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ABSTRACT 

Dry reforming of methane (DRM) is a promising technique for utilization of greenhouse 

gases (GHGs) to give syngas. The main limitations of DRM are the catalyst deactivation by 

sintering and coking. This proposes the necessity to find an active and stable catalyst that 

can confront these issues and facilitate the DRM process. In this doctoral study Ni-based 

catalysts supported on binary oxide support (i.e., Al2O3-MgO) were prepared by co-

precipitation followed by impregnation method. The catalyst with 12wt.% Ni loading on 

Al2O3-MgO showed the optimum activity and stability  for DRM carried out at 800oC, 1 

atm, and CH4:CO2 ratio of unity in a fixed-bed tubular reactor. The fresh and spent optimum 

catalyst were then characterized to analyze the physico-chemical properties and carbon 

formed during DRM reaction. The effect of  W addition on the optimum (12wt.%Ni/Al2O3-

MgO) catalyst was further investigated. W addition resulted in enhanced catalytic activity 

and stability, and the Ni-W bimetallic catalyst with 4wt.% W exhibited most steady 

performance (with 88.8% and 91.5% conversion of CH4 and CO2 and syngas ratio of 0.9 

respectively), even after 24 h of reaction. The fresh and spent Ni-W catalysts were 

characterized and the corresponding textural properties, crystallinity, morphology, basicity, 

enhanced physico-chemical properties, and the type of carbon formed on the catalysts are 

analyzed. The amorphous carbon-nanosheets were formed on monometallic Ni catalyst, 

whereas the MWCNTs on Ni-W catalyst. Further, the process parameters for DRM over 

optimum Ni-W catalyst were optimized using response surface methodology (RSM), within 

temperature range of 600oC-800oC and CH4:CO2 of 0.5-1.5 via CCD of RSM. It has been 

found that a temperature of 777.29oC and CH4:CO2 of 1.11 is optimum for the proposed 

catalyst. Finally, the reaction kinetics of DRM over optimum Ni-W catalyst was investigated 

via four typical kinetic models i.e., Power-Law, Langmuir-Hinshelwood, Eley-Rideal I, and 

Eley-Rideal II models. The analysis showed that Langmuir-Hinshelwood model showed the 

best fitting between experimental and estimated reaction rates with R2 value of 0.983. 
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ABSTRAK 

Proses pembentukan semula pengeringan metana (DRM) merupakan satu teknik menjaminkan 

penghasilan sintesis gas menggunakan gas rumah hijau. Namun demikian, cabaran utama 

dalam proses ini adalah penyahaktifan pemangkin disebabkan oleh pembentukan karbon dan 

penggubalan iaitu proses sintering. Hal ini menjadi antara  salah satu sebab kepada keperluan 

kajian  ini dijalankan adalah  untuk mencari dan mengkaji pemangkin yang stabil dan aktif 

sekali gus yang boleh mengatasi masalah yang dihadapi dalam proses DRM. Oleh itu, dalam 

kajian falsafah ini, pemangkin yang berasaskan Nikel menggunakan binari oksida sepeti Al2O3-

MgO disintesis menggunakan kaedah kepemendakan kimia dan diikuti oleh kaedah 

pengisitepuan. Pemangkin dengan peratusan 12wt% Nikel pada  Al2O3-MgO telah 

menunjukkan optimum aktiviti dan stabiliti ketika proses DRM dijalankan pada suhu 800oC, 1 

atm, dan berserta nisbah CH4:CO2 yang sama di dalam  reaktor tiub katil tetap.Kemudian ciri-

ciri  pemangkin yang baru dan pemangkin optimum telah dianalisis untuk mengetahui fizik-

kimia pemangkin dan pembentukan karbon semasa proses DRM dijalankan.Penambahan bahan 

kimia W pada pemangkin optimum (12wt.%Ni/Al2O3-MgO) telah dikaji secara terperinci. 

Keputusan kajian menunjukkan bahawa kehadiran W meningkatkan aktiviti pemangkin dan 

kestabilan pemangkin dan pemangkin Ni-W dengan peratusan 4% wt. W  menunjukkan  

prestasi yang tinggi  ( 88.8% dan 91.5% penukaran kepada CH4 dan CO2 berserta nisbah 

sintesis gas iaitu 0.9) walaupun selepas 24 jam tindak balas. Ciri-ciri tekstur, kehabluran, 

morfologi, keasaman, fiziki-kimia pemangkin dan jenis karbon yang terbentuk pada pemangkin 

telah dikaji dan analisis menggunakan pemangkin Ni-W yang baru dan yang telah digunakan. 

Lembaran-nano karbon amorfus  terbentuk pada monometal Ni pemangkin, manakala 

MWCNTs pada pemangkin Ni-W Selain itu, proses  parameter dalam proses DRM telah 

dioptimumkan  menggunakan kaedah tindak balas permukaan (RSM) menggukan julat suhu 

antara 600°C-800°C dan CH4:CO2 nisbah  antara  0.5 hingga 1.5 menggunakan reka bentuk 

komposit berpusat  (CCD) dalam kaedah tindak balas permukaan (RSM).Hasil keputusan  

daripada  reka bentuk komposit berpusat (CCD) mendapati bahawa optimum suhu dan nishah  

CH4:CO2   adalah 777.29oC dan 1.11 bagi pemangkin yang telah dicadangkan. Akhir sekali, 

kadar tindak balas RSM proses menggunakan  pemangkin optimum iaitu Ni-W pemangkin 

telah dikaji meggunakan empat jenis kinetik model iaitu Power-Law, Langmuir-Hinshelwoood, 

Eley-Rideal I, dan Eley Rideal II model. Keputusan analisis telah menujukkan bahawa 

“Langmuir-Hinshelwood” model yang paling sesuai kerana anggaran nilai kadar tindak balas 

dengan eksperimen adalah R2 0.983. 
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CHAPTER 1 

1. INTRODUCTION 

1.1 Background and Motivation 

The world population is increasing at a fast pace and is expected to reach 8.5 billion in 

2030 and around 10 billion in 2050 as per the reports of United Nations [1]. The escalation of 

human population at this rate is posing a great challenge for energy industries to meet the 

simultaneous growth in its demand [2]. The upsurge in world’s population is not only posing a 

burden on consumption of fossil fuels, but also leading to intensification of greenhouse gases 

(GHGs, i.e. CO2 and CH4) in the atmosphere [3, 4]. Carbon dioxide is the most abundant GHG 

that is present in atmosphere and its concentration is continuously rising by human activities 

such as burning fossil fuels and by natural processes such as respiration and volcanic eruptions. 

Apart from consumption of fossil fuels a large amount of greenhouse gases are flared into the 

atmosphere worldwide from natural gas and other sources. For example, Malaysian is one of the 

major natural gas producers in the world, with estimated natural gas reserves of 88.0 tscf and 

some of these reservoirs contain very high CO2 concentration (as high as 87%) [5]. As per the 

latest data from Earth System Research Laboratory (ESRL), USA, the global CO2 concentration 

increased from 315.00 ppm to 419.13 ppm, since 1959 to 2021 (shown in Figure 1.1) [6], which 

is highest recorded CO2 concentration level in last two centuries. The global CO2 emission 

touched all time high mark by emitting 33.1 billion tons of CO2 in the atmosphere [7, 8]. The 

concentration of CH4 in atmosphere is lower than CO2 comparatively [9], however it still 

contributes to 20% of overall global warming [10], because it is 28 times more effective to the 

greenhouse effect than CO2 [11]. The CH4 concentration has risen from 1650 ppb in 1985 to 

1893 ppb in June 2021 as per the latest data from ESRL, USA (shown in Figure 1.1) [6]. 



2 

 
(a)                              (b) 

Figure 1.1. (a) Surface average atmospheric CO2 concentration (ppm), (b) Globally-averaged, 

monthly mean atmospheric CH4 abundance [6]. 

Besides natural gas exploration and processing, the grasslands, termites, lakes, wildfires, 

wetlands are the natural sources of CH4 emission apart from human activities such as oil and gas 

processing, coal mining and landfills [12]. The excess of GHGs in the atmosphere results in rise 

of global temperature and interferes with the global climate cycle, giving rise to droughts and 

flooding in different parts of the globe [13]. These changes in climatic cycles due to rising GHGs 

in atmosphere pose a burden on ecosystem which ultimately leads to loss of biodiversity [14]. 

Hence it becomes critically important at this alarming situation to look and explore more carbon 

capture and storage (CCS) along with carbon capture and utilization (CCU) techniques. Also to 

minimize the dependency on fossil fuels and exterminate its harmful effects on environment, an 

alternative clean fuel needs to be explored [15, 16]. 

Gas reforming is the commercial technique used by industries for syngas production. The 

reforming of methane can be done by employing different techniques which are; steam 

reforming of methane (SRM), partial oxidation of methane (POM) and dry reforming of methane 

(DRM) [17]. DRM, also known as CO2 reforming of CH4 is one of the promising techniques 

both for fixing the CO2 and for getting value added product. DRM has continuously attracted and 

gained the interest of researchers in the last decade due to its encouraging response for CO2 and 

CH4 fixation DRM [18]. Additionally DRM provides a technique to utilize natural gas from gas 

fields having elevated CO2 concentrations, which may reach up to more than 80% in some cases 

[5], thus providing an economic alternative for high cost separation processes.  
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Steam Reforming of Methane (SRM):-  

CH4 + H2O → CO + 3H2    ΔH298K +228 kJ/mol   (1.1) 

Partial Oxidation of Methane (POM):- 

CH4 + ½ O2 → CO + 2H2    ΔH298K -22.6 kJ/mol   (1.2) 

Dry Reforming of Methane (DRM):- 

CH4 + CO2 → 2CO + 2H2    ΔH298K +247 kJ/mol   (1.3) 

Generally, the DRM reaction (eqn. 1.3) can be catalyzed by d-block elements, which are noble 

metal-based (i.e., Pt, Pd, Rh, Ru, Ir etc.) and non-noble metal-based (such as Ni, Co, Fe etc.). 

However, regardless of better coke resistance and better capacity towards splitting C-H bond the 

active metals (mostly Ni based) are preferred over the noble metal-based catalysts due to their 

easy availability,   equivalent activity and reduced cost [19]. The main problems related to Ni-

based catalysts are coking and sintering of catalyst at high temperatures [20, 21].  Hence, Ni-

based catalysts are broadly studied to minimize coking and sintering, and thus to improve its 

durability. The catalytic activity and stability can be improved by doping with suitable metals, 

which may be noble, alkaline or corresponding d-block metals [22–24]. The activity and stability 

of catalyst is subjected to the nature of the support, since it affects the active metal dispersion 

and support interactions throughout the catalyst [25]. The support also provides large surface 

area, anchorage to the active metals dispersed on it, and basicity. The support may acts as Lewis 

base, which instigate strong CO2 adsorption and prevents coke formation via high CO2 

adsorption on the catalyst surface, which speed up the CO2 conversion with carbon to give CO 

[26]. It has been also been reported by several researchers that by using bimetallic catalysts 

system the coke formation can be reduces to a large extent [27–29]. Several researchers  also 

studied that the use of rare earth elements either as supports or promoters, and other d-block 

elements with Ni improved the  reaction conversions, since both the metals work synergistically  

[30–32]. 

Besides the above-mentioned factors, the catalyst stability and DRM reaction also depends on 

active metal doping, the type or support used, and the synthesis technique employed for catalyst 

preparation.  
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A comparative study has been done by Bagheri-Mohagheghi [33] conducted a comparative study 

in which they concluded that the method of catalyst preparation plays the key role in the 

functioning and performance of the catalyst. They displayed that amongst catalysts synthesized 

by sol-gel methods and conventional co-precipitation, the catalyst synthesized by co-

precipitation showed elevated BET surface area and produces almost spherical and hexagon α-

powder. The preparation method affects the crystal size, active metal dispersion and morphology 

of the catalyst [34].  Apart from physicochemical properties of catalyst, the operating variables 

such as accompanying side reactions, reactant partial pressure, reaction temperature are the vital 

factors that needs to be evaluated for optimum catalytic performance and durability throughout 

the DRM reaction [35, 36]. 

1.2 Problem Statement 

In the process of CO2 reforming of methane, the noble metals meet the purpose since they 

possess both high activity and resistant against coke formation; however noble metals are highly 

costly; hence it is not economic to commercialize them [37]. Therefore, emphasis of researcher 

has been shifted towards d-block metals especially Ni and Co, due to their economic price, ease 

of availability and high activity [38]. Nevertheless, coke deposition on the Ni-based catalyst 

during the DRM reaction is still the major limitation. 

 The main hurdles for Ni-based catalysts in DRM reaction are coking and sintering, which 

disables the catalysts for longer duration of time. The key factors that need to be considered for 

better functioning of catalyst are selection of appropriate support, optimum metal loading on 

catalyst support, and a bimetal that can form a thermally stable alloy to give enhanced durability 

to the overall catalyst. The primary roles of the catalyst support are to provide thermal stability, 

basicity, high surface area, uniform metal dispersion, and a strong grip to the active metal 

particles. The optimum loading analysis of active metal (Ni) on catalyst support is essential to 

avoid the formation of bigger agglomerates of Ni at higher temperatures during DRM reaction, 

and hence avoid high coking. Further, another problem associated with the monometallic Ni-

based catalysts is carbon deposition and hence rapid deactivation. Tungsten (W) is reported to 

forms thermally stable alloys with Ni [39–41] which can result in enhanced durability of Ni-W 

bimetallic catalysts. Also, Ni-W catalyst is reported to inhibit the RWGS reaction [42] which is a 

side reaction that takes place with the DRM reaction, and hence can enhance the process 
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efficiency. Thus, investigating the effect of Tungsten (W) as a bimetal with Ni seems to be a 

promising approach to enhance catalytic stability and performance. The proposed Ni-W/Al2O3-

MgO catalysts has not yet been studied for DRM reaction. There are very limited studies for the 

optimization of input process parameters (i.e., reaction temperature and feed gas ratio) for DRM 

reaction for bimetallic catalysts. Also, no combined experimental and kinetic analysis for the 

proposed Ni-W bimetallic catalyst in DRM reaction has been carried out yet to understand the 

insight of reaction. 

1.3 Research Hypothesis 

Ni is the commercial catalyst that is being used in gas reforming reactions. Whereas Tungsten 

(W) is a metal with highest melting point (3,422 °C). The reason of investigating Tungsten (W) 

as bimetal in the bimetallic Ni-W catalyst is that it inhibits the reverse water gas shift (RWGS) 

reaction and favors water gas shift (WGS) reaction [42]. Hence it is supposed to enhance the 

DRM process. Another reason of using W is that it inhibits coke formation due to high redox 

potential of tungsten oxide [27]. The metals with high redox potential are reported to aid in 

reduced coke formation in DRM reaction, due to formation of different metal complexes 

depending on the catalyst [43]. However, a detailed study of the catalytic behavior of Ni-W 

bimetals, effect of its concentration and interaction with the support at high and low temperatures 

still needs to be studied. W is also reported to form alloys with Ni which are thermally very 

stable at high temperatures [39–41]. Therefore, the effect of W metal loading on the Ni based 

catalysts in terms of coke formation, morphology, long term activity and kinetics has been 

analyzed for DRM reaction in the present research.  

1.4 Research Objectives 

The ultimate objective of this research is to synthesize an effective catalyst, i.e., both active and 

durable for the dry reforming of methane. The flowing are the specific objectives: 

1. To synthesize and characterize Al2O3-MgO supported Ni, and Ni-W bimetallic catalysts. 

2. To evaluate the performance of synthesized catalysts and investigate the effect of W 

addition on catalytic performance and stability for DRM. 

3. To optimize the process parameters  for the optimum Ni-W bimetallic catalyst for DRM 

via RSM. 
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4. To study reaction kinetics for DRM reaction using the PL, ER I, ER II and LH models. 

1.5 Scope of Study 

This research spotlights conversion of two main green-house gases (i.e., CH4 and CO2) into 

value-added product viz. syngas. The key factor in this conversion is the catalyst, that assist the 

reaction at low reaction temperatures and hence make the process economic. The parameters 

used along with their range has been specified and explained below:  

1. To achieve the first objective the monometallic (i.e., Ni/Al2O3-MgO) and bimetallic (Ni-

W/Al2O3-MgO) catalysts were synthesized via two step synthesis technique. The catalyst 

support is prepared by co-precipitation method followed by impregnation of Ni and W. 

The two step technique is employed since it results in formation of catalyst with better 

activity compared to the one step technique (i.e., co-precipitation) [44]. The optimum 

Al2O3:MgO ratio of 1:2 was taken from literature [45] and also verified during 

synthesizing of catalysts. The Ni-metal loading (in wt.%) was varied as 10-16 wt.% on 

the catalyst support. The metal loading on the support depends on the surface area of 

catalyst support and the metal support interactions. This range of metal loading is chosen 

as per the available  literature. The lower metal loading results in very less conversion 

and selectivity, whereas a high loading of active metal cause sintering and agglomeration 

along with elevated coke formation [46]. Further, the Ni-W bimetallic catalyst with 

varying W concentration of 2-8 wt.% have been synthesized. This range of W loading has 

been taken by carefully analyzing the available literature [32, 47]. Furthermore, the 

catalysts have been characterized by employing various techniques such as XRD, BET, 

FESEM-EDX, TPD, TPO, TPR (with temperature range up to 800oC), TEM, XPS and 

RAMAN spectroscopy to determine the physicochemical properties like, phases present, 

surface area, morphology, elemental composition, basicity, hydrogen affinity, binding 

energy oxidation states and type of carbon formed.  

2. To achieve the second objective, the performance evaluation of the prepared 

monometallic Ni and bimetallic Ni-W catalysts has been done at a constant atmospheric 

pressure, in a fixed bed catalytic reactor. The atmospheric pressure is used since low 

pressure favors the DRM reaction as per Le Chatelier's principle and reported in most of 

the literatures [3, 37]. The tubular reactor was fabricated from stainless steel and jacketed 
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with furnace regulated by control panel to maintain the high reaction temperatures. A 

total flow rate of 60 mL/min has been used for carrying out the performance evaluation 

and stability test for the catalyst [48], since it is the optimum flow rate for the reactor 

with ID of 10mm (c.f. APPENDIX D). 

3. To achieve the third objective, the optimization of process parameters i.e., temperature 

and feed ratio (i.e., CH4: CO2) at a constant pressure (atmospheric pressure i.e., 1.01325 

bar) has been done using RSM statistical tool from design expert software. The reaction 

temperature has been varied in the range from 600oC-800oC and the CH4: CO2 was varied 

from 0.5 to 1.5, respectively [49, 50].  

4. Finally, to achieve the fourth objective, the kinetic analysis of DRM for the optimum Ni-

W bimetallic catalyst has been investigated. The four basic models i.e., Power-Law (PL), 

Langmuir-Hinshelwood (LH), Eley Rideal I (ERI), Eley Rideal II (ERII) models [3], 

[51], were used in the partial pressure range of 0.2-0.6 and temperature range 600oC-

800oC  to study the reaction kinetics.  

1.6 Significance of the Study 

This study will focus on the effect of different parameters such as effect of catalyst’s preparation 

route, bimetal on the performance of catalyst. The stability study of the optimum catalyst is 

expected to provide a durable catalyst for DRM reaction. Further, the optimization or process 

parameters will provide the optimum reaction conditions (i.e., the temperature and feed gas 

ratio). Finally, the kinetic study will provide an overview of the reaction mechanism for Ni-W 

bimetallic catalyst, and the most appropriate approach for modelling via existing kinetic models. 

The proposed optimum catalyst will bridge the gap and contribute for a stable DRM reaction 

catalyst in the journey for an ideal catalyst. 

1.7 Thesis Organization 

This doctoral thesis includes five chapters along with appendices covering the supplementary 

data information. The individual chapter explains the different vital parts of the investigation. 

The research work  comprehends the description on the associated subjects i.e., carried out for 

this research. A brief description of thesis organization as per different chapters is as follows: 
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1. Chapter 1 presents a current scenario of global warming due to the emission of GHGs 

into the atmosphere. It includes the issues related to production of sustainable green fuels, 

gas reforming and catalysts. Hence, it provides and outlook for the corresponding 

problem statements, research objectives and hypothesis along with the scope of the study. 

2. Chapter 2 provides a very comprehensive and rich literature review of latest trends in 

catalysis for DRM. It focuses on wide range of issues related with catalyst such as, 

thermodynamic overview, effect of catalyst support, promoters, bi-metals, and tri-metals. 

It also highlights the optimization studies using RSM and the reaction kinetics of DRM 

reaction.  The chapter after a thorough literature review yields with a research gap stated 

at the end. 

3. Chapter 3 illustrates the detailed methodology and deployment of materials during the 

experimental study. The experimental procedure employed for catalyst synthesis, 

catalyst’s characterization, catalyst testing for DRM using the fixed bed reactor has been 

explained in detail. Further, the optimization study using the RSM software, and the 

kinetic models used to study reaction kinetics for DRM have also been elucidated in 

detail.   

4. Chapter 4 includes the comprehensive discussion of the results obtained from catalyst’s 

characterization and the experimental analysis for DRM.  A meticulously researched 

discussion on the physicochemical properties, morphology, phases present, coke formed 

along with the performance evaluation of catalyst has been reported. The optimization of 

parameters for the best performance and stable catalyst has also been evinced. Finally, 

the reaction kinetics of the DRM reaction has been studied employing the four different 

kinetic models. 

5. Chapter 5 summarizes all the obtained research findings and contributions of the present 

study. It concludes and recommends the future endorsements for the associated research 

field and its analysis. 
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CHAPTER 2 

2. LITERATURE REVIEW 

2.1   Chapter overview 

This chapter provides a comprehensive overview about the DRM process and role of 

catalyst in the DRM reaction. The different sections cover the thermodynamic overview of DRM 

along with the effect of catalyst support, promoters, bi-metal, tri-metal on the catalyst. The 

effects of all these mentioned factors have been summarized in Table 2.2. The study also 

includes the investigations of the different spent catalysts to examine the types of carbon formed  

during the DRM reaction. Further, the different optimization studies using RSM carried out by 

different researchers are also discussed and summarized in Table 2.3. Finally, the kinetic studies 

for DRM reaction, conducted by several researchers via several kinetic models have been 

analyzed and illustrated in Table 2.4. 

2.2 Dry Reforming of Methane (DRM) 

Gas reforming is the conventional method that is being employed in industries for syngas 

production. The methane reforming is done by any of the three processes, i.e. by SRM (steam 

reforming of methane), POM (partial oxidation of methane), and DRM (dry reforming methane) 

[17].  

SRM: 

CH4 + H2O → CO + 3H2   ΔHo
298K = 228 kJ/mol    (2.1) 

POM: 

CH4 + ½ O2 → CO + 2H2   ΔHo
298K = -22.6 kJ/mol   (2.2) 

DRM: 

CH4 + CO2 → 2CO + 2H2   ΔHo
298K = 247 kJ/mol    (2.3) 

Among the existing gas reforming techniques DRM is a promising alternative for syngas 

production, due to several technical and thermodynamic aspects. An elevated syngas ratio is 

obtained from SRM (i.e., H2:CO = 3:1), which is high than the required value for F-T synthesis 
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(i.e., H2:CO = 2:1) [52]. SRM demands rigorous energy input due to its endothermic nature and 

hence a high-priced process [53]. Additionally, an elevated feed ratio (of H2O:CH4)  is needed to 

obtain an increased H2 yield. This further makes SRM process energetically unfavorable and 

fast-tracks catalysts deactivation [54]. Furthermore, the SRM process encounter corrosion 

problems and thus needs an attached desulphurization unit [55]. The POM process is appropriate 

for producing the long chain hydrocarbons and naphtha [56]. With very short residence time, the 

POM process deliver high conversion rates and selectivity [57]. However, the exothermic nature 

of the reaction results in generation of hot spots on the catalyst, and thus it becomes a grueling 

task to control the operation [17]. Moreover, POM also requires an additional cryogenic unit to 

separate O2 from the air [55]. Hence it can be inferred that among the existing techniques DRM 

is the most promising approaches, since it consumes two major GHGs (i.e., CO2 and CH4) to 

produce a value-added product, i.e., syngas which is the main product of gas reforming. Syngas 

has widespread uses and works as a feedstock in the manufacture of hydrogen, methanol, methyl 

ethers and Fischer-Tropsch synthesis (F-T synthesis)  [58, 59] and also a promising solution to 

reduce the greenhouse gases emissions from the environment [60]. DRM yields a ratio of H2/CO 

equal to one which can be easily employed not only for synthesizing oxygenated chemicals but 

the long chain hydrocarbons as well for F-T synthesis [53]. Furthermore apart from natural gas 

reserves,  biogas (comprising of CO2, CH4) can be used as a feedstock for the production of 

green fuels [61]. 

2.3 Thermodynamic overview 

DRM is endothermic in nature and requires high operating temperatures; however, the 

use of catalyst can reduce the temperature, energy requirement and optimize the reaction 

considerably. For efficient syngas production by DRM, the simultaneous study of associated side 

reactions [62] is equally important. The side reactions accompanied by the main reaction are as 

follows: 

Reverse water-gas-shift (RWGS) 

CO2 + H2 ⇌ CO + H2O    ΔGo
298 ≤ 0 for T ≥ 700 oC   (2.4) 

Decomposition of CH4 

CH4 ⇌ C + 2H2     ΔGo
298 ≤ 0 for T ≥ 658 oC   (2.5) 
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Disproportionation of CO 

2CO ⇌ C + CO2     ΔGo
298 ≤ 0 for T ≤ 700 oC   (2.6) 

Hydrogenation of CO2 

CO2 + 2H2 ⇌ C + 2H2O    ΔGo
298 ≤ 0 for T ≤ 700 oC   (2.7) 

Hydrogenation of CO 

H2 + CO ⇌ H2O + C     ΔGo
298 ≤ 0 for T ≤ 700 oC    (2.8) 

Table 2.1. The enthalpy (ΔH), gibbs free energy (ΔG) and entropy (S) of different materials in 

DRM process [63]–[66]. 

Materials ΔGo
298(kJ/mol) 

ΔHo
298 

(kJ/mol) 

So
298 

(kJ/K.mol) 

Ea.W 

(kJ/mol) 

Ea.WO 

(kJ/mol) 

CH4(gas) -50.5 -74.5 0.1863 208-131 450-312 

CO(gas) -137.2 -110.5 0.1976 - - 

CO2(gas) -394.4 -393.5 0.2137 100-13 302-250 

H2(gas) 0 0 0.1306 - - 

H2O(gas) -228.6 -214.8 0.1887 - - 

O2(gas) 0 0 0.205 - - 

C(solid) 0 0 0.0057 - - 

Ea.W: Activation Energy with Ni based catalyst 

Ea.WO: Activation without catalyst 

Chen et al. [67] demonstrated in their work that the spontaneity and the direction of DRM 

reaction and its side reactions can be determined by calculating its Gibbs free energy (ΔG) 

through the desire’s equation expression using the values from Table 2.1. Further, it can be 

clearly seen from Table 2.1 that the catalyst provides an alternative path for the reaction to take 

place. There is a  huge difference between the activation energy (Ea) ranges with and without 

catalysts. This catalyst provides an energy pathway with lower activation energy barrier [64–66].  

The main reaction (eqn. 2.3) is favorable at a temperature higher than 700 °C for DRM 

although simultaneous RWGS reaction as shown in eqn. 2.4 may reduce H2 to CO ratio. Apart 

from RWGS reaction, additional side reactions that may occur and interfere with DRM 
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efficiency are CH4 decomposition, hydrogenation of CO2, disproportionation of CO, and CO 

reactions. These side reactions (eqns. 2.5-2.8) can have a significant effect on the DRM process 

efficiency and their dominance change with feed gas ration and reaction conditions. Reactions as 

shown in eqns. 2.6-2.8  are dominant at lower temperature range below 527 °C and hence coke 

formation may occur by side reactions whereas the CH4 decomposition reaction (eqn. 2.5) which 

is an endothermic reaction generally favored at higher temperatures  [19]. As displayed in Figure 

2.2, the coke deposition during DRM reaction occurred due to  decomposition of CH4 (eqn. 2.5) 

and Boudouard reaction or CO disproportionation (eqn. 2.6) [68].  
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Figure 2.1. Carbon containing product for the various reactions: (a) CH4 decomposition (CH4 = 

100%), (b) Boudouard reaction (CO = 100%), (c) Reforming of CH4 with CO2 (CH4 = 50% and 

CO2 = 50%) [69]. 

Wang et al. [70] confirmed that breakdown of CH4 occurs beyond 557 °C, whereas Boudouard 

reaction happens below 700°C. An optimum temperature that ranged from 870 to 1040 °C was 

recommended in the research for CO2:CH4 feed ratio of 1:1 considering the coke formation and 

conversion. Numerous investigations have been carried out on the thermodynamic simulations 

for different temperature, pressure, CO2 to CH4 ratio, additional oxidant, and coke formation 

reactions. Nevertheless,  most of the studies deduced that DRM at high temperature, beyond 850 

°C and low pressure is necessary for high conversion of CH4 and CO2 [62, 68, 70]. Besides that, 

minimizing the coke formation yield is principally vital in a stable DRM process since the coke 

formation strongly relying on catalyst type used and difficult to generalize its formation by 

calculating the operating condition thermodynamically. Therefore, DRM studies were reviewed 

with a focus on the use of catalysts and several factors that affect the catalytic performance are 

discussed below. 

2.4 Catalyst support 

Usually, a heterogeneous catalyst comprises of more than one constituent. The active 

metal component is enclosed in a solution of catalyst support substance to yield a supported 

metal catalyst. The catalyst support plays a substantial role in boosting the surface area of the 

active sites, on which active metal is scattered. Also, the proper anchorage and suitable geometry 
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are provided by the catalyst support to enhance the durability and resistance towards sintering 

[57]. Chaudhary et al. [71] studied Ni metal catalyst supported on Al2O3 and MgAl2O4 for DRM 

and oxidized DRM (ODRM) and found the existence of strong metal-support interactions 

between both alumina and mixed magnesia-alumina supports. However, enhanced dispersion of 

Ni metal for MgAl2O4 support was observed as compared to Al2O3 and greater CH4 and CO2 

conversion was noted for Ni/MgAl2O4 than Ni/Al2O3 with similar coke formation. Recent study 

by Tanios et al. [72] indicated that Co2Ni2Mg2Al2 catalyst calcined at 800 °C showed better 

catalytic activity and stability for 20h on stream than commercial catalyst 50%Ni/Al2O3 due to 

strong interaction between Ni and Co. This mutual interaction amongst Ni and Co is due to 

formation of Ni-Co alloys which leads to restricted particle size (Co and Ni) and superior 

dispersion as elucidated by characterization studies. To study the metal and support interactions 

Al-swai et al. [73], synthesized  different compositions of CeO2-MgO support with fixed Ni 

metal composition  and the authors found that Ni supported on 15% CeO2−MgO showed the 

excellent performance with higher conversion of  95.2% and 93.7%  for CO2  CH4  respectively.  

This enhanced functioning of the catalyst is due to the existence of an excess amount of active Ni 

sites and the elevated Ce3+/Ce4+ ratio that affirmed the formation of oxygen vacancies. In 

general, it can be deduced that CeO2 caused elevated oxygen movement and better reducibility of 

catalyst. In another study by Zhu et al. [74], Ni/MgAl mixed oxides with an elevated ratio of 

Mg/Al were reported to be more efficient in terms of coke resistance and catalytic activity where 

the best activity and stability were shown by Ni/MgAl with Mg/Al ratio of one for DRM 

reaction. This enhanced activity and stability is due to compelling interaction between Ni and 

magnesia. NiO with MgO forms a solid solution as are highly miscible due to their identical 

crystalline structure.  

Rong-jun et al. [75] studied the effect of different supports (i.e. SiO2, TiO2, Al2O3, 

magnesia-alumina, ZrO2, MgO) on the catalytic performance of Ni-based catalyst in DRM. The 

mixed support MgO-Al2O3 was found to have high interactions with NiO and exhibited superior 

catalytic performance in DRM even under high gas hourly space velocity (GHSV) and showed 

extended stability with more than 100h due to spinel NiAl2O4 formation of and NiO-MgO solid 

solution. Another research by Djaidja et al. [76] revealed that without Mg, a very slight increase 

in coke formation was noted and in contrast by increasing the Mg amount in the catalyst support, 
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the coke formation was minimized. The findings indicated that the prominent basicity of MgO, 

analogous crystal structure is highly favorable for Ni-based catalysts.  

