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ABSTRACT 

 

 

CO2 REFORMING OF CH4 OVER STRUCTURED Ni-BASED 

CATALYSTS 

 

The aim of this study was to contribute to the development of an economical CDRM 

process requiring less amount of energy and utilizing cheaper, more active and more stable 

catalyst. For this purpose, the photocatalytic assistance in CDRM process over Ni-Co 

impregnated MgO, ZnO and TiO2 were tested first at 0-500 °C under UV and visible light in 

a photocatalytic reaction system. However, no considerable CH4 or CO2 conversion was 

obtained even if TiO2 photocatalyst was tried to be improved by the addition of dye or 

organolead perovskite sensitizers to increase its visible light sensitivity. The study was 

proceeded with the use of various structured Ni-based catalysts such as wash-coated MgO, 

CeO2 or SiO2 over monoliths, NixCo3-xO4 nanowires and Ni-based nanorods due to their low 

pressure drop and high surface area. The performance tests of structured Ni-based catalysts 

were done at a temperature range from 600 °C to 900 °C with various gas hourly space 

velocities (GHSV) and CH4/CO2 ratios. SEM-EDX, XRD and XPS studies were also 

performed to understand the surface morphology of the catalysts. The results showed that 

8wt.%Ni-2wt.%Co over MgO wash-coated monolith structure led to higher CH4 and CO2 

conversions as well as closer H2/CO product ratio to one compared to particulate MgO 

catalysts and CeO2 or SiO2 wash-coated monoliths. SEM-EDX and XPS results of 8wt.%Ni-

2wt.%Co over MgO wash-coated monolith catalyst spent at 750 °C also showed considerable 

amount of coke formation; however, the use of 3% oxygen in the feed suppressed the coke 

formation significantly. The catalyst was stable for 48 h in the presence of O2 added feed 

(3%) over 42000 mlgcat
-1h-1 at CH4/CO2 feed ratio of one and 750 °C. NixCo3-xO4 nanowire 

structures also showed high catalytic activity at the same conditions; however, they were not 

stable even under the O2 added feed. The addition of Pd to this catalyst did not improve its 

stability either. The performance test of Ni-based MgO nanorods and their coated form over 

monolith was also tested. Although they resulted lower catalytic activity than Ni-based MgO 

wash-coated monolith, they seemed to be more resistant to coke formation as the SEM 

analysis indicated. 
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ÖZET 

 

 

Ni TEMELLİ YAPILANDIRILMIŞ KATALİZÖRLER ÜSTÜNDE 

CH4’ÜN CO2 REFORMLANMASI 

 

Bu çalışmanın amacı, daha az enerji tüketen ve daha ucuz, aktif ve kararlı katalizör 

kullanana daha ekonomik bir CDRM prosesinin geliştirilmesine katkıda bulunmaktır. Bu 

amaçla, önce Ni-Co emdirilmiş MgO, ZnO ve TiO2 üzerinde fotokatalitik detstekli CDRM 

prosesi UV ve görünür ışık altında 0-500 °C'de test edilmiştir. Ancak, ışık duyarlılığını 

arttırmak için TiO2 fotokatalizörü, boya veya organolead perovskite duyarlaştırıcıların 

eklenmesiyle geliştirilmeye çalışılsa bile önemli bir CH4 veya CO2 dönüşümü elde 

edilmemiştir. Çalışmaya, düşük basınç ve yüksek yüzey alanı sağlamasından dolayı, MgO, 

CeO2 ya da SiO2 ile ıslak-kaplanmış monolitler, nano NixCo3-xO4 telleri ve nano MgO 

çubukları gibi Ni-bazlı çeşitli yapılar üzerinde devam edilmiştir. Ni bazlı katalizörlerin 

performans testleri 600 °C ila 900 °C arasında bir sıcaklık aralığında, çeşitli gaz akış 

hızlarında (GHSV) ve CH4 /CO2 oranlarında incelenmiştir. Ayrıca katalizörlerin yüzey 

morfolojisini anlamak için SEM-EDX, XRD ve XPS analizleri de yapılmıştır. Sonuçlar, 

ağırlıkça %8 Ni-%2 Co içeren MgO ıslak-kaplanmış monolitin, partiküllü MgO katalizöre 

ve CeO2 veya SiO2 ile ıslak-emdirilmiş monolitlere kıyasla, daha yüksek CH4 ve CO2 

dönüşümlerine ve bire daha yakın H2/CO ürün oranına yol açtığını göstermiştir. SEM-EDX 

ve XPS sonuçları aynı zamanda 750 °C’de kullanılmış ağırlıkça %8 Ni-%2 Co içeren MgO 

ile ıslak-kaplanmış monolit katalizör üzerinde önemli miktarda kok oluştuğunu da 

göstermiştir. Ancak,  besleme gazına 3% oksijen eklenmesiyle kok oluşumu önemli ölçüde 

bastırılmıştır. Beslemeye 3% oksijen katıldığında katalizör, 750 °C’de CH4/CO2 besleme 

oran birde ve 42000 mlgcat-1h-1 gaz akış hızında 48 saat kararlı kalmıştır. Nano NixCo3-xO4 

yapıları da aynı koşullarda yüksek katalitik aktivite göstermiş ancak O2 eklenmiş besleme 

altında bile kararlı olmamışlardır. Bu katalizöre Pd ilavesi de kararlılığı artırmamıştır.  Ni 

bazlı nano MgO yapılar ve bunların monolite kaplanmış halleri üzerinde de performans testi 

gerçekleştirilmiş, MgO ıslak-kaplanmış monolitten daha düşük katalitik aktivite gösterseler 

bile, SEM analizlerinde bu yapıların koka karşı daha dirençli olduğu görülmüştür.  
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1. INTRODUCTION 

 

 

The increasing energy demand of world has been a serious concern for last few decades 

since traditional fossil fuels (coal, natural gas, and oil) are believed to be depleted in near 

future. In addition, the utilization of current fossil fuels is one of the main reasons of global 

warming. With the increase of world population and the fast industrialization of human 

beings, greenhouse gases such as CO2, CH4 and N2O have been increasing in the atmosphere 

every day. According to NASA, CO2 level in the atmosphere has been reached its highest 

level of 406.6 part per million (ppm) since 1880 and current global temperature is up now 

0.94 °C, which is the warmest record since 2001. It has been declared that a global 

temperature rise of 2 °C is a high risk for human beings; therefore, 75% decline in carbon 

emissions in industrial countries by 2050 is needed to prevent this temperature increase 

(Khan et al., 2014). One of the main detrimental effect of this global warming is the climate 

change. For the last decades, several lakes are faced to drought and the glaciers started to 

melt increasing the sea level which may drown cost of the several cities in near future. This 

change also influences the habitat of the several animals which are in danger of extinction.   

In our country, it has started to show itself especially in 2017 summer with the unexpected 

strong winds, heavy rains due to the extreme evaporation and flood in many areas that has 

badly influenced the daily life.  Besides, the drought of clean water sources seems to be one 

the main problem for agriculture which is one the main resource for subsistence of our 

country.   

 

As one of the solutions for this serious environmental problem, the utilization of 

alternative energy technologies such as renewable energy sources, nuclear energy, natural 

gas (shale gas or biogas) and biomass, instead of traditional fossil fuels, has been highly 

recommended especially in the industrialized countries to reduce the greenhouse gas levels 

(Gaillard et al., 2017; Wang et al., 2017). According to the trends in global CO2 emissions 

report (2016) of Netherlands Environmental Assessment Agency, China and United States 

as well as the Russian Federation and Japan, as the top emitters, started to decrease their CO2 

emissions by 0.7%, 2.6%, 3.4% and 2.2% respectively compare to previous year while the 

levels in India and European Union increased by 1.3% and 5.1%, respectively (Olivier et al., 

2016). In addition, it has been reported that there has been 15.2% increment in the utilization 
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of renewable electricity sources such as wind and solar energy, and 1.3% rise in the 

utilization of nuclear energy. The main causes of CO2 emissions are fossil fuel combustion 

with 46% and coal-fired power plants with 31% (Olivier et al., 2016). For these reasons, 

there have been great efforts in order to reduce the greenhouse gases in the atmosphere. 

 

The catalytic reaction of carbon dioxide and methane leading a valuable synthesis gas 

product (mixture of H2 and CO) through CO2 reforming of CH4 (CDRM) process has been 

suggested as one of the potential processes that can be developed for this purpose compared 

to other reforming methods such as steam reforming (SR) or partial oxidation (POX). In 

addition, CDRM can produce a syngas mixture with low H2/CO ratio (close to one), which 

can be beneficial as a feedstock for the production of several chemicals such as methanol 

and higher molecular weight hydrocarbons through processes like Fisher-Tropsh (Cheng et 

al., 2010). Moreover, natural gas and biogas depending on their CO2 and CH4 concentration 

can be directly utilized in CDRM process.  

 

The main drawback of CDRM is the high temperature requirement of the reaction to 

produced high conversion levels since it is an endothermic process. This situation tends to 

cause catalyst deactivation or metal sintering. In order to meet necessary demands of CDRM 

for the industrial commercialization, the studies on this issue, in general, focus on providing 

an active catalyst which can resist to deactivation or decreasing the economic cost of CDRM 

by low operating temperature with long-term catalytic stability.  

 

For this purpose, several catalysts have been developed so far by various researchers. 

Various active metals (with additives) and effective supports having mobility of oxygen ions 

to react with adsorbed carbon have been used; similarly, several catalyst preparation methods 

were utilized to enhance the surface properties (Ay and Üner, 2015; Luisetto et al., 2012). 

The noble metals such as Ru, Pd, Pt and non-noble metals such as Ni, Co, Fe have been 

found to be highly active for CDRM. However, the cost of the noble metals and the rapid 

deactivation of the non-noble metals have been major drawbacks for their utilization in 

CDRM (Liu et al., 2010). 

 

One of the objectives of this study was to develop a more economic CDRM process 

with reducing the high temperature requirement of the process through the photocatalytic 
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assistance; however, no significant CH4 or CO2 conversion was achieved. Then the 

development and test of various structured Ni-based catalysts were aimed so that low 

pressure drop and, low coke formation, optimum syngas ratio and high stability could be 

achieved. The thesis consists of five parts. In the first part, the photocatalytic assistance in 

CDRM process was evaluated over Ni-based particulate catalysts to decrease the 

temperature dependency of the system. In the second part, Ni-based wash coated monolithic 

structures were designed and tested to investigate their catalytic contribution in CDRM. In 

the third part, NixCo3-xO4 nanowires were grown over monolithic structures and tested in 

CDRM process for the first time. In the fourth part, Ni-based catalysts over MgO nanorod 

structures were prepared and tested in CDRM to evaluate their catalytic performances. In 

the last part, some thermodynamic analysis was conducted in the presence of carbon and 

compared with the experimental results. 

 

Chapter 2 involves a detailed literature survey and theoretical background as well as 

the advantages and obstacles of CDRM, suggested Ni-based catalysts and supports, 

photocatalytic systems, O2 effect on CDRM, monolithic structures as well as nano-array 

structures for CDRM. Chapter 3 contains a detailed experimental work for catalyst 

preparation for all types of catalytic structures and reaction tests. Chapter 4 presents the 

results obtained in the experiments and in the thermodynamic analysis as well as the 

discussions of these results. Chapter 5 covers the conclusions of the present study and 

recommendations for the future work.  
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2.  LITERATURE SURVEY 

 

 

2.1.  CO2 Reforming of Methane (CDRM) 

 

CDRM process (2.1) mainly depends on the exploitation of main greenhouse gases of 

carbon dioxide and methane as feedstock to produce gas mixture of carbon monoxide and 

hydrogen with is called syngas (Wu et al., 2013):  

 

CH4 + CO2 ↔ 2H2 + 2CO ∆H°
298K = 247 kJ/mol  (2.1) 

 

CDRM has been attractive for many researchers for last few decades since it provides 

many benefits not only for the environmental issues, but also for Fisher-Tropsh process by 

leading a H2/CO syngas ratio close to unity (Budiman et al., 2012). In order to produce 

syngas, there are other studied methods such as steam reforming of methane (Equation 2.2) 

and partial oxidation of methane reaction (Equation 2.3) (Meshkani et al., 2014; Wu et al., 

2013)   

 

  𝐶𝐻4 + 𝐻2𝑂 ↔ 3𝐻2 + 𝐶𝑂 ∆H°
298K = 206 kJ/mol  (2.2) 

   

  𝐶𝐻4 + 1/2𝑂2 ↔ 2𝐻2 + 𝐶𝑂 ∆H°
298K = −36 kJ/mol (2.3) 

 

Among these processes, steam reforming of methane (SRM) lead to highest H2/CO 

syngas ratio of 3 while partial oxidation (POX) give way to 2. In order to product oxygenated 

compounds and other liquid hydrocarbons such as methanol through Fisher-Tropsh process 

which is a gas to liquid (GTL) process, in which a low H2/CO ratio of syngas is necessary 

(Abdollahifar et al., 2014; Budiman et al., 2012; Ray et al., 2017; Serrano-Lotina and Daza, 

2013; Serrano-Lotina and Daza, 2014; Wu et al., 2013). At this point, CDRM seems to be a 

good alternative comparing to other reforming technologies.  

 

In addition, CDRM can make it possible to direct use of natural gas, which contains 

high amount of methane. The storage and transportation of natural gas has been considered 

as quite difficult, uneconomical and dangerous (Al-Fatesh, 2015). Therefore, the direct 
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conversion of natural gas into valuable chemicals seems to be more economical and safe 

way through CDRM process especially when it is also rich in terms of CO2 composition. 

Moreover, land fill gas (45–55% CH4, 30–40% CO2, 10–15% N2, 0–5% O2) and biogas (40–

70% CH4, 30–60% CO2) obtained from the anaerobic digestion of biomass can also be 

directly utilized in CDRM process (Al-Fatesh, 2015; Kohn et al., 2010; Vasileiadis and 

Ziaka-Vasileiadou, 2004).    

 

2.2.  Obstacles in CDRM Process 

 

Although the process has several superiorities as mentioned in previous section, there 

is still some obstacles in the industrial utilization of CDRM. In the first place, CDRM is a 

highly endothermic process and requires high temperature such as 800-900 °C to operate. 

(Liu et al., 2010). According to the thermodynamic data analysis, it is not possible to conduct 

this process spontaneously below appx. 650 °C at atmospheric pressure (Jose´-Alonso et al., 

2013). Without catalysts, acceptable methane conversion can be obtained at above 850 °C 

(Abdollahifar et al., 2016). Moreover, CDRM consumes more energy comparing with 

conventional SRM. For instance, in order to produce 1 mol of H2, 69 and 124 kJ of energy 

are necessitated in SRM and CDRM processes, respectively (Corthals et al., 2011). 

 

In addition, CDRM process is accompanied by several side reactions such as reverse 

water gas shift (RWGS) (Equation 2.4), methane cracking (Equation 2.5) and Boudourard 

reaction (CO disproportionation) (Equation 2.6) (Wu et al., 2013).  RWGS is an unwanted 

reaction in CDRM since it tends to break the desirable syngas ratio of 1 through the 

consumption of hydrogen and formation of carbon monoxide at low temperatures (Kaydouh 

et al., 2016; Matei-Rutkovska et al., 2016; Serrano-Lotina and Daza, 2014) Besides, 

unwanted carbon is formed through the methane cracking reaction, which usually occurs at 

temperatures above 557-553 °C, and through Boudourard reaction, which usually takes place 

at temperatures below 700 °C (Budiman et al., 2012). This coke formation is the main 

constrains for CDRM development since it is usually responsible for the catalyst 

deactivation, the reactor bed clogging and pressure drop in CDRM process (Estephane et al., 

2015). 
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𝐶𝑂2 + 𝐻2 ↔ 𝐶𝑂+𝐻2𝑂     ∆H°
298K = −39.5 kJ/mol 

 

 (2.4) 

      𝐶𝐻4 ↔ 𝐶 + 2𝐻2 

 

    ∆H°
298K = 75 kJ/mol (2.5) 

      2𝐶𝑂 ↔ 𝐶 + 𝐶𝑂2     ∆H°
298K = −171 kJ/mol (2.6) 

 

Furthermore, catalyst deactivation can be observed due to the metal sintering of the 

active sites, the formation of inactive species or the oxidation of active metals during CDRM 

process. For instance, metal sintering, which is the erosion of catalyst active site due to phase 

growth, can give way to the formation of metal ensemble and may lead to weak interaction 

between the support and active site. Moreover, it can plug the reactor tubes (Budiman et al., 

2012). 

 

Besides to these drawbacks and difficulties, CDRM has been still a valuable process 

which should be developed considering the environmental benefits for the sake of global 

future. Therefore, many researchers have been focused on the ways of overcoming these 

obstacles by evaluating catalysts with various active metals and supports, operating 

conditions and new alternative reaction systems to achieve an optimum CDRM process. 

Budimen et al. (2012) has discussed the thermodynamically alternative ways to avoid carbon 

formation in CDRM. In their study, either excess CO2 in the feed can be used or high 

operating pressure can be an option at low temperatures. In addition, if the methane 

composition and carbon oxidation on the catalyst surface are kinetically balanced, carbon 

deposition can be inhibited. The oxidation of reactive carbon to CO can be performed by 

some species having oxygen from CO2 activation (Budiman et al., 2012; Takanabe et al., 

2005).  Serrano-Lotina and Daza (2013) has also declared that the utilization of appropriate 

catalysts and supports can be helpful in the control of coke formation through reaction 

kinetics. Moreover, high temperatures, high mass to flow ratios (W/F) or high CO2/CH4 ratio 

can be a solution. For instance, an operating condition such as temperature above 700-800 

°C with a CO2/CH4 ratios higher than 1 have been usually suggested to avoid these regions 

(Jose´-Alonso et al., 2013; Serrano-Lotina and Daza, 2013).  
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2.3. Ni-based Catalysts for CDRM 

 

The studies carried out on CDRM have showed that both noble based catalysts such 

as Pt, Ru, Pd etc. and non-precious transition metals such as Ni, Co etc. are highly active in 

this process. However, noble metals have high costs, which are the main drawbacks for the 

industry even if they exhibit a remarkable stability (Pakhare and Spivey, 2014: Reddy et al., 

2010). In the case of transition metals, Ni and Co based catalysts have been widely studied 

due to their low cost. However, Ni-based catalysts are generally lack of stability due to the 

tendency of coke formation and sintering problem; therefore, there is a significant restriction 

in industrial utilization of Ni-based catalysts (Abdollahifar et al., 2016; Ay and Üner, 2015; 

Du et al., 2013; Lavoie, 2014). On the other hand, Co based catalysts was believed to be 

better in terms of carbon deposition due to the fact that carbon deposition mechanism on Co 

catalyst is quite different than the one on Ni catalyst. However, catalytic activity of Co based 

catalysts in CDRM can be lower than the one obtained with Ni or noble catalysts (Budiman 

et al., 2012, Luisetto et al., 2012). For these reasons, today several attempts have been 

conducting on the resistance of Ni-based catalysts towards coke formation and the catalytic 

activity of Co based catalysts for the improvements.  

 

The choice preparation method of catalysts, in general, affects the chemical and 

physical properties of the active metals and support. Benrabaa et al. (2012) have investigated 

the catalytic performance of NiFeO4 catalysts in CDRM at various temperatures, which were 

prepared by 3 different preparation methods such as co-precipitation, hydrothermal and sol 

gel process. Among them, the catalysts prepared by sol-gel method showed higher catalytic 

performance compared to the others. During catalyst preparation, the dispersion of active 

metals is one of the key factors on the catalyst behavior in reaction tests. Frontera et al. 

(2013) have noted in their study of Ni dispersion that Ni remained coke free when it was 

well dispersed on the support such as silica and pure-zeolite.  

 

The particle size of the Ni is believed to have an impact on the amount of carbon 

deposition (Abdollahifar et al., 2016). It has been declared that small particle size of Ni 

catalyst is beneficial due to the high surface area provided and the good resistance to coke 

formation (Han et al., 2017) However, it was also claimed that the aggregation of small Ni 

nanoparticles is inevitable at high reaction temperatures such as 800 °C resulting in coke 
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formation and the loss of the catalytic activity (Han et al., 2014). Even if the reaction 

temperature is low (such as 500 °C), Ni particle size could increase after the reaction 

(Baudouin et al, 2013; Han et al, 2017).  

 

The active metal loading also influences the catalytic activity and carbon deposition. 

Some studies showed that more than 80 mol% Ni led high carbon deposition (Gao et al., 

2017) The study of Li et al. (2015) over Ni-MgO catalyst indicated that Ni loading from 2% 

to 10% has a positive effect on catalytic activity and stability while from 10% to 20% has a 

negative impact probably due to the increased particle size with the increased Ni loading. 

On the other hand, 2% Ni containing sample was deactivated stemming from Ni oxidation 

(Li et al., 2015). 

 

The effect of second metal addition to Ni-based catalysts on the coke formation and 

catalytic performance in CDRM have been also widely studied by several researchers since 

the addition of second metal was believed to improve the transport of hydrogen and/or 

oxygen between the catalyst and the support (Ay et al., 2015). Some of these studies on this 

issue have been conducted on Ni catalysts with noble metal such as Rh, Pt, Pd and Ru as a 

promoter to optimize the activity of the catalysts (Liu et al., 2010, Oyama et al., 2012). Co 

metal was also believed to have a key role in the increase of CO2 adsorption capacity which 

may eliminate the carbon deposition and by the oxidation of surface carbon to CO or CO2 

(Al-Fatesh, 2015; Estephane et al., 2015; Gao et al., 2017; Son et al., 2014a; Son et al., 

2014b; Zhang et al., 2008). From the economic point of view, the addition of non-noble 

metals such as cobalt to Ni catalyst seems to be more preferable since they are cheaper than 

noble metals (Abdollahifar et al., 2016; Li et al., 2015). 

 

The improvements caused by the addition of Co metal to Ni catalyst may be also 

related to the alloy formation, high metal dispersion and solid formation. Gao et al. (2017) 

investigated the catalytic performance of bimetallic Ni-Co catalyst with a 4:1 molar ratio 

over silica support in CDRM. The addition of Co into Ni catalyst was believed to enable the 

controlling of Ni metal size and increase the interaction of Ni-silica support as well as inhibit 

the Ni sintering and oxidation through the electron transfer of Co.  They also concluded that 

the catalytic activity of this catalyst remained the same over 30 h without any carbon 

deposition or metal sintering (Gao et al., 2017). 
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Luisetto et al. (2012) investigated the catalytic performance of monometallic Ni (7.5 

wt.%), Co (7.5 wt.%) and bimetallic Co-Ni (Co 3.75 wt.%, Ni 3.75 wt.%) catalysts over 

CeO2 support, which was prepared by co-precipitation method. As to their report, bimetallic 

catalyst showed the best catalytic activity among these catalysts with a 97% CH4 conversion 

at 800 °C. In terms of H2/CO selectivity, Co-Ni/CeO2 also gave way to higher ratio 

comparing Ni/CeO2 and Co/CeO2. They also indicated that only 6 wt.% amorphous carbon 

deposition on the spent samples of Co-Ni/CeO2 at 750 °C under 20h stream was observed in 

their thermal analysis (TG-DTA), while Ni/CeO2 lost its catalytic activity during these hours 

with 8% decrease probably due to the amorphous and graphitic carbon (25 wt.%). 

