During the CDRM 
Catalyst stability is a substantial consideration 
of the catalyst’s functioning and performance, 
especially when using the catalyst in reactions 
with high temperatures. A catalyst with good 
stability means obtaining one that can resist 
carbon sintering and deposition at high 
temperatures and continue working with 
catalyst poisoning. Therefore, catalytic stability 
tests were performed in the present reactor 
with a 1:1 molar feed ratio of CH4:CO2 for both 
prepared catalysts. To explore the MCMZ 

catalyst’s capabilities, a long-term stability test 
of the CDRM was conducted at 800 °C for 60 h. 
Fig. 8 displays the conversion changes of CH4 
and CO2 versus reaction time using MCMZ 
catalyst. Fig. 8 shows that the conversion of CH4 
at 800 °C during the first hour of the reaction is 
88%. Then, the conversion reduced gradually to 
reach its lowest 68% after 60 h. However, the 
highest CO2 conversion within the first hour of 
reaction using MCMZ was 91%. The conversion 
slightly decreased to 79.8% after 60 h of 
reaction. 

 
Fig. 8 CH4 and CO2 Conversion Versus Time in Long-Term Stability Test of MCMZ Catalyst.

At 800 °C, it is observed that the MCMZ 
demonstrated low deactivation within a long-
time reaction, estimated to be more than 60 h 
of reaction. This high stability of the catalyst 
signifies no serious impacts on the catalyst 
activity caused by the side reactions of the 
decomposition of CH4 and the RWGS reaction. 
Thus, the MCMZ presents good stability during 
the CDRM reaction. The significant resistance 
of the prepared catalyst to the sintering and 
coking can be ascribed to the zirconium oxide 
and MCM-41 structure (core-shell structure). 
The high dispersion of Ni species with ZrO2 
maintains the resistance of Ni particles 
sintering [48] because ZrO2 presents an 
obstacle that inhibits Ni from sintering by 
reducing the formation of nickel oxide [49]. In 
addition to the fact that ZrO2 decreased the 
dissociation barriers of CO2, it increased its 
adsorption energy [39]. As a result, the high 
dispersion of nickel particles due to the 
presence of zirconium in the MCMZ catalyst 
and, hence, the high desorption of hydrogen 
and adsorption energy of carbon dioxide, the 
MCMZ catalyst highly enhanced the CDRM 
reaction. In association with the present 
results, Zhang et al. [50] tested the stability of 
their prepared catalysts (mesoporous silica), 
which showed their highest stability by 

decreasing sintering and carbon deposition. 
Additionally, the rate of CH4 and CO2 
conversions as a function of time using MCMZ 
catalyst can be represented by the linear Eqs. 
(28) and (29), respectively. 

𝐶𝑜𝑛𝑣𝐶𝐻4 = −0.003 𝑡 +
0.877               𝑅2 = 0.968  

(28) 

𝐶𝑜𝑛𝑣𝐶𝑂2 = −0.002 𝑡 +
0.916              𝑅2 = 0.983  

(29) 

where 𝐶𝑜𝑛𝑣𝐶𝐻4 is the rate of catalyst activity in 
terms of CH4 conversion, 𝐶𝑜𝑛𝑣𝐶𝑂2 is the rate of 
catalyst activity in terms of CO2 conversion, and 
t is the CDRM reaction time (h). The parity plot 
in Fig. 9 (a) compares the experimental CH4 
conversion values with those estimated by the 
mathematical model in Eq. (28). The plot’s R2 
value (0.984) indicates the goodness of fit of the 
predicted data to that obtained from empirical 
work. Similarly, the experimental values of 
conversion of CO2 were compared to those 
estimated using Eq. (29) in a parity plot Fig. 9 
(b). The very high R2 values with (0.992) for this 
plot indicated that the created model in Eq. (29) 
is reliable in estimating the rate of CO2 
conversions using the MCMZ catalyst. Hence, 
both models, in Eqs. (28) and (29), match the 
empirical data. 
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Fig. 9 Statistical Fit of the Proposed Models to Compare the Experimental with the Predicted 
Conversion Data of (a) CH4 and (b) CO2.