 A study that evaluated impregnated NiO/MgO-600 and NiO/MgO-800 catalysts that were 

calcined at various temperatures of 600oC and 800oC, respectively. The study revealed that NiO/

MgO-800 catalyst exhibited enhanced catalytic performance, solid metal support interaction        

(SMSI) and more CO2 adsorption sites than NiO/MgO-600 catalyst. This was due to due to the   

elevated binding energy and interaction of Ni2+ ions with the support in NiO/MgO-800 catalyst.  

It was also found that CO2 did not directly dissociate and the dissociation of a hydrogen ion from 

CH4 stimulated the dissociation of CO2 into CO [77]. Various supported (single, mixed oxide)    

catalysts were studied at low temperature (400 oC) for DRM reaction [78]. The supported catalyst

s are Ni/Al2O3, Ni/MgO, Ni/TiO2, Ni/SiO2, Ni/ZrO2, Ni/La2O3-ZrO2, Ni/doped alumina Siral10  

and Ni/promoted magnesium oxide PuralMG30. Among various supports, La2O3-ZrO2  showed   

highest stability and CO/H2 yield close to equilibrium. The improved stability of Ni/La2O3-ZrO2 

catalyst was due to SMSI and imprisonment of metal on the pores of the support. Whereas there 

was no entrapment of active metal for other supports as a result graphitic carbon formation took 

place and hence resulted in low stability. Besides that, Fauteux-lefebvre et al. [79]  investigated  

NiAl2O4 supported on Al2O3–ZrO2 reported that the NiAl2O4/Al2O3–YSZ-1 and NiAl2O4/Al2O3–

YSZ-2 catalysts gave better conversions and elevated H2 concentrations. An insignificant amount 

of coke formation was observed on the catalyst even after operating at drastic conditions for an 

extended time. This is due to formation of stable spinel type structure which inhibits the coke 

formation. Also, for hexadecane SRM the H2, CO, CO2 and CH4 amount were all near the 

intended values as from theoretical thermodynamic equilibrium calculations.  

As evidenced in the available literature (summarized in Table 2.2), catalyst support plays a vital r

ole in its activity, stability, and performance. This is mainly due to various interactions such as m

etal support interactions, morphology, and comparative the lattice structure in case of mixed oxid

e supports to form a stable metal solution. 

2.5 Catalyst Promoters 

Doping of catalyst by alkaline or alkaline earth metals is also one of the notable methods 

to enhance the catalytic properties. Promoter improves catalyst efficiency by altering and 

stabilizing catalyst structure, increasing the oxygen storage capacity, enhancing its reducibility, 
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and reducing the formation of coke. The selection of promoter and its amount of concentration to 

be added depends on the catalytic system used for the reforming reaction [18]. To study the 

impact of promoter on catalytic efficiency recently [80] doped the Ni (5 wt%) /γ-Al2O3 catalyst 

with Pt  (0-2.8 wt%) and found that alloy which is rich in Ni and formed by electroless 

deposition showed a maximum activity in Pt loading (0.4 monolayers of Pt) on Ni. At low 

temperatures (525 °C - 600 °C) it showed a synergistic effect on noticeable activation energies 

related to an increase in CH4 conversion rates whereas, at high temperature (700 °C) the 

separation of nano-particulate alloy phases was observed. This converse performance is due to 

compensation effect; in which a group of material if surpasses the isokinetic temperature, the 

performance of catalyst exhibits an opposite fashion.  Hence, the increasing temperature will 

escalate the pre-exponential factor to counterbalance the reduced EA. In the same year Salam et 

al. [48] studied the influence the of CeO2 (10 wt%) and La2O3 (10 wt%) doping on Ni/Al2O3 

catalyst. In the nanocatalysts synthesized through sol-gel technique the observed that doping 

Ni/Al2O3 with CeO2 improved the CO2 and CH4 conversions, whereas, doping Ni/Al2O3 with 

La2O3 did not show any effect on conversion. However, La2O3 showed a steady conversion rate 

during 8h of dry reforming reaction. This is because CeO2 boosted the dispersion of active metal 

throughout the catalyst and increased its basicity and reducibility.  In another study, Zhang et al. 

[81] investigated on Ni metal catalyst supported on ZrO2 catalyst and doped with Ce, La, Sm and 

Y. The results showed that superior methane dissociations and CO2 activation with promoted 

catalysts. The order of activity of the doped catalyst was found to be in Y> Sm> La> Ce 

sequence. This enhanced performance is due to the consequences of doping on surface adsorbing 

capacity for oxygen with more coke deposition at temperatures below 700 °C. In one more study, 

Sun et al. [82] prepared and studied Ce and Ca promoted Ni-MSC catalysts (Ni- xCe (5-x) Ca-

MSC) for DRM reaction. Synergistic effect between Ce and Ca was observed which resulted in 

the reduction of coke formation and sintering of the catalyst. Additionally, the Ce doped catalyst 

increased the oxygen storage capacity of catalysts by facilitating the conversion of Ce+4/Ce+3 and 

Ni+2/Ni0. The catalyst which is only doped with Ca showed poor performance. This is because of 

the inadequate active metal scattering which results in limited active spots (compared to the one 

doped with both Ce and Ca) and higher CO2 conversion than CH4 (due to RWGS reaction). 

 Yttrium-promoted nickel-KIT-6 mesoporous silica catalysts were synthesized by Swirk et 

al. [83]. The yttrium doped catalyst showed better reducibility of NiO and improved dispersion 
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in KIT-6 support. The (Ni-8Y)/ KIT-6, with a molar ratio of Y/Si = 0.05 presented the highest 

activity and structural stability in DRM from 600 °C to 750 °C. Another type of supported 

catalyst, doped Ni-based SBA-15 with titanium nitride was developed and tested for DRM by 

Chotirach and Tungasmita [84]. The findings showed that for Ni/SBA-15 catalyst, doping with 

TiN enhanced the performance with high catalytic activity and improved coke resistance at 

700 °C. This enhanced performance is because of enriched basic sites in the doped Ni-based 

catalyst with TiN when compared to non-doped Ni catalyst. The mutual interactions between Ni 

and TiN on SBA-15 morphology resulted in higher binding energy as described in its XPS 

analysis. Two more related research were published in the year 2018. Maina et al. [85] reported 

that the stability and performance of Na and K promoted iridium metal supported on alumina 

catalyst and long-term exposure to DRM resulted in iridium catalysts with elevated sintering 

resistance. This is mainly due to the non-stop wipe out mechanism (for Ir doped catalyst), which 

removes the carbon formed during the decomposition of CH4. As a result, the metallic surface 

continues to be free from carbon deposition for long durations of time at 750 oC. Catalysts such 

as Ni/Al2O3, Ni-Co/Al2O3-MgO and Ni-Co/Al2O3-MgO for DRM reactions as synthesized by 

Azeanni et al. [86] showed that Nb-Zr promoted Ni-Co/Al2O3-MgO catalyst has more uniform 

and well-dispersion of metal than Ni-Co/Al2O3-MgO. Moreover, improved conversion for both 

CH4 (86.96%) and CO2 (87.84%) were observed. This happened due to increased BET surface 

area of catalyst after doping with Nb-Zr. Also due to the formation of spinel MgAl2O4 structure 

the coke resistance of the overall catalyst improved to a large extent. 

 On the contrary, Mo-promoted Ni/Al2O3 catalyst for DRM caused a considerable 

reduction in the catalytic activity compared to the non-promoted Ni/Al2O3 catalyst that showed 

high catalytic activity as reported by Yao et al. [87]. This was primarily due to set up of a distinct 

Nio phase that disconnected from Mo and hence decreased the overall basicity of the catalyst. 

Another research was carried out with Ni(3%)/ZrO2 and Na (0.6%) promoted Ni(3%)/ZrO2 

catalysts where Na-promoted Ni/ZrO2 showed significantly higher activity, stability, water gas 

shift reaction (WGSR) promotion and SMSI [88]. 

 Earlier, Yang Cao et al. [89] studied the effect of rare earth metals on the prepared 

NiMgAl catalyst by doping it with 0.15 wt% of Sc, Y, Ce and Pr. The authors concluded that 

rare earth elements modified with catalysts enhanced CO2 adsorption sites, improved catalytic 

stability and coke resistance especially with Ce or Pr as the promoters. This is mainly due to 
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elevated quantity of strong basic spots and co-occurrence of redox pairs (i.e., Ce3+/Ce4+ or 

Pr3+/Pr4+) that is responsible for enriched oxygen vacancies and enhanced redox properties. In 

another study, two different zeolite supports with La and Ca promoted Ni-based catalysts were 

prepared by Alotaibi et al. [90]. The BET surface area of the two supports i.e., ZL(A) and ZL(B) 

were 925 m2/g, and 730 m2/g respectively. The findings showed that ZL (B) promoted with Ni 

and Ca catalysts exhibits better performance which results in the highest CH4 conversion of 60% 

and stability with reduced time on stream compared to promoted Ni on ZL (A). In another study 

Radlik et al. [91] investigated the optimum loading of Ni metal for ceria and zirconia support 

(Ni/CZ) for low temperature (550 oC) DRM. The optimum CH4 and CO2 conversions and H2/CO 

ratio of unity are obtained by the catalyst loaded with 10 wt% Ni. It has also been concluded 

from the results that, although high metal loading gives elevated conversions; but lower 

dispersion and agglomeration of Ni particles has been observed which leads to higher coke 

formation resulting in limited stability. The effect of promoters was summarized and presented in 

Table 2.2.  

In conclusion, the addition of promoters boosted the main metal dispersion by synergistic 

interactions and reduced the required temperature to obtain the optimized performance. The role 

of a promoter and its effect depends on the metal system (i.e., the support used, the active metal 

and promoter interactions, the lattice structure of dopant etc.). A promoter may alter the catalytic 

structure which influence catalytic performance, or it may also change the metal support 

interactions and hence the overall acidity and basicity of the catalyst, which directly affects the 

performance and selectivity of the reaction. Meanwhile, bimetallic catalysts are equivalent to the 

metal promoted catalyst but contradicted in the magnitude of interactions of metal with support 

and metal to metal interactions. However, selecting a suitable co-metal can be difficult and the 

actual reaction mechanism still needs to be explored.  

2.6 Bimetallic catalyst 

One of the primary aspects of the performance of the bimetallic catalyst is its preparation 

technique. Strong metal-support interaction was observed in the samples calcined at high 

temperatures, which also bring about spinel-type structure [3]. Recently, Turap et al. [92] studied 

the effect of bimetallic catalysts for Co-Ni metals by varying the Co: Ni ratio from 0-1.0 and 

tested for DRM. They found that Co-Ni/CeO2 alloy exhibited enhanced performance in 

comparison to that of Ni/CeO2. The catalyst with the composition of Co-Ni(0.8)/CeO2 displayed 
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the highest catalytic activity and stability with the least carbon formation even after 10h of 

experimental run. This enhanced performance is due to selective adsorption of O2 that facilitated 

removal of carbon and feeble adsorption of hydrogen that restricted RWGS reaction. The Co-Ni 

alloy formation is solely responsible for these improved characteristics of the catalyst that is 

formed following the reduction phase.  Besides that, several combinations and structural forms 

of bimetallic nickel-cobalt catalysts for DRM activity were tested by Aybuke and Ramazan [93]. 

The researchers observed that Ni (8 wt%) – Co (2 wt%)/MgO wash-coated monolith catalyst 

showed elevated activity, stability (48h), reduced coke formation (from 41 wt% to 13.3 wt% at 

3% O2 feed). This may be attributed to the fact that catalyst in the form of monolithic improved 

the surface area-volume relation and heat transfer as compared to powdered form of catalyst. 

Apart from this, a sol-gel technique was utilized to prepare three nano-catalysts which 

were Ni/Al2O3 (as catalyst-1), Ni-Co/Al2O3 (as catalyst-2) and Ni-Co/Al2O3–MgO (as catalyst-3) 

by Azeanni et al. [86] and catalyst-3 was found to have good catalyst functioning compared to 

the other synthesized catalysts owing to SMSI, elevated stability and considerable resistance to 

carbon deposition during the DRM reaction manly because of the formation of MgAl2O4 spinel 

structure. 

 Another technique, the ultrasonic-assisted co-precipitation method was used by Shamskar 

et al. [94] to synthesize mesoporous nano-crystalline bimetallic catalyst (25wt %) Ni-M-Al2O3 

(M =CeO2, La2O3, and ZrO2) and tested for DRM. They observed that the addition of 5 wt% 

La2O3 and ZrO2 increased the overall surface area of catalyst and the use of the same content of 

CeO2 showed an inverse effect. The authors also found that promoted catalyst showed lower 

coke deposition and decreased activity, unlike the Ce promoted catalyst. The superior 

performance of catalyst with CeO2 is due to its distinctive redox property, which allows it 

prompt swapping amid Ce3+ and Ce4+ types. Synthesis of Ni/CNT, Ni/SBA-15 and a series of Ni-

based bimetallic catalysts (Cu, Ca, Mg, Mn, Co-Ni/SBA-15) by Y. Dai et al. [95] revealed that 

Ni/SBA-15 exhibited improved conversion efficiency than that of Ni/CNT whereas spent 

catalyst (Ni/SBA-15 at 600 °C) showed no catalytic deterioration and negligible coke deposition. 

Also, the catalysts activity was spotted to follow the order as Cu–Ni alloy> Mg–Ni alloy > Co–

Ni alloy > Ca–Ni alloy > Mn–Ni alloy. This superior performance of Cu–Ni and Mg–Ni alloy is 

due to availability of more active spots on their surface, reduced particle size and better 

dispersion due to compatible crystal lattice. In another comparative study, comparison between 
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Ni/SiO2 catalyst and Ni17W3/SiO2 (Ni=10.7wt%, W=5.7wt%) bimetallic catalyst indicated that 

the Ni17W3/SiO2 catalyst was superior to Ni/SiO2 catalyst for the DRM reaction due to the 

formation of Ni17W3 alloy and α-WC, which is very stable alloy [96]. In an alternate study, Ni–

Ce/MgAl2O4 bimetallic catalyst was used in bi-reforming of methane (BRM) for syngas 

production by Young et al. [97]. It was found that Ni–Ce/MgAl2O4 (Ce/Ni = 0.25) catalyst 

showed better activity and hindrance to coke formation for BRM due to the improved metal 

dispersion, outstanding reducibility, and effective surface oxygen transfer.  

 Analysis on Ni–Mo2C catalyst with Ni/Mo molar ratios of 1/3, 1/2, and 1/1 showed that 

Ni–Mo2C (1/1) and Ni–Mo2C (1/3) were deactivated due to the coke formation and bulk 

oxidation Mo2C to MoO2, respectively. For Ni/Mo molar ratio of 1/2, catalytic oxidation-

reduction cycle was established and Ni–Mo2C catalyst showed typical bi-functional catalyst 

characteristic for DRM Shi et al.[98]. Earlier, a study on Ni-Mo/SBA-15 bimetallic catalyst for 

DRM reactions by Huang et al. [99] showed lower initial activity of Ni-Mo compared to Ni. 

However, Mo/Ni atomic ratio of 1/2 revealed an elevated activity, superior stability, and the 

lowest carbon deposition rate at 800 oC. Since, increasing Mo/Ni ratio further result in 

diminished reduction of NiO and hence lowered conversion. 

Hence it can be established that, when a bimetallic catalyst was used, both metals were 

active and functioned synergistically in contrast to the promoted catalyst, where the activity of 

metal was promoted by the addition of doping metal. Bimetallic catalysts largely displayed 

improved performances compared to corresponding monometallic catalysts mainly due to 

improved stable structure, enhanced reducibility, increased surface area and better oxygen 

storage capacity. Method of preparation, reaction conditions and major findings of bimetallic 

catalysts are presented in Table 2.2.  
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Table 2.2. Catalysts developed in the last decades and their performance at different operating conditions with major findings for 

DRM reactions. 

Catalyst Used Reaction Conditions   
Preparation 

method Coke deposition Major finding/Conclusions 
Conversion (%) 

H2:CO References 
CH4  CO2 

Monometallic Catalysts 

Ni(50%)/Al2O3 and 

Co2Ni2Mg2Al2800 

500°C-800°C, Fr 

=1:1, GHSV=32,000 

h-1 

HT N.R. 

Catalyst calcined at 800°C, showed 

superior activity due to interaction 

between Ni and Co. 

Co2Ni2Mg2Al2800 showed better 

activity and stability than 

commercial catalyst Ni(50%)/Al2O3 

at 800oC. 

̴  96 ̴  92.5 ̴  0.82 [72]  

Ni@HSS 

800°C, Fr = 1, 

GSHV=144,000 mL 

h−1g−1 

FOP N.R. 

Ni@HSS showed excellent 

performance with elevated CH4 and 

CO2 conversions; also, high stability 

for DRM reaction 

94.4 95 0.88-0.93 [100]  

Ni on MgO and 

mixed (CeO2-MgO) 

800°C, Fr = 1:1, 

GHSV = 

36000cm3/gcat.h 

CP+IMP N.R. 

The utmost durability and 

conversion have been exhibited by 

Ni/(15%)CeO2−MgO catalyst.  

93.7 95.2 0.85-1.2 [25]  

Ni/DFSBA-15 

600-900°C, Fr =1:3, 

GHSV=15000-35000 

mL/g.h) 

MAME N.R. 

Factors affecting CO2 and CH4 

conversions for DRM are, CH4: CO2 

> Temperature > GHSV. Optimum 

conditions are, T = 794oC, GHSV = 

23815 mL/g.h, CH4/CO2= 1.199.  

93.48 95.67 0.983 [101]  

Ni impregnated on 

MgO  
800 °C, 1atm IMP N.R. 

The Ni-based catalyst (calcined at 

600°C and 800°C), calcined at 

higher temperature displayed SMSI, 

enhanced activity and extra CO2 

adsorption spots comparatively. 

85-93 90-94 N.R. [102]  

Ni/Mg (Al)O 

600- 800 °C, Fr = 

1:1, Feed flow rate = 

100 mL min -1 

CP 

Varies from 0.6 

to 4.5 wt% 

depending on Ni 

particle size 

Elevated activity, resistance against 

carbon formation and stability has 

been observed with the catalyst i.e., 

reduces at 700oC compared to the 

one reduced at 650oC.            

45-93 58-90 0.68-0.9 [103]  
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Catalyst Used Reaction Conditions   
Preparation 

method Coke deposition Major finding/Conclusions 
Conversion (%) 

H2:CO References 
CH4  CO2 

Ni on (SA-6175) and 

(SA-5239) 

500°C to 800°C Fr 

=1:1, SV=680 ml/h 

g.cat 

IMP 

17.65% and 

8.80% on α-

Al2O3 (SA-5239) 

at 600°C 

Coke formation was reported at 

reduced temperatures for all 

catalysts. However, γ-Al2O3 (SA-

6175) showed better coke resistance 

than α-Al2O3 (SA-5239). At 800°C, 

α-Al2O3 (SA-5239) showed high 

stability at feed composition 

fraction (CO2:CH4) of 1.3. 

90.8-90.9 76.9-76 0.83 [104]  

Ni nanoclusters 

dispersed on modified 

alumina (with Ce, 

Mg) 

500°C to 700°C, 

GHSV=5000 

to 50,000 mL/g h, 

Fr = 1:1 

TAST N.R. 

Catalyst synthesized by template-

assisted solvo-thermal method 

showed better resistivity toward 

sintering and low coke formation. 

Also enhanced the catalyst activity 

with CO2 and CH4 conversion of 

>90% each has been noticed. 

>90 >90 ̴ 1 [105]  

Ni  on 5 μm spherical 

CeO2 flowers 

750°C, Fr = 1:1, 

GHSV=2300 h-1 
HTH+IMP  N.R. 

The obtained PSC samples 

possessed a great porosity, 

uniformity, excellent catalytic 

stability. 3.4% of Ni was found to 

be optimum with only 3.1% 

degradation of CH4 conversion. 

̴  87-90 ̴  60-87 ̴  0.85 [106]  

Ni-based on SiO2, 

TiO2, Al2O3, MA, 

ZrO2, MgO support 

 

 

750°C, Fr =1, 

60,000(ml/h gcat). 
IMP 

NiO/SiO2= 3.0 

NiO/TiO2=24.7 

NiO/Al2O3=16.3 

NiO/MA=1.7 

NiO/ZrO2=21.0 

NiO/MgO=4.2 

[/(mgc.(gcat.h)-1] 

MgO-modified Al2O3 exhibits 

superior catalytic performance in 

DRM even under very high GHSV 

and stable because of the formations 

of NiAl2O4 spinel and NiO-MgO 

solid solution. 

̴ 88 ̴ 90 N.R. [75]  

Ni-SiO2 

400-900°C, Fr = 1:1, 

Flow rate = 

70cm3/min 

MDS and 

IIMP 
N.R. 

The catalyst synthesized by 

modified direct synthesis showed 

less coke deposition and elevated Ni 

dispersion as compared to the one 

synthesized by incipient 

impregnation. 

80-87 86-94 1-1.2 [107]  
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Catalyst Used Reaction Conditions   
Preparation 

method Coke deposition Major finding/Conclusions 
Conversion (%) 

H2:CO References 
CH4  CO2 

Ni/Al2O3 and 

Ni/MgAl2O4 

600-750°C, Fr = 

1:1:1 Gas flow rate = 

60ml/min 

IWI 

Max. 53.3% C 

for DRM at 

600°C, (for 10% 

Ni/MgAl2O4) 

SMSI for Ni/Al2O3 and 

Ni/MgAl2O4, better dispersion of Ni 

metal for MgAl2O4 support. CH4 

and CO2 conversion is higher for 

Ni/MgAl2O4 than Ni/Al2O3 with 

similar coke formation. 

̴  85 75-79 ̴  0.73 [71]  

Ni/DMS 

700°C, Fr =1:1, 

WHSV = 18 000 mL 

gcat−1h−1 

OPS N.R. 

Ni/DMS catalyst showed 

outstanding performance with stable 

CH4 conversion of 76% at 700oC. 

Also, negligible coke formation and 

sintering is observed due to its 

surface morphology in which the Ni 

NPs are caged in 3-D layers. 

̴  76 83 0.9-0.95 [108]  

Ni on CNT, SBA-15, 

and doped Ni/SBA-15 

600°C-700°C , Fr = 

1:1, (SV) = 5000–

20000 h-1 

HTH+CVD  N.R. 

Ni/SBA-15 displayed improved 

performance in terms of conversion 

compared to Ni on CNT. Catalyst 

showed anti sintering property and 

negligible coke deposition. 

75 77 N.R. [95]  

Ni-MCM 

700°C, Fr =1:1, 1 

atm, flow rate = 30 

mL/min 

OPS and 

IWI 
N.R. 

Ni-MCM catalyst (synthesized by 

OPS technique) remained active and 

structurally stable due to smaller Ni 

particles, with low coke deposition. 

̴  72 ̴  80 ̴  0.9 [109]  

Ni/MFI zeolite 
800°C, Fr=1:1, 

50 mLmin-1 

MZSC + 

IMP 
N.R. 

The highest activity and stability are 

reported for wetness impregnation 

catalyst. Also, the extent of catalyst 

deactivation was low for 

corresponding conventional zeolite 

catalysts comparatively. 

̴ 70 ̴  72 ̴  1  [110]  

Ni/Ce0.62Zr0.38O2 
800 °C, , Fr= 1:1, 

GHSV=20,000 h-1 
IWI N.R. 

Among the three samples (i.e, Ni 

loading of 2, 4 and 10 wt%), 

Ni(10%)/CZ catalyst showed 

superior CH4 and CO2 conversion, 

uniform H2:CO ratio of unity but 

highest coke formation. 

̴ 40 ̴ 38 1 [91]  
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Catalyst Used Reaction Conditions   
Preparation 

method Coke deposition Major finding/Conclusions 
Conversion (%) 

H2:CO References 
CH4  CO2 

Ni/Al2O3 
600 °C, Fr = 1:1, 

Flow rate = 60ml/min 
SG,HTH N.R. 

Ni supported on MA, produced by 

the sol–gel route (Ni@SGA) 

exhibited utmost activity for DRM 

at 600 °C. 

̴ 35-37 50-47 1.25 [32]  

Ni/ZrO2, Ni/ZrO2–

MgO 

600°C, Fr =1:1, 

200mLmin-1 
CP+IMP N.R. 

MgO addition to the zirconia 

support displayed superior 

properties. This resulted in stable 

tetragonal morphology of catalyst 

and enhanced thermal stability. 

Ni/ZrO2–0.4%Mg showed optimum 

stability at 600°C. 

̴ 27 ̴ 33 N.R. [23]  

Promoted/Bimetallic Catalysts 

Ce/Ca promoted Ni-

MSC 

850 °C, Fr = 1:1, 

flow rate = 120 

mL/min 

ST+CIMP N.R. 

Simultaneous loading of Ce and Ca 

resulted in prohibition of coke 

growth and sintering of catalyst 

owing to synergistic effect between 

the promoters, whereas only Ca or 

Ce promoted catalyst showed coke 

deposition and poor performance. 

Max.96 Max.97 ̴  1 [82]  

Pd-CeO2 nanocrystals 

300–800 °C, WHSV 

=30,000 ml h_1 g_1, 1 

atm 

SFI N.R. 

Owing to elevated Pd dispersion the 

catalyst showed activity at low 

temperatures. The catalyst also 

showed improved activity, coke 

resistance and very less sintering 

during DRM. 

Max.̴ 93 Max.̴ 95 0.8-1.1 [111]  

Ni-SiO2, Ni-CeO2 and 

Ni NP sandwiched 

between CeO2 and 

SiO2 

600°C, Fr =3:2, 

GHSV=200 Lh−1 

gcat−1, 1 atm 

NPSN+IMP N.R. 

The sandwiched Ni catalyst was 

found stable at 600 °C for DRM 

(biogas), whereas Ni-SiO2 catalyst 

displayed comparatively elevated 

carbon deposition causing 

obstruction in reactor in 22 h. Also, 

very insignificant activity has been 

shown by Ni-CeO2. 

 

̴ 94 ̴ 87.25 ̴ 0.5 [112]  
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Catalyst Used Reaction Conditions   
Preparation 

method Coke deposition Major finding/Conclusions 
Conversion (%) 

H2:CO References 
CH4  CO2 

SmCoO3 perovskite 

700°C-800°C, Fr = 

1:1, WHSV =30,000 

ml h_1 g_1, 1 atm 

SGC N.R. 

High conversion for both reactants 

has been achieved at stoichiometric 

point. Also, considerable yield of 

hydrogen and carbon mono-oxide 

(67% and 65% respectively) has 

been noticed. 

Max.93 Max.93 0.8-1.6 [113]  

 [Ni-Mo/Al2O3] 

550 °C to 850 °C, Fr 

= 1:1, 

GHSV=20,000 h-1 

IMP N.R. 

The utmost catalytic activity has 

been shown by un-doped Ni/Al2O3 

catalyst; however, Mo doped 

catalyst proved out to be 

substantially inactive. Maximum 

conversions are obtained at 850oC. 

 

Max.91.1 Max.93.4 Max.0.93 [87]  

Ni–Mo/SBA-15 

800 °C, 1 atm, 

GHSV=4000 

ml/gcat.h     Fr = 1:1 

IWCIMP 
(0.00073gm. 

C/gm.cat.h)  

Bimetallic Ni–Mo showed reduced 

activity when compared to mono-

metallic Ni catalyst. However, 

elevated activity, least coke 

formation and prolonged stability 

has been achieved when Mo:Ni 

ratio tuned to 1:2. 

 

̴ 90 N.R. ̴ 1.17 [99]  

Ni/Al2O3 doped with 

Ce2O and La2O3 

800°C, Fr=1:1, flow 

rate = 60mLmin-1 
SG  N.R. 

Doping with Ce2O3 (10 wt%) 

enhanced the dispersion, basicity, 

and reducibility of the catalyst, 

whereas adding La2O3 (10 wt%) had 

almost no effect on conversion but 

gave the stable reaction for 8 h. 

 

89.6  91.2 0.86-0.95 [48]  

La0.8-

xSrxCr0.85Ni0.15O3 (x = 

0, 0.1, 0.2 and 0.3) 

600- 800 °C, Fr = 

1:1.       1 atm, GHSV 

between 3000- and 

12000-ml g-1 h-1 

SM N.R. 

La0.6Sr0.2Cr0.85Ni0.15O3-δ showed 

highest catalytic performance with 

stability. An increase in oxygen 

vacancy and basicity has been 

observed on adding Sr. 

 

̴  89 ̴  89 ̴  1 [114]  
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Catalyst Used Reaction Conditions   
Preparation 

method Coke deposition Major finding/Conclusions 
Conversion (%) 

H2:CO References 
CH4  CO2 

NiMgAl catalyst 

promoted with (0.15 

wt%) Sc, Y, Ce and 

Pr  

Fr = 1:1, Gas flow 

rate= 45 mL/min, 750 

°C 

CP N.R. 

Rare earth elements modified 

catalysts possess enhanced CO2 

adsorption sites, improved catalytic 

stability, conversion, and coke 

resistance (especially with Ce as the 

promoter). 

 

86-88 95-96 0.97-0.98 [89]  

Ni–Mg–Al (Varying 

Ni concentrations) 

500-800 °C, Fr= 1:1 

and WHSV = 60,000 

mL g-1h-1 

CIMP 
Varied from 2.7-

43.8 wt% gcat 

It has been concluded that at soaring 

temperatures (750oC) rise in active 

metal loading stabilize catalyst and 

vice versa. 12 wt% of Ni showed 

optimum activity. 

 

87 92 ̴ 0.92 [115]  

Ni-Y doped KIT-6 

MCM 

 

Fr = 1:1, 600°C to 

750 °C, (GHSV = 

20,000 h-1) 

IWI N.R. 

(Ni-8Y)/ KIT-6, (molar ratio Y/Si = 

0.05) displayed peak activity in 

DRM from 600°C to 750°C, 

Structural stability shown by TEM. 

 

Max.̴ 87 Max.̴ 90 0.87-1 [83]  

Ni and Ni-Co on 

different Al2O3, MgO 

supports 

800°C, Fr =1, 1 atm SG N.R. 

Nb-Zr promoted Ni-Co/Al2O3-MgO 

has consistently dispersed metal 

than Ni-Co/Al2O3-MgO.  

 

86.96 87.84 ̴ 1.1 [86]  

Sr promoted Ni+Co 

(5% each) on  γ-Al2O3 

500-700 °C, Fr = 1:1, 

1 atm, F/W= 60 

mL/min gcat 

IMP 

Varied between 

5.8-9.1 wt% for 

Sr promoted 

catalysts 

On doping the bimetallic catalyst 

with Sr resulted in reduced activity 

but boosted stability. Utmost 

stability obtained by 5Ni5CoSr0.75 

catalyst with least carbon 

deposition. 

84.9 82.3 N.R. [116]  

Ni-Co/MgO over 

monoliths 

600-800 °C, Fr =1:1, 

GHSV= 42000 and 

84000 mlgcat1h-1 

IWI 

41 wt% to 13.3 

wt% in absence 

and presence of 

3% O2 

Ni (8wt%) – Co (2wt.%)/MgO 

catalyst showed elevated activity, 

stability, reduced coke formation (at 

3% O2 feed) at 750°C. 

 

83 89 0.95 [93]  
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Catalyst Used Reaction Conditions   
Preparation 

method Coke deposition Major finding/Conclusions 
Conversion (%) 

H2:CO References 
CH4  CO2 

Ir on Al2O3 doped 

with (Na, K) and (Ba, 

Ca and Mg). 

750 °C, Fr = 1:1, 

flow rate = 20 mL 

min−1 

IWI N.R. 

Long time dry reforming reactions 

showed that iridium catalysts have 

elevated sintering resistance. 

Ir(1%)/Al2O3-Mg(10%) showed 

finest performance. 

