Prof Elena Galvez 
  
D A Patrick 
  
Prof Costa 
  
Prof Elena Maria 
  
Prof Galvez 
  
Patrick 
  
life. Yiquan Sandrine Xie 
  
Armando Duong 
  
Hailong Izquierdo 
  
Maya Zhang 
  
Johnny Daou 
  
Maria Abboud 
  
Mira Mikhail 
  
Laureanne Ibrahim 
  
Parizot 
  
Dominik Wierzbicki 
  
Radosław Dębek 
  
Katarzyna Świrk 
  
Prof Alembert Stéphane Zaleski 
  
Prof Philippe Guibert 
  
Prof Guillaume Legros 
  
Alexis Matynia 
  
Evelyne Mignon 
  
Anne Marchal 
  
Renaud Jalain 
  
Jean-François Krawczynski 
  
Jean-Marie Citerne 
  
Jérôme Bonnety 
  
Hugo Dutilleul 
  
Christian Ollivon 
  
Dominique Busquet 
  
  
  
  
Keywords: Reformage à sec du méthane, Gaz de synthèse, Catalyseurs au nickel, Argile naturelle, Argile synthétique IV Dry reforming of methane, Syngas, Nickel catalysts, Natural clay, Synthetic clay VI

In the end, I wish to thank my friends for their constant companionship

Introduction 1.1 Overview

With the increased attention of various countries to environmental issues, the development strategy of "growth-at-any-cost" has not been applied to the direction of current development since its pollution to the environment. However, based on the consideration of economic and social development, the dependence on fossil fuels such as petroleum is still high in a short period of time, which also leads to further emission of greenhouse gases such as carbon dioxide (CO 2 ) and methane (CH 4 ). Against this background, many studies have focused on the production of hydrogen, syngas or other products using CO 2 and/or CH 4 in recent years. The goal of these researches is to recover more potential and control greenhouse gas emissions.

The process of dry reforming of methane (CH 4 (g)+CO 2 (g)→2CO(g)+2H 2 (g), ΔH 0 (298K)=+247kJ•mol-1) has attracted much attention in recent years because it consumes two main greenhouse gases (CO 2 and CH 4 ) and convert them into useful chemical building blocks, which also present its great significance on both science and environment. Due to the good catalytic performance and relatively low prices of supported nickel catalysts, it is promising to be a commercial catalyst in the industrialization of dry reforming of methane. But nickel-based catalysts are not selective and prone to sinter, and their efficiency decreases over time. Therefore, it is necessary to enhance the catalytic selectivity and stability of nickel-based catalysts by improving various factors such as catalyst preparation, promoters and supports. Thus, The first chapter is a general introduction to the thesis. The general contents of various chapters, and the research objectives and methods are introduced.

The second chapter is a literature review of the research background. First, under the premise that CO 2 emissions are higher than the alarming rate, the importance of developing CO 2 chemical has become more prominent as global warming becomes more serious. Then CO 2 fixation as the second part is introduced, including three aspects on physical, chemical and biological methods. The third part describes some of the specific industrial processes involved in biological processes and relatively mature chemical processes in CO 2 valorization and resources utilisation. The fourth part is to introduce synthetic fuels that show great developing potential in the CO 2 resources utilisation, including the definition of synthetic fuels, synthetic routes and problems that need to be solved in the development of synthetic fuels. The fifth part leads to the specific research direction of this thesis, which can provide syngas for the preparation of synthetic fuels, that is, dry reforming of methane. After introducing the thermodynamics of dry reforming of methane, the reaction mechanism, the advantages and problems faced in the preparation of synthesis gas, the catalytic performance of some specific catalysts is summarized from the aspects of catalyst synthesis, support selection, promoter addition and catalyst deactivation.

The third chapter mainly introduces the experimental part. The experimental equipment and operating conditions for different characterizations (BET, XRD, H 2 -TPR, CO 2 -TPD, TGA, TEM, Raman) are described. At the same time, the procedure of activity test based on temperature effects, and the related reactor and equipment are introduced, as well as the calculation equations of both CH 4 , CO 2 conversion and H 2 /CO ratio that are mainly used to evaluate the catalytic performance.

The discussion of the experimental results in chapter 4 mainly focuses on the comparison of the catalytic performance of natural clay-based catalysts prepared by impregnation. In the first part, different promoters (Ce, Zr, La, Al and Mn) are introduced on Fe-modified clay supported Ni based catalysts. The specific surface area, Ni 0 crystallite size, Ni reducibility and basicity are analyzed by different characterizations to evaluate the influences on catalytic activity. The second part is the comparison of the activity between natural clay based catalysts and natural clay modified with Fe and Cu based catalysts. Meanwhile, the difference in activity caused by different reduction temperatures (800 and 900 °C) is also discussed. The same physicochemical properties are also tested to evaluate the possible reasons for the differences in catalytic performance. In the third and fourth parts, the selected promoters Ce, Zr (part 3) and Mg (part 4) are respectively loaded on different clay based catalysts (natural clay, Fe and Cu modified clay) to check their catalytic performance. Besides, the effect of Mg loading on Fe-modified clay supported Ni based catalysts catalyst is further studied on catalytic activity. The relationship between the physicochemical properties and the catalytic activity of each catalyst is still presented based on different characterizations.

The experiment in chapter 5 focuses on synthetic clay-based catalysts prepared by the co-precipitation method, i.e. Ni-hydrotalcite Ni-Hydrocalumite, Ni-Hydro-Strotium and Ni-Hydro-Barium-derived catalysts. The first part discusses the difference in activity for the catalysts prepared by Group 2 elements (Mg 2+ , Ca 2+ , Sr 2+ and Ba 2+ ), Ni 2+ and Al 3+ , and associates the activities with physicochemical properties of the catalysts characterized by BET, XRD, H 2 -TPR, CO 2 -TPD and so on. In the second and third parts, the main research is to investigate the effect of different amounts of La on the catalytic activity of catalysts with a layered structure (hydrotalcite and hydrocalumite), i.e. layered double hydroxides, and try to explain the possible reasons of differences in activity based on the specific surface area, Ni 0 crystallite size, Ni reducibility, basicity and carbon deposition.

In chapter 6, the catalysts with the same content of Ni, Mg and Al as the Ni-hydrotalcite-derived catalysts in chapter 5 are prepared by mechanical ball milling, and the effect of rotational speed on catalytic performance is compared. At the same time, the Ni-Mg-Al mixed oxides catalysts prepared by the ball milling are compared with those catalysts prepared by the co-precipitation to investigate the effects of different preparation methods on the structure and activity of the catalysts. Trying to find out the factors that affect the catalytic performance through the specific surface area, Ni 0 crystallite size, Ni reducibility, basicity and carbon deposition.

The last part is a summary of all experiments and the perspectives for further experiments on dry reforming of methane. The main results of the experimental chapters (chapter 4, chapter 5 and chapter 6) are summarized, which could contribute to the further study of natural clay and synthetic clay based catalysts. In addition, based on the doctoral research, some suggestions are provided for further research on dry reforming of methane.

Objectives of Ph.D. work

My PhD research focuses on the preparation and characterization of noble-metal free catalysts for Dry Reforming of Methane (DRM), using clay as support. Two main groups of materials have been considered: 1) Natural clays from Tunisia, modified using Fe/Cu and other promoters such as Ce, Zr, La, Al, Mn and Mg, in order to adjust the metallic Ni site size; and 2) Synthetic clays, i.e. Ni-hydrotalcites Ni-hydrocalumite, Ni-hydro-strontium and Ni-hydro-barium. These were prepared according to different synthesis methods and their physico-chemical properties were carefully evaluated by means of different techniques, in order to study the influence of the different textural, structural and chemical parameters on the DRM activity and selectivity. Parasite reactions, such as direct methane decomposition and reverse water gas shift were found to occur to a relatively important extent. Nickel dispersion, together with surface basicity, was found to play a major role in DRM having a strong influence in process selectivity. Provided that these aspects are properly tailored, both natural and synthetic clays stand as very promising materials that can be successfully used in the preparation of active, selective and stable Ni-containing catalysts for DRM.

Chapter II

Literature review on CO 2 valorization

Chapter II. Literature review on CO 2 valorization

Literature review on CO 2 valorization 2.1 CO 2 emission, global warming and industrial development

With the continuous progress of industrialization, the dramatic growth in population which will reach approximately 8.5 billion by 2030 and 1.3% annual growth in global energy demand, the world energy consumption is always increased from 1860 which is only the first statistic date as show in Figure 2-1, and traditional fuels are therefore difficult to fulfill the developmental demand [1][START_REF]BP energy outlook 2017: Country and regional insights -Global[END_REF][START_REF] Jancovici | Energy and choice of life[END_REF]. In addition, consumption of fossil resources leads to high CO 2 emissions [START_REF]CO 2 emissions from fuel combustion 2017[END_REF]. Although the annual growth in CO 2 emissions from energy use on 2017 (0.6%) is less than the past 20 years (2.1%), the total CO 2 emissions will increase by 13% until 2035 [START_REF]BP energy outlook 2017: Country and regional insights -Global[END_REF]. It much be higher than alarming rate (400 ppm) even the growth rate is zero, because the CO 2 level in 2017 has exceeded 403 ppm [5]. It means a serious of anthropogenic damages on dynamic equilibrium states of CO 2 formation and consumption, and further causing increased CO 2 concentration in the atmosphere year-by-year, even more than natural limitations.

The rising temperature on the earth's surface, i.e. global warming, as a consequence of this unbalanced situation. Chapter II. Literature review on CO 2 valorization To mitigate the emissions and global impacts of greenhouse gas, 195 United Nations Framework Convention on Climate Change (UNFCCC) members have signed the "Paris Climate Agreement" [6]. CO 2 as the major greenhouse gas, the control of CO 2 emissions control is the main issue. The main line for reducing CO 2 emissions is controlled from the source, that is, through the structural adjustments of industrial, economic and energy, encouraging the construction of low-emission and low-energy consumption enterprises, the implementation of technological transformation of high-energy consumption enterprises to improve energy efficiency, looking for alternative energy and so on. However, it is difficult to completely adjust the structures of industrial, economic and energy to meet the requirements of environmental protection in a short period. It is also difficult for alternative energy to change the dominance of fossil fuels. Therefore, technologies such as recovery and separation, capture and storage, resource utilization and other technologies for CO 2 that needs to be emitted, are another viable routes for reducing or eliminating carbon emissions [START_REF] Kuang | To develop new technical system for carbon dioxide mitigation[END_REF]. For example, CO 2 capture and storage can reduce 94 gigatonnes (Gt) of CO 2 emissions by 2050, with 56% of the reduction coming from the power industry, especially from coal-fired power generation (80%), 31% from industrial processes and 14% from fuel conversion. Internationally, gaseous CO 2 has a wide range of utilisations in industry, and it has begun to take advantage of the use of CO 2 as a chemical raw materials. Currently, millions of tons of CO 2 are used in industry every year in the world. Enhanced oil recovery (EOR) is the single largest CO 2 utilisation with an average annual consumption of 70 million tons of CO 2 , but about 70% CO 2 come from the natural resources. Other industries that use more than one million tons of CO 2 include CO 2 miscible displacement, urea production, filling agents for carbonated beverage, refrigerant and so on [START_REF]20 years of carbon capture and storage -Accelerating future deployment[END_REF].

From the perspective of environmental protection and sustainable development, CO 2 industry is more progressively developed into a potential choice since CO 2 is inexhaustible, thus most of the required carbon source for the chemical industry may ultimately come from CO 2 .

Chapter II. Literature review on CO 2 valorization site by ship or pipeline and inject it into the sea at a depth of over 1000m to dissolve it naturally or injecting CO 2 into the sea at a depth of more than 3000 m to form solid CO 2 hydrates or liquid CO 2 lakes on the seafloor based on the density of CO 2 is greater than seawater to retard the process of CO 2 decomposition into the environment.

Liquid absorption is achieved by changing the pressure and temperature between the CO 2 and absorption liquid to achieve the purpose of absorbing CO 2 . The common absorption liquid is acrylic, methanol, ethanol, polyethylene glycol and other high boiling point organic solvents. The absorption capacity depends on the operating temperature and pressure, higher partial pressure of the gas or the lower temperature lead to stronger system's absorption capacity.

Chemical methods include carbonation, absorption and others [START_REF] Mikkelsen | The teraton challenge. A review of fixation and transformation of carbon dioxide[END_REF][START_REF] Han | Carbon dioxide fixation by combined method of physical absorption and carbonation in NaOH-dissolved methanol[END_REF]. The carbonization is the use of the reaction between CO 2 and metal oxides to form the stable carbonates so that the CO 2 could be permanently fixed. Chemical absorption mainly uses alkaline solutions to dissolve and separate CO 2 , the CO 2 is then separated by desorption and the solvents are regenerated. Typical solvents of chemical absorption are potassium carbonate (K 2 CO 3 ) water solvent (plus a small amount of amine salts or vanadium and arsenic oxides) and ethanolamines solution (such as Diethanolamine (DEA), Monoethanolamine (MEA), Methyldiethanolamine (MDEA), etc.).

Biological CO 2 fixation mainly depends on the role of plants and microorganisms [START_REF] Mikkelsen | The teraton challenge. A review of fixation and transformation of carbon dioxide[END_REF][START_REF] Chery | Overview on CO 2 valorization: Challenge of molten carbonates[END_REF][START_REF] Appel | Frontiers, opportunities, and challenges in biochemical and chemical catalysis of CO 2 fixation[END_REF]. Photosynthesis of green plants is the most common and largest reaction on earth, which also plays a significant role in the synthesis of organic compounds and the stability of the carbon cycle. Plants can be divided into C3 plants, C4 plants, C3-C4 middle plants and others according to the different pathways of carbon assimilation in higher plants. The environmental adaptability and efficiency of carbon sequestration for microorganisms are higher than plants. The principal factors affecting the efficiency of biological carbon sequestration are the pathways of carbon sequestration, activities of key enzymes, as well as the effective supply of required energy for CO 2 fixation. T h e b i o l o g i c a l p r o c e s s a s o n e b a s i c m e t h o d o f CO 2 v a l o r i z a t i o n , i t m a i n l y r e l i e s o n t h e p h o t o s y n t h e s i s o f p l a n t s a n d m i c r o o r g a n i sm s . B e c a u s e p h o t o s y n t h e t i c m i c r o o r g a n i sm s a r e m o r e a d a p t a b l e a n d e f f i c i e n t t h a n p l a n t s , t h e r e so u r c e u t i l i z a t i o n o f CO 2 b y c u l t u r i n g p h o t o s y n t h e t i c m i c r o o r g a n i sm s h a s b e e n e x t e n s i v e l y s t u d i e d , a n d Chapter II. Literature review on CO 2 valorization it may become an effective way to control carbon dioxide. Microalgae, as a photosynthetic microorganism, can be used to produce biofuels and biological products, such as ethanol by fermentation, biodiesel from bio-oil in microalgae by transesterification, production of agar, carotenoids and other biological products for industrial purposes. However, algae biofuel is still in experimental stage, and there is a distance to large-scale production [START_REF] Aresta | Catalysis for the valorization of exhaust carbon: from CO2 to chemicals, materials, and fuels. technological use of CO 2[END_REF][START_REF] Olajire | Valorization of greenhouse carbon dioxide emissions into value-added products by catalytic processes[END_REF].

I n t e rm s o f t h e u t i l i z a t i o n o f CO 2 , t h e i d e a l m e t h o d i s t o c o n v e r t CO 2 i n t o CO o r s y n g a s c u r r e n t l y , a n d t h e s y n g a s c a n b e c o n v e r t e d t o m e t h a n o l o r o t h e r s , t h e n f u r t h e r c o n v e r t e d t h em i n t o s y n t h e t i c f u e l s [

Compared with the biological process, the research on chemical process in CO 2 valorization has been more mature and complete. The main products of the chemical process can be divided into two categories, chemical products and fuels. The chemical products from chemical CO 2 valorization include synthesis of urea from the mixture of carbon dioxide and ammonia, which is a typical large-scale use of CO 2 , and urea-based synthesis of dimethyl carbonate and other chemical raw materials or organic chemical intermediates further extend the utilization of CO 2 . In addition, CO 2 can be converted to methane by methanation, methanol and dimethyl ether through catalytic hydrogenation, and as raw materials to produce polycarbonates, carboxylic acid and others [START_REF] Aresta | Catalysis for the valorization of exhaust carbon: from CO2 to chemicals, materials, and fuels. technological use of CO 2[END_REF][START_REF] Olajire | Valorization of greenhouse carbon dioxide emissions into value-added products by catalytic processes[END_REF]. However, in terms of chemical CO 2 valorization, the ideal utilization is to produce syngas which can further convert into synthetic fuels currently. In general, syngas is produced through three routes, including steam reforming of methane (CH 4 (g)+ H 2 O(g) ⇌ CO(g) + 3H 2 (g), ΔH 0 (298K) = +206.3kJ•mol -1 ), partial oxidation of methane (CH 4 (g)+ 0.5O 2 (g) ⇌ CO(g) + 2H 2 (g), ΔH 0 (298K) = -35.6kJ•mol -1 ), and dry reforming of methane (CH 4 (g)+ CO 2 (g) ⇌ 2CO(g) + 2H 2 (g), ΔH 0 (298K) = +247.3kJ•mol -1 ). Due to the high hydrogen production of methane steam reforming in products, it is mainly used in the industrial production of hydrogen from natural gas (CH 4 ). Moreover, in order to control the carbon deposition on the catalyst, it is normally necessary to feed in excess water vapor, which also requires more energy consumption for the strongly endothermic steam reforming of methane itself [START_REF] Wang | Progress on preparation of synthetic gas by catalytic partial oxidating methane[END_REF][START_REF] Liu | Hydrogen and syngas production and purification technologies[END_REF]. Compared with steam reforming of methane, the ratio of H 2 /CO produced by partial oxidation of methane is lower, which is more conducive to the synthesis of methanol by Fischer-Tropsch (F-T) process.

Otherwise, the partial oxidation is an exothermic reaction with a small enthalpy. Its reaction energy consumption is also lower, and it is safer than direct oxidation. However, the partial oxidation of methane reaction needs to pass through oxygen and requires high purity of natural gas, which is not suitable for the case of high CO 2 S c i e n c e s , S h a n x i L u ' a n E n v i r o nm e n t a l E n e r g y a n d R o y a l D u t c h S h e l l i n A u g u s t 2 0 1 7 , t h e r e s e a r c h o n a m o r e e f f i c i e n t a n d s t a b l e c a t a l y s t w i t h l ow e r c o s t i s s t i l l em p h a s i s . Chapter II. Literature review on CO 2 valorization

T h i s i s a l s o t h e m a i n r e s e a r c h d i r e c t i o n o f t h i s t h e s i s

Fertilizer feedstock for plants

Chlorophyll in plants absorbs CO 2 and convert it into plant starch under photosynthesis. This is the natural law of plant production. The gas fertilizer of CO 2 increases the concentration of CO 2 in plant growth space, which can increase the dry matter of plants in order to achieve the purpose of increasing production [START_REF] Aresta | Catalysis for the valorization of exhaust carbon: from CO 2 to chemicals, materials, and fuels[END_REF][START_REF] Do | CO 2 sequestration and valorization[END_REF].

Supercritical fluid extraction-CO 2

When the temperature and pressure are higher than the critical temperature (31°C) and pressure (73.8 atm) of CO 2 , the properties of CO 2 will change. The density of CO 2 is close to liquid and its viscosity is close to gas. And the diffusion coefficient is 100 times of liquid, so it has a good dissolving ability. The CO 2 which has been heated and pressurized into the supercritical state as a solvent dissolves a variety of substances, and then extracts the active ingredients. The supercritical fluid extraction has been used in the food industry, cosmetic industry, chemical industry and medical industry currently [START_REF] Aresta | Catalysis for the valorization of exhaust carbon: from CO 2 to chemicals, materials, and fuels[END_REF][START_REF] Do | CO 2 sequestration and valorization[END_REF].

Food additives in beverages

CO 2 can be used for soft drinks, sparkling wine and beverages, and the amount depends on the requirements of normal production. Generally it is produced by the fermentation of sugar and processed by washing, purification, drying, cooling, and then compressed into liquid. CO 2 is primarily used in carbonated drinks, such as carbonation agent, packaging gas, refrigerant, leavening agent, pH regulator and processing aid [START_REF] Aresta | Catalysis for the valorization of exhaust carbon: from CO 2 to chemicals, materials, and fuels[END_REF][START_REF] Do | CO 2 sequestration and valorization[END_REF].

Welding shield gas

CO 2 shielded welding is a recognized welding method of superior efficiency, low cost, time and labor saving. Compared with shielded metal arc welding, the effectiveness of automatic CO 2 shielded welding can be increased by 2 to 5 times and 1 to 2 times for semi-automatic, furthermore the energy consumption decreased by 50 percent. The CO2 shielded welding accounts for a few scales of all welding in China which is much lower than developed countries [START_REF] Metz | Carbon dioxide capture and storage [online[END_REF][START_REF] Abbott | CO 2 shielding gas effects in laser welding mild steel[END_REF].

Fruit and vegetable antistaling agents

Common components of fruit and vegetable antistaling agents are ethylene, CO 2 absorbent, oxygen absorber, growth regulator and so on, of which CO 2 absorbent is to adjust the CO 2 content, such as activated carbon, lime, magnesium chloride [START_REF] Metz | Carbon dioxide capture and storage [online[END_REF][START_REF] Guo | Applied Research on fruit and vegetable antistaling agent [in Chinese][END_REF].

Inorganic and organic chemical products

Inorganic chemical products made of CO 2 and metal or non-metal oxides mainly include light MgCO 3 , Na 2 CO 3 , NaHCO 3 , CaCO 3 , K 2 CO 3 , BaCO 3 , PbCO 3 , Li 2 CO 3 and MgO. Most of them are basic chemical raw materials and widely used in metallurgy, chemical industry, medicine, electro-mechanical and other industries. Organic chemical products mainly produced by CO 2 are dicyandiamide, salicylic acid, formic acid and its derivatives, methanol, methane and organic polymer [START_REF] Aresta | Catalysis for the valorization of exhaust carbon: from CO 2 to chemicals, materials, and fuels[END_REF][START_REF] Do | CO 2 sequestration and valorization[END_REF].