3.3.Kinetic Calculations for Dry 
Reforming of Methane Reaction 
Equations (7) to (27) were used to determine 
the reaction constants, reaction rate, and 
concentrations of the CDRM reaction. 
The equation of the CDRM reaction rate, from 
Eq. (1), can be written as Eq. (30): 

𝐴 + 𝐵 ↔ 2𝐶 +
2𝐷             𝑜𝑟        ((  𝐶𝑂2 + 𝐶𝐻4 ↔
2𝐶𝑂 + 2𝐻2 ))  
 

−𝑟(𝑎) = 𝑘𝑚𝐶𝐴
𝛼𝐶𝐵

𝛽
− 𝑘𝑛𝐶𝐶

𝛾
  (30) 

For forward reaction, use Eqs. (22) to (24), and 
thus from Fig. 10 (a), which shows the 
correlation between lnŕ(c) and lnCA, the slope = 
𝛼 = 0.165, and the intercept 𝑙𝑛𝑘1=1.027. 

∴ 𝑘1 = 2.793 
To calculate 𝛽 and 𝐶𝐵 from the constant 𝑘2: 

�́�(𝑐) = 𝑘2 𝐶𝐵
𝛽

 (31) 

𝑙𝑛�́�(𝑐) = 𝑙𝑛𝑘2 + 𝛽𝑙𝑛𝐶𝐵 (32) 

From Fig. 10 (b), which shows the correlation 
between lnŕ(c) and lnCB, the slope 𝛽 = 0.154, 
and the intercept 𝑙𝑛𝑘2 = 0.0786. 

∴ 𝑘2 = 1.082 
Apply Eq. (22) to calculate 𝑘𝑚: 

𝑘1 = 𝑘𝑚𝐶𝐵
𝛽

 (33) 

∴ 𝑘𝑚 =
𝑘1

𝐶𝐵
𝛽

         ;            𝑤ℎ𝑒𝑟𝑒 𝑘1 = 2.793  

𝑘𝑚 =
2.793

0.0019320.154
= 7.311 𝑚𝑜𝑙.  𝑙−2𝑔𝑚𝑐𝑎𝑡

−1 . ℎ−1 

∴ 𝑘𝑚 = 7.311   𝑚𝑜𝑙. 𝑙−2𝑔𝑚𝑐𝑎𝑡
−1 . ℎ−1 

For backward reaction, the concentration C 
equals D, using Eqs. (25) to (27), and from Fig. 
10 (c), which shows the correlation between 
lnŕ(c) and lnCC, the slope = 1.85, and the 
intercept 𝑙𝑛 𝑘𝑛 = 1.28. 
∴ 𝑘𝑛 = 3.6 𝑚𝑜𝑙.  𝑙−2. 𝑔𝑚𝑐𝑎𝑡

−1 . ℎ−1 

The rate of reaction equation is:  

−𝑟(𝑎) = 𝑘𝑚𝐶𝐴
𝛼𝐶𝐵

𝛽
− 𝑘𝑛𝐶𝐶

𝛾
 (34) 

−𝑟(𝑎) = 7.311 𝐶𝐴
0.165 𝐶𝐵

0.154 − 3.6𝐶𝐶
1.85 (35) 

The close value of 𝑘𝑚 was about 14.13 
mol. bar−2. gmcat

−1 . h−1 by Barroso Quiroga et al. 
[26] when using the Langmuir-Hinshelwood 
for the DRM reaction at 800 °C. 
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Fig. 10 Plot of ln ŕ(A) versus (a) ln CA, (b) ln CB, and (c) ln CC.