81.2 93.5 0.75 [85]  

Ni-based on Al2O3-

CeO2, Mo 

(monometallic), Fe-

Mo, Pt-Mo 

(bimetallic) and Pt-

Fe-Mo (trimetallic) 

550°C -700°C, 

GHSV=12,000 

mLgcat
-1 h−1 

IWI N.R. 

Performance of Ni/Al2O3-CeO2 

catalyst enhanced extensively on 

adding Pt. Fe and Mo metals. The 

utmost conversions of CH4 and 

CO2, highest stability with coke 

resistance, elevated selectivity 

regarding H2/CO ratio has been 

observed over Pt/Fe-Mo/Ni/Al2O3-

CeO2 trimetallic catalyst. 

>80% 85% 0.79-0.91 [117]  

Ce (III) promoted Pt, 

Pd, Ni/MgO 

trimetallic 

700°C-900°C, Fr = 

1:1 and 2:1, GHSV = 

30ml min-1, 1 atm,  

CP  2.4 wt% 

Pt, Pd, Ni/MgO (trimetallic) catalyst 

gave very effective conversions for 

DRM at 900°C, little coke 

formation. Doping with Ce2O3 

further improved stability of the 

MgO cubic phase; enhanced its 

thermal stability, elevated basicity 

of support, reduced coke formation, 

and decreased reducibility of Ni2+, 

Pd2+, and Pt2+ ions. 

80 99 ̴ 1.1 [118]  

Co-Ni alloy on CeO2 

600-850°C, Fr = 

0.3:0.3, 1 atm, flow 

rate = 100 mL min-1 

IWI, CIMP N.R. 

Co:Ni of 0.8 supported over CeO2 

showed highest activity and stability 

at 800oC with least coke formation 

even after 10 h. 

80 85 0.72-0.80 [92]  

Pt (0.2-0.5%) 

promoted 

Ni/(10%)/Al2O3 

750°C, Fr =1:1, 1 

atm 
ESIMP N.R. 

It has been noticed that 0.5% Pt 

doped catalyst exhibited superior 

performance and durability with 

reduced coke formation 

comparatively. 

 

̴ 79 ̴ 97 ̴ 0.63 [119]  
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Catalyst Used Reaction Conditions   
Preparation 

method Coke deposition Major finding/Conclusions 
Conversion (%) 

H2:CO References 
CH4  CO2 

Ni–Mo2C (varying 

Ni:Mo molar ratios) 

500°C, Fr =1:1, W/F 

= 0.3 gscm−3 
AQC  N.R. 

During DRM Ni–Mo2C (1:1) got 

deactivated owing to carbon 

deposition and Ni–Mo2C (1:3) 

because of Mo2C bulk oxidation. 

Therefore 1:2 molar ratio of Ni/Mo, 

oxidation–reduction cycle was 

deduced showing it as a typical 

stable bi-functional catalyst.  

̴ 80 ̴ 90 ̴ 0.5 [98]  

Ni/Al2O3, Ni-

Co/Al2O3 

 and Ni–Co/Al2O3–

MgO  

800°C, Fr = 1, 1 atm SG N.R. 

Superior performance has been 

reported by CAT-3 in terms of 

better SMSI, coke resistance and 

durability for DRM. 

̴ 78 ̴ 87 ̴ 0.9 [120]  

Ni/Al2O3 promoted 

with (3 wt.%) MgO, 

CaO, and BaO 

700°C Fr from 

1:2 to 4:1, GHSV = 

12,000(ml/h gcat). 

IMP N.R. 

 Doping with MgO, CaO, and BaO 

reduced SBET but enhanced the 

catalytic activity. MgO showed 

highest activity by making it easy 

for Ni to get reduced and also 

reduced reduction temperature. 

̴ 76 ̴ 78 ̴ 0.91 [24]  

Ni/ZrO2 doped with 

(Ce, La, Sm and Y) 

700°C, Fr =1:1, 

GHSV= 24000 

mlgcat-1h-1 

IMP N.R. 

Improved CH4 dissociations and 

CO2 activation was observed with 

promoted catalysts with more coke 

deposition at temperatures below 

700°C.  

38-74 45-79 0.66-0.96 [81]  

Ni/SiO2 and 

Ni17W3/SiO2 

(Ni=10.7wt%, W=5.7 

wt%) 

800 °C, F/W = 

96,000 ml/g·h, 800 

°C, 1atm 

IMP N.R. 

Tungsten enriched catalyst showed 

superior performance and durability 

then mono-metallic Ni catalyst 

because α-WC is formed, which is 

very stable alloy. 

60-70 69-75 N.R. [96]  

TiN promoted Ni-

based SBA-15 

700 °C, Fr = 1:1, 

1atm 
HTH N.R. 

Merging Ni/SBA-15catalyst with 

TiN resulted in enhanced activity of 

catalyst and resistance against coke 

formation due to increase in basic 

sites. 10Ni/5TiN-SBA-15 showed 

appreciable stability for over 12 h. 

̴ 66 ̴ 71 0.8 [84]  
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Catalyst Used Reaction Conditions   
Preparation 

method Coke deposition Major finding/Conclusions 
Conversion (%) 

H2:CO References 
CH4  CO2 

Ni–Ce/MgAl2O4 

Fb = 1:0.8:0.4, GHSV 

of 530,000 ml/h-gcat, 

600°C to 650°C 

CIMP 
8.0% at 

Ce/Ni=0.25 

In CSCRM enriched dispersion of 

metal, outstanding reducibility, 

superior coke hindrance and 

prolonged activity has been 

obtained by Ni–Ce/MgAl2O4. 

 

Max. ̴ 66 Max. ̴ 35 ̴ 2.5 [97]  

La and Ca promoted 

Ni/ZL(A) and Ni/ZL 

(B) 

 

700°C, Fr = 1:1, 1 

atm, Flow rate=40 

ml/min. 

IWI N.R. 

The ZL-B support showed superior 

results with both Ni and Ca doped 

Ni catalysts (with boosted CH4 

conversion and elevated endurance) 

when compared to ZL-A support. 

 

Max. 60 Max. 65 N.R. [90]  

MNC Ni-M-Al2O3 

* (M =CeO2, La2O3, 

and ZrO2) 

600 °C, Fr = 1, 1 atm USCP N.R. 

Zirconia and lanthanum (5 wt%) 

proved out to be favorable whereas 

ceria was unfavorable for surface 

area of catalyst. Promoted catalyst 

displayed lower coke deposition, 

decreased activity unlike the Ce 

promoted catalyst. 

 

52-55 74-77 ̴ 0.75 [94]  

Na-doped Ni/ZrO2 

and Ni/ZrO2 
600 °C, Fr = 70:30  IWI 

(2.08 wt% for 

Ni/ZrO2, 0.11 

wt% for Na-

Ni/ZrO2) 

Na-promoted Ni/ZrO2 showed 

significantly higher activity, 

stability, WGSR promotion and 

SMSI. 

̴ 15 ̴ 50 0.71-0.78 [88]  

(0-2.8 wt%) Pt 

promoted Ni (5 wt%) 

/γ-Al2O3 

575-625 °C  , Fr 

=1:1, GHSV from 

33,000-49,500 h-1, 

1atm  

DIED 
3.54-7.21(mmol 

C/gcat) 

Ni rich alloy formed by electroless 

deposition showed a maximum 

activity for Pt loading on Ni.  

An interactive outcome on EA is 

observed at 525–600 °C for 

methane conversion. Although, at 

elevated temperature (700 °C) nano-

particulate alloy phases gets 

dispersed.  

 

Max.12 N.R. ̴  0.3-0.5 [80]  
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Catalyst Used Reaction Conditions   
Preparation 

method Coke deposition Major finding/Conclusions 
Conversion (%) 

H2:CO References 
CH4  CO2 

Trimetallic Catalysts 

LaNi0.34Co0.33Mn0.33O3 
800 °C, Fr =1:1.05, 

nearly 1 atm 
MWP N.R. 

Co improved the reaction rate 

whereas an SMSI was facilitated by 

MnO due to a synergistic effect of 

the tri-metals. Also, considerably 

elevated activity and stability has 

been observed with small carbon 

deposition for trimetallic catalyst in 

DRM. 

Max.̴ 94 Max.̴ 92 ̴ 1.15-1.2 [121]  

NiCoMn/ZrO2 doped 

with Ce, La, Ca, K 

800 °C, Fr = 1:0.8, 

1atm 
CP 

Lowest for Ni–

Co–Mn–Ce–ZrO 

catalyst, Highest 

for Ni–Co–Mn–

ZrO  =13.78wt% 

Doped tri-metallic (Ni-Co-Mn) 

catalyst noticeably improved 

conversions (of CH4 and CO2) and 

selectivity to H2 and CO 

comparatively. Ce and La showed 

stable and elevated conversions. 

Doped catalysts showed enhanced 

activity, durability, and low coking. 

Ce doping resulted in best activity. 

 

N.R. 
̴ 95.5 and 

89.9% 
N.R. [122]  

Ni-Co-Ru/ MgO-

Al2O3 

800°C, Fr=1:1, 10- 

30 mLmin-1, 1 atm  

ASG, BSG, 

NSG and CP 
N.R. 

Ni-Co-Ru/MgO-Al2O3 synthesized 

by NSG route displayed elevated 

and optimum stability and activity 

then the monometallic (Ni) catalyst 

with very less carbon formation. 

̴  92 ̴  93 ̴  1 [123]  

Ni-Au-Pt trimetallic 

catalyst supported on 

alumina and 

Alumina-X (X = ceria 

or 

magnesia) 

400-800 °C, Fr: = 

1:1, WHSV=60, 000 

mLg−1h−1 

SG+IMP 

19 wt. % for 

the Ni-Al sample 

and 9 mass% for 

Ni-Au-Pt-Al 

sample 

The composite (bi and tri-metallic) 

catalysts proved out to be better 

than monometallic catalysts. 

Enrichment of Ni with minute 

amount of Au and Pt gave 

synergistic interaction, which easily 

reduces NiO species and enhance its 

stability, performance, and coke 

resistance at 750oC. 

 

87.5-85 93-92 N.R. [22]  
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Catalyst Used Reaction Conditions   
Preparation 

method Coke deposition Major finding/Conclusions 
Conversion (%) 

H2:CO References 
CH4  CO2 

BaZr0.8649Ru0.1351O3, 

CaZr0.91087Ru0.08913O3 

and 

SrZr0.88729Ru0.11271O3 

500-800 °C, Fr =1:1, 

GHSV= 35,800 h-1 
MCAC 

(0.0049, 0.028 

and 0.0097) 

gcokegcatyst
−1 h−1 

respectively 

Catalysts synthetized by auto-

combustion technique displayed 

advanced reducibility, better surface 

area, excellent thermal strains, and 

thus improved performance in 

DRM. SrZrRUO3 gave the finest 

performance as per long durability 

and conversion. 

̴  70-75 ̴  80 0.8-0.97 [124]  

Note: Table 2.2 summarize the effect of catalyst support, promoters, bimetal and trimetal on the performance for DRM reaction. 

*Fr is the molar ratio of the feeding reactants for DRM (CH4: CO2- mol/mol)  

*Fb is the molar ratio of the feeding reactants for BRM (CH4: CO2: H2O- mol/mol/mol) 

*N.R is not reported 

*MFI (Mesoporous fibrous) 

*MCM (mesoporous silica) 

*NP (Nanoparticles) 

*MNC (Mesoporous nanocrystalline) 

*MA- magnesia-alumina 

*MZSC (microemulsion zeolite seed crystallization) 

*SG (Sol Gel), SGC (Sol-gel citrate), ASG (Acidic sol-gel), BSG (Basic sol-gel), NSG (neutral sol-gel) 

* MAME (microwave-assisted micro-emulsion) 

*CP (Co-precipitation) 

*IMP (Impregnation), CIPM (Co- Impregnation) 

*ESIMP (excess-solution impregnation) 

*IWI (incipient wetness impregnation) 

*IWCIMP (incipient wetness co-impregnation) 

*SM (Solution Method) 

*MDS and IIMP (Modified direct synthesis and incipient impregnation) 

*OPS (one- pot synthesis) 

*DIED (Dry Impregnation and electroless deposition) 

*MCAC (modified citrate and auto-combustion) 
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*NN (Ni nanoparticles with surface area: 55m2/g; particle size: 20 nm) by Loba Chemie, Mumbai, India). 

*ST (Soft template method) 

*HT (Hydrotalcite route) 

*EPG (epoxide- initiated gelation method) 

*HTH (hydrothermal method) 

*WCS (wet chemistry synthetic route) 

*MWP (microwave assisted Pechini method) 

*FOP (facile one-pot micelle method) 

*NPSN+IMP (Ni-phyllosilicate precursor route and SiO2 nanospheres followed by impregnation method) 

*USCP (ultrasonic assisted co-precipitation method) 

*SFI (surfactant induced method) 

*CVD (chemical vapor deposition) 

*TAST (template-assisted solvo thermal method) 

*AQC (Aqueous solution followed by carburization) 
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2.7 Trimetallic catalyst 

The synthesis of complex trimetallic catalysts was reported recently [22, 117, 125] to 

achieve surplus performance for ideal catalyst identification for DRM. In the last decade, various 

research evaluated the trimetallic catalysts which are summarized in Table 2.2 and the details as 

follows.  

Recently, Aramouni NAK et al. [123] studied the Ni-Co-Ru trimetallic catalyst via 

different (acidic/basic/neutral sol-gel and co-precipitation) synthesis routes and compared their 

performances. They found that the trimetallic (Ni-Co-Ru) catalyst displayed elevated stability 

and activity then the monometallic (Ni) catalyst. It has also been reported that the catalyst 

support synthesized by neutral sol-gel route gave the optimum performance compared to other 

catalysts. This may be due to the fine pores size in case of catalyst synthesized by neutral sol-gel 

method which inhibited the thick whisker carbon formation on its surface.   

Another trimetallic catalyst (Ni-based Pt-Fe-Mo) was synthesized by Jawad et al.[126] 

using incipient wetness impregnation technique and the catalytic performance of Ni/Al2O3-CeO2 

improved drastically on adding metals such as Pt, Fe and Mo. The best conversions of CH4 with 

>80% and CO2 approximately 85%, utmost stability and coke resistance, elevated selectivity 

concerning H2/CO ratio were observed over Pt/Fe-Mo/Ni/Al2O3-CeO2 trimetallic composite 

catalyst. The enhanced performance of this complex trimetallic catalyst is pertinent to an 

electronic amelioration of the surface Ni atoms due to FeOx/Ni and MoOx/Ni interactions. 

Trimetallic LaNi0.34Co0.33Mn0.33O3 catalyst for better activity and stability from the 

perovskite LaNiO3  was developed by Yong et al. [121] which is prone to acute coke formation 

microwave-assisted Pechini method. It was observed that on the introduction of Mn, the stability 

of the catalyst improved, and the addition of Co increased the reaction rate. A strong metal-

support interaction was aided by MnO due to a synergistic effect of the tri-metals; high activity 

and stability with minute coke formation were observed at drastic conditions of DRM for the 

trimetallic catalyst. 

Wu et al. [22] also synthesized bi and trimetallic (Ni, Au, Pt) catalysts supported on 

Al2O3 and Al2O3-MOx (M = Ce or Mg) oxides by classical sol-gel technique for support 

preparation followed by impregnation of the active metal.  It was noted that the composite (bi 

and tri-metallic) catalysts (Ni-Au, Ni-Pt, Ni-Au-Pt) showed better performance than 

monometallic catalysts. Introduction of a small amount of Au and Pt to Ni catalyst gave better 
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synergistic interactions, which easily reduced the NiO species and decreased the particle size 

thereby enhancing its stability, performance, and resistance against carbon formation. 

Apart from classical sol-gel technique, co-precipitation method was used to synthesize 

Pt-Pd-Ni trimetallic catalyst supported on MgO and MgO-Ce2O3 Al-doghachi and Hin [118]. The 

findings indicated that Pt, Pd, Ni/MgO (trimetallic) catalyst resulted in very effective 

conversions with CO2 equal to 99% and CH4 of about 80% for DRM at 900 °C. Reduced coke 

formation was noted, and the catalyst showed impressive thermal stability due to SMSI between 

Ce2O3 and MgO. Furthermore, doping with Ce2O3 improved the stability of the MgO cubic phase 

and enhanced its thermal stability and basicity of support besides reducing the coke formation 

and decreasing the reducibility of Ni2+, Pd2+, and Pt2+ ions. Similar co-precipitation method was 

used by Bhavani et al. [122] to synthesize trimetallic NiCoMn/ZrO2 catalyst doped with alkaline 

and rare earth metals (Ce, La, Ca, K). The findings showed that doped NiCoMn/ZrO2 catalyst 

exhibited improved conversions of CH4 and CO2 and enhanced selectivity to H2 and CO. Besides 

that, doped catalysts also showed enhanced activity and better stability with negligible coke 

deposition; meanwhile, Ce-promoted Ni-Co-Mn/ZrO2 catalyst displayed the highest activity with 

minute reduction in activity even after the reaction. This is due to increase in the number of very 

strong basic sites (53.14 μmol/g) on doping with alkaline earth metals as per the TPD analysis of 

catalyst. Rare earth metals such as Ce and La were comparatively more efficient than alkaline 

metals such as Ca and K. The promoters affected the catalyst in numerous ways i.e., increased 

the active sites, reduced the crystal size, and enhanced the metal dispersion as per the 

characterization results. Moreover, the reason quoted for the enhanced performance of this 

composite catalyst is the proposed reaction mechanisms on the catalytic surface, i.e., firstly, the 

breakdown of CH4 on the metallic surface and then decay of CO2 at the interface of metal–

support to yield CO. The catalytic activity relies greatly on CH4 activation on metallic sites, that 

may be somewhat impeded by carbon. Another proposed correlation for DRM is the association 

between the catalytic activity and number of basic sites measured by CO2-TPD. However, still 

the mechanism of auto-thermal reaction for supported composite catalysts (for example 

NiCoMn/ZrO2) is still under debate.    

Hence for trimetallic catalyst it may be inferred that the properties such as dispersion of 

metals, oxygen vacancies and transportability within the catalyst, resistance to coke formation 

and morphology can be enhanced to a large extent by appropriate selection of metals that will fit 
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in the crystal lattice of the catalyst to improve its overall stability. However, still the knowledge 

of reaction mechanism pertinent to composite catalyst system is necessary.  

2.8 Study of spent catalysts 

The study of spent catalyst is of vital importance because it provides the evidence and better 

insight into the reaction mechanism [110, 127]. The investigation of spent catalyst also draws 

curtains and provides the information of the amount and type of carbon formed during the DRM 

reaction [128–130]. This helps in inference of a better catalyst and hence its desirability. Several 

studies independently proposed that apart from the amount of carbon formed, the type of carbon 

plays a key role in the prolonged activity of catalyst [100, 107, 108]. The type and amount of 

carbon formed during the reaction can be easily characterized via SEM, TEM, TPO and 

RAMAN analysis [109, 131]. Thereby, categorizing it into amorphous, filamentous, graphitic, 

carbon nanosheets, carbon nanotubes (CNTs), multiwalled carbon nanotubes (MWCNTs) [106], 

[132]. For an instance, recently Dou et al. [133], sandwiched SiO2@Ni@ZrO2 and SiO2@Ni 

catalyst by wet chemistry synthetic route was used and tested for DRM.   

 

Figure 2.2. (a, b) TEM images and (c–h) EDX mapping of spent SiO2@Ni@ZrO2 catalyst after 

dry reforming reaction  [133]. 

The spent catalyst characterized by transmission electron microscopy (TEM) to examine 

carbon deposition has been shown in Figure 2.2. The dispersion of Ni nanoparticles along with 
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the different other existing elements and carbon (Figure 2.2 (g)) can be seen clearly in the 

elemental mapping of the spent catalyst.  

The type of carbon formed also depends on the morphology and hence the preparation technique 

of the catalyst [113, 134]. Recently, Bagheri-mohagheghi [135], and Jeong et al. [136] 

independently stated that the method of catalyst synthesis plays a decisive role in the structural 

characteristics and performance of catalyst. It has been concluded by resent investigations that 

the type of carbon formation greatly influences catalytic performance. If the coke formed during 

the DRM reaction is of the form of amorphous and carbon nanosheets, they will shroud the 

active sites of the catalyst [73]. This will result in the lower activity and hence the degraded 

performance of the catalyst. However, if the coke formed is of CNTs and MWCNTs type, the 

catalyst will remain active for extended duration of time [137, 138]. This is due to the fact that 

CNTs/MWCNTs does not stick to the catalyst surface, but grow on the catalyst surface either by 

tip of base growth mechanism [139]. Further, it has also been investigated and inferred by Q. Ma 

et al. [140] that the site position of active metal in the CNTs also influence the performance of 

the catalyst (cf. Figure 2.3). 

 
Figure 2.3. The pictorial illustration of effect of position of active metal (Ni) on the performance 

of catalyst [140]. 

The life of the catalyst in DRM process depends on the operating conditions such as reaction 

temperature, feed gas ratio, composition, or percentage doping of the active metal in the catalyst. 

The deactivation of catalyst can be due to thermal degradation resulting in sintering or by coking.  

Hence it is tough to predict life period of a catalyst. However it has been studied that the 

phenomenon of coking occurs due to Boudouard reaction, which takes place at lower ranges of 



 

37 

temperature Jang et al. [68]. The carbon formed owing to methane decomposition blocks the 

active sites of the catalyst Ochoa et al. [141].  

2.9 Optimization study using Response Surface Methodology  

Apart from catalyst’s physicochemical properties, the operating parameters i.e., reaction 

temperature and the reactants partial pressure are the key factors, that needs to be considered for 

the optimum performance and durability of the catalyst during DRM [142]. A few studies 

reported the conventional practice of optimization by varying one variable at a time while 

keeping others as constant. However, this approach is time-consuming and does not consider the 

interaction between the studied variables. Hence, it is unable to reach the true optimum. 

Therefore, Response surface methodology (RSM) is employed for efficient and simple 

optimization with a fewer number of experiments.RSM is a very convenient statistical analysis 

tool developed by Box and Wilson in 1951, employed for process optimization and design of 

experiments (DOE) [143]. The tool is useful in relating various independent input variables with 

one or more responses [144]. Several RSM analysis have been carried out by different 

researchers for optimization study of DRM. However, many disparities in results have been 

reported, which could be due to the different behavior, mechanism and side reactions taking 

place with different catalysts [145].  

 The RSM interface requires a set of experimental data as input and response variables to 

generate the three-dimensional (3-D) plots using the generated polynomial equation from DOE. 

The DOE obtained by RSM is advantageous since it significantly reduces the experimental time, 

operation cost and increases the process efficiency [146, 147]. RSM has several interface tools 

such as central composite design (CCD), Box-Behnken design (BBD), Boehlert Matrix design 

(BMD), and Plackett Burman design (PBD) which can be used for process optimization 

purposes. The various optimization studies conducted by researchers for DRM has been 

summarized in Table 2.3. The effect of various input process parameters i.e., reaction 

temperature and feed ratio (CH4: CO2) and GHSV on the conversion of CH4, CO2 and syngas 

(H2:CO) ratio, have been investigated using RSM. However, CCD has been extensively used for 

DRM applications due to its better fit with quadratic models and two input variable [148]. 

Further, the significance of CCD is its capability of processing a reduced number of experiments 

and to forecasting both the quadratic and linear parameters interaction [149, 150].  
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Table 2.3: Summary of literature on optimization of syngas production from catalytic reforming of CH4 and CO2 using RSM. 

Optimization 

Approach 

(RSM) 

Catalyst Factors Responses 

Optimum Conditions 

Factors Responses Reference 

CCD Ni/SiO2 
Temp. (600 oC-800oC), 

CH4: CO2 (0.25-4) 

Conversions (%CH4 

and %CO2), H2:CO, 

Carbon content 

Temp = 800oC, CH4: 

CO2 = 2.125 

%CH4 conv.= 79.6, 

%CO2 conv.= 84.2, 

H2:CO=0.4, Carbon 

content =51.1 gm 

[151] 

CCD 

Ni-

Co/MgO-

ZrO2 

Temp. (700 oC-800oC), 

CH4: CO2 (1-5), GHSV 

(8,400-200,000), O2 

concentration (3-8) 

Conversion (%CH4) 

and H2 yield (%) 

Temp = 749oC, CH4: 

CO2 = 0.33, O2 conc. 

= 7 mol% 

%CH4 conv.= 88 

H2 yield (%) = 86 
[152] 

CCD 
Ni–

Co/MSN 

Temp. (700 oC-800oC), 

CH4: CO2 (1-5), GHSV 

(10,000-60,000 mL g-1 h-1) 

Conversion (%CH4) 

Temp = 783oC, CH4: 

CO2 = 3, GHSV= 

38,726 mL g-1 h-1 

%CH4 conv.= 79.6 [153] 

CCD 

Ni-

La@KCC

-1 

Temp. (680oC-820oC), 

CO2:CH4(0.5-4.5), GHSV 

(5000-55000 mLg-1 h-1) 

Conversions 

(%CH4), CO2:CH4, 

GHSV 

Temp = 810oC, CO2: 

CH4=1, GHSV= 

35,500 mL g-1 h-1 

%CH4 conv.= 96.46, [154] 

CCD 
15%Ni / 

CaFe2O4 

Temp. (700 oC-800oC), 

CH4: CO2 (1-5), GHSV 

(8,400-200,000) 

Conversions (%CH4 

and %CO2), H2 and 

CO yield (%) 

Temp = 832.45oC, 

CH4: CO2 = 0.96, 

GHSV=35,000 mL g-

1 h-1 

%CH4 conv. = 85, 

%CO2 conv. =88, H2 

yield (%) = 75.76, CO 

yield (%) = 77.82 

[49] 

BBD Co/Sm2O3 

Partial pressures (CH4 and 

CO2 from 10-50), Temp. 

(650 oC-750oC) 

H2 and CO yield (%) 

Partial pressures 

(CH4= 47.9kPa, 

CO2=48.9kPa), 

Temp = 735oC  

H2 yield (%) = 79.4,  

CO yield (%) = 79.0 
[155] 

BBD Co/CeO2 

Partial pressures (CH4 from 

10-50), Temp. (650 oC-

750oC), CH4: CO2 (0.4-1) 

Conversions (%CH4 

and %CO2), H2:CO 

Partial pressures 

(CH4= 46.85kPa), 

Temp = 727oC, CH4: 

CO2=0.6 

%CH4 conv.= 74.85, 

%CO2 conv.= 76.49, 

H2:CO=0.97 

[156] 

BBD 
Co/α-

Al2O3 

Partial pressures (CH4 and 

CO2 10-50), Temp. (650 

oC-750oC) 

H2 yield (%) 

Partial pressures 

(CH4= 50 kPa, 

CO2=32 kPa),  750oC 

H2 yield (%) = 71.38 [157] 
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2.10 Reaction Kinetics of dry reforming of methane 

Kinetic studies for reforming of CH4 were performed to acquire an appropriate reaction 

rate, as this is the main area of concern for both industries and academia. It can be an 

experimental or theoretical based mechanism of the reaction, whichever that is consistent with 

the corresponding experimental statistics for curve fitting and depicts the reaction rate of the 

process Wang and Lua [158]. Since the last decade, SRM has attracted a lot of consideration 

regarding mechanistic studies. Nevertheless, when DRM was introduced as the potential green 

alternative for both GHG’s reduction and syngas production, numerous studies were carried out 

for DRM kinetics and mechanistic which are essential to optimize DRM process, reactor, and 

catalyst design. 

Generally, power-law of model was used for estimating the initial guesses about 

activation energy, rate constant and order of the reaction (see eqn. 2.9). However, this model was 

unable to signify the overall kinetics of the reaction since it does not consider all the elementary 

steps involved in the reaction Kathiraser et al. [65]. The main advantage of this model is its 

easier execution in methane reforming reaction. To get a better insight of all the mechanistic 

steps or elementary reaction involved in the reaction, various rigorous models such as Langmuir-

Hinshelwood (LH) and Eley-Rideal models (i.e., ERI and ERII) were applied in the literature. 

Initial studies performed by Zhang and Verykios [159] for understanding the kinetics of 

nickel-based catalysts for DRM.  They computed the apparent activation energy for nickel-based 

catalysts supported on Al2O3, CaO and Al2O3/CaO. The results revealed that the apparent 

activation energy of Al2O3 supported nickel catalyst was 72.7 kJ mol-1 and considerably 

decreased to 35.0 kJ mol-1 for Ni/ Al2O3/CaO catalyst, owing to the better dispersion and high 

reducibility. Moreover, LH was also applied by considering the effect of basicity of CaO and 

methane cracking as the rate-determining step (see eqn. 2.9). The model reasonably fitted to the 

data, this study did not provide kinetic parameters and adsorption values. 

R = 
aPCH4PCO2

2

(PCO2+bPCO2
2 +cPCH4)

2       (2.9) 

Similarly, Mark et al. [160] performed kinetics over Ir/Al2O3 catalyst and applied various 

rate models by fitting the data to the experimental data. They proposed that during dissociative 

adsorption of methane, the rate-determining step is the methane decomposition at the surface of 

Ir/Al2O3 catalyst to hydrogen and carbon. Whereas the carbon when combine with CO2 gets 
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converted to 2CO by fast conversion. The rate equations were formulated according to the LH 

and Eley-Rideal models (see eqns. 2.10 – 2.14). 

The catalytic dry reforming reaction basically proceeds in three main steps, mainly adsorption, 

formation of educts and finally desorption. In the first step the reactant gases (i.e., mainly CH4 

and CO2) get chemisorbed on the catalyst’s surface. The second step proceeds with the formation 

of educts or intermediate species at the catalyst surface. Finally, the educts form the product (i.e., 

CO and H2) that gets desorbed from the catalyst’s surface. The ER I and ERII models (eqns 2.13-

2.14) provides a comparatively better approach of reaction mechanism compared to the PL 

model. The Eley-Rideal models (i.e., ERI and ERII) assumes that one of the reactant gases (CH4 

in case of ERI and CO2 in case of ERII) gets adsorbed on the surface of the catalyst. Whereas 

another gas does not get adsorbed and remains in the gaseous phase. The adsorbed gas then 

forms educt which reacts with the free gas present in its vicinity. Finally, the product gases are 

desorbed from the catalyst’s surface. On the other hand, the LH model (eqn. 2.14) gives the most 

realistic approach for the reaction mechanism and hence most applicable for DRM reactions. The 

LH model assumes that in the first step, both the gases get adsorbed on the surface of the 

catalyst. In the second step, both the adsorbed species forms educts, which finally forms products 

and gets desorbed from the surface of the catalyst. The LH model gives the best fit between the 

experimental and predicted reaction rates. 

Basic Reaction: 

CH4 + C02 ⇄ 2C0 + 2H2                                                                     (2.10) 

Power Law (PL): 

R =  𝑘[PCH4]m[PCO2]n          (2.11) 

Eley Rideal I (ERI): 

R = 
𝑘.KCO2.PCH4.PCO2

1+ KCO2.PCO2
         (2.12) 

Eley Rideal II (ERII): 

R= 
𝑘.KCH4.PCH4.PCO2

1+ KCH4.PCH4
         (2.13) 

Langmuir-Hinshelwood (LH): 

R = 
𝑘.KCH4.KCO2.PCH4.PCO2

(1+KCH4.PCH4+ KCO2.PCO2)2
       (2.14) 
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Numerous other studies using various Ni-based catalysts have shown different activation 

energy values of carbon dioxide and methane in DRM which indicated that CH4 molecules are 

much more stable than CO2 due to its steady tetrahedral structure and hence resulted in higher 

activation energy than CO2 Nagaoka et al. [161].  Furthermore, Kathiraser et al. [65] studied and 

demonstrated that basicity of catalyst support, bimetallic interactions and promoters have a great 

influence on the activation energy barrier of the DRM. The summary of the kinetic studies 

carried out recently with major outcomes is shown in Table 2.4. 

Recently, Cheng et al. [130] performed a mechanistic study using an in-situ IR adsorbed 

CH4, CO2 and CO2+CH4 for DRM. The findings confirmed that DRM reaction occurred at 

300oC by the formation of transition species which are unidentate and bidentate carbonate 

through the pathway of CO2 dissociation and CO2 adsorption reactions. The intended mechanism 

of syngas production by DRM using the 10Ni/DFSBA-15 catalyst is displayed in Figure 2.4. 