CO 2 to fuel

In January 2010, Carbon Sciences Incorporated Company announced that it has made breakthroughs in the CO 2 recycle. The developed biocatalytic process can convert CO 2 into low-carbon hydrocarbons (C1-C3) and then reform them into gasoline or fuel. In addition, this technology is an industrial process that does not need to wait plant growth compared to biofuels, and it can be completed in a matter of hours. Thus, it can meet the fuel needs on a larger scale [START_REF]Carbon Sciences Announces Major Breakthrough to Recycle CO2 into Gasoline[END_REF]. Furthermore, in May 2017, Wei et al. published an article to introduce a novel Na-Fe 3 O 4 /HZSM-5 catalyst that can directly convert CO 2 to gasoline-range (C5-C11) hydrocarbons. These researches offer more possibilities and methods for solving the shortage of fossil fuels [START_REF] Wei | Directly converting CO 2 into a gasoline fuel[END_REF].

Utilizing CO 2 in an efficient way is certainly one of the best ways to reduce CO 2 emissions. Therefore, converting CO 2 into more value-added energy or chemical raw material through chemical, biological and other methods has become the focus of scientific work nowdays. With the rapid development of science and technology and the growth of emerged disciplines, it can be said that the solution for solving greenhouse effect will be more and more abundant. At the same time, the scope of resource utilization of CO 2 will also be more widespread. In view of the current shortages of energy and basic chemical raw materials, it is foreseeable that another Chapter II. Literature review on CO 2 valorization huge improvement will be brought to the world if CO 2 fixation and resource-recycling technologies can further break through the limitation.

Synthetic fuels

As the pressure of population growth on traditional fossil energy demand gradually increases, energy issues continue to be the focus of human concern. With the continuous expansion of the exploitation and utilization of traditional fossil fuels, easily available reserves for fossil energy are not optimistic [START_REF]What you need to know about energy[END_REF]. In order to positively deal with the energy crisis, all countries in the world are continuously looking for alternative energy sources, and Figure 2-5 describes the synthetic fuel projects in the world based on proven natural gas reserves where GTL, CTL, BTL and OTL represent natural gas into liquids, coal to liquids, biomass to liquids, bitumen from oil sands to liquids (OTL) through Fischer-Tropsch process respectively [START_REF] Kurevija | Global prospects of synthetic diesel fuel produced from hydrocarbon resources in oil&gas exporting countries. Rudarsko-geološko-naftni[END_REF].

The development of synthetic fuels such as coal-based fuels and biofuels has become the focal point for every country since the synthetic fuels have the advantages of being energy-efficient and reducing emissions compared to other traditional fossil fuels in applications [START_REF] Andrews | Fischer-Tropsch fuels from coal, natural gas, and biomass: Background and policy[END_REF]. The technologies of synthetic fuels are more mature compared to hydrogen energy, more available energy than wind and solar energy, and lower technical requirements than nuclear energy [START_REF]What you need to know about energy[END_REF]. In addition, the sources of raw materials for synthetic fuels are more extensive which means it facilitates the better development and utilization of synthetic fuels. GTL: natural gas into liquids, CTL: coal to liquids, BTL: biomass to liquids, OTL: bitumen from oil sands to liquids (OTL) [START_REF] Kurevija | Global prospects of synthetic diesel fuel produced from hydrocarbon resources in oil&gas exporting countries. Rudarsko-geološko-naftni[END_REF].
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The synthetic fuels are new fuels that convert one or more coal, natural gas and/or biomass feedstocks into synthetic liquid products through chemical conversion according to the definition of Energy Information Administration [START_REF]Increased automobile fuel efficiency and synthetic fuels: Alternatives for reducing oil imports[END_REF]. Currently, the common method of preparing synthetic fuels is Fischer-Tropsch (F-T) synthesis, the simplified Fischer-Tropsch process which can form -CH 2 -that is basis for longer-chain hydrocarbons and conceptual Fischer-Tropsch plant are showed in Figure 2-6 (a) and (b) respectively [START_REF] Andrews | Fischer-Tropsch fuels from coal, natural gas, and biomass: Background and policy[END_REF]. Then the F-T synthesis can further generate new fuels and biofuels from coal or natural gas through carbonation. For example, coal can be directly vaporized to produce water gas (a mixture of CO and H 2 ), which can be used as a clean fuel. Natural gas is converted into CO and H 2 by steam reforming, and then into methanol by water shift reaction. Futhermore, methanol can be converted to gasoline through Mobil Process. Biological resources can produce ethanol, biodiesel fuel and so on [START_REF] Andrews | Fischer-Tropsch fuels from coal, natural gas, and biomass: Background and policy[END_REF][START_REF] Liederman | Mobil methanol-to-gasoline process[END_REF][START_REF] Crocker | Thermochemical conversion of biomass to liquid fuels and chemicals[END_REF]. And the production of synthetic fuels can not be separated from the important raw syngas. The main components of syngas are CO and H 2 , and it is used as a feedstock for chemical raw materials [START_REF] Schulz | Short history and present trends of Fischer-Tropsch synthesis[END_REF]. Ammonia is produced by the pressure reaction of hydrogen in the syngas and nitrogen in the air under the catalytic action. The products that can be processed through ammonia include urea, ammonium salts (such as nitrogen and compound fertilizers), nitric acid, melamine and so on [START_REF] Housecroft | Inorganic Chemistry[END_REF]. The syngas not only is pressurized to produce hydrocarbons with an iron catalyst (F-T synthesis), but also can be developed into the gasoline, acetone, alcohol and other low-boiling products [START_REF] Crocker | Thermochemical conversion of biomass to liquid fuels and chemicals[END_REF]. The hydrocarboxylation of linear and branched C2-C17 olefins with syngas produces the oxo synthesis products, which are important raw materials for plasticizers [START_REF] Harold | Industrial Gases in Petrochemical Processing: Chemical Industries[END_REF]. However, there are still some drawbacks of synthetic fuels, such as the sulfur which is generated during coal liquefaction produces sulfur oxides upon contact with oxygen and eventually acid rain from the environmental viewpoint, or the cost of synthetic fuels is relatively high now from the economic viewpoint [START_REF]What you need to know about energy[END_REF]. However, most of these problems have been properly solved with the innovation and progress of science and technology, and these drawbacks will not really affect the further promotion and development of synthetic fuels. For instance, the sulfur fixation method can solve its impact on the environment [START_REF]Increased automobile fuel efficiency and synthetic fuels: Alternatives for reducing oil imports[END_REF]. With the progress and improvement of synthetic sciences and technologies, the cost of synthetic fuels will inevitably become lower.

For example, the raw materials originally used for bioethanol are crops such as wheat, but it is possible to initially reduce the cost of producing bioethanol by using lignocellulose which could be obtained from agricultural, industrial, forestry and urban wastes currently, and it is also useful to effectively alleviate the problem of high foodstuff price caused by the lack of foodstuff [START_REF] Zabed | Fuel ethanol production from lignocellulosic biomass: An overview on feedstocks and technological approaches[END_REF].

Chapter II. Literature review on CO 2 valorization Therefore, the outlook of synthetic fuels is still optimistic on the whole. The synthetic fuels are also bound to ease the dependence of many countries on traditional fossil fuels and more widely used, or even to replace some traditional fossil fuels.

Dry reforming of methane (DRM) for chemical CO 2 valorization

Thermodynamic and chemical kinetics aspects

The process of dry reforming of methane (DRM) produces syngas as an effective way to consume two important greenhouse gases (methane and carbon dioxide) and transfer them into high value-added chemical products attracts much more attention [START_REF] Arora | An overview on dry reforming of methane: strategies to reduce carbonaceous deactivation of catalysts[END_REF][START_REF] Pakhare | A review of dry (CO 2 ) reforming of methane over noble metal catalysts[END_REF]. The ratio of sygnas (carbon monoxide (CO) and hydrogen (H 2 )) is about 1, and it could be used for Fischer-Tropsch (F-T) process. The sygnas is not only the basic feasible material for the F-T process to produce synthetic fuels, but also an effective way to control greenhouse gases [START_REF] Liu | La-promoted Ni-hydrotalcite-derived catalysts for dry reforming of methane at low temperatures[END_REF][START_REF] Usman | Dry reforming of methane: Influence of process parameters-A review[END_REF].

Thermodynamic research is usually used to calculate the contents of each component in the phase equilibrium in the range of reaction temperatures, and it can roughly determine the conversion degrees at each temperature stage [START_REF] Jafarbegloo | Thermodynamic analysis of carbon dioxide reforming of methane and its practical relevance[END_REF]. From the equation of dry reforming of methane (CH 4 (g)+ CO 2 (g) ⇌ 2CO(g) + 2H 2 (g), ΔH 0 (298K) = +247.3kJ•mol -1 ), it can be noticed that the gas volume of forward reaction is increased and it is endothermic reaction. Therefore, increasing reaction temperature and decreasing pressure are beneficial to the reaction. And thermodynamic analysis can effectively determine the range of system operation and reaction conditions exactly [START_REF] Nikoo | Thermodynamic analysis of carbon dioxide reforming of methane in view of solid carbon formation[END_REF][START_REF] Nematollahi | Thermodynamic analysis of combined reforming process using Gibbs energy minimization method: In view of solid carbon formation[END_REF][START_REF] Chein | Thermodynamic analysis of dry reforming of CH 4 with CO 2 at high pressures[END_REF]. Dry reforming of methane also require efficient and selective catalysts to promote the forward reaction, but the catalyst deactivation which in turn affects the overall activity always happens since the large number of parallel side reactions which are listed in Figure 2-7 take place during the range of reaction temperatures, and carbon deposition from sintering and side reactions such as the CO disproportionation at upper limit 973K and CH 4 decomposition above 828 K [START_REF] Jafarbegloo | Thermodynamic analysis of carbon dioxide reforming of methane and its practical relevance[END_REF][START_REF] Nikoo | Thermodynamic analysis of carbon dioxide reforming of methane in view of solid carbon formation[END_REF][START_REF] Nikoo | Thermodynamic analysis of carbon dioxide reforming of methane in view of solid carbon formation[END_REF]. Therefore, gradually improving the operating conditions according to the stage of carbon formation contributes to the catalytic activity and stability activity of Chapter II. molecule to be strong electron acceptor, thus CO 2 molecule is easy to be reduced [START_REF] Lichtfouse | Hydrogen production and remediation of carbon and pollutants[END_REF].

It also indicates the difficulty of ionization of the CO 2 molecule and further reflects the CO 2 stability to a certain extent. Moreover, metastable state of CO 2 -is only approximate 0.5 eV higher in energy than ground state of CO 2 [START_REF] Cooper | Metastable anions of CO 2[END_REF]. Therefore, it could be found that the best way for CO 2 activation is inputting electron, i.e. reduction.

From the above analyses, it could be concluded that the CO 2 activation is quite difficult. The common activation includes coordinating activation, reductive activation, as well as electric catalytic activation, biological activation and so on. Thus, at these moderate-high temperatures the reaction is still kinetically slow unless in the presence of a catalyst, i.e. mainly Ni-containing catalyst, preferred to non-noble metal-based ones due to lower cost, higher availability and even similar catalytic activity compared to supported noble metals which have showed better catalytic performance on DRM [START_REF] Pakhare | A review of dry (CO 2 ) reforming of methane over noble metal catalysts[END_REF]. Chapter II. Literature review on CO 2 valorization However, DRM as a strongly endothermic reaction, it requires a lot of energy consumption. Futhermore, with a catalyst, many parallel reactions listed in Figure 234567occur during the DRM process, which seriously affect the selectivity of the target products (H 2 and CO) and are prone to carbon deposition further inactivating catalyst and clogging pipelines [START_REF] Usman | Dry reforming of methane: Influence of process parameters-A review[END_REF]. Therefore, the exploration on an efficient and stable catalyst for DRM is the key point of industrialization.

Thus, research on improving the catalytic performance of the catalyst with different methods is always the focal point on DRM. Studies on catalyst synthesis [START_REF] Aghamohammadi | Sequential impregnation vs. sol-gel synthesized Ni/Al 2 O 3 -CeO 2 nanocatalyst for dry reforming of methane: Effect of synthesis method and support promotion[END_REF][START_REF] Mahboob | Sonochemically preparation and characterization of bimetallic Ni-Co/Al 2 O 3 -ZrO 2 nanocatalyst: Effects of ultrasound irradiation time and power on catalytic properties and activity in dry reforming of CH 4[END_REF][START_REF] Zhu | Synthesis gas production from CO 2 reforming of methane over Ni-Ce/SiO 2 catalyst: The effect of calcination ambience[END_REF][START_REF] Ay | Dry reforming of methane over CeO 2 supported Ni, Co and Ni-Co catalysts[END_REF][START_REF] Luisetto | Ni/CeO 2 -Al 2 O 3 catalysts for the dry reforming of methane: The effect of CeAlO 3 content and nickel crystallite size on catalytic activity and coke resistance[END_REF], as well as choice of precursors and supports [START_REF] Liu | Natural clay-based Ni-catalysts for dry reforming of methane at moderate temperatures[END_REF][START_REF] Zhang | Nickel nanoparticles embedded in mesopores of AlSBA-15 with a perfect peasecod-like structure: A catalyst with superior sintering resistance and hydrothermal stability for methane dry reforming[END_REF][START_REF] Drif | Study of the dry reforming of methane and ethanol using Rh catalysts supported on doped alumina[END_REF][START_REF] Frontera | Effect of support surface on methane dry-reforming catalyst preparation[END_REF][START_REF] Wang | Carbon dioxide reforming of methane to synthesis gas over supported rhodium catalysts: The effect of support[END_REF][START_REF] Daza | High stability of Ce-promoted Ni/Mg-Al catalysts derived from hydrotalcites in dry reforming of methane[END_REF][START_REF] González | Dry reforming of methane on Ni-Mg-Al nano-spheroid oxide catalysts prepared by the sol-gel method from hydrotalcite-like precursors[END_REF][START_REF] Dębek | Ni-containing Ce-promoted hydrotalcite derived materials as catalysts for methane reforming with carbon dioxide at low temperature -On the effect of basicity[END_REF][START_REF] Dębek | Methane dry reforming over hydrotalcite-derived Ni-Mg-Al mixed oxides: the influence of Ni content on catalytic activity, selectivity and stability[END_REF][START_REF] Ramirez | Fenton-like oxidation of Orange II solutions using heterogeneous catalysts based on saponite clay[END_REF][START_REF] Gil | Recent Advances in the Control and Characterization of the Porous Structure of Pillared Clay Catalysts[END_REF][START_REF] Zhou | An overview on strategies towards clay-based designer catalysts for green and sustainable catalysis[END_REF][START_REF] Cao | CuO catalysts supported on attapulgite clay for low-temperature CO oxidation[END_REF][START_REF] Hadjltaief | Fe-clay-plate as a heterogeneous catalyst in photo-Fenton oxidation of phenol as probe molecule for water treatment[END_REF][START_REF] Iwasa | Preparation and application of nickel-containing smectite-type clay materials for methane reforming with carbon dioxide[END_REF][START_REF] Gamba | Catalytic performance of Ni-Pr supported on delaminated clay in the dry reforming of methane[END_REF][START_REF] Daza | Dry reforming of methane using Ni-Ce catalysts supported on a modified mineral clay[END_REF][START_REF] Wang | Preparation, characterization, and catalytic properties of clay-based nickel catalysts for methane reforming[END_REF][START_REF] Barama | Catalytic properties of Rh, Ni, Pd and Ce supported on Al-pillared montmorillonites in dry reforming of methane[END_REF][START_REF] Hao | Zr-Laponite pillared clay-based nickel catalysts for methane reforming with carbon dioxide[END_REF], promotion effects [START_REF] Cao | Promotional effects of rare earth elements (Sc, Y, Ce, and Pr) on NiMgAl catalysts for dry reforming of methane[END_REF][START_REF] Ruckenstein | Carbon dioxide reforming of methane over nickel/alkaline earth metal oxide catalysts[END_REF][START_REF] Chang | Catalytic Behavior of Supported KNiCa Catalyst and Mechanistic Consideration for Carbon Dioxide Reforming of Methane[END_REF][START_REF] Arora | An overview on dry reforming of methane: strategies to reduce carbonaceous deactivation of catalysts[END_REF][START_REF] Lavoie | Review on dry reforming of methane, a potentially more environmentally-friendly approach to the increasing natural gas exploitation[END_REF][START_REF] Luna | Carbon dioxide reforming of methane over a metal modified Ni-Al 2 O 3 catalyst[END_REF][START_REF] Alipour | Effect of alkaline earth promoters (MgO, CaO, and BaO) on the activity and coke formation of Ni catalysts supported on nanocrystalline Al2O3 in dry reforming of methane[END_REF][START_REF] Liu | Ceria and zirconia modified natural clay based nickel catalysts for dry reforming of methane[END_REF][START_REF] Noronhaa | Catalytic performance of Pt/ZrO 2 and Pt/Ce-ZrO 2 catalysts on CO 2 reforming of CH 4 coupled with steam reforming or under high pressure[END_REF][START_REF] Damyanova | The effect of CeO 2 on the surface and catalytic properties of Pt/CeO 2 -ZrO 2 catalysts for methane dry reforming[END_REF] and mechanism of carbon deposition [START_REF] Pakhare | A review of dry (CO 2 ) reforming of methane over noble metal catalysts[END_REF][START_REF] Liu | La-promoted Ni-hydrotalcite-derived catalysts for dry reforming of methane at low temperatures[END_REF][START_REF] Dębek | Ni-containing Ce-promoted hydrotalcite derived materials as catalysts for methane reforming with carbon dioxide at low temperature -On the effect of basicity[END_REF][START_REF] Dębek | Methane dry reforming over hydrotalcite-derived Ni-Mg-Al mixed oxides: the influence of Ni content on catalytic activity, selectivity and stability[END_REF][START_REF] Albarazi | Synthesis strategies of ceria-zirconia doped Ni/SBA-15 catalysts for methane dry reforming[END_REF][START_REF] Frontera | Catalytic dry-reforming on Ni-zeolite supported catalyst[END_REF][START_REF] Liu | Carbon deposition and catalyst stability over La2NiO4/γ-Al2O3 during CO2 reforming of methane to syngas[END_REF][START_REF] Schulz | On the coke deposition in dry reforming of methane at elevated pressures[END_REF][START_REF] Theofanidis | Carbon gasification from Fe-Ni catalysts after methane dry reforming[END_REF] are main directions for improving DRM catalysts in recent years (Table 2-1).

Catalyst synthesis

Prepared methods have certain effects on catalysts. The catalysts with the same amount and components that are produced by different methods are not the entirely same in composition, crystal size of the active component and dispersion, therefore further affecting its catalytic performance. The common prepared methods for the catalysts of DRM include co-precipitation, impregnation, sol-gel method, ion exchange method and hydrothermal synthesis method [START_REF] Aghamohammadi | Sequential impregnation vs. sol-gel synthesized Ni/Al 2 O 3 -CeO 2 nanocatalyst for dry reforming of methane: Effect of synthesis method and support promotion[END_REF][START_REF] Mahboob | Sonochemically preparation and characterization of bimetallic Ni-Co/Al 2 O 3 -ZrO 2 nanocatalyst: Effects of ultrasound irradiation time and power on catalytic properties and activity in dry reforming of CH 4[END_REF][START_REF] Zhu | Synthesis gas production from CO 2 reforming of methane over Ni-Ce/SiO 2 catalyst: The effect of calcination ambience[END_REF][START_REF] Ay | Dry reforming of methane over CeO 2 supported Ni, Co and Ni-Co catalysts[END_REF][START_REF] Luisetto | Ni/CeO 2 -Al 2 O 3 catalysts for the dry reforming of methane: The effect of CeAlO 3 content and nickel crystallite size on catalytic activity and coke resistance[END_REF].

Aghamohammadi et al. [START_REF] Aghamohammadi | Sequential impregnation vs. sol-gel synthesized Ni/Al 2 O 3 -CeO 2 nanocatalyst for dry reforming of methane: Effect of synthesis method and support promotion[END_REF] studied the catalytic properties of CeO 2 as a promoter in support of Ni/Al 2 O 3 catalysts with sequential impregnation and sol-gel methods. This research showed that the catalyst obtained a smaller particle size and evenly dispersed active metal by using sol-gel method which was characterized by XRD and FESEM respectively. Furthermore, the catalysts that were prepared by sol-gel method exhibited higher catalytic activity at different reaction temperatures, gas hourly space velocity and feed compositions, and better stability during 10 h experiments than impregnation synthesis. temperature in the sequence: solution excess wet impregnation method ≈ sol-gel method < citric acid method < co-precipitation method. The co-precipitation method had the best catalytic activity, and all of these methods showed excellent stability during 5h since the formation of CeAlO 3 which could promote the carbon gasification.

Thus, the order of the amount of carbon deposition on the catalyst after DRM was co-precipitation method > solution excess wet impregnation method > sol-gel method > citric acid method. Compared to other prepared methods, citric acid method had a higher content of CeAlO 3 and smaller Ni particle size.

Influence of support

In general, support itself is not catalytically active, however it may strongly influence the catalytic performance of the overall catalytic system. Dependent on the type of support used, the interaction active phase-support may be favored, it can also provide acid or basic sites that may promote the adsorption of reaction species, and furthermore, it offers adequate surface area and may improve the mechanical properties of the catalytic system [START_REF] Liu | Natural clay-based Ni-catalysts for dry reforming of methane at moderate temperatures[END_REF]. DRM as an endothermic reaction, the process is usually carried on at high temperatures. 

Promotion effect

In order to develop a highly efficient and stable catalysts for DRM, it is the most common method to add promoters currently, and the further research on the category and content of different promoters is also concerned. A large number of metals as promoters have been studied on modified research for common Ni-based catalysts, including alkali metals, alkaline earth metals and rare earth metals [START_REF] Pakhare | A review of dry (CO 2 ) reforming of methane over noble metal catalysts[END_REF][START_REF] Cao | Promotional effects of rare earth elements (Sc, Y, Ce, and Pr) on NiMgAl catalysts for dry reforming of methane[END_REF]. For example, Mg, La, Ce and Zr have been reported to effectively improve the catalytic performance through inhibiting carbon deposition. In addition, the presence of different promoters can also improve the basicity of catalyst which is related to the ability of adsorption and desorption of carbon dioxide, change the dispersion of active components on the surface and adjust to the interaction between the metal and the support [START_REF] Ruckenstein | Carbon dioxide reforming of methane over nickel/alkaline earth metal oxide catalysts[END_REF][START_REF] Chang | Catalytic Behavior of Supported KNiCa Catalyst and Mechanistic Consideration for Carbon Dioxide Reforming of Methane[END_REF][START_REF] Arora | An overview on dry reforming of methane: strategies to reduce carbonaceous deactivation of catalysts[END_REF][START_REF] Lavoie | Review on dry reforming of methane, a potentially more environmentally-friendly approach to the increasing natural gas exploitation[END_REF].