 

Phongaksorn et al. (2015) has reported that 5 wt.% Ni-5 wt.% Co/Al-Mg-O bimetallic 

catalyst prepared by incipient wetness impregnation method showed an outstanding 

reducibility and metal dispersion over support comparing 10 wt.% Ni/Al-Mg-O and 10 wt.% 

Co/Al-Mg-O particulate catalyst. High CO2 adsorption capacity of bimetallic catalyst was 

also believed to inhibit coke formation.  

 

The amount of Co in Ni-based catalysts has been considered as a significant parameter 

on the catalytic performance of the Ni-Co bimetallic catalysts since it may affect the 

reduction and oxidation processes over catalysts (Budimen et al., 2012). Estephane et al. 

(2015) investigated the effect of Co loading in the Ni catalysts over ZSM5 with a 7 wt.% in 

total. They found that bimetallic catalyst (Co/Ni:2) showed the highest CH4 and CO2 

conversion (over 60%) at 700 °C and led to the lowest carbon formation; they claimed that 

cobalt enabled the reverse water gas shift reaction and behaved as a synergist to nickel. 

 

San-Jose-Alonso et al. (2009) has reported that 9 wt.% Co and 1-8 wt.% Ni-Co catalyst 

were quite active the due to methane decomposition by cobalt although they resulted in high 

amount of coke. They also showed better stability in long-term due to the formation of large 

particles, which leads non-deactivating carbon deposits. Alonso et al. (2013) have 

investigated the effect of low Co and Ni metal content over alumina supported catalysts. It 

was found that 1, 2.5 and 4 wt.% metal content resulted in less than 0.01% carbon at 973 K 

probably due to the advantage of small particles inhibiting carbon growing, compatible with 

the literature where larger than six nm metal particles was believed as having a tendency on 
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methane decomposition, thus carbon deposits. However, methane conversion of these 

catalysts was lower than high metal content containing catalyst (9 wt. %).  

 

Li et al. (2017) found that 12wt.%Co loaded Mg-Al catalysts showed more stable 

catalytic activity than the same amount of Ni loaded catalyst since Co particles were not 

sintered showing good thermal stability stemming from the strong interaction of Co metal 

and Mg-Al support in this study. However, Long et al. (2013) declared, in their study of 

Mg(Al)O mixed oxide-supported Co and Ni-Co bimetallic catalysts, that Ni containing 

catalyst showed better catalytic activity than those do not have. Also, the best results in terms 

of catalytic activity and stability were obtained when Ni/Co ratio was 8/2.8/2. 

 

The calcination temperature as well as reduction temperature was believed to influence 

the rate of coke formation on Ni-based catalyst (Horváth et al., 2017). Ay et al. (2015) 

investigated the effect of calcination temperatures such as 700 °C and 900 °C on Ni, Co 

monometallic and Ni–Co bimetallic catalysts over CeO2 support prepared by incipient 

wetness impregnation method in dry reforming of methane.  They found that there is an 

opposite relationship with the increasing calcination temperature and catalytic activity; the 

carbon deposition was also higher over the Ni/CeO2 and Ni–Co/CeO2 calcined at 700 °C. 

Among these catalysts, Ni/CeO2 and Ni–Co/CeO2 catalysts have higher catalytic activity 

than the Co/CeO2 catalysts in all cases.  

 

2.4. Supports and Promoters for CDRM 

 

Various supports such as Al2O3, MgO, SiO2, La2O3, CeO2 and ZrO2 have been tested 

and suggested for Ni-based catalysts since type of the support has been believed to be a 

significant parameter as its thermal stability affects the morphology of the active metal 

particles. During the thermal treatment process, crystalline phase of the support can be 

changed and this situation may lead to a decrease in pore volume and diameter of the support. 

These changes in support have an impact on the metal sintering, which enhances the carbon 

deposition, and the interaction of the support with active metal, which should be strong 

(Budiman et al., 2012). The preparation method of the catalysts as well as the addition of 

promoter can also play a key role on the catalytic performance of CDRM (Brandford and 
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Vannice, 1996; Du et al., 2013; Damyanova et al., 2011; Monroy et al., 2012; Rong-jun, et 

al., 2015; Sengupta and Deo, 2015). 

 

Among the suggested supports, basic supports such MgO, CaO, BaO, K2O, and 

Ca2SiO4 has been widely used in various CDRM publications (Asencios et al., 2011; Monroy 

et al., 2012; Titus et al., 2016) since they have an ability to increase CO2 activation and 

hence suppress coke formation. ZrO2 support has also highly suggested since it has a high 

ionic conductivity and thermal stability, which is also important for dry reforming (Asencios 

et al., 2011). Al2O3 has been widely used due to its availability, mechanical strength and 

high surface area (Sengupta and Deo, 2015). Also, the formation of NiAl2O4 spinel in 

Ni/Al2O4 catalyst was also believed to have a key role in the high stability of the catalyst 

(300 h at temperatures that ranged from 700◦C to 850◦C) (Shang et al., 2017). CeO2 has been 

also preferred as a support material for Ni-Co based catalyst since it has been known to have 

O2 storage capacity and setting free ability to moderate carbon deposition and activate CO2 

after reduction (Luisetto et al., 2012).  

 

MgO as one of the basic supports that has a high melting point and it can form solid-

solution catalyst with Ni metal leading a good stability for dry reforming of methane and 

high metal dispersion (Frusteri et al., 2001). Meshkani et al. (2014) has indicated that solid 

formation of MgO with NiO on Ni/MgO catalyst prevented the coke deposition and resulted 

in active and stable dry reforming of methane process. Asencios et al. (2011) has also 

investigated the NiO/MgO/ZrO2 catalyst prepared by polymerization method in reforming 

of biogas and oxygen (CH4: CO2: O2 = 1.5: 1.0: 0.25) and compare its catalytic activity with 

Ni/MgO and Ni/ZrO2 catalysts. They concluded that NiO-MgO-ZrO2 catalysts containing 

20 wt.% Ni performed better than the sole Ni/MgO and Ni/ZrO2 catalysts. The main reason 

was that the solid-solution formation may lead to increase in CH4 and CO2 conversions and 

the oxygen vacancies in ZrO2 and MgO may pay a key role in the removal of coke formation 

on the surface due to the solid solution effect they formed. In terms of syngas formation, 

both NiO/MgO/ZrO2 and Ni/MgO catalyst have caused similar H2/CO ratios at 750 °C than 

other synthesized catalysts. 

 

On the other hand, MgO was also believed to have low specific surface, which may 

have an impact on the catalytic CDRM over Ni-based catalysts. It has been indicated that 
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higher specific surface area gave way to higher initial catalytic activity since it resulted 

higher active metal dispersion (Zhang et al. 2014). In order to make an improvement on 

MgO surface area, several attempts such as the addition of another support like Al2O3 or 

developing MgO nanocrystals having low size such 10–12 nm have been made (Abdollahifar 

et al., 2014; Xu et al., 2001). Abdollahifar et al. (2014) has developed Ni/Al2O3-MgO 

nanocatalyst operated by sonochemistry method having a surface area 38.93 m2/g, which 

was 53.25 m2/g before the 10 wt.% Ni addition to support. It was declared that increasing 

amount of active metal have a tendency to decrease the surface area, which led to low CH4 

and CO2 adsorption site. In addition, preparation method they used led to small Ni particle 

size as 21.4 nm. This situation was believed to give way to high catalytic performance near 

to thermodynamic equilibrium conversions as well as produce a syngas ratio of 1 at 600–

800 °C.  

 

The effects of promoters such as Ce, Mg, La and Co on the catalytic performance of 

Ni-based catalysts have also widely studied by various researchers (Amin et al., 2016; 

Khajenoori et al., 2015). The addition of La2O3 was believed to stabilized the surface 

carbonate species which increasing the source of oxygen species and promote the 

carbonaceous species gasification in CDRM (Frusteri et al., 2001). Moreover, suggested 

supports can act as a promoter in some cases due to their nature like the basicity of MgO 

(Son et al., 2014; Zhang et al., 2016). Gandhi et al. (2015) has investigated the effect of 

various promoters such as ZrO2, CeO2 and MgO on the catalytic activity of Al2O3 supported 

Ni catalyst. Among these catalysts, highest conversions were obtained over 10% Ni/5% 

ZrO2-Al2O3 and 10% Ni/5% MgO-Al2O3 while 10% Ni/5% CeO2-Al2O3 catalyst was the 

most stable one. In this study, ZrO2 was believed to inhibit coke formation and MgO as well 

as CeO2 helped to Al2O3 with their basicity and oxygen vacancies (Gandhi and Patel, 2015). 

Similarly, Garcia et al. (2009) has evaluated the effect of MgO content on Ni-ZrO2 catalyst 

for dry reforming of methane and found that addition of 5% MgO had a positive effect on 

the thermal stabilization of ZrO2, the basicity of support as well as the reducibility of Ni 

metal. On the other hand, Sengupta and Deo (2015) has found that addition of low amount 

of CaO has improved the catalytic activity while MgO did not at all probably due to its strong 

interaction of Ni and Co phases in their synthesis conditions. Limited interaction of CaO 

with Ni phase was believed to lead improved activity forming additional sites to chemisorb 

H2 and CO2 at higher temperatures.  
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Yao et al. (2016) have investigated the promoting effect of Mn and Zr on Ni/SiO2 

catalyst for dry reforming of methane. They found that the addition of Mn to Ni/SiO2 showed 

higher catalytic activity than Ni/SiO2 catalyst and superior stability at a temperature range 

from 600 °C to 800 °C; the Mn addition led to better dispersion of Ni active metal with the 

formation of NiMn2O4 species, while the addition of Zr into Ni/SiO2 have negatively 

affected the catalytic activity of the catalyst and gave way to an increase in the reducibility 

of the catalyst (Yao et al., 2013).  

 

The reduction and calcination procedures of the supports are also important parameters 

in the reforming processes. Wang et al. (2009) has found that the unreduced NiO/MgO 

catalysts was deactivated during the reforming of methane; therefore, it should be reduced. 

Wang and Ruckenstein (2001) has investigated the effect of calcination temperature on 

Co/MgO catalyst in DRM catalytic performance. They found that there is a relation between 

the Co loadings and the calcination temperature to obtain a high catalytic activity. As to their 

findings, the catalyst should be precalcined at 500 °C or 800 °C in the case of 8-36 wt.% Co 

loading. If the catalyst was loaded more than 48 wt.% Co, it showed unstable behaviors even 

if it is calcined at 500 °C or 800 °C due to the formation of large metallic particles. In 

addition, various Co-containing species such as Co3O4, MgCo2O4, and (Co, Mg) O (solid 

solution of CoO and MgO were observed depending on the calcination temperature. Among 

these, the reduction of Co3O4 and MgCo2O4 was believed to let the sintering and coke 

formation.  

 

Cosimo et al. (2014) has also investigated the calcination temperature effect (673 K, 

773 K and 873 K) on the catalytic properties of MgO support. They found that the increase 

in calcination temperature decreased the density of strong base sites and lead to weak OH 

groups but increased the medium strength base sites. The rate limiting step of the base-

catalyzed reaction was related to the basicity of the MgO support which was related to the 

calcination temperature. Namely, the calcination temperature of MgO support directly 

affects the density, nature and strength of surface basic sites on MgO and surface OH groups 

and stability leading stable structures at higher calcination temperature.  

Gao et al. (2016) developed an active Ni/SiO2 catalysts prepared by incipient wetness 

impregnation (IWI) with 85% CO2 conversion, 80% for CH4 conversion and low metal 

sintering as well as zero carbon deposition. The main reason was for this improvement that 
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the prior hydrogen treatment before calcination step showing small Ni particle size and 

increasing support metal interaction. In Ni actives metals, especially strong metal-support 

interactions needed since Ni metals have a tendency to be sintered at high temperatures and 

naturally resulted in large particles with high coke deposition. However, even if Ni particle 

size was controlled by the support maintaining in some cases, the size of the particles has 

been larger after long reactions.  

 

2.5. Photocatalytic Assisted CDRM 

 

2.5.1. Photocatalytic Systems 

 

A photosystem is a chemical process that converts water and carbon dioxide to 

carbohydrates and oxygen by using sunlight. Similar to natural photosynthesis, 

photocatalysis also uses some form of photocatalysts under UV or visible light illumination 

to reduce or to oxidize the pollutants into innocuous compounds as in Figure 2.1, and it 

generally operates at room temperature and atmospheric pressure. To maintain reactions in 

the presence of light irradiation, the photocatalysis uses semiconductors (Equation 2.7), 

which are attractive materials for light-harvesting applications because of their energy band 

gap an available electronic states having energy range similar to that of visible light (Kiesgen 

de Richter et al., 2013; Philippopoulus and Nikolaki, 2010)  

 

Nowadays, the photocatalysis has taken a great attention since it only depends on the 

behavior of photos and can be appreciable in various industries such as the self-cleaning 

material production or clean water treatments. There are two artificial photosynthesis 

methods: homogenous which mimics e transfer steps of water in natural photosynthesis, and 

heterogeneous system which is related to dye sensitized photochemical system in solar cells 

(Arifin et al., 2012).  

 

Photocatalyst + hv+ ↔ e− + h+ (2.7) 
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Figure 2.1.  Photocatalysis on a semiconductor (Philippopoulus and Nikolaki, 2010). 

 

There are two types of heterogeneous photocatalysts: semiconductor photocatalysts 

and highly dispersed photocatalysts. Semiconductor catalysts absorb the photoenergy more 

than its band gap energy. This type of catalysts (such as TiO2) show large and intense 

absorption bands in the UV spectrum. On the other hand, highly dispersed catalyst, such as 

titanium dispersion on silica, exhibits narrower and less intense absorption bands (Yuliati 

and Yoshida, 2008). 

 

TiO2 is widely preferred for many photocatalytic applications due to its advanced 

properties such as being inexpensive, safe and stable (Handoko et al., 2013). However, its 

large band gap limits the solar radiation to only the UV spectrum, which covers only 4% 

solar radiation and it, is unable to adsorb visible light, which accounts for 50% of solar 

radiation. Liang et al. (2011) has additionally claimed that trying different TiO2 formulations 

including mixtures of its two polymorphs, anatase and rutile is another popular pathway to 

explore for enhancing photocatalytic activity. Anatase typically seems to have higher 

photocatalytic activity than rutile, while the precise mixtures of both phases exhibit even 

better performance. As to the photocatalytic pathway of TiO2, the preliminary step in TiO2 

photo catalytic oxidation is understood to be the formation of both hydroxyl radicals (·OH) 

and super oxide radical anions through the reactions of photo-generated electron-hole, with 

solutes present in the system. 

 

The photocatalytic activities can be conducted in the present of natural sunlight or of 

a UV light sources such as Xe or mercury lamp. In the case of photocatalytic reduction of 

CO2 into fuels by using natural sunlight, which seems to be promising to sustainably produce 
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energy, it is possible to use a focused device to collect the light and transmitting it to an 

optical fiber reactor (Anpo et al., 2013).  However, today, it is known that the photocatalytic 

activities under natural sunlight seem to be inadequate since the use of the solar energy 

reaching earth in very low percentage (such as only 3–4%); although some researchers have 

been conducted gel-derived TiO2–SiO2 mixed oxide-based photocatalysts to reduce CO2 

with H2O to fuels under natural sunlight by using a solar concentrator.  

 

To improve the photo activities under natural sunlight, many metals have been also 

loaded on TiO2–SiO2 mixed oxide along with different catalyst carriers. Guan et al. (2003) 

has obtained high production rates of the main products such as H2 (32.8 mmol/g-cat h) and 

HCOOH (20.7 mmol/gcat h), but very low for CH4 (0.3 mmol/g-cat h) in the study of CO2 

with H2O under concentrated sunlight using K2Ti6O13 based photocatalysts. However, most 

of the photocatalytic applications in general had used a UV light source such as Xe lamp in 

order to get rid of this kind of problem. 

 

2.5.2. Photocatalytic Systems for CDRM 

 

The photocatalytic system seems to be one of the promising alternatives in order to 

overcome the industrial energy limit of CDRM since it is not possible to maintain a 

simultaneous CDRM reaction at low temperatures since reaction has high ∆G (Equation 2.8). 

By means of the photocatalytic energy assisted CDRM, it can be process at mild 

temperatures (Yuliati and Yoshida, 2008).   

 

𝐶𝐻4 +𝐶𝑂2 ↔ 2𝐶𝑂 + 2𝐻2 ∆G298 K=170 kJ/mol (2.8) 

 

A photocatalyst should limit over potentials and increase the product selectivity 

through kinetic barriers of these compounds as well as being sustainable and low-carbon 

sources since CO2 and CH4 are highly stable molecules (Finn et al., 2012; Yuliati and 

Yoshida, 2008). For instance, for the reduction of CO2 into CO or hydrocarbons, electrons 

in the semiconductor should have high negative chemical potential while for water oxidation, 

holes need more positive potential level (Li et al., 2014). In the case of methane, high 

photoenergy region is necessitated to induce it through electronic transition (Yuliati and 

Yoshida, 2008). Also, in order to break 1 mol C-H bond, 434 kJ energy is needed, which is 
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much higher than the one for C–H and C–C bonds in higher hydrocarbons such as benzene 

or ethane. Yuliati et al. (2007) could convert CH4 into some radicals such as hydrogen or 

higher hydrocarbons such as ethane using photoenergy through photocatalyst at room 

temperature in the study photocatalytic non oxidative coupling of methane (PNOCM) 

(Equation 2.9).  

 

2𝐶𝐻4 ↔ 𝐶2𝐻6 + 𝐻2  ∆G298 K=68.6 kJ/mol (2.9) 

 

They obtained 78% ethane as main product, 9% ethane and 9% propane from PNOCM 

reaction over Ga2O3 catalysts. It was also reported that Ga2O3 showed improved activity 

comparing SiO2-TiO2 which are known as highly active catalysts for NOCM. In another 

study of Yuliati et al. (2008), PNOCM was performed over Ga2O3 and SiO2 supported Ga2O3 

catalyst at room temperature in a closed rector system combined with gas chromatography. 

Xe lamp with 220-300 nm and 300W was chosen for photo source. It was found that 

unsupported Ga2O3 resulted in high methane conversion and high ethane selectivity but the 

hydrogen produced was not equivalent of ethane due to consecutive coupling and coke or 

carbon formation. On the other hand, the catalyst with the supported Ga2O3 gave better result 

as 0.1% of selectivity.  

 

The photocatalytic reduction of CO2 in aqueous solution which may form several 

chemicals such as formaldehyde (HCHO), formic acid (HCOOH), methyl alcohol (CH3OH), 

methane (CH4), ethyl alcohol (C2H5OH) and ethane (C2H6) or CO with CH4 or H2 also have 

been widely studied by several researchers (Doherty et al., 2010; Teramura et al., 2004; 

Usubharatana et al., 2006). Various photocatalysts (semiconductors) such as tungsten 

trioxide (WO3), titanium dioxide (TiO2), zinc oxide (ZnO), cadmium sulfide (CdS), gallium 

phosphide (GaP), and silicon carbide (SiC) have been employed in assorted manners 

(separately/mixed/metal-doped forms) for this process. For instance, Tennakone et al. 

(1984-1989) performed several photocatalytic CO2 reduction studies by photocatalysts over 

various supported TiO2 materials including platinum (Pt), gold (Au), silver (Ag), cobalt (Co) 

etc. (Usubharatana et al., 2006). Dimitrijevic et al. (2011) has indicated that the improved 

efficiency of CO2 reduction can be demonstrated over the synthesized novel titania-based 

nanomaterials having specific surface structures, through coupling titania to dyes, enzymes, 

metallic catalysts, or quantum dots. However, a better understanding of processes that occur 
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on the surface of TiO2 during carbon dioxide reduction, including adsorption/desorption of 

CO2 and formation of intermediate products, as well as the role of adsorbed water has been 

needed in order to elucidate the reaction mechanism. 

 

In literature, there has been limited study on photocatalytic energy assisted CDRM as 

to photocatalytic reduction of CH4 or CO2 in separately. Most of the studies could be 

conducted under source ultraviolet (UV) light or modified TiO2 photocatalysts (Han et al., 

2016). The studies regarding this issue have started within the last decade and increased in 

last years with the advances on photocatalytic technology (László et al., 2016).  

 

Shi et al. (2004) has studied on coupled semiconductor (CS) Cu/CdS–TiO2/SiO2 

photocatalyst for CH4 and CO2 utilization and gave way to 1.47% for CH4 and 0.74% for 

CO2 conversions in which the acetone was main product with a selectivity of 92.3% under 

20 mW/cm2 UV intensity.  

 

Yuliati et al. (2008) has conducted photocatalytic conversion of CH4 and CO2 in the 

presence of gallium oxide photocatalyst (β-Ga2O3) at room temperature in a system having 

a closed quartz reactor with a Xe lamp. It has been also found that only hydrogen and some 

hydrocarbons at room were produced. At mild temperatures of 200 °C, CO was also obtained 

with UV irradiation assisted system and its composition was increased to 94% at 500 °C. On 

another study of the photocatalytic reaction between methane and CO2 over MgO and ZrO2 

at room temperature, it has been indicated that very low amount of H2 has been produced 

comparing to the production of CO. That has been occurred due to the conversion of CO2 

into CO, where the methane converted into acetate and formate. Thus, CO is produced from 

the reaction between these surface formates with CO2 under irradiation (Yuliati and Yoshida, 

2008). Nishmura et al. (2012) has found 8306 ppmV CO product from CO2 reforming over 

Cr- or Ag-doped TiO2 film.  

 

Mahmodi et al. (2013) has reported an 10% CO2 conversion resulting acetate and 

formate products achieved in the study of photocatalytic conversion of CO2 and CH4 an 

immobilized ZnO semiconductor on stainless steel mesh under 250 UV light power when 

the experimental conditions were optimized. On the other hand, Merajin et al. (2013) has 

obtained acetic acid and formic acid as the main product from the photocatalytic reaction 
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between CH4 and CO2 over nano TiO2 particles coated on stainless steel webnet under 125 

W UV irradiation in a gas-phase batch reactor. The conversions were 26.32% for CO2 and 

31.63% for CH4 when 45% CO2: 45% CH4 10% He of gaseous mixture was fed to the system.  

 

Delavari and Amin (2016) has also produced a gas mixtures having the composition 

of 4.7% ethane, 4.3% acetic acid, 3.9% formic acid, 41.4% methyl acetate formic acid and 

45.7% methyl formate with a maximum CO2 conversion of 37.9% on the photocatalytic 

system over titania (TiO2) nanoparticles semiconductor on stainless steel mesh under 250 W 

UV light power. Delavari et al. (2016) has also obtained 80.5% H2 and 18.9% CO as the 

main products when they performed their studies over nitrogen-doped titania (TiO2) 

nanotube arrays under the same light power. 