DRM activity was instigated by adsorption of the feed gases which are CH4 and CO2 against 

Ni/DFSBA-15 surface. CO2 gets dissociated into CO and O against the oxygen vacant positions 

of Ni/DFSBA-15. Simultaneously, the CH4 also gets dissociated over the active Ni metal site to 

form CHx and H groups. The H2 and CO gases were produced by the contact of transition species 

with CH4 molecules. The catalyst exhibited good regeneration abilities with very insignificant 

catalyst deactivation. 

  



 

42 

Table 2.4. Recent kinetic studies and their key outcomes for DRM reaction. 

Catalyst 
Reactor 

Type 

Modeling 

Method 
Key findings Reference 

Ni/DFSBA-

15 

Continuou

s tubular 

stainless 

steel 

(ID=11 

mm) 

Quadratic 

Model 

The mechanism study proved that the 

transition species (unidentate and 

bidentate) are formed by dissociative 

and adsorption process of CO2. The 

FTIR analysis also verified it. Further, 

syngas was formed when the transition 

species interact with methane during the 

DRM reaction at 300oC. 

[130]  

Pt N.R. DFT 

Kinetics results concluded that CH 

dissociative adsorption on Pt (1 1 1) 

surface is the rate-controlling step; and 

the principal reaction follows route (C) 

for CH oxidation. 

[162]  

Ni-Fe-MgO 

Fixed-bed 

quartz 

reactor 

(ID=10 

mm) 

Kinetic 

modeling 

(Arrhenius 

plot and 

modified 

Wigner-

Polanyi 

equation) 

Kinetic results revealed that Fe slow 

down the degree of CH4 split-up, which 

is the regulatory step for the reaction. 

Elevated oxygen concentration was 

observed over Ni-Fe alloy catalysts with 

greater Fe loadings, slightly intensifying 

slight surface oxygen. Furthermore, the 

gasification of surface carbon was 

observed by gas phase CO2 kinetically. 

[163]  

Ni 

Fixed bed 

plug flow 

reactor 

DFT 

Kinetic study result showed that the 

successive dissociation of CH4 

succeeded by oxidation of carbon by 

atomic O2 is the governing pathway for 

reaction. Also, at low concentration of 

CH4 and CO2, the overall reaction rate 

will be governed by dissociative 

adsorption of CH4 and oxidation of 

carbon, whereas at elevated pressures 

oxidation of C is proposed as the rate 

governing step for DRM. 

[164]  

Pt–Ni 

Fixed bed 

down-flow 

tubular 

quartz 

reactor 

Kinetic 

modeling 

(power-law 

rate 

expression) 

Results showed that elevated Ni:Pt 

loading ratio inhibited CO and CO2 

consumption dominated on the catalyst. 

Whereas at low Ni:Pt loading ratio 

feebler CH4 adsorption is noticed and 

CO limiting effect is almost diminished. 

[165]  
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Figure 2.4. Reaction scheme of Ni/DFSBA-15 over DRM. (a) bidentate carbonate, (b) unidentate 

carbonate, (c) linear carbonyl [130]. 

Niu et al. [162] worked on density functional theory analysis (DFT) using a micro-kinetic model 

to compute the reaction mechanism of Pt catalyst for DRM. The energies of adsorption for the 

reactants, products, intermediates a in the DRM process are computed over the Pt (1 1 1) surface. 

For CO2 activation method, three viable reaction pathways were studied for CO2 decomposition 

as shown in Figure 2.5:  

(I) CO2* + * → CO* + O* 

(II) CO2* + H* → COOH* + * → CO* + OH* 

(III) CO2* + H* →mono-HCOO* + * → bi-HCOO* + * [CO2* + H* → bi-HCOO* + *] →  

CHO* + O* 

The path I require activation hindrance of 1.809 eV and the forward reaction is strongly 

endothermic). Furthermore, the kinetic results showed that the process is resilient to proceed on 

Pt (1 1 1) surface. Meanwhile, path II is a simple step which can be carried out with the lower 

activation barrier of 0.746 eV. Path III compels an elevated activation barrier hence highly 
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endothermic, which leads to the minimal forward rate constant. Hence it has been concluded that 

Path II is the dominant reaction pathway in CO2 activation. 

 

 

 

Figure 2.5. Energy pathways and profiles for the three different pathways in CO2 activation: (I) 

CO2* + * → CO* + O*; (II) CO2* + H* → COOH* + * → CO* + OH*; (III) CO2* + H* → 

mono-HCOO* + * →bi-HCOO* + * [CO2* + H* → bi-HCOO* + *] → CHO* + O* [162]. 

 

 

Figure 2.6. Energy profiles for the two pathways in CH oxidation by O: (A) CH* + O* → CHO* 

+ * → CO* + H*; (B) CH* + O* → COH* + * → CO* + H [162]. 
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Figure 2.7. Energy profiles for the two different pathways in CH oxidation by OH: (C) CH* + 

OH* → CHOH* + * → CHO* + H*; (D) CH* + OH* → CHOH* + * → COH* + H [162]. 

The dissociative adsorption of CH on Pt (1 1 1) surface was found to be the rate-

controlling step. CH group was present in a high amount on Pt (1 1 1) surface, which suggested 

that coke formation from dehydrogenation of CH4 is difficult corresponding to the Pt (111) 

surface. The chief pathway for CH oxidation as shown in Figure 2.6 and Figure 2.7 can be 

summarized as: CH* + OH* → CHOH* + * → CHO* + H* → CO* + 2H*. It was also deduced 

that Ni catalysts can be improved by introducing novel metals like platinum (Pt) to increase its 

resistive ability to avoid deactivation in industrial production processes.  

According to T. Zhang et al. [163], for MgO supported Fe-Ni alloy catalyst, the addition of Fe 

reduced the activity of Ni metal surface while increasing the coke resistant property, enhanced 

durability and enriched surface coke gasification. Its kinetics showed that Fe slows down the rate 

of CH4 dissociation, which is the rate-controlling step for coke deposition and reforming 

reaction, thereby slowing down the formation of coke and deactivation of the catalyst surface. 

Alternatively, Fan et al. [164] developed a thorough micro-kinetic model centered on DFT 

calculations to find new horizons of reaction mechanism in DRM for Ni catalyst. The principal 

pathway was found to be the consecutive methane dissociation followed by oxidation of carbon 

from atomic oxygen. This model also showed that at low partial pressures of CH4 and CO2, both 

oxidation of carbon and dissociative adsorption of methane cooperatively dominated the whole 

rate of reaction, whereas, at higher pressure, oxidation of carbon is proposed as the rate-

controlling step of reaction which was in contradiction with the general experimental results.  



 

46 

Aksoylu and Özkara [165] performed a comparative study on the kinetics of DRM over Pt–Ni 

supported on Al2O3 catalyst. The authors observed that power-law model rate expression attained 

for 0.3%Pt-10% Ni/Al2O3 have reaction order of unity for CH4 and 0.87 for CO2 whereas for 

0.2%Pt-15% Ni/Al2O3, reaction orders of 1.09 and 1.40 for CH4 and CO2, respectively. An 

elevated Ni: Pt loading ratio was reported to inhibit CO and CO2 consumption dominated on the 

catalyst, whereas at low Ni: Pt loading ratio weaker CH4 adsorption was noticed and hence the 

consuming ability of CO2 as the oxygen source increased and CO inhibition effect is almost 

eliminated. 

2.11 Research Gap 

DRM is a promising technique to convert these two GHG’s (i.e., CO2 and CH4) into syngas with 

H2:CO ratio of unity. This syngas can be directly utilized in Fischer-Tropsch synthesis. However, 

still DRM is not commercialized due to several limitation in the process. The DRM process 

demands the use of catalyst due to its highly endothermic nature. The noble metal-based (i.e., Pt, 

Pd, Rh, Ir, Ru, and Au) catalysts cannot be commercialized due to its very high price, whereas 

the Ni-based catalysts which have shown the comparable activities have stability problem. The 

main problems associated with Ni-based catalysts is high coking and sintering. The coking 

blocks the active sites of the catalyst and deactivates it whereas due to sintering the morphology 

of catalyst gets ruptured. The catalyst stability depends on several factors such as MSI, durability 

of catalyst support at elevated temperatures, thermal stability of catalyst, surface area, and 

dispersion of active metal in the catalyst support. The Al2O3 support has a high surface area, but 

coke formation is its main limitation due to its acidic nature. The MgO has high coke resistance, 

due to formation of solid solution between Ni and MgO (as Ni–Mg–O). However, Ni/MgO has 

low activity then Ni/Al2O3, under the similar reaction conditions. Its (MgO) elevated thermal 

stability and high basicity is a promising feature that encourage researcher to use MgO into 

highly endothermic DMR reaction. The introduction of MgO as a support also helps in better Ni 

dispersion within the catalyst surface, which ultimately results in  elevated activity and low 

deactivation of catalyst [166]. Hence a mixed oxide support (Al2O3 and MgO) is a promising 

approach. The method of catalyst synthesis also plays a key role on the performance and 

durability of the catalyst as per the studies of Bagheri-Mohagheghi et al. [135] and Jeong et al. 

[136]. The mixed bimetallic oxide support, with Al2O3:MgO of 1:2 has shown the optimum 

performance as per the works of Zhu et al.[74]. To the best of author’s knowledge, the analysis 



 

47 

for optimum Ni loading and the effect of tungsten (W) addition as bimetal on Al2O3-MgO 

support employing the proposed methodology, has not yet investigated. 

Hence in the present study a series of Ni loaded on Al2O3-MgO catalysts are synthesized and 

characterized for screening  of optimum Ni loading. The effect of W addition as bimetal was 

then investigated on optimum Ni loaded catalyst. Finally, the optimization of parameters for 

optimum the optimum Ni-W/ Al2O3-MgO catalyst has been carried out using RSM; followed by 

micro kinetic modelling using the available kinetic models.   
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CHAPTER 3 

3. MATERIALS AND METHODS 

3.1 Chapter Overview 

This chapter covers the description of materials used, the methodology adopted for catalyst 

synthesis, equipment involved, the characterization techniques used and the analysis of catalysts 

activity. Figures 3.1 display the research flowchart for different activities carried out along with 

optimization and  kinetic study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Research workflow for synthesis, characterization, and performance evaluation, 

optimization, and kinetic studies of catalysts.  

Methodology for catalyst’s synthesis  

Co-precipitation (1-step method) Co-precipitation + impregnation (2-step method) 

2-step synthesis proved out to be better and adopted for further investigation. 

Screening of optimum Ni loading in xNi/Al
2
O

3
-MgO(x = 10%-16%) 

Catalytic performance testing for DRM + Catalyst characterizations 

Optimum Ni loaded catalyst for further investigations 

Screening of optimum Ni-W bimetallic catalyst 

Ni-xW/ Al
2
O

3
-MgO bimetallic catalyst synthesis (x = 2%-8%)  

Catalytic performance testing for DRM + Catalyst characterizations 

Optimum W loaded catalyst for stability test and further investigations 

Objective 1 

Objective 2 

Optimization of process parameters via RSM   

Kinetic modelling for DRM by PL, LH, ER I and ER II models  

Objective 3 

33 

Objective 4 

Analyze the 

results 

Analyze the 

results 

Yes, promising 

 results 

Yes, promising 

 results 
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3.2 Materials 

The different precursor chemical salts were obtained from Sigma Aldrich for this research work. 

Nickel Nitrate Hexahydrate (Ni(NO3)2.6H2O), Ammonium Tungstate 

((NH4)10(H2W12O42).4H2O), Magnesium Nitrate Hexahydrate (Mg(NO3)2.6H2O), Aluminum 

Nitrate Hexahydrate (Al(NO3)3.9H2O) were used as precursor salts for catalyst synthesis. The 

ammonia solution was also obtained from Sigma Aldrich to carry out the catalyst synthesis. The 

chemical salts and the gases used along with their purity has been displayed in Table 3.1. 

Table 3.1. List of precursor salts used in the catalyst synthesis. 

Chemical Name Linear Formula Uses Supplier 

Mass 

Fraction 

Purity 

Nickel Nitrate 

Hexahydrate 
Ni(NO

3
)

2
.6H

2
O 

Impregnation of Ni metal in 

support 
Sigma Aldrich >99.9% 

Ammonium 

Tungstate 
((NH

4
)10(H

2
W

12
O

42
).4H

2
O) 

Impregnation of W metal in 

support 
Sigma Aldrich >99.9% 

Magnesium Nitrate 

Hexahydrate 
Mg(NO

3
)

2
.6H

2
O 

Provide MgO in support 

preparation via co-precipitation 
Sigma Aldrich >99% 

Aluminiun Nitrate 

Nonahydrate 
Al(NO

3
)

3
.9H

2
O 

Provide Al2O3 in support 

preparation via co-precipitation 
Sigma Aldrich >99% 

Ammonia solution NH
4
OH 

Maintain basic pH of solution 

during support preparation 
Sigma Aldrich 28 wt% 

Methane CH4 Reactant gas for DRM Linde Malaysia  99.5% 

Carbon dioxide CO2 Reactant gas for DRM Linde Malaysia 99.99% 

Hydrogen H2 
Activates catalyst pre-DRM 

reaction and GC gas supply 
Linde Malaysia 99.5% 

Nitrogen N2 Purging Gas Linde Malaysia 99.99% 

Argon Ar GC gas supply Linde Malaysia 99.99% 

Helium  He GC gas supply Linde Malaysia 99.99% 
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3.3 Catalyst Preparation 

The catalysts were prepared by employing the two-step synthesis method, i.e., co-precipitation 

followed by impregnation. The two-step synthesis technique proved out to be better than the 

single step (co-precipitation) method, in terms of catalytic performance and activity [44]. The 

mixed metal oxide alumina-magnesia (Al2O3-MgO) support with Al2O3:MgO of 1:2 was 

prepared by co-precipitation method employing Al(NO3)3.9H2O and Mg(NO3)2.6H2O salts from 

Sigma Aldrich as precursor chemicals. The Al2O3:MgO of 1:2 is used since it provided the most 

stable performance throughout the reaction as per our study and the investigations of Zhu et.al 

[45]. Stoichiometric quantity of precursor chemicals was dissolved in distilled water at constant 

stirring on a hot plate magnetic stirrer at a temperature of 80oC until a clear solution is obtained. 

Thereafter, ammonia solution (28 wt.% in water) is added dropwise to the mixture as a 

precipitating agent with constant stirring while maintaining the pH at about 9-9.5 throughout the 

stirring. The reaction mixture is aged for 10h with continuous stirring at 80oC. The precipitate 

formed is washed and filtered with distilled water. The slurry obtained was dried at 110oC for 

12h and then calcined at 850oC for 4h in the furnace under static air (ramping rate of 5oC/min) 

[167, 168]. The calcination temperature for the catalyst is chosen as 850oC to avoid the weight 

loss of catalyst during the DRM reaction since the reaction is carried out at 800oC. The Further it 

has also been reported in a study by Al Fatesh et al. [167]  that a catalyst calcined at highest 

temperature displayed highest conversion. Similarly in another study by Feng et al. [102] 

explained that the catalyst calcined at highest temperature showed stronger and more active sites 

for the adsorption of CO2 and that the presence of surface H would promote the dissociation of 

CO2 into CO.  Also in a recent study by Bao et al. [169] the DRM catalyst has been calcined at 

850oC for 4 hours, hence in the light of above available literatures the calcination temperature 

has been chosen for the catalyst preparation. The stoichiometric amounts of Ni (Ni(NO3)2.6H2O) 

salt was weighed and mixed with distilled water to the known weight of the support to obtain the 

different monometallic Ni catalysts. Similarly, stoichiometric amounts of Ni (Ni(NO3)2.6H2O) 

and W ((NH4)10(H2W12O42).4H2O) salts were weighed and mixed with distilled water to the 

known weight of the support to obtain the different bimetallic Ni-W catalysts. The procedure is 

conducted by addition of water on the support until the first drop of water appeared on the 

surface of the support, which indicated that the catalyst support is saturated and cannot absorb 

water anymore. The mixture is aged for 6h under constant stirring at 80oC. The excess water is 
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then evaporated and dried at 110oC for 12h, and the catalyst is calcined at 850oC for 4h in static 

air. Hence, a series of differently Nickel loaded catalysts (i.e., 10 wt.% (Ni10), 12 wt.% (Ni12), 14 

wt.% (Ni14) and 16 wt.% (Ni16)) were obtained. The 12 wt% Ni loaded catalyst has shown the 

optimum performance and hence used for further investigation for bimetallic catalysts. 

Thereafter, a series of catalysts having fixed Ni amount (i.e., 12wt%Ni/Al2O3-MgO) and varying 

W concentration (in wt%) has been prepared as 12%Ni/Al2O3-MgO, 12%Ni-2%W/Al2O3-MgO, 

12%Ni-4%W/Al2O3-MgO, 12%Ni-6%W/Al2O3-MgO, and 12%Ni-8%W/Al2O3-MgO and named 

as Nif, Wa, Wb, Wc, and Wd, respectively. The corresponding spent catalysts are also named as 

NiSp, Wa.Sp, Wb.Sp, Wc.Sp, and Wd.Sp respectively, and the catalyst support (i.e., Al2O3-MgO) as 

CS. The prepared Al2O3-MgO support and various impregnated catalysts has been arranged 

along with their preparation techniques and name coding in table 3.2. 

Table 3.2. The synthesized catalysts along with their preparation method, and name coding. 

S.No. Catalysts Preparation method Codes 

Screening for optimum Ni loading 

1. Al2O3-MgO CP CS 

2. 10%Ni/ Al2O3-MgO CP + IMP Ni10 

3. 12%Ni/ Al2O3-MgO CP + IMP Ni12 

4. 14%Ni/ Al2O3-MgO CP + IMP Ni14 

5. 16%Ni/ Al2O3-MgO CP + IMP Ni16 

Screening for optimum W loading 

6. 12%Ni/ Al2O3-MgO CP + IMP Nif 

7. 12%Ni-2%W/ Al2O3-MgO CP + IMP Wa 

8. 12%Ni-4%W/ Al2O3-MgO CP + IMP Wb 

9. 12%Ni-6%W/ Al2O3-MgO CP + IMP Wc 

10. 12%Ni-8%W/ Al2O3-MgO CP + IMP Wd 

*CP = Co-precipitation, IMP = Impregnation. 
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3.4 Screening of catalysts 

The screening of the synthesized catalysts is done by testing the catalyst’s performance in DRM 

reactor (as explained in section 3.6) and by determining their various physicochemical 

properties. There are ample of characterizations that were carried out to confirm the features of 

the synthesized catalysts which helped in assessment of optimum catalyst. The DRM reaction 

tests were carried out at 800oC, 1 atm a total flowrate of 60 ml/min (i.e., CH4:CO2:N2 = 1:1:1). 

The reactant’s conversion is analysed via the GC unit equipped with TCD. The percent 

conversion of CH4, CO2 along with H2:CO is plotted vs time in three different plots. The 

stability, activity, and coke formation in the spent catalyst was then analysed accordingly. 

Finally, the best performing catalyst is chosen for further stability, optimization, and kinetic 

studies. 

3.5 Catalyst Characterization 

Characterization techniques play a crucial role in investigating the physicochemical, 

compositional, structural, and morphological properties of catalysts. These properties are 

essential to understand the reaction mechanism on the catalyst’s surface, and thus helps in 

screening of the optimum catalyst for DRM reaction. Characterization techniques performed to 

analyse the catalysts morphology, crystallite size, reduction temperature, crystalline structure, the 

amount, and type of carbon deposited, dispersion of active metal and surface compositional 

properties. The crystallite phases, elemental composition, and metal dispersion has been 

confirmed by XRD, EDX, and elemental dot mapping analysis. The surface area has been 

investigated by BET analysis and the morphology via FESEM and TEM analysis. The active 

sites and basicity and oxidation states of the elements along the binding energy of the freshly 

synthesized catalysts were conformed via TPR-H2 and TPD-CO2 and XPS analysis. Finally, the 

amount and type of carbon formed on the spent catalyst was confirmed by TPO-O2, RAMAN, 

and TEM analysis. The various characterizations carried out along with the respective 

instruments used is described in the following section. 

3.5.1 Crystallite phases and size analysis  

The powder X-Ray diffraction (XRD) patterns of the calcined catalysts were recorded using a 

Bruker D8B Advance X-ray diffractometer. The phases existing in the powdered catalyst 
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samples were detected by correlating the patterns with the standard International Centre for 

Diffraction Data (ICDD) database's reference. 

The analyzer chamber was placed to the diffractometer, and the monochromatic synchrotron 

emission was targeted on the catalyst surface. The scans were taken over a range of 5°<2θ<90° 

with a scan rate of 4o/min. The X-ray beams strike the face of the crystallite structure, resulting 

in a constructive interference at the specific angles. These angles were calculated from the 

wavelength of incident X-rays beam and area between the crystalline facets, as described by the 

Bragg’s Law (Eqn. 3.1): 

𝐧𝛌 =  𝟐𝐝 𝐒𝐢𝐧𝛉        (3.1) 

where the value of n is 1, λ is the wavelength of the incident X-rays, d is the distance between 

the crystal facets and θ is the incident angle. The average crystallite size is calculated by the 

Debye-Scherer equation (Eqn. 3.2). 

D = 
Kλ

β cosθ
         (3.2) 

where K is the Scherer’s constant factor (with a value = 0.9), β is the full width of half 

maximum, λ is the wavelength of the X-ray beam, and θ is the Bragg’s diffraction angle. 

3.5.2 Surface area and pore analysis 

The Brunauer-Emmett-Teller (BET) technique in a relative pressure range (p/po) of 0.02−0.30 is 

employed to determine the surface area. The BET surface area method is based on the principle 

of adsorption and desorption of N2 i.e., inferenced and executed with multiple points N2 

analyzer. The N2 physisorption isotherms were employed to determine the textural properties of 

synthesized catalysts at -195.80°C by a gas adsorption analyzer (Tristar 3020, Micromeritics). 

Further, the pore volume was determined by the amount of N2 adsorbed at a relative (p/po) of 

0.99. The liquid nitrogen temperature was arranged with an automatic volumetric adsorption unit 

(Tristar 3020, Micromeritics). The mean pore diameter, pore volume and the pore size 

distribution were determined by Barrett-Joyner-Halenda (BJH) analysis. The pre-treatment for 

each sample was performed via 0.2-0.3 g of samples placed into the filler rods. Each sample was 

treated with degassing at 300 oC under vacuum for 6 h before the analysis. 
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3.5.3 Morphology Analysis 

The FESEM apparatus fitted with EDC (Zeiss Supra 55VP) was employed to investigate the 

morphology of freshly synthesized and the spent catalyst samples. The sample was loaded on a 

disc coated with carbon and finely tuned using an internal camera. The high-resolution images 

were captured at a high voltage of 15 kV to produce highly magnified images (i.e., 1kx-50kx) at 

a high vacuum. The high electron beam is sourced to perceive the image of the sample at a very 

high magnification. The gun emitting electrons discharge very intense beam of electrons. Due to 

this high intensity impact of electron beams, the photons are generated from the sample material 

which is the observed through the detector. The signals are then sent to the screen for final 

imaging. 

3.5.4 Elemental Composition and Mapping 

The Electron Dispersive X-ray (EDX) coupled with FESEM (Zeiss Supra 55VP) was employed 

to verify the elemental composition (wt.%.) of synthesized and spent catalyst. Further the dot 

mapping analysis was obtained to investigate the uniform dispersion of elements present 

throughout the catalyst samples. EDX and elemental provides the quantitative analysis of the 

elements present in the material along with the particle distribution. 

3.5.5 Catalyst Active Sites Behavior 

The Temperature Programmed Reduction (H2-TPR) analysis of the catalysts was performed to 

study the catalyst’s active sites behavior using a Thermo Finnigan TPDRO 1100 instrument 

equipped with a thermal conductivity detector (TCD) and a mass spectrometer with heating rate 

range up to 800°C. In a typical analysis, about 0.05 gm of the catalyst was placed in a reactor and 

pre-treated at 150oC (at a ramping rate of 40oC/min) for 60 min in N2. The catalyst samples were 

then degassed under a hydrogen flow (5.06% in N2) under heating from 20oC-800oC. The H2-

TPR analysis of the fresh catalysts was also performed using the same instrument and followed 

identical procedures, i.e., 0.1 gm of fresh catalyst samples pretreatment at 250oC (with He) for 30 

mins followed by treatment with CO2 while keeping the oven off. 

3.5.6 Catalyst’s Basicity Analysis 

The Temperature Programmed Desorption of CO2 (TPD-CO2) analysis of the catalyst samples 

was also carried out using the same apparatus (i.e., Thermo Finnigan TPDRO 1100 instrument) 
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as TPR-H2 and followed identical procedures. The 0.1 gm of fresh catalyst samples pretreatment 

at 250oC (with He) for 30 mins followed by treatment with CO2 while keeping the oven off. 

3.5.7 Quantitative Analysis of Carbon Formed 

The Temperature Programmed Oxidation (TPO-O2) analysis of the catalyst samples was also 

carried out using the same apparatus (i.e., Thermo Finnigan TPDRO 1100 instrument) as TPR-

H2 and followed identical procedures. The 0.1 gm of the spent catalyst sample, and 5% O2 was 

supplies to the gas mixture. Moreover, before the TPO analysis, the spent catalysts were finely 

crushed and homogenized in an agate mortar. The amount and type of coke formed is indicated 

by the amount of O2 utilized and the temperature at which it is consumed. 

3.5.8 Analysis of Binding Energy and Oxidation States 

The X-Ray Photoelectron Spectroscopy (XPS) analysis is used to investigate the surface 

chemistry of the prepared catalysts. The surface compositional oxidation states of the 

synthesized catalysts were determined using the XPS spectra. XPS analysis of freshly prepared 

catalyst (non-activated) was conducted on an XSAM800 spectrometer with Al Kα (hv = 1486.6 

eV). The binding energy (BE) scale was standardized initially via position of the peaks for the 

Cu 2p (3/2) (932.62 eV) and Au 4f (7/2) (83.96 eV) core levels corresponding to pure metallic 

copper and gold. The powdered samples were then fixed on a vessel mounting a double-sided 

adhesive tape. 

The regions corresponding to Ni 2p, W 4f, and O 1s were examined under a narrow scan, and the 

photoelectron signals were recorded. The pass energy of 200 eV radiation (with 400-microns x 

700-microns aperture) are employed to collect the spectra. Charging effects were rectified by 

tuning the binding energies using the C 1s peak at 284.8 eV from carbon contamination. 

3.5.9 Structure and Morphology Analysis 

The TEM analysis of the freshly prepared and the spent catalysts were carried out by an electron 

microscope (Hitachi H7100 TEM system, 100keV). The powdered catalyst was consistently 

dispersed in isopropyl alcohol and placed on a carbon coated copper grid (400 meshes). 

Furthermore, the sample was dried in vacuum for 12 h prior to the analysis. The powdered 

catalysts (both fresh and spent) were then examined by TEM to further study the morphology 
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and type of carbon formed during DRM reaction. The ImageJ software is also used to determine 

the particle size.  

3.5.10 Qualitative analysis of Carbon formed 

Raman spectroscopy is an outstanding characterization technique to determine the structure and 

type of carbon deposited over the spent catalyst during the DRM reaction. It is one of the prime 

spectroscopic techniques for the characterization of carbonaceous materials, including graphene, 

carbon nanotubes, and graphite [170]. The prime first order Raman peaks in graphite are optical 

phonons at 1582 cm-1 corresponding to the E2g mode, called the graphite band (G-band) and at 

1349 cm-1 corresponding to the A1g mode, called the disorder band (D-band) [171]. Raman 

spectra were obtained using a spectrometer (LabRAM) equipped with a 514 nm Andor CCD 

laser beam under ambient conditions. The morphology of the spent catalyst has been further 

analyzed by TEM, using a transmission electron microscope (Hitachi TEM system) at different 

magnifications. 

3.6 Catalyst testing for DRM reaction  

The DRM catalytic reaction test was carried out in a jacketed furnace tubular reactor as shown in 

Figure 3.2. The reactor tube is fabricated from quartz with an internal diameter of 10 mm, and a 

wired mesh in the middle of the reactor tube. A sample of 100 mg of each catalyst sample is 

retained on the fixed wired mesh sandwiched in a thin quartz wool layer. This arrangement is 

used to keep the catalytic bed in the middle position for constant heating throughout the reaction. 

The catalyst is activated by a mixture of 50% H2 with N2 at a total flow rate of 60 mL/min at 

800oC for 1 h before the actual reaction. The catalyst is reduced at 800oC, since as per the 

available literature, the catalyst reduced/activated at higher temperatures showed better 

performance in terms of activity and durability compared to the catalyst’s reduced at lower 

temperatures [172]. Then an equimolar gaseous mixture of CH4, CO2, and N2 (i.e., 20 mL/min 

each) is fed into the reactor, and the activity of the catalyst is recorded at 800oC [4, 8, 25, 72, 48]. 

Any inert gas (such as Ar, He) can be used as a purging gas for reforming reactions, which is a 

standard practice even by industries, to wipe out the combustible gases from the reactor by inert 

gases. Here N2 is used since it is inert and economic compared to the noble gases. By mixing 

nitrogen with the input gases, the effective displacement of gases from reactor (without reacting 

chemically with the substrates) takes place. Further, for the optimization and kinetic modelling 
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the DRM reaction is carried out at temperature ranges from 600-800oC. The feed gas conversions 

are recorded for 6 h of reaction test, using online gas chromatography (GC). The GC unit used 

was fitted with a thermal conductivity detector (TCD) from Agilent Technologies (model 

7820A). 

 

Figure 3.2 Schematic diagram for DRM reactor setup. 

To achieve accurate results the calibration of GC has been carried out. The calibrations are 

performed for H2, N2, CO, CH4, and CO2, utilizing standard calibration gas cylinders with N2 as 

the balance gas. The initial injection temperature was 50oC, and the detector temperature was 

200oC. The oven temperature program has an initial 25oC holding time for 0 min, ramping rate of 

15 oC/min to 200oC and a holding time of 1 minute. The CH4 and CO2 conversions and syngas 

ratio were calculated by using the following expressions (Eqns. 3.3-3.7)  

CH4 (%) = {
FCH4in−FCH4out

FCH4in
}   100       (3.3)  

CO2 (%) = {
FCO2in−FCO2out

FCO2in
}  100       (3.4) 

H2:CO =  
FH2out

FCOout
         (3.5) 
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H2 Yield (%) = 
Moles of H2 produced

2  (Moles of CH4 in feed)
      (3.6) 

CO Yield (%) = 
Moles of CO produced

(Moles of CH4 in feed+ Moles of CO2 in feed)
   (3.7) 

The optimum performance catalyst was then tested for stability test and then for optimization of 

process parameters via RSM. Finally, the kinetic study  of the optimum performance bimetallic 

catalyst is carried out. The four main kinetic models are fitted for the experimental and predicted 

reaction rates as explained in section 3.8. 

3.7 Turnover Frequency (TOF) 

The concept of turn over frequency (TOF) was proposed by Michel Boudart in the year 1968. 

The main principal of TOF is comparison of activity of catalysts via chemisorption. The TOF 

may be expressed as the molar rate consumed per mole of active sites of the catalyst [173], 

[174]. The TOF of methane for the DRM reactions, were also calculated for the optimum 

monometallic and bimetallic catalysts. The number of active surface metal sites were  calculated 

from the data obtained from TPR-H2 analysis. The TOF for the catalysts were determined via 

following Eqn 3.8: 

TOF = 
Flow rate of CH4

gmcat
 ×  

% CH4 Conversion

100
 ×  

1

As
       (3.8) 

where, the flow rate of CH4 was taken in mol/s, the weight of catalyst (i.e., gmcat) is taken in 

grams, and the active surface metal sites (As, in mol/gmcat) was calculated from the TPR-H2 

analysis [175]. The methodology was adopted from the latest TOF investigation conducted by K. 

Ray et al. [176] and Sengupta et al. [175]. TOF gives a relative overview of catalysts 

performance, however the performance further depends on and varies with the catalyst’s particle 

size, basicity, morphology, and surface area. The TOF of metallic catalyst varies in the range 10-

2 s-1 to 102 s-1, whereas for enzymes it varies between 103 s-1 to 107 s-1 [177]. 