The introduction of alkali metals and alkaline earth metals can improve the basicity of the catalyst, thus leading to enhance its absorption of CO 2 and promote the timely elimination of the carbon deposition on the surface of the catalyst [START_REF] Arora | An overview on dry reforming of methane: strategies to reduce carbonaceous deactivation of catalysts[END_REF][START_REF] Lavoie | Review on dry reforming of methane, a potentially more environmentally-friendly approach to the increasing natural gas exploitation[END_REF] 

Catalyst deactivation

The [START_REF] Pakhare | A review of dry (CO 2 ) reforming of methane over noble metal catalysts[END_REF]. This problem of catalyst deactivation needs to be assessed in order to increase the stability of the catalytic system in view of its practical utilization. Different approaches, in terms of the utilization of nano-structured supports [START_REF] Albarazi | Synthesis strategies of ceria-zirconia doped Ni/SBA-15 catalysts for methane dry reforming[END_REF][START_REF] Frontera | Catalytic dry-reforming on Ni-zeolite supported catalyst[END_REF], and in terms of increasing the dispersion and controlling the crystal size of the Ni particles deposited on the catalysts surface [START_REF] Dębek | Ni-containing Ce-promoted hydrotalcite derived materials as catalysts for methane reforming with carbon dioxide at low temperature -On the effect of basicity[END_REF][START_REF] Dębek | Methane dry reforming over hydrotalcite-derived Ni-Mg-Al mixed oxides: the influence of Ni content on catalytic activity, selectivity and stability[END_REF], proof the possibility of tailoring the selectivity of the DRM reaction with the final aim of minimizing carbon deposition.

Liu et al. [START_REF] Liu | Carbon deposition and catalyst stability over La2NiO4/γ-Al2O3 during CO2 reforming of methane to syngas[END_REF] reported the influences of La For the mechanism of gasification of carbon species through O 2 , carbon species on active surface were gasified first, and then the carbon species away from active sites were oxidized by lattice oxygen from nickel and/or iron oxides. Chapter III
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Chapter III. Experimental method

Experimental method

3.1 Physicochemical characterization

Brunauer-Emmett-Teller (BET)

The textural characterization was performed through N 2 adsorption at -196 °C in a

BelSorb-Mini II (BEL-Japan) device. The BET method was used for the calculation of the specific surface area, whereas the BJH method was chosen for the evaluation of mesopore volume.

X-Ray Diffraction (XRD)

The X-ray diffraction (XRD) were acquired in a PANalytical-Empyrean diffractometer, equipped with CuKα (λ = 1.5406 Å) radiation source and 2θ range between 3 and 90°, with a step size of 0.02°/s. The Ni crystallite sizes in the reduced catalysts were calculated using the Scherrer equation.

Temperature-Programmed Reduction (TPR)

The temperature-programmed reduction (H 2 -TPR) profiles were obtained using a BELCAT-M (BEL-Japan) apparatus, equipped with a thermal conductivity detector (TCD). The readily calcined materials were outgassed and activated at 100 °C for 2 h, then reduced until 900 °C in 5 vol.% H 2 /Ar at a heating rate of 7.5 °C/min.

Temperature-Programmed Desorption (TPD)

The same apparatus (BELCAT-M) was also used for the acquisition of the temperature-programmed desorption (CO 2 -TPD) profiles. The catalysts were degassed and activated from room temperature to 500 °C in pure He at a heating rate of 10 °C/min, degased for 2 h and then cooled down to 80 °C. The materials were subsequently exposed to 10 vol.% CO 2 /He for 1 h in order to saturate their surface Chapter III. Experimental method with CO 2 , followed by the desorption of weakly (physically) adsorbed CO 2 under a flow of pure He for 15 min. Then the adsorbed CO 2 was desorbed in pure He at temperatures from 80 °C to 900 °C and at a heating rate of 10 °C/min after .

Thermal Gravimetric Analysis (TGA)

The amount of carbon deposited on the surface of each catalysts upon the DRM reaction was measured by means of its thermogravimetric oxidation in a SDT Q600 apparatus (TA Instruments), under air flow (100 mL/min), heating from ambient temperature to 900 °C at a rate of 10 °C/min.

Transmission Electron Microscope (TEM)

The transmission electron microscopy (TEM)was tested by JEOL JEM100-CXII, accelerating voltage of 100 keV. In the thesis, It was used to examine the fine structure on the catalysts, as well as the distribution of Ni particle size.

Raman Spectroscopy (Raman)

Raman spectroscopy was performed in a Horiba Jobin Yvon HR800 UV device using a green laser source (532 nm). The additional phase that could not be determined by XRD might be presented by Raman.

Catalytic activity tests

The catalytic activity tests were analysed in dry reforming of methane (DRM) equipment, the design drawing and physical profile were listed in Figure 3-1 (a) and

(b) repectively. The activity tests were performed at temperatures from 850 °C to 600 °C (at 50 °C intervals of 30 minutes) at atmospheric pressure, in an "U" type tubular quartz reactor which was described in Figure 3-2. The total reactant gas flow was 100 ml/min, corresponding to a gas hourly space velocity (GHSV) of 20,000 h -1 .

Because GHSV was widely used in commerical systems and catalysts were used in fixed bed in most cases, thus GHSV could be defined as the ratio of total volume flow Chapter III. Experimental method rate of feed gases and catalyst volume [START_REF] Kolb | Fuel processing for fuel cells[END_REF]. The molar composition of the gas mixture fed to the reactor was CH 4 /CO 2 /Ar = 1/1/8. The calcined catalysts were reduced in situ at 900 °C for 1 h in the stream of 5 vol.% H 2 /Ar prior to each DRM experiment.

The composition of gas was continuously analysed with the help of a micro chromatograph (Varian GC4900), equipped with a thermal conductivity detector (TCD). The conversions of CO 2 and CH 4 , as well as the molar ratio of H 2 to CO and carbon balance, were calculated using the following equations, where 𝑛𝑛 𝑖𝑖 𝑖𝑖𝑖𝑖 and 𝑛𝑛 𝑖𝑖 𝑜𝑜𝑜𝑜𝑜𝑜 represent the number of moles at, respectively, the inlet and outlet of the reactor for each of the species:

X CO 2 = �n CO 2 in -n CO 2 out � n CO 2 in × 100% X CH 4 = �n CH 4 in -n CH 4 out � n CH 4 in × 100% H 2 CO = n H 2 out n CO out Carbon deposion = [(M c × V CH 4 ������� V m + M c × V CO 2 ������� V m ) Input -(M c × V CH 4 ������� V m + M c × V CO 2 ������� V m + M c × V CO ������ V m ) Output ] × 300min
In the formula of carbon balance, M c is the molar mass of carbon, V m is the molar volume and V � is the average volumetric flow rate for each components. Otherwise, the isothermal stability is tested on selected catalysts. [START_REF] Daza | Dry reforming of methane using Ni-Ce catalysts supported on a modified mineral clay[END_REF] reported an important beneficial effect of the presence of Ce on the activity and selectivity of mineral clay-supported Ni-catalysts, as well as a diminution in the formation of coke, that however depended on the nominal amount of Ce used. Liu et al. [START_REF] Liu | MCM-41 supported nickel-based bimetallic catalysts with superior stability during carbon dioxide reforming of methane: Effect of strong metal-support interaction[END_REF] showed that Zr promoted catalytic activity through the enhancement of the structural stability of the prepared materials, the improvement of the dispersion of Ni, and through the partial activation of CO 2 . The promoting effect depends however on the clay composition and thus origin.

In this section, La, Al and Mn promoted Fe-clay based nickel catalysts were synthesized by conventional impregnation method and tested in dry reforming of methane (DRM) in the temperature range of 850 °C to 600 °C. Ce and Zr promoter Fe-clay catalysts were also explained for a sake of comparison in this section, but in range of 800 °C to 600 °C. The effect of different promoters on iron (Fe) modified clay based catalysts containing 15 wt.% nickel on physicochemical characterizations and catalytic activity were analyzed based on X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET), temperature-programmed reduction (H 2 -TPR) and temperature-programmed desorption (CO 2 -TPD) respectively.

Preparation of Fe-clay supported Ni-based catalysts with different promoters

Preparation of Fe-pillared Clay Supports

Natural clay from the deposit of Jebal Cherahil (Kairouan, Central-West of Tunisia) was chosen as the raw material. The raw clay was suspended in distilled water to disperse and decant, following by wet sieving (diameter of the sieve mesh is 2 μm). The the selected clay was introduced in 1 M NaCl solution and stirred 12 h at room temperature. This process would be repeated three times to get Na-exchanged clay, and then it was separated and washed by centrifugation and distilled water respectively. The Na-exchanged clay is then recovered and dried at 60 °C in an oven. It is subsequently grinded by hand until to 100-mesh.

These procedures used for its purification and Na-ion exchange from its surface have also been described in Reference [START_REF] Hadjltaief | Influence of operational parameters in the heterogeneous photo-fenton discoloration of wastewaters in the presence of an iron-pillared clay[END_REF]. For the preparation of the Fe-modified clay, a pillaring

Chapter IV. Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM solution was prepared by slow addition of Na 2 CO 3 powder (97%, MERCK) into a 0.2 M solution of Fe(NO 3 ) 3 (Fe (NO 3 ) 3 •9H 2 O 97%, MERCK) while stirring at 100 rpm for 2 h at room temperature until the molar ratio Fe/Na 2 CO 3 reached 1:5. The solution was then aged during 4 days at 60 °C. Finally, the resulting oligomeric Fe (III) solution was added into a 2 wt.% aqueous dispersion of the purified Na-exchanged clay, at a ratio of 10 -3 mol of Fe 3+ per gram of clay. The dispersion was agitated at 100 rpm for 24 h, then filtered, washed by with deionized water several times, and finally centrifuged at 4000 rpm for 10 min. The resulting solid material was calcined at 300 °C for 24 h, and subsequently ground to 100-mesh. The compositions of raw, Fe-pillared clays are shown in Table 4-1. 

) 3 •6H 2 O/ ZrO(NO 3 ) 2 •6H 2 O/ La(NO 3 ) 3 •6H 2 O/ Al(NO 3 ) 3 •9H 2 O/ Mn(NO 3 ) 2 •4H 2 O with distilled water,
and subsequently aged for 2 hours at room temperature. The water in suspension was extracted at 40 °C in a rotary evaporator, and then the solid material was kept at 110 °C in an oven overnight. Finally, all solid materials were calcined in air at 550 °C for 5 h after grinding in order to obtain the corresponding catalysts. The nominal (assumed) concentration of different components in each catalyst and their labels were presented in Table 4-2. 

Physicochemical properties

Textural properties

The results of textural characterizations such as the BET surface area and total pore volume obtained for the calcined catalysts through N 2 adsorption isotherms are listed in Table 4-3.

BET surface areas change owing to impregnate different promoters, which are contributed to the partial pore blockage and different pore sizes. Compared to non-promoted catalysts, the presences of different promoters increase BET surface areas to varying degrees in addition to lanthanum. According to literatures, the addition of La oxides decreases the BET surface area to a large extent [START_REF] Akri | Development of nickel supported La and Ce-natural illite clay for autothermal dry reforming of methane: Toward a better resistance to deactivation[END_REF][START_REF] Qian | Investigation of La promotion mechanism on Ni/SBA-15 catalysts in CH 4 reforming with CO 2[END_REF]. It can be concluded that lanthanum species enter and occupy the pores [START_REF] Qian | Investigation of La promotion mechanism on Ni/SBA-15 catalysts in CH 4 reforming with CO 2[END_REF]. On the contrary, the introduction of Ce, Zr, Mn and Al oxides enhances the surface area, especially the Al-promoted catalysts that own relatively small pore volume (only larger than the La-promoted catalysts). The high specific surface area could be attributed to pure Al 2 O 3 formed during the catalyst synthesis [START_REF] Habibi | CH4 reforming with CO 2 for syngas production over La 2 O 3 promoted Ni catalysts supported on mesoporous nanostructured γ-Al 2 O 3[END_REF]. In general, a large specific surface area corresponds to a small pore size [START_REF] Pn | Overview on the Effect of Particle Size on the Performance of Wood Based Adsorbent[END_REF]. However, the tendency has not been followed by the Ce/Mn-promoted catalysts compared to the non-promoted catalysts in the view of the calculated results in Table 4-3. Because the average pore size is calculated on the basis of total pore volume (General: average pore size= k × total pore volume/specific surface area, k=4×10 3 ), a deviation in the value could exist. Moreover, non-promoted and Ce/Mn-promoted catalysts have similar average pore sizes, which are 9, 11 and 13 nm respectively. Therefore, relatively accurate pore sizes for the Ce/Mn-promoted catalysts may be less than non-promoted catalysts. The range of average pore sizes for all prepared catalysts, between 7.0 and 28.0 nm, indicates the mesoporous structure of prepared catalysts. Furthermore, type IV adsorption isotherms and H3 adsorption loops could be observed for this catalyst system. Ni-10Ce/Fe-clay < Ni/Fe-clay. For supported metal catalysts, the particle size is inversely proportional to the dispersion [START_REF] Borodzinski | Relation between Crystallite Size and Dispersion on Supported Metal Catalysts[END_REF]. The formula could be described as d= k/D (where d is paticle size, D is dispersion and k is a constant that is decided by tested metal. Thus, it suggests that the Ce, Zr, La, Al and Mn promote the dispersion of metallic nickel in reduced catalysts. Similar results have been reported in literatures [START_REF] Qian | Investigation of La promotion mechanism on Ni/SBA-15 catalysts in CH 4 reforming with CO 2[END_REF][START_REF] Liu | Hydrogen production from methanol steam reforming over Al 2 O 3 -and ZrO 2 -modified CuOZnOGa 2 O 3 catalysts[END_REF][START_REF] Yao | Comparative study on the promotion effect of Mn and Zr on the stability of Ni/SiO 2 catalyst for CO 2 reforming of methane[END_REF]. However, for Mn-promoted catalysts, the amount of manganese is pivotal, excessive manganese is not Chapter IV. Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM benefical to the Ni dispersion [START_REF] Koike | Catalytic performance of manganese-promoted nickel catalysts for the steam reforming of tar from biomass pyrolysis to synthesis gas[END_REF]. Otherwise, the formation of NiMnO3 indicates the strong interactions between NiO and promoter that may influence the Ni reducibility. On La-promoted catalysts, Akri [START_REF] Akri | Development of nickel supported La and Ce-natural illite clay for autothermal dry reforming of methane: Toward a better resistance to deactivation[END_REF] also found a higher Ni dispersion on low specific surface area catalysts. It was reported in the literature that the presence of lanthanum oxide could promote the dispersion of metallic crystallites [START_REF] Akri | Development of nickel supported La and Ce-natural illite clay for autothermal dry reforming of methane: Toward a better resistance to deactivation[END_REF][START_REF] Martinez | CO 2 reforming of methane over coprecipitated Ni-Al catalysts modified with lanthanum[END_REF]. Otherwise, the formation of lanthanum oxycarbonates (La 2 O 2 CO 3 ) is benefical to the gasification of amorphous carbon deposits since it provides oxygen that can react with the carbon on the nickel surface [START_REF] Tsoukalou | Dry-reforming of methane over bimetallic Ni-M/La 2 O 3 (M = Co, Fe): The effect of the rate of La 2 O 2 CO 3 formation and phase stability on the catalytic activity and stability[END_REF].

For Al promoted catalysts, since a higher surface area (Table 4-3) is found, the Ni dispersion should be favored, and an enhancement of the catalytic performance should be obtained [START_REF] Agrell | Production of hydrogen from methanol over Cu/ZnO catalysts promoted by ZrO 2 and Al 2 O 3[END_REF].

Moreover, there is not a big difference for reduced and spent La/Al/Mn-promoted catalysts, it means that there is no sintering during reaction.

Reducibility of the Ni-species

H 2 -TPR patterns of different promoters on Fe modified clay are presented in Figure 4-3. All prepared catalysts except Mn-promoted catalysts present two main peaks, the first peak below 600 °C is not only ascribed to bulk NiO weakly bonded to Fe-modified clay, but also as a consequence of the reductions of Fe oxides species at about 450-600 °C [START_REF] Akri | Development of nickel supported La and Ce-natural illite clay for autothermal dry reforming of methane: Toward a better resistance to deactivation[END_REF][START_REF] Liu | Natural clay-based Ni-catalysts for dry reforming of methane at moderate temperatures[END_REF][START_REF] Kidambi | Interaction of Iron Oxide with Alumina in a Composite Oxygen Carrier during the Production of Hydrogen by Chemical Looping[END_REF][START_REF] Djaidja | Study of Ni-M/MgO and Ni-M-Mg/Al (M=Fe or Cu) catalysts in the CH 4 -CO 2 and CH 4 -H 2 O reforming[END_REF]. The peak at around 700 °C can be attributed to well dispersed NiO species strongly bonded to the surface of Fe-clay [START_REF] Akri | Development of nickel supported La and Ce-natural illite clay for autothermal dry reforming of methane: Toward a better resistance to deactivation[END_REF]. In addition, the shoulder for La-promoted catalysts corresponds to the reduction of segregated NiO species. For Mn-promoted catalysts, the obvious peak at about 385 °C and small shoulder at about 410 °C for Mn-promoted catalysts can be assigned to the reduction of MnO [START_REF] Akri | Development of nickel supported La and Ce-natural illite clay for autothermal dry reforming of methane: Toward a better resistance to deactivation[END_REF]. The same situation also happens on Ce/Zr-promoted catalysts that will be explained in section 4.4.2.2. Furthermore, the main peak position shifts to slightly higher temperature for La-promoted catalysts pointing out stronger interaction between Ni species and supports, thus decreasing Ni reducibility. It could be linked to the formation of nickel-lanthanum complex oxide. It also suggests the existence of better Ni dispersion comparring to non-promoted and Ce/Zr-promoted catalysts, which is in agreement with the analysis of XRD. The similar results were also reported by Yu et al. [START_REF] Yu | Carbon dioxide reforming of methane for syngas production over La-promoted NiMgAl catalysts derived from hydrotalcites[END_REF]. When compared to Ni/Fe-clay, the Al-promoted catalysts increase the Ni reducibility since the peak at around 450 °C is slightly shifted to lower temperature. On Ni-Al/Fe-clay catalyst, it is observed a decrease of the peak at around 450 °C corresponding to weak interactions between NiO species and Fe-clay and a increase of the second peak (ca. 700 °C) which could be explained by its lower Ni 0 crystallite size (9.2 nm) and higher dispersion. For Mn-promoted catalysts, the assignments of peaks are not Chapter IV. Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM obvious because of the presence of manganese oxides, thus it is hard to determine the Ni reducibility clearly. conversions on La/Al promoted catalysts are higher than those on Mn-promoted catalysts.

CO 2 adsorption and basicity

The higher activity observed on La promoted catalysts can be attributed to its high Ni dispersion and low strong basic sites ( have also been reported by He et al. [START_REF] He | Combination of CO2 reforming and partial oxidation of methane to produce syngas over Ni/SiO 2 and Ni-Al 2 O 3 /SiO 2 catalysts with different precursors[END_REF]. On the contrary, although the good Ni dispersion and medium basicity for Mn-promoted catalysts, lower conversions are observed. This low activity of Mn promoted catalysts can be caused by the presences of Mn oxides and Fayalite, Mn-rich, which may partially or totally cover the active sites on NiO species. The similar results have been reported by Koike et al [START_REF] Koike | Catalytic performance of manganese-promoted nickel catalysts for the steam reforming of tar from biomass pyrolysis to synthesis gas[END_REF]. However, the real reason cannot be explained based on the characterizations presented in this work, and further characterizations are required. The effect of specific surface area on both CH 4 and CO 2 conversions at 750 °C for DRM reaction is presented in Figure 4-6. High specific surface area corresponds to high conversions for the non-promoted and Ce/Zr/Al-promoted catalysts while the addition of La/Mn leads to the opposite trend. It means that for our catalytic systems the specific surface area is not the major factor involved in the catalytic activity for DRM. For the DRM tests, the conversions of CO 

Influence of Ce, Zr, La, Al and Mn promotion on Fe-pillared clay on carbon deposition

The carbon deposition at 750 °C for 5 h for all prepared catalysts is presented in Table 4-4 and calculated through mass balance. The general formula for calculating carbon deposition is carbon deposition=carbon input -carbon output. For our catalytic system, it can be expressed in detail as following by means of the values of micro chromatography:

Carbon deposion = [(M c × V CH 4 ������� V m + M c × V CO 2 ������� V m ) Input -(M c × V CH 4 ������� V m + M c × V CO 2 ������� V m + M c × V CO ������ V m ) Output ] × 300min,
in which M c is the molar mass of carbon, V m is the molar volume and V � is the average volumetric flow rate for each components.

It could be found that introduction of Ce, Zr, La and Al oxides promotes the carbon deposition for Fe-modified clay based catalysts, indicating the addition of Ce/Zr/La/Al does not inhibit side reactions. The high carbon deposition for Al-promoted catalyst can be explained by the low interaction between bulk NiO and support, resulting in Ni sintering that is beneficial to the formation of carbon during reaction [START_REF] Wu | Effect of Interaction between Nickel and Alumina on Coke Deposition on Ni/Al 2 O 3 Catalyst for Partial Oxidation of Methane to Syngas[END_REF]. The relatively low carbon for La-promoted catalysts comparing to the promotion of Al is also related to the formation of lanthanum oxy-carbonate (La 2 O 2 CO 3 ) that can gasify the carbon during its deposition [START_REF] Liu | La-promoted Ni-hydrotalcite-derived catalysts for dry reforming of methane at low temperatures[END_REF].