 

 Yazdanpour and Sharifnia (2013) has declared that CuPc/TiO2 catalyst could lead 

14% CO2 and 18% CH4 conversion under visible light while it was not possible to obtain 

any conversion over unmodified TiO2 catalyst at the same conditions (Lichtfouse et al., 

2015). Recently, Han et al. (2017) has developed an efficient light photocatalytic CRM by 

combining Pt/black TiO2 catalyst leading H2 and CO yields reached 71 and 158 mmol/h/gcat, 

with a quantum efficiency of 32.3% at 550 °C, and 129 and 370 mmol/h/gcat, with a quantum 

efficiency of 57.8% at 650 °C under visible light illumination by filtering UV light from AM 

1.5 G sunlight in a photocatalytic assisted CDRM system.  

 

2.6. Oxygen Assisted CDRM 

 

CDRM process can be utilized with additional oxidant such as oxygen or steam in 

order to restrict coke formation steps and achieve a stable catalytic performance with 

valuable products. The addition of oxygen can promote the catalyst reactivation through 

oxidation of the formed coke and improve the reforming reaction through coke-CO2 reaction 

with H2 production (Fan et al., 2011). Similarly, additionally steam feeding to the system 

can provide additional hydrogen and oxygen to the surface to inhibit the coke formation (Ay 

and Üner, 2015). In the literature, there has been also some work combining the dry 

reforming with other processes technologies for various aims such as with partial oxidation 

(oxy-CO2 reforming), auto-thermal reforming, steam reforming or O2 addition along with 
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CO2 to regenerate the deactivated catalyst through (Assabumrungrat et al., 2009; Chen et al., 

2011; Danilova et al., 2015; Qiu et al., 2012). 

 

Chen et al. (2011) investigated the catalytic performance of Co-Ni bimetallic aerogel 

catalysts with various Co/Ni ratios in oxidative CO2 reforming (Oxy-CO2 reforming) since 

the exothermic combustion of CH4 with O2 (Equation 2.10) or partial oxidation (Equation 

2.11) may make an internal contribution to the heat demand of endothermic CDRM reaction. 

Danilova et al. (2015) tested the nickel catalysts supported on a porous nickel ribbon with a 

MgO also in a combined system of steam and carbon dioxide reforming (SCDR), which is 

thought to be beneficial to decrease the carbon formation and to obtain a synthesis gas with 

a H2/CO ratio of about 2.  

 

Moreover, it is also possible to remove deposited coke and regenerate the deactivated 

catalysts in reforming or cracking processes with pure carbon dioxide (Equation 2.12), 

oxygen (Equation 2.13) or steam (Equation 2.14) feed under periodic operations (Promaros 

et al., 2007). Zhang and Amiridis (1998), for instance, used either oxygen or steam to get rid 

of the coke over silica supported Ni catalyst in the study of hydrogen production from 

methane cracking process. They successfully regenerated the catalysts and obtained 

additional hydrogen during the steam regeneration case. 

 

𝐶𝐻4 + 2𝑂2 ↔ 𝐶𝑂2 + 2𝐻2𝑂 

 

∆H°
298K = −801 kJ/mol                    (2.10) 

𝐶𝐻4 + 1/2𝑂2 ↔ 𝐶𝑂 + 2𝐻2 

 

∆H°
298K = −36 kJ/mol (2.11) 

         𝐶 + 𝐶𝑂2 ↔ 2𝐶𝑂 

 

∆H°
298K = −546 kJ/mol (2.12) 

         𝐶 + 𝑂2 ↔ 𝐶𝑂2 

 

∆H°
298K = −393.5 kJ/mol (2.13) 

        C+𝐻2𝑂 ↔ 𝐶𝑂 + 𝐻2 ∆H°
298K = +131.3 kJ/mol (2.14) 

 

Assabumrungrat et al. (2009) also used oxygen to generate of Ni/SiO2-MgO catalyst 

in dry reforming of methane under periodic and steady state operation. The catalyst was 

generated in the presence of both O2 and CO2 at 750 °C by keeping its catalytic activity for 
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at least 12 cracking/regeneration cycles.  In steady state operation, addition of O2 with a 

CO2/O2 ratio of 7/3 led to an increase in CH4 conversion from 62% to 80% at 650 °C and 

95% at 750 °C due to the partial consumption of methane with oxygen. However, it was 

noted that higher oxygen amount resulted less hydrogen formation which is an unwanted 

situation since it broke the synthesis gas ratio (Equation 2.15).  

 

2𝐻2 + 𝑂2 ↔ 2𝐻2𝑂    ∆H°
298K = −486.3 kJ/mol (2.15) 

 

Therefore, as to this study, periodic operation with combined partial oxidation of 

methane and CO2 reforming is more preferable for the generation purpose of the catalyst. 

O'Connor and Ross (1998) previously conducted a similar study over Pt/ZrO2, Pt/Al2O3 and 

Ni/Al2O3 catalysts at 550-800 °C.  It has been stated that both hot spots in the catalyst bed 

and activity loss of the catalyst were decreased in the combination of carbon dioxide 

reforming reaction partial oxidation reaction, which are endothermic and exothermic, 

respectively. 

 

Tomishige et al. (2004) has investigated oxygen effect on the steam and dry reforming 

of methane over Pt/Al2O3, Ni/Al2O3 and commercial steam reforming Ni catalyst. It has been 

indicted that Ni-based catalyst can be easily oxidized in the presence of oxygen and may 

have an activation for the combustion not for reforming while Pt based catalysts were more 

resistant to O2. This case is actually one of the widespread problems of Ni and Co based 

catalysts which should be taken into consideration (Li et al., 2016). On the other hand, XRD 

analysis of 15 wt.% Ni/SiO2 catalyst after 10 successive cracking/regeneration cycles with 

O2 presence showed no changes in the shape of Ni peaks at all indicating that remained 

crystallite size of the Ni particles during the successive cycles and only trace amounts of the 

presence of nickel oxide (Aiello et al., 2000). 

 

In most of these studies, additional oxygen usages tend to have play factor in the 

product distribution. The syngas ratio obtained from CDRM was slightly affected by the 

reaction of these species with carbon resulting an increase or a decline in the amount of CO 

or H2 due to the fact that they were used more or less with the same amount of the reactants. 
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2.7. Monolithic Structures 

 

Monolithic structure is one piece of special material having many channels inside 

separated by thin, vertical, parallel channels that are able to be coated by catalyst or directly 

be catalyst itself in the catalytic applications (Dimitrijevic et al., 2011). They can consist of 

either metal, plastic or ceramic materials. The ceramic monolith structures are a mixture of 

oxides such as alumina, magnesia, and silica and can be in in various forms like cordierite 

and mullite monoliths as in Figure 2.1; the commercial formula of these ceramics can be 

represented as 2MgO.2Al2O3.5SiO2 and 3Al2O3.2SiO2, respectively.  

 

 

 

Figure 2.2.  The image of mullite and cordierite monoliths. 

 

The monoliths are used in many chemical processes; they can currently be seen in the 

automotive industry to clean the exhaust cleanup systems, the selective catalytic reduction 

of NOx in power stations exhaust gases and the catalytic combustion of volatile organic 

compounds since monoliths used in these applications are resistance to high temperatures 

and temperature shocks with the help of low thermal expansion property (Villegas et al., 

2007). Moreover, these structures may have also high mechanical resistance and good 

refractory properties (Villegas et al., 2007).  In addition, these kind monolithic structures 

provide low pressure drop (thus low energy loss) as to the packed bed reactors, since they 

have straight parallel channels as in seen Figure 2.3 (Giroux et al., 2005). This property may 

enable their usage especially in high gas space velocities. Furthermore, they are easier to be 

scaled up by just regulating the number of channels to separate the products (Ciambelli et 

Mullite Monolith 

Cordierite  

 Monolith 
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al., 2010; Giroux et al., 2005; Heck et al., 2001; Özyönüm and Yildirim, 2016; Qiu et al., 

2012; Villegas et al., 2007). 

  

On the other hand, these structured materials may have low BET surface area (for 

cordierite typically 0.7 m2 g-1) for catalytic applications as a support. Therefore, this type of 

structured are necessitate the coating of all surfaces with a support through wash-coating 

process. The procedure began with the slurry coating of support suspension over bare 

monoliths surfaces (Figure 2.3) and followed by drying and calcination processes.  There are 

several factors influencing the success of the slurry coating procedure such as nature and 

particle size the precursor powder, nature and concentration of dispersants, loading of 

powder, temperature, binders etc. (Villegas et al., 2007). 

 

 

  

          (a)        (b)         (c) 

 

Figure 2.3.  The images (a-b) and SEM image (c) of bare monoliths. 

 

Although monolithic bed offers many advantages comparing regular packed bed 

reactors, in literature, most of CDRM studies have been conducted over particulate catalyst 

in a fixed bed reactor while there were also a few studies performed with the monoliths. As 

it mentioned before, carbon formation is one of the main drawbacks of CDRM especially 

while using Ni-based catalysts, nor only for decreasing the catalytic activity but also for 

having a high tendency for reactor plugging (Chen et al., 2012). In order to prevent this 

situation, monolithic beds seemed to be a good solution since it provides easy flow through 

its channels with low pressure drop.  
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Some of the examples of CDRM studies over monolithic structures can be as follows: 

Ni/Al2O3 catalyst, micro-fibrous structured Ni/Al2O3 catalyst, wash-coated monolithic 

Rh/Al2O3 catalyst, Ni-based monolithic catalysts over FeCrAl/SBA15, Ni supported on γ-

Al2O3 promoted by Ru both in packed and monolithic reactors (Chen et al., 2012; Luisetto 

et al., 2017; Ryu et al., 2007; Soloviev et al., 2011; Wang et al., 2008). 

 

In other reforming technologies such as SRM, metal type of monolithic structures to 

produce hydrogen are in general used to overcome heat transfer limitation in steam 

reforming of methane, which are good at heat conduction (Giroux et al., 2005). Ryu et al. 

(2007) has obtained higher methane conversion in steam reforming of methane over 

commercial Ni-based catalyst wash-coated on a monolith with 50 m-thick FeCralloy plates 

than the same volume of coarsely powdered Ni catalysts due to the enhanced heat transfer 

capability of metal monolith. Moreover, their study showed that monolithic catalyst worked 

at higher than 28000 h-1 GHSV without any pressure drop. 

 

Ciambelli et al. (2010) performed a study on the effect of supports structure over Ni 

catalysts such as ceramic honeycomb and foam structures in CH4 autothermal reforming. 

The structured supports are first wash-coated by CeO2–Al2O3-based slurry then impregnated 

by nickel nitrate solution. They indicated that pre-treatment and the drying rate of the 

supports are important parameters for wash coat adhesion quality between the supports and 

catalysts. Moreover, it has been reported that precursor size of the powder, nature of the 

powder and dispersants, their concentration, slurry temperature and binders are other 

parameters for the quality of wash-coating procedure (Villegas et al., 2007). 

 

Qui et al. (2012) has investigated the effect of Ni/Mg mole ratio of Ni–MgO/c-Al2O3 

cordierite monolithic catalysts on dry reforming of model biomass fuel gas 

(H2/CO/C2H4/CH4/CO2/N2 = 16.0/12.1/2.5/15.1/22.0/32.3, vol.%) in a lab-scale stainless 

steel tubular reactor; their study resulted in high catalytic performance per unit mass of active 

metal obtained in monolithic catalyst (87.2% CH4 and 54.4% CO2 conversions with 1.17 

H2/CO ratio at 750 °C) as well as high operating stability (60 h) and low-pressure drop.  
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2.8. Ni-based Nano-array Structures for CDRM 

 

Nanoparticles have drawn a great attention in heterogonous catalysis in recent years 

since they can be prepared in any desired size, structure, morphology and composition 

(Gawande et al., 2015). Today, numerous examples of nanocatalysts have been developed 

by researchers such as well-defined magnetic nanocatalysts, single-atom catalysts, core–

shell and yolk–shell nanocatalysts, silica-based hybrid catalysts etc. (Gawande et al., 2015).  

They tend to have several exposed corners and edge atoms for catalysis and ability of 

electron transfer and amount of active sites in various ways (Chen et al., 2016).  

 

Nowadays, there is a new group of advanced integrated nanocatalysts (INCs) 

introduced into the nano-science; they are usually in the form of globular or sphere-like 

morphologies; they are a multicomponent material with a nano-architecture (Gawande et al., 

2015).  This kind of new structured catalysts was thought to be directly used in the industry 

instead of regular coated monolithic structures which may lack of mediocre-uniformity high 

catalyst loading, low materials utilization, random catalytic sites, poor wash coat adhesion, 

short life-time, degradation tendency etc. (Guo et al., 2013). 

 

The nanocatalysts used in these structured systems usually have a spinel oxide 

morphology consisting of AB2O4 composition in which A is for divalent cations in the 

tetrahedral sites while B means trivalent cations in the octahedral sites (Windisch Jr. et al, 

2002). They are usually synthesized through hydrothermal method which is one of the 

common technique to synthesize nanostructured materials to obtain well dispersed and 

homogenous nanoparticles. It usually depends on a heterogonous reaction of aqueous 

solvents or minerals under high pressure and temperature to dissolve and recrystallize which 

are generally insoluble under regular conditions (Byrappa and Adschiri, 2007). 

 

MxCo3-xO4 spinel structure is one of the most popular ones in which 3d-transisitons 

metals such as Cu, Mn, Ni, Zn etc can be substitute into. More recently, Ren et al. (2016) 

have developed a new type of nano-array based monolithic catalysts such as MxCo3-xO4 

(M=Co, Ni, Zn). They obtained 100% propane conversion at temperature less than 400 °C 

under flow rate of 150 mL/min with 15 mg Ni doped Co3O4-based nano-array (Ren et al., 

2016). They have also previously obtained 80% NO conversion at 275 °C in the study of NO 
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oxidation over Co3O4 nano-array based catalytic honeycombs which was believe to be 

promoted by small grain size and porous nature of nanowires (Ren et al., 2013). 

 

 The mechanism consists of the uniform integration of nanoarrays like nanowires into 

monolithic honeycombs which can act either as support, active material or catalysts. All 

channels of monoliths are covered by nanowires. It has been suggested that this type of nano-

structured catalyst offers some advantages such as high surface area, thermal stability, high 

catalyst utilization efficiency and mechanical robustness comparing with the wash-coated 

monolithic catalysts (Guo et al., 2013; Ren et al., 2013). Also, they can provide precise and 

optimum microstructure control as well as applicability in correlating materials structure 

with properties (Du et al., 2016). In addition, they have fewer height (less than 10 nm) high 

than wash-coated structured catalysts (40-100 nm) which affects the diffusion distance and 

amount of material usage (Ren et al., 2014)  

 

Besides to cordierite or mulltite monolith, various material can be used a structure 

material such as carbon nanotubes etc. Marban et al. (2008) has introduced a mesoporous 

Co3O4 nanowire arrays over on a stainless steel mesh, in which the wires 500 nm has 

diameter, 71 m2/g BET surface area of and a 3.4 nm pore size. They obtained a high heat 

exchange with low pressure drop and a remarkable stability at a temperature range from 

100–175 °C. Ke et al. (2015) has produced Co3O4 nanowire arrays functionalized carbon 

nanotubes (fCNTs) to generate a 3D nanostructure for high-performance supercapacitor, in 

which there is a strong electrostatic interaction between the carboxyl groups and amine 

groups in fCNTs and amine-modified Co3O4 nanowire arrays. Jiang et al. (2016) has 

synthesized a hierarchical Ni0.54Co0.46O2 nanowires/nanosheets on bio-mass carbon fiber 

cloth (CFC) by using different precipitators in hydrothermal method. 

 

The spinel structures in literature have been widely used also without any base material 

to be constructed. They have already found as efficient in several studies due to their special 

morphology. Chang et al. (2012) has synthesized NiCo2O4 spinel structured which was 

prepared by oxalate co-precipitation method and investigated its surface morphology and 

crystallinity. They found that the content of Ni and Co in the spinel structured affect the 

particle size of the structure. Among their synthesized materials such as NiO, Co3O4 and 

NiCo2O4, NiCo2O4 has the smallest particle as 34.10 nm due to ionic replacement of Ni+2 
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during the preparation procedure. Tao et al. (2015) has demonstrated a high catalytic activity 

in methane oxidation over NiCo2O4 catalysts from the combination of nickel cations, cobalt 

cations and surface lattice oxygen atoms or oxygen vacancies at the atomic scale. (Chen et 

al. (2017) has developed Pd impregnated spinel cobalt oxide (Co3O4), which was 

synthesized with various morphologies (cubical, flower-like, plate-like and rectangular-like) 

through hydrothermal method for CH4 and CO oxidation reactions. Pd-impregnated Co3O4 

catalysts exhibited enhanced activity comparing to bare Co3O4 catalyst in CH4 oxidation 

probably due to the changed unit morphology with various interaction between Pd and Co3O4 

unit cells. On the other hand, the CO oxidation activity over the Pd loaded Co3O4 forms such 

as rectangular-like, flower-like, plate-like was decreased whereas it was increased over the 

Pd-cubical Co3O4, which was clearly affected by Oads/Olat molar ratio and the specific area 

reaction rate of various Pd/Co3O4 forms.  

 

In addition, there are other nanostructured materials such as MgO, SiO2, CeO2, ZnO 

etc.  Ren et al. (2014) has also developed 1% Pt-ZnO nano-arrays over monoliths for CO 

oxidation. Their annealing tests showed that that the morphology of the arrays analyzed by 

XRD instrument did not changed. Also, the loss of surface area after 100 h 800◦C annealing 

was smaller than the form of wash-coated catalysts, which is 5% in ZnO nano-arrays and 

50% in ZnO wash-coated powders. In addition, they were able to work under 50 ml/min for 

10 days with good mechanical integrity with little morphology and weight loss. Zhang et al. 

(2017) has prepared a hierarchical ultrathin Ni1-xCoxOy nanoflakes MnO2 nanowire by a 

hydrothermal reaction-chemical bath deposition-calcination as the electrodes for 

supercapacitor. Al-Hazmi et al. (2012) has developed a MgO nanowires through the 

microwave assisted hydrothermal process for the first time by using magnesium acetate and 

urea which can be used in nanotechnology systems and agents. Dou and Zeng (2014) 

developed highly active mesoporous silica nanowires implanted molybdenum oxide which 

has three-dimensional network structure with shallow wormhole channels and enhanced 

porosity for oxidative desulfurization (ODS) of model diesels (Gawande et al., 2015). Chen 

et al. (2016b) has produced a uniform manganese oxide nanorods and nanowires onto the 

cordierite honeycomb monolithic substrates by generic one-pot hydrothermal synthesis route 

for (CO) oxidation. Due to the cost considerations, replacement of precious noble metals is 

necessary.  
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3.  EXPERIMENTAL WORK 

 

 

3.1. Materials 

 

3.1.1. Gases 

 

The gases used in this research were purchased from Linde Group or HABAŞ. The 

properties of these gases such as suppliers, specifications and their usage target in this study 

are shown in Table 3.1. 

 

Table 3.1.  The properties of the gases used in this study. 

 

Gas Formula Suppliers Specification Application 

Argon  Ar  Linde 99.998% GC carrier gas 

Carbon dioxide CO2 BOS 99.995% GC calibration, Reactant 

Carbon monoxide CO Linde 99.998% GC calibration 

Hydrogen H2 BOS 99.998% GC calibration, Reduction 

Methane CH4 BOS 99.5% GC calibration, Reactant 

Nitrogen N2 HABAŞ 99.998% Inert 

Oxygen O2 Linde 99.998% GC calibration, Reactant 

 

3.1.2.  Chemicals 

 

The chemicals with high purity was used for catalyst preparation. The distilled water 

and the deionized water were prepared by GFL 2001/4 Distilled Water Instrument and 

Zeneer Power I Water Purification System respectively in Chemical Engineering Research 

Laboratories at Boğaziçi University. The other solid and liquid chemicals were purchased 

from various suppliers. Their properties such as specification, suppliers, and molecular 

weight are shown in Table 3.2.  
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Table 3.2.  The properties of the chemicals used for catalyst preparation. 

 

Chemical Name Formula Suppliers Specification 

MW 

(g/ 

gmol) 

(cis,bis((isothiocyanato)bis(2

,2-bipyridyl-4,4-

dicarboxylato)ruthenium(II)) 

 C26H16N6O8RuS2 

 
Aldrich 95% 705.64 

Cobalt nitrate hexahydrate Co(NO3)26H2O BDH 97% 291.03 

Colloidal Cerium(IV) oxide CeO2 
NanoTek, 

Alfa Aesar 

20% aq. 

colloidal 

solution 

172.12 

Colloidal silica SiO2 
Sigma-

Aldrich 

30 wt.% aq. 

solution 
60.08 

Diethyl ether (C2H5)2O Merck >99.5 74.12 

Ethanol C2H5OH  % 96 46.07 

Hydrogen chloride solution HCl Merck 37.0 - 38.0% 36.46 

Lead (II) oxide Pbl2 Aldrich >99.5 461.01 

Magnesium acetate hydrate 
(CH₃COO)₂Mg 

.4H₂O 
Merck 99.5 - 102.0% 214.46 

Magnesium oxide MgO 
Sigma-

Aldrich 
98% 40.31 

Methylamine solution CH5N solution Aldrich 

33 wt.% in 

absolute 

ethanol 

31.06 

N, N Dimethylformamide 

(DMF) 
HCON(CH3)2 Merck >99.8 73.09 

Nickel nitrate hexahydrate Ni(NO3)26H2O Merck 99% 290.81 

Palladium(II) nitrate hydrate Pd(NO3)2·xH2O   Aldrich - 230.41 

Titanium dioxide TiO2 (P25) Degusa 99.9% 79.866  

Urea CO(NH₂)₂ Merck 99.0 - 100.5% 60.06 

Zinc oxide ZnO Aldrich 99.999% 81.39   
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3.2. Experimental Systems 

 

The catalysts used in this study were first prepared by various catalysts preparation 

methods; then, they were used in particular constructed experimental systems for 

photocatalytic or catalytic reaction tests as well as characterized through some 

characterization techniques for further investigation. Therefore, experimental systems in this 

study can be categorized into of three groups such as catalyst preparation systems, reaction 

systems and catalyst characterization systems. 

 

3.2.1. Catalyst Preparation Systems 

 

The catalysts used in this study were prepared in different forms such as particulate, 

coated monolith or nanowire. Therefore, the catalyst preparation systems were quite 

different with each other. 

 

The incipient-to-wetness impregnation method was used for the preparation of 

particulate catalysts. This system (Figure 3.1) includes a Retsch UR1 ultrasonic mixer 

providing uniform mixing, a KNF Neuberger vacuum pump, a Büchner flask for support 

material, a Masterflex computerized-drive peristaltic pump, a beaker for the precursor 

solution inside and a silicone tubing to carry this precursor solution through the peristaltic 

pump into support material. In this method, proper amount of support was put into the 

Büchner flask and mixed by Retsch UR1 ultrasonic mixer under vacuum for 30 minutes. At 

the meantime, proper amount of active metal/s are dissolved in deionized water. After 

mixing the support, active metal solution is fed to the support in flask by peristaltic pump 

with a proper flow rate. The slurry obtained are well mixed by ultrasonic mixer under 

vacuum to achieve a uniform metal distribution over support, kept for at least 90 minutes 

and dried in the oven at the specified temperature. 