3.8 Optimization of process parameters using RSM 

The process parameters for DRM reaction over the optimum performance catalyst was 

determined by central composite design (CCD) tool of RSM. The CCD interface is employed 

since it is well suited for quadratic models and two input parameters and is extensively used in 

the DRM process's optimization study [148, 178]. The 3-D response surface plots are obtained, 
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depicting the interaction of the input process parameters (i.e., temperature and feed ratio) on the 

percentage conversion of CH4 and CO2, and H2:CO ratio. The two input process parameters (i.e., 

temperature and feed ratio) are chosen for optimization, since the temperature and feed ratio 

have a dominant effect on the performance of DRM reactions [157, 179]. The other parameter 

which may be studied is the effect of pressure on the efficiency of DRM process. However due 

to the available reactor limitations this parameter cannot be studied since the available reactor 

can operate at 1 atm pressure only. The experimental data were fitted in the quadratic model 

equation obtained by CCD tool to give 3-D response surface plots. 

Table 3.3. The input process parameters for CCD with their coded representation. 

Input process 

parameter 
Symbol 

Coded values 

-1 0 +1 

Temperature (o C) A 600 700 800 

Feed Ratio (CH4: 

CO2) 
B 0.5 1 1.5 

The outcome of input process parameters (i.e., A: reaction temperature and B: feed ratio (CH4: 

CO2) on the process responses (i.e., % CH4 conversion, % CO2 conversion and H2:CO ratio) 

were examined for DRM process over the optimum catalyst by employing the CCD interface. 

The input process parameters and the responses have been outlined with the coded values in 

Table 3.3. The DOE obtained as per the CCD interface for optimization study and the reactions 

have been précised in Table 3.4. The input process parameters have been represented in coded 

notations from Table 3.3. Further, the reaction temperature range studied is 600oC-800 oC and the 

feed gas ratio range considered is 0.5-1.5, since it agrees well with the literature available for 

DRM process [25, 37, 101].  

Table 3.4. The DOE suggested by CCD along with responses obtained. 

Input Process Parameters (Coded values) 

Run A: Temperature B: Feed Ratio (CH4: CO2) 

1 +1 0 

2 0 +1 

3 0 -1 
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Desirability function is a contemporary technique for optimization of different parameters, 

explained by Derringer and Suich [180]. The key approach for desirability function is that, since 

different parameters are measured at different scales, the main hurdle is comparing them. 

Therefore, this contrary limitation of comparing "apple to orange" outcomes has been addressed 

by ascribing them a desirability score. The objective is firstly converted into a distinct 

desirability function (i.e., di), that varies within the span of 0 and 1 as Eqn. 3.9: 

0 ≤  𝑑𝑖  ≤  1         (3.9) 

If the aim is at its objective, then di = 1, whereas if the response is beyond the acceptable area, di 

= 0. In this manner, the “finest” outcome for each criterion is attained (i.e., di = 1), likewise the 

inappropriate is also score (as di = 0). Finally, to achieve optimum desirability, the maximized 

combination of outcomes is chosen by the desirability function [181]. 

R2 represents the goodness of fit between the obtained experimental data and the predicted data 

by CCD tool of RSM. The acceptable value of R2 should be at least 0.6 (60%) or 0.7 (70%). A 

significant relationship between the independent and dependent variables exists if regression 

significance (F) value < α = 0.05. The p-value for each regression coefficient demonstrate about 

the possibility of the coefficient for that independent variable emerged by chance and does not 

describe a real relationship. The claim should be rejected if p < 0.05. which means the null 

hypothesis is true. Further, the confidence limits are the 95% probability that the true value of the 

coefficient lies between the lower and upper 95% values: estimated value of Y for the given X 

value. 

4 0 0 

5 -1 +1 

6 +1 +1 

7 0 0 

8 -1 -1 

9 +1 -1 

10 0 0 

11 0 0 

12 -1 0 

13 0 0 
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3.9 Kinetic studies for DRM  

The four main reaction kinetic models (i.e., Langmuir-Hinshelwood (LH), Power Law (PL), and 

Eley-Rideal (ERI and ERII))  were used to understand DRM kinetics [51, 182, 183]. PL model is 

the simplest of all reaction kinetic models, and it can be used to make a rough inference for 

kinetic parameters [37]. The  ER model proposes that one gas (either CH4 or CO2) gets adsorbed 

on the catalyst active sites at thermodynamic equilibrium, whereas the other remains in the gas 

phase. The adsorbed gas then forms the educt and reacts with the non-adsorbed gas (by ER I or 

ER II mechanism). The RDS step is the one comprising the reaction of adsorbed gas with 

another reactant [182, 183]. Whereas, in LH model, it has been claimed that both the reactant 

gases get absorbed on the active sites of the catalyst. The educts formed react with each other, 

during this phenomenon some elementary reactions are at thermodynamic equilibrium  whereas 

some are the RDS. The decomposition of CH4 and CO2 decomposition are supposed as 

elementary reactions in DRM reaction. The LH model is the most applicable and widely used for 

DRM reactions, since it provides more realistic approach for reaction mechanism, and explain 

the mechanistic steps more accurately [183, 184]. The equations employed for kinetic studies are  

Eqns. (3.10-3.13):  

Power Law (PL): 

R = 𝑘[PCH4]𝑚[PCO2]𝑛          (3.10)   

Eley Rideal I (ERI): 

R = 
𝑘.KCO2.PCH4.PCO2

1+ KCO2.PCO2
        (3.11)   

Eley Rideal II (ERII): 

R = 
𝑘.KCH4.PCH4.PCO2

1+ KCH4.PCH4
        (3.12)   

Langmuir-Hinshelwood (LH): 

R = 
𝑘.KCH4.KCO2.PCH4.PCO2

(1+KCH4.PCH4+ KCO2.PCO2)2
      (3.13)  
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To carry out the kinetic modelling analysis for the DRM reaction, the flow rate is tuned from 30-

150ml/min to study the influence of external diffusion on reaction at 800 oC. For the fixed bed 

reactor used to carry out this study (with ID =10mm) the conversion is constant in the range 

60 ml/min to 90 ml/min (APPENDIX D). The kinetic testing is done by varying the input 

gaseous flowrate (i.e., CH4, CO2 and N2) into the reactor at atmospheric pressure.  

Table 3.5. The reaction parameters and the corresponding range used for kinetic study. 

S.No. Reaction Parameter Range 

1. Partial Pressure (PCH4) 0.2-0.6 

2. Partial Pressure (PCO2) 0.2-0.6 

3. Temperature 600oC-800oC 

The total flow rate was maintained at 70 ml/min and the reaction temperature is varied from 

600oC-800oC. The partial pressure of both the reactant gases was varied from 0.2 to 0.6 as shown 

in Table 3.5. Then by applying the rate equation the adsorption equilibrium constants (i.e., KCH4 

and KCO2) and rate constant (k) were obtained via linear regression analysis. The obtained  KCH4, 

KCO2 and k values were then fitted in the Arrhenius plot for calculation of activation energy (Ea). 

Finally, the experimental reaction rate vs the estimated reaction was plotted for all the kinetic 

models (APPENDIX F). 
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CHAPTER 4 

4. RESULTS AND DISCUSSION 

4.1 Chapter Overview 

This chapter includes the comprehensive discussions on performances, characterizations, 

optimization, and kinetic studies of the prepared catalysts. This chapter is divided into four main 

sections; whereby section 4.2 confers the screening of optimum Ni loading on Al2O3-MgO 

support, validated by the performance evaluation and respective catalyst characterizations. 

Section 4.3 discusses about the effect of W addition on the optimum Ni loaded catalyst. The 

textural properties, morphology, compositional characteristics along with other characterizations 

has been reported. The performance and stability test of the optimum Ni-W bimetallic catalyst is 

also reported in this section. Further, section 4.4 deals with the optimization study for the 

obtained optimum Ni-W bimetallic catalyst for DRM. The RSM tool of ‘Design Expert Version-

12’ is used for optimization of reaction parameters. Finally, the kinetic study has been carried out 

and discussed in section 4.5. The various kinetic models such as Power-Law, Langmuir-

Hinshelwood, Eley-Rideal (I and II) has been employed for the data fitting. The best fitting 

model has been reported recommended for the optimum performance Ni-W bimetallic catalyst. 

4.2 Screening for Ni loading  

The catalysts are prepared via two step synthesis process, i.e., co-precipitation of catalyst support 

followed by impregnation of Ni metal. The precursor chemical salts are weighted in 

stoichiometric amount and mixed as per the detailed methodology explained in section 3.3 

above. The catalyst support is prepared This section studies the Ni loading analysis on the 

prepared optimum Al2O3-MgO support. The Al2O3-MgO support with different composition 

ratio (i.e., Al2O3:MgO of 1:1, 1:2 and 2:1) were prepared and it has been verified that 

Al2O3:MgO of 1:2 showed most stable performance [74]. Further, four Ni loaded catalyst 

samples with Ni content of 10, 12, 14 and 16wt% on Al2O3-MgO (1:2) were prepared. The 

performance evaluation of the prepared catalysts was carried out for DRM reaction. The 

optimum performance Ni catalyst has been characterized by XRD, BET, FESEM, TEM, EDX 

and elemental mapping. Finally, the spent catalyst has been characterized by XRD, FESEM, 

TEM, EDX and elemental mapping to study the amount and type of carbon formed during the 
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DRM reaction. It has been observed that on increasing Ni loading the catalyst’s performance 

increased (from 10 wt.% to 12 wt.%). However, on further increasing the Ni loading (i.e., 

14 wt%-16 wt.%) the quick deactivation of catalyst has been observed. Further on characterizing 

the spent catalyst, the formation of amorphous carbon on the active sites of catalyst is observed, 

which has been verified as the reason for declined catalytic activity. 

4.2.1 Performance Evaluation of catalysts for DRM  

The different Ni loaded catalysts xNi/Al2O3-MgO (where, x= 10, 12, 14 and 16wt%) were tested 

for DRM in the reactor. The catalysts were named as Ni10, Ni12, Ni14 and Ni16, respectively as 

discussed in section 3.3 above. The catalyst testing for DRM was carried out for 6h of 

experimental run and the outcomes, i.e., percentage CH4 and CO2 conversions and H2:CO ratio 

has been calculated using the equations 3.3, 3.4, and 3.5 respectively.  It has been observed that 

the catalyst with 12wt.% Ni loading showed elevated activity both for CO2 and CH4 conversions. 

The CH4 percentage conversion remained almost stable between 88% to 84% and CO2 

conversion between 96% to 90% respectively for 6h of DMR reaction. Further, it can be clearly 

seen that 12wt.% Ni loaded catalyst showed most stable syngas ratio (varied from 0.96-0.9) 

compared to other catalysts for the conducted DRM test for 6h. The performance evaluation of 

the synthesized catalysts is shown in Figure 4.1 (a-c). The catalysts with higher Ni loading (i.e., 

14wt.% and 16wt.%) showed high initial activities, however the activities declined over the span 

of time. This decline in activity may be due to agglomeration of Ni particles to form bigger Ni 

particles for high doping. The results are in agreement with the concluding remarks made by 

Abdullah et al.[3] and Aramouni et al. [185]. 
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Figure 4.1. Performance in terms of (a) Percentage CH4 conversion (b) Percentage CO2 

conversion and (c) Syngas ratio, for different Ni content catalysts supported on Al2O3-MgO with 

1:2 ratio. 

This optimum performance catalyst (i.e., Ni12, both fresh and spent) were further characterized to 

study its surface area, morphology and the type of carbon deposited during 6h of DRM reaction. 

4.2.2 Catalyst Characterizations 

4.2.2.1 X-Ray diffraction 

The XRD pattern has been recorded for fresh and spent Ni12 catalyst, since it showed the 

optimum performance during the DMR reaction. The crystallite peak of cubic MgO has been 

seen corresponding to the 2-theta value of 36.9o, 43.1o, 62.4o [ICDD file no. 03-065-0476] and 
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found consistent with literature [186]. Also, the diffraction peaks for 2 theta values of 26º, 44º, 

52º and 76o are observed corresponding to NiAl2O4 phase [ICDD 01-078-6961] and in agreement 

with Bach. et al. [187]. Moreover, the Al2MgO4 spinel phase peaks have been found 

corresponding to the 2-theta value of 31o, 36o and 65o [ICDD 01-077-3527]. In the spent catalyst, 

the carbon deposited has been indicated by the peaks corresponding to 2-theta value of 26.6o, and 

51o [ICDD 03-065-6212] and can be clearly seen in Figure 4.2. The results agree with Zhu et al. 

[45] and Zhan et al. [103]. 

 

Figure 4.2. X-ray diffraction patterns of fresh (Ni12) and spent (Ni12Sp) optimum catalysts. 

4.2.2.2 Textural Properties 

The textural properties of catalyst support (CS) and the optimum loaded Ni12 has been 

determined by BET analysis in Table 4.1. The BET surface area of Al2O3-MgO support is found 

to be 96.1 m2/g whereas on impregnation of 12wt.% of Ni into the Al2O3-MgO support the 

surface area reduced to 29.3 m2/g [73]. The reverse trend is observed in BJH average pore size of 

the support after active metal impregnation as reported in Table 4.1. These results are in 

agreement with the literature [18, 19]. The associated N2 adsorption-desorption isotherms for the 

catalyst support i.e., Al2O3-MgO and for Ni12 catalyst has been displayed in Figure 4.3(a). These 

isotherms are categorized as of group IV isotherms, which represents the characteristics of   

mesoporous materials (i.e., 2–50 nm) as per IUPAC [188]. 
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Table 4.1. Textural properties of the synthesized catalyst support and optimum catalyst 

Catalyst 

BET 

surface 

area 

(m2/g) 

BJH 

average 

pore size 

(nm) 

Pore 

volume 

(cm3/g) 

Average 

crystal size a 

(nm) 

Fresh  Spent 

Al2O3-MgO (support, Al2O3:MgO=1:2) 96.1 12.5 0.26 -  

Ni12 29.3 26.5 0.21 46.1 54.3 

a calculated through Debye–Scherrer equation from XRD peaks of MgO at 43.1o and (200) plane. 

Further, the adsorption-desorption hysteresis curves are obtained for the p/po range of 0.05-0.98 

and fits to class hysteresis loop. It can be elucidated, that the catalyst is contains highly uniform 

and mesoporous channels, also the cumulations are almost uniform spheres. In the further 

investigation, the pore size distribution has been analyzed and shown in Figures 4.3(b). The pore 

size of catalyst support increased on doping of Ni into it from 12.5nm to 26.5 nm. On loading the 

catalyst support with active metal, the surface area of the support decreased due to the blockage 

of pores, whereas the pore diameter increased. 
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Figure 4.3. (a) Nitrogen adsorption-desorption isotherms for optimum CS and Ni12 catalyst, and 

(b) Pore-size distribution curves for optimum CS and Ni12 catalyst. 

4.2.2.3 FESEM 

The FESEM analysis of the freshly prepared and spent Ni12 catalyst has been conducted to study 

the morphology of the prepared catalyst. The surface morphology has been observed at different 

magnifications and been depicted in Figure 4.4(a-b). The FESEM images showed minute grained 

surface for freshly prepared catalyst, whereas for the spent catalyst the carbon nanosheets has 

been observed. This reveals the reason for reduced activity of the catalyst after 6h of DRM 

reaction at 800oC. The carbon nanosheets encapsulated the active sites on the catalyst’s surface 

and hence reduced it activity. The comparable results for this type of amorphous carbon 

formation has been reported by Farooqi et al. [189]. 
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Figure 4.4. FESEM images of  (a) fresh (Ni12) and (b) spent (Ni12Sp) catalysts. 
4.2.2.4 TEM 

The FESEM done in the previous section confirms the formation of carbon nanosheets. To get 

further insight of the carbon formation the TEM analysis of the optimum fresh and spent catalyst 

has been conducted. The octahedral morphology of the synthesized Ni particles is seen clearly in 

the freshly synthesized catalyst, Figure 4.5(a). The comparable octahedral morphology of Ni 

particles has been reported in the literature for Ni-based catalyst by Jiang et al. [190] and Ali et 

al. [191]. The amorphous carbon spots deposition covering the catalyst surface can also be seen 

clearly in the TEM images as shown in Figure 4.5(b). Similar amorphous carbon spots formation 

has been reported for DRM reaction over Ni-based catalyst conducted by Xu et al. [192]. 
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Figure 4.5. TEM images of (a) fresh (Ni12) and (b) spent (Ni12Sp) catalyst. 

4.2.2.5 EDX and Elemental Mapping 

The EDX analysis has been conducted to confirm the catalyst composition of the synthesized and 

spent catalyst. The existence of the elements such as Ni, Mg, Al, and O has been detected in the 

EDX analysis of fresh catalyst, as shown in Figure 4.6(a). Further apart from the above 

constituents the elemental carbon has also been detected in the EDX spectrum of the  spent 

catalyst (i.e., Ni12Sp) as displayed in figure 4.6(b). There was significant coke formation for 6 h of 

DRM test for 12wt.% Ni loaded catalyst (i.e., about 26%). This also agree with the above XRD, 

FESEM and TEM analysis where the carbon has been detected in the spent catalyst. Further, the 
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elemental map sum spectrum can also be seen in the figures showing the percentage of each 

element in the synthesized and spent catalysts. On the other hand, for the spent catalyst (i.e., 

Ni12Sp) was observed. This further verify the presence of C in the spent catalyst sample as shown 

in Figure 4.6(b). 

  

Figure 4.6. EDX spectrum of (a) fresh (Ni12) and (b) spent (Ni12Sp) catalyst. 

The elemental mapping of the synthesized fresh and spent nano-catalyst has also been carried 

out. It can be seen clearly that in the fresh catalyst a more uniform distribution of elements is 

present, compared to the spent catalyst. After undergoing DRM reaction for 6h at 800oC, the 

elemental distribution gets disturbed as evident from Figure 4.7. This may be due to sintering 

effect and due to the deposition of carbon over the spent catalyst (as evident from TEM results, 

Figure 4.5(b)). The amorphous carbon distribution throughout the catalyst active sites can also be 

seen clearly in elemental mapping of C in Figure 4.7 for the spent catalyst. These obtained 

results are in the agreement of the recent investigations of Li et al. [193]. 

 
Figure 4.7. Elemental mapping of optimum fresh and spent (Ni12 and Ni12Sp) catalyst. 

The experimental analysis showed that a loading of 12 wt.% Ni on Al2O3-MgO support (with 

ratio of 1:2) is optimum both in terms of reactant conversions and stable syngas ratio for DRM 

reaction. The catalyst with 12wt.% Ni loading showed highest activity both for CH4 and CO2 

conversions. The CH4 conversion varied from  88% to 84% and the CO2 conversion varied from 
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96% to 90%, respectively during 6 h of DRM reaction. The other catalysts with higher Ni 

content showed high initial activities, but the performance declined over time. Further in this 

study, various characterizations carried out for optimum Ni catalyst has inferred the formation of 

amorphous carbon nanosheets during the DRM reaction as evident from FESEM and TEM 

results.  

4.2 Effect of W addition 

The optimum Ni loaded catalyst (named as Nif i.e., 12wt.% Ni) with best performance is further 

studied with tungsten (W) as a bimetal. The effect of W addition on Ni/Al2O3-MgO catalyst for 

DRM reaction is studied in this section. A series of W loaded catalysts Ni-xW/Al2O3-MgO were 

prepared (x = 2, 4, 6, 8wt.%) by the methodology described in section 3.3 above. The freshly 

prepared bimetallic catalysts (named as Wa, Wb, Wc, and Wd) were characterized with BET, 

XRD, FESEM, EDX, elemental mapping, TPR-H2 and TPD-CO2. The performance evaluation 

of the prepared bimetallic catalyst is carried out in the reactor for DRM. The XPS analysis of the 

optimum performance catalyst and the reference (Nif) catalysts was also carried out to determine 

the oxidation stated of the elements present in the catalysts. Finally, the spent optimum W loaded 

catalyst with best performance has been characterized with XRD, FESEM, EDX, elemental 

mapping, TPO-O2, RAMAN and TEM analysis. The characterization of spent catalyst helped in 

the analysis of amount and type of carbon formed and its durability during the DRM reaction. 

Finally, the stability test was conducted for optimum Ni-W/Al2O3-MgO bimetallic catalyst. 

4.3.1 Catalyst Characterizations 

4.3.3.1 X-Ray diffraction 

The XRD pattern of fresh supported monometallic (Ni) and different bimetallic (Ni-W) catalysts 

with varying W content has been shown in Figure 4.8. Different peaks have been observed 

corresponding to NiO, NiO-MgO, Al2O3-MgO, and NiWO4. For the reference monometallic 

(Nif) and the bimetallic (Wa, Wb, Wc, and Wd), the characteristic peaks of bulk phase cubic MgO 

has been observed at the 2-theta value of 36.9o, 43.1o, 62.4o, and 78.7o [ICDD file no. 03-065-

0476] corresponding to the miller indices of (111), (200), (220) and  (222), respectively.  The 

XRD peaks of NiO coincides with MgO, and hence it is difficult to differentiate the two; this 

result is in agreement with previously reported work [194]. Whereas, the spinel Al2MgO4 

crystals have been observed at the 2-theta values of 19.1o, 31.3o, 44.8o, 59.4o, and 65.3o [ICDD 
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file no. 01-077-3527] corresponding to the miller indices of (111), (220), (400), (511) and (620), 

respectively and found consistent with the literature [45, 195]. Moreover, the tiny peaks for 

NiWO4 alloy have been observed for bimetallic Wb, Wc, and Wd catalysts at 2-theta values of 

46.4o and 72.6o corresponding to miller indices (103) and (302) respectively [ICDD file no. 01-

072-0480], these results are also found consistent with the literature [196–198]. This Ni-W alloy 

(i.e., NiWO4) has a melting point of 1400oC and is thermally very stable [199]. It has also been 

reported in the literature that at 800oC the NiWO4 crystals are highly stable with very negligible 

weight loss [200]. The Ni-W alloy peaks were not observed for the Wa catalyst; this may be due 

to the fact of uniform mixing of the minute amount of W throughout the catalyst (in Wa sample), 

which was beyond the detectable limit of XRD.  However, no characteristic peaks for WO3 in the 

solid solution appeared.  This may be again due to very homogeneously dispersed W within the 

catalyst and hence beyond the detectable limit of the XRD. But the NiO-MgO peaks got a little 

broadened and diminished on increasing the W concentration indicating the crystalline phase and 

reduced crystal size on the loading of W (cf. Table 4.2). The results obtained are in agreement 

with the literature [201].  

 
Figure 4.8. XRD pattern of monometallic Ni and series of Ni-W bimetallic catalysts (Nif, Wa, 

Wb, Wc, Wd). 
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4.3.3.2 Textural Properties 

The physicochemical properties of the monometallic catalyst (Nif) and the different bimetallic 

catalysts (i.e., Wa, Wb, Wc, and Wd) with varying tungsten addition (i.e., 2wt%-8wt% 

respectively) has been analyzed and reported in Table 4.2. The initial surface area of the support 

decreased due to impregnation of Ni metal into the support from 96.1 m2/g to 29.3 m2/g as 

evident from BET surface area analysis, indicating the shutting of pores of catalyst support by Ni 

metal impregnation. However, the BET surface area increased on the addition of W into the 

catalyst and has shown a rising trend with percentage addition of W into the catalyst (from 29.3 

m2/g for Nif catalyst to 37.3 m2/g and 48 m2/g for Wa and Wb, respectively). Nevertheless, on 

further adding W into the catalyst, a slight drop in BET surface area is observed, i.e., the surface 

area of 45.3 m2/g and 43.6 m2/g for Wc and Wd, respectively, have been witnessed. This is due to 

the formation of bigger Ni crystallites in Nif catalyst as compared to bimetallic catalysts by 

adding W. The Nif catalyst has a bigger crystallite size when compared to bimetallic catalysts 

(shown in Table 4.2, calculated by Scherrer equation). The crystal size decreased on the addition 

of W to the monometallic catalyst, which further reduced on increasing W (beyond 4wt.%) 

content in the catalyst. This may be due to Ni-W alloy's formation and synergistic effect between 

different oxides in the solid solution and has been found consistent with the literature [202]. 

Similarly, the surface area also increased accordingly and was found consistent with the 

literature [96]. Moreover, the reverse trend has been seen in the pore size of the powdered 

catalyst. The supporting media's pore size increased on doping of Ni into it from 12.5nm to 26.5 

nm. On adding W into the Ni-based monometallic catalyst, the pore size decreased (from 26.5nm 

for Nif to 18.6 nm for Wa). On further addition of W (i.e., for Wb, Wc, and Wd), the pore size 

increased to 19.4 nm, 22.8 nm, and 23.1 nm, respectively. Also, the pore volume followed a 

similar trend as that of pore size. These obtained results are in accordance with the literature 

[203]. The N2 adsorption-desorption isotherms associated with the different catalysts have been 

shown in Figure 4.9(a). The isotherms for catalyst support (i.e., Al2O3-MgO as CS) and all the 

freshly prepared catalyst (i.e., Nif, Wa, Wb Wc, and Wd) has been displayed in Figure 4.9. The 

obtained isotherms are classified as group IV isotherms, representing the characteristics of 

mesoporous materials (i.e., 2–50 nm) as per IUPAC.  
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Figure 4.9. N2 adsorption-desorption isotherms for catalyst support (CS), and different prepared 

catalysts (Nif, Wa, Wb, Wc, Wd). 

Further, the adsorption-desorption hysteresis curves are obtained for the p/po range of 0.05-0.96 

and fit to class H3 hysteresis loop. It can be illuminated that the catalysts contain highly uniform 

and mesoporous channels; also the cumulations are almost uniform spheres [188]. 

 

Figure 4.10. Pore size distribution curves for catalyst support (CS), and different prepared 

catalysts (Nif, Wa, Wb, Wc, Wd). 
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Table 4.2. Textural properties of synthesized support, monometallic and bimetallic catalyst 

Catalyst 
BET surface 

areaa (m2/g) 

BJH average 

pore size 

(nm) 

Pore 

volume 

(cm3/g) 

Average 

crystallite 

sizeb (nm) 

H2 

consumed 

(μmol gcat
-1) 

c 

Al2O3-MgO 

(support) 
96.1 12.5 0.25 - - 

12%Ni/Al2O3-MgO 

(Nif) 
29.3 26.5 0.20 46.1 274.08 

12%Ni-2%W/Al2O3-

MgO (Wa) 
37.3 18.6 0.18 25 572.8 

12%Ni-4%W/Al2O3-

MgO (Wb) 
48.0 19.4 0.24 22.9 769.55 

12%Ni-6%W/Al2O3-

MgO (Wc) 
45.3 22.8 0.28 19.7 738.2 

12%Ni-8%W/Al2O3-

MgO (Wd) 
43.6 23.1 0.31 19.5 679.99 

a surface area computed by the BET method. b calculated through Debye–Scherrer equation from XRD 

peaks of MgO at 43.1o and (200) plane. c Determined from H2-TPR analysis of freshly prepared catalysts. 

The pore size distribution for the catalyst support and different catalysts has been analyzed 

(shown in Figure 4.10). The BJH pore size distribution of prepared catalyst support and that of 

Nif catalyst shows a relatively constricted distribution for the peak values of around 5 nm and 8 

nm, respectively. Further culmination of peaks at around 18 nm for Wa and 10 nm for different 

W loaded bimetallic catalysts (i.e., Wb Wc, and Wd), respectively, have been observed (Figure 

4.10).The BJH pore size analysis confirms the formation of mesoporous materials [73]. 

4.3.3.3 FESEM 

The FESEM images of all the freshly prepared catalysts have been analyzed, and surface 

morphology at the constant magnification (200nm) has been shown in Figure 4.11. The Wd 

sample shows an apparent change in the surface morphology on intensifying the W addition to 

the monometallic Nif. The Nif catalyst is composed of clustered and linked particles that are 

dense and have low porosity of the residual pores comparatively. Catalysts formed by W's 

addition got shifted into the minute grained morphology, which is composed of comparatively 

consistent shaped crystals (from 20-50 nm). However, throughout the catalyst, only Ni 

aggregates are visible, and no W agglomerates are visible due to W's very good dispersion within 
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the catalyst. The reduction of crystal size on W's addition due to its dispersive character catalyst 

has also been reported in the investigation by Sheng et al.[201]. The small size collection of 

sphere masses is observed in the Figure 4.11 (a-e), which may be formed during the heat 

treatment of the catalyst. The particles clump together to each other on the catalyst surface, 

engendering pores, and due to which a porous textured morphology is developed. The structure 

of all the samples resembles that of Pacific-elkhorn corals like morphology. The similar 

morphology has been reported by a recent investigation conducted by Al-Fatesh et al. [204]. 

Increasing the content of W showed a reduction in grain size of the catalysts and hence increased 

surface area, which is also verified by BET surface area analysis in Table 4.2. This also  agrees 

with the studies of Khajeh et al. [205]. 
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Figure 4.11. FESEM images of catalysts samples (a) Nif, (b) Wa, (c) Wb, (d) Wc, (e) Wd 

4.3.3.4 EDX and Elemental Mapping 

The EDX analysis of the synthesized nanocatalysts Nif, Wa, Wb, Wc, and Wd catalysts has been 

done and shown in Table 4.3. The spectrum of different elemental species has confirmed the 

elemental composition of all the catalysts (c.f. APPENDIX E). The characteristics peaks of Mg, 

Al, Ni, and O have been detected in all the samples. However, the W peak has not been detected  

for the Wa catalyst sample (with 2 wt.% W content). This may be due to W's uniform dispersion 

throughout the sample, leading to the extremely minute concentration of W in the sample, i.e., 

beyond the detectable limit of the EDX spectrum. The precision of EDX and EDXRF techniques 

is vulnerable while measuring the concentration of minute concentrations, it also agrees with the 

existing literature [206, 207]. For all the other bimetallic samples (i.e., Wb, Wc, and Wd), 

Tungsten (W) peak is observed clearly with its composition along with the other existing 

elemental peaks (i.e., Mg, Al, Ni, and O). Moreover, the small crystals of W are dispersed on the 

catalyst support, which would result in strong metal support interactions (MSI). 

Table 4.3. The elemental composition obtained by EDX analysis of prepared catalysts (Nif, Wa, 

Wb, Wc, Wd). 

Elements 

(wt.%)  → Mg Al O Ni W 

Catalyst ↓ 

Nif 41.5 20 27 11.5 - 

Wa 41 19.6 27.9 11.5 N.D. 

Wb 40 19.6 25 11.5 3.9 

Wc 38 18 26.5 11.5 6 

Wd 36.9 18 25.6 11.6 7.9 
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The elemental mapping of the synthesized nanocatalysts has been displayed in Figure 4.12. The 

dot mapping of constituent elements of catalysts confirms their existence in the prepared 

samples. It has also been observed that the W is very well and uniformly dispersed throughout 

the catalyst. Further, the better Ni dispersion can be seen clearly in bimetallic (Wa, Wb, Wc, and 

Wd) catalysts after adding W into the catalyst compared to monometallic Ni (Nif) catalyst. The 

enhanced Ni dispersion is proved by H2-TPR results, showing more H2 consumption and hence 

making more active sites available for the reaction after the addition of W in the catalyst (cf. 

Table 4.2). The superior dispersion of active metal ultimately results in its enriched availability 

and enhanced the catalyst’s activity [205]. 