Furthermore, the relatively low carbon of Ce-and Zr-promoted catalysts with relatively high activity compared to La-promoted catalysts may be attributed to form oxygen vacancies and then promote redox properties for Ce-promoted catalysts, and to improve thermal stability of structure and activate CO 2 to oxidize carbon species for Zr-promoted catalysts respectively [START_REF] Liu | MCM-41 supported nickel-based bimetallic catalysts with superior stability during carbon dioxide reforming of methane: Effect of strong metal-support interaction[END_REF][START_REF] Noronhaa | Catalytic performance of Pt/ZrO 2 and Pt/Ce-ZrO 2 catalysts on CO 2 reforming of CH 4 coupled with steam reforming or under high pressure[END_REF]. Finally, the low carbon deposition for Mn-promoted catalysts is ascribed to its lowest activity, even at higher temperature [START_REF] Yao | Comparative study on the promotion effect of Mn and Zr on the stability of Ni/SiO 2 catalyst for CO 2 reforming of methane[END_REF][START_REF] Seok | Mn-Promoted Ni/Al 2 O 3 Catalysts for Stable Carbon Dioxide Reforming of Methane[END_REF][START_REF] Oh | Ni/Ru-Mn/Al 2 O 3 catalysts for steam reforming of toluene as model biomass tar[END_REF]. conversions followed the trend of thermodynamical calculations.

Summary

Cu-pillared clay supported Ni-based catalysts compared with

Fe-pillared clay supported Ni-based catalysts

In addition to the influence of promoters, the support also plays an important role in the preparation of efficient DRM catalysts. It influences the dispersion of the active phase, not only providing adequate textural properties, i.e. high specific surface area, but also enhancing the interaction with the metallic phase and the adsorption of the reactants, through the presence of basic surface groups. Among the different possible materials that can be chosen as catalysts, clays as an excellent support is selected for this presented paper due to abundant content and variable physico-chemical properties [START_REF] Gamba | Catalytic performance of Ni-Pr supported on delaminated clay in the dry reforming of methane[END_REF][START_REF] Serrano-Lotina | Dry reforming of methane to syngas over La-promoted hydrotalcite clay-derived catalysts[END_REF]. Gamba et al. [START_REF] Gamba | Catalytic performance of Ni-Pr supported on delaminated clay in the dry reforming of methane[END_REF] used an Al-modified mineral clay as support and reported considerably high DRM activity and low extent of carbon deposition for their Ni-based catalysts promoted with Pr. Wang et al. [START_REF] Wang | Preparation, Characterization, and Catalytic Properties of Clay-Based Nickel Catalysts for Methane Reforming[END_REF] studied the use of natural clays (montmorillonite and bentonite) in view of their particular pore structure and surface properties. They remarked that these kinds of materials can be promising supports for the preparation of DRM catalysts, however, they also claimed that carbon deposition needs to be further controlled. 

Preparation of Fe/Cu-pillared clay supported Ni-based catalysts

The preparation of Fe-modified clay was explained in section 4. between 270 and 310 °C [START_REF] Luo | In situ XRD, Raman, and TPR studies of CuO/Al 2 O 3 catalysts for CO oxidation[END_REF]. No peaks are clearly observed at these temperatures for the catalyst prepared using the Cu-modified clay. However, the shoulder appearing at about 400 °C can be ascribed to the presence of mixed Cu-Ni oxides [START_REF] Li | Low-temperature water-gas shift reaction over Cu-and Ni-loaded cerium oxide catalysts[END_REF][START_REF] Mariño | Cu-Ni-K/γ-Al 2 O 3 supported catalysts for ethanol steam reforming Formation of hydrotalcite-type compounds as a result of metal-support interaction[END_REF]. In the case of the catalysts, Fe 3 O 4 oxidation to Fe 2 O 3 is expected to take place at temperatures between 450 and 480 °C, whereas Fe 2 O 3 oxidation to metallic Fe 0 occurs at higher temperatures, in a wide range, i.e. from 480 to 600 °C [START_REF] Chen | Activity and durability of Fe/ZSM-5 catalysts for lean burn NOx reduction in the presence of water vapor[END_REF]. The reduction of bulk and weakly bonded Ni-oxide species will take place almost simultaneously. However, the presence of a second peak of Even at simple sight and independently of the reduction temperature, the peak corresponding to strong basic sites almost disappears for the catalysts prepared using either the Fe or the Cu-modified clays. For these catalysts, basicity is mostly of weak or moderate strength. As temperature increases, the DRM reaction becomes favorable from a thermodynamic point of view. At 800 °C it may contribute to an important extent to the generation of both H 2 and CO, even though the parallel reactions described, among others, such as Boudouard, steam reforming, etc., will continue taking place. In fact, at 800 °C, the value of the H 2 /CO ratio measured approached the thermodynamically forecasted value of 1.

Reducibility of the Ni-species
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Catalytic activity and selectivity of Fe and Cu-pillared clay supported

Ni-based catalysts

Among the catalysts reduced at 800 °C, the one prepared using the Fe-modified clay shows the lowest activity. Note here that this catalyst shows the relatively low Ni crystal sizes of this series, i.e. 13.4 nm vs. 18.0 nm calculated for Ni/Clay. Moreover, the presence of Cu seems to be positive, yielding increased CH 4 and CO 2 conversions. In fact, Cu-promoted catalysts are well known for its activity in reverse water gas shift and methanol synthesis reactions 

Textural properties

The values of BET surface area, pore volume and mean pore size derived from the corresponding N 2 adsorption isotherms acquired for these catalysts are summarized in Table 4-10. BET surface area increases as a consequence of clay structure modification using Fe and Cu, due to the formation of pillars. Upon Ni addition a decrease in both BET surface and pore volume is observed, due to partial pore blockage. The further addition of a Ce and Zr oxide phase slightly increases BET surface area, particularly in the case of the Ce-containing catalysts, where slightly higher pore volumes follow this increase in surface area. Average pore sizes ranging between 6.6 and 10.6 nm confirm the mesoporous texture of these materials. Type IV isotherms, presenting H3 hysteresis loops and typical of laminar-structured materials containing slit-shaped pores, are observed. strong interaction with Zr or with the clays support that is not fully reduced during the TPR experiments. In fact this is also the main reason for still choosing 900°C as the reduction temperature for the catalyst pre-treatment prior to the catalytic tests in the following sections. 

CO 2 adsorption and basicity

The CO 2 -TPD profiles obtained for the different clay-based catalysts are presented in Figure The deconvolution of these TPD profiles is shown in Table 4-12. The presence of Ce and Zr strongly modifies the total amount of CO 2 desorbed, i.e. total basicity. In the case of the Fe-modified clay based catalysts, the introduction of Ce slightly reduces the total amount of CO 2 desorbed. The distribution of basic sites also changes upon Ce and Zr introduction. In this sense, the amount of strong basic sites is reduced as a consequence of Ce and Zr loading, this fact being probably related to the their activity measured for these two promoted catalysts, as already explained in the existing literature [START_REF] Dębek | Low temperature dry methane reforming over Ce, Zr and CeZr promoted Ni-Mg-Al hydrotalcite-derived catalysts[END_REF]. For the catalysts prepared using the Cu-modified clay, Ce and Zr introduction results in a substantial increase of the total basicity, especially in the case of the Zr-promoted catalyst. No direct influence can be found in this case in terms of the modification of the distribution of basic sites upon Ce and Zr doping.

However, the Ni-Ce/Cu-Clay shows a particularly higher contribution of CO 2 adsorbed on weak basic sites, which may contribute to its catalytic activity in DRM since the weakly adsorbed CO 2 is more easily desorbed [START_REF] Pakhare | A review of dry (CO2) reforming of methane over noble metal catalysts[END_REF]. andc). The methane and CO 2 conversions obtained in the presence of these catalysts are always higher than those obtained for the ones prepared using the Fe-modified clay, pointing to a positive effect of Cu-pillaring in the catalytic activity. Several studies show that Cu can help improving the catalytic activity through the promotion of the gasification of carbon deposits and may confer the catalysts to improve textural and structural properties at the Chapter IV. Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM macroscopic scale [START_REF] Qi | Development of Cu foam-based Ni catalyst for solar thermal reforming of methane with carbon dioxide[END_REF][START_REF] Homsi | The effect of copper content on the reactivity of Cu/Co 6 Al 2 solids in the catalytic steam reforming of methane reaction[END_REF]. Copper may as well promote some side reactions resulting in an enhanced consumption of CO 2 , CO and/or H 2 , since it is an excellent catalyst for methanol synthesis and RWGS. The same positive promoting effect of Ce and Zr can be however observed for these Cu-Clay based catalysts, in this case, especially regarding the Ce-promoted catalysts. The methane and CO 2 conversions measured in the presence of the Ce-promoted catalysts are much higher than those recorded for the non-promoted Ni/Cu-Clay catalyst, i.e.

at 750 °C: 58% CO 2 conversion vs. only 40% conversion measured for Ni-Ce/Cu-Clay and Ni/Cu-Clay respectively. Slightly higher H 2 /CO ratios are also measured all the time for this Ce-promoted catalyst, moreover in the low temperature range.

Influence of Ce and Zr promotion on Fe/Cu-pillared clay on carbon depostion

The amount of carbon deposition in an isothermal 5 h-duration DRM experiment at 750 °C, was calculated closing the carbon balance between feedstock and product gas. The results are presented in Figure 4-17. The introduction of Ce and Zr do not directly result in a lower extent of carbon deposition. On the contrary, higher amounts of deposited carbon were found for the Ce-promoted catalysts either prepared using the Fe or the Cu-modified clays. This points thus to the simultaneous promotion of carbon forming reactions in the presence of Ce and Zr, in agreement to what has been previously reported by other authors [START_REF] Yao | Comparative study on the promotion effect of Mn and Zr on the stability of Ni/SiO 2 catalyst for CO 2 reforming of methane[END_REF][START_REF] Dębek | Low temperature dry methane reforming over Ce, Zr and CeZr promoted Ni-Mg-Al hydrotalcite-derived catalysts[END_REF][START_REF] Yao | The structure, carbon deposition and stability of a ZrO x /Ni-MnO x /SiO 2 catalyst for the CO 2 reforming of methane[END_REF]. In fact, the presence of Ce seems to be linked to an increased production of fishbone carbon nanofibers [START_REF] Dębek | Low temperature dry methane reforming over Ce, Zr and CeZr promoted Ni-Mg-Al hydrotalcite-derived catalysts[END_REF]. Moreover, the Cu-Clay series of catalysts shows much higher carbon formation extents than Fe-Clay based ones, indicating that Cu also promotes C-forming side reactions. Otherwise, this may also be related to the sintering of Ni and Cu sites [START_REF] Forutan | Expert representation chemical looping reforming: A comparative study of Fe, Mn, Co and Cu as oxygen carriers supported on Al 2 O 3[END_REF], what may inhibit C-gasifying reactions, such as Boudouard (CO 2 + C ⇌ 2CO) [START_REF] Pakhare | A review of dry (CO2) reforming of methane over noble metal catalysts[END_REF]. adsorption and desorption on the catalyst surface, leading to enhanced catalytic activity.

Summary

Mg-promoted Fe and Cu-pillared supported Ni-based catalysts

Among the different supports considered, clay materials gather interesting textural and surface properties that can importantly contribute to adequate Ni-dispersion. They are moreover abundant, not expensive and their physicochemical properties can be relatively tailored in order to further improve their catalytic performance in DRM [START_REF] Vaccari | Clays and catalysis: a promising future[END_REF][START_REF] Gamba | Catalytic performance of Ni-Pr supported on delaminated clay in the dry reforming of methane[END_REF]. Wang et al.

reported important DRM activity for clay-supported Ni-catalysts, together with an important influence of the nature of the clay used, and concretely of its pore structure and surface

properties [START_REF] Wang | Preparation, characterization, and catalytic properties of clay-based nickel catalysts for methane reforming[END_REF]. The presence of mesopores resulted in enhanced catalytic activity. Hao et al.

employed zirconia-pillared laponite clays in the preparation of Ni-catalysts for DRM [START_REF] Hao | Zr-Laponite pillared clay-based nickel catalysts for methane reforming with carbon dioxide[END_REF].

Through pillaring, the modification of the pore structure and the surface properties resulted in enhanced Ni-dispersion and in minimized pore blockage, finally leading to improved activity and stability.

Further than the clay structure and its physicochemical properties themselves, the use of loading this surface area decreases but to a lower extent than for the catalysts prepared using either the raw clay or the Fe-modified clay as support. In all cases, pore blockage seems to affect mainly the micropore and narrow mesopore fraction of the porosity of the clays. 

Reducibility of the Ni-species

The analysis of the H 2 -TPR profiles yields important information about the reducibility of the different species, including Ni-oxides, contained in the bulk of the catalysts. These profiles are presented in Figure 4-18. Similarly, Cu oxides will reduce within the same temperature window [START_REF] Djaidja | Study of Ni-M/MgO and Ni-M-Mg/Al (M=Fe or Cu) catalysts in the CH 4 -CO 2 and CH 4 -H 2 O reforming[END_REF][START_REF] Ashok | Nickel-Iron alloy supported over iron-alumina catalysts for steam reforming of biomass tar model compound[END_REF][START_REF] Djeffal | Efficient degradation of phenol using natural clay as heterogeneous Fenton-like catalyst[END_REF]169].

In spite of this, the H 2 -consumption peak centred at high reaction temperatures can be clearly assigned to Ni species strongly bonded to the clay, and, more possibly, to a tight interaction between Ni and Mg oxides, as has been previously observed in Ni-containing hydrotalcite-derived catalysts [START_REF] Singha | Synthesis of highly coke resistant Ni nanoparticles supported MgO/ZnO catalyst for reforming of methane with carbon dioxide[END_REF][START_REF] Zhu | Effect of Mg/Al ratio of NiMgAl mixed oxide catalyst derived from hydrotalcite for carbon dioxide reforming of methane[END_REF]. The intensity of this high temperature peak increases with Mg-content in the non-promoted Ni-catalysts, Figure 456789101112131415161718). For the Mg-promoted catalysts it is further shifted to higher reduction temperatures as Mg-loading increases (Figure 

Crystallinity: Mg-promotion on Fe/Cu-modified clays and Ni 0 crystallite size

The XRD patterns obtained for the reduced Mg-promoted catalysts are shown in Figure 4 evident from the diffraction patterns, but has been previously described in the literature [START_REF] Abelló | Ni-Fe catalysts derived from hydrotalcite-like precursors for hydrogen production by ethanol steam reforming[END_REF].

Similarly 

Raman spectra

The 

CO 2 adsorption and basicity

The CO 2 -TPD profiles for the Mg-promoted catalysts are shown in Figure 4 anions acting as strong basic sites [START_REF] Dębek | Low temperature dry methane reforming over Ce, Zr and CeZr promoted Ni-Mg-Al hydrotalcite-derived catalysts[END_REF][START_REF] Singha | Synthesis of highly coke resistant Ni nanoparticles supported MgO/ZnO catalyst for reforming of methane with carbon dioxide[END_REF]. The results of this deconvolution, as well as the total basicity calculated for this series of catalysts, can be found in Chapter IV. Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM to Table 4-15, for the sake of comparison. The CO 2 -TPD profiles, as well as their analysis and discussion, can be found in section 4.3.2.4. tight adsorption of CO 2 and thus to its limited reaction with CH 4 [START_REF] Dębek | Low temperature dry methane reforming over Ce, Zr and CeZr promoted Ni-Mg-Al hydrotalcite-derived catalysts[END_REF].

The amount of CO 2 adsorbed increases with increasing Mg-loading, and especially for the Ni-30Mg/Fe-Clay catalyst. However, in the Fe-Clay supported catalysts, the relative amount of strong basic sites remains relatively moderate, while the concentration of low (Brønsted) and medium-strength basic sites increases. Nevertheless, Ni-cluster size also plays an important role in the final catalytic activity of these materials [START_REF] Ligthart | Influence of particle size on the activity and stability in steam methane reforming of supported Rh nanoparticles[END_REF][START_REF] Wei | Isotopic and kinetic assessment of the mechanism of reactions of CH4 with CO 2 or H 2 O to form synthesis gas and carbon on nickel catalysts[END_REF], as will be discussed in the following section. In any case, and in spite of the lower surface areas reported for the Mg-promoted catalysts ( turnover rates increase with metal dispersion, for Ni-catalysts but also for noble metal containing catalysts. These turnover rates were apparently independent of the type of support used; i.e. only depended on the metallic dispersion. The authors concluded that correactant activation, such as favoured CO 2 adsorption, may be kinetically irrelevant in reforming reactions and cannot influence the overall reaction rate.

These observations seem to be in agreement with the results obtained in these study. Much higher methane and CO 2 conversions were measured in the presence of the Mg-promoted catalysts. The presence of Mg results in increased basicity. However, only Ni 0 crystallite size explains enhanced methane activation. Mg-loading leads to the formation of a mixed phase NiMgO 2 that, upon reduction, results in considerably lower Ni 0 crystallite sizes than in the case of the non-promoted catalysts. Methane activation on such smaller metal clusters leads to its effective participation in all the reactions involved, thus leading to higher methane and CO 2 conversions. = C in reactants -C in products, for this series of catalysts. Mg-promotion results higher extent of carbon formation and deposition, vis-à-vis the non-promoted catalysts. This can be directly linked to their higher activity, especially in terms of methane activation and conversion, pointing to direct methane decomposition (DMD) occurring to a certain extent.

Transmission electron microscope (TEM) analysis

Among the Mg-promoted catalysts, the ones prepared using the Fe-Clay seem to lead to increased carbon formation, in agreement with their enhanced activity. Similarly, the catalyst prepared using 30 wt.% Mg yields relatively lower amounts of solid carbon, corresponding also to its lower activity vis-à-vis the rest of the catalysts in the series. Once again, activity seems to be directly linked to the activation of the C-H bond in methane, which leads also to its direct decomposition, resulting in solid carbon formation. Nevertheless, isothermal runs performed at 750 °C evidenced no sign of activity loss over 5 hours time-on-stream, for any of the Mg-promoted clay-based catalysts. Mg-promotion of natural clay based Ni-catalysts was considered, as a way of boosting the dry reforming of methane (DRM) activity of these materials. The results of the DRM experiments performed at temperatures from 600 °C to 850 °C evidenced much higher methane and CO 2 conversions for the Mg-promoted catalysts. Mg-promotion leaded of course to a significant increase of CO 2 -adsorption ability (basicity). However, the increased catalytic activity of the Mg-promoted materials was rather linked to increased Ni-dispersion and Ni 0 crystallite size.

Indeed, the independently of the physicochemical proerties of the support, the presence of Mg led to the formation of a MgNiO 2 mixed phase that, upon reduction, resulted in the formation of metallic Ni clusters having sizes around 7-9 nm, considerably smaller than in any of the non-promoted catalysts. Carbon formation was found to take place to a greater extent in the presence of the Mg-promoted catalysts, due to C-H bond activation leading also to favored increased the specific surface area, whereas La decreased it. All promoters led to higher dispersion of Ni. The presence of La shifted the main peak to higher temperature, thus reducing Ni reducibility to a certain extent. On the contrary, the addition of Al slightly moved the main peak to lower temperature and improved the reducibility. The introduction of La, Al or Mn affected the adsorbed CO 2 on each type of basic sites, and almost suppressed the strong basic sites, further leading to higher activity in DRM except for Mn-promoted catalysts. The increase of Ni dispersion and less basicity on strong basic sites for La/Al-promoted catalyst could explain the better catalytic performance for this catalyst, whereas for Mn-promoted catalyst, the presence of Mn oxides and Fayalite, Mn-rich, which may partially or totally cover the active sites on NiO species possibly led to low catalytic performance.

Natural clay based Ni-containing catalysts were prepared using a Tunisian clay that was either modified using Fe or Cu. Their activity was tested in the dry reforming of methane (DRM) at temperatures between 600 and 800 °C. Prior to these catalytic experiments, the catalysts were reduced in 5 vol.% H 2 -Ar at two different temperatures: 800 and 900 °C. Reduction temperature had a big influence on Ni crystal size. Generally smaller Ni crystal sizes were found in the catalysts reduced at 900 °C. Basicity, i.e. evaluated by means of CO 2 -TPD, was found to be lower in the catalysts prepared using the Cu-pillared clay. Moreover, increasing reduction temperature from 800 to 900 °C resulted in a considerable decrease of basicity. In fact, as a consequence of this generally decreased basicity and smaller Ni crystal size, the catalysts reduced at 900 °C showed lower activity in DRM than those reduced at 800 °C. In spite of their lower basicity, however, the Cu-containing catalysts yielded all the time highest CH 4 and CO 2 conversions. This was maybe linked to the well known activity of Cu-catalysts towards reverse water gas shift reaction, which effectively took place in parallel to reforming reactions in the presence of the natural clay based Ni-containing catalysts.

Ce and Zr promoted Fe and Cu-modified natural clay based Ni-catalysts were prepared. Their activity in dry reforming of methane (DRM) was tested at temperatures from 600 to 800 °C.

The presence of the promoters considerable enhanced the activity of the clay-based catalysts, i.e. almost 70% CO 2 conversion was obtained at 750 °C for the Ce-promoted Cu-modified clay based catalyst, in comparison to 56% CO 2 conversion measured for the non-promoted catalyst. Carbon deposition was found to occur, as a consequence of the simultaneous occurrence of carbon-forming reaction, especially in the low temperature range.