 

For monolith catalysts, wash-coating method was used as in Figure 3.2. The system 

contains a Retsch UR1 ultrasonic mixture, beaker and Bosh microwave oven. For air 

flowing, a syringe was also used. In this method, cut and cleaned monoliths are dipped into 

support solutions on Retsch UR1 ultrasonic mixer for 40 minutes. Every 5 minutes, 

monoliths are taken out from the solution and flushed by air to prevent the channel clogging. 
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After this coating process, monoliths are dried in Bosh microwave oven for 45 minutes with 

a power of 160 W. The coated and dried monolith are then weighed and the whole process 

are repeated until the target amount of support coating are obtained. The proper amount of 

active metal solution is prepared, injected drop by drop to the channels of the monolith 

through a syringe and dried in the oven at the specified temperature. 

 

 

 

Figure 3.1.  Schematic diagram of the incipient to wetness impregnation method (1. 

Ultrasonic mixer, 2. Büchner flask, 3. Vacuum pump, 4. Peristaltic pump, 5. Beaker, 6. 

Silicone tubing). 

 

In order to synthesize the nanowire catalysts, hydrothermal synthesis method was used. 

In this method, a Retsch UR1 ultrasonic mixer, two beakers and a Gallenkamp oven and a 

syringe for air flow were used as in Figure 3.3. The proper amount of the active metal and 

urea solutions are prepared in beakers and mixed by ultrasonic mixer. The cut and clean 

monoliths are inserted into active metal solution. Then, urea solution is added drop by drop 

2
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to the beaker with monoliths. The beaker is kept in oven at 90 °C for the nanowire synthesis 

over monoliths. After synthesis, the coated monoliths are dipped into distiller water and air 

is flushed by air to prevent the channel clogging. 

 

 

 

Figure 3.2.  Schematic diagram of the wash-coating system (1. Ultrasonic mixer, 

2. Beaker, 3. Microwave Oven). 

 

In some cases, either a homemade Teflon autoclave (Figure 3.4a) with a Heidolph 

MR3001 magnetic stirrer with heating (Figure 3.4b) or an Alex Machine ultrasonic mixer 

with heating are also used for the hydrothermal synthesis. In these procedures, proper 

amount of active metal solutions and urea are well mixed by magnetic stirrer or ultrasonic 

mixer and directly kept at 90 °C for the synthesis, or mixed and transferred into the autoclave 

and kept in oven for the synthesis.  After synthesis, the procedure is followed by cleaning 

and drying steps as in the previous methods. 

 

All dried catalysts in this study was calcined in a temperature programmed Carbolite 

oven (Figure 3.4c). The detailed catalyst preparation steps will be explained in Section 3.3. 

 

 

1 

2 

3 
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Figure 3.3.  Schematic diagram of the homogeneous deposition precipitation method (1. 

Ultrasonic mixer with heating, 2. Beaker, 3. Oven). 

 

   

(a) (b) (c)  

 

Figure 3.4.  The image of Teflon autoclave(a), Heidolph MR3001 magnetic stirrer (b) and 

Carbolite oven (c). 

 

3.2.2. The Reaction Systems 

 

The constructed reaction system in our laboratories for the dry reforming of methane 

can be seen in Figure 3.5. The reaction system can be divided into three parts: feed, reaction 

and analysis. In feed section, Brooks model 5850E mass flow controllers (MFCs) were used 

1 2 

3 
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to control of CH4, CO2, N2, H2 inlet gases supplied by pressurized gas cylinders which are 

regulated as 2 bar during the reaction tests. These gases were passed through 1/4-inch 

stainless steel tubes after MFCs, mixed well and then sent to the reaction section for the 

activity test.  

 

 

 

Figure 3.5.  Schematic diagram of catalytic reaction system. 

 

In the reaction part, two types of reaction system were constructed with some 

modifications since photocatalytic and catalytic reaction tests were performed in this study. 

In the photocatalytic experiments, a special design of downward tubular quartz reactor was 

used. The length of this reactor was 775 mm and the diameter was 10 mm. Also, there was 

a quartz circle part with a 45 mm diameter in the middle of the quartz reactor in order to 

increase photon activity through the high interaction of light with the catalyst surface (Figure 

3.6a). For this purpose, first quartz wool was inserted then the circle was filled with the 
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catalyst as in the Figure 3.6b. The catalytic tests were also performed in a downward tubular 

packed-bed reactor made of quartz with a 775 mm reactor length and 10 mm inner diameter 

(Figure 3.6c). Small amount of quartz wool was again first insert into quartz reactor before 

the catalyst loading which is either in the form of particulate or monolithic (Figure 3.6d).  

 

    

(a) (b) (c) (d) 

 

Figure 3.6.  The images of the reactor configuration used in this study: empty and filled 

quartz reactors for photocatalytic (a-b) and catalytic (c-d) reaction tests. 

 

In photocatalytic studies, a special design oven as seen in Figure 3.7. This oven has 

two blank window, which are in front and back of the oven, to allow light pass from the light 

source directly into the reactor circle. The inside of the oven was completely covered with 

quartz wool to prevent heat loss.  In addition, these windows can be optionally used with a 

quartz window in the case of operating it at various temperatures from 0-1000 °C either in 

the presence or absence of the light. The designed oven was directly inserted the regular 

catalytic system as in Figure 3.5 with some small changes such as having cooling fan to cool 

the heating lamps as in Figure 3.8. Various light sources were used the photocatalytic tests 

such as (A) 200W UV lamp, (B) CLEO HPA 400 S 400W metal halide lamp with 87 

UVA(W) Radiation 1hr and (C) ABET LS 150 Xenon Lamp Source solar simulator with 

100 mW/cm2 irradiation. The temperature is measured and controlled by a GEMO PC107 

controller.  
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(a) (b) 

 

Figure 3.7.  The outside(a) and inside(b) view of special design of oven. 

 

 

 

Figure 3.8.  Schematic diagram of photocatalytic reaction system (1. Oven 2. Quartz 

reactor 3. Lamp 3. Cooling fan). 

 

In the catalytic system, a homemade oven was used to heat the reactor. The top and 

the bottom of the oven were closed with quartz wool to prevent heat loss from the oven to 

the environment.  The temperature was measured with K type thermocouple from the bottom 
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of the catalyst as seen in Figure 3.9 and controlled by Schimaden FP21 controller in the 

catalytic system. The product gases were passed through 1 cylinder and 1 spiral iced 

condensers to trap possible water vapor produced due to the reaction since water entrance to 

the gas chromatography can be harmful for the instrument working properly. 

 

 

 

Figure 3.9.  Schematic diagram of the reactor and oven used in catalytic system (1. 

Thermocouple 2. Monolith 3. Quartz wool 4. Quartz reactor 5. Oven). 

 

In the product analyses section, all product and feed gases were analyzed with 

Schimadzu GC 2014 Gas Chromatography (GC) with a Carboxen1000 column. The product 

gases were carried to the GC with 1/8-inch stainless steel tubes after the condenser part. The 

data was taken with an hour time increment. The operating conditions of GC instrument used 

in this study are given in Table 3.3. 

 

The calibration procedure conducted in this study will be explained in Section 3.4.1. 

Through the utilization of calibration curve, all feed and product compositions of CH4, CO2, 

H2, CO and N2 mixtures are calculated. 



38 

 

Table 3.3.  Gas chromatography analyzer specifications. 

 

         GC Model Shimadzu GC 2014 

Detector type TCD 

Column temperature 150 °C 

Detector temperature 175 °C  

Injection temperature 170 °C 

Detector current 50 mA 

Carrier gas Argon 

Carrier gas flow rate 30 ml/min 

Column type CBXN-1000 60/80 

 

In all experimental studies, the results were represented in terms of CH4 conversion, 

CO2 conversion, H2 and CO yield and H2/CO ratio, which are calculated by using N2 interval 

gases as follows: 

 

𝑋𝐶𝐻4 =
𝑋𝐶𝐻4𝑖𝑛

𝑥𝐹𝑖𝑛 − 𝑋𝐶𝐻4𝑜𝑢𝑡
𝑥𝐹𝑜𝑢𝑡

𝑋𝐶𝐻4𝑖𝑛
𝑥𝐹𝑖𝑛

𝑥100% 

 

𝑋𝐶𝑂2 =
𝑋𝐶𝑂2𝑖𝑛

𝑥𝐹𝑖𝑛 − 𝑋𝐶𝑂2𝑜𝑢𝑡
𝑥𝐹𝑜𝑢𝑡

𝑋𝐶𝑂2𝑖𝑛
𝑥𝐹𝑖𝑛

𝑥100% 

 

𝑌𝐻2 =
0.5𝑥𝑋𝐻2𝑜𝑢𝑡

𝑥𝐹𝑜𝑢𝑡

𝑋𝐶𝐻4𝑖𝑛
𝑥𝐹𝑖𝑛

𝑥100% 

 

𝑌𝐶𝑂 =
𝑋𝐶𝑂𝑜𝑢𝑡

𝑥𝐹𝑜𝑢𝑡

𝑋𝐶𝐻4𝑖𝑛
𝑥𝐹𝑖𝑛 + 𝑋𝐶𝑂2𝑖𝑛

𝑥𝐹𝑖𝑛
𝑥100% 

 

𝐻2

𝐶𝑂
=

𝑌𝐻2

𝑌𝐶𝑂
 

 

CH4 conversion, CO2 conversion, CO yield and H2 yield are represented by 

𝑋𝐶𝐻4, 𝑋𝐶𝑂2, 𝑌𝐻2, 𝑌𝐶𝑂 in the equations where the inlet and outlet volume of CH4, CO2, H2, 
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CO expressed as (𝑋𝑥𝑖𝑛/𝑜𝑢𝑡
)𝑥(𝐹𝑖𝑛/𝑜𝑢𝑡) in terms of output flow rate (𝐹𝑜𝑢𝑡), which is calculated 

by composition of internal gas in the inlet and outlet (𝑋𝑁2). 

 

𝐹𝑜𝑢𝑡 =
𝑋𝑁2𝑖𝑛

𝑥𝐹𝑖𝑛

𝑋𝑁2𝑜𝑢𝑡

 

 

3.2.3. Catalyst Characterization Systems 

 

Various characterization techniques such as SEM-EDX, XRD and XPS were 

performed to understand the physical, microstructural and electronic properties of the 

catalyst samples better and to investigate the changes in those properties of the catalyst after 

reduction and reaction process.  All characterization studies were conducted in the Advanced 

Technologies Research and Development Center of Boğaziçi University 

 

3.2.3.1. Scanning Electron Microscopy and Energy Dispersive X-Ray (SEM-EDX).  The 

microstructure, morphology and the elemental analysis of fresh-reduced and used catalyst 

samples were investigated by SEM-EDX. Micrograph results were obtained by a Philips XL 

30 ESEM-FEG system with a maximum resolution of 2 nm. 

 

3.2.3.2. X-Ray Diffraction (XRD).  The crystallographic structure of the monolithic catalyst 

samples was analyzed by Rigaku D/MAX-Ultima+/PC X-Ray diffraction (XRD) equipment 

having an X-ray generator with Cu Kα radiation (λ =0.154 nm) in a scanning angle with a 

range of 3-90° at a rate of 2°/min and with an accelerating voltage of 40 kV and a current of 

40 mA. 

 

3.2.3.3. X-ray Photoelectron Spectroscopy (XPS). The amount and the nature of metal 

species on the catalyst samples were investigated by Thermo Scientific X-ray Photoelectron 

Spectrometer (XPS) with a source gun of Al K Alpha X-Ray 000 and with a spot size of 400 

µm. The binding energy scale of the XPS spectra were adjusted to the C1s line.   
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3.3. Catalyst Preparations 

 

The Ni-based catalysts used in this study were prepared in various forms such as 

particulate, coated monolith and nanowire by using the preparation systems as mentioned in 

Section 3.2.1.  

 

3.3.1. Ni-based Particulate Catalysts over Various Supports 

  

 Ni-based catalysts with Co addition over MgO, TiO2 and ZnO support were prepared 

with the fixed 8 wt.% Ni and 2wt.%Co active metal dispersion. Dyed- Ni-Co/TiO2 catalyst 

and CH3NH3PbIxCl3-x Perovskite- TiO2 catalysts were also particularly developed for 

photocatalytic system experiments.  

  

3.3.1.1. Ni-Co/MgO. MgO supported Ni-Co based catalysts were prepared by incipient to 

wetness impregnation technique as in Section 3.2.1. MgO support were first crushed and 

sieved and then proper amount of MgO was put into the vacuum flask and mixed with an 

ultrasonic for 30 minutes. Then, proper amount of Ni(NO3)26H2O and Co(NO3)26H2O were 

dissolved in deionized water and co-impregnated to MgO support as in Figure 3.1. After 

impregnation process, the resulting slurry was continued to be mixed approximately 90 min 

till uniform distribution and then, dried for 12 h at 120 °C. Finally, they were calcined at 500 

°C for 5 h.  

 

3.3.1.2. Ni-Co/TiO2. For TiO2 supported Ni-Co based catalysts, same incipient-to-wetness 

impregnation method was used as in Section 3.2.1.1. TiO2 (P25) as support material was 

first mixed under vacuum for 30 min. Then, the proper amount of Ni(NO3)2.6H2O and 

Co(NO3)2.6H2O were dissolved in deionized water. The prepared solution was added drop 

by drop through peristaltic pump to TiO2 under vacuum. Then, the catalyst was dried at 120 

°C and calcined at 500 °C. 

 

3.3.1.3. Ni-Co/ZnO. Similar to MgO and TiO2, ZnO support was directly mixed by ultrasonic 

mixer under vacuum for 30 min. Then the proper amount of Ni(NO3)2.6H2O and 

Co(NO3)2.6H2O solution was added to the ZnO support under vacuum.  After impregnation 

process, the catalyst was dried at 120 °C and calcined at 500 °C. 
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3.3.1.4. Dyed-Ni-Co/TiO2. Before impregnation of Ni(NO3)2.6H2O and Co(NO3)2.6H2O 

solution over support materials, firstly proper amount of dyed material 

(cis,bis((isothiocyanato)bis(2,2-bipyridyl-4,4-dicarboxylato)ruthenium(II)) solution in 

deionized water was impregnated  over TiO2 (P25) under vacuum in ultrasonic mixture and 

dried at 120 °C.  Then, the active metal solutions were added as in Section 3.2.1.1.  Dyed- 

Ni-Co/TiO2 catalyst was finally dried at 120 °C and calcined at 500 °C. 

 

3.3.1.5. CH3NH3PbIxCl3-x Perovskite-TiO2. The proper amount of methylamine and 

hydrochloric acid were mixed in a flask for 2 h with magnetic stirrer. Then the mixed 

solution was kept at 50 °C in order to obtain yellowish methyl ammonium iodine (CH3NH3I).  

CH3NH3I was then washed with diethyl ether and ethanol in turn and filtered. The filtered 

CH3NH3I, PbCl2 and TiO2 were mixed in proper amount of DMF at 60 °C to obtain 

CH3NH3PbIxCl3-x over TiO2. In order to remove the solute, the mixed material was kept in 

oven at 105 °C for 45 min. Since the material is sensitive to humidity, the synthesized 

CH3NH3PbIxCl3-x Perovskite-TiO2 catalyst was kept in desiccator. 

 

3.3.2.  Ni-based Coated Monolithic Catalysts 

 

MgO, SiO2 and CeO2 wash-coated Ni-based catalysts monolithic catalysts with Co 

addition were prepared in this study as Section 3.2.1. Once again, active metals were fixed 

as 8 wt.% Ni and 2wt.%Co. 

 

3.3.2.1. Ni-Co/MgO Monolith. The commercial ceramic (2MgO.2Al2O3.5SiO2) cordierite 

and mullite monolithic (3Al2O3.2SiO2) were used as monolithic support material. They were 

cut into the dimensions of 8 mm ×8 mm x 18 mm so that it can be easily placed into the 10 

mm ID quartz tube reactor (Figure 3.6c). The channel widths of monoliths were 0.9 mm and 

1mm for commercial cordierite and mullite ceramic monoliths, respectively. The cut 

monoliths were then washed with acetone to remove the possible impurities and open the 

pores from residue from the cutting procedure and dried in the oven at 120 °C for 2h. For 

coating, 0.2g MgO were solved in 0.5 ml deionized water for each monolith. The cleaned 

monoliths were then put into solution and mixed with an ultrasonic mixer for 40 min as in 

Figure 3.2. Every 5 min excess MgO which was clogging the openings were flushed out by 

pressurized air and with the help of a syringe; then they were dried for 40 min in a microwave 
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oven with a power of 160 W. Approximately, 10-15% of MgO was coated on monolith and 

the excess MgO were removed by scrubbing with the help of a needle of syringe and by 

tapping each monolith to the table surface. After coating process accomplished, proper 

amount of Ni(NO3)26H2O and Co(NO3)26H2O were dissolved in 0.3 ml deionized water for 

15 min assisted with ultrasonic mixer. The prepared solution was injected drop by drop to 

the channels of the monolith through a syringe. Both external and internal surfaces of 

monolith channels were wetted. After this process, the monoliths prepared were dried at 120 

°C for 4 h and then calcined at 500 °C for 5 h. The steps of the procedure can be seen in 

Figure 3.10.  

 

3.3.2.2. Ni-Co/SiO2 and Ni-Co/CeO2 Monoliths. Either SiO2 or CeO2 supported Ni-based 

monolith catalyst was similarly prepared as discussed in Section 3.2.2.1. However, only 

cordierite monoliths were used in these catalysts. Also, colloidal forms of SiO2 and CeO2 

were used instead of preparing the support solution to wash-coat the monolithic structure. 

Then the active metals were impregnated with the same procedure in previous Section 

3.2.2.1. Prepared monoliths were similarly dried at 120 °C for 4 h and calcined at 500 °C for 

5 h. 

 

 

 

Figure 3.10.  The preparation images of monolithic catalyst. 
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3.3.3.  Ni-based Nanowire Structured Catalysts 

 

 Various NixCo3-XO4 nanowire over monoliths and Ni-based MgO nanorod catalysts 

were developed. In some cases, %1 wt. Pd NixCo3-XO4 nanowire was also used. 

 

3.3.3.1. NixCo3-XO4 Nanowire. The commercial ceramic cordierite (2MgO.2Al2O3.5SiO2) 

with the channel with of 0.9 mm was cut into the piece (8 mm diameter x 18 mm length). 

The monoliths pieces were then washed with distilled water and acetone for 30min for 

cleaning in ultrasonic mixture. NixCo3-XO4 nano-array synthesis (x=0,0.5,2) over these 

monoliths were performed following the procedure of hierarchical nickel-cobalt nano-array 

catalyst preparation method of Ren et al. (2014). 0.5 mol/lt Ni(NO3)26H2O and 0.5 mol/lt 

Co(NO3)26H2O were dissolved in deionized water (20 ml, 50 ml, 100 ml, 300 ml, 

respectively) to prepare NixCo3-XO4 nanowire catalyst. Unlike the studies of Ren et al. 

(2014), low amount of solution was aimed to consume less metal nitrate chemicals in the 

procedure. For this purpose, the effect of using regular oven heating, ultrasonic and magnetic 

stirrers with heating property were also be evaluated in the synthesis of nanowire catalyst. 

The cut and cleaned monoliths were put into active metal solutions and mixed ultrasonically 

in each trials as in Figure 3.3. 5 or 10 mol urea was then added into the active metal solution 

in ultrasonic mixing. Then the solution was kept at 90 °C for 12 h in various systems such 

as ultrasonic, magnetic stirrer or oven to synthesize NixCo1-xO4 nanowire as in Table 3.4. 

After the reaction proceeded, the monolith was removed from the solution and softly rinsed 

by distilled water, flushed out by air with the help of a syringe and dried at 80 °C for 4 h and 

annealed at 300 °C for 4 h with ramping 20 °C/min. In the preparation of Co3O4, 0.5 mol/lt 

of Co(NO3)26H2O solution was used. The rest of the preparation procedure was kept the 

same. the mullite type monolith was also coated with nanowire catalyst with the same 

procedure. The images of some preparation steps for Ni0.5Co2.5O4 nano-array monolithic 

catalyst can be seen in Figure 3.11.  

 

3.3.3.2.  Pd/NixCo3-XO4 Nanowire. In order to prepare this catalyst, first NixCo3-XO4 

nanoarray were grown over the cordierite monoliths as in Section 3.2.4. Then, proper amount 

of Pd(NO3)2·xH2O was dissolved in deionized water and impregnated over the inside of the 

NixCo3-XO4 nanoarray coated monoliths. Finally, % 1 wt. Pd impregnated monoliths were 

dried and calcined again at the same conditions as in Section 3.2.3.2.  
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Table 3.4.  Experimental conditions of NixCo3-XO4 nanowire synthesis. 

 

Trials. # 
Urea amount, 

mol 
Reaction conditions Mixing type 

1 5 Magnetic stirrer with heating Magnetic 

2 5 Oven No mixing 

3 10 Oven No mixing 

4 10 Ultrasonic stirrer with heating Ultrasonic 

5 10 Ultrasonic (2 hrs) + oven (10 hrs)  Ultrasonic 

 

   

   

 

Figure 3.11.  The preparation images of Ni0.5Co2.5O4 nano-array monolithic catalyst. 

 

3.3.4.   Ni-based Nanorod Structured Catalysts 

 

3.3.4.1.  Ni-Co/MgO Nanorod. This nanorod catalyst was synthesized using two different 

preparation procedures. In the first one, MgO nanorod synthesized and then Ni-Co active 

metals were impregnated over nanorod MgO support. In the second one, MgO and Ni-Co 

active metals were prepared together. In the first procedure, the proper amount of urea and 

magnesium acetate hydrate were dissolved in 25 ml and 75 ml distilled water respectively 
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and mixed for 30 min with magnetic stirrer as in the MgO nanorod synthesized of Al-Hazmi 

et al. (2012). Urea solution was then added to magnesium acetate hydrate solution and mixed 

for 5 min. The well mixed solutions then transferred into 100 ml Teflon autoclave. The 

autoclave was closed well and put in the oven for 1 or 2 h in oven at 180 °C. After the 

reaction process 180 °C, autoclaved were cooled to room temperature. The obtained 

heterogonous solution inside the autoclave were transferred into centrifuge tube for the 

centrifugation at 4100 rpm for 10 min. Then the products were collected from the tube and 

filtered with distilled water and ethanol, respectively, to reduce agglomeration. The final 

products were dried at 60 °C for 24 and then calcined at 600 °C for 1 h. In order to obtain 8 

wt.% Ni – 2wt.%Co over MgO nanowire catalysts, proper amount of Ni-Co active metal 

solutions were impregnated, dried and calcined as in the Section 3.2.1.1. In the second 

preparation method of Ni-Co/MgO nanowire catalysts, the proper amount of nickel nitrate 

hexahydrate, cobalt nitrate hexahydrate and magnesium acetate hydrate were co-dissolved 

in distilled water and mixed for 30 min. The well mixed solution was then transferred the 

same autoclaved and kept in oven at 180 °C for 2h. The final product was centrifuged, 

filtered, dried and calcined as in the procedure of MgO synthesis. The images of some 

preparation steps for Ni-Co/MgO nanorod catalyst can be seen in Figure 3.12. 