 

Figure 4.12. Elemental mapping of different freshly synthesized catalyst samples  (Nif, Wa, Wb, 

Wc, and Wd) 

4.3.3.5 TPR-H2 

The H2-TPR analysis is carried out via Thermo Finnigan TPDRO 1100 instrument with heating 

rate range up to 800°C. The H2-TPR profile of the prepared catalysts (i.e., Nif, Wa, Wb, Wc, and 

Wd) has been displayed in Figure 4.13. The wide reduction peaks corresponding to the NiO 

reduction can be seen for all the synthesized catalysts. However, there is a difference in the 

reduction fashion of the catalysts. The three peak maxima regions i.e., at around 223oC-400oC 

(region I), 423oC-500oC (region II) and 700oC-800oC (region III) were observed. The peaks in 
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the low temperature were accredited to non-amalgamated NiO species. In contrast, the peaks at 

higher temperatures were ascribed to Ni's composite oxides with W and the catalyst support. As 

per the existing literature, the peaks at low temperatures correspond to free NiO species due to 

inadequate  MSI [208]. On the other hand, the peaks around 500oC and 800oC correspond to 

comparatively strong interaction species of NiOx. Further, the reduction peak between 600oC and 

800oC could be associated with the reduction of Ni2+ dispersed in the inner layers of the 

catalyst’s support lattice [209, 210]. As per the temperature range of the instrument (i.e., up to 

800oC) the peaks within the temperature range of 800oC are analyzed, which also agree with the 

existing literature [183, 211, 212]. As per the results obtained for the catalysts, it has been 

observed that on adding more W, the binding energy gets reduced, and the catalyst gets reduced 

at a lower temperature range. However, there was a significant increase in the hydrogen 

consumption on adding W to the monometallic Ni catalyst. The H2 uptake was minimum for the 

Nif catalyst, indicating its lowest activation of sites available for DMR reaction. Whereas, for 

bimetallic catalyst, the H2 consumption enhanced to a large extent since the surface area and the 

available active sites increased by the addition of W (cf. Table1). Wb catalyst showed maximum 

consumption of H2 (i.e., 769.55 μmol/g) optimum activity. The H2 intake by different samples 

can be arranged in decreasing order as: Wb (769.55 μmol/g)> Wc (738.2 μmol/g)> Wd (679.99 

μmol/g)> Wa(572.8 μmol/g)> Nif (274.08 μmol/g). This trend of H2 consumption can be directly 

correlated with the BET surface area of the prepared catalyst (cf. Table 4.2). This justifies that 

more NiO was reduced to active metallic Ni, making more active sites available for DMR 

reaction to occur. 
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Figure 4.13. TPR-H2 profile of different synthesized catalysts. 

4.3.3.6 TPD-CO2 

The CO2-TPD profiles of catalyst correspond to the degree of linkage of CO2 with the catalyst's 

surface and the basicity of catalyst surface [213]. CO2-TPD profiles of monometallic Ni (Nif) 

catalyst and different prepared bimetallic catalysts (i.e., Wa, Wb, Wc, and Wd) have been depicted 

in Figure 4.14. As per the available literature, there exist three types of basic sites i.e., attributed 

to the low-temperature range (i.e., 50oC-200oC), intermediate temperature range (i.e., 200oC-

450oC), and high-temperature range (i.e., 450oC-800oC) corresponding to weak Brønsted basic 

sites, Lewis acid-base sites, and Lewis basic sites associated with oxygen anions respectively 

[214]. Generally, a catalyst's CO2 adsorption ability indicates its basicity, i.e., higher CO2 

adsorption corresponds to the more basic catalyst. The higher catalyst basicity results in less 

catalyst deactivation and lowers coke formations [215]. Oxides of W are acidic; hence a decrease 

in the basicity of monometallic Nif can be observed clearly on the addition of W [216]. The 

catalysts can be sequenced in the increasing order of basicity as 136.68, 137.84, 142.25, 190.69, 

237.78 μ mol gcat
-1, i.e., Wd<Wc<Wb<Wa<Nif according to the CO2 adsorbed by different 

catalysts. On the other hand, the addition of W resulted in the slight shift of the strong basic site 

peak (i.e., Lewis basic sites associated with oxygen anions, Figure 4.14) from 440oC to 419oC 

(evident in the curve corresponding to Wd when compared to Nif curve) due to acidification of 
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catalyst. During DMR reaction, CH4 will decompose instead of reacting with CO2 since firmly 

adsorbed carbon dioxide will not react with methane easily as per Le Chatelier’s principle [217]. 

As far as W addition's influence is concerned, there appears a direct correlation between 

increasing W content and the basic sites of the catalyst [32]. However, the catalyst’s performance 

may not solely depend on the basicity of the catalyst but also on other physicochemical 

properties such as surface area, active metal sites, and metal dispersion [37].  

 

Figure 4.14. TPD-CO2 profile of different synthesized catalysts. 

4.3.2 Performance Evaluation of catalysts for DRM 

The activity and stability performance of the prepared catalysts (i.e., Nif, Wa, Wb, Wc, and Wd) 

are tested for DMR reaction in the tubular fixed bed reactor. The reaction was carried out for 6h 

at 800oC at GHSV of 36000 cm3gmcat-1 h-1. The conversions of CH4, CO2 along with H2:CO are 

calculated from eqns. 3.2, 3.3, and 3.4,  respectively. The bimetallic Ni-W catalysts have shown 

significantly elevated conversion compared to monometallic Ni catalyst (Nif). It can be seen 

clearly from Figure 4.15(a-b) that CH4 and CO2 conversions improved on increasing the W 

content from 2% to 8%. However, the initial conversion drops down over 6h of the DMR 

reaction test. The Nif catalyst showed lower conversions comparatively, which dropped from 

88.5% to 84% and 95.9% to 90.6% for CH4 and CO2, respectively. However, for the bimetallic 

catalysts, the CH4 conversion dropped from 93.7% to 88.8% for Wa, 94.9% to 92.9% for Wb, 
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95.6% to 95% for Wc, and 96% to 91.5%, respectively. Likewise, the CO2 conversion also 

dropped from initial conversions of 97.1%, 97.9%, 95.4%, and 98.8% to final values of 91.5%, 

95.6%, 95.1%, and 92.7% for Wa, Wb, Wc, and Wd, respectively. This enhanced conversion trend 

is due to enhanced surface area and enriched morphology of bimetallic catalysts, as shown in the 

surface area and porosity study of the synthesized catalysts. However, it is noticeable for Wb 

catalyst that it performed quite stably over the 6h of DMR reaction test when compared to other 

bimetallic catalysts. There is only a slight drop of conversion of Wb catalyst for both CH4 and 

CO2, respectively, portraying it as the optimum catalyst amongst all the prepared catalysts. 

Moreover, looking at the H2:CO results, Wb proved to be the most stable catalyst (varied from 

0.98 to 0.93) throughout the reaction. The analysis also showed that coke formed during the 

reaction was reported to be minimum for Wb catalysts. The CO2 conversions are always slightly 

higher than the CH4 conversions. This may be due to the RWGS reaction taking during DMR 

reaction. Nonetheless, despite giving the highest initial conversions, the Wd catalyst showed 

maximum carbon deposition. The H2:CO dropped drastically from 1 to 0.53 (Figure 4.15 (c)). 

The 6h reaction tests are repeated thrice to reduce the possible errors and confirm the optimum 

performance catalyst. It has been noted that a uniform activity has been obtained with a 

maximum error deviation of 1.25%. 

Further, the percentage H2 and CO yield has been calculated using the eqn. 3.5 and eqn.3.6. and 

has been depicted in Figure 4.15(d-e) respectively. The bimetallic Ni-W catalysts showed 

improved yield both for H2 and CO when compared to monometallic Ni catalyst. The percentage 

H2 and CO yields varied from 45.2% to 38.5% and 47.5% to 42% respectively during 6h of 

DMR reaction monometallic Ni catalyst (Nif). The percentage H2 yield for bimetallic catalysts 

varied from 49.2% to 44%, 52% to 47%, 51.5% to 41.3% and 53.5% to 25.1% for Wa, Wb, Wc 

and Wd, respectively. Whereas the percentage CO yield for bimetallic catalysts varied from 

50.3% to 45.6%, 54% to 47%, 51.8% to 44.5% and 53.6% to 33.1% for Wa, Wb, Wc and Wd, 

respectively. Among the bimetallic Ni-W catalysts, the Wb catalyst not only showed comparative 

superior percentage yield for both H2 and CO, but also showed maximum stability with least 

variance in percentage yield during 6h of DMR reaction. 
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Figure 4.15. Performance evaluation (a) CH4 conversion (b) CO2 conversion (c) H2:CO vs. time, 

(d) H2 yield (%) (e) CO yield (%) for synthesized catalysts for 6h reaction. 

As evident from the catalytic testing above, the Wb catalyst proved out to be the optimum 

bimetallic catalyst. Hence the reference monometallic (Nif) and optimum bimetallic (Wb) has 

been used further to determine their TOF by using Eqn. 3.8.  The TOF for Wb catalysts has been 

found to be 15.41 s-1, whereas for Nif it is found to be 5.98 s-1. This further supports the superior 

performance of Wb catalyst over the Nif catalyst. The obtained TOF values are compared with 

the recent research and found to be in the range of reported literature (c.f. Table 4.4). 
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Table 4.4. TOF of the monometallic and optimum bimetallic catalyst calculated via TPR-H2 

chemisorption analysis [176]. 

Sr. 

No. 
Catalyst TOF (s-1) Reference 

1. 12 wt.% Ni/MgO-Al2O3 (Nif) 5.98 (This Work) 

2. 
12 wt.% Ni- 4 wt.% W/MgO-Al2O3 

(Wb) 
15.41 (This Work) 

3. 75 wt.% Ni- 25 wt.% Fe/ Al2O3 5.80 [176] 

4. 75 wt.% Ni- 25 wt.% Co/ Al2O3 15.30 [176] 

5. Ru/ Al2O3 4.0 [177] 

6. Pt/ Al2O3 3.8 [177] 

7. Ni/SiO2 15.1 [218] 

4.3.3 Stability test for optimum performance Ni-W (Wb) catalyst 

The Wb catalyst was further tested further for performance evaluation since it proved to be most 

stable in activity and performance during the 6h of the DMR reaction test. The stability test of 

Wb is conducted for 24h of reaction under a similar feed rate and identical reaction condition, as 

explained above. The catalyst showed high conversion and excellent stability throughout the 

reaction. The CH4 and CO2 conversions dropped insignificantly, i.e., from 95% to 88.8% and 

98% to 91.5%, respectively. The syngas ratio was also plausible since it varied from 0.99 to 0.9, 

even after 24h of DMR reaction (Figure 4.16). The Wb catalyst's high stability can be correlated 

to various parameters observed during its post DMR reaction characterization. The factors like 

'reducibility, type and amount of carbon formed, surface area, the elevated number of active 

metal sites available for reaction, and stable bimetallic alloy formation,' which hindered the coke 

formation, have been discussed in the characterization results obtained below. 
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Figure 4.16. Stability test for Wb catalyst for 24h of DMR reaction.   

The results obtained in the above analysis is compared with the recent literature and it has been 

found that the Ni-W catalyst proved out to be superior in terms of its high performance and 

better stability even after 24 h of DRM reaction. This highly elevated and stable performance of 

the Ni-W catalyst is due to formation of thermally stable NiWO4 alloy which restrained the 

sintering of Ni-W catalyst. The performance of Ni-W catalyst was superior when compared to 

the other Ni-based catalysts as reported in the literature (arranged in the Table 4.5). 

Table 4.5 Comparison of performance and stability of catalysts for DRM reaction in the recent 

studies employing composite catalysts. 

Catalyst 

Reaction 

Temperature 

(oC) 

% 

Conversion 

(Maximum) Major Finding Reference 

CH4 CO2 

Ni-Au-Pt/ 
Al2O3 

750 87.8 93.3 

The catalyst showed stable 

performance for 6 h of DRM test. 

Around 9.5 wt.% of coke formation 

has been reported. 

[22] 

Ni-

Mo/Al2O3 
800 79.8 85.9 

In corporation of Mo in Ni based 

catalyst reduced the performance of 

catalyst for 6 h of DRM test. 

[87] 
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Catalyst 

Reaction 

Temperature 

(oC) 

% 

Conversion 

(Maximum) Major Finding Reference 

CH4 CO2 

Ni-

Co/CeO2 
800 80 85 

Stable performance of DRM reaction 

for 10 h of stability test. 
[92] 

Ni–

Ce/MgAl2

O4 
650 66 35 

Stable performance has been obtained 

for 5 h of reaction with 8 wt.% of 

coke depositions on the catalyst. 

[97] 

Ni-

Mg/Al2O3 
800 90 93 

At 800 oC the high conversions are 

recorded which reduced gradually 

with time. The 8.4 wt.% of coke 

formation has been reported for 6 h of 

DRM reaction test. 

[115] 

Ni-

Co/Al2O3 
 

700 86.1 84.5 

The conversion dropped drastically 

only in 7.5 h of DRM reaction test. 

The 9.4 wt.% of coke formation has 

been reported. 

[116] 

Ni-

W/Al2O3-

MgO 
800 95 98 

The catalyst showed high activity and 

stability for 6 h of reaction. The coke 

deposited during DRM reaction test is 

7.5 wt.%. The catalyst showed 

around 90% conversion even after 

24 h of stability test. 

This Study 

4.3.4 Characterizations of catalysts post DMR reaction 

4.3.4.1 XPS analysis 

The XPS spectrum of Ni 2p3/2 for both freshly prepared Nif and Wb catalysts has been recorded. 

The characteristic stepped spectra of XPS obtained have been treated, and baseline corrections 

have been made to plot the binding energy finally (i.e., BE in eV) vs. intensity, as shown in 

Figure 4.17(a-b). The Ni 2p3/2 level spectrum of the complex catalyst can be divided into two 

main regions. The primary peak for Ni 2p3/2 can be seen simulating the charge transfer in the 

range 859.13-860.18 eV and its satellite peak at 866.20-867.41 eV, respectively. It has been 

witnessed that BE  of Ni 2p3/2 for both the catalysts is superior to pure NiO (i.e., BE of Ni 2p3/2 

for NiO lies in the range 853.8-854.5 eV) [40, 96, 201]. This clearly supports the MSI of Ni2+ 

with the alumina-magnesia (Al2O3-MgO) support. Further, it has been evidenced that BE of Ni 

2p3/2 for Nif catalyst is 860.18 eV whereas, BE for Wb catalyst is 859.13 eV.  
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Figure 4.17. XPS spectra for Ni 2p (a) Nif and (b) Wb catalysts (c) Narrow scan for W 4f of Wb 

catalyst and (d-e) XPS narrow scan for O 1s of fresh Nif and Wb catalysts, respectively. 
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This result agrees well with the TPR analysis (c.f. Table 4.2), where the easy reduction at lower 

temperatures has been witnessed for Wb catalyst compared to Nif catalysts indicating low MSI in 

the case of Wb. This reduction in BE maybe because, when the laxly bound outer shell electrons 

of W encounter the Ni2+ ion, it (the electrons) tries to normalize its charge by intensifying some 

δ- charge to it. Hence, the overall electron cloud endeavours to normalize the charge 

comparatively (i.e., compared to Nif catalyst where W is absent), and therefore the overall 

binding energy gets reduced. The obtained results are in agreement with the previous literature 

[219]. Further, the narrow scan for W has been conducted for Wb catalyst. The W 4f XPS 

spectrum for Wb catalyst has been shown in Figure 4.17(c). The BE energy for W 4f7/2 in the 

spectra (corresponding to the chemical environment of Wb catalyst) has been depicted as 34.78 

eV. The BE obtained for W 4f7/2 suggests the existence of W6+ state as reported in the literature 

[4]. The presence of W6+ ion existing in the solid solution (i.e., Ni-W-Al-Mg) creates the 

possibility of the existence of Ni-W alloy (NiWO4) and oxide of W (WO3) [41, 220]. This holds 

good with the XRD analysis of both the catalysts (i.e., Wb and WbSp in Figure 4.8 and Figure 

4.18, respectively). It is also evident from the literature that this range of BE obtained for W 4f7/2 

favours specifically for W6+ ions bordered by oxide ions [221]. Therefore, it can imply that the 

electron transfer between Ni and W has improved their mutual interaction and the synergistic 

effect leads to the formation of thermally stable Ni-W alloy [220, 221]. The Ni-W alloy has 

intensified crystallinity further during 6h of DMR reaction, and sharp peaks have been detected 

in XRD analysis of spent catalyst comparatively. 

Figure 4.17(d-e) depicts three different species of oxygen for O 1s scan on the surface of the 

catalysts (i.e., Nif and Wb). The three overlapping peaks observed in the O 1s BE region of Nif 

catalyst are located at 532.5 eV, 533.7 eV, and 535.1 eV, respectively, whereas for Wb catalyst, 

the peaks are observed at 532.9 eV, 534.2 eV, and 534.8 eV, respectively. The first peak at 

around BE of 532 eV is ascribed to the lattice oxygen, and the other overlying peaks (at 533 eV 

and 535 eV) are corresponding to the surface adsorbed oxygen and hydroxyl species, 

respectively [73]. The intensity of the peak attributed to 535 eV look prominent on Nif catalyst 

when compared to Wb catalyst, which contains W. the high affinity between the surface may 

explain this behavior chemisorbed OH and MgO, which remains with fraction even after thermal 

treatment at high temperatures [41, 222, 223]. Furthermore, one additional peak observed at 



 

91 

530.8 eV is ascribed to NiWO4 (i.e., O-[Ni-W] bond) and WO3 (i.e., W-O bond) and is found 

consistent with the literature [220, 224]. 

4.3.4.2 XRD of spent catalyst 

The XRD pattern of both spent catalysts (i.e., NiSp and Wb.Sp after undergoing DMR reaction) 

has been recorded and displayed in Figure 4.18. Some new XRD peaks have been observed for 

the post-reaction catalyst samples due to some new crystals forming during the reaction. The 

characteristic peak of carbon deposited during the reaction can be seen clearly on both spent 

catalysts at the 2-theta value of 26.5o, corresponding to the miller indices of (002) [ICDD file no. 

03-065-6212]. The sharp carbon peak for Nif and a diminished peak for Wb have been recorded, 

which has been found consistent with the literature [73, 74, 225]. For the spent bimetallic 

catalyst (Wb), the Ni-W alloy peak observed at 2-theta values of 46.4o and 72.6o got sharpened 

and more prominent (compared to the XRD analysis of freshly prepared catalyst). This may be 

due to the increase in crystallinity of NiWO4, during the DMR reaction at 800oC. The Ni-W alloy 

formed is responsible for the stable morphology and performance of Wb catalysts, and the results 

are in agreement with the literature [226]. Similarly, it has been seen that the peaks 

corresponding to the spinel Al2MgO4 phase at 19.1o, 31.3o, 44.8o and MgO phase at 36.9o and 

62.4o (for both catalysts) have shown sharp intensity peaks compared to the fresh catalysts due to 

the same above reason. The peak for Ni is also observed in both spent catalysts at the 2-theta 

value of 51.9oC and miller indices of (200). Further a new phase of WC has been detected at 2-

theta values of 31.9o and 75o corresponding to miller indices of (001) and (200), respectively for 

spent Ni-W catalyst and the results are in accordance with the literature [227]. The crystallite 

size remained almost constant before and after the reaction for the bimetallic Wb catalysts (cf. 

Table 4.6) because the alloy formed did not allow the Ni to agglomerate into bigger lumps. 

Table 4.6. Average crystal sizes of the spent monometallic and optimum bimetallic catalyst with 

TPO-O2 results 

Catalyst Average crystal sizea (nm) 
O2 consumed 

(μmol gcat
-1)b 

NiSp 54.3 5961.1 

Wb.Sp 23.1 480.2 
a Calculated by Debye–Scherrer equation from XRD peaks for MgO (200) plane. b obtained from O2-TPO 

analysis of freshly prepared catalysts 
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Figure 4.18. XRD pattern for spent (NiSp and Wb.Sp) catalysts after 6h of DMR reaction. 

4.3.4.3 FESEM of spent catalyst 

The FESEM analysis of the spent monometallic (NiSp), and the optimum performance bimetallic 

(Wb) catalyst has also been performed to investigate the coke formation further. The FESEM 

images confirmed the filamentous type of carbon formation for the monometallic NiSp catalyst 

(Figure 4.19(a-b)). The carbon sheets formed during the DMR reaction resembled that of rose 

petals as depicted in the Figure 4.19(a-b). This type of carbon formation has an inhibitory effect 

on catalyst performance since it encapsulates the active sites of catalyst. The inferior 

performance of monometallic Ni catalysts can be evidenced due to the formation of this type of 

carbon [104, 228]. The TPO results also confirm the amorphous type of carbon formation for the 

monometallic Ni catalyst. 

On the contrary, for the spent bimetallic (Wb.Sp) catalysts, the carbon formed after the DMR 

reaction was in the form of carbon nanotubes. The carbon nanotubes' morphology is an entangled 

network of fine ducts, as shown in Figure 4.19(c-d). Various pieces of literature are available 

regarding the postulates for the CNT growth mechanism on the catalyst surface. However, the 

breakdown of the feedstock carbon source on the catalyst surface to form carbon nanotube may 

be illustrated by diffusion precipitation mechanism [229]. 
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Figure 4.19. FESEM images of spent catalysts with different magnifications showing (a-b) NiSp 

catalyst with carbon nanosheets formed and (c-d) Wb.Sp with formed CNT during the 6h of DMR 

reaction. 

Furthermore, it has also been reported that MSI also plays a crucial role in the phenomenon of 

CNT formation (i.e., either through tip growth in case of fragile interaction or growth by the base 

for strong interactions) [230]. 

4.3.4.4 EDX and Elemental Mapping of spent catalyst 

The EDX analysis of the spent NiSp and Wb.Sp catalysts have been done and arranged in 

Table 4.7. The spectrum of different elemental species has confirmed the elemental composition 

of the spent catalysts (c.f. APPENDIX-E). Apart from the elemental peaks of Mg, Al, Ni, and O 

an additional peak of carbon formed post DMR reaction has been in both the samples. The 

obtained spectrum confirmed that more coke is formed (about 26% C) for monometallic NiSp 

catalyst, when compared to bimetallic Wb.Sp catalyst (i.e., about 7.5%) after undergoing DMR 

reaction. 
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Table 4.7. The elemental composition obtained by EDX analysis of spent catalysts (Nisp, Wb.Sp) 

after 6 h of DRM reaction. 

Elements 

(wt.%)  → Mg Al O Ni W C 

Catalyst ↓ 

Nisp 34.9 17 11 11.1 - 26 

Wb.Sp 39 18.5 19.8 11.4 3.8 7.5 

The elemental mapping of the spent catalysts (NiSp and Wb.Sp) has been conducted and depicted 

in Figure 4.20. The dot mapping of constituent elements of catalysts confirms their existence in 

the prepared samples. It has also been observed that the carbon formed is more prevalent for NiSp 

catalyst, whereas a very minute amount of coke is formed for Wb.Sp catalyst, as displayed by dot 

mapping of C. 

 

Figure 4.20. The elemental dot mapping of spent (NiSp and Wb.Sp) catalysts after 6h of DMR 

reaction. 

4.3.4.5 TPO-O2 of spent catalyst 

The DMR reaction is affected by active metal/metals and depends on metal support interfacial 

regions [231, 232]. As per the results obtained from XRD analysis of spent catalysts, the WC's 

formation has been observed along with the Ni-W alloy during the DMR reaction. This may be 

due to in-situ carburization of  WO3 with the assistance of Ni for CH4 dissociation, and found 

consistent with the literature [51, 226]. The reaction taking place on catalyst’s can thus be 

explained by the following equations : 

NiWO4 + 2WO3 +  13CH4 →  3WC +  Ni +  26H2 +  10CO    (4.1) 

WC + 4CO2 → WO3 +  5CO         (4.2) 

WO3 +  4CH4 → WC +  8H2 +  3CO        (4.3) 



 

95 

During the DRM reaction the phenomenon occurring on the catalyst in the above equations can 

be illustrated as the following steps. In the first step (eqn.4.1), the existing Ni-W alloy (evident 

from XRD and XPS results above) have undergone the reaction with methane [233]. The oxides 

of tungsten were carbonized by the aid of nickel for dissociation of methane to give tungsten 

carbide (eqn.4.1) during DMR reaction performed at 800°C. The formation of tungsten carbide 

follows and assists in the activation of carbon dioxide and thus hinders the coke formation 

(eqns.4.2 and 4.3). Hence, it finally resulted in diminished coke formation when compared to 

monometallic Ni catalyst (evident from EDX results in Table 4.7). 

The activation of CO2 by WC formed can be explained further by the elementary reactions 

shown in eqns. (4.4-4.7). The CO2 gets adsorbed on catalyst to dissociate into CO and O*. The 

educt O* then combines the carbon on the metal carbide surface (i.e., Cs) and a vacant site (O) is 

created. This vacancy is then further occupied by either O* which oxidize the carbide into the 

metal oxide, or by C* from the carbon adsorbed from CH4 forming the carbide again.  

CO2 + ∗ ⇌ CO +  O∗         (4.4) 

WCS +  O∗ ⇌  WO + CO       (4.5) 

WO +  CS  ⇌ WC         (4.6) 

WO +  O∗  ⇌ WO (oxides)       (4.7) 

This above elementary reaction steps are also found consistent with the literature [51]. The TPO-

O2 profiles of the spent catalysts (i.e., NiSp and Wb.Sp) have been displayed in Figure 4.22. The 

signal intensity of O2 consumed depicts the quantity of accumulated carbon. The three main 

types of carbons are ascertained and named as Cα, Cβ, and Cγ [232]. The carbon species (Cα) 

that gets oxidized at and below 400oC is amorphous type carbon shrouding the metal surface. 

The carbon species (Cβ) at around 600oC is somewhat graphitic, and the peaks at and above 

650oC are ascribed to (Cγ) carbon nanotube [25, 232]. The reaction mechanism form DRM can 

be sketched as depicted in Figure 4.21 below. 
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Figure 4.21. The proposed reaction mechanism for DRM on Ni-W bimetallic catalyst [96]. 

The spent monometallic NiSp shows a big central peak at around 400oC, which indicated the 

existence of Cα species. The formation of amorphous (Cα) carbon may be the reason for the 

lower catalytic activity of the monometallic catalyst. Whereas the spent bimetallic catalyst WbSp 

showed a single sharp peak at around 650oC, depicting Cγ type carbon deposition. The small 

intensity peak is shown by WbSp catalyst, convey diminished coke formation comparatively. The 

signal depicts the formation of carbon nanotubes (Cγ), which is also confirmed by FESEM 

images of the spent catalyst (Figure 4.19(c-d)). Hence it can be concluded from the above 

analysis that catalyst WbSp showed comparatively less carbon formation (in the form of carbon 

nanotubes) than NiSp for 6h of DMR reaction. The amount of O2 consumed by each spent 

catalyst (i.e., Ni.Sp and WbSp) sample has been displayed in Table 4.6. It has been reported in the 

literature that Cα type carbon is formed primarily by CH4 decomposition at the early stage of 

DMR reaction. The oxides of W are Brønsted acids, and hence they are very good oxidizing 

agents [234]. Therefore, W easily reacts with the amorphous carbon (Cα), whereas it is hard to 

reform carbon nanotubes due to their high crystallinity [235]. 
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Figure 4.22.  TPO-O2 profiles of spent (NiSp and Wb.Sp) catalysts after 6h of DMR reaction at 

800oC. 

4.3.4.6 RAMAN Analysis 

The spent catalysts (i.e., NiSp and Wb.Sp) are further characterized by employing Raman 

spectroscopy to study the graphitization of the carbon deposited during the DMR reaction. The 

results obtained by Raman analysis verified the formation of different types of carbon deposited 

on NiSp and Wb.Sp catalysts. The two peaks obtained (for NiSp) at 1341 cm-1  and 1587 cm-1 are 

corresponding to D-band and G-band, respectively, and are found consistent with the literature 

[236]. The peak at G-band is associated with lateral stretching of all sp2 pairs of atoms 

corresponding to graphitic carbon structure. Conversely, the D-band is ascribed to sp2 sited and 

denotes disarranged carbon structure (generally amorphous carbon or disordered lattice carbon) 

[232]. The ratio of intensities of D and G band (i.e., ID/IG) is used to assess the characteristics of 

carbon nanotubes. The lower values of ratio (i.e., ID/IG<1) implies superior grade graphitization 

with rare defects in the crystal lattice, whereas higher values of ratio (i.e., ID/IG >1) denote 

amorphous carbon with no or very small, the ordered arrangement of the lattice. The Lorentzian 

line shape method is used to fit the spectra, and the ID/IG ratio is determined by taking the ratio of 

the integrated areas under the peaks. It can be easily established from Figure 4.23 that ID/IG ratios 

of 1.72 and 0.47 are obtained for catalysts NiSp and Wb.Sp respectively. Hence, it indicates that 

carbon nanotubes may have formed on the surface of Wb.Sp catalyst due to higher peak intensity 
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of G-band. The results are found consistent with the FESEM and TPO analysis above (Figure 

4.19 and Figure 4.22). Furthermore, the peak at 2696 cm−1 is allocated as a G′ band 

corresponding to second-order Raman scattering, which is generally associated with the purity of 

carbon nanotubes. Hence, it can be established that on adding W to the Ni catalyst, the 

morphology of the carbon formed on the catalyst has been modified, i.e., composite catalysts 

promoted the formation of CNT appreciably. 

 

Figure 4.23. Raman analysis of spent (NiSp and Wb.Sp) catalysts after 6h of DMR reaction at 

800oC. 

4.3.4.7 TEM of spent catalyst 

TEM analysis of the spent catalysts (NiSp and Wb.Sp) is conducted to get further insight into the 

carbon deposition. The FESEM images of the spent catalysts (Figure 4.19) depicted the 

formation of carbon nanosheets for NiSp catalyst and CNT for Wb.Sp catalyst, respectively. The 

NiSp catalyst surface was shrouded by amorphous carbon nanosheets, due to which the contact of 

CH4 reactants with the active sites of the catalyst is hindered. This type of carbon deposition 

verifies the low activity of the monometallic catalyst. Conversely, the bimetallic catalyst (Wb.Sp) 

forms a carbon nanotube, validating the result of TPO (as evident from Figure 4.22). TEM 

analysis shows a composite network of amorphous carbon (as dark spots all over the sample) for 

NiSp catalyst in Figure 4.24(a). Nonetheless, for Wb.Sp the TEM results confirmed the formation 
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of multi-walled carbon nanotubes (MWCNTs) as they are thick and composed of tubed piled one 

over the other as depicted in Figure 4.24(b). The comparable results for MWCNT formation has 

been reported by Al Swai et al. [25] and Charisiou et al. [237]. These MWCNT can be utilized in 

several industrial and eco-friendly applications and may help to enhances the process economy 

[238]. The MWCNTs can significantly be used in the field of nano electronics for making diodes 

and transistors. Recently MWCNT’s have been proposed for their efficient applications in 

energy storage and production in fuel cells. Further, MWCNTs can be efficiently employed in 

water treatment, drug delivery, and sensing [239], [240]. 

 

 

Figure 4.24. TEM analysis of spent (NiSp and Wb.Sp) catalysts after 6h of DMR reaction for at 

800oC. 
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Hence, it may be inferred from the above analysis that addition of W as a bimetal has an 

enhancing effect on the performance and stability of catalyst and with 12wt.% Ni-4wt.%W 

loading showed the best performance. This high-performance catalyst is further analyzed for 

optimization studies. 

4.4 Process Optimization Using RSM 

In this section, the outcome of input process parameters (i.e., A: reaction temperature and B: feed 

ratio [CH4: CO2]) on the process responses (i.e., % CH4 conversion, % CO2 conversion and 

H2:CO ratio) were examined for DRM process over the optimum performance Ni-W bimetallic 

catalyst by employing the CCD interface. From the section 4.2 and 4.3 the screening of catalysts 

leads to Ni-W/MgO-Al2O3 catalyst, with 12wt.% Ni and W (4wt.%) on Al2O3-MgO (with Al2O3: 

MgO of 1:2). The DOE obtained as per the CCD interface for optimization study and the 

reactions have been précised in Table 4.8. The input process parameters have been represented in 

coded notations from Table 3.3. The reaction was carried out for 6 h each over a temperature 

range of 600 oC – 800 oC, a feed ratio (CH4:CO2) range of 0.5-1.5 at constant GHSV of 36000 

cm3gmcat
-1 h-1. This range for input process parameters has been taken and studied keeping in 

view about the endothermic nature of DRM reaction and as per available literature [130], [154]. 

Further, this constant GHSV is used since for the reactor used maximum conversion achieved is 

at a flow rate of 60 ml min-1 or GHSV of 36000 cm3gmcat
-1 h-1. The conversion increased from 

GHSV of 12000 cm3gmcat
-1 h-1 to 36000 cm3gmcat

-1 h-1 and remained constant on further 

increasing the GHSV.   