Ce-promotion resulted in a higher extent of carbon deposition, due to the acceleration of Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM

Synthesis of hydrotalcite, hydrocalumite, hydro-strotium and hydro-barium-derived catalysts

Hydrotalcites/hydrocalumite/hydro-strotium/hydro-barium derived catalysts containing trivalent (M 3+ ) and divalent (M 2+ ) metals (Al 3+ , Mg 2+ /Ca 2+ /Sr 2+ /Ba 2+ , Ni 2+ ) with M 3+ /M 2+ molar ratio of 0.33, were prepared by a co-precipitation method. Two aqueous solutions, one containing the mixed nitrates of divalent and trivalent metals, and the other one containing sodium hydroxide (1 M), were added dropwise into a flask containing an aqueous solution of sodium carbonate, and subsequently kept under vigorous stirring at 65 ± 3 °C and constant pH (from 9.5 to 10). This mixture aged for 1h and then filtered, carefully washed with deionized water and finally dried overnight at 80 °C in the oven. In order to obtain the corresponding catalysts, each sample was calcined under air at 550 °C for 5 hours. The nominal (assumed) concentration of the different components in each catalyst, as well as their labeling, is listed in 

Physicochemical properties of the hydrotalcite, hydrocalumite,

hydro-strotium and hydro-barium-derived catalysts

Crystallinity and textural properties

The X-ray diffractograms of fresh and reduced catalysts are showed in Figure 5 al. [START_REF] Yan | Theoretical study of the hexahydrated metal cations for the understanding of their template effects in the construction of layered double hydroxides[END_REF][START_REF] Lü | Controllable Preparation of Layered Anionic Materials[END_REF]. One point should be noted that the ionic radius is not the only factor that affects Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM size. The specific surface area is always changed through impregnating different divalent (M 2+ ) metals (Mg 2+ , Ca 2+ , Sr 2+ or Ba 2+ ), which could be attributed to the formation of different structures, partial pore blockage and/or different pore sizes. The presence of magnesium species presents high specific surface area owing to the formation of layered double hydroxides for fresh catalysts, which is already evidenced by many researchers [START_REF] Pavel | Acido-basic and catalytic properties of transition-metal containing Mg-Al hydrotalcites and their corresponding mixed oxides[END_REF][START_REF] Liu | La-promoted Ni-hydrotalcite-derived catalysts for dry reforming of methane at low temperatures[END_REF][START_REF] Wang | Recent advances in the synthesis and application of layered double hydroxide (LDH) nanosheets[END_REF]. But the addition of calcium species shows the lowest specific surface area in the catalytic system, it means that calcium species partially blocks the pore system on catalyst although the calcium can form layered structure with aluminum [START_REF] Theiss | Synthesis of layered double hydroxides containing Mg 2+ , Zn 2+ , Ca 2+ and Al 3+ layer cations by co-precipitation methods -A review[END_REF]. The introduction of strontium and barium species have higher surface areas than the Ni-hydrocalumite derived catalysts while the layered structures are missed in Ni-hydro-strotium and Ni-hydro-barium-derived catalysts since their large ionic radius, which also contribute to their high specific surface area [START_REF] Yan | Theoretical study of the hexahydrated metal cations for the understanding of their template effects in the construction of layered double hydroxides[END_REF][START_REF] Lü | Controllable Preparation of Layered Anionic Materials[END_REF]. The high specific surface area probably affect the distribution of Ni species through providing more positions of active sites, which may further affects the catalytic activity and selectivity. In general, higher specific surface area is followed with lower pore size [START_REF] Pn | Overview on the Effect of Particle Size on the Performance of Wood Based Adsorbent[END_REF]. But the prepared catalysts do not comply with this tendency, also pointing to the influences of layered strucuture and metallic properties for textural properties. The average pore sizes are located at between 5.4 and 11.6 nm, which mean the mesoporous structure of prepared catalysts. 

Reducibility of Ni-species

The results of the H 2 -TPR experiments are presented in 5-3. Thus, the higher basicity and position of strong basic sites may affect the catalytic performance of HCa, because CO 2 on strong basic sites is more difficult to react with CH 4 [START_REF] Dębek | Low temperature dry methane reforming over Ce, Zr and CeZr promoted Ni-Mg-Al hydrotalcite-derived catalysts[END_REF]. In comparison, the addition of Mg and Sr mainly act on weak Brønsted basic sites and medium-strength basic sites, while Ni-hydro-barium derived catalysts with the lowest total basicity primarily affect weak Brønsted basic sites and strong basic sites.

Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM And the presence of Ni is also benefical to reverse water gas shift reaction [START_REF] Wang | Reverse water gas shift reaction over Co-precipitated Ni-CeO 2 catalysts[END_REF][START_REF] Wu | Methanation of CO 2 and reverse water gas shift reactions on Ni/SiO 2 catalysts: the influence of particle size on selectivity and reaction pathway[END_REF].

Moreover, the side reactions is consequently reflected in the measured H 2 /CO ratio that should be equal to 1.

During the reaction temperatures, the presence of Mg 2+ , Ca 2+ , Sr 2+ and Ba 2+ obviously influences the catalytic performance. The Ni-hydrotalcite derived catalyst presents the highest feed gases (CO 2 and CH 4 ) conversions and H 2 /CO ratio all the time, which means its good catalytic activity and selectivity. It may be assigned to its high specific surface area, small Ni 0 crystallite size and less CO 2 adsorption on strong basic sites. In contrary, the Ni-hydrocalumite derived catalyst with the smallest specific surface area, the largest Ni 0 crystallite size and more CO 2 adsorption on strong basic sites in this catalytic system shows the lowest catalytic activity and selectivity. In addition, the levels of specific surface area and CO 2 adsorption on strong basic sites of Ni-hydro-strontium and Ni-hydro-barium derived catalyst are also consistent with their level of catalytic performace. Thus, the textural properties and basicity on strong basic sites pointed out by their physicochemical characterizations may illustrate the differences on catalytic performance, since a large specific surface area contributes to dispersion of the active components and less CO 2 adsorption on strong basic sites makes CO 2 easier to react with CH 4 [START_REF] Dębek | Low temperature dry methane reforming over Ce, Zr and CeZr promoted Ni-Mg-Al hydrotalcite-derived catalysts[END_REF].

Otherwise, it could be noted that both CO 2 and CH 4 conversions as a consequence of the presence of synthetic clay supported catalysts are generally higher than natural clay supported catalysts that were discussed in chapter IV, and H 2 /CO ratio is also closer to 1. 

Carbon formation

The carbon deposition at 750 °C for 5 h for all prepared catalysts is calculated by means of mass balance and listed in Table 5-3. The general equation of mass balance is described as carbon deposition = carbon input -carbon output. From the comparison of prepared catalysts, higher catalytic activity generally corresponds to higher carbon deposition except the Ni-hydro-strontium derived catalysts. Compared with the Ni-hydro-barium derived catalysts, the addition of Sr presents relatively high catalytic activity while forms low carbon deposition, it means the presence of Sr inhibit side reactions to a certain extent.

Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM catalysts that have the lowest activity in this catalyst system, the addition of Mg 2+ , Sr 2+ and Ba 2+ obtained higher specific surface area and smaller Ni 0 crystallite size that may further increasing the catalytic ativity, and also higher carbon deposition that is proportional to the activity. However, the total basicity, especially on strong basic sites, is reduced. Moreover, the presence of both Sr 2+ and Ba 2+ in catalysts enhanced the Ni reducibility compared to HCa catalysts. Both CH 4 and CO 2 conversions followed the trend of thermodynamical calculations.

Summary

La-promoted Ni-hydrocalumite derived catalysts for dry reforming of methane

Through the comparison of different bivalent metal elements of group 2 (Mg 2+ , Ca 2+ , Sr 2+ and Ba 2+ ), it could be found that Mg 2+ and Ca 2+ form the layered double hydroxides with trivalent metal Al 3+ . Thus, Ni-containing hydrocalumite derived catalysts will be discussed. Moreover, the selection of promoter is likewise a crucial link for the catalyst of DRM in addition to the support. The relational results have demonstrated that Lanthanum (La) is one kind of effective promoter [START_REF] Usman | Dry reforming of methane: Influence of process parameters -A review[END_REF][START_REF] Sutthiumporn | Promotional effect of alkaline earth over Ni-La 2 O 3 catalyst for CO 2 reforming of CH 4 : Role of surface oxygen species on H2 production and carbon suppression[END_REF]. Akri et al. [START_REF] Akri | Development of nickel supported La and Ce-natural illite clay for autothermal dry reforming of methane: Toward a better resistance to deactivation[END_REF] also reported the positive influences of lanthanum (La) on activity and stability by inhibiting the formation of FeNi 3 alloy.

Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM peaks at 351 and 488 °C for non promoted catalysts. Meanwhile, one small negative peak is observed at 423 °C on 4 wt.% La promoted catalysts, which is probably due to adsorption of a small amount of hydrogen at low temperatures. The shoulder at 638 and 631 °C for 1 wt.% and 2 wt.% La promoted catalysts point to the presence of segregated NiO species. The presence of lanthanum modifies the reducibility of Ni-species in these HCa-derived catalysts.

Compared to the main reduction peak appeared at 682 °C for non-promoted catalysts, both 1 wt.% and 2 wt.% La promoted catalysts shift their main reduction peaks to higher temperature, migrating to 735 °C. It indicates that the addition of 1 wt.% and 2 wt.% lanthanum decrease the reducibility of NiO species. However, increasing the content of lanthanum to 4 wt.% in Ni-hydrocalumite derived catalysts lead to lower reduction temperature and increased area at low temperature, which means weaker interaction between the NiO species and support, thus increasing the Ni reducibility. Furthermore, the presence of lanthanum could promote the dispersion of Ni species based on the situation that low temperature peaks are shifted to slightly higher reduction temperatures, pointing to small Ni 0 crystallite sizes with increasing La-loading [START_REF] Borodzinski | Relation between Crystallite Size and Dispersion on Supported Metal Catalysts[END_REF][START_REF] Yu | Carbon dioxide reforming of methane for syngas production over La-promoted NiMgAl catalysts derived from hydrotalcites[END_REF]. 

Influence of La-promotion on catalyst basicity

The CO 2 -TPD characterization of the La promoted Ni-hydrocalumite derived catalysts including CO 2 desorption and basicity is presented in Figure 5-6 and chemisorption on weak and medium-strength basic sites. When the La content increases to 4

wt.%, only the position of weak Brønsted basic sites is increased, the medium-strength basic sites is moved to lower temperature. On the other hand, the position of strong basic sites for all promoted catalysts shifts to lower temperature.

The addition of lanthanum improve the medium-strength basic sites. However, all promoted catalysts present less total basicity listed in Table 5-7. And the main factor for reducing the total basicity is reflected in the strong basic sites, especially for the 1 wt.% La promoted catalysts, it presents 125 μmol CO 2 desorbed/g less than non-promoted catalysts. Moreover, in case of 4 wt.% La-loading, the Brønsted basic sites is also inhibited.

Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM 

Dry reforming of methane (DRM) experiments

The Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM

La-promoted Ni-hydrotalcite derived catalysts for dry reforming of methane

The addition of promoters can positively influence activity, selectivity and/or stability of Ni-hydrotalcite-derived catalysts. Among them, the incorporation of rare earth oxides can help controlling DRM selectivity, through the inhibition of carbon formation reactions, or strengthened CO 2 adsorption on the support [START_REF] Gao | Catalytic conversion of methane and CO 2 to synthesis gas over a La 2 O 3 -modified SiO 2 supported Ni catalyst in fluidized-bed reactor[END_REF][START_REF] Dębek | Low temperature dry methane reforming over Ce, Zr and CeZr promoted Ni-Mg-Al hydrotalcite-derived catalysts[END_REF][START_REF] Zhu | The promoting effect of La, Mg, Co and Zn on the activity and stability of Ni/SiO 2 catalyst for CO 2 reforming of methane[END_REF]. Dębek et al. [START_REF] Dębek | Ni-containing Ce-promoted hydrotalcite derived materials as catalysts for methane reforming with carbon dioxide at low temperature -On the effect of basicity[END_REF][START_REF] Dębek | Low temperature dry methane reforming over Ce, Zr and CeZr promoted Ni-Mg-Al hydrotalcite-derived catalysts[END_REF] 

Synthesis of the La-promoted hydrotalcite-derived catalysts

Hydrotalcites containing M(III) trivalent and M(II) divalent metals (Al 3+ , La 2+ , Mg 2+ , Ni 2+ ) with M(III)/M(II) molar ratio of 0.33, were prepared by a co-precipitation method at constant pH (from 9.5 to 10). Two aqueous solutions, one containing the mixed nitrates of divalent and trivalent metals, and a second one containing sodium hydroxide (1M), were added dropwise Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM of these NiO species, since such low temperature peaks were shifted to slightly higher reduction temperatures, pointing to smaller crystal sizes upon an increase in the La-content [START_REF] Yu | Carbon dioxide reforming of methane for syngas production over La-promoted NiMgAl catalysts derived from hydrotalcites[END_REF]. or NiO segregation from the Mg-Al mixed oxide structure during this reduction treatment [START_REF] Pavel | Acido-basic and catalytic properties of transition-metal containing Mg-Al hydrotalcites and their corresponding mixed oxides[END_REF], and corresponding to the reduction temperatures typically reported for bulk NiO [START_REF] Pavel | Acido-basic and catalytic properties of transition-metal containing Mg-Al hydrotalcites and their corresponding mixed oxides[END_REF][START_REF] Rives | Characterisation of layered double hydroxides and their decomposition products[END_REF]. The exposure to ambient air of the readily reduced catalysts may have caused the reoxidation of a part of this segregated Ni-species. The integration of each peak allows the quantification of the presence of such bulk NiO species on each catalyst. The results are presented in sites, moreover indicating that there is an optimal La-loading in terms of reducibility of Ni-species. 

Influence of La-promotion on catalyst basicity

The TPD profiles registered for the according to literature [START_REF] Cosimo | Structural Requirements and Reaction Pathways in Condensation Reactions of Alcohols on Mg y AlO x Catalysts[END_REF][START_REF] Liu | Promotional effect of transition metal doping on the basicity and activity of calcined hydrotalcite catalysts for glycerol carbonate synthesis[END_REF], there are three typical Table 5-11 contains a listing of the temperatures corresponding to each peak's maximal intensity, as well as the results of its deconvolution and integration (area = µmol CO 2 desorbed per gram of catalyst). In general, the three CO 2 desorption peaks for La-promoted catalysts occur respectively at 133-139 °C, 232-246 °C and 353-385 °C, while in the case of the non-promoted catalyst they appear centered at 147 °C, 250 °C and 389 °C, i.e. at much higher temperatures, pointing to weaker CO 2 chemisorption as a consequence of the presence of La. This is particularly true for HN2, i.e. the HT-derived catalysts containing 2 wt.% La, since the first and the second peak, corresponding to weak and medium-strength basicity, appear 14 and 11 °C earlier than for the non-promoted catalyst, HN4.

Total basicity, i.e. the total area under the three peaks, increases for the La-promoted Ni-hydrotalcite derived catalysts. The maximal amount of CO 2 desorbed corresponds however to HN2, pointing to 2 wt.% La as the optimal La-loading in terms of catalyst basicity.

Moreover, upon the introduction of 2 wt.% La, the presence of medium-strenght basic sites Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM (Lewis pairs) seems to be exceptionally boosted. Upon 4 wt.% La-loading, HN3, weak basic sites seems to be as well promoted. Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM As expected, both CH 4 and CO 2 conversions increase with increasing temperature for any of the catalysts tested and independently of the La-content, in agreement with the trend forecasted by thermodynamics. However, especially at low temperatures, some differences can be observed that are worth to be remarked. First of all, at 550 and 600 °C, CO 2 conversions measured are all the times slightly higher than CH 4 conversions, whereas the opposite trend is predicted by thermodynamics, i.e. at 550 °C, for HN2 -36% CH 4 and 33% CO 2 conversion is measured while the thermodynamically predicted conversions are 87% and 42% for CH 4 and CO 2 , respectively. Direct methane decomposition reaction, as well as the Bouduard reactions -among other carbon forming reactions -are generally thermodynamically favored reaction at such low temperatures, but they do not seem to be completely activated in the presence of this series of catalysts. Other reactions, such as the water gas shift reaction may contribute to enhanced CO 2 conversion. As a consequence, the H 2 /CO ratios experimentally measured, shown in Figure 5-12, considerably apart from the high values 3.5-2 predicted by the thermodynamics in the low temperature window, 550-600 °C. And it is precisely within this range of temperatures that very clear differences are observed among the non-promoted and the La-promoted catalysts. The presence of La boosts the activity of the catalyst. As a consequence, HN2, containing 2 wt.% La, shows the highest activities of this series at 550 °C in terms of both CH 4 and CO 2 conversion, whereas HN3, containing 4 wt.% La, is the most active catalyst at 600 °C.

However, at low temperatures, the thermodynamic prevalence of methane decomposition with respect to the reverse water gas shift reaction leads to a stronger promotion of the former vis-à-vis the later, above all in the presence of a Ni-containing catalyst [START_REF] Liu | Carbon deposition and catalyst stability over La 2 NiO 4 /γ-Al 2 O 3 during CO 2 reforming of methane to syngas[END_REF][START_REF] Abbas | Hydrogen production by methane decomposition: A review[END_REF]. Moreover, the increased presence of available Ni 0 sites in HN2 and HN3, pointed out by their physico-chemical characterization, may explain such higher activities, since it is well know that, kinetically, the limiting step for both reforming and methane decomposition reaction is the activation of the C-H bond, taking place on metallic Ni sites [START_REF] Wei | Isotopic and kinetic assessment of the mechanism of reactions of CH4 with CO 2 or H 2 O to form synthesis gas and carbon on nickel catalysts[END_REF]. At the lowest reaction temperature, i.e. 550 °C, the promotion of direct methane decomposition is consequently reflected in the values of the H 2 /CO molar ratio obtained, Figure 5-12, which increase with increasing catalytic activity for the La-promoted Ni-hydrotalcite derived catalysts. The decreasing H 2 /CO values measured for HN3 at temperatures from 550 to 650 °C may point to increased selectivity towards the dry reforming of methane (DRM) and/or the reverse water-gas shift (RWGS) reactions at 650 °C for this La-promoted catalysts, as has been previously reported in literature [START_REF] Albarazi | Hydrogen and syngas production by methane dry reforming on SBA-15 supported nickel catalysts: On the effect of promotion by Ce 0.75 Zr 0.25 O 2 mixed oxide[END_REF]. The increased presence of weak basic sites in this catalyst containing 4 wt.% La, may result in a weak-type of interaction between CO 2 and the support, leading to the promotion of DRM and RWGS, once the temperature is sufficiently high to overcome their thermodynamic barriers.

Other authors have previously studied the behavior of Ni-containing hydrotalcite-derived catalysts in DRM [START_REF] Dębek | Ni-containing Ce-promoted hydrotalcite derived materials as catalysts for methane reforming with carbon dioxide at low temperature -On the effect of basicity[END_REF][START_REF] Yu | Carbon dioxide reforming of methane for syngas production over La-promoted NiMgAl catalysts derived from hydrotalcites[END_REF][START_REF] Serrano-Lotina | Biogas reforming over La-NiMgAl catalysts derived from hydrotalcite-like structure: Influence of calcination temperature[END_REF][START_REF] Lucrédio | Reforming of a model sulfur-free biogas on Ni catalysts supported on Mg(Al)O derived from hydrotalcite precursors: Effect of La and Rh addition[END_REF]. Dębek et al. [START_REF] Dębek | Ni-containing Ce-promoted hydrotalcite derived materials as catalysts for methane reforming with carbon dioxide at low temperature -On the effect of basicity[END_REF] 

Carbon formation

The extent of carbon formation was evaluated by means of thermogravimetric oxidation of HN4 and HN3 after the isothermal DRM experiments. Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM non-crystalline amorphous carbon formed during reaction [START_REF] Verykios | Catalytic dry reforming of natural gas for the production of chemicals and hydrogen[END_REF]. In fact, the derivative, dTGA, is substantially different for HN3 (La-promoted), than for HN4 (unpromoted), pointing to the presence of different relative amounts of amorphous and graphitic carbon. The d TGA peak can be deconvoluted into two contributions: a first peak, appearing at temperatures higher than 450 °C, due to the oxidation of "coating" or amorphous carbon, and a second one, centered at about 600-650 °C, corresponding to the oxidation of filamentous carbon formed through methane direct decomposition on Ni-sites [START_REF] Gould | n-Dodecane reforming over nickel-based monolith catalysts: Deactivation and carbon deposition[END_REF]. The low-temperature peak assigned to the presence of amorphous carbon has a lower contribution to the oxidation profile and appears shifted to higher reaction temperatures. The gasification of such amorphous carbon deposits in the presence of lanthanum oxycarbonate species may have contributed to this fact.

Moreover, the high-temperature peak corresponding to carbon filaments and fibers grown on and optimizing economic development [START_REF] Jancovici | Energy and choice of life[END_REF]. Therefore, dry reforming of methane (DRM: CH 4 (g) + CO 2 (g) ⇌ 2CO(g) + 2H 2 (g), ΔH 0 (298K) = +247.3kJ•mol -1 ) that converts important carbonic resources, carbon dioxide (CO 2 ) and methane (CH 4 ), into syngas (CO and H 2 ) while mitigating the pressure of greenhouse gas emissions, has received widespread attention. In addition, the syngas can be further converted into high value-added chemical products through Fischer-Tropsch (F-T) process. Nevertheless, the process of dry reforming requires an active and stable catalyst. Also, a material without a proper selectivity may contribute to many parallel reactions during the DRM process, such as CH 4 decomposition and Boudouard reaction. The main drawback during DRM is carbon formation that will cover active sites on catalysts and further decrease catalytic activity [START_REF] Makri | Effect of support composition on the origin and reactivity of carbon formed during dry reforming of methane over 5wt% Ni/Ce 1-x M x O 2-δ (M=Zr 4+ , Pr 3+ ) catalysts[END_REF][START_REF] Usman | Dry reforming of methane: Influence of process parameters-A review[END_REF]. Therefore, the exploration on a suitable catalyst for DRM is the key point of industrialization.

Summary

Noble metals using as the main active components of the catalyst, show high activity and stability in DRM process. However, their high cost limits the possible practical application [START_REF] Aramouni | Catalyst design for dry reforming of methane: Analysis review[END_REF]. In contrast to noble metals, nickel was found to be a promising alternative material for DRM because of its availability, low cost and good catalytic performance. But Ni-based catalysts are prone to carbon deposition and sintering during reaction, which leads to suppress stability of the catalyst [START_REF] Aramouni | Catalyst design for dry reforming of methane: Analysis review[END_REF][START_REF] Abdullah | Recent advances in dry reforming of methane over Ni-based catalysts[END_REF]. This puts the research on a more efficient and stable catalyst with a lower cost at the centre of attention.

Chapter [235] researched the potassium (K) salts modified hydrotalcites prepared by coprecipitation catalysts through conventional impregnation and mechanical milling for soybean oil transesterification. Both of these two methods obtained corresponded catalysts with high K dispersion on the surface, whereas the milling method is more beneficial to improve basicity.

In addition, the leaching of K-species prepared by milling process from catalysts to solution is less compared to impregnation method in the transesterification reaction. Barroso Quiroga et al. [START_REF] Quiroga | Synthesis of a catalyst of Mn-Fe-O by mechano-chemical reaction[END_REF] Chapter VI. Effect of Mg-Al mixed oxides supported Ni-based catalysts prepared by ball milling techniques for dry reforming of methane (DRM) NiMgAl-BM900, respectively. The lack of layered structures in the catalysts prepared by ball milling that is already described in XRD patterns lead to their small specific surface area. The average pore sizes are evaluated in the range of 2 to 50 nm, it means the mesoporous structure for all prepared catalysts. Furthermore, the higher specific surface area corresponds to lower pore size in this catalyst system, which is general rule also reported by Ikenyiri et al. [START_REF] Ikenyiri | Overview on the effect of particle size on the performance of wood based adsorbent[END_REF].