 

   

   

 

Figure 3.12.  The preparation images of Ni-Co/MgO nanorod catalyst. 
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3.3.4.2.  Ni-Co/MgO Nanorod over Monoliths. The monolithic Ni-based over MgO 

nanostructured catalysts have been prepared in four different ways as in Table 3.5. In the 

first trial, cleaned cordierite monolith (8 mm ×8 mm x 18 mm) was inserted into the 

autoclave containing magnesium acetate-urea solution as in the previous section, kept for 2 

h at 180 °C and cooled to room temperature. The coated monolith was taken out from the 

autoclave and cleaned, dried and calcined at 600 °C. In the second trial, the monolith was 

put again into the autoclave containing magnesium acetate-urea solution with a certain 

amount of Ni-Co nitrate inside. The following procedure was the same as in trial 1. In the 

third trial, the proper amount of the prepared MgO nanorods as in Section 3.3.4.1 was 

dissolved into distilled water and wash-coated over monolith surface and channels, dried and 

coated with active metal solutions as in Section 3.3.2.1. In the last trial, the synthesized MgO 

in Section 3.3.4.1 was dissolved into distilled water before calcined at 600 °C and directly 

wash-coated over the monolith.  After the addition of active metal solution, surfaces and 

monolith was again dried and calcined as in Section. 3.3.2.1. 

 

Table 3.5.  Preparation methods of Ni-based MgO nanostructured monoliths. 

 

Trials 

# 
Coating procedure 

TMgO,calcination 

(°C) 

Active 

metals 

Tcalcination 

(°C) 

1 MgO in autoclave 600  impregnated 500 

2 NiCo/MgO in autoclave - - 500 

3 MgOcalcined washcoated 600 impregnated 500 

4 MgOwashcoated calcined - impregnated 500 

 

3.4.  Reaction Test Parameters 

 

CO2 reforming of methane reaction tests were performed firstly in the photocatalytic 

system which was described in detail in Section 3.2.2. Then, the studies over monolithic and 

nanowire structures were continued after making the necessary changes in the reaction 

system mentioned above. 
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3.4.1.  Preparation of CDRM Reaction Systems and Blank Tests 

 

Before starting real experimental tests, several preliminary studies were performed for 

several reasons. Firstly, leakage test was performed with nitrogen throughout all tubes and 

connectors in the system and gas chromatography to be sure that no gas leakage from system 

to the laboratory after each experimental system construction. Then, mass flow controllers 

were calibrated for each reactant gases which are regulated as 2 bar. The correct amount of 

gases was sent to the system through calibration curve of each mass flow controllers. After 

that, optimal GC operating conditions (Table 3.3) were figured out to obtain separated and 

clear gas peaks. Certain amount of sample gas mixtures was sent to the GC at these 

conditions and concentration versus area graphs were obtained for each gas under optimal 

GC operating conditions. The curve of this graph was used to clarify the composition 

unknown gas mixtures.  Finally, some blank tests were also performed in empty quartz 

reactor and quartz reactor with uncoated-reduced cordierite monolith in a temperature 

change 600-900 °C under 70 ml/min reactant flow (CH4, CO2, N2). In addition, %8 wt. Ni-

%2 wt. Co over MgO particulate catalyst was tested at 800 °C under the flow of CH4/CO2/N2 

: 30/30/10 ml/min in order to check the experimental system constructed. 

 

3.4.2.  CDRM Reaction Tests over Ni-based Structures in Photocatalytic System 

 

Performance tests of Ni-based catalysts with Co addition over MgO support and 

semiconductor supports such as TiO2, ZnO were investigated in photocatalytic system under 

the experimental conditions as in Table 3.6. Dye added Ni-Co/TiO2 and CH3NH3PbIxCl3-x 

Perovskite to TiO2 catalysts to increase the light absorption capacity were also tested at room 

conditions. Approximately, 4-5 g catalysts were used in the tests. The reduction process was 

conducted prior to reaction test as in the Figure 3.13.  
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Figure 3.13.  The reduction procedure for Ni-based catalysts.  

 

Table 3.6.  Experimental conditions used for DRM over various photocatalytic structures. 

 

Exp.  

# 
Catalyst 

Treduction 

(°C) 
T (°C) 

Feed Compositions 

( ml/min) 

Lamp 

closed(-), 

lamp or 

open(+) 

TOS 

 (h) 
CO2  CH4  

1 NiCo/MgO 800 800 30 30 - 5 

2 NiCo/MgO 800 room-500 10 10 - 1 

3 NiCo/TiO2 800 room-500 10 10 - 1 

4 NiCo/ZnO 800 room-500 10 10 - 1 

5 NiCo/MgO 800 room-500 10 10 + 1-8 

6 NiCo/TiO2 800 room-500 10 10 + 1-8 

7 NiCo/ZnO 800 300-500 10 10 + 1-8 

9 NiCo/TiO2 800 room 10 10 + 8 

9 CH3NH3PbIxCl3-x 

Perovskite- TiO2 
- room 10 10 + 8 

10 Dyed- Ni-

Co/TiO2 
- room 

10 10 
+ 8 
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3.4.3. CDRM Reaction Tests over Ni-based Structures in Catalytic System 

 

CO2 reforming of methane activity of Ni-Co based particulate, wash-coated monolith 

and nanowires catalysts were catalytically evaluated at 600-900 °C with 50 °C temperature 

interval in quartz reactor.  The reactor was heated to the desired reaction temperature and 

cooled down after the activity test with a flow rate of 30 ml min-1 N2 gas. N2 gas with a flow 

rate of 10 ml min-1 in each activity test was used as an internal gas.  

 

3.4.3.1. CDRM Reaction Tests over Ni-Co Based Particulate and Monolithic Structures. 8% 

wt. Ni-%2wt.%Co over MgO particulate and 8%wt. Ni-2%wt.% Co coated over MgO, SiO2 

and CeO2 monolith catalysts were investigated under the operation conditions as in Table 

3.7. For each catalytic run, 100 mg particulate catalyst or a monolith containing 100 (±0.1) 

mg catalysts were used. In addition, all catalysts were reduced with H2 gas of 25 ml min-1 at 

800 °C (Figure 3.9).  

 

3.4.3.2. CDRM Reaction Tests over Monolithic NixCo3-XO4 Nanowire Structures. The 

catalytic tests of Ni0.5Co2.5O4, Ni2Co1O4 and Co3O4 nanowire covered monoliths were 

performed under the operation conditions as in Table 3.8.  In addition, some catalysts were 

reduced with H2 gas of 30 ml min-1 at 800 °C (Figure 3.13) while some was reduced at 600 

°C (Figure 3.14). 

 

 

 

Figure 3.14.  The reduction procedure for NixCo3-XO4 nanowire structures.  
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Table 3.7.   Experimental conditions used in CDRM over various catalysts. 

 

Exp. # Catalyst T (°C) 
Feed Compositions ( ml/min) 

TOS(h) 
CO2 CH4 O2  

1 
Ni-Co/MgO 

particulate 
600-900 30 30 - 1 

2 
Ni-Co/MgO 

cordierite 
600-900 30 30 - 1 

3 
Ni-Co/MgO 

mullite 
600-900 30 30 - 1 

4 
Ni-Co/SiO2 

cordierite  
600-900 30 30 - 1 

5 
Ni-Co/CeO2 

cordierite  
600-900 30 30 - 1 

6 
Ni-Co/MgO 

cordierite  
600-900 20 20 - 1 

7 
Ni-Co/MgO 

cordierite  
600-900 30 30 - 1 

8 
Ni-Co/MgO 

cordierite  
600-900 20 40 - 1 

9 
Ni-Co/MgO 

cordierite  
600-900 40 20 - 1 

10 
Ni-Co/MgO 

cordierite  
600-900 30 30 0.70 1 

11 
Ni-Co/MgO 

cordierite  
600-900 30 30 1.44 1 

12 
Ni-Co/MgO 

cordierite  
600-900 30 30 2.10 1 

13 
Ni-Co/MgO 

cordierite  
750 30 30 - 8 

14 
Ni-Co/MgO 

cordierite  
800 30 30 - 8 

15 
Ni-Co/MgO 

cordierite  
750 30 30 0.70 8 

17 
Ni-Co/MgO 

cordierite  
750 30 30 1.44 8 

18 
Ni-Co/MgO 

cordierite  
750 30 30 2.10 8 

19 
Ni-Co/MgO 

cordierite  
750 30 30 2.10 48 

 

3.4.3.3.  CDRM Reaction Tests over Ni-based MgO Nanorod Structures. The catalytic 

performances of Ni bases MgO nanorod structures was tested under the operating conditions 

as in Table 3.9. In tests, 60 ml/min -1 of feed flow balanced with 10 ml min-1 of N2 as an 

internal gas was used with a CH4/CO2 ratio of 1. All samples were reduced with H2 gas of 

30 ml min-1 at 800 °C for 1 h as in Figure 3.13. NiCo labeled catalyst in Table 3.9 represents 
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the 8% wt. Ni-2% wt.% Co active metal amount while Ni means 8% wt. Ni content over 

MgO support. 

 

Table 3.8.  Experimental conditions used in CDRM over NixCo3-XO4 coated monolith 

catalysts 

 

Exp. 

 # 
Catalyst 

Treduction 

(°C) 
T (°C) 

Feed Compositions ( ml/min) TOS 

(h) CO2 CH4 O2 

1 Ni0.5Co2.5O4 - 600-900 30 30 - 1 

2 Ni0.5Co2.5O4 600 600-900 30 30 - 1 

3 Ni0.5Co2.5O4 800 600-900 30 30 - 1 

4 Ni2Co1O4 600 600-900 30 30 - 1 

5 Co3O4 600 600-900 30 30 - 1 

6 Ni0.5Co2.5O4 600 750 30 30 - 8 

7 Ni2Co1O4 600 750 30 30 - 8 

8 Ni2Co1O4 - 750 30 30 - 8 

9 Co3O4 600 750 30 30 - 8 

10 Ni0.5Co2.5O4 600 750 30 30 2.1 8 

11 Ni2Co1O4 - 750 30 30 2.1 16 

12 
%1 Pd added 

Ni2Co1O4 

600 600-900 30 30 - 8 

 

3.4.3.3.  CDRM Reaction Tests over Ni-based MgO Nanorod Structures. The catalytic 

performances of Ni bases MgO nanorod structures was tested under the operating conditions 

as in Table 3.9. In tests, 60 ml/min -1 of feed flow balanced with 10 ml min-1 of N2 as an 

internal gas was used with a CH4/CO2 ratio of 1. All samples were reduced with H2 gas of 

30 ml min-1 at 800 °C for 1 h as in Figure 3.13. NiCo labeled catalyst in Table 3.9 represents 

the 8% wt. Ni-%2wt.%Co active metal amount while Ni means 8% wt. Ni content over MgO 

support. 
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Table 3.9.  Experimental conditions used in CDRM over Ni-based MgO nanorod 

structures. 

 

Exp. # 

Catalysts as to 

metal addition 

method over MgO 

TMgO,calcination (°C) 
Wgcat 

(mg) 
T (°C) TOS (h) 

1 NiCo impregnated 600 °C in oven 50 600-900 1 

2 NiCo impregnated 600 °C in air 50 600-900 1 

3 NiCo co-prepared - 50 600-900 1 

4 NiCo impregnated 600 °C in oven 20 600-900 1 

5 NiCo impregnated 600 °C in oven 100 600-900 1 

6 Ni impregnated 600 °C in oven 50 600-900 1 

7 NiCo impregnated 600 °C in oven 50 750 8 

8 Ni impregnated 600 °C in oven 50 750 8 

9 
NiCo impregnated 

monolith 

600 °C, pre-calcined 50 600-900 1 

10 
NiCo impregnated 

monolith 

600 °C, after coating 50 600-900 1 

 

 

 

 

 

 

 



53 

 

4.  RESULTS AND DISCUSSION 

 

 

As mentioned in Section 2.3, Ni-based catalysts for CDRM process have been widely 

studied due to its low cost and high activity. However, the studies have been still in progress 

to overcome the industrial utilization problems such as lack of stability. In this aspect, the 

aim of this study is to obtain an efficient CDRM process over Ni-based structured catalysts 

with less energy consumption, low coke formation, optimum syngas ratio as well as high 

stability. The steps taken in this work for this purpose are as follows: 

 

 CDRM process over Ni-based particulate catalyst was first investigated in the presence 

of photocatalytic assistance for the expectancy of decreasing CDRM thermal energy 

demand. 

 Afterwards, CDRM was performed over Ni-based wash-coated monoliths comparing 

with particulate catalyst to seek out whether monolithic structures will improve the 

catalytic activity of Ni-based catalysts or not. 

 In further step, Ni-based structures as in the form of NixCo3-xO4 nanowires were for 

the first time studied in CO2 reforming of methane to observe their catalytic 

contributions to CDRM.  

 Then, Ni-based active metals over MgO nanorod structure were studied to evaluate 

their catalytic performance in CDRM.  

 Finally, thermodynamic analysis was conducted in the presence of carbon to evaluate 

the thermodynamic consistency of experimental results. 

 

Prior to representing the results of these investigations, a blank test and some 

preliminary findings will be given to clarify the effect of catalyst utilized in the experiments. 

 

4.1.  Results of Preliminary Studies 

 

First of all, some blank tests were performed in empty quartz reactor and over an 

uncoated but reduced cordierite monolith in quartz reactor at various temperature form room 

temperature to 900 °C with 50 °C temperature interval, and at a total flow of 60 ml min-1 
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reactant (CH4/CO2:1/1) also containing 10 ml min-1 N2 as internal standard. After 800 °C, 

negligible amounts of CH4 and CO2 conversions as well as trace amount of H2 and CO 

product (seen only at 900 °C) have been obtained; they can be disregarded considering the 

level products obtained in the presence of catalyst. As the result, either quartz reactor or 

uncoated monolith itself has not any significant impact on catalytic performance of CDRM.  

 

Afterward, some catalytic tests were performed to check the experimental system 

constructed. For this aim, %8 wt. Ni- %2 wt. Co over MgO particulate catalyst was chosen 

as reference since it was previously tested and stated as well working catalyst by the Huo et 

al. (2014). Furthermore, the addition of Co metal to Ni catalyst was suggested to reduce coke 

formation with reasonable activity by enabling the oxidation of surface carbon to CO or CO2 

according to several studies (Gao et al., 2017; Son et al., 2014b; Zhang et al., 2008). Also, 

MgO was a preferable basic support to increase CO2 activation ability and hence suppress 

coke formation (Asencios et al., 2011; Monroy et al., 2012; Titus et al., 2016). For catalytic 

test, 100 mg catalyst was examined at 800 °C under the flow of CH4/CO2/N2 : 30/30/10 

ml/min. The results shown in Figure 4.1 was quite coherent with those obtained in reference 

study. It led to 84% CH4 conversion, 90% CO2 conversion and high H2/CO ratio 0.94, which 

means that the constructed system works quite well. this test also show that the catalyst has 

indeed a good catalytic activity in CDRM. Therefore, the metal loadings of catalyst were 

fixed to 8wt.% Ni and 2wt.% Co in the remain parts of this study.  

 

 

          

Figure 4.1.  Activity results of 8wt.%Ni-2wt%Co/MgO particulate catalyst. 
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4.2. Performance Analysis of Photocatalytic Assisted CDRM over Ni-based 

Particulate Structures 

 

One of the main obstacles for the commercialization of CDRM process is high energy 

demand of the reaction. Therefore, photocatalytic systems can contribute to decrease this 

demand through the activation of semiconductor supports with light either at room or mild 

conditions such as 300-500 °C.  

 

8wt.%Ni- 2wt.%Co over various semiconductor supports such as TiO2 and ZnO as 

well as MgO support were first tested with 30 ml/min total flow of CH4/CO2/N2 : 1/1/1 from 

various temperatures form room to 500 °C to understand the catalyst beaviors in the absence 

of any photocatalytic enchancement. The results were as in Figure 4.2. 

 

The catalytic activity of the catalysts increased with the increased temperature as it 

was excepted since CDRM is an endothermic reaction. A temperature such 300 °C was 

insufficient to convert CH4 and CO2 into synthesis gas at all. Among these catalysts, 

8wt.%Ni-2wt.%Co over TiO2 gave way to better catalytic activity than 8wt.%Ni-2wt.%Co 

over MgO, which was better than 8wt.%Ni-2wt.%Co over ZnO particulate catalyst. The 

results for the catalytic experiments performed below 300 °C did not shown on the graph 

since there was not any catalytic conversions or products.  

In order to investigate the effect of photocatalytic assistance in CDRM, same 

experiments over Ni-based particulate structures were conducted in the presence of 

photocatalytic lights with various power. The findings can be summarized as follows: 

 

 Although TiO2
 and ZnO are known to be efficient semiconductors in photocatalytic 

activities, there was no improvement in the activity tests performed at temperatures 

from room to 500 °C. Probably they could not achieve to work as a photocatalyst and 

be insufficient to meet the necessary conditions for CDRM reaction at mild 

temperatures.  

 Even if the irradiation time over catalyst was lasted for 8 h in some cases; no 

remarkable catalytic activity change was observed.  
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Figure 4.2.  Activity results of 8wt.%Ni-2wt.%Co over TiO2, MgO, and ZnO particulate 

catalysts: a) CH4 conversion, b) CO2 conversion, c) H2/CO ratio. 
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which is known to be a good sensitized in photovoltaic cells, over TiO2 were tested at 

the previous experimental conditions for 8 h as well. Unfortunately, dye addition or 

perovskite structures did not modify the photocatalytic activity of TiO2. 

 In contrast to the most of the studies in literature, neither the utilization visible light or 

UV used in this study made any contribution on the CDRM performance.  

 

To sum up, the developed photocatalytic system and modified photo catalysts did not 

work properly as expected. Operating conditions such as working under continuous flow 

while some photocatalytic experiments in the literature were performed in batch system may 

be one of the reasons. Also, the distance between the photo reactor and light source which 

is larger than 20 cm due to the nature of constructed system may lead an adequate condensed 

light reaching to catalyst surface as well as less contact time of the light with catalyst surface. 

Finally, light sensitivity of developed catalyst may not be sufficient to break and convert the 

highly stable CH4 and CO2 gases. Therefore, the system and catalyst should be improved 

with further investigations. 

 

4.3. CDRM Performance Analysis of Ni-based Particulate and Monolithic Structures 

 

Most of the CDRM studies in the literature were conducted in a fixed bed reactor with 

the particulate form of the catalyst while there were also a few studies performed over the 

monolith structures although they offer several superiorities against the packed bed reactors 

such as low pressure drop (thus low energy loss), higher mechanical strength and easier to 

be scaled up by just regulating the number of channels (Ciambelli et al., 2010; Giroux et al.,  

2005; Heck et al., 2001; Özyönüm and Yildirim, 2016; Ryu et al., 2007; Qui et al., 2012). 

In this part of the study, CDRM performance tests of 8wt.%Ni-2wt.%Co based MgO wash-

coated mullite and cordierite monolithic structures were tested and compared to particulate 

form at various temperatures. Besides to the effect of the monolith type and temperature, the 

impacts of various support types, CH4/CO2 feed ratios, gas hourly space velocity (GHSV) 

and low amount of additional oxygen gas on the catalytic performance of monoliths were 

investigated to understand the catalytic behavior of monoliths in CDRM. The results were 

better clarified through performed SEM-EDX, XRD and XPS analysis.  
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4.3.1. Effect of Temperature 

 

8wt.% Ni- 2wt.% Co over MgO particulate catalyst were tested at various temperatures 

from 600 °C to 900 °C with a 50 °C temperature increment under the flow of 60 ml/min 

reactant gas mixture (CH4/CO2:1/1) with 10 ml/min N2 internal standard. The catalytic 

activity results of 8wt.% Ni- 2wt.% Co over MgO particulate, cordierite and monolith 

catalyst can be seen in Figure 4.3. The reaction test with particulate catalyst verified its high 

performance reaching to 70% CH4 conversion, 80% CO2 conversion and a H2/CO ratio of 

0.89 at 750 °C; these values were increased further with increasing temperature. This 

performance improved further with the use of cordierite and mullite monolithic structures 

especially at low temperatures (equivalent to about 50 °C reduction in reaction temperature); 

at higher temperatures, both CH4 and CO2 conversions were nearly the same probably due 

to the fact that they approached to equilibrium conversion while H2/CO ratio was 

approaching to unity.   

 

The higher performance of the monolithic catalyst is in agreement with the 

observations of Soloviev et al. (2011) over Nickel-alumina on cordierite honeycomb 

monolith and of Liu et al. (2008) over the Ni catalysts on SiC monolithic. Miguel et al. 

(2012) found that monolithic Ni/MgO catalyst also showed higher stability and higher 

conversion than particulate catalyst for steam reforming of methane process. This was 

probably due to the fact that monolithic form enhanced the heat transfer (Heck et al., 2001). 

Luisetto et al. (2017) has also found that CH4 and CO2 conversions of Ni-Ru cordierite 

monolith were higher as against powdered catalysts. In our case, the advantage of monolithic 

catalyst seems to diminish at high temperature as far as the CH4 and CO2 conversions are 

concerned; however, it should be still more desirable due to the other properties as easy to 

scale up and low pressure drop.  

 

Especially, for Ni-based catalysts, which have a tendency of pressure drop by plugging 

the reactor, the monolithic structure can be a good option. In addition, monolithic structures 

may helpful to increase the contact time of reactant gases with MgO support surfaces which 

has lower surface area then other proper supports such as Al2O3 (Abdollahifar et al., 2014, 

Zhang et al., 2014). The application of MgO over monolithic structures may be enhanced its 

role in CDRM and may give way to an increase in the catalytic activity. Furthermore, the 
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enhanced catalytic activity of cordierite monoliths may be related that it has higher number 

of the channels comparing to mullite type monoliths; namely it can provide higher coated 

surface area.  

 

 

 

 
 

Figure 4.3.  Activity results of 8wt.%Ni-2wt%Co/MgO catalyst in the form of particulate, 

coated over cordierite and mullite monolith: a) CH4 conversion, b) CO2 conversion, c) 

H2/CO ratio. 
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Since the cordierite catalyst monolith has better performance, of which reasons are not 

clear at this stage (possibly due to the more suitable heat transfer properties or narrower 

channel wide), 8wt.%Ni-2wt.%Co metals over MgO coated cordierite monolith was used in 

the remaining part of the study.  