Table 4.8. The DOE suggested by CCD along with responses obtained. 

Input Process Parameters (Coded 

values) 
Response 

Run 
A: 

Temperature 

B: Feed Ratio 

(CH4: CO2) 

CH4 Conversion 

(%) 

CO2 Conversion 

(%) 

H2:CO 

Ratio 

1 +1 0 93.5 97.5 0.96 

2 0 +1 65 77.5 1.17 

3 0 -1 80.4 49.5 0.65 

4 0 0 75.2 78.1 1.13 

5 -1 +1 58.3 69 1.1 
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4.4.1 Effect of reaction parameters on reactant’s conversion 

The effect of input reaction parameters (i.e., CH4 and CO2 feed ratio and the temperature) on the 

output (i.e., percentage conversions of CH4 and CO2 along with the syngas ratio) has been 

studied in detail in this section. 

4.4.1.1 Effect of reaction parameters on CH4 conversion 

The experimental data attained from DRM reaction over Ni-W/MgO-Al2O3 catalyst is fitted into 

the quadratic model obtained from RSM (CCD) as per equation 4.8. The RSM model attained for 

the percentage conversion of CH4 has been scrutinized on a 95% confidence level for its 

algorithmic significance. The ANOVA results (i.e., degrees of freedom (DOF), the sum of the 

square, F- values, mean square and P-values) have been summarized in Table 4.9. The ANOVA 

result confirmed that the RSM models for CH4 conversion to be significant statistically since the 

p-value < 0.05. Furthermore, the RSM model’s significance is ratified by the obtained F-value. 

The F-value of 167.36 attained from the assay denotes that model is significant and there is only 

a 0.01% probability that this large "Model F-Value" may occur due to noise. Hence, the obtained 

model has less noise interference. The ANOVA findings also show that, since the p-value is 

around 5%, hence the lack of fit is not significant. This confirms the meticulous fitting of data by 

the RSM model. 

  

6 +1 +1 89 98 1.1 

7 0 0 74.2 77.8 0.99 

8 -1 -1 68.9 36.2 0.59 

9 +1 -1 98.9 64 0.6 

10 0 0 73.4 76.6 0.96 

11 0 0 74.8 75.2 0.92 

12 -1 0 64.3 62.3 0.98 

13 0 0 75.2 74.8 0.88 
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Table 4.9. ANOVA table for CH4 conversion obtained from (CCD) RSM. 

The ANOVA assay findings further exhibit that the process parameter terms (i.e., A, B and A2) 

are significant (due to p-values<0.05). However, the terms AB and B2 are not substantial (due to 

p-values>0.05) but still show interaction amid reaction temperature and feed ratio, as per the 

quadratic model equation.  It shows that the input parameters (i.e., reaction temperature and feed 

ratio) significantly influence CH4 conversion. It is evident from the obtained F-value chart that 

temperature has a major effect on CH4 conversion because it has the greatest F-value. This trend 

is found consistent with the literature, where it has been concluded that temperature has the most 

significant influence on methane conversion for DRM process [49], [152]. 

The quadratic model (in coded process parameter terms) obtained after ANOVA can be written 

as: 

CH4 conversion (%) = 74.32+14.98A-5.98B+0.175AB+5.18A2-1.02B2
   (4.8) 

Response Model Terms 
Sum of 

squared 
DOF 

Mean 

square 
F-value P-value  

CH4 

Conversion 

(%) 

Model 1638.88 5 327.78 167.36 <0.0001 significant 

 
A-

Temperature 
1347.00 1 1347.00 687.76 <0.0001  

 B-Feed Ratio 214.80 1 214.80 109.68 <0.0001  

 AB 0.12 1 0.12 0.06 0.8097  

 A² 74.04 1 74.04 37.80 0.0005  

 B² 2.89 1 2.89 1.47 0.2640  

 Residual 13.71 7 1.96    

 Lack of Fit 11.36 3 3.79 6.44 0.0519 
not 

significant 

 Pure Error 2.35 4 0.58    

 Cor Error 1652.59 12     
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4.4.1.2 Assessment of observed and predicted conversion of CH4 

The RSM model's reliability for CH4 conversion has been checked by placing the experimental 

data in the model. The experimental data are then compared with the predicted data obtained 

from the analysis, as shown in Figure 4.25 (a). It has been witnessed that predicted value points 

are well scattered and in close proximity to the parity line. This further validates the robustness 

of the model. The statistical analysis of the actual vs predicted values had been conducted using 

design expert version 12. The results obtained exhibits that the coefficient of determination (i.e., 

R2) and the adjusted R2 value are 0.992 and 0.986, respectively, whereas a standard error of 

1.84% is obtained. A highly precise correlation between the actual and the predicted CH4 

conversions is indicated by the higher R2 and adjusted R2 values. The reduced value of error 

suggests insignificant inconsistency amongst the actual and predicted values of CH4 conversion. 
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Figure 4.25. The actual vs predicted value plots obtained from RSM. 

4.4.1.3 Effect of reaction parameters on CO2 conversion 

The RSM model for percent conversion of CO2 attained is represented by equation 4.9. 

Consequently, the model for CO2 conversion is examined by ANOVA as a précised in Table 

4.10. The outcome of ANOVA showed the significance of the model used to forecast the 

conversion of CO2 (since its p-values < 0.05). The lack of fit (with p-value > 0.05) further 

supported that the model is significant. This implies that the experimental data fit well into the 

model, and the lack of fit is insignificant for the model used. The outcomes of ANOVA 

summarized in Table 4.10, depicts that all the process parameters terms (coded terms expect AB) 

are significant (due top-value < 0.05). This indicates that the process parameters (i.e., 

temperature and feed ratio) have a considerable effect on the conversion of CO2. Further, it is 

evident from the obtained F-value chart that feeds ratio and temperature have a major effect on 

CO2 conversion (since the F-values are 308.56 and 290.60, respectively). Subsequently from the 

above effect, the square of feed ratio (i.e., B2) have a prominent influence on the conversion of 

CO2 (F-value 96.87) compared to other interaction effects. The quadratic model (in coded 

process parameter terms) obtained after ANOVA can be written as: 

CO2 conversion (%) = 76.51+15.33A+15.80B+0.3AB+3.35A213.05B2   (4.9) 
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Table 4.10. ANOVA table for CO2 conversion obtained from (CCD) RSM 

Response Model Terms 
Sum of 

squared 
DOF 

Mean 

square 
F-value P-value  

CO2 

Conversion 

(%) 

Model 3387.57 5 677.51 139.57 < 0.0001 significant 

 
A-

Temperature 
1410.67 1 1410.67 290.60 < 0.0001  

 B-Feed Ratio 1497.84 1 1497.84 308.56 < 0.0001  

 AB 0.3600 1 0.3600 0.0742 0.7932  

 A² 31.03 1 31.03 6.39 0.0393  

 B² 470.24 1 470.24 96.87 < 0.0001  

 Residual 33.98 7 4.85    

 Lack of Fit 25.14 3 8.38 3.79 0.1153 
not 

significant 

 Pure Error 8.84 4 2.21    

 Cor Total 3421.55 12     

4.4.1.4 Assessment of observed and predicted conversion of CO2 

The RSM model (i.e., attained from equation 4.9) has been consequently examined by the 

actual (experimental) and predicted conversion values. The actual (experimental) values of 

the reaction parameters were inserted in the RSM model, and the predicted values were 

obtained as depicted in Figure 4.25(b). It has been observed that the observed and the 

predicted values are dispersed nearby and fits well with the parity line. Additionally, the 

model has been inspected statistically to validate its sturdiness. The results obtained shows 

that the coefficient of determination (i.e., R2) and the adjusted R2 value are 0.9901 and 

0.9830, respectively, whereas a standard error of around 2.2 % is observed. Hence, it shows 

no significant difference between the actual and predicted values of CO2 conversion. The 

obtained results are in agreement with the existing literature [152]. 
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4.4.1.5 Effect of reaction parameters on H2:CO ratio 

The final RSM model for H2:CO ratio attained in terms of coded parameters is displayed as 

equation 4.10. The ANOVA was successively employed to check the significance of the model. 

The quadratic model obtained for H2:CO was reliable for predicting its (H2:CO ratio) values 

since the p-value for the model is less than 0.05 (p-value = 0.0002). Furthermore, the ANOVA 

results for lack of fit support the model's sturdiness (due to its p-value>0.05). The ANOVA 

results (summarized in Table 4.11) convey the model's significance and suggest that the feed 

ratio (evident from F-value) has a prominent effect on the H2:CO ratio compared to temperature. 

It agrees with the performance evaluation results of DRM reaction conducted, which showed that 

the H2:CO ratio increased significantly on increasing the feed ratio. 

H2:CO = 0.9507-0.045A+0.2217B-0.0577A2-0.0774B2      (4.10) 

Table 4.11. ANOVA table for H2: CO obtained from (CCD) RSM. 

Response Model Terms 
Sum of 

squared 
DOF 

Mean 

square 
F-value P-value  

H2:CO Model 0.3499 5 0.0700 26.02 0.0002 significant 

 
A-

Temperature 
0.0121 1 0.0121 4.52 0.0711  

 B-Feed Ratio 0.2948 1 0.2948 109.62 < 0.0001  

 AB 0.0020 1 0.0020 0.7530 0.4143  

 A² 0.0091 1 0.0091 3.39 0.1084  

 B² 0.0166 1 0.0166 6.15 0.0422  

 Residual 0.0188 7 0.0027    

 Lack of Fit 0.0051 3 0.0017 0.4962 0.7044 
not 

significant 

 Pure Error 0.0137 4 0.0034    

 Cor Total 0.3688 12     
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4.4.1.6 Assessment of observed and predicted values of H2:CO ratio 

The statistical capability of the RSM model (i.e., attained from equation 12) have been tested by 

putting the actual (experimental) and predicted ratio values. The plot between actual and 

predicted outcomes for H2:CO has been depicted in Figure 4.25(c). It can be elucidated that the 

predicted and actual data points are dispersed nearby the parity line and agree well with the 

model. Furthermore, the model's reliability can be evidenced by its R2 value, i.e., greater than 0.8 

(i.e., 0.9490). Therefore, the difference between the actual and predicted values is insignificant 

and goes well with RSM's model. The obtained trend is in agreement with the literature [241], 

[242]. 

4.4.2 Response surfaces interaction of RSM model 

The 3-D response along with the contour plots displaying the of the interaction of temperature 

(A) and feed ratio (B) on percentage conversion of CH4, CO2 and H2:CO for DRM process over 

Ni-W/Al2O3 catalyst are shown in Figure 4.26. The conversion of CH4 and CO2 is noticed to 

increase from the initial minimum values of 58.3% and 49.5% to a maximum value of 98.9% and 

97.5% respectively. The H2:CO ratio has risen from a minimum of 0.6 to 1.1 as the maximum 

obtained value. It is evident from the plots corresponding to CH4 and CO2 conversion (Figure 

4.26(a-d)) that both temperature and feed ratio significantly influence the conversion. Whereas 

the feed ratio has a major effect on the H2:CO ratio compared to temperature input (Figure 4.26 

(e-f)). Further, it can be seen from the obtained plots for CH4 conversion, the temperature in the 

dominating factor compared to the feed ratio. On the other hand, feed ratio dominates the 

temperature comparatively for CO2 conversion, as indicated in the red-colored response. The 

response surface interactions obtained are in accordance with the ANOVA results and were 

found to be consistent with the literature [242, 243]. 
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Figure 4.26. 3-D response surface and contour plots displaying the effects of reaction 

temperature and feed ratio on (a) CH4 conversion, (b) CO2 conversion, and (c) H2: CO. 
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4.4.3 Optimization of the process parameters for DRM over Ni-W catalyst 

In the present study, the optimization of process parameters for the DRM process over the 

optimum performance Ni-W/Al2O3-MgO catalyst has been carried out by employing the RSM 

tool of Design-Expert version 12 software. The range of high and low levels of the input process 

parameters (reaction temperature and feed ratio) and their responses (CH4, CO2 conversion and 

H2:CO) have been specified and summarized in Table 4.12. The main objective is to maximize 

the responses (i.e., maximize CH4 and CO2 conversions while targeting H2:CO at 1) and 

minimize the reaction temperature while keeping the feed ratio between 0.5 to 1.5. 

Table 4.12. Goals and responses of the input process variables and their responses. 

Name Goal Lower Limit Upper Limit 

Process variables    

A: Temperature (C) Minimize 600 800 

B: Feed Ratio In range 0.5 1.5 

Responses    

CH4 conversion (%) Maximize 60 98.9 

CO2 conversion (%) Maximize 60 97.5 

H2:CO Target=1 0.7 1.2 

The desirability of individual responses was obtained by employing the desirability estimation 

profiler. This desirability forecast function can handle simultaneous optimization of different 

responses by exercising a separate model for them. The effect of input process variables on 

desirability has been depicted in Figure 4.27, along with its overall 3-D and contour plots. The 

plots obtained (shown in Figure 4.27) illustrates that the optimum conditions are desired at the 

temperature range of 700-800 oC and feed ratio of 0.7-1.2 at the constant GHSV of 36,000 

cm3gcat-1h-1 with desirability varying between 0.6-0.8. This suggests that the optimum parameters 
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(i.e., maximized conversions of CH4, CO2 and H2:CO) could be achieved within the above-

specified range of parameters. The algorithm adopted by RSM came out with the optimum 

solution with recommended desirability value of 0.723 (depicted in Figure 4.27).  The analysis 

carried out by the RSM suggested a reaction temperature of 777.29 oC, a feed ratio of 1.11 and the 

percentage conversion of CH4 as 87.6%, CO2 as 93.3% H2:CO value of 1, respectively. 

 

 
Figure 4.27. 3-D and contour desirability plots obtained from the multi-response desirability 

analysis. 
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4.4.4 Verification of optimized condition and percentage error 

The recommended set of optimum conditions were then further verified by carrying out 

experimental DRM test over Ni-W/Al2O3-MgO catalyst at the specified conditions. The 

experiment is repeated thrice to minimize the mean error while comparing the predicted data 

(i.e., CH4, CO2 conversions and H2:CO). The DRM reaction carried out at the obtained optimum 

conditions showed stable performance for 12h of reaction test. The actual experimental and the 

RSM predicted values of the responses had been summarized in Table 4.13. 

Table 4.13. Optimum experimental values vs predicted values and corresponding percentage 

error. 

The obtained experimental data are compared with the predicted data, and hence the percentage 

error was calculated (cf. Table 4.13). Further, the mean errors were utilized to justify the 

optimization results. The average errors for CH4, CO2 conversions and H2:CO were 2.56%, 

3.13% and 2.75%, respectively. Since the software forecast the data with 95% confidence (i.e., 

with a 5% probability of error); therefore, errors were counted as insignificant. This 

demonstrates that the statistical analysis carried out by RSM was a reliable method for DRM 

process optimization. The actual value may differ from the predicted value for the CCD (RSM). 

Run CH4 Conversion (%) CO2 Conversion (%) Syngas Ratio 

 Experimental Predicted 
% 

Error 
Experimental Predicted 

% 

Error 
Experimental Predicted 

% 

Error 

1 85.41 87.65 2.62 90.22 93.25 3.35 0.97 1 3.09 

2 84.83 87.65 3.32 89.17 93.25 4.5 0.96 1 4.16 

3 86.14 87.65 1.75 91.83 93.25 1.55 0.99 1 1.01 

Mean 85.5  2.56 90.1  3.13 0.96  2.75 
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The minute fluctuations (i.e., within 5% error range) in the experimental and predicted values is 

a normal trend and agrees with the existing literature [151–153, 179, 244]. 

Hence, from this study it can be inferred that the quadratic model suggested by CCD tool of 

RSM is best suited for the experimental design of optimization studies (as obtained from 

ANOVA). After carrying out a set of 13 experiments for optimization study at different reaction 

conditions (i.e., the temperature of 600oC - 800oC and CH4: CO2 of 0.5-1.5); it has been found 

that the optimum input conditions for temperature and feed ratio were 777.29oC and of 1.11 with 

the desirability of 0.723. 

4.5 Kinetic Modelling Analysis 

The kinetic and mechanistic studies of DRM is important to profoundly cognize the process and 

optimize the process parameters for industrial applications [245]. However, there are discrete 

views on the DRM reaction mechanism and its RDS. Wei et al. [246] described methane 

decomposition as RDS for DRM, whereas Lou et al.[247] reported decomposition of educts like 

CHxO as RDS. The difference in reaction mechanism of reforming reactions is mainly due to 

different catalysts and different operating temperatures [248]. There are numerous kinetic and 

mechanistic studies conducted by researchers over Ni-based catalysts for DRM. Bodrov and 

Apel’baum proposed the first reaction mechanism for DRM in 1967. According to their findings 

they reported that the rate of DRM over Ni surface may be explained by the same kinetic 

equation as that for steam reforming of methane (SRM). The main assumption made in the 

Bodrov’s model is that CH4 react with steam and not with CO2 [249]. Further, Zhang and 

Verykios [250] derived a Langmuir-Hinshelwood (LH) model for DRM over Ni/CaO-Al2O3 

catalyst, taking in account that CH4 is the rate determining step (RDS). Later, Slagtern et al.[251] 

described that RDS is the one comprising of CH4 dissociation to give carbon species and CO2 

dissociation to give oxygen adsorbed educt, respectively. Hu and Ruckenstein [252] also came 

out with a similar outcome and concluded that surface reactions between oxygen and carbon 

educts are RDS over Ni catalysts. In another study, Tsipouriari and Verykios [253] reported a 

kinetic model. They assumed the methane cracking and the surface reaction between C and oxy-

carbonate species are RDS over Ni/La2O3 catalyst. Although different RDS are proposed in 

reaction mechanism studies, LH model has been commonly used in the kinetic studies of DRM. 

Recently, most of the investigations for reaction mechanism of DRM were derived based on LH 
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model. These were mainly recommended from the general LH steps presented by Xu and 

Froment [254] from their study on Ni based catalyst supported on MgAl2O4 for SRM reactions.  

In this section, the three main reaction kinetic models (i.e., Langmuir-Hinshelwood (LH), Power 

Law (PL) and Eley-Rideal (ER))  are used to understand DRM kinetics [51, 182, 183]. PL model 

is the simplest of all reaction kinetic models, and it can be used to make a rough inference for 

kinetic parameters [37]. The  ER model proposes that one gas (either CH4 or CO2) gets adsorbed 

on the catalyst active sites at thermodynamic equilibrium, whereas the other remains in the gas 

phase. The adsorbed gas then forms the educt and reacts with the non-adsorbed gas (by ER I or 

ER II mechanism). The RDS step is the one comprising the reaction of adsorbed gas with 

another reactant [182, 183]. Whereas, in LH model, it has been claimed that both the reactant 

gases get absorbed on the active sites of the catalyst. The educts formed react with each other, 

during this phenomenon some elementary reactions are at thermodynamic equilibrium  whereas 

some are the RDS. The decomposition of CH4 and CO2 decomposition are supposed as 

elementary reactions in DRM reaction. The LH model is the most applicable and widely used for 

DRM reactions, since it provides more realistic approach for reaction mechanism, and explain 

the mechanistic steps more accurately [183, 184]. The kinetics of DRM reaction for the optimum 

Ni-W bimetallic catalyst is examined in a fixed bed tubular reactor over a temperature range 

from 600oC-800oC at the standard atmospheric condition. The obtained data was then examined 

by employing different kinetic models (i.e., PL, ERI, ERII and LH). Finally, the adsorption 

energies of different reaction gases and the activated energy were also estimated by Arrhenius 

equation. 

4.5.1 Reaction Mechanism 

Several step-wise reaction mechanism have been proposed so far by researchers [65].  Wang et 

al. [255] conducted a theoretical study for DRM reaction and concluded that reactant gases gets 

adsorbed on the active sites of catalysts to form some educts. The educts formed then give CO 

and H2 finally, which gets desorbed from the active sites. A per the investigations made by 

researchers the three rudimentary type of catalysts were considered, i.e., supported Ni-based, 

supported noble metal-based, and the carbide catalyst [51]. However, the XRD results (in section 

4.3.4.2) confirms the existence of Ni-W alloy (NiWO4) and WC in the spent catalyst, and the 

analysis suggested the pathway for DRM reaction (in section 4.3.4.5) as eqns. (4.1-4.3). The 
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suggested mechanism holds good with the reported literature and our findings [226]. Further the 

elementary reaction steps have been described (in section 4.3.4.5) as eqns. (4.4-4.7). 

The WC activates CO2, and the elementary reactions may be proposed as eqns. (4.4-4.7). The 

CO2 molecule is then adsorbed to catalyst surface and dissociate into CO and O*. The 

intermediate O* then join with the carbon on the metal carbide surface (i.e., Cs) and a vacant site 

(O) is created. This vacancy is then further occupied by either O* which oxidize the carbide into 

the metal oxide, or by C* from the carbon adsorbed from CH4 forming the carbide again [233]. 

Moreover, Iyer et al.[51] also reported for the noble metal-based catalyst mechanism. They 

demonstrated that the O* formed from the splitting of CO2 combines with the C* formed from 

CH4 splitting. The proposed reaction mechanism steps can be shown as eqns:  

 CH4 + ∗ ⇌  C∗ + 2H2       (4.11) 

CO2 + ∗ ⇌  CO + O∗        (4.12) 

O∗ +  C∗  ⇌ CO        (4.13) 

Further, it is broadly accepted that CO2 gets adsorbed on the active site and react with H 

dissociated by CH4. However, still there exist an ambiguity regarding reaction pathways of CO2 

methanation [255, 256]. 

4.5.2 Kinetics testing for DRM 

The overall flow velocity is varied from 30-150ml/min to determine the effect of external 

diffusion for DRM reaction at 800 oC. It has been observed that the conversion of reactant gases 

increased with time when the inlet gas flow rate increased from 30 ml/min to 60 ml/min. The 

conversion remained constant till the flow rate was raised to 90 ml/min, and started to decrease 

slightly on further increasing the flow rate from 90ml/min to 150ml/min. This may be ascribed to 

the fact that external mass transfer of the reactant is barely influenced when the gas flow rate 

exceeds a particular limit. This further reveal that the external diffusion process of reactant gases 

(i.e., CH4 and CO2) through the catalytic bed was faster than the reaction on catalyst surface. 

Hence, it infers that the chemical reaction was the rate-determining step in DRM process. The 

kinetic testing is carried out the by altering the amount of gaseous feed (i.e., CH4, CO2 and N2) 

i.e., being fed into the reactor at atmospheric pressure. In the kinetic analysis of DRM, firstly the 
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flow rate of CH4 is kept constant (i.e., 24 ml/min) whereas the flowrate of CO2 is varied (in the 

range 6-36ml/min.) to vary the partial pressure of CO2 in the range of 0.2-0.6, keeping partial 

pressure of CH4 as constant (i.e., 0.3). Similarly, in the other run the pressure of CH4 is varied in 

the range of 0.2-0.6 and partial pressure of CO2 is kept constant (i.e., 0.3). The N2 is used as a 

balance gas to maintain a total flow rate of 70 ml/min, however it does not participate in the 

reaction. The reaction temperature is varied as 600oC, 700oC and 800oC. The rate of CO 

production can be determined as:  

RCO =  Fout . xCO        (4.14) 

The rate of CH4 consumption can be determined as: 

RCH4 =  FCH4 −  Fout . xCH4        (4.15) 

The rate of CO production is double than that of CH4 consumption, and can be written as: 

 RCO =  2FCH4 . xCO/ (xCO + 2xCH4)       (4.16) 

Hence, the rate of reaction for DRM can be expressed as: 

R =
RCO

V
=  2FCH4. xCO/[(xCO + 2xCH4). V]      (4.17) 

where R is rate of the reaction, x is the molar fraction of production, F is the molar flow rate and 

V is the volume of Ni-W bimetallic catalyst. 

The rate equations for DRM reaction deduced from three main kinetic models are represented as 

[51], [182], [183]: 

Power Law (PL): 

R = 𝑘[PCH4]m[PCO2]n           (4.18) 

Eley Rideal I (ERI): 

R = 
𝑘.KCO2.PCH4.PCO2

1+ KCO2.PCO2
         (4.19) 

Eley Rideal II (ERII): 

R = 
𝑘.KCH4.PCH4.PCO2

1+ KCH4.PCH4
         (4.20) 
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Langmuir-Hinshelwood (LH): 

R = 
𝑘.KCH4.KCO2.PCH4.PCO2

(1+KCH4.PCH4+ KCO2.PCO2)2
       (4.21) 

The eqn. (4.21) was used to determine the equilibrium constants and the rate constant by 

applying linear regression correlation analysis. Hence, for LH model the eqn. (4.22) is attained. 

√
𝑃𝐶𝐻4.𝑃𝐶𝑂2

𝑅
=  

1

√𝑘.𝐾𝐶𝐻4.𝐾𝐶𝑂2
+ √

𝐾𝐶𝐻4

𝑘.𝐾𝐶𝑂2
𝑃𝐶𝐻4 + √

𝐾𝐶𝑂2

𝑘.𝐾𝐶𝐻4
𝑃𝐶𝑂2    (4.22) 

 

 

Figure 4.28. Modified reaction rates √𝑃𝐶𝐻4. 𝑃𝐶𝑂2/𝑅  vs partial pressure of (a) CH4 and (b) CO2 

for LH model, at 600oC-800oC. 
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By maintaining a constant partial pressure of CH4 or CO2, a linear plot of √𝑃𝐶𝐻4. 𝑃𝐶𝑂2/𝑅 vs. 

partial pressure of reactant gases is obtained. The rate constant (k) along with the adsorption 

equilibrium constants (i.e., KCH4 and KCO2) were attained through linear regression of the graph. 

The approximated rate expressions were also attained by fitting of the experimental data. The 

Newton-Raphson minimization algorithm is used to calculate the kinetic parameters of catalyst. 

The LH model was employed to investigate the reaction kinetics of DRM over Ni-W bimetallic 

catalyst over a temperature range of 600oC-800oC. The LH model is used for this aspect since it 

provides most realistic approach and preferred over other existing models [257].  The effect of 

partial pressure of reactant gases on √𝑃𝐶𝐻4. 𝑃𝐶𝑂2/𝑅 has been shown in Figure 4.28. The 

calculations done to determine the value of  √𝑃𝐶𝐻4. 𝑃𝐶𝑂2/𝑅 from rate of the experimental rate of 

reaction has been given in APPENDIX F (cf. Tables A.9 and A.10). It has been observed that the 

plot obtained between the partial pressure of gases (i.e., CH4 and CO2) and  √𝑃𝐶𝐻4. 𝑃𝐶𝑂2/𝑅 is 

fairly linear. The rate constant (k) and the adsorption equilibrium constants (i.e., KCH4 and KCO2) 

were obtained from fitted curves. Further, the activation energy of the reaction (Ea) and the pre-

exponential factors were obtained by using the Arrhenius equations (eqn. 4.23).  

ln 𝑘 =  Ea RT⁄ + ln A         (4.23) 

 
Figure 4.29. Arrhenius plots to determine the apparent Ea and ECH4 and ECO2 over Ni-W 

bimetallic catalyst. 
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The KCH4, KCO2 and k values were calculated from the data fitting plot shown in Figure 4.28. 

Further, the Arrhenius plot has been obtained and shown in Figure 4.29, from the k values 

calculated from slope and intercept analysis of Figure 4.28. The calculated values have been 

tabulated in APPENDIX F (cf. Tables A.11). The activation energies were then calculated from 

the slope of straight lines plotted in Figure 4.28. The results obtained have shown the elevated 

adsorption activation energy for CH4 (i.e., ECH4 = 45.94 kJ/mol), whereas a lower value for CO2 

(i.e., ECO2 = 31.92 kJ/mol). This shows the higher susceptibility of CH4 towards temperature, 

then CO2 comparatively. This trend obtained is found in agreement with the literature and 

validates that activation rate of CO2 is swifter compared to that of CH4 [258](cf. Table 4.14). 

Further the overall activation energy is calculated as 24.03 kJ/mol. The obtained trend of 

activation energies is quite close to that of the previous investigations conducted by Takano et 

al.[259] and Pichas et al.[248]. Thus, the relationship equations between the rate constant and 

equilibrium constants with temperature can be written as: 

 𝑘 =  2.29 𝑒𝑥𝑝(−24030/𝑅𝑇) 𝑚𝑜𝑙/𝐿. 𝑠      (4.24) 

𝐾𝐶𝐻4  =  2.66  101 𝑒𝑥𝑝(45939.8/𝑅𝑇) atm-1     (4.25) 

𝐾𝐶𝑂2  =  8.91  101 𝑒𝑥𝑝(31919.9/𝑅𝑇) atm-1     (4.26) 

where R = 8.314 J/mol.K 

Table 4.14. The activation energies (EA) over different catalysts for DRM reaction. 

Catalyst Reactor 
Flowrate 

(ml/min) 

ECH4 

(kJ/mol) 

ECO2 

(kJ/mol) 
References 

Ni/MgOSiO2  

(700oC) 
Fixed Bed - 41.87 - [259] 

Ni/Al2O3  

(500-700oC) 
Fixed Bed (ID = 10 mm) 360 50.9 56.1 [260] 

0.3Pt–10Ni 

 (580-620oC) 
Fixed Bed (ID = 6 mm) 100 26.9 23.6 [165] 

LaSrNiO4  

(450-800oC) 
Fixed Bed (ID = 10 mm) 60 41.8 12.4 [248] 

Ni-W/Al2O3-

MgO (600-

800oC) 

Fixed Bed (ID = 10 mm) 70 45.94 31.92 
(This 

work) 
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4.5.3 Effect of process variables on reaction rate  

The effect of partial pressure of reactant gases (i.e., CH4 and CO2) on the rate of DRM reaction 

was investigated over the Ni-W/Al2O3-MgO catalyst at a flow rate of 70 ml/min, 1 atm pressure 

in the temperature range of 600°C-800°C. The flow rate of one reactant gas was fixed at 

24 ml/min and that of another is varied simultaneously, to get partial pressures varying from 0.2 

to 0.6. The effect of CH4 partial pressure at different temperatures was investigated by keeping a 

constant CO2 partial pressure as shown in in Figure 4.30 (a). It is evident from the analysis that 

reforming rate was influenced by varying the partial pressure of CH4  during the experiment in 

the range of 0.2-0.6. The acceleration of reforming rate slowly decreased with the increase in 

CH4 partial pressure at a constant CO2 partial pressure. Similarly, the effect of CO2 partial 

pressure at different temperatures was investigated by keeping a constant CH4 partial pressure as 

shown in in Figure 4.30 (b). It has been observed that at lower temperatures, the effect of CO2 

partial pressure was substantial to a lesser extent compared to that at elevated temperatures. On 

comparing the trends obtained by varying the partial pressure as shown in Figure 4.30 (a) and 

4.30 (b), it appeared that the DRM reaction rate was more susceptible towards partial pressure of 

CH4 than that of CO2. It can be attributed due to stronger adsorption of CH4 towards catalyst’s 

surface compared to that of CO2 at elevated partial pressures. 

 



 

120 

 

Figure 4.30. The rate of consumption as a function of temperature vs. partial pressure of (a) CH4 

and (b) CO2 from experimental data of Ni-W bimetallic catalyst. The curve fitting carried out by 

employing the LH model. 

4.5.4 General applicable kinetic models 

4.5.4.1 Power-Law Model 

The power law model is the simplest model that is used to illustrate the reforming rate of DRM 

over Ni-W/Al2O3-MgO catalyst. A typical power lay model can be described as eqn. 4.18. The 

activation energies of reaction and the pre-exponential factors were attained from Arrhenius 

equations (eqn. 4.23). The Arrhenius plot for the attained k values was depicted in Figure 4.29, 

i.e., acquired from data fitting of Figure 4.28. The adsorption equilibrium constant of different 

reaction gas and reaction rate constants calculated according to the slope and intercept of fitted 

lines in Figure 4.28, (cf. APPENDIX F, Tables A.11). A comparison of estimated and 

experimental reaction rate is shown in Figure 4.31, and an R2 value of 0.936  has been predicted 

by the power-law model. The m and n values varied from 0.72-1.07 and 0.707-0.678, 

respectively and agree with the existing literature [261]. The power law model may not be 

significant due to its lack of considering various the mechanistic steps of DRM reaction [159, 

262].  
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Figure 4.31. Comparison between experimental and estimated reaction rates of DRM  based on 

Power-Law model. 