Textural properties

Otherwise, type IV adsorption isotherms and H3 adsorption loops could also be obtained. between Ni-oxide species and support, especially for NiMgAl-BM300 with the main reduction temperature at 372 °C. Thus, the ball milling method improves the Ni reducibility.

Reducibility of the Ni-species

The H 2 consumption for prepared catalysts is listed in mechanochemical synthesis method also result in lower total basicity, and it decreases with increasing rotational speed. Therefore, NiMgAl-BM900 holds the lowest total basicity.

However, CO 2 desorption on strong basic sites is slightly increased for all catalysts prepared by ball milling, it may related to the presence of NiAl 2 O 4 that could lead to a lower acidity [START_REF] Mekasuwandumrong | Effect of Ni-modified α-Al 2 O 3 prepared by sol-gel and solvothermal methods on the characteristics and catalytic properties of Pd/α-Al 2 O 3 catalysts[END_REF]. same trend for all prepared catalysts, presenting an increase in the function of temperatures that is consistent with the thermodynamics simulated by means of HSC Chemistry 5.0. In addition, the situation where measured CO 2 conversion is always higher than CH 4 conversion, which should have opposite trend based on the thermodynamic simulation, is attributed to the fact that the side reactions promoting the CH 4 conversion are not fully activated. It is also consequently reflected in the measured H 2 /CO ratio. The H 2 /CO ratio refers to the selectivity of the catalysts. The value different than the tendency of thermodynamics still suggests some side reactions are inhibited and/or promoted. Accordingly, the catalysts prepared by both co-precipitation and ball milling may lead to the presence of reverse water gas shift reaction at low temperature, and the process of carbon gasification, which resulted in excess of CO.

Catalytic performance and carbon deposition

The latter may be promoted through the surface oxygen from the dissociation of CO 2 .

Moreover, at the range of 600 to 750 °C, the following sequence for both CO 2 and CH 4 conversions could be observed: NiMgAl-HT ≈ NiMgAl-BM600 > NiMgAl-BM300 > NiMgAl-BM900, while NiMgAl-BM300 is close to NiMgAl-BM900 at high temperature, especially at 850 °C. The best activity and selectivity for NiMgAl-HT is probably related to its suitable Ni 0 crystallite size, the similar results have also been reported by Seo et al. and

Christensen et al. [START_REF] Seo | Recent Scientific Progress on Developing Supported Ni Catalysts for Dry (CO 2 ) Reforming of Methane[END_REF][START_REF] Christensen | Effect of supports and Ni crystal size on carbon formation and sintering during steam methane reforming[END_REF]. In addition, the large specific surface area that can load more active components and less CO 2 desorption on strong basic sites may also contribute to its excellent catalytic activity. The similar Ni 0 crystallite size makes NiMgAl-BM600 obtain similarly excellent activity as well. However, the lowest catalytic activity of NiMgAl-BM900 in this catalyst system that also has similar Ni 0 crystallite size with NiMgAl-HT may be assigned to its less reduction of NiO x species ( 6-3 may also contribute to its low carbon formation since CO 2 on strong basic sites is hard to be desorbed to react with CH 4 leading to more CH 4 decomposition.

For the catalysts only prepared by ball milling, higher catalytic activity corresponds to higher carbon deposition, and it is more obvious at low reaction temperature. This situation indicates that this kind of catalysts simultaneously promote the DRM and side reactions that can form carbon. Meanwhile, higher CO 2 desorption on strong basic sites is probably associated with their much carbon formation (Table 6-3).

Chapter VII Conclusion and perspectives

Chapter VII. Conclusion and perspectives

Conclusion and perspectives

Conclusion

In These factors were related to its improvement of the catalytic activity. Compared with Ce, the addition of Zr further improved the specific surface area, the Ni reducibility, the Ni 0 crystallite size and the adsorption of CO 2 on strong basic sites. This fact also maked it presents a better catalytic activity. The higher improvement also led to the higher catalytic activity for the Al promoted catalysts compared to Zr. The addition of La, which showed relatively low level of catalytic performance in the catalyst system, mainly improved catalytic activity by improving the Ni 0 crystallite size and the CO 2 adsorption on strong basic sites. In all of the prepared promoters, the best catalytic activity from the introduction of Mg, almost 80% CO 2 conversion was obtained at 750 °C, was mainly attributed to the suitable Ni 0 crystallite size that promoted the Ni dispersion. Meanwhile, more Mg contents did not have a significant effect on catalytic activity compared to the addition of 10 wt.% Mg. Besides, the introduction of Mn resulted in promoting the specific surface area, the Ni 0 crystallite size and the CO 2 adsorption on strong basic sites, but the presence of Mn oxides and Fayalite, Mn-rich, which may partially or totally cover the NiO species. In addition, the addition of Ce, Zr, La, Al and Mg also promoted the side reactions during dry reforming of methane such as methane Chapter VII. Conclusion and perspectives decomposition, so that the carbon deposition is also hgh while the catalytic activity is increased.

For different supports, when the reduction temperature was 900 °C, the Fe and Cu modified clay supported Ni based catalysts with smaller Ni 0 crystallite size showed higher catalytic activity than the natural clay supported Ni based catalysts. When the reduction temperature was reduced to 800 °C, all prepared catalysts show higher activity than those reduced at 900 °C, the imrpovement was mainly attributed to the increased basicity as the positive side, the fact that larger Ni 0 crystallite size tended to promote side reactions also led to higher In the catalysts prepared by using elements of Ni 2+ , Al 3+ , and Group 2 elements (Mg 2+ , Ca 2+ , Chapter VII. Conclusion and perspectives speed might be attributed to the lower CO 2 adsorption on strong basic sites, thus more CO 2 would react with CH 4 , and CH 4 decomposition was reduced to a certain extent.

Perspectives

With the signing of the "Paris Agreement" and the growing attention of countries to greenhouse effect and environmental pollution, the utilisation of two greenhouse gases (CO With the gradual deepening of the research on dry reforming of methane, as well as the continuous improvement of testing and characterization, the related research has been rapidly developed. Combined with the problems that still need to be solved in the process of industrialization, relevant research can be carried out from both the catalyst and the reactor:

1. For catalyst First, about the Ni 0 crystallite size. The Ni 0 crystallite size has an important effect on the catalytic performance in dry reforming of methane. From this aspect, it is possible to try to prepare the singl-atom catalysis. Second, about the promoter. Trying to find "noble-metal-like" compounds. The addition of noble metals enhances the stability and the ability to inhibit carbon deposition, so the introduction of "noble-metal-like" compounds as promoter will have positive effects on catalysts, such as tungsten carbide (WC) that has similar properties with Pt [START_REF] De | Ni-based bimetallic heterogeneous catalysts for energy and environmental applications[END_REF]. Third, about the choice of reaction temperature. Designing and developing catalyst with high activity at lower reaction temperatures not only conforms to the economic benefits of commercialization but also helps to inhibit the deactivation of active components on the catalyst by sintering at high temperatures. The plasma technology can be used to better develop low-temperature catalysts. Fourth, about the support. In combination with the requirements of low temperature catalysts, metal organic frameworks (MOFs) as one kind of support can be used. The metal-organic frameworks has high specific surface area and excellent performance in CO 2 capture, but high temperatures may break its structure, so it can be considered as one direction of low-temperature catalysts.

For the reactor

At present, although the knowledge of the basic reaction processes for dry reforming of methane and the promotions of promoters and supports have been gradually agreed, there are still some objections to the reaction mechanism. The study of the reaction mechanism plays an important guiding role in the development and optimization of the catalyst for dry reforming of methane. Thus, it is significant to evaluate the possible reaction mechanisms of different catalysts by more in situ characterizations, such as diffuse reflectance infrared fourier transform spectroscopy (DRIFTS) that can evaluate the state of adsorbed species, and soft X-ray absorption spectroscopy (sXAS) that is sensitive to changes in valence and electronic characteristics. Meanwhile, the isotopic labeling is also a helpful method for mechanism research.

In addition, changing the composition of the feed gas at the beginning of the reaction is also expected to have a positive effect on the dry reforming of methane. That is, by coupling the dry reforming of methane with other reactions, such as partial oxidation of methane, to achieve the purpose of improving the catalytic efficiency, the introduced oxygen is also expected to eliminate carbon deposition to a certain extent.

Both the development of high-efficiency catalysts and the optimization of reactors and reaction conditions, the main objective is to meet the economical requirements for the commercialization of dry reforming of methane. Meanwhile, the development of different 
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  PhD research focuses on proposing new supports loaded with different promoters to disperse active Ni for dry reforming of methane, and analyze the catalytic performance of prepared catalysts by associating temperature effects with multiple characterizations. The thesis is divided into 7 chapters. The first three chapters include the general introduction, research background and experiments of catalytic activity and characterizations respectively. The fourth, fifth and sixth chapters introduce the main experimental results, including clay-based catalysts, synthetic clay-based catalysts and 1 Chapter I. Introduction Mg-Al mixed oxides supported Ni-based catalysts prepared by ball milling. The seventh chapter is a summary of the experimental results.
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 24 P a r t i a l r e s o u r c e u t i l i z a t i o n s o f CO 2 . 1 . CO 2 m i s c i b l e o i l d i s p l a c em e n t i n o i l f i e l d O v e r t h e p a s t d e c a d e , a s c r u d e o i l e x t r a c t i o n i n o i l f i e l d s b e c om e s e v e r d i f f i c u l t , CO 2 g r a d u a l l y b e c om e s a s u p e r u s e r i n t h e f i e l d o f o i l r e c o v e r y d u e t o t h e c o n t i n u o u s a p p l i c a t i o n o f n ew t e c h n o l o g i e s t h a t i n c r e a s e t h e r e c o v e r y f a c t o r o f c r u d e o i l . T h e CO 2 m i s c i b l e o i l d i s p l a c em e n t p r o c e s s i s c o n s i d e r e d t o b e t h e m o s t p r om i s i n g p r o c e s s c u r r e n t l y [ 1 7 , 2 5 ] . 1 1

Figure 2 -

 2 Figure 2-5. The syntheic fuel projects around the world based on proven natural gas researves.GTL: natural gas into liquids, CTL: coal to liquids, BTL: biomass to liquids, OTL: bitumen from oil sands to liquids (OTL)[START_REF] Kurevija | Global prospects of synthetic diesel fuel produced from hydrocarbon resources in oil&gas exporting countries. Rudarsko-geološko-naftni[END_REF].

Figure 2

 2 Figure 2-6. The (a) theoretical Fischer-Tropsch synthesis and (b) conceptual Fischer-Tropsch plant [32].
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 28 Figure 2-8. Structure of CO 2 : (a) molecular model (b) nonpolar modle[START_REF] Atkins | Elements of Physical Chemistry[END_REF][START_REF] Lichtfouse | Hydrogen production and remediation of carbon and pollutants[END_REF] 
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 324 Figure 3-2. Scheme of "U" type tubular quartz reactor.

Figure 4 -

 4 Figure 4-1. Outline for each section.

4. 2

 2 Ce, Zr, La, Al and Mn promoted Fe-pillared clay supported Ni-based catalysts The addition of different promoters has been considered as a way of further improving the catalytic performance. Ce and Zr oxides have been widely used in general for the promotion Chapter IV. Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM of DRM catalysts. Osawa et al. [109] studied the Ce-promotion of illite clay-supported catalysts for DRM. They showed that the presence of Ce enhanced the dispersion of Ni on the clay surface. Daza et al.

TheFigure 4 - 2 .

 42 Figure 4-2. XRD profiles for the reduced a) non-promoted and Ce/Zr-promoted, b) La/Al/Mn-promoted Fe modified catalysts and c) spent La/Al/Mn-promoted Fe modified catalysts.

Figure 4 -

 4 Figure 4-3. H 2 -TPR profile for the Ni-X/Fe-clay (X=Non, Ce, Zr, La, Al, Mn) catalysts.

CO 2 -

 2 TPD profiles are presented in Figure 4-4. All prepared catalysts have three typical CO 2 desorption peaks ranging from 100 to 600 °C. The different peaks correspond to weak Brønsted basic sites such as surface OH groups (low temperature), medium-strength Lewis acid-base sites (intermediate temperature), and low-coordination oxygen anions acting as strong basic sites (high temperature) [124,131].

Figure 4 - 4 .Figure 4

 444 Figure 4-4. CO 2 -TPD profile for the different promoters on Fe-clay based catalysts.

Figure 4 -

 4 Figure 4-6. CH 4 and CO 2 Conversions (750 °C) vs. S BET for the different promoters catalysts.

  Chapter IV. Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM In this section, raw, Fe-and Cu-modified clay will be compared in the preparation of Ni-based catalysts for DRM. The presence of Fe and Cu pillars may influence not only the type of porosity of the support, and therefore Ni distribution and catalyst stability, but also the activity and selectivity of these materials, due to the inherent presence of Fe and Cu together with Ni. The present section describes the DRM behavior of Ni-catalysts prepared using raw, Fe-pillared and Cu-pillared natural clay. The so-prepared catalysts are characterized by means of BET, XRD, H 2 -TPR and CO 2 -TPD to analyze the possible influences of physicochemical properties on catalytic performance, for two different reduction temperatures, i.e. 800 and 900 °C.

Figure 4 - 7 .

 47 Figure 4-7. Temperature programmed reduction (H 2 -TPR) profiles acquired for the natural clay based Ni-catalysts. The results of the H 2 -TPR experiments are plotted in Figure 4-7, for the three natural clay based Ni-catalysts. CuO reduction to Cu 0 should occur at relatively low temperatures, i.e.

H 2 consumption 2 . 3 Figure 4 - 8 .

 22348 Figure 4-8. XRD patterns acquired for the catalysts reduced at a) 800 °C and b) 900 °C

Figure 4 - 9 .

 49 Figure 4-9. CO 2 -TPD profiles obtained for the natural clay based Ni-catalysts reduced at a) 800 °C and b) 900 °C.

Figure 4 -

 4 Figure 4-9 presents the CO 2 -TPD profiles acquired for the catalysts reduced either at 800 °C (Figure 4-9 a) or at 900 °C (Figure 4-9 b). Such CO 2 desorption profiles typical exhibit three contributions, corresponding to different types of basic groups: weak Brønsted basic sites such as surface -OH groups (low temperature, 100-250 °C), medium-strength Lewis acid-base sites (intermediate temperature, 250-400 °C), and low-coordination oxygen anions acting asstrong basic sites (high temperature, 400-600 °C)[START_REF] Liu | La-promoted Ni-hydrotalcite-derived catalysts for dry reforming of methane at low temperatures[END_REF]. The deconvolution of the TPD profiles was performed taking into account these criteria. The results are shown in 

Figure 4 -Figure 4 - 10 .

 4410 Figure 4-10 presents the CH 4 and CO 2 conversions, as well as the H 2 /CO ratio obtained during the DRM experiments in the presence of the natural clay based Ni-catalysts reduced at 800 °C. Methane and CO 2 conversions increase with increasing reaction temperature.However, and especially in the case of methane conversion, the values reached are quite far from those predicted by the thermodynamic equilibrium calculations. The CO 2 conversion measured is very similar but always a little bit higher than methane conversion. Direct methane decomposition occurs but remains relatively slow, even in the presence of the Ni-containing catalysts. However, the hydrogen generated in this reaction, favored at low temperatures, may react with CO 2 through the reverse water gas shift reaction, which yields CO and water and further explain the low H 2 /CO values obtained.

Figure 4 - 11 .

 411 Figure 4-11. Results of the DRM catalytic tests in the presence of the natural clay based Ni-catalysts reduced at 900 °C, a) CH 4 conversion, b) CO 2 conversion, and c) H 2 /CO ratio.
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 444441 Figure 4-11 shows the results obtained in the DRM experiments in the presence of the catalysts reduced at 900 °C. Such catalysts showed generally decreased Ni crystal sizes,probably due to favored support-Ni phase interaction and to a re-dispersion of Ni-species during reduction at higher temperatures. They yield however lower CH 4 and CO 2 conversion than the ones measured in the presence of the catalysts reduced at 800 °C. The general decrease in basicity may explain this fact, together with the lower Ni crystal sizes obtained[START_REF] Dębek | Methane dry reforming over hydrotalcite-derived Ni-Mg-Al mixed oxides: the influence of Ni content on catalytic activity, selectivity and stability[END_REF]. Again, the Cu-containing catalyst shows the highest activity.
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 42 Physicochemical properties of the natural clay supported Ni-

Figure 4 -

 4 Figure 4-12 a) and b) shows the H 2 -TPR profiles acquired for the non-promoted and promoted Fe-Clay and Cu-Clay based catalysts. A first peak appearing at temperatures from 413 °C to 449 °C correspond to bulk NiO in weak interaction with the clay support, whereas asecond peak at about 668 °C can be assigned to the NiO species strongly bonded to the support[START_REF] Daza | Dry reforming of methane using Ni-Ce catalysts supported on a modified mineral clay[END_REF][START_REF] Sepehri | Preparation and characterization of mesoporous nanocrystalline La-, Ce-, Zr-, Sr-containing Ni/Al 2 O 3 methane autothermal reforming catalysts[END_REF]. The introduction of either Ce and Zr shifts this first peak of bulk NiO reduction to lower temperatures, pointing to the weakening of the interaction between the Ni-phase and the clay in the presence of these promoters and to an increased reducibility of Ni-species, in agreement with what was previously reported in the existing literature[START_REF] Daza | Dry reforming of methane using Ni-Ce catalysts supported on a modified mineral clay[END_REF][START_REF] Yao | Comparative study on the promotion effect of Mn and Zr on the stability of Ni/SiO 2 catalyst for CO 2 reforming of methane[END_REF]. This shift in reduction temperature may be moreover linked to the catalytic activity of this series of materials. Slightly lower total H 2 consumption (in Table4-11) is however measured for the Zr-containing catalysts, pointing to the existence of a Ni-phase in far too
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 44413 Figure 4-12. H 2 -TPR profiles of calcined catalysts: a) Fe-modified clay based catalysts b) Cu-modified clay based catalysts.

4 -

 4 14 a) and b). All of them evidence several CO 2 desorption peaks in the range 100-600 °C, which can be assigned to the presence of different type of basic sites: weak Brønsted basic sites such as surface OH groups (low temperature peak), medium-strength Lewis acid-base sites (intermediate temperature peak), and low-coordination oxygen anions acting as strong basic sites (high temperature peak)[START_REF] Liu | La-promoted Ni-hydrotalcite-derived catalysts for dry reforming of methane at low temperatures[END_REF][START_REF] Cosimo | Structural requirements and reaction pathways in condensation reactions of alcohols on Mg y AlO x catalysts[END_REF].

∇Figure 4 -

 4 Figure 4-14. CO 2 -TPD profiles for the reduced catalysts: a) Fe-modified clay based catalysts b) Cu-modified clay based catalysts.

Figure 4 - 16 .

 416 Figure 4-16. Results of the DRM experiments on the Cu-Clay based catalysts: a) CH 4 conversion, b) CO 2 conversion and c) H 2 /CO molar ratio, versus reaction temperature.

Figure 4 -

 4 Figure 4-17. Carbon deposition (mg) and methane conversion measured in a 5 h DRM experiment at 750 °C in the presence of the different non-promoted and Ce and Zr promoted Fe-Clay and Cu-Clay based catalysts.

  promoters can highly contribute to boosting catalytic activity and/or avoiding catalyst deactivation. Li and co-workers recently showed that the use of magnesium enhanced the surface basicity of alumina-based catalysts and promoted the gasification of the carbon deposits formed through the undesired C-forming parallel reactions[START_REF] Li | Carbon dioxide reforming of methane over Ru catalysts supported on Mg-Al oxides: A highly dispersed and stable Ru/Mg(Al)O catalyst[END_REF].Singha et al. reported improved catalytic activity and stability for MgO-promoted ZnO-supported Ni-nanoparticles synthesized by hydrothermal method[START_REF] Singha | Synthesis of highly coke resistant Ni nanoparticles supported MgO/ZnO catalyst for reforming of methane with carbon dioxide[END_REF]. The authors related this enhanced catalytic performance to the better dispersion of the Ni-phase upon Mg-promotion.Dieuzeide et al. described how the content of Mg affected the catalytic performance ofNi/Al 2 O 3 catalysts[START_REF] Dieuzeide | Hydrogen production by glycerol steam reforming: How Mg doping affects the catalytic behaviour of Ni/Al 2 O 3 catalysts[END_REF]. Both the improvement of Ni-dispersion and the increase of surface basicity were beneficial to catalytic activity and prevented carbon formation and deposition.In this section, Fe and Cu-pillared natural clays were promoted with Mg and further used in the preparation of Ni-containing catalysts for DRM. The influence of the presence of Mg, as well as its content, on the important physicochemical properties such as porosity, basicity, Ni-reducibility and dispersion, as well as on the activity, selectivity and stability of the different natural clay based catalysts, has been carefully analysed. Though there are some evidences in the existing literature on the promoting effect of Mg using different supports, the Mg-promotion of natural clays has not been considered to date. The use of Mg can provide additional basic sites for CO 2 adsorption, resulting in an improved performance of natural clay based catalysts.4.5.1 Preparation of magnesium (Mg) promoted Fe and Cu-pillared clay supported Ni-based catalystsThe preparations of Fe-and Cu-modified clay were already explained in section 2.1.1 and 3.1 respectively. The Ni-catalysts were prepared using either the non-pillared, the Fe or the Cu-modified clays, at 15 wt.% Ni nominal loading (Ni(NO 3 ) 2 •6H 2 O). The different Mg-promoted catalysts were obtained through excess solution impregnation of each support, at 15 wt.% Ni loading and at either 10, 20 or 30 wt.% Mg loading (Mg(NO 3 ) 2 •6H 2 O). All the suspensions were aged for 2 hours at room temperature, then dried at 40 °C in rotary evaporator. The resulting solid material was kept overnight at 110 °C, calcined in air at 550 °C for 5 h.

Table 4 -

 4 14 contains the results of the textural characterization for the raw, Fe and Cu-modified clays, as well as for the different Ni and Ni-Mg catalysts. Ni and Ni-Mg loading result all the time in a certain extent of pore blockage, which depends on the clay used as support and on the amount of Mg deposited. The introduction of Cu-pillars in the natural clays leads to increased surface area and pore volume. Consequently, upon Ni and Ni-Mg

Figure 4 -

 4 18 a) compares the H 2 -TPR profiles obtained for the different Ni-Mg catalysts prepared using 10 wt.% Mg. For the sake of comparison, the H 2 -TPR profiles corresponding to the non-promoted Ni-containing clay are shown in Figure4-18 c) and have been described in section 4.3.2.2. All of them present two main areas of interest in which several H 2 -consumption peaks can be observed: a first series of peaks appearing at temperatures between 350 and 530 °C, followed by marked H 2 -consumption occurring at higher temperatures from 680 to 820 °C.