 

4.3.2.  Effect of Support Type 

 

The coating material in monolithic structures has known to be a significant parameter 

which affects the catalytic activity of structures. In order to investigate this effect wash-

coated various supports such as CeO2, SiO2 and MgO over cordierite monolith, 8wt.%Ni-

2wt.%Co based MgO, CeO2 and SiO2 coated monoliths was tested at a temperature change 

from 600 °C to 900 °C with a 70 ml/min reactant gas mixture (CH4/CO2:1/1, 10 ml/min N2 

internal).  

 

Among tested these monolithic structures, MgO supported Ni-Co based catalyst 

resulted in higher CH4 and CO2 conversions than CeO2, and SiO2 ones as in Figure 4.4. In 

terms of H2/CO ratio, after 800 °C, CeO2 and MgO supported catalyst similar ratio but still 

lower than the MgO has. It was obvious that the interaction between colloidal CeO2 with the 

active metals were poor and CeO2 supported catalyst did not successfully work as in the 

colloidal form over monolith although the particulate form of Ni-Co/CeO2 catalyst was 

previously suggested a highly active catalyst for CDRM in literature (Ay and Üner, 2015). 

The performance test of monolith prepared with colloidal SiO2 seemed to be slightly better; 

it gave an over 60% conversion for CH4 and 60% conversion for CO2 with a H2/CO ratio of 

0.8 at 750 °C; however, it was still behind the catalytic performance of MgO coated 

monoliths, which was compatible with in some studies resulting higher catalytic activity 

over MgO support then SiO2 catalysts in the literature. At 900 °C, all coated monoliths nearly 

gave way to the same performance.  

 

Among these catalysts, Ni-Co/MgO monolithic catalyst was found to be the most 

active alternative. Therefore, the next performance test was conducted over this monolithic 

structure. Prior to main tests, some time on stream (TOS) test results was performed at 750 

°C and 800 °C for 8h in order to check its stability. As to Figure 4.5, during these 
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temperatures both CH4 and CO2 conversion were highly stable and the ratio of H2/CO was 

0.94 and 0.97, respectively.  

 

 

 
 

Figure 4.4.  Activity results of 8wt.%Ni-2wt.%Co based MgO, CeO2 and SiO2 coated 

monoliths: a) CH4 conversion, b) CO2 conversion, c) H2/CO ratio. 
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Figure 4.5.  TOS results of 8wt.%Ni-2wt.%Co based MgO coated monoliths for 8 h: a) 

CH4 conversion, b) CO2 conversion, c) H2/CO ratio. 
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This test also indicated that making 50 °C temperature interval test from 600 °C to 900 

°C or working on only one temperature condition did not affect the activity performance of 

the catalysts. For example, CH4 conversion was 90.65% in former case at 800 °C, while 

90.83% was second case. At 750 °C, the change was approximately 3%. 

 

4.3.3.  Effect of Gas Hourly Space Velocity (GHSV)   

 

The effect of gas hourly space velocity (GHSV) was also tested to make sure that the 

performance is not due to the excess use of catalyst. Figure 4.6 shows the results obtained at 

18000, 30000, 42000 mlgcat
-1h-1 (calculated based on the weight of Ni-Co/MgO content 

excluding the mass of monolith); these values reasonable represent the ranges reported in 

the literature by various investigators. CH4 and CO2 conversions were slightly higher at 

18000 mlgcat
-1h-1 at low temperatures as expected (high contact time of the reactant gases 

with monolith surfaces) but the difference disappeared at high temperatures; H2/CO ratio 

was not affected by this change at all. In addition, this results also proved that monolithic 

structures can be capable of working at higher reactant flow rates with low activity lost. 

 

4.3.4.  Effect of CH4/CO2 Ratio 

 

Since the resulting syngas ratio of dry reforming of methane play a crucial role in the 

Fisher-Tropsh synthesis and mainly depend on the feed gas ratio (Frontera et al., 2013), 

CH4/CO2 is an important variable that should be investigated. When the ratio of CH4/CO2 

was changed from 0.5 to 1.5, CH4 conversion decreased while the CO2 conversion increased 

(Figure 4.7) as expected. At the ratio of 0.5, CO2 became the limited reactant and consumed 

100% at high temperatures while CH4 conversion become significantly lower; it was just 

opposite at the CH4/CO2 of 1.5 (CH4 consumed fully at high temperatures).  

 

The CH4/CO2 ratio of 1.0 seems to be the best considering that it leads to high 

conversion for both reactants and H2/CO ratio close to unity; this is an expected and desirable 

result, which was also reported by other investigators (Abdollahifar et al. 2016; Du et al., 

2013).     
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Figure 4.6.  Activity results at various GHSV(mlgcat
-1h-1) over 8wt.%Ni-2wt.%Co/MgO 

monolithic catalyst when CH4/O2 is 1: a) CH4 conversion, b) CO2 conversion, c) H2/CO 

ratio.  
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Figure 4.7. Activity results at various CH4/CO2 ratio over 8wt.%Ni-2wt.%Co/MgO 

monolithic catalysts when GHSV is 42000 mlgcat
-1h-1: a) CH4 conversion, b) CO2 

conversion, c) H2/CO ratio. 
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on fresh wash-coated monolithic catalysts. The SEM images of 8wt.%Ni-2wt.%Co over 

MgO coated monolithic structures are given in Figure 4.8.  

 

   
(a) (b) (c) 

   
(d) (e) (f) 

 

Figure 4.8.  Images of (a) bare monolith, fresh-reduced Ni-Co/MgO coated monolith (b) 

and SEM images of coated monolith; (c) (80x), (d) (90x), (e) (2000x) and (f) 100000x. 

 

The support was seemed to be uniformly coated on the monolithic structure as a thin 

film as it apparent from the comparison of images of bare (Figure 4.8a) and coated (Figure 

4.8b) monolithic pieces and from the cross-sectional (Figure 4.8c) and lateral (Figure 4.8d-

e) SEM images of coated catalyst although cross-sectional images (c) also show some local 

accumulations (especially in corners) probably stemmed from the support wash-coating 

procedure. In the image with 2000x (Figure 4.8e), it is clearly seen that monolith is coated 

well with the catalyst. Dark points these images mean natural pore structure of the monoliths, 

while the white balls signify the coated MgO support. Also, from the images, it is not easy 

to distinguish Ni and Co active metals; however, the white bands in Figure 4.8f are thought 

to be Ni clusters. The average value of EDX analysis of the images taken from three different 

point in 2000x (Figure 4.8e) with 60 scans was resulted in the Table 4.1 below, which gave 

good Co and Ni content as 1.88 wt.% and 7.69 wt.%, respectively. That proves that the active 
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metals are well dispersed on the MgO coated monolith; this is also verified from the EDX 

elemental mapping images of these elements in Figure 4.9. Al, Si, some Mg and O metals 

were seen in the analysis probably due to the monolith itself, which consists of 

2MgO.2Al2O3.5SiO2. 

  

Table 4.1. The average value of EDX analysis taken in 2000x. 

 

Element Avg. Wt.% Avg.  At% 

C  2.61 4.96 

O  29.07 41.36 

Mg  14.08 13.21 

Al  18.63 15.74 

Si  25.52 20.70 

Ca  0.51 0.29 

Co  1.88 0.73 

Ni  7.69 3.00 

Total 100.00 100.00 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

 

Figure 4.9.  EDX elemental mapping of fresh-reduced Ni-Co/MgO sample: (a) Si, (b) Mg, 

(c) Al, (d) O, (e) Ni and (f) Co. 
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4.3.6.  Coke Formation and Effect of O2 Addition to the Feed  

 

It is well known that Ni-based catalysts suffer from coke deposition weakening the 

commercial potential of dry reforming of methane process (Damyanova et al., 2012; Huo et 

al., 2014). Ni-Co/MgO coated monolithic catalysts used at 750 °C for 8h with a CH4/CO2 

ratio of 1 and at 42000 mlgcat
-1h-1 GHSV was characterized for coke formation (Figure 4.10).  

 

  
(a) (b) 

(c) (d) 

  
(e) (f) 

 

Figure 4.10.  Images of the fresh-reduced (a) and spent (b) monolithic Ni-Co/MgO 

catalysts and SEM Micrographs reduced-fresh (b) 2000x, (b)100000x and spent catalysts 

(e) 2000x, (f)100000x. 
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The common argument was also true in this work; as it can be seen from Figure 4.10b 

the coke deposition over the monolithic piece was apparent from the color of used monolithic 

piece compared with the coated but unused monolith presented in Figure 4.10a. The coke 

deposition was also observable in the internal SEM images of used monolithic catalyst 

(Figure 4.10d). This carbon formation can also be seen in SEM Micrographs (Figure 4.10f) 

as white, thin nanotubes. The average value of EDX analysis taken in 2000x also showed 

that carbon weight percent remarkably increased to 40wt.% as in Table 4.2, while Ni and Co 

elements decreased.  

 

Table 4.2.  The average value of EDX analysis taken in fresh-reduced and spent samples. 

 

Element Fresh catalyst, 

Avg. Wt% 

Spent Catalyst, 

Avg. Wt% 

Ni 7.69 4.67 

Co 1.88 1.31 

C 2.62 41.30 

 

Then we decided to add small amount of oxygen (1-3%) to see whether the coke 

deposition was successfully depressed without any negative effect on conversion and 

product distribution. Although there are works in the literature aiming to combine dry 

reforming with partial oxidation (oxy-CO2 reforming) (Chen et al., 2011), steam reforming 

(Danilova et al., 2015) or to regenerate the deactivated catalyst with cyclic O2 addition 

(Assabumrungrat et al., 2009), our aim was to test the possibility of reducing coke formation 

without fundamentally changing the nature of dry reforming process; hence we kept the 

oxygen ratio of in the feed as low as possible. The effects of oxygen addition to coke 

deposition were presented in Figure 4.11. As can be seen from the comparison of Figure 

4.11a and Figure 4.11b was well as Figure 4.11c-d, 3% O2 addition significantly prevented 

coke deposition; the EDX mapping images for C element in the absence (Figure 4.11e) and 

presence of 3% oxygen (Figure 4.11f) also verify this result. The color change in monolithic 

surface was also observed in the presence of 1-2% oxygen but the difference was not as 

apparent as in the case of 3% indicating that a certain amount of oxygen is needed. EDX 

elemental mapping other metals such as Ni and Co for used Ni-Co/MgO in the absence and 

presence of 3% O2 addition can be seen Appendix A. Even if the average amount of Ni and 
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Co active metals were decreased after reaction, they were still well dispersed on the monolith 

and C element was seemed to dispersed on especially over Ni metals. 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

 

Figure 4.11.  Images of spent Ni-Co/MgO coated monoliths without (a), with (b) 3% O2 

and SEM-EDX Images for spent samples without (c), (e) and with (d), (f) 3% O2. 
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We also performed XRD analyses for both reduced and used catalyst (in the absence 

and presence of O2) in order to understand whether O2 addition caused any changes in 

crystalline phases. The XRD patterns of bare monolith, after MgO coating and reduction, 

after Ni and Co loading, after reaction without O2 and after reaction with 3% O2 are given 

in Figure 12. The possible crystalline phases for these patterns are also added to the Figure 

12.  

Main peaks at 2θ=10.35, 18, 18.94 21.66, 26.3, 28.38, 29.36, 33.82, 54.22, 69.64° in 

all samples clearly correspond to the cordierite monolith while peaks at 2θ=42.78, 62.16° 

are for cubic MgO. Generally, the spectra of used catalyst in the presence of 3% is much 

closer to the fresh catalyst compared with the spectra of the used catalyst without oxygen; 

apparently the presence of 3% oxygen did not change the crystalline phases of the catalyst, 

on the contrary it helped the preserve the structure. For three cases, the crystallite size of the 

MgO peaks at around 2θ=62° was calculated by the Scherrer equation with the measurement 

of the FWHM (full width at half maximum) of the diffraction peaks. 20.08 nm of crystallite 

size in the reduced samples increased to 36.09 nm in the reacted samples while it was 

measured as 19.71 nm over the reacted samples in the presence of 3% oxygen. There may 

be also NiO and CoO in the catalyst, however it is impossible to be sure because their peaks 

has close 2θ with MgO, hence they may be overlapping. Huo et al. (2014) has stated that 

diffraction peaks at 2θ=75, 79° indicates the formation of solid solution in the form of either 

Ni-Mg-O, Co-Mg-O or their composites. We observed such a peak in the spectra of used 

catalysts (without oxygen); this may be supporting the results of article mentioned above 

although it is not fully conclusive.  

XPS analysis was also conducted to measure the binding energies of the components 

in the reduced and reacted samples. The detailed Ni 2p and Co 2p scans of fresh-reduced 

and reacted samples in the presence of 3% oxygen as in Figure 4.13. Unfortunately, the 

detailed XPS scans of the reacted samples in the absence of oxygen did not clearly obtain 

since there was huge coke over the samples. As seen in Figure 4.13, both Ni 2p and Co 2p 

scans have a complex shape having a mixture of core level and satellite features. In the 

reduced samples (Figure 4.13a-b), BEs at 856.32 eV and 873.99 eV show the Ni 2p3/2 and 

Ni 2p1/2 spin orbit peaks while BEs at 780 eV and 796.71 eV are Co 2p3/2 and Co 2p1/2 spin 

orbit peaks.  



72 

 

 

Figure 4.12.  The XRD spectra of monolith samples at various conditions. 
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Figure 4.13. XPS scan results of fresh-reduced (a), (b) and spent samples in the 

presence of3% oxygen (c), (d).  

 

The other peaks as labeled in the Figure 4.13a-b are the satellites of these spin orbits. 

The peak 856 eV was previously related to oxidized Ni due to the interaction of mixed oxide 

support, MgO or hydroxyl groups while the one at 853 eV was only accepted as the sign of 

metallic Ni in the study of Walker et al. (2012). Similarly, Xu et al. (2013) indicated the 

peaks at 852.0 eV as the reduction state of Ni and the ones at 855.1 eV as the oxidation states 

of Ni. The peaks at 855.5 and 852.2 eV in Ni 2p3/2 spectra were also accepted as the Ni+2 and 

Ni0 phases of the nickel respectively while the ones at 780.7 and 777.4 eV in the Co 2p3/2 

spectra were stated as Co+2 and Co0, respectively (Zhang et al., 2014).  Fan et al. (2010), 

binding energies of Ni+2 and Co+2 were shifted from 855.4 to 861.8 and from 784 eV to 779.9 
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eV in the XPS studies of Ni-Co bimetallic catalysts. As it seen in Figure 4.13, both Ni 2p 

and Co 2p scans were quite changed after the reaction in the presence of oxygen. The 

changes in Ni 2p scan and Co 2p scans in Figure 4.13c-d can be attributed as the NiO and 

CoO spectra; showing the oxidation of metals during the reaction.  

 

 

 

Figure 4.14.  C1s XPS spectra of reacted samples in the absence of oxygen. 

 

In order to clarify carbon formed in the reacted samples, C1s XPS spectra was 

evaluated as in Figure 4.12. The main peaks at 284.38 eV and 285.48 eV were assigned as 

the sp2 and sp3 hybridized carbon atoms which can be related to the graphitic type of carbon 

on the catalyst.  

 

4.3.7.  Effect of O2 addition on CDRM Catalytic Activity 

 

The results of performance test in the presence of 1, 2 and 3% oxygen in the feed is 

given in Figure 4.15; the results without oxygen in the feed was also added for comparison; 

the effects of oxygen over conversions and H2/CO ratio was minor. CH4 conversion was 

increased a few percent while CO2 conversion decreased (effects over CO2 conversion was 

slightly more than CH4 conversion); H2/CO ratio was also increased slightly. The decrease 

of CO2 conversion in the presence of oxygen may be due to the fact that O2 is more reactive 

than CO2, and besides it oxidizes coke and CO producing additional CO2 (Assabumrungrat 
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et al., 2009). Nikoo and Amin (2011) has also declared that it is thermodynamically possible 

to avoid carbon formation, and to have a syngas yields of 90% and unity ratio of H2/CO at a 

temperature 800 °C and the feed containing 1:1:0.1 ratio of CH4:CO2:O2.  O’Connor and 

Ross (1998) also reported a similar result (O2 ratio was higher than ours in both studies). 

These results suggest that the land fill gases as the feedstock in dry reforming of methane 

could be also used since it has approximately 45–55% CH4, 30–40% CO2, 10–15% N2, 0–

5% O2 as used by Kohn et al. (2010). 

 

 

 

Figure 4.15.  Catalytic activity of Ni-Co/MgO cordierite monolithic catalyst in presence of 

O2 (0%-3%) at 750 °C under 42000 mlgcat
-1h-1 GHSV with a CH4/O2 ratio of 1. 

 

4.3.8.  Stability Test of Ni-based Monolithic Structures on CDRM 

 

The stability tests of the Ni-Co/MgO over cordierite catalyst was also performed for 

48 h in the presence of 3% O2 at 750 °C, the gas hour space velocity (GHSV) of 42000 mlgcat
-

1h-1 and CH4/CO2 feed ratio of 1. As in Figure 4.16, the CH4 conversion, CO2 conversion 
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and H2/CO ratio were almost constant (with some small fluctuation) for 48 hours. This 

indicates that the catalyst is quite stable. The coke deposition at the end of the test was also 

lower than that observed in the absence of oxygen (even in much shorter times on stream); 

however, it was still exist requiring some additional precautions.  

 

 

 

Figure 4.16.  Stability test for cordierite monolithic catalyst.  

 

4.4.  CDRM Performance of Ni-based NixCo3-xO4 Nanowire Structures 

The small sized Ni catalyst have suggested in the literature to enhance the catalyst 

activity and stability due to the increased surface area (Han et al., 2017). The nanostructured 

monolithic catalysts may be beneficial in this aspect since they can provide enhanced surface 

due to their special morphology comparing regular coated monolithic structures. In this 

study, for the first time, the catalytic performance of NixCo3-xO4 nanowire structured 

monolithic catalysts has been investigated at various temperatures in CDRM. In addition, 

the morphology of the synthesized structured catalysts was examined in detail through the 
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SEM and XRD tests. Furthermore, time on stream tests were performed in order to check 

the catalytic stability of the catalyst. 

 

4.4.1.  SEM Test of NixCo3-xO4 Synthesis over Monolith Structures 

 

The preparation method of NixCo3-xO4 nanoarray structures over monoliths developed 

by Ren et al. (2014) was also used in this study. The nanowire catalyst, which was 

synthesized quite well using the procedure of Ren et al. (2014) can be seen in Figure 4.17; 

however, the procedure was needed to be modified to reduce the consumption of metal 

precursor. Therefore, several set of experimental conditions have been tested to achieve a 

uniform grown of NixCo3-xO4 nanowire over monolithic surfaces (Table 3.4.) There were 

lots of unsuccessful and successful trials to synthesize Co3O4 and Ni0.5Co2.5O4 nanowire 

structures. SEM test results of some these structures are as in Figure 4.18 and 4.19. 

Considering these test results, the major findings can be summarized as follows: 

 

 The amount of urea affects the formation of nanowires as in Figure 4.18a-b. When it 

was low, nanowires were not synthesized at all. When it was high amount, the catalyst 

could be blow in calcination steps (Figure 4.18c-d).  

 The mixing is an important parameter to obtain a uniform and well grown nanowire 

synthesis over monolithic structure. If it was insufficient, the solutions did not reach 

the inside of the monolith channels and thus the nanowires were not effectively grown 

inside (Figure 4.18e-f). 

 Ni0.5Co2.5O4 nanowire was also tried to be grown over mullite type monolith instead 

of cordierite ones; however, synthesis was not successful at whole monolith surfaces 

probably due to weak cohesion of nanowire solutions and monolithic surfaces (Figure 

4.18g-h).  

 Although magnetic stirrer with heating resulted good nanowire formation all over the 

monolith support, the heat loss leading deviation in the reaction temperature from set 

value as well as the high amount of solution demand due to evaporation of solution 

made this method hard and uneconomical for our study. 

 Diluted solution was also used to obtain low amount of nanowire growth over 

monolithic structures. The attained wires were quite thin, weak and not uniform 

(Figure 4.19a-b). 
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 The ultrasonic mixture with heating was a good option to synthesize nanowire with 

high wire distribution inside the channels; however, it could not operate properly after 

1 or 2 hrs. due to the instrument failure (Figure 4.19c-d). 

 Direct usage of oven at 90 °C for hydrothermal reaction of reactant solutions helped to 

synthesize the nanowire but the diffusion of them inside the channels was a major 

problem in some synthesis. 

 The best nanowire synthesis over monolithic structures were obtain in the case of first 

usage of ultrasonic mixing for 1 or 2 h followed by keeping them at oven set 90 °C 

with high amount of urea (Figure 4.19e-h). 

 

(a)  

 
(b) 

 

Figure 4.17.  SEM results of synthesized Ni0.5Co2.5O4 nanowires as to Ren et al. (2015) 

procedure at various magnifications: (a) 2000Ox, (b)50000x. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

 

Figure 4.18.  SEM results of synthesized NixCo3-xO4 nanowires with (a-d) various urea 

amount, (e-f) insufficient mixing and (g-h) over mullite monoliths.  
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  

(g) (h) 

 

Figure 4.19.  SEM results of synthesized NixCo3-xO4 nanowires with (a-b) diluted solution, 

(c-d) ultrasonic mixing, (e-f) well mixing and (g-h) well mixing with lower magnification 

ratio. 
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The SEM results of the internal surfaces of Ni0.5Co2.5O4 nano-array monoliths in 

various magnifications (500x, 10000x, 2000x, 20000x) in Figure 4.19e-h showed that 

nanowires were well dispersed on the monolith surfaces and they tend to accumulate on each 

other within the monolith channels. Lateral characterization of the monolith showed that 

approximately 1600-2000 nm of wire were formed. Therefore, the procedure with ultrasonic 

mixing for 1 or 2 h followed by reaction in oven set 90 °C and containing a proper amount 

of urea were used in the rest of the study. 

4.4.2.  Effect of Reduction Temperature 

Prepared Ni0.5Co2.5O4 catalyst was tested under various temperatures from 600 °C to 

900 °C in order to see the effect of reduction procedure at 600°C, 800 °C or unreduction on 

the catalytic performance (Figure 4.20).  

  

 
 

Figure 4.20.  Performance test results of Ni0.5Co2.5O4 catalyst depending on the reduction 

procedure: a) CH4 conversion, b) CO2 conversion, c) H2/CO ratio. 
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As it seen in Figure 4.20, the reduction has definitely affected the catalytic 

performance. It seemed to be higher at 800 °C while the product ratio was not affected with 

this change at all. The higher temperature probably increased the number of active sites 

which lead to higher reactant interaction and conversion. Since CO2 and CH4 conversions 

increased at the same time, CO and H2 product yields were also increased in similar rate 

resulting in the similar ratios. However, at lower temperatures such as 600 °C and 650 °C, 

reduction at 600 °C gave way to higher ratio than the others. When the catalyst was 

unreduced, the results did not make any sense at 600 °C.  Probably, the catalyst was not 

active without the reduction process, and with the increasing temperature it may be reduced 

by the produced H2. 