4.5.4.2 Langmuir-Hinshelwood Model 

The LH-model is the most widely and accepted approach to describe surface adsorption 

phenomena of reforming reactions, and hence used for data fitting of DRM over Ni-W/Al2O3-

MgO catalyst. The pre-exponential factors and activation energies were obtained from Arrhenius 

equations whereas the experimental reaction rate data points are obtained from APPENDIX F 

(cf. Table A.9 and Table A.10). A comparison of estimated and experimental reaction rate is 

depicted in Figure 4.32. The LH-model (eqn. 4.21) fitting resulted in prediction of R2 value equal 

to 0.983, which is highly satisfactory. The LH-model fitting curve has been shown in Figure 

4.32. 
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Figure 4.32. Comparison between experimental and estimated reaction rates of DRM  

based on Langmuir-Hinshelwood model. 

4.5.4.3 Eley Rideal Models 

The experimental reaction rates were also compared with the ER models (i.e., ERI, ERII), to 

determine the goodness of fit of kinetic data. The kinetic parameters (i.e., K and k) were 

computed and tabulated for all the kinetic models in Table 4.15. The kinetic parameters were 

then fitted in the ER1 and ER2 kinetic models for analysis as in eqns. 4.19 and 4.20, 

respectively. The ER1 and ER2 model gave the R2 values of 0.958 and 0.957, respectively which 

is however lower as compared to the LH-model fitting. The ER I and ER II kinetic model fitting 

curve has been shown in Figure 4.33 (a-b). The R2 value for PL model was found to be minimum 

amongst all the kinetic models studied for DRM over Ni-W/Al2O3-MgO catalyst. 

Table 4.15. Kinetic parameters attained by the applied kinetic models. 

Temperature 

(oC) 

PL Model ER I Model ER II Model 

k (mol/L.s) k (mol/L.s) KCO2 (atm-1) k (mol/L.s) KCH4 (atm-1) 

600 1.06  10-2 4.328  10-2 0.4525 2.684  10-2  1.059 

700 1.55  10-2 4.042  10-2 1.0377 8.144  10-2 0.347 

800 2.08  10-2 3.135  10-2 1.999 2  10-1 0.148 
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Figure 4.33. Comparison between experimental and estimated reaction rates of DRM  based on 

(a) ERI and (b) ERII models 

Therefore, from the kinetic modelling analysis of DRM reaction over Ni-W/Al2O3-MgO catalyst 

it can be inferred that the Langmuir-Hinshelwood model provided the best fit and prediction of 

data with an R2 value of 0.983. 
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4.6 Summary 

A series of differently Ni-loaded (i.e., 10, 12, 14, and 16 wt.%) catalysts supported on Al2O3-

MgO (Al2O3:MgO=1:2) were prepared via co-precipitation and impregnation method. The 

12 wt.% Ni is screened as the best performing and stable catalyst. The XRD and TEM and 

results of the spent catalyst confirmed the formation of carbon nanosheets, which were 

responsible for the declined activity of catalyst over time. Thereafter, 12 wt.% Ni catalyst is 

studied further to determine the effect of W loading (2-8wt.%) as a bimetal on Ni-W bimetallic 

catalyst. It has been found that 12 wt.% Ni + 4 wt.% W catalyst showed very stable performance 

and activity. The rigorous characterization of the fresh Ni-W/Al2O3-MgO catalysts via XRD, 

BET, FESEM, EDX, elemental mapping, TPR and TPD has been done. The characterization of 

the synthesized catalysts revealed the enhanced surface area, morphology, metallic dispersion, 

and enriched degree of  reduction. Further, the spent catalyst has been characterized again via 

FESEM, EDX, elemental mapping, TEM, TPO-O2 and RAMAN analysis. The characterizations 

revealed the formation of MWCNTs for Ni-W bimetallic catalyst, which was responsible for the 

prolonged stability of catalyst. The MWCNTs does not shroud the active sites of the catalyst like 

the carbon nanosheets, and hence remain active even after 24 h of DRM reaction. The Nif 

catalyst showed lower CH4 and CO2 conversion of 84% and 90.6% respectively when compared 

to Wb catalyst, i.e., 95% and 95.6% for CH4 and CO2 respectively, even after 6 h of DMR 

reaction. The Wb catalyst showed excellent stability, as the CH4 and CO2 conversions were still 

high (after 24 h DRM stability test) at 88.8%, and 91.5%, respectively, and the H2:CO ratio was 

0.9. The optimum Ni-W high-performance catalyst has used for optimization of process 

parameters (i.e., temperature and feed partial pressure) for DRM via CCD tool of RSM software. 

The optimum input conditions for temperature and feed ratio were found to be 777.29 oC and of 

1.11 with the desirability of 0.723. The predicted conversions of CH4 and CO2 were 87.6% and 

93.3%, were found in close agreement with the experimentally obtained conversions, i.e., 85.5% 

and 90.1%. Further a syngas (H2:CO) ratio of 0.96 is attained, which is also agree with the 

predicted syngas ratio of 1. Finally, the kinetic modelling of DRM reaction over Ni-W bimetallic 

catalyst has been conducted via four main kinetic models, i.e., PL, LH, ERI and ERII models. 

The results concluded that the order of prediction of reaction rates for DRM followed the order 

as PL<ER II<ERI<LH. Moreover, as per the LH model the activation energies of CH4 and CO2 

consumption were 45.94 kJ/mol and 31.92 kJ/mol, respectively. 
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CHAPTER 5 

5 CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

1. The 12wt.% Ni loading on Al2O3-MgO support with Al2O3:MgO of 1:2 gave the 

optimum catalytic activity and stability. Further, addition of W, as a bimetal to 12wt.% 

Ni loaded catalyst, has displayed improved catalytic properties for DRM reactions. The 

properties obtained for Ni-W bimetallic catalysts are enhanced thermal stability, BET 

surface area, reducibility, more uniform morphology, reactant conversion, and stability. 

The XRD analysis of the freshly synthesized Ni-W bimetallic catalyst confirmed the 

existence of Ni-W alloy (i.e., NiWO4) which is thermally very stable and responsible for 

stable performance of the catalyst. The TPR-H2 results validated better Ni dispersion and 

enhanced number of active sites for Ni-W bimetallic catalyst compared to Nif. The 

FESEM analysis highlighted that on adding W to Ni catalyst a comparatively fine-

grained Pacific-elkhorn corals morphology is obtained. The EDX and elemental mapping 

results verified the composition of all the prepared catalysts and enhanced metallic 

distribution for bimetallic catalysts, respectively. The TPD-CO2 analysis confirmed the 

basicity of the prepared catalysts. The XPS analysis reported that BE of Ni for Nif and 

Wb catalysts, and also confirmed the oxidation states of Ni, W and O as +2, +6 and -2 

respectively. The additional peak at 530.8 eV is ascribed to NiWO4 (i.e., O-[Ni-W] bond) 

and WO3 (i.e., W-O bond) which confirmed the existence of NiWO4 and WO3 in Wb 

catalyst.  

2. The different synthesized catalysts have been tested for DRM reaction at CH4:CO2:N2 of 

1:1:1 at 800oC in the tubular reactor. The Ni-W bimetallic catalysts have shown 

significantly better activity and enhanced stability during the 6 h of DRM reaction test. 

The Ni-W bimetallic catalyst with 12wt.% Ni and 4wt.% W loading (i.e., Wb) showed the 

optimum performance. Wb catalyst stayed active even after 24h of stability test with CH4 

and CO2 conversions of 88.8%, and 91.5%, respectively. This is mainly due to the 

formation of WC for Wb.Sp catalyst during the DRM reaction. The average Ni crystallite 

size for Wb.Sp catalyst remained almost constant even after 6 h of DRM reaction (i.e., 
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from 22.9nm to 23.1nm). Whereas for monometallic NiSp catalyst the Ni crystallite size 

grew from 46.1nm to 53.4nm. The formation of amorphous carbon on NiSp catalyst and 

MWCNTs has been confirmed by FESEM, TEM, TPO-O2 and RAMAN analysis of the 

spent catalysts. 

3. The optimum Ni-W/Al2O3-MgO catalyst (i.e., Wb) was further used for optimization of 

parameters using the RSM tool of design expert. The optimization process investigated 

the effect of reaction temperature and feed gas ratio (i.e., CH4:CO2) on the percentage 

conversion of CH4 and CO2 and syngas (H2:CO) ratio. The CCD tool of RSM is found to 

be best suited for the experimental design of optimization studies (as obtained from 

ANOVA). The suggested set of 13 experiments by CCD  for the optimization of 

temperature and feed ratio (i.e., in the temperature range of 600oC - 800oC and CH4: CO2 

of 0.5-1.5) was conducted. The optimum input parameters for DRM were found to be a 

reaction temperature of 777.29oC and a feed ratio of 1.11 with the desirability of 0.723. 

The experimental and predicted values were found in close proximity after the 

experimental analysis with insignificant error. 

4. Finally, the micro kinetic modelling of DRM reaction over Ni-W/Al2O3-MgO catalyst 

has been carried out at atmospheric pressure. The four different kinetic models (i.e., PL 

model, LH model, ERI model and ERII model) were employed and the curve fitting is 

done using the attained kinetics data for DRM reaction.  The LH model yielded the best 

fit between experimental and estimated reaction rates when compared to other models. 

Further, the activation energies of CH4 and CO2 consumption as calculated via LH model 

found to be 45.94 kJ/mol and 31.92 kJ/mol, respectively. CH4 is required to overcome 

considerably higher energy barrier (than CO2) during DRM reaction as indicated by the 

elevated value of activation energy for CH4. Lastly, the results concluded that the order of 

prediction of reaction rates (i.e., experimental vs predicted) for DRM followed the order 

as PL<ER II<ERI<LH, which is evident from their respective R2 values.  

5.2 Recommendations 

The development of composite bimetallic catalysts may help in the commercialization of DRM 

process in the future. Since every catalyst go through different reaction mechanism for DRM 

reaction, hence testing and exploring new metallic combinations may help in the journey to 
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achieve an ideal catalyst. As per the available literature and based on the conclusions of this 

study, following remarks can be made to improve the DRM reaction: 

• A comparative study on the effect of catalyst synthesis route (such as microwave-assisted 

micro-emulsion, one- pot synthesis, hydrotalcite route, surfactant induced method etc.) on 

the performance and catalytic properties may be studied to adopt the best route for 

catalyst synthesis. 

• The oxidative DRM (ODRM) may be studied to investigate the efficiency of the process 

while burning the coke formed in situ. Further,  the regeneration of catalyst may be 

studied to reuse the spent catalyst in case it is thermally stable. 

• The raw natural gas contains several other gases such as H2S and mercaptans along with 

CH4 and CO2. The effect of such impurities on the performance of catalyst may be 

investigated to minimize the catalyst deactivation, and usage of raw natural gas from the 

well head directly for DRM.  

• The reaction mechanism may be studied in the very beginning by employing the use of 

software tools such as density functional theory (DFT). This  practice will help to avoid 

the loss of material and better prediction of reaction mechanisms. 
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APPENDIX A 

SAMPLE CALCULATIONS FOR CATALYST SYNTHESIS 
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Table A. 1Precursor chemical salts used for catalyst synthesis 

Chemical Name Linear Formula Supplier 
Mass Fraction 

Purity 

Molecular 

Weight (g/mol) 

Nickel Nitrate 

Hexahydrate 
Ni(NO

3
)

2
.6H

2
O Sigma Aldrich >99.9% 290.80 

Ammonium 

Tungstate 
((NH

4
)10(H

2
W

12
O

42
).4H

2
O) Sigma Aldrich >99.9% 3,132.2 

Magnesium 

Nitrate 

Hexahydrate 

Mg(NO
3
)

2
.6H

2
O Sigma Aldrich >99% 256.41 

Aluminiun 

Nitrate 

Nonahydrate 

Al(NO
3
)

3
.9H

2
O Sigma Aldrich >99% 374.985 

Ammonia 

solution 
NH

4
OH Sigma Aldrich 28 wt% 35.04 

Distilled Water H2O 

Labmart 

Supplier, 

Malaysia 

pH 5.5 to 6.0 18.015 
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Catalyst Support: 

The binary metal oxide support was prepared by taking stoichiometric amounts of precursor salts 

for Al (Al(NO
3
)
3
.9H

2
O) and Mg (Mg(NO

3
)
2
.6H

2
O). The calculations for preparation of 18 gm of 

binary metal oxide catalyst support (Al2O3:MgO=1:2) are as follow: 

For 18 gm of binary metal oxide catalyst support with Al2O3:MgO=1:2, 6 gm of Al2O3 and 

12 gm of MgO are required. 

2 mols of Al(NO
3
)
3
.9H

2
O produce → 1 mol of Al2O3 

Therefore, 

2  {26.982+[14.007+(15.9993)3] + 9[(12)+15.999]} gm salt → 101.961 gm alumina 

Hence, applying the unitary method and calculating the amount of (Al(NO
3
)
3
.9H

2
O) salt required 

for 6 gm of Al2O3: 

1 gm Al2O3 is produces from  → (2  374.985/101.961) gm salt 

6 gm Al2O3 is produces from  → 6  (2  374.985/101.961) gm salt 

i.e., 44.13 gm of (Al(NO
3
)
3
.9H

2
O) salt is required. 

Similarly, 1 mols of Mg(NO
3
)
2
.6H

2
O produce → 1 mol of MgO 

Therefore, 

24.31  {14+[(163)2] + 6[(21)+16]} gm salt → 40.3 gm Magnesia 

Hence, applying the unitary method and calculating the amount of (Mg(NO
3
)
2
.6H

2
O) salt 

required for 12 gm of MgO: 

1 gm MgO is produces from   → (256.41/40.3) gm salt 

12 gm MgO is produces from   → 12  (256.41/40.3) gm salt 

i.e., 76.347gm of (Mg(NO
3
)
2
.6H

2
O) salt is required.
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Figure A. 1. Different steps of Al2O3-MgO support preparation by Co-precipitation method.

 

The precursor chemicals for 

support (i.e., Aluminum and 

Magnesium Nitrate salts) are 

mixed and stirred 10 hours at 

a pH of 9 and 80ᴼC  

The precipitate formed is 

washed with distilled water 

and placed in Oven 

maintained at 110ᴼC for 12 

hours 

The dried catalyst support is 

placed in the furnace for 

calcination at 850ᴼC for 4 

hours. 

The calcined catalyst support 

from the furnace is taken out 

after cooling to room 

temperature and crushed into 

powdered form which is 

further impregnated with Ni. 
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Ni Loading: 

The 12wt.% Ni loaded catalyst on the above prepared Al2O3-MgO catalyst support is done via 

impregnation method. The calculations for preparation of 2 gm of  12wt.%Ni/Al2O3:MgO 

catalyst sample are as follow: 

For 2 gm of 12wt.%Ni/Al2O3:MgO catalyst sample, 0.24 gm of Ni loading is required on 

1.76 gm of support. 

1 mols of Ni(NO
3
)
2
.6H

2
O produce → 1 mol of Ni 

Therefore, 

290.80 gm salt produce  →  58.69 gm Ni 

Hence, applying the unitary method and calculating the amount of Ni(NO
3
)
2
.6H

2
O salt required 

for 0.24 gm of Ni: 

1gm Ni is produces from   → (290.8/58.69) gm salt 

0.24 gm Ni is produces from  → 0.24  (290.8/58.69) gm salt 

i.e., 1.1892 gm of (Ni(NO
3
)
2
.6H

2
O) salt is required. 
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Figure A. 2. Different steps of Ni and W impregnation in the prepared Al2O3-MgO support. 

Stoichiometric amount of 

Ni and W salts in aqueous 

medium is added to 

weighed amount of support 

with constant stirring for 6 

hours at  80ᴼC.  

The precipitate formed 

is placed in Oven 

maintained at 110ᴼC 

for 12 hours  

The dried catalyst from 

the oven is placed in 

the furnace for 

calcination at 850ᴼC 

for 3 hours. 

The calcined catalyst from the 

furnace is taken out after 

cooling to room temperature 

and crushed into powdered 

form. 
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Figure A. 3. The Al2O3-MgO support and different Ni loaded catalyst samples. 

Ni-W bimetallic Loading: 

The 12wt.% Ni and 4wt.% W loaded catalyst on the above prepared Al2O3-MgO catalyst support 

is done via impregnation method. The calculations for preparation of 2 gm of  12wt.%Ni-

4wt.%W/Al2O3:MgO catalyst sample are as follow: 

For 2 gm of 12wt.%Ni-4wt.%/Al2O3:MgO catalyst sample,12wt.% (i.e., 0.24 gm) of Ni and 

0.08 gm of W loading are required on 1.68 gm of support. 

1 mols of (NH
4
)10(H

2
W

12
O

42
).4H

2
O produce → 12 mol of W 

Therefore, 

3132.2 gm salt produce  →  12  183.84 gm W 

Hence, applying the unitary method and calculating the amount of (NH
4
)10(H

2
W

12
O

42
).4H

2
O salt 

required for 4wt.% (i.e., 0.08 gm) of W: 

1 gm W is produces from   → (3132.2/12183.84)gm salt 

0.08 gm W is produces from   → 0.08  (3132.2/12183.84)gm salt 
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i.e., 0.1136 gm of (NH
4
)10(H

2
W

12
O

42
).4H

2
O salt is required. 

 

Figure A. 4. The differently W loaded Ni-W bimetallic catalyst samples. 
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APPENDIX B 

CALIBRATION OF GAS CHROMATOGRAPHY 
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• Calibration curve for H2 (area vs concentration percent) 

Table A. 2. GC calibration data for H2 

Retention time (min) Level Concentration Area 

1.66 1 10.00 5428.80 

1.66 2 20.00 10633.00 

1.66 3 30.00 15824.00 

1.66 4 40.00 20940.00 

 

 

Figure A. 5. GC calibration curve for H2  
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• Calibration curve for N2 (area vs concentration percent) 

Table A. 3. GC calibration data for N2 

Retention time (min) Level Concentration Area 

4.25 1 10.00 234.25 

4.25 2 20.00 516.64 

4.25 3 40.00 1083.60 

4.25 4 60.00 1645.30 

4.25 5 80.00 2210.40 

 

 

Figure A. 6. GC calibration curve for N2 
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• Calibration curve for CO (area vs concentration percent) 

Table A. 4. GC calibration data for CO 

Retention time (min) Level Concentration Area 

5.14 1 10.00 263.32 

5.14 2 20.00 527.49 

5.14 3 30.00 791.74 

5.14 4 40.00 1054.20 

 

 

Figure A. 7. GC calibration curve for CO 
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• Calibration curve for CH4 (area vs concentration percent) 

Table A. 5. GC calibration data for CH4 

Retention time (min) Level Concentration Area 

8.49 1 10.00 1286.30 

8.49 2 20.00 2520.70 

8.49 3 30.00 3762.40 

8.49 4 40.00 4988.80 

8.49 5 45.00 5609.60 

 

 

Figure A. 8. Calibration curve for CH4 
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Calibration curve for CO2 (area vs concentration percent) 

Table A. 6. GC calibration data for CO2 

Retention time (min) Level Concentration Area 

12.12 1 10.00 448.69 

12.12 2 20.00 863.44 

12.12 3 30.00 1260.6 

12.12 4 40.00 1659.60 

12.12 5 45.00 1861.80 

 

 

Figure A. 9. Calibration curve for CO2 
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APPENDIX C 

GC ANALYSIS RESULTS 
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Figure A. 10. GC-TCD spectrum of the outlet gases from the tubular reactor over Ni-W 

bimetallic catalyst at 800oC, confirming the occurrence of the DRM reaction. 
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APPENDIX D 

MASS TRANSFER LIMITATION 
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Figure A. 11. Effect of flow rate of feed gases mixture (i.e., CH4:CO2:N2) on the percentage 

conversion to determine the optimal flow rate at which external mass transfer are negligible 

(Reactor’s ID = 10mm). 
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Figure A. 12. The fixed bed tubular reactor jacketed with furnace used for DRM reaction. 

 

  



 

183 

 

 

 

 

APPENDIX E 

SAMPLE CALCULATIONS FOR DRM REACTION AND CHARACTERIZATION 

 

  



 

184 

Table A. 7. The process parameters used for DRM reaction test for prepared catalyst. 

 Reaction Conditions 
Gaseous 

Species 

Inlet Flow Rate 

(mL/min) 

 

Catalyst 12wt.%Ni-4wt%W/Al₂O₃-MgO CH₄ 20  

Catalyst Wt. (gm) 0.1 CO₂ 20  

Reaction Temperature 800°C N₂ 20  

Total Flow Rate (mL/min) 60 H₂ 0  

Total Pressure (bar) 1.01325 CO 0  
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Table A. 8. DRM reaction test over the binary oxide (Al2O3-MgO) catalyst support at 800oC, 

showing almost negligible conversion of H2 and CO. 

 

 

  

Time 

(hr) 

CH₄ content 

in exit stream 

CO₂ content 

in exit stream 

H₂ content 

in exit 

stream 

CO content 

in exit 

stream 

CH₄ 

Conversion 

(%) 

CO₂ 

Conversion 

(%) 

H₂/CO 

0.5 27.624 29.032 0.801 2.277 17.1262 12.90307 0.351735 

1 27.313 32.807 1.19 2.214 18.06115 1.58038 0.537428 

2 27.341 32.64589 0.377 1.550 17.97766 
2.06233 

0.243113 

3 27.595 28.718 0.206 1.552 17.21482 13.8451 0.132738 

4 27.599 28.789 0 1.639 17.20294 13.63408 0 
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Figure A. 13. GC-TCD spectrum of the outlet gases from the tubular reactor over the binary 

oxide (Al2O3-MgO) catalyst support at 800oC, depicting high peaks of unconverted feed gases 

(CH4 and CO2). 
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Time 

(hr) 

CH₄ content in exit 

stream 

CO₂ content in exit 

stream 

H₂ content in exit 

stream 

CO content in 

exit stream 

CH₄ Conversion 

(%) 

CO₂ Conversion 

(%) 
H₂/CO 

0.5 1.667 0.671 30.908 31.245 95 98 0.99 

1 1.667 0.66 30.908 31.245 95 98.02 0.99 

1.5 2.11 1.248 34.681 35.278 93.7 96.3 0.98 

2 2.101 1.371 29.714 34.79 93.7 95.9 0.85 

2.5 2.18 0 33.915 35.746 93.5 100 0.95 

3 2.255 1.442 31.075 36.022 93.2 95.7 0.86 

3.5 2.082 0.583 30.841 33.185 93.8 98.2 0.93 

4 2.234 0.898 33.139 35.052 93.3 97.3 0.95 

4.5 2.27 0.955 33.825 35.314 93.2 97.1 0.96 

5 2.346 1.17 32.979 35.364 93 96.5 0.93 

5.5 2.359 1.137 32.551 34.887 92.9 96.6 0.93 

6 2.336 1.187 30.421 32.714 93.0 96.4 0.93 

7 2.383 1.442 30.269 32.899 92.9 95.7 0.92 

8 2.667 1.633 31.001 33.78 92.0 95.1 0.92 

9 2.708 1.793 30.505 33.44 91.9 94.6 0.91 

10 2.921 1.967 30.025 32.994 91.2 94.1 0.91 

11 3.039 2.096 30.021 32.988 90.9 93.7 0.91 
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Table A. 9. GC analysis for exit gas composition during the stability test of 12wt%Ni-4wt%W/Al₂O₃-MgO catalyst for DRM. 

Time 

(hr) 

CH₄ content in exit 

stream 

CO₂ content in exit 

stream 

H₂ content in exit 

stream 

CO content in 

exit stream 

CH₄ Conversion 

(%) 

CO₂ Conversion 

(%) 
H₂/CO 

12 3.221 2.3 30.1 33.077 90.3 93.1 0.91 

13 3.233 2.333 30.4 33.407 90.3 93.0 0.91 

14 3.267 2.367 29.88 32.835 90.2 92.9 0.91 

15 3.3 2.4 29.245 32.032 90.1 92.8 0.91 

16 3.333 2.433 29.78 32.618 90.0 92.7 0.91 

17 3.333 2.5 29.529 32.343 90.0 92.5 0.91 

18 3.4 2.5 29.345 32.212 89.8 92.5 0.91 

19 3.433 2.533 29.192 32.044 89.7 92.4 0.91 

20 3.5 2.567 29.114 31.958 89.5 92.3 0.91 

21 3.567 2.667 29.034 31.87 89.3 92.0 0.91 

22 3.633 2.733 29.2 32.053 89.1 91.8 0.91 

23 3.7 2.767 29.105 31.984 88.9 91.7 0.91 

24 3.733 2.833 29.145 32.383 88.8 91.5 0.90 
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Figure A. 14. The EDX spectrum showing different peaks for elemental composition of (a) Nif, 

(b) Wa, (c) Wb, (d) Wc, (e) Wd catalysts. 
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Figure A. 15. The EDX spectrum showing different peaks for elemental composition of (a) NiSp 

and (b) Wb.Sp catalysts after 6h of DMR reaction. 
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APPENDIX F 

KINETIC MODELLING CALCULATIONS
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Table A. 10. Kinetic parameters for DRM reaction obtained from experiments (partial pressure 

of CO2 was kept constant and that of CH4 was varied between 0.2-0.6). 

Temperature 

(℃)a 
PCO2

b xCO
c XCH4

d V (m3)e FCH4 (mol/s) R (mol/(L.s) 

600 

0.2 
0.1722887 0.01552857 

3.93 ×10-4 

0.00028628 1.234 ×10-3 

0.3 0.21395186 0.02659445 0.00050576 2.061 ×10-3 

0.4 0.22118842 0.0632722 0.00076341 2.471 ×10-3 

0.5 0.21487522 0.12375746 0.00114511 2.708 ×10-3 

0.6 0.21540439 0.20025326 0.00171767 3.057 ×10-3                                                                                                                

700 

0.2 0.24787697 0.0041425 0.00028628 1.409 ×10-3 

0.3 0.26766138 0.01965122 0.00050576 2.244 ×10-3 

0.4 0.28427216 0.0423652 0.00076341 2.993 ×10-3 

0.5 0.29582141 0.0814965 0.00114511 3.757 ×10-3 

0.6 0.28349259 0.14144955 0.00171767 4.375 ×10-3 

800 

0.2 0.27824007 0 0.00028628 1.457 ×10-3 

0.3 0.27257694 0.01179834 0.00050576 2.369 ×10-3 

0.4 0.30688902 0.02073859 0.00076341 3.422 ×10-3 

0.5 0.31197847 0.0353931 0.00114511 4.750 ×10-3 

0.6 0.31114532 0.07724486 0.00171767 5.841 ×10-3 

a Reaction temperature of experimental analysis for DRM reaction kinetics. 

b Partial pressure (PCH4) of reaction gas CH4. 

c Molar fraction (xCO) of CO in the product gas. 

d Molar fraction (xCH4) of CH4 in the product gas. 

e Volume of catalyst (in m3). 
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Table A. 11. Kinetic parameters for DRM reaction obtained from experiments (partial pressure 

of CH4 was kept constant and that of CO2 was varied between 0.2-0.6). 

Temperature 

(℃)a 
PCO2

b xCO
c XCH4

d V (m3)e FCH4 (mol/s) R (mol/(L.s) 

600 

0.2 0.025212 0.181457011 

3.93 ×10-4 

0.001145113 1.10 ×10-3 

0.3 0.028432 0.175531628 0.001145113 1.46 ×10-3 

0.4 0.03031 0.16382125 0.001145113 1.98 ×10-3 

0.5 0.036047 0.159803187 0.001145113 2.36 ×10-3 

0.6 0.040877 0.15380135 0.001145113 2.71 ×10-3 

700 

0.2 0.036923 0.11430423 0.001145113 2.00 ×10-3 

0.3 0.050606 0.084097057 0.001145113 2.87 ×10-3 

0.4 0.062708 0.067262848 0.001145113 3.51 ×10-3 

0.5 0.075408 0.058441599 0.001145113 3.98 ×10-3 

0.6 0.093329 0.044688675 0.001145113 4.59 ×10-3 

800 

0.2 0.036843 0.070502958 0.001145113 2.76 ×10-3 

0.3 0.063309 0.072683873 0.001145113 3.38 ×10-3 

0.4 0.075552 0.053678143 0.001145113 4.05 ×10-3 

0.5 0.091819 0.036220972 0.001145113 4.51 ×10-3 

0.6 0.107964 0.02490138 0.001145113 5.16 ×10-3 

a Reaction temperature of experimental analysis for DRM reaction kinetics. 

b Partial pressure (PCH4) of reaction gas CH4. 

c Molar fraction (xCO) of CO in the product gas. 

d Molar fraction (xCH4) of CH4 in the product gas. 

e Volume of catalyst (in m3). 
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Table A. 12. Reaction rate and adsorption equilibrium constants as obtained from Figure 4.29 

Temperature (℃) 

Adsorption equilibrium or reaction constants 

4CHK (atm-1) a 
2COK (atm-1) b k (mol/L.s) c 

600 
5.509582901 4.57336377 

1.0213×10-1 

700 
2.683974325 2.533160705 

1.4984×10-1 

800 
1.755234449 1.893199008 

1.8874×10-1 

a Adsorption equilibrium constant of CH4 (atm-1). 

b Adsorption equilibrium constant of CO2 (atm-1). 

c Rate constant of DRM reaction (mol/L.s). 
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Table A. 13. The experimental and estimated reaction rate by Power Law Model at different 

temperatures. 

Experimental Rate (mol/s. L) Estimated PL Rate (mol/s. L) Temperature 

0.0015 0.00192 

800 °C 

0.00254 0.00253 

0.00342 0.00308 

0.00471 0.00358 

0.0055 0.00405 

0.00141 0.0017 

700 °C 

0.00224 0.00226 

0.00299 0.00276 

0.00376 0.00323 

0.00438 0.00368 

0.00123 0.00143 

600 °C 

0.00206 0.0019 

0.00237 0.00233 

0.00271 0.00273 

0.00305 0.0031 
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Table A. 14. The experimental and estimated reaction rate by Langmuir-Hinshelwood Model at 

different temperatures. 

Experimental Rate (mol/s. L) Estimated LH Rate (mol/s. L) Temperature 

0.0015 
0.0018 

800 °C 

0.00254 
0.0027 

0.00342 
0.0036 

0.00471 
0.0045 

0.0055 
0.00539 

0.00141 
0.00149 

700 °C 

0.00224 
0.00223 

0.00299 
0.00297 

0.00376 
0.0037 

0.00438 
0.00442 

0.00123 
0.00138 

600 °C 

0.00206 
0.00191 

0.00237 
0.00236 

0.00271 
0.00274 

0.00305 
0.00306 
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Table A. 15. The experimental and estimated reaction rate by Eley Rideal Model I at different 

temperatures (CH4 varied). 

Experimental Rate (mol/s. L)  Estimated ERI Rate (mol/s. L) Temperature 

0.0015 0.00264 

800 °C 

0.00254 0.00345 

0.00342 0.0041 

0.00471 0.00461 

0.0055 0.00503 

0.00141 0.00204 

700 °C 

0.00224 0.00282 

0.00299 0.00348 

0.00376 0.00405 

0.00438 0.00456 

0.00123 0.00106 

600 °C 

0.00206 0.00152 

0.00237 0.00195 

0.00271 0.00235 

0.00305 0.00272 
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Table A. 16. The experimental and estimated reaction rate by Eley Rideal Model II at different 

temperatures (CO2 varied). 

Experimental Rate Estimated ERII Rate Temperature 

0.00276 
0.00172 

800 °C 

0.00338 
0.00255 

0.00405 
0.00334 

0.00451 
0.00404 

0.00516 
0.00479 

0.002 
0.00156 

700 °C 

0.00287 
0.00226 

0.00351 
0.00297 

0.00398 
0.00360 

0.00459 
0.00421 

0.0011 
0.00138 

600 °C 

0.00146 
0.00213 

0.00198 
0.00235 

0.00236 
0.003065 

0.00271 
0.00312 

 

 

 

 

 

 

 