The study of reaction kinetics for CDRM 
contributes to getting an appropriate reaction 
that can be favorable for academic and 
industrial fields. According to the 
investigational analysis, the obtained reaction 
kinetic model can predict the reactant 
conversion rate and related product formation 
[51]. It mainly interests industrial discipline 
since it can optimize the CDRM reaction, 
reactor design, and catalyst [51]. Similar studies 
were conducted in the literature using a linear 
regression model to predict the reaction rate, 
such as the kinetics study of CDRM over the Ca-
promoted 1Coe1Ce/AC-N catalyst by Sun et al. 
[52]. In addition, Vertis et al. developed a 
kinetic model by linear reaction plot [53]. 
3.4.H2/CO Ratio 
For the product selectivity H2/CO, according to 
Eq. (7), it is observed that the ratio of H2/CO 
was about 0.97 within the first 2 hours of 
reaction and reached 0.90 over 40 hours to 
drop to 0.84 after 60 h of reaction using MCMZ 
catalyst, which is remarkably high, as shown in 
Fig. 11. Similar results were obtained in the 
CDRM reaction using a 5Ni0.5Ce/MCM-41 
catalyst by Al-Fatesh et al. [54]. This study 
showed that when the conversion was 90%, the 
selectivity of H2/CO was approximately 1 after 
330 min, and the selectivity of H2/CO was o.98 
when the conversion dropped to 80% after 75 h 

of reaction [54]. Therefore, it can be concluded 
that adding ZrO2 into the catalyst provided 
good catalytic activity and stability, resulting in 
a high H2/CO ratio. 
3.5.Activation Energy Calculations 
The activation energy is the minimum rise in 
reactants' potential energy needed to transform 
the reactants into products. The activation 
energy reflects the energy transfer between 
reacting molecules that must be overcome [55]. 
Arrhenius equation (𝐸𝑎) is applied to obtain the 
activation energy of the CDRM reaction [56]. 
Calculations on the reaction constants for 
forward reaction at four temperatures (500, 
600, 700, and 800 °C) are performed. Also, the 
conversion was determined using the reaction 
rate equation. For the forward reaction, using 
equations (16, 17) and the reaction rate, Eq. 
(35):  

−𝑟(𝑎) =
𝐹𝐴𝑜 𝑋 

⍙𝑊
  ;                   𝑘 =

−𝑟(𝑎)

𝐶𝑎
0.165𝐶𝑏

0.154 

From experimental data, the conversion rates 
of A at (500, 600, 700, and 800 °C) are shown 
in Table 6. Use Arrhenius Equation: 

𝑘 = 𝐴𝐸𝑥𝑝−𝐸𝑎 𝑅𝑇⁄  (36) 

where 𝑘 is the reaction rate constant, 𝐴 is the 
pre-exponential factor, 𝐸𝑎 is the activation 
energy (𝑘𝐽/𝑚𝑜𝑙), 𝑇 is the temperature (𝐾), and 
𝑅 is the gas constant (8.314 𝐽/𝐾. 𝑚𝑜𝑙) [56]. 

 
Fig. 11 The Selectivity (H2/CO) of CDRM Reaction over Time. 
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Table 6 Conversion Rates of CH4 at Different Temperatures. 
Temperature (°C) Conversion (X) 𝑪𝑨 

𝒎𝒐𝒍. 𝒍−𝟏 
𝑪𝑩  
𝒎𝒐𝒍. 𝒍−𝟏 

−𝒓(𝒂) 
𝒎𝒐𝒍. 𝒈𝒎𝒄𝒂𝒕

−𝟏 . 𝒉−𝟏 

K 
𝒎𝒐𝒍. 𝒍−𝟐. 𝒈𝒎𝒄𝒂𝒕

−𝟏 . 𝒉−𝟏 

500 0.25 0.0308 0.0246 0.123 0.386 
600 0.61 0.0160 0.00993 0.300 1.207 
700 0.84 0.0066 0.00356 0.413 2.252 
800 0.91 0.0037 0.00193 0.448 2.954 

 
Fig. 12 CDRM Reaction Activation Energy.