Figure 4 -

 4 Figure 4-18. H 2 -TPR profiles for a) the Ni-Mg (10 wt. %) catalysts, b) the Ni-Mg catalysts prepared at 10, 20 and 30 wt. % Mg-loading, and c) the clay-supported, non-promoted Ni-catalysts.

4 -

 4 18 b). The profile acquired for the Ni-10Mg/Raw-Clay catalyst presents indeed two clearly separated peaks appearing in the high temperature window: the first one centred at 690 °C, probably related to Ni in tight interaction with the Mg-species in the pristine structure of the raw clay, and the second one, centred at 787 °C, corresponding to the reduction of Ni species forming a mixed oxide structure with the Mg-species added as promoter. The presence and/or addition of Mg therefore results in the formation of these mixed Ni-Mg species, clearly affecting their reducibility. Moreover, the presence of Fe and Cu may result in other kind of interactions, as previously described in section 4.3.2.2, also resulted in modified reducibility of the Ni-species.

Figure 4 -

 4 Figure 4-19. XRD patterns for a) the Ni-Mg (10 wt.%) catalysts, and b) the Ni-Mg catalysts prepared at 10, 20 and 30 wt.% Mg-loading.

  Raman spectra acquired for reduced Ni-Mg catalysts are shown in Figure 4-20. The Raman modes typical of an inverse spinel structure, at ca. 710 (s), 660 (sh, m), 589-578 (large, m), 486 (m), 450 (sh, w) and 330 (w) cm -1 , are clearly visible in the spectrum registered for the catalyst Ni-10Mg/Fe-Clay, and point to the presence of NiFe 2 O 4 in this material [171-173]. They can be barely distinguished in the Raman spectrum of Ni-10Mg/Raw-Clay Chapter IV. Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM and they are not visible at all for the Ni-10Mg/Cu-Clay. A part of the iron introduced in the Fe-Clay support is thus able to form this NiFe 2 O 4 phase. The iron-species naturally present in the Raw-Clay may as well form this kind of spinel, but to a lower extent. However, the formation of NiFe 2 O 4 does not seem to clearly affect the final Ni 0 size. No remarkable peak shift was moreover observed in any of the Ni 0 reflections present in the XRD patterns.

Figure 4 - 20 .

 420 Figure 4-20. Raman spectra obtained from the three the Ni-Mg (10 wt.%) catalysts.

  -21. These profiles are generally composed by wide CO 2 -desorption peaks that can be deconvoluted into three main types of contributions: Low temperature CO 2 -desorption (100-250 °C), associated to weak Brønsted basic sites such as surface -OH groups, intermediate temperature CO 2 -desorption (250-400 °C), corresponding to medium-strength Lewis base sites, and high temperature CO 2 -desorption (400-600 °C), linked to adsorption on low-coordination oxygen

Figure 4 -

 4 Figure 4-21. CO 2 -TPD profiles for a) the Ni-Mg (10 wt.%) catalysts, and b) the Ni-Mg catalysts prepared at 10, 20 and 30 wt.% Mg-loading.

4.5. 3

 3 Catalytic activity and selectivity of Mg-promoted Fe and Cu-pillared supported Ni-based catalysts The results of the DRM catalytic tests performed in the presence of the different materials are shown in Figure 4-22 and Figure 4-23. Figure 4-22 a, b and c show the results obtained in the presence of the Ni-Mg (10 wt.%) catalysts in terms of both methane and CO 2 conversions,and H 2 /CO ratio (syngas quality). Both methane and CO 2 conversions increase with increasing temperature, following the trend forecasted by the equilibrium thermodynamics of the CH 4 /CO 2 /Ar system at 1 bar. The measured H 2 /CO ratios also increase with increasing temperature, opposite to the thermodynamically predicted trend. However, both the experimentally determined and the theoretical H 2 /CO ratios converge to values close to 1 at the highest reaction temperatures, i.e. 750-850 °C.The low H 2 /CO ratios measured within the low temperature window are indeed a consequence of CO 2 conversions being all the time higher than those of methane. In the low-mild temperature window, methane can be as well consumed through its direct decomposition, resulting in H 2 and C(s). The solid carbon product, C(s), remains on the catalytic surface, covering its active sites, sometimes leading to an important loss of catalytic activity. The resulting H 2 can further react with the CO 2 in the feed gas through the reverse water gas shift (RWGS) reaction, yielding CO and H 2 O. If the RWGS reaction occurs to an important extent, both enhanced consumption of H 2 and CO formation result in lower H 2 /CO ratios than the ones predicted by the equilibrium thermodynamics. The DRM reaction is indeed just one of the multiple reactions taking place, being thermodynamically feasible at temperatures higher than 700 °C. At mild temperatures, carbon-forming reactions, such as Chapter IV. Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM direct methane decomposition (DMD) and Boudouard reaction (2CO ⇌ CO 2 + C) are favored, together with methanation and CO 2 reduction reactions leading to alcohol and hydrocarbon formation.

Figure 4 -

 4 Figure 4-22. DRM activity tests in the presence of the Ni-Mg (10 wt. %) catalysts: methane (a) and CO 2 (b) conversions, and H 2 /CO ratio (c). Non-promoted catalysts are showed in the section 3.3.

Figure 4 -

 4 Figure 4-23 shows the results of the DRM experiments performed in the presence of the catalysts prepared using 10, 20 and 30 wt.% Mg. The three catalysts show very similar activity, with similar methane and CO 2 conversions, as well as H 2 /CO ratios.

Figure 4 -

 4 Figure 4-23. DRM activity tests in the presence of the Fe-Clay supported catalysts, containing 10, 20 and 30 wt.%: methane (a) and CO 2 (b) conversions, and H 2 /CO ratio (c).

Figure 4 -

 4 Figure 4-24 contains the TEM micrographs obtained for the Ni-Mg (10 wt.%) catalysts upon the DRM experiments, together with their corresponding histograms. Bulk graphitic carbon formations are observed together with carbon filaments (nanofibres) of very different sizes.Very frequently, these carbon structures appear close to big Ni-agglomerates, pointing to a certain sintering of the metallic phase. However, an important amount of well-dispersed Ni 0 particles is evidenced in any of the TEM images acquired for the Mg-promoted catalysts. The histograms point indeed to mean particle sizes around 7 nm for the Fe and Cu pillared clays

Figure 4 -

 4 Figure 4-24. TEM micrographs (x25,000) and particle histograms for the spent catalysts (upon DRM experiment): (a) Ni-10Mg/Raw-Clay, (b) Ni-10Mg/Fe-Clay and (c) Ni-10Mg/Cu-Clay.

  Chapter IV. Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM direct methane decomposition in the presence of these catalysts. The promotion effect could be first of all explained in terms of the highest reducibility of Ni-species, as a consequence of the presence of either Ce or Zr. The resulting Ni 0 crystal sizes varied from 8.1 to 15.2 nm, being higher for the most active catalyst of this series, i.e. Ni-Ce/Cu-Clay, corresponding as well to the highest amount of deposited carbon. The basicity of the catalysts was moreover modified through the addition of Ce and Zr. In the case of the Fe-modified clays based catalyst the presence of the promoters resulted in a decreased presence of strong basic sites.The importance of the presence of either weak or medium-strength basic sites was clearly reflected in the case of the Cu-modified clay supported catalysts, with the highest weak-strength basicity corresponding to the most active catalyst of this series, Ni-Ce/Cu-Clay.Mg-promoted Ni-containing catalysts were prepared using a Tunisian natural clay as support, modified through the introduction of either Fe or Cu pillars. The physicochemical characterization of these catalysts evidenced surface areas and total pore volume that decrease with increasing Mg loading. Micropores and narrow mesopores were easily blocked upon Mg introduction, leaving the wide mesopores and macropores still available for reaction.Mg-promotion resulted in the formation of a MgNiO 2 mixed oxide phase that, upon reduction, led to the formation of Ni metallic clusters around 7-9 nm, considerably smaller than in the non-promoted catalysts. Though Raman observation pointed to the possible formation of an spinel NiFe 2 O 4 , particularly in the case of the Fe-Clay supported catalysts, the presence of this mixed Ni-Fe phase did not seem to influence the final Ni 0 crystallite size in the reduced materials Total basicity, i.e. amount of basic sites able to adsorb CO 2 , substantially increased upon Mg-loading. The catalytic activity in DRM within the 650-850 °C was considerably boosted when using Mg as promoter. Methane and CO 2 conversions increased by a factor of two, when DRM was performed in the presence of the Mg-loaded catalysts. H 2 /CO ratios also increased with respect to the non-promoted catalysts, approaching values close to 1 at almost any reaction temperature. Still, the CO 2 conversions measured, higher than the corresponding methane conversions, point to the existence of different side reactions, such as reverse water gas shift (RWGS) and direct methane decomposition, taking place simultaneously to DRM, particularly at low-intermediate temperatures. The overall activity seemed to be governed by the Ni0 crystallite size. The enhanced dispersion gained through Mg-promotion lead to a faster activation of the C-H bond resulting in increased activity, both in methane reforming and in direct methane decomposition reactions. TEM observation of the catalysts upon the

  -1 a) and b) respectively. From the XRD patterns of fresh Ni-hydrotalcite, Ni-hydrocalumite, Ni-hydro-strontium and Ni-hydro-barium derived catalysts (Figure 5-1 a), It could be found that Ni-hydrotalcite and Ni-hydrocalumite derived catalysts present the reflections of layered double hydroxides. The Ni-hydro-strontium and Ni-hydro-barium derived catalysts cannot obtain the layered structures since their large ionic radius, which is also discussed by Yan et
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 2223 for the Ni-hydrotalcite, Ni-hydrocalumite, Ni-hydro-strontium and Ni-hydro-barium derived catalysts. All prepared catalysts show one main asymmetric peak appearing between 638 and 850 °C, which are attributed to the reduction of Ni-oxide species to Ni° that are strongly bonded to support. Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM 5.Influence of divalent metals (Mg 2+ , Ca 2+ , Sr 2+ or Ba 2+ ) on catalyst basicity The basicity of the Ni-hydrotalcite, Ni-hydrocalumite, Ni-hydro-strontium and Ni-hydro-barium derived catalysts evaluated by CO 2 -TPD is presented in Figure 5-3. Three typical CO 2 desorption peaks of prepared catalysts appearing between 100 °C and 700 °C from low to high temperatures correspond to three different strength: surface OH groups (weak Brønsted basic sites), Lewis acid-base pairings (medium-strength basic sites) and low-coordination oxygen anions (strong basic sites) [ 201, 202 ]. Furthermore, the peak positions and areas always change depending on the addition of different divalent metals (Mg 2+ , Ca 2+ , Sr 2+ and Ba 2+ ), which is listed in Table 5-3. Comparing with hydrotalcite derived catalysts that the centers of the CO 2 desorption are located at 147 °C, 250 °C and 389 °C, each of the three CO 2 desorption peaks for Ni-hydro-strontium and Ni-hydro-barium derived catalysts shifts to lower temperature, appearing at 119-122 °C, 189-198 °C and 314-325 °C respectively. It means the presence of Sr and Ba lead to weaker CO 2 chemisorption. Meanwhile, the weak Brønsted basic sites for hydrocalumite derived catalysts also shift to lower temperature at 122 °C while the medium-strength basic sites and strong basic sites move to higher temperature at 298 °C and 565 °C respectively, which means Ca mainly strengthens CO 2 chemisorption. This is particularly obvious for strong basic sites appearing 176 °C later than Ni-hydrotalcite derived catalysts, and Ni-hydrocalumite derived catalysts also present the highest basicity on strong basic sites showed in Table

Figure 5 - 3 .

 53 Figure 5-3. CO 2 -TPD profiles of Ni-hydrotalcite, Ni-hydrocalumite, Ni-hydro-strontium and Ni-hydro-barium derived catalysts.

Figure 5 - 4 .

 54 Figure 5-4. DRM experiments: a) CH 4 and b) CO 2 conversions and c) H 2 /CO as function of reaction temperature. Red line: thermodynamic equilibrium conversions.

Figure 5

 5 Figure 5-5. H 2 -TPR profiles of La promoted Ni-hydrocalumite derived catalysts.

Figure 5

 5 Figure 5-6. CO 2 -TPD profiles of La promoted Ni-hydrocalumite derived catalysts.

Figure 5 - 7 .

 57 Figure 5-7. DRM experiments: a) CH 4 and b) CO 2 conversions and c) H 2 /CO as function of reaction temperature. Red line: thermodynamic equilibrium conversions.

  found that incorporation of Ce into Ni-containing hydrotalcite-derived catalysts resulted in an increased reducibility of nickel species, and led to the formation of new strong basic sites, which improved the long-term stability of these catalysts in DRM reaction. However, CO 2 and CH 4 conversion became somewhat lower. Lanthanum has also been considered as a promoter of Ni-containing hydrotalcite-derived catalysts for DRM. Previous published papers just evidence the promotion effect of La, or its promoting effect in combination with noble metals or other promoters[START_REF] Serrano-Lotina | Biogas reforming on La-promoted NiMgAl catalysts derived from hydrotalcite-like precursors[END_REF][START_REF] Serrano-Lotina | Biogas reforming over La-NiMgAl catalysts derived from hydrotalcite-like structure: Influence of calcination temperature[END_REF][START_REF] Lucrédio | Reforming of a model sulfur-free biogas on Ni catalysts supported on Mg(Al)O derived from hydrotalcite precursors: Effect of La and Rh addition[END_REF]. Serrano-Lotina et al.[START_REF] Serrano-Lotina | Biogas reforming over La-NiMgAl catalysts derived from hydrotalcite-like structure: Influence of calcination temperature[END_REF] studied the influence of calcination temperature on the activity of a Ni (2.3 wt.%) catalyst containing La (1.3 wt.%). Lucredio et al.[START_REF] Lucrédio | Reforming of a model sulfur-free biogas on Ni catalysts supported on Mg(Al)O derived from hydrotalcite precursors: Effect of La and Rh addition[END_REF] prepared several hydrotalcite-derived catalysts containing 10 wt.% of Ni and 10 wt.% of La and/or 1 wt.% of Rh. La-promotion did not lead to improvement of activity but increased the stability in the DRM reaction. It should be taken into account that the activity of Ni-containing hydrotalcite-derived catalysts strongly depends on the amount of Ni-cations introduced in the pristine hydrotalcite structure[START_REF] Dębek | Methane dry reforming over hydrotalcite-derived Ni-Mg-Al mixed oxides: the influence of Ni content on catalytic activity, selectivity and stability[END_REF]. The best performance was observed for the catalysts containing ca. 20 wt.% of Ni (i.e. 25 % of exchanged Mg in the catalysts). There is still no clear understanding of the effect of lanthanum incorporated to hydrotalcites containing a constant amount of nickel. Moreover, so far and to the best of our knowledge, only the work of Yu and co-workers takes into consideration the incorporation of different amounts of La, however, La-loadings employed (3-10 wt.%) were much higher than the ones used in the preparation of the catalysts presented herein.

Figure 5

 5 Figure 5-8. H 2 -TPR profiles of a) calcined b) reduced Ni-hydrotalcite derived catalysts.

Figure 5

 5 Figure 5-9. X-ray diffractograms acquired for a) the fresh hydrotalcites, and the Ni-hydrotalcite derived catalysts b) before and c) after reduction.

CO 2

 2 desorption peaks normally appearing in CO 2 -TPD profiles for Ni-hydrotalcite derived materials, appearing between 100 and 500 °C. These peaks are representative of the presence of basic sites having different strength: weak Brønsted basic sites such as surface -OH groups (low temperature), medium-strength Lewis acid-base sites (intermediate temperature), and low-coordination oxygen anions acting as strong basic sites (high temperature). In fact, these three contributions are clearly visible in the CO 2 -TPD profiles acquired for the different Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM Ni-hydrotalcite derived catalysts, shown in Figure 5-10. However, mean peak positions and its areas change as a consequence of the presence of La and with La-loading.

Figure 5 -

 5 Figure 5-10. CO 2 -TPD profiles for the Ni-hydrotalcite derived reduced catalysts.

5. 4 . 3 Figure 5 - 11 .

 43511 Figure 5-11 a) and b) shows the CH 4 and CO 2 conversions measured during the DRM experiments in the presence of the different Ni-hydrotalcite derived catalysts, as a function of reaction temperature. The results obtained within the low temperature window, i.e. 550 and 600 °C, are shown in detail in the inset contained in each figure.

Figure 5 -

 5 Figure 5-12. H 2 /CO molar ratio versus reaction temperature for the different Ni-hydrotalcite derived catalysts.Solid line: thermodynamic equilibrium H 2 /CO ratio.

Figure 5 - 14 .

 514 Figure 5-14. Isothermal DRM experiments at 550 °C: a) CH 4 conversion and C formation calculated from carbon balance, b) CO 2 conversion, and c) H 2 /CO ratio, vs. time on stream, for HN3 and HN4.

Figure 5 -

 5 15 a) and b) shows the thermogravimetric curves -weight loss and its derivative as a function of temperatureobtained for these two catalysts. Slightly higher amount of carbon is formed during DRM at 550 °C in the presence of the non-promoted catalyst, HN4. The presence of La may favor the formation of lanthanum oxycarbonates, able to gasify the carbon deposits, and above all the

Figure 5 - 15 .

 515 Figure 5-15. Thermogravimetric oxidation of carbon deposits, weight loss and its derivative for a) HN4 and b) HN3 after DRM.

  Chapter VI. Effect of Mg-Al mixed oxides supported Ni-based catalysts prepared by ball milling techniques for dry reforming of methane (DRM)6. Effect of Mg-Al mixed oxides supported Ni-based catalysts prepared by ball milling techniques for dry reforming of methane6.1 Mechanical synthesis of the catalystWith the advancement of science and technology and the enhancement of people's awareness on environmental protection around the world, the issues of environmental pollution and global warming have been given more attention[START_REF] Rode | Ecosystem Service Arguments Enhance Public Support for Environmental Protection -But Beware of the Numbers![END_REF]. However, the industrial structure of most countries in the world still relies mainly on the consumption of fossil fuels, which means that the environmental situation is still serious. The trend of environmental pollution has not been fundamentally transformed, and the resources and environment are increasingly becoming the constraints of social and economic development. In the face of more and more serious contradictions among economic development, resources and environment, governments in each country are seeking comprehensive ways of environmental protection

Figure 6 -Figure 6

 66 Figure 6-1 a) and b) show XRD patterns of fresh and reduced catalysts. Two identical reflections, i.e. MgNiO 2 and/or MgO and NiAl 2 O 4 spinel, could be detected for all fresh catalysts. Compared with the fresh catalysts prepared by co-precipitation in Chapter 5, the disappeared reflections at 11° in the fresh catalysts prepared by ball milling in Figure 6-1 a) indicate the layered structure is not formed. The remaining unmarked reflections at about may be assigned to the presence of Al 2 O 3 , but it is difficult to make accurate judgments and requires further characterizations. In addition, metallic Ni phase (at around 44.6°, 51.8°, 76.3°) is observed for all reduced catalysts in Figure 6-1 b). One point should be noted that NiAl 2 O 4 does not appear in the fresh NiMgAl-BM600 catalyst but in the reduced catalyst, which means that Ni enters the Al 2 O 3 lattice during the reduction. The Ni 0 crystallite size on reduced

Figure 6 -

 6 Figure 6-2 presents H 2 -TPR profiles of all calcined catalysts. The main reduction peaks for the catalysts prepared by 600 rpm, 900 rpm ball milling and co-precipitation between 790 and 840 °C are attributed to Ni-oxide species strongly bonded to the support, also including the low peak at 710 °C on the catalysts prepared by 300 rpm ball milling. The high reduction temperature is still related to the formation of stable NiAl 2 O 4 showed in Figure 6-1 b) for NiMgAl-BM600 and NiMgAl-BM900, and the formation of a solid solution with high thermal stability by Ni-oxide species maybe entering into the Mg-Al mixed oxide matrix. The high reduction temperature means better Ni dispersion, in agreement with the analysis of XRD. Meanwhile, the reduction peaks below 500 °C are assigned to the weak interaction

Figure 6 - 3 .

 63 Figure 6-3. CO 2 -TPD profile for the reduced Mg-Al mixed oxides supported Ni-based catalysts prepared by co-precipitation and ball milling respectively.

Figure 6 -

 6 Figure 6-4 presents the catalytic activity in DRM, including conversions of CH 4 and CO 2 and H 2 /CO molar ratio, as function of the temperature. Both CH 4 and CO 2 conversions show the

Figure 6 - 4 .

 64 Figure 6-4. DRM activity tests in the presence of the reduced Mg-Al mixed oxides supported Ni-based catalysts prepared by co-precipitation and ball milling: a) CH 4 and b) CO 2 conversions, and c) H 2 /CO ratio.

  the first part of the experimental results, non-noble metal Ni was used as the main active component, natural clay and/or Fe/Cu modified clay was first used as the support, and promoters such as Ce, Zr, La, Al, Mn, and Mg were introduced to compare the catalytic performance of these catalysts. Then the influences of the catalysts with different prtomoters and supports on textural properties, Ni 0 crystallite size, Ni reducibility, basicity and carbon deposition during dry reforming of methane were investigated based on various characterizations, such as BET, XRD, H 2 -TPR, CO 2 -TPD and TGA. The effects of physicochemical properties on catalytic performance were further analyzed.The experiments on the catalytic activity of different promoters (Ce, Zr, La, Al, Mn and Mg) on Fe-modified clay Ni-based catalysts showed that, in addition to the Mn, the addition of other promoters contributed to the improvement of the catalytic activity. The addition of Ce increased the specific surface area of the catalyst and the Ni reducibility, and improved the Ni 0 crystallite size and the CO 2 adsorption on strong basic sites in basicity at the same time.

  conversions of both CH 4 and CO 2 as the negative side. Besides, the Cu modified clay Ni based catalysts exhibited the highest activity at all reduction temperatures of 800 °C and 900 °C, which was attributed to the low CO 2 desorption on strong basic sites and also the tendency of Cu favored the reverse water gas shift reaction. After the promoters (Ce, Zr and Mg) were introduced on natural clay and Fe/Cu modified clay supported Ni based catalysts, it was found that the addition of Ce, Zr, and Mg contributed to the improvement of catalytic activity. When the reduction temperature was 800 °C, the addition of Ce and Zr on Fe modified clay improved the Ni reducibility and the CO 2 desorption on strong basic sites, meanwhile the the introduction of Ce and Zr on Cu modified clay increased the Ni reducibility and the CO 2 desorption on weak basic sites and medium basic sites. When the reduction temperature was 900 °C, the presence of Mg resulted in smaller Ni 0 crystallite size through the formation of MgNiO 2 , which meant the higher Ni dispersion and further obtained better catalytic activity. However, the highly active catalysts promoteed the activation of the C-H bond, which also promoted the CH 4 decompostion, resulting in the higher carbon deposition.The second part of the experiment attempted to synthesize layered double hydroxides-derived catalysts using Ni 2+ , Al 3+ and Group 2 elements (Mg 2+ , Ca 2+ , Sr 2+ and Ba 2+ ). Meanwhile, La as promoter was also introduced in the catalysts to compare the influences of layered structure and La on catalytic performance. Based on the results of the activity tests, the BET, XRD, H 2 -TPR, CO 2 -TPD and TGA characterizations were also used to analyze the possible influences of textural properties, the Ni 0 crystallite size, the Ni reducibility, the basicity and the carbon deposition on catalytic activity.

2 and CH 4 )

 24 producing useful chemical building blocks, i.e. dry reforming of methane, shows its potential on industrial development and research, and attracts more attention. Nickel is used as the main active component for dry reforming of methane because of its superior catalytic activity and cheap price. The catalytic selectivity and stability of nickel-based catalysts are affected by many factors such as nickel loading, promoters, supports, catalyst preparation and experimental conditions. These factors are also the direction in which researchers currently want to increase the dispersion of active metals on catalysts, and further improve the catalytic activity and stability. Although Ni-hydrotalcite-derived catalysts in this thesis and some highly efficient catalyst have been reported, the high temperature required for the reaction and the stability of the catalyst all affect the commercialization of dry reforming of methane. The Shanghai Advanced Research Institute (Chinese Academy of Sciences), Shanxi Lu'an Environmental Energy and the Royal Dutch Shell had tested the carbon dioxide autothermal reforming device in 2017, but the carbon deposition and sintering of active metals still need to be further solved in actual operation.
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  Literature review on CO 2 valorization theoretical research has gradually shifted from thermodynamic to basic reaction mechanism in chemical kinetic. When the optimization of actual experimental process encounters limitations, backing to the research on basic mechanism is usually beneficial to further improving the experiment. The earliest dry reforming of methane was studied on Ni and Co catalysts by F. Fischer and H. Tropsch in 1928[START_REF] Fischer | Conversion of methane into hydrogen and carbon monoxide[END_REF]. The widely accepted mechanism of DRM is bi-functional pathway currently, especially for the catalysts with better activity and stronger resistance to carbon deposition. It means CH[START_REF]CO 2 emissions from fuel combustion 2017[END_REF] and CO 2 are activated on metal and support respectively. For inert material supported catalysts, such as SiO 2 and Al 2 O 3 , the reaction mechanism is more inclined to a mono-functional pathway, which means CH 4 and CO 2 are activated on metal[START_REF] Pakhare | A review of dry (CO 2 ) reforming of methane over noble metal catalysts[END_REF].

For example, Mark et al. proposed a simple mechanism based on Ir/Al 2 O 3 catalysts for DRM that CH 4 is directly dissociated to produce active carbon (C) and H 2 , and then CO is generated from the mixture of C and CO 2

[START_REF] Mark | Reaction kinetics of the CO 2 reforming of methane[END_REF]

.

  Literature review on CO 2 valorization length and high bond energy point to the single C-O bond-dissociation in CO 2 is high, so the CO 2 dissociation need high temperature and energy, which means CO 2 molecule has high thermal stability. Futhermore, a relatively high first ionization energy of CO 2 (13.97 eV) indicates that CO 2 molecule is weak electron donor, higher electron affinity energy (38 eV) and lower energy level of empty orbital leads to CO 2

	dipole is zero since the opposite direction among three atoms cancel the dipole, which
	is illustrated in Figure 2-8 (a) and (b) [53,54]. The carbon-oxygen (C-O) bond length
	of CO 2 is 0.116nm, which is between C-O double bonds (0.122nm) and triple bonds

2.5.2 Development of Catalysts for DRM

2.5.2.1 Introduction

Dry reforming of methane (DRM) has received considerable attention in the last years, as one of the most promising routes for CO 2 valorization

[START_REF] Mondal | Dry reforming of methane to syngas: a potential alternative process for value added chemicals-a techno-economic perspective[END_REF][START_REF] Centi | Opportunities and prospects in the chemical recycling of carbon dioxide to fuels[END_REF]

. It involves consumption of two important greenhouse gases CH 4 and CO 2 , resulting in the formation of a syngas (CO + H 2 gas mixture) with a H 2 /CO ratio equal to 1, ideal for liquid fuel synthesis through Fischer-Tropsch or for chemical synthesis through hydroformylation

[START_REF] Edwards | The chemistry of methane reforming with carbon dioxide and its current and potential applications[END_REF]

. DRM is nevertheless an endothermic reaction (ΔH 0 (298K) = +247kJ•mol -1 ) that is only thermodynamically favorable at moderate-high temperatures (>750 °C). In addition, carbon dioxide is the highest oxidation state of carbon. It is an inert, linear and centrosymmetric molecule that means its electrical (0.110nm). It means the C-O bond in CO 2 also has some characteristics of triple bonds

[START_REF] Greenwood | Chemistry of the elements[END_REF][START_REF] Kotz | Chemistry and chemical reactivity[END_REF]

. Besides, the bond energies of C-O double bonds in CO 2 and triple bonds are 803 and 1075 kJ/mol respectively

[START_REF] Kotz | Chemistry and chemical reactivity[END_REF]

. Both the relatively short bond Chapter II.

  So the choice of support should have relatively high thermal stability. The common supports include SiO 2 , Al 2 O 3 , MgO, ZrO 2 , TiO 2 and composite oxide supports CaO-SiO 2 , MgO-Al2O 3 , ZrO 2 -CeO 2 -Al 2 O 3 .

	Chapter II. Literature review on CO 2 valorization
	Frontera et al. [66] investigated the Ni-based highly ordered (Silicalite-1)/ highly
	defective pure silica (MCM-41)/ pure silica delaminated zeolite (ITQ-6) supported
	catalysts that were prepared by impregnation method. The different catalytic activities
	at 700 °C for 10h illustrated that the support surface had a closely related to catalytic
	properties. The ITQ-6 supported catalyst had smaller Ni particle sized and better
	distribution of Ni particles which could maintain strong interaction with support,
	inhibit metallic sintering and unlimited from carbon deposition, thus it showed the
	best catalytic performance.
	Wang et al. [67] surveyed the effect of reducible metal oxides (CeO 2 , Nb 2 O 5 , Ta 2 O 5 ,
	TiO 2 , and ZrO 2 ) and irreducible metal oxides (γ-Al 2 O 3 , La 2 O 3 , MgO, SiO 2 , and Y 2 O 3 )
	as supports for the catalytic properties of Rh based catalysts. The consequences
	described that γ-Al 2 O 3 and MgO as the supports provided higher catalytic performance
	than others. In comparison, the reducible metal oxides except CeO 2 and ZrO 2
	Otherwise, the conventional macroporous materials, microporous molecular sieves supported Rh catalysts showed relatively low catalytic activities and stabilities.
	and mesopore molecular sieves have been researched widely in recent years [64-82].
	Otherwise, clays have been widely used as supports for the preparation of diverse
	Zhang et al. [64] studied the Ni-based Al-modified/unmodified SBA-15 supported catalysts, including Ni-containing catalyst for dry methane reforming. Among them,
	catalysts for DRM. It showed that the Al-modified SBA-15 as the support led to synthetic clays, i.e. hydrotalcites, have shown to yield high activity, selectivity and
	smaller Ni particle size and better hydrothermal stability, which were probably main catalytic stability in DRM, since they provide adequate surface area, mostly in terms
	reasons of mesopores and intrinsic surface basicity, resulting in enhanced Ni dispersion and for its catalytic performance. Otherwise, the synthesis of
	Al-modified/unmodified SBA-15 by using ethylene glycol as the solvent showed reducibility [68-71]. Natural clays stand as a most interesting option, since they are
	better distribution of Ni particles in mesoporous silica compared to deionized water as naturally available, green and low-cost materials. They have been recently used as
	the solvent. supports in several catalytic applications [72-77], including DRM [77-82]. Either
	raw [77] or Al-pillared [78] smectites were used for in the preparation of Ni-based
	Drif et al. [65] used different M x O y -Al 2 O 3 oxides (M = Zr, Mg, Ni, Ce, La) through catalysts for DRM. Daza et al. [79], Wang et al. [80], and Barama et al. [81]
	sol-gel method to synthesize different supports for rhodium (Rh) based catalyst that considered the utilization of raw, LaAl and Al-pillared montmorillonites. Hao et al.
	was prepared by wet impregnation method. This research proved that only [82] employed a Zr-pillared laponites. All these works point out the benefits of using
	La 2 O 3 -Al 2 O 3 support was amorphous support which was possibly related to its lowest these natural clays as supports in the preparation of DRM catalysts. Moreover Wang
	surface area. The Rh/NiO-Al 2 O 3 presented the best catalytic performance at 700 °C et al. reported a direct influence of the mesoporous surface area of LaAl-pillared clays
	for DRM due to the formation of NiAl 2 O 4 spinel phase which could control carbon on their activity, in terms of CH 4 conversion [80].
	deposition, fill Al 2 O 3 vacancies to maintain stability and inhibit the migration of ionic
	Rh species to make it reduce completely.

Table 2

 2 

	-1. A brief description and comparative summary for catalysts of dry reforming of methane.	
	Method	Species/ Approach	Reference
	Catalyst synthesis		
	 Sequential impregnation and sol-gel methods	[58]
	for Ni/Al 2 O 3 -CeO 2	
	 Different pretreatments (irradiation power (30,	[59]
	60, 90 W) and irradiation time (0, 20, 80 min))	
	for Ni-Co/Al 2 O 3 -ZrO 2 catalysts through	
	ultrasound-assisted impregnation method	
	 Different calcined atmospheres (Ar, CO 2 , O 2	[60]
	and H 2 ) for Ni-Ce/SiO 2 catalysts	
	 Different calcined temperature (700 °C and	[61]
	900 °C) for Co promoted Ni/CeO 2 catalysts	
	 Different prepared methods (impregnation	[62]
	method, sol-gel method, citric acid method and	
	co-precipitation method) for Ni/CeO 2 -Al 2 O 3	
	catalysts		
	Support		
	 Ni-based Al-modified/unmodified SBA-15	[64]
	supported catalysts	
	 M x O y -Al 2 O 3 oxides (M = Zr, Mg, Ni, Ce, La)	[65]
	supported Rh based catalyst	
	 Ni-based highly ordered (Silicalite-1)/ highly	[66]
	defective pure silica (MCM-41)/ pure silica	
	delaminated zeolite (ITQ-6) supported catalysts	
	 Reducible metal oxides (CeO 2 , Nb 2 O 5 , Ta 2 O 5 ,	[67]
	TiO 2 , and ZrO 2 ) and irreducible metal oxides	
	(γ-Al 2 O 3 , La 2 O 3 , MgO, SiO 2 , and Y 2 O 3 )	
	supported Rh based catalysts	
	 Hydrotalcite-derived catalysts	[68-71]
	 Natural clay based catalysts	[72-77]
	 Raw or Al-pillared smectites supported Ni	[77,78]
	based catalysts	
	 Raw, LaAl and Al-pillared montmorillonites	[79-81]
	 Zr-pillared laponites supported Ni based	[82]
	catalysts		
	Promoter		
	 Rare earth metals (Sc, Y, Ce, and Pr) on	[83]
	Ni-hydrotalcite-derived catalysts	

Table 4 -

 4 1. Composition of raw, Fe and Cu-pillared clays (XRF analysis)

	Material	SiO 2	Al 2 O 3 Fe 2 O 3	Composition [wt.%] MgO K 2 O	Na 2 O	CaO	CuO
	Raw clay	43.4	16.8	7.7	5.5	0.8	2.5	7.9	-
	Fe-Clay	38.4	15.4	32.5	1.1	0.6	1.0	1.13	-

4.2.1.2 Preparation of different promoters (cerium (

Ce), zirconium (Zr), lanthanum (La), aluminum (Al) and manganese (Mn)) promoted Fe-pillared clay supported Ni-based catalysts Ce, Zr, La, Al and Mn promoted Fe-clay based Ni catalysts containing constant loading of nickel (15 wt.%) were synthesized by the impregnation method. These clay based catalysts were introduced into mixed solutions of Ni(NO 3 ) 2 •6H 2 O and/or Ce(NO 3

Table 4 -

 4 2. Promoted Fe-modified clay based Ni catalysts: nominal composition.

	Catalyst	Label	Ni	Ce	Zr	La	Al	Mn
			[wt.%]	[wt.%]	[wt.%]	[wt.%]	[wt.%]	[wt.%]
	Ni-Ce/Fe-Clay	Ni-Ce	15	10	-	-	-	-
	Ni-Zr/Fe-Clay	Ni-Zr	15	-	10	-	-	-
	Ni-La/Fe-Clay	Ni-La	15	-	-	10	-	-
	Ni-Al/Fe-Clay	Ni-Al	15	-	-	-	10	-
	Ni-Mn/Fe-Clay	Ni-Mn	15	-	-	-	-	10

Table 4 -

 4 3. BET results, Ni 0 crystal size and H 2 -consumption for the different promoter loaded Fe-modified clay catalysts.

	Catalyst	S BET [m 2 /g]	V p [cm 3 /g] 1	d p [nm] 2	V BJH 3 [cm 3 /g]	Ni 0 crystal size [nm]	H 2 -consumption 5 [mmol H 2 /g]
					Reduced	Spent	
	Ni/Fe-clay Ni-Ce/Fe-clay Ni-Zr/Fe-clay Ni-Mn/Fe-clay	44 52 56 45	0.11 0.15 0.11 0.15	9 11 7 13	0.11 0.15 0.11 0.14	13.4 12.9 11.8 10.6	---12.6	1.66 1.20 4 0.68 4 1.85 6
	Ni-La/Fe-clay	13	0.10	28	0.10	9.8	17.3	1.46
	Ni-Al/Fe-clay	63	0.11	7	0.08	9.2	13.8	1.20
	1 total pore volume 2 average pore size 3 BJH desorption cumulative pore volume 4 reduction is completed at 800°C 5 theoretical H 2 consumption for Ni species is 2.5 mmol/g catalyst 6 theoretical H 2 consumption for Mn species is 1.8 mmol/g catalyst			

4.2.2.2 Crystallinity: Ce/Zr/La/Al/ Mn-

promotion on Fe-modified clays and Ni 0 crystal size

  

  2 to Mn 2 O 3 and/or segregated NiO species. The second peak before 600 °C comes from the reduction of Mn 2 O 3 to Mn 3 O 4 , Fe oxides species and/or weakly bonded bulk NiO. Tha last peak at about 700 °C can be concluded to the reduction of Mn 3 O 4 to Mn 2+ and/or strong connection between fine NiO species and support. The existence of Mn 3 O 4 in reduced and spent catalysts from XRD patterns means the partial reduction of Mn 3 O 4 . And the presence of NiO in spent Mn-promoted catalysts indicates incomplete reduction of NiO species, it may influence the catalytic performance. Otherwise, comparing to the other prepared catalysts, the obvious wide peaks for Mn-promoted catalysts are assigned to the multistep reduction of Mn oxides (MnO 2 →Mn 2 O 3 →Mn 3 O 4 →Mn

2+ 

), which also can explain its highest H 2 uptake (in Table

4

-3) calculated through integrating areas

[START_REF] Shi | Effect of a second metal (Y, K, Ca, Mn or Cu) addition on the carbon dioxide reforming of methane over nanostructured palladium catalysts[END_REF][START_REF] Granlund | Evaluation of Co, La, and Mn promoted Rh catalysts for autothermal reforming of commercial diesel[END_REF][START_REF] Christel | Temperature programmed reduction studies of nickel manganite spinels[END_REF]

. Meanwhile, the reduced H 2 consumption for La/Al-promoted catalysts indicates Chapter IV. Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM the presence of La and Al promotes the interactions between Ni species and Fe-modified clay, i.e. more highly dispersed Ni species are formed, in agreement with the results of Ni crystal sizes calculated through XRD patterns (in Table 4-3). Akri et al. already reported similar results on La-promoted catalysts on illite-based materials

Table 4 -

 4 [START_REF] Jancovici | Energy and choice of life[END_REF]. Qian et al.[START_REF] Qian | Investigation of La promotion mechanism on Ni/SBA-15 catalysts in CH 4 reforming with CO 2[END_REF] reported the pathway of La-promoted Ni/SBA-15 catalysts for DRM. Lanthanum species and Ni formed large interface, CO 2 and CH 4 were adsorbed on the surface of La species and Ni respectively.Then the process of CO 2 dissociation produced oxygen atom that can interact with CH 4 to Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM intermediate could be CH x O (x = 2-3) species. For Al-promoted catalysts, the low Ni particle sizes and low strong basic sites result in its best catalytic performance. Similar results

form promoting intermediates. At last, H 2 and CO was desorbed from the surface of catalysts.

The presence of La species mainly enhanced the CO 2 dissociation and further promoted the intermediates. For relatively small Ni patricle sizes in our La-promoted catalysts, the Chapter IV.

  Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM reaction (2CO ⇌ CO 2 + C) and direct methane decomposition (CH 4 ⇌ C + 2H 2 ), leading to more CO 2 could be consumed[START_REF] Yu | Carbon dioxide reforming of methane for syngas production over La-promoted NiMgAl catalysts derived from hydrotalcites[END_REF][START_REF] Pakhare | A review of dry (CO2) reforming of methane over noble metal catalysts[END_REF]. Meanwhile, the Boudouard reaction and direct methane decomposition could further lead to non-negligible carbon deposition.

2 are always higher than CH 4 for Ce/Zr/La/Al-promoted catalysts in the range of reaction temperatures, and the values of H 2 /CO are almost similar. It indicates the presence and synergy of side reactions during DRM, mainly including the reverse water-gas shift reaction (CO 2 + H 2 ⇌ CO + H 2 O), Boudouard Chapter IV.

Table 4 -

 4 5. Summary for the influences of Al, La, Mn, Ce and Zr promotion on Fe-clay.

		Promotion	Ni	Ni-Al	Ni-La	Ni-Mn	Ni-Ce	Ni-Zr
		Specific surface area Ni 0 crystallite size 1	0 0	+ -	--	+ -	+ -	+ -
	Fe-clay	Ni reducibility	0	+	-	+/-	+	+
		Total basicity	0	-	-	-	-	-
		DRM activity	0	+	+	-	+	+
		Carbon deposition	0	+	+	-	+	+
	"0" means the benchmark.						
	"+" means the strengthened/increased value compared to Ni based Fe-clay catalysts.		
	"-" means the weakened/decreased value compared to Ni based Fe-clay catalysts. 1 Ni 0 crystallite size is compared only for reduced catalysts		

Table 4 -

 4 

5 presents the different effects of promoters on Fe-modified clay. The addition of Al, La, Mn, Ce and Zr affected the specific surface area and catalyst basicity. All promoters resulted in smaller Ni 0 crystallite size and further promoted Ni dispersion. Al/Ce/Zr-promoted catalysts improved the Ni reducibility compared to La/Mn-promoted catalysts. Al-promoted Fe-clay based catalysts presented the best catalytic performance in DRM. Both CH 4 and CO 2

Table 4 -

 4 

	Clay	SiO 2	Al 2 O 3 Fe 2 O 3	Composition [wt.%] MgO K 2 O	Na 2 O	CaO	CuO
	Raw clay	43.4	16.8	7.7	5.5	0.8	2.5	7.9	-
	Fe-Clay	38.4	15.4	32.5	1.1	0.6	1.0	1.13	-
	Cu-Clay	37.01	14.32	6.9	1.3	1.1	2.61	0.61	11.1
	Nickel was introduced into Fe/Cu-modified clay by means of a conventional impregnation
	method, using an aqueous solution of nickel nitrate hexahydrate (Ni(NO 3 ) 2 •6H 2 O, Aldrich) as
	metal precursor. The Ni loading for all catalysts was fixed as 15 wt.%. Upon impregnation,
	the catalysts were dried overnight at 100 °C and subsequently calcined at 550 °C for 5 h.

6. Composition of raw, Fe and Cu-pillared clays (XRF analysis) 4.3.

2 Physicochemical properties 4.3.2.1 Textural and structural properties of the natural clay based Ni-catalystsTable 4 -

 4 7 contains the results of the textural characterization of the clays and natural clay based Ni-catalysts, performed by means of N 2 adsorption. The adsorption isotherms obtained (not shown) correspond to type IV isotherms, according to IUPAC classification, presenting H3 hysteresis loops, typical of laminar-structured materials containing slit-shaped pores. They all show a strong increase of adsorption at high relative pressured, linked to the presence of

macropores. The desorption branch of the isotherms closes at low relative pressures (below 0.4), pointing to impeded diffusion and trapping of N 2 molecules inside the partially collapsed and far too complex laminar structure, maybe as a consequence of an excess of Fe and Cu pillars.

Table 4 -

 4 BET surface area decreases upon the addition of Fe and increases through the formation of Cu pillars. Ni loading generally causes a decrease of surface area, due to partial blockage of micropores and narrow mesopores. Average pore sizes around 8-9 nm were found for the three natural clay based Ni-catalysts.

	Material	S BET [m 2 /g]	V p [cm 3 /g] 1	V BJH 2 [cm 3 /g]	V micro 3 [m 3 /g]	d p [cm 3 /g] 4	Ni crystal size [nm] Red 800°C Red 900°C
	Raw clay	73.6	0.148	0.146	0.012	8.1	-	-
	Fe-Clay	60.9	0.111	0.112	0.011	6.6	-	-
	Cu-Clay	102.8	0.195	0.193	0.016	7.7	-	-
	Ni/Clay	55.4	0.112	0.111	0.007	8.9	18.0	13.1
	Ni/Fe-Clay	44.3	0.108	0.108	0.006	8.6	13.4	12.4
	Ni/Cu-Clay 1 single point desorption total pore volume 84.3 0.159 2 t-plot micropore volume 3 BJH desorption cumulative pore volume 4 BJH desorption average pore width	0.156	0.003	8.2	8.1	11.7

[START_REF] Kuang | To