4.4.3.  Effect of Ni/Co Ratio 

Various NixCo3-XO4 nano-array catalysts (x=0, 0.5 and 2) were prepared, reduced at 

600 °C and catalytically tested at a temperature range from 600 °C to 900 °C under 70 ml/min 

feed flow. The catalytic test results can be seen in Figure 4.21 in terms of reactant 

conversions and product gas ratio as H2/CO. As it seen from the figure, as Ni content in Co3-

xO4 nano-array increased, CH4 conversion increased proportionally until 750 °C. After this 

temperature, nano-array catalysts having high amount of Ni inside (Ni2Co1O4) or not having 

(Co3O4) led to higher amount of conversion than Ni0.5Co2.5O4. Since the experiments were 

performed with a 50 °C temperature increment, the active sites of Ni metal may be blocked 

by the coke formation or sintered with the increasing temperature and lost its catalytic 

activity for methane consumption. In the case of CO2 conversion, having high amount of Ni 

led to highest CO2 conversion at all temperatures. After 700 °C, nano-array catalysts without 

Ni started to reach the one having highest amount of Ni (x=2). However, in terms of product 

ratio, H2/CO, highest amount was obtained in the case of x=0.5. On this basis, it can be said 

that the amount of Ni in the nano-array catalyst significantly affect the product distribution. 

In the absence of it, really low amount of H2/CO ratio was observed until 750 °C. In this 

aspect, the best results were obtained over Ni0.5Co2.5O4 catalyst (x=0.5); after this point, the 

product distribution was almost the same.  
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Figure 4.21.  Performance test results of nanowire catalyst with changing ratio of Ni/Co: a) 

CH4 conversion, b) CO2 conversion, c) H2/CO ratio. 
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4.4.4.  Effect of Total Feed Flow 

 

The catalytic test of Ni0.5Co2.5O4 catalyst was evaluated under feed flow such as 15, 

30, 50 and 70 ml/min with a CH4/CO2 ratio of 1 at 750 °C. The results in Figure 4.22 showed 

that both CH4 and CO2 conversions as well as product ratio was highly affected by this feed 

flow change. The lower feed flows increased the catalytic performance since they led to 

higher contact time between the reactant gases and catalyst surface. On the other hand, 

monolithic structures were known as to be able to work at higher flows with less catalytic 

activity change. Therefore, Ni0.5Co2.5O4 structured monolith catalyst used in this study was 

probably highly sensitive to flow velocity and resulted in various CH4 and CO2 conversions 

as well as product ratios. 

 

 

 

Figure 4.22.  Performance test results of nanowire catalyst under various feed flow in 

which the ratio of CH4/CO2 is 1 and balanced with 10ml/min (N2).  
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4.4.5.  Time on Stream Tests 

 

NixCo3-XO4 nano-array catalysts was also tested at 750 °C for 8 h in order to check the 

catalyst stability during these hours. As it seen in Figure 4.23, the unreduced Ni0.5Co2.5O4 

and Ni2Co1O4 structured monolithic catalysts were easily lost their catalytic activity under 

these conditions. Even if they are reduced under H2 flow, they are still not stable. The 

catalytic performance of reduced Ni0.5Co2.5O4, for instance, decreased from 84.5% CH4 

conversion, 91.3% CO2 conversion with a 0.93 H2/CO ratio to 75.2%, 84.5% and 0.87 in 8 

h, respectively. However, their catalytic performance was improved as to unreduced ones. 

The reduced Co3O4 structures gave way to similar decline but with the lowest catalytic 

activity.   

 

Coke formation may be the main reason for these catalytic lost; therefore, low amount 

of oxygen (3%) was added to the feed in order to prevent this formation but without aiming 

the change in product distribution. For instance, CH4 conversion increased to 91.3% and 

CO2 conversion CO2 conversion was decreased 87.0% in the presence of oxygen over 

reduced Ni0.5Co2.5O4 while product ratio was also increased to 0.96. However, there was no 

change in the stability; catalyst significantly lost its activity during these hours reaching 

81.% CH4 conversion, 81.4% CO2 conversion with a 0.91 H2/CO ratio, which were still 

higher than the one obtained in the absence of oxygen. On the other hand, Ni2Co1O4 

structured catalysts in the presence of additional O2 was quite stable for 8 h. After these 

hours, it also started to lost its catalytic performance.  It was obvious that adding low amount 

of oxygen to the system gave way to better product distribution.  

 

For another solution, small amount of Pd, which is a coke resisted active metal, was 

added to reduced Ni2Co1O4 structured catalysts, which had the highest catalytic activity 

among reduced ones. This addition did not improve the catalytic stability of this catalyst. As 

a result, although O2 addition to the feed on reduce Ni2Co1O4 catalyst experiments seemed 

to be best option among these solutions to increase stability, the results were not satisfactory 

to meet the industrial demand. 
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Figure 4.23.  TOS test results of nanowire catalyst at 750 °C. 
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4.4.6.  Characterization of Reduced and Spent NixCo3-XO4 Nanowire Structures 

 

The NixCo3-XO4 nanoarray monolithic structures could be sensitive to temperature and 

reactant flow. For the sake of further understanding of catalyst morphology under the 

conditions that are least likely to deform the nanowire morphology, the reduced and spent 

Ni0.5Co2.5O4 nanoarray coated of monoliths at reaction 600 °C for 1 h were analyzed. In 

addition, spent catalyst in the presence of 3% O2 at 600 °C was evaluated to examine how 

O2 affected nanowire structures. SEM results was in Figure 4.24. 

 

  

(a) (b) 

 

 

(c) (d) 

 

Figure 4.24.  SEM images of NixCo1-xO4 nanowire catalyst: fresh (a), reduced at 600 °C 

(b), reacted in the absence (c) and presence of 3% O2 (d). 
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According to these results, the morphology was drastically changed when it was 

reduced under H2 flow (Figure 4.24b). The main structure of wires was seemed to remain; 

however, wires could be thicker. After the reaction at 600 °C, the nanowire structure was 

seemed to turn into clusters (Figure 4.24c). In addition, as it was expected huge amount of 

carbon wires were observed between these clusters. The spent nanowire catalysts under the 

feed flow in which 3% O2 was added indicated very low amount of carbon wires comparing 

the one in the absence of O2 (Figure 4.24d). However, the nanowires were still seemed to 

turn into clusters after the reaction. 

 

The XRD patterns of Ni0.5Co2.5O4 nano-array in the form of fresh, reduced with H2 

600 °C and reacted in the absence and presence of 3% O2 at 600 °C were as in Figure 4.25. 

Before reduction, the nano-array showed only the structure of small amount of cordierite 

and huge amount of Ni0.5Co2.5O4 with the peaks at 2ϴ = 19.2, 31.5, 36.8, 38.44, 44.8, 65.18, 

69.6°, which are related the NixCo3-xO4 pattern. After reduction, Ni0.5Co2.5O4 pattern 

diminished and new clear peaks at around 2ϴ = 44.4, 51.7, 76° related to metallic Ni and Co 

were occurred. After the reaction, it was observed that these peaks lost their intensity and 

the XRD patterns of cordierite monolith become more visible. It can also be said that the 

intensity of metallic Ni and Co metals were higher in the crystal structure of Ni0.5Co2.5O4 

nano-array catalyst reacted in the presence of O2 than the one in the absence of O2, where 

the intensity of cordierite structure was higher. In terms of carbon formation, it was really 

hard to claim something since the XRD pattern of the carbon types were overlaps the 

cordierite peaks, such as at 2ϴ= 26.1°. 

 

The crystallite size of the samples was also calculated from the XRD data through the 

Scherrer equation. In the unreduced samples the crystallite size of NiCo2O4 and Co3O4 

species were 10.90 nm and 14.46 nm., respectively. In the reduced sample, NiCo2O4 and 

Co3O4 had 19.02 and 23.73 nm crystallite sizes while Ni and Co species had 21.68 and 19.24 

nm crystallite sizes, respectively. In the reacted samples in the absence of oxygen, they 

increased further to 28.98, 25.38 and 28.69 for NiCo2O4, Ni and Co species. In detailed 

analysis, Co3O4 species did not observe on this sample. In the reacted samples in the 

presences of oxygen it was harder to distinguish peaks and decide its crystallite sizes from 

the detailed XRD analysis. 
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Figure 4.25.  The XRD patterns of Ni0.5Co2.5O4 nanowire catalyst operated under various 

conditions. 
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4.5.  CDRM Performance of Ni-based Catalysts over MgO Nanorods 

 

As mentioned in Section 2.4, MgO as a support for Ni-based catalysts have been 

widely studied by various researcher since it has a positive effect on CDRM processes due 

to its high basicity (Asencios et al., 2011). However, its surface area is lower than the other 

suggested supports such as Al2O3 (Hang et al., 2014). In this aspect, the utilization of MgO 

support in nanosized forms can be beneficial to increase its surface area. In literature, there 

have been some attempts to prepare and use nano sized Ni-based catalyst over MgO 

containing support as the studies of Abdollahifar et al., (2014), Zhang et al. (2016) and Bian 

et al. (2016). As different from these studies, MgO nanorod were prepared, in this work, 

using a method similar to that developed by Al-Hazmi et al. (2012) for the antibacterial 

studies. As far as we know, the catalytic performance of Ni-based catalysts over this kind of 

MgO nanorod were examined in CDRM for the first time. Moreover, some experimental 

studies were also performed to coat or grow it over monolithic structures for the sake of 

enhanced performance such as workable with low pressure drop. 

 

4.5.1.  Characterization of Synthesized MgO Nanorods 

 

In order to check whether MgO nanorods were synthesized as in the study of Al-Hazmi 

et al. (2012) or not, the MgO samples prepared were analyzed by SEM analysis first. Then, 

the Ni-based catalysts over these MgO nanorod samples were investigated for better 

understanding of the catalyst surface morphology through SEM, XRD and XPS analyzes.  

  

4.5.1.1. SEM Test Results.  As mentioned in Section 3.2.4.1, MgO was synthesized in oven 

during either 1 h or 2 h. Figure 4.26 shows these MgO nanorods in various magnifications. 

The synthesis of MgO nanorod was seen to be quiet successful in both situations although 

there were some nano MgO balls which were unable to form the road or were broken during 

the synthesis procedure. Human intervention during the transferring samples from one cup 

to other or any kind of similar reasons may be the cause of these deformations in the 

structure. The time for the synthesis may be also insufficient; this is not clear at this step and 

needs further clarification with additional studies. Previously, Al-Hazmi et al. (2012) has 

synthesized nanorod MgO with the same chemicals but they used microwave furnace for 

hydrothermal processes for 15 minutes. In our case, however, we used conventional thermal 
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furnace, and the synthesis was achieved at 180 °C and 1 h. The thinnest nanorod was 

approximately 100 nm with a length of 2-4 μm as in seen Figure 4.26d. 

 

  
(a) (b) 

  
(c) (d) 

 

Figure 4.26.  SEM Images of MgO synthesized during 1 h (a, b) and 2 h (c, d). 

  

As a second step, Ni-based catalysts over MgO prepared through 2 different ways as 

in Section 3.2.4.1 were analyzed by SEM instrument. SEM images in Figure 4.27a-b 

represents the impregnated 8wt.%Ni and 2wt.%Co active metals over MgO nanorods while 

Figure 4.27c-d shows the images of co-prepared active metals and MgO nanorods in various 

magnifications. As seen in Figure 4.27a-b, the impregnated active metals formed a new thin 

structures, like nano sheets over the nanorods with a 40-67 nm thickness.  Similarly, Han et 

al. (2014) obtained a flower-like nano-architecture composed of nano-sized flakes in MgO-

Al2O3 aerogel samples for CO2 capture process. In addition, Zhang et al. (2016) observed a 

similar morphology (thin sheets which were intercrossed with each other) in the sample of 

Ni/MgO containing 15% Al2O3 for dry reforming of methane.  
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(a) (b) 

  
(c) (d) 

 

Figure 4.27.  SEM images of synthesized catalyst with impregnation (a,b) and co-

preparation (c, d). 

 

On the other hand, the co-prepared samples showed more mix structures as seen in 

Figure 4.27c-d. Bian et al. (2016) has synthesized a Mg phyllosilicate nanotube over silica 

for dry reforming of methane through the hydrothermal process of Mg nitrate, Ni nitrate and 

sodium silicate solutions. Their TEM images showed that ball shaped Ni metals were well 

dispersed into the synthesized nanotubes. In our case, they were either smooth nanorods 

similar to the one in pure MgO nanorod samples or nano sheets as in the impregnated 

samples. If both methods used in our study are compared, it can be said that the impregnation 

of active metals over MgO nanorods gave way to more uniform distribution as to the co-
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preparation of the metals with MgO. Needless to say, further investigations should be 

conducted such as mapping of the active metals or TEM to clarify their distribution through 

the support. 

 

4.5.1.2.  XRD Test Results. In order to examine the crystal morphology of the Ni-based 

MgO nanorod catalysts prepared by the impregnation of active metals over MgO nanorods, 

XRD analysis were performed over fresh and reduced samples (Figure 4.28).  

 

 

 

Figure 4.28.  XRD graph of the unreduced fresh and reduced Ni-based MgO nanorod 

structured catalyst.  

As seen in Figure 4.28, the unreduced samples showed clear peaks at 2ϴ= 36.92°, 

42.92°, 62.26°, 74.62° and 78.64° which are probably related to MgO support and/or NiO 
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and CoO phase of active metals which were completely overlaps with MgO peaks. The 

reduced samples showed additional peaks at around 2ϴ= 44° and 51° which can be indication 

of metallic Ni and Co phases. Even if the peaks of these metals were quite low in XRD 

graph, the average crystallite size of the Ni and Co metals were also calculated from Scherer 

equation and found as 15.76 nm and 47.27 nm, respectively. On the other hand, before the 

reduction process, the average MgO crystallite size was found as 15.58 nm; then, it was 

increased to 18.92 nm with the reduction process at 800 °C. 

 

4.5.1.3.  XPS Test Results. The surface of impregnated Ni and Co species over MgO nanorod 

structures were also analyzed by XPS measurements. Ni2p and Co2p XPS scans of the 

unreduced and reduced Ni-based MgO nanorod samples were represented in Figure 4.29.  

 

Highly clean XPS spectra were obtained as seen in the figure. The binding energies at 

855.68 and 873.28 eV can be assigned as the Ni 2p3/2 and Ni 2p1/2 while BES at 781.48 and 

796.78 eV can be related to Co 2p3/2 and Co 2p1/2 phases. The energies at 881.38, 861.98, 

803.98, 788.68 eV are the shoulder peaks of these phases. After reduction process, these 

phases seemed to be remained their BES but lowered in the intensity. In other words, atomic 

weight percentages of these metals were quite changed. In some studies, binding energies at 

around 852.5 eV were assigned to Ni0 species; however, in our case it did not observed 

clearly. On the other hand, Zhen et al. (2016) declared that peaks at 852.6 and 870.0 are the 

Ni metallic states. XPS scan results were also used to determine the atomic and weight 

percentages of the Ni and Co metal contents on MgO nanorod samples. In the unreduced Ni-

based MgO nanorod, 6.33 att.% Ni, 2.52 att.% Co metals, in other words, 18 wt.% Ni and 

7.2wt.%Co metals were calculated from the XPS deconvoluted areas. In the reduced sample, 

these ratios were 3.20 att.% for Ni, 2.15 att.% for Co, namely 14 wt.% and 10 wt.%, 

respectively. Since MgO nanorod was impregnated as to 8wt.%Ni and 2wt.%Co, these 

values were quite higher than we excepted.    
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Figure 4.29.  XPS scans of the unreduced (a-b) and reduced (c-d) Ni-based MgO nanorod 

structured catalysts.  

 

4.5.2.  Effect of Calcination Procedure of MgO Nanorod 

 

As is known, pretreatment of the catalysts such as drying, calcination or reduction may 

have significant impact on the catalytic performance since they may influence the active 

metal dispersion over support, porosity of the support, active sites of the catalysts etc. 

Therefore, before the impregnation of 8wt.%Ni and 2wt.%Co metals over MgO nanorods, 

the synthesized MgO nanorods were calcined in two ways such as calcination under stagnant 

air in a furnace or under 20 ml/min of air flow in the quartz reactor at 600 °C for 1 h.  
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As it seen from Figure 4.30, the change of calcination procedure did not affect the 

catalytic performance of the catalysts; the catalyst calcined both ways resulted nearly the 

same CH4 conversion, CO2 conversion and product yields. Therefore, from now on, all 

catalysts were calcined in furnace without air flow since this method is easier than the 

calcination in the air flow. 

 

  

 

 

Figure 4.30.  The effect of MgO nanorod calcination procedure on CDRM catalytic 

performance: a) CH4 conversion, b) CO2 conversion, c) H2/CO ratio.  

 

4.5.3.  Effect of Preparation Method of Ni-based MgO Nanorod  

 

The catalytic performance of the catalyst prepared in various ways such as 

impregnated NiCo active metals over MgO nanorods or co-prepared NiCoMgO 

nanostructured catalysts were evaluated at a temperature change from 600 to 900 °C under 

the reactant flow of 70 mlmin-1 (CH4/CO2:1/1) with a 10 mlmin-1 N2 internal gas flow. In 

addition, same amount of catalyst (50mg) were used under the same condition to compare 

the effect of MgO structure in CDRM. The results are given in Figure 4.31. 
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Figure 4.31.  The effect of preparation method of NiCoMgO catalysts on CDRM catalytic 

performance: a) CH4 conversion, b) CO2 conversion, c) H2/CO ratio.  
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When the temperature increased further, the highest catalytic activity was observed 

over co-prepared NiCoMgO nanostructured catalyst followed by the impregnated NiCo over 

MgO nanorod and NiCoMgO particulate catalyst followed it, respectively. On the other 

hand, when the experiments were repeated, co-prepared NiCoMgO nanostructured catalyst, 

which is labeled as 2 in Figure 4.31, showed significantly different performance compared 

to the first trial; this situation may be stemmed from that active metals could not successfully 

synthesized with MgO in each preparation trials and were not uniformly dispersed. 

Similarly, the higher catalytic activity of particulate NiCoMgO may be also related to the 

more successful metal dispersion than MgO nanorods, even though its surface area was 

expected to be lower than nanostructured catalysts.  

 

4.5.4.  Effect of GHSV  

 

The amount of the catalyst used in the reaction is an important parameter since it 

directly affects the contact time of the reactants with the catalyst surface and thus the 

catalytic activity. The relation can be expressed by gas hourly space velocity (GHSV) as the 

volumetric flow rate over the mass of the catalyst. In order to investigate this relation, various 

amount of NiCo impregnated MgO nanorods samples such as 20 mg, 50 mg and 100 mg 

were loaded to the quartz reactor and their catalytic performances were evaluated under the 

same operating conditions. The results explained in terms of GHSV (mlgcat
-1h-1) respectively 

as in the Figure 4.32. CH4 and CO2 conversions as well as H2/CO ratio decreased with the 

increasing amount of GHSV; this could be an excepted result since the contact time is also 

decreases with the decreasing amount of the catalyst. For instance, 100 mg catalyst gave way 

to 54% CH4 and 72% CO2 conversion with a 0.79 H2/CO ratio while these values were 

increased to 70%, 80%, 0.87 ratio over 50 mg and 78%, 86%, 0.9 ratio over 20 mg catalyst, 

respectively.  

 

In addition, the catalytic performance dependency on the change in GHSV values were 

more drastic at high temperatures such as 700 °C and more. In particular, when GHSV is 

210,000 mlgcat
-1h-1

, the catalytic activity improvement with increasing temperature were 

much lower at higher temperatures than the one in 84,000 mlgcat
-1h-1 and 42,000 mlgcat

-1h-1.  
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Figure 4.32.  The effect of various GHSV (mlgcat
-1h-1) on the catalytic performance of 

NiCo impregnated MgO nanorods: a) CH4 conversion, b) CO2 conversion, c) H2/CO ratio.  
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Therefore, it can be said that low catalyst amount such as 20 mg directly have an effect 

on the catalytic performance of NiCo impregnated MgO nanorods due to the inadequate 

contact time. Moreover, its lower dependency on temperature may be related to more coke 

deposition over the low amount of catalyst at lower temperatures; the catalyst may lose its 

catalytic activity faster since the active sites are more easily blocked by the coke.  

 

4.5.5.  Effect of Co Addition to Ni-based MgO 

 

 The sequential or co-impregnation of Co metals into Ni-based catalysts have been 

widely studied by various researchers since it may improve the catalytic activity through 

some beneficial effects of Co such as increasing CO2 adsorption capacity or metal dispersion 

etc (Gao et al., 2017).  On the other hand, in some studies, no contribution on the catalytic 

active was found, and it was even believed to deteriorate the catalyst activation enhancing 

the coke formation in some case (Ay and Üner, 2015). The role of Co seems to change from 

case to case depending on various factors such as the type of the support, metal size, amount 

or preparation methods. Therefore, the effect of Co co-addition to Ni metal over MgO 

nanorod structured on the catalytic performance was also examined at various temperatures 

over 50 mg of catalyst loading. The results can be seen in Figure 4.33.  

 

The addition of 2wt.% of Co metal to 8wt.%Ni metals over nanorod structures slightly 

increased the catalytic activity up to 800 °C. After this temperature, it seemed to have no 

effect on the catalytic performance. As the results, the presence of Co has improved the CH4 

conversion into H2 production, thus the product yield more. This may be due to the fact that 

Co really could enhance the catalyst resistance to coke compared to pure Ni-based catalyst. 

A time on stream study at 750 °C were also conducted for 8 h to understand the role Co on 

the catalytic performance of Ni-based MgO nanorod catalyst.  

 

The results as in Figure 4.34 showed that both catalyst was quite stable during these 

hours, and both CH4 and CO2 conversions significantly higher in the presence of additional 

2 wt.% of Co metal. Besides to enhanced coke resistance, Co addition may also improve 

CO2 adsorption and thus the conversion as well. 
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Figure 4.33.  The catalytic performances of 8wt.%Ni-2wt.%Co and 8wt.%Ni impregnated 

MgO nanorods: a) CH4 conversion, b) CO2 conversion, c) H2/CO ratio.  

 

 

 

Figure 4.34.  Catalytic performance of 8wt.%Ni -2 wt.% Co and 8wt.%Ni impregnated 

MgO nanorods during 8 h time on stream test. 
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In the absence of Co, both CH4 and CO2 conversions slightly increased with time. 

Since the product ratio remained the same, the products yields were analyzed separately. As 

seen in Figure 4.35, the product yields decreased with time in the absence of 2wt.%Co. 

Therefore, these increased conversions with lower products may be the reason of increased 

unwanted side reactions.  

 

  

 

Figure 4.35.  H2 and CO product yieds of 8wt.%Ni-2wt.%Co and 8wt.%Ni impregnated 

MgO nanorods during 8 h time on stream test. 
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to investigate the catalyst morphology after the reaction.  The SEM results in various 

magnifications are seen in Figure 4.36a-d. As it was clearly seen in Figure 4.36b, the catalyst 
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(a) (b) 

  
(c) (d) 

 

Figure 4.36. SEM images of spent Ni-based nanorod catalyst at 600 °C in various 

magnification: (a) 5000x, (b) 10000x, (c) 20000x, (d) 50000x. 

 

4.5.7.  Catalytic Performance Analysis of Ni-based MgO Nanorods over Monolithic 

Structures 

 

As already mentioned in Section 4.3, the utilization of the monolithic structures in the 

industrial CDRM process can be beneficial since they have several virtues as to particulate 

systems such as high surface area, but better heat transfers and low pressure drop. Therefore, 

MgO nano structured materials was aimed to combine with the monolithic base mainly for 

the sake of obtaining an advanced surface area of the catalysts with low pressure drop. For 

this purpose, various coating procedure of MgO nanorods over cordierite type monoliths has 

been firstly synthesized as in the Table 3.5.  
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Among these catalysts, trial 1 and 2, in which the growth of the nanorods was wanted 

to be formed over the monolithic surfaces during the reaction process in the autoclave, could 

not be achieved successfully. The weighed of the dried samples in both trial showed very 

low amount of coating; the inefficient coating was even observable with naked eye. 

Therefore, these samples did not be coated by active metals for further studies. The poor 

coating of monoliths may be due to the weak adhesion of the reaction solution with cordierite 

surfaces. Also, some of the MgO nanorods, containing either Ni-Co metal solution or not, 

were accumulated the wall of the autoclave during reaction probably stemming from the 

evaporating and condensing process of the solution. On the other hands, the catalytic 

performances of monoliths containing MgO nanorod synthesized other ways (as explained 

in experimental section) monolithic catalysts were able to be tested. The results are as in 

Figure 4.36. 

 

For comparison, the catalytic activity of the same amount of Ni-Co impregnated over 

MgO nanorods used in Section 4.5.2 and Ni-Co impregnated over MgO wash-coated 

monolith in Section 4.3.1 were also shown in the Figure 4.37. The same amount of Ni-

Co/MgO wash-coated monolith were showed the highest catalytic activity in terms of CH4 

and CO2 conversions till 800 °C. After this temperature, all catalysts resulted in the similar 

catalytic conversions. The catalytic activity of nanorod coated monolithic structures in the 

form of Ni-Co impregnated over calcined MgO coated monolith nearly led to the same 

conversions as in the form of Ni-Co impregnated over MgO coated than calcined monolith 

(SEM images of fresh Ni-based over nanorod coated monolith is in Figure B.2). This result 

showed that the preparation procedure of MgO nanorods over monoliths did not play any 

key role on the catalytic conversions at various temperatures varied from 600 °C to 800 °C. 

However, the catalytic activity was increased at almost all temperatures as to the one 

obtained by Ni-Co impregnated over MgO nanorods used in section 4.5.2. This improvement 

may be stemmed from the structure of monoliths since it may give way to better contact of 

the reactants with catalyst or the other enhanced properties of the monoliths such as more 

effective heat transfer; as similar results were obtained in Section 4.3 for Ni-Co/MgO wash-

coated monolithic.  
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Figure 4.37.  Performance test of various MgO coated monolithic structures: a) CH4 

conversion, b) CO2 conversion, c) H2/CO ratio.  
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positive effect on the catalytic performance. MgO particulate used in Section 4.3 might 

diffuse better through the monolith channels than MgO nanorods. Indeed, coating with MgO 

nanorod was harder in catalyst preparation process than coating with MgO particulate.  

 

In terms of syngas ratio (H2/CO), monolithic structures still gave way to better product 

distribution. Ni-Co impregnated over MgO nanorods resulted significantly lower H2/CO 

ratio at 600 °C comparing to other samples while the one obtained in Ni-Co impregnated 

over calcined MgO nanorod coated monolith was the highest. This case may show that 

RWGS side reaction may be more active over Ni-Co impregnated over MgO nanorods 

catalyst at this temperature since its spent SEM images in Section 4.5.6 did not show any 

kind of carbon formation. 

 

In addition, the reduction procedure, which tends to influence the catalytic activity of 

the catalysts, may be inadequate for the Ni-Co impregnated over MgO nanorod samples The 

contact time of the H2 with the catalyst surface may be better in the monolithic structures 

leading to better reduction.  

 

4.6.  Thermodynamic Consistency Analysis of the Experimental Results 

 

A thermodynamic equilibrium product analysis for carbon dioxide reforming of 

methane with the assumption of carbon formation was computed by HSC Chemistry 6.0 

software using the minimization for Gibbs free energy technique in order to determine the 

consistency of our experimental results with the thermodynamic limits. Nikoo and Amin 

(2011) have performed a similar thermodynamic calculation considering all feasible 

reactions in the presence of CO2 and CH4 and resulted in various products such as CO2, CH4, 

H2, CO, C2H4, C2H6, H2O, DME and methanol. However, C2H4, C2H6, methanol (MeOH) 

and dimetylether (DME) products were only trace amounts (like 10-4, 10-6, 10-8 and 10-18 

moles respectively); therefore, they were disregarded in our calculations. However, pure 

solid graphite carbon was taken into account in chemical and phase equilibrium as gas 

species similar to other group’s performance on this issue (Nikoo and Amin, 2011; Sun et 

al, 2011).  
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Figure 4.38 shows the thermodynamic analysis of CRDM in the presence of CH4 

(42.35%), CO2 (42.35%) and N2 (14.30%) feed compositions at various temperatures from 

0 °C to 1000 °C and at 1 atm resulted H2, CO, H2O and C products in kmol. Carbon formation 

decreases with the increasing temperature and after 900 °C it is vanished. In addition, in this 

temperature range, H2 and CO reaches maximum value while CH4 and CO2 amounts become 

zero. In other words, below at 900 °C, H2/CO ratio is seemed to greater than 1 due to carbon 

formation (Pakhare et al, 2014).  

 

 

 

Figure 4.38.  Thermodynamic equilibrium analysis for CDRM by HSC Chemistry 6.0.  

 

In order to compare the numerical results obtained in the experimental and 

thermodynamic analysis, the highest catalytic activity results achieved over 100 mg 
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temperature form 600 °C to 900 °C under 70 ml/min feed flow.   

 

As seen in Figure 4.39, CH4 conversion and H2/CO ratio of monolithic sample was 

lower than the thermodynamic results while the CO2 conversion was over the 
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the problems in quantifying the carbon deposition (Nikoo and Amin, 2011). For instance, 

similar to our results, at temperature 700 °C Nikoo and Amin (2011) has declared such lower 

thermodynamic CO2 conversions (66.3%) in comparison with the experimental ones 

(91.7%) of Jablonski et al. (2005) while CH4 conversion were higher in the thermodynamic 

result (91.5%) than the experimental one (72.4%). There was also a huge difference with the 

experimental and thermodynamic values of H2/CO ratio below 700 °C; then, they were 

reached to the same value of approximately one with increasing temperature (Nikoo and 

Amin, 2011). 

 

 
 

 

 

Figure 4.39.  The experimental results of Ni-Co/MgO cordierite monolithic catalyst and 

thermodynamic results: (a) CH4 equilibrium conversion (%), (b) CO2 equilibrium 

conversion (%), (c) H2/CO ratio. 
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In our case, the carbon balance for this catalyst was about 90-95% at low temperatures 

while it was close to 100% at higher temperatures. Moreover, both thermodynamic and 

experimental CH4 and CO2 conversions reached to approximately 100% when the 

temperature increased to 900 °C.  

 

The thermodynamic product distribution in various feed ratio of CH4/CO2 such as ratio 

from 0.5 to 1.5 were also evaluated as in Figure 4.40. CH4 conversion decreased with 

increasing amount of methane from 0.5 to 1.5 in the feed, while the CO2 conversion 

increased since carbon dioxide is the limiting reactant in all these cases. In the experimental 

results of 8wt.%Ni-2wt.%Co/MgO monolithic at various CH4/CO2 ratios such as 0.5, 1 and 

1.5 (Figure 4.7a-b), the catalytic activity trend of CH4 and CO2 conversions for each 

CH4/CO2 ratio were quite similar to the one obtained in the thermodynamic analysis (Figure 

4.40a-b). However, there were some differences in the trends of experimental H2/CO syngas 

ratio (Figure 4.7c) as to thermodynamic ones (Figure 4.40c). Although lowest H2/CO ratio 

was obtained in the presence of 0.5 CH4/CO2 ratio in both analysis, the experimental value 

was nearly the same in the presence of 1 and 1.5 CH4/CO2 ratio while thermodynamic ratio 

was higher with 1.5 CH4/CO2 ratio. However, in all cases experimental product ratio was 

lower than the thermodynamic ratio.  

 

 In addition, effect of various feed flow rates such as 30 ml/min, 50 ml/min and 70 

ml/min on the thermodynamic analysis of CDRM has been studied. The results can be seen 

in Figure 4.41. The change in the feed flow rate did not influence the thermodynamic activity 

at all. Finally, the effect of oxygen addition (from 0% to 3%) to the feed on the 

thermodynamic carbon formation was evaluated on at various temperatures from 600 °C to 

900 °C. The results are as in Figure 4.42. 

 

As it was seen in Figure 4.42, as the temperature increased the coke formation 

decreased as expected, and this decrease is more dramatic in the presence of oxygen. For 

example, coke deposition fully suppresses at 850 °C in the presence of 2-3% oxygen while 

it diminished at 900 °C when the oxygen content of the feed was 1%; there was still coke 

deposition at 900 °C if no oxygen added to the feed.  The addition of 3% O2 to the feed 

decreased the carbon deposition amount from 9.23 kmol to 5.85 kmol at 750 °C.  
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Figure 4.40.  Thermodynamic results of CDRM at various feed ratio of CH4/CO2: (a) CH4 

equilibrium conversion (%), (b) CO2 equilibrium conversion (%), (c) H2/CO ratio. 
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Figure 4.41.  Thermodynamic results of CDRM at various feed flow rates: (a) CH4 

equilibrium conversion (%), (b) CO2 equilibrium conversion (%), (c) H2/CO ratio. 
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Figure 4.42.  Effect of oxygen addition to the feed on the thermodynamic carbon 

formation.  
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5.  CONCLUSION 

 

 

5.1.  Conclusions 

 

The main objective of this study was to improve the economic feasibility of CDRM 

process by reducing the reaction temperature and/or pressure drop with high H2 and CO 

product yield with a good stability.   For this purpose, the photocatalytic assistance in CDRM 

over various photocatalysts such as Ni-based TiO2 and ZnO was evaluated first with the hope 

to decrease reaction temperature. Then the studies were proceeded with the catalytic 

evaluation of Ni-based catalyst over various structured materials like monolith, nanowire or 

nanorod to improve activity and stability as well as reducing the pressure drop.  

 

In the works involving photocatalyst assisted CDRM,8wt.%Ni-2wt.%Co over various 

semiconductor supports such as TiO2 and ZnO as well as MgO with sensitizers like cis, bis 

((isothiocyanato) bis (2,2-bipyridyl-4,4-dicarboxylato) ruthenium (II)) dye and 

CH3NH3PbIxCl3-x perovskite were tested at various temperatures and lamp sources. The main 

conclusions can be summarized as following:  

 

 Ni-based catalysts over TiO2 and ZnO as well as MgO did not show any kind of 

catalytic conversions to H2 and CO product at lower than 300 °C.  

 Both TiO2 and ZnO were not be able to work as photocatalysts at a temperature range 

from room to 500 °C either in the presence of visible or UV ligh sources for CDRM 

process.  

 8 h irridation time over photocatalysts did not make any contirbution for the reaction 

under contiouns flow of CO2 and CH4 gases.  

 Neither dye addition nor CH3NH3PbIxCl3-x perovskite structure improved the 

photocatalytic property of TiO2.  

 

In the second part of the study, 8wt.%Ni-2wt.%Co over monolithic structures coated 

with MgO, CeO2 and SiO2 were catalytically tested at temperatures from 600 °C to 900 °C, 



114 

 

and then the effect of monolithic structure in CDRM were investigated in more details. The 

following conclusions can be drawn from this part of the study: 

 

 8wt.%Ni-2wt.%Co metals over MgO coated cordierite monolith performed better than 

the coated mullite monolith and particulate catalysts. 

 The wash-coated SiO2 and CeO2 cordierite monoliths were resulted lower catalytic 

activity than the wash-coated MgO cordierite monoliths. 

 8wt.%Ni-2wt.%Co metals over MgO coated cordierite monolith can effectively work 

under various GHSV such as 18000, 30000, 42000 mlgcat
-1h-1 with nearly the same 

catalytic activity. 

 The closest H2/CO ratio to unity was obtained in the presence of 1 and 1.5 of reactant 

CH4/CO2 ratio. 

 SEM-EDX results showed that Ni and Co active metals were well dispersed over MgO 

wash-coated cordierite monoliths with 7.69 wt.% and 1.88 wt.%, respectively. These 

amounts were decreased after the reaction; high coke formation was observed over the 

catalysts.  

 The presence of 3% O2 in the feed had significantly reduced the coke formation over 

8wt.%Ni-2wt%Co metals over MgO coated cordierite at 750 °C the without changing 

the catalytic activity at all.  

 As to the XRD studies, the crystalline phases of 8wt.%Ni-2wt.%Co metals over MgO 

coated monoliths was not changed in the presence of 3% O2 to the feed; moreover, 

performing XPS scans for Ni 2p and Co 2p was possible over these samples while the 

coke over the samples used in the absence of O2 could not be carried out for the active 

metals.  

 8wt.%Ni-2wt%Co metals over MgO coated cordierite monoliths were highly stable 

during 48 hours in the presence of 3% O2 at 750 °C under 42000 mlgcat
-1h-1 GHSV 

with a CH4/CO2 feed ratio of 1. 

 

In the third part of the study, the performance test of NixCo3-xO4 nanowire structures 

(x=0, 0.5 and 1) was evaluated at temperatures from 600 °C to 900 °C under various 

operating conditions. The major findings are as follows: 
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 The amount of urea, the concentration of the active metal solutions and the mixing 

type had key roles in the synthesis of NixCo3-xO4 nanowire structures.  

 The reduction procedure of NixCo3-xO4 nanowire structures affected the catalytic 

performance; the better product distribution was obtained when the catalyst was 

reduced at 600 °C under 30 ml/min H2 for 1 h. 

 Among various NixCo3-xO4 nanowire structures (x=0, 0.5 and 1), Ni2Co1O4 showed 

highest CH4 and CO2 conversions, while Ni0.5Co2.5O4 led to higher H2/CO ratio. 

 The catalytic performance of Ni0.5Co2.5O4 nanowire structure at various feed flows 

such as 15, 30, 50 and 70 ml/min with a CH4/CO2 ratio of 1 at 750 °C showed that the 

catalytic activity of catalyst was sensitive to the change of flow rate under the same 

conditions. 

 The time on stream tests for 8 hours showed that both reduced and unreduced 

Ni0.5Co2.5O4 and Ni2Co1O4 nanowire catalysts were not stable at 750 °C even if 3% of 

O2 to the feed and/or 1 wt.% Pd was added to the catalysts.  

 SEM characterization showed that Ni0.5Co2.5O4 nanowire samples kept their wire 

structures after the reduction and the CDRM reaction in the presence of O2 at 600 °C 

while, in the absence of O2, they mostly lost their structure and resulted in high amount 

of coke formation. 

 The XRD pattern of Ni0.5Co2.5O4 nanowire was changed significantly after the 

reduction and reaction processes comparing to the freshly synthesized catalyst.  

 

In the fourth part of the study, the catalytic performance of 8wt.%Ni-2wt.%Co over 

MgO nanorod and 8wt.%Ni-2wt.%Co over MgO nanorod coated monolith structures were 

investigated at various operating conditions. The main conclusions are as follows: 

 

 As to SEM analysis, the preparation method of the MgO nanorod as well as the method 

of addition of active metals over MgO nanorod have an influence on the surface 

morphology of the catalysts. The impregnation of the Ni and Co active metals seemed 

to be better dispersed over MgO nanorods. 

 XRD analysis of fresh and reduced samples of 8wt.%Ni-2wt.%Co impregnated MgO 

nanorods showed the presence of metal Ni and Co after reduction procedure. XPS 

scans for Ni2p and Co2p showed similar phases in both situations. 
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 The calcination procedure of MgO, in the presence of air flow or not, did not affect 

the catalytic performance of 8wt.%Ni-2wt.%Co impregnated MgO nanorods. 

 The procedure for the addition of active metals over MgO nanorod had an effect on 

the catalytic performance. Ni-Co impregnated over MgO nanorod showed similar and 

reproducible catalytic activity to the one with Ni-Co impregnated on particulate MgO; 

however, the results obtained over the co-prepared Ni-Co-MgO nanostructured 

catalysts was not reproducible probably due to un-uniform distribution of active metals 

in MgO.  

 As the GHSV of the feed flow was increased, the catalytic conversions of 8wt.%Ni-

2wt.%Co impregnated MgO nanorods were decreased due to the decrease in the 

contact time of reactants with catalyst surface.  

 The addition of 2wt.%Co to 8wt.%Ni impregnated MgO nanorods slightly increased 

the catalytic conversions as well as the product ratio (CO/H2) at almost all temperature 

range from 600 °C to 900 °C. 

 SEM results of spent 8wt.%Ni-2wt.%Co impregnated MgO nanorod catalysts at 600 

°C with 84,000 mlgcat
-1h-1 GHSV did not lead any coke deposition. 

 The change of coating procedure of MgO nanorod over cordierite monolith as nano 

MgO first coated and then calcined or calcined MgO was directly coated over monolith 

did not change the performance significantly. However; in both cases, the catalytic 

activity of monolithic catalyst was higher than the direct use of Ni-Co impregnated 

MgO nanorod; but lower than Ni-Co impregnated over particulate MgO coated 

monolithic structure. 

 

5.2.  Recommendation 

Considering the results obtained in this study, the following recommendations may be 

beneficial for the future work: 

 

 In order to improve the photocatalytic assistance in CDRM, the ways of increasing the 

light sensitivity of current photocatalysts and exposure time for the light were needed 

to be improved.  
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 CDRM kinetic studies over 8wt.%Ni-2wt.%Co metals over MgO coated cordierite 

monoliths in the presence and absence of the oxygen can be performed in order to 

understand the effect of low oxygen better. 

 In order to increase the stability of the NixCo3-xO4 nanowire structures for CDRM 

process, the other ways of growing lower amount of NixCo3-xO4 nanowire over 

monolithic structure should be developed since the amount of Ni and Co used have 

significant impact on the CDRM catalytic stability.  

 Since the monolithic form of the Ni-Co impregnated MgO nanorod structures were 

promising, the alternative ways of the coating or growing of MgO nanorods over 

monoliths can be investigated. Other materials such as mullite type monoliths or some 

binding chemicals can be used in order to obtain better coating or growth of MgO 

nanorods. 

 More characterizations techniques can be conducted for further understanding of 

synthesized NixCo3-xO4 nanowire and MgO nanorods structures. For instance, BET 

surface area analysis for the evaluation of the nanostructure morphology in CDRM, 

SEM-EDX mapping tests for investigation the Ni and Co active metal dispersion over 

NixCo3-xO4 nanowire structures and MgO nanorods, ICP (inductively coupled plasma) 

analysis for finding metal loadings in all cases or TEM tests for the particulate size 

analysis can be performed.  

 CDRM kinetic experiments of NixCo3-xO4 nanowire structures as well as Ni-Co 

impregnated of MgO nanorods can be performed to understand the reaction 

mechanism over these structures. Morover, conducting a FTIR-DRIFT analysis can be 

used to figure out the reaction mechanism. 

 Performing a thermodynamic analysis prior to each type of experimental studies can 

be helpful to discover the effect of operating conditions on the catalyst performances 

and to design the reaction system. 
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APPENDIX A: SEM-EDX CHARACTERIZATION RESULTS FOR 

SPENT Ni-Co/MgO COATED MONOLITH CATALYSTS 

 

 

SEM-EDX elemental analysis was also conducted over spent 8wt.%Ni-

2wt.%Co/MgO monolith catalyst in the absence and presence of 3% O2 addition as 

mentioned in Section 4.3.6. The results for the spent catalyst in the absence of oxygen were 

in Figure A.1 while the spent one in the presence of 3% O2 addition was in Figure A.2.  

 

The average value of each mapped element by EDX analysis taken in 2000x was also 

shown in Table A.1 and Table A.2 respectively for both cases. 

 

Table A.1.  The average value of EDX analysis spent Ni-Co/MgO monolith catalyst in the 

absence of oxygen taken in 2000x. 

 

Element Avg. Wt.% Avg.  At% 

C K 41.30 57.16 

O K 18.40 19.235 

Mg K 13.31 9.115 

Al K 9.27 5.75 

Si K 11.13 6.64 

Ca K 0.62 0.26 

Co K 1.31 0.37 

Ni K 4.67 1.33 

Total 100.00 100.00 
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Figure A.1.  EDX elemental mapping of spent Ni-Co/MgO monolith catalyst in the 

absence of oxygen (a) Si, (b) Mg, (c) Al, (d) O, (e) Ni, (f) Co, (g) Ca and (e) image in 

2000x. 
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Figure A.2.  EDX elemental mapping of spent Ni-Co/MgO monolith catalyst in the 

presence of 3% O2 addition: (a) Si, (b) Mg, (c) Al, (d) O, (e) Ni, (f) Co, (g) Ca and (e) 

image in 2000x. 
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Table A.2.  The average value of EDX analysis of spent Ni-Co/MgO monolith catalyst in 

the presence of 3% O2 addition taken in 2000x. 

 

Element Avg. Wt.% Avg.  At% 

C K 13.30 22.23 

O K 30.90 38.82 

Mg K 9.99 8.26 

Al K 16.82 12.53 

Si K 21.97 15.73 

Ca K 0.26 0.13 

Co K 1.48 0.50 

Ni K 5.30 1.82 

Total 100.00 100.00 
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APPENDIX B: SEM CHARACTERIZATION RESULTS FOR FRESH 

AND SPENT Ni-BASED NANOROD CATALYTS 

 

SEM analysis was also performed over 8wt.%Ni-2wt.%Co impregnated MgO nanorod 

catalysts spent at 750 °C with a 84,000 mlgcat
-1h-1 for 8 h in order to investigate the catalyst 

morphology after 8 h TOS test and fresh 8wt.%Ni-2wt.%Co impregnated over MgO coated 

than calcined monolith catalyst to observe examine the nanorod morphology over monolithic 

structure. The results for the spent Ni-based impregnated MgO nanorod catalyst can be seen 

in Figure B.1 while fresh Ni-based impregnated MgO coated monoliths are in Figure B.2.  

 

  
(a) (b) 

  
(c) (d) 

 

Figure B.1.  SEM images of spent Ni-based nanorod catalyst at 750 for 8h in various 

magnification: (a-c) 20000, (d) 50000. 
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Figure B.2.  SEM images of fresh Ni-based nanorod monolithic catalyst in various 

magnification; inside: (a) 500x, (b) 1000x, (c) 20000x and lateral: (d) 1000x. 

 