𝑙𝑛𝑘 = −
𝐸𝑎

𝑅
(

1

𝑇
) + 𝑙𝑛𝐴 

From Fig. 12, the slope −
𝐸𝑎

𝑅
= −5698.3  

The intercept 𝑙𝑛𝐴 = 6.55                           
∴ 𝐸𝑎 = 47.4 𝑘𝐽/𝑚𝑜𝑙    𝑎𝑛𝑑   𝐴 = 698.6.                              
It is well known that the apparent activation 
energy ranges from 29 to 306 kJ/mol [31]. 
Therefore, the result of the obtained activation 
energy with MCMZ is convenient with that 
stated in the CDRM reaction literature and 
confirms the catalyst's activity in this reaction 
(Fig. 12). Likewise, Zhang et al. [50] determined 
the apparent activation energy. They stated that 
the unique inverted conical pore structure in 
Ni/SiO2 catalyst minimizes the apparent 
activation energy for CH4 and CO2 conversions, 
thereby reducing the energy needed to achieve 
the reaction [50]. Moreover, the kinetics study 
achieved by Li et al. [57] discovered that the 
lowest activation energy was 97.61 kJ/mol 
when Ni/CeO2-H was used in the CDRM 
reaction among the Ni/CeO2 catalysts. In 
general, the lower the activation energy, the 
quicker the reaction. On the other hand, a high 
activation energy will slow down the reaction 
[58]. 
4.CONCLUSIONS 
In the present work, new Ni-based catalysts 
were prepared and used in the CDRM to 
produce syngas/H2. MCM41 was used as a 
catalyst support to form Ni-ZrO2@MCM-4. 
SEM, XRD, BET, and TEM scans of the catalyst 
revealed a good interaction between the 
MCM41 and the nickel particles. The 
conversion percent of the CDRM reaction 
increased with the increase in reaction 
temperature, where 800 °C was optimal. The 
MCMZ exhibited low deactivation, even after 
60 h of reaction at 800 °C; thereby, the stability 
of MCMZ was great. The minimum energy 
required to accomplish the CDRM reaction was 
47.4 kJ/mol, which is compatible with the 

activation energy obtained from the literature. 
The kinetics of CDRM reaction suggested the 
reaction rate, which can be expressed as: 
−𝑟(𝑎) = 7.311 𝐶𝐴

0.165 𝐶𝐵
0.154 − 3.6𝐶𝐶

1.85. 
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NOMENCLATURE   
A Pre-exponential factor 
CA, CB, CC Concentration of species A, B, and C, 

respectively (mol/l) 
CA0

 Initial concentration of species A (mol/l) 

Ea Activation energy (KJ/mol) 
FA0

, FB0
 Feed rate to the reactor (mol/h) 

FAf
, FBf

 Effluent rate from the reactor (mol/h) 

km Forward Reaction constant (mol . l/
 gmcat. h) 

kn Reversible reaction constant (mol . l/
 gmcat. h) 

k Reaction rate constant in Arrhenius 
equation 

MWtA
 Molecular weight for A (gm/mol); 

R Gas constant (8.314 J/K. mol) 
ŕ(c) Reaction rate of species C (mol/gmcat. h) 
 T Temperature (K) 
X Conversion for species A 
yA0

, yB0
 mole fraction for species A, and B, 

respectively 
Greek symbols 
α, β, and ϒ Reaction order for species A, B, and C, 

respectively 
vA Volume flow rate of species A (lit/h) 
ρA Density of species A (gm/lit) 
∈ Emissivity 
δ Change in the total number of 

moles/moles of A reacted 
θB Moles of species B initially/moles of 

species A initial 
⍙W Catalyst weight (gmcat) 
Subscripts 
CDRM Catalytic dry reforming of methane 
GHG Greenhouse gases 
MCMZ Prepared catalyst 
RWGS Reverse water-gas shift 
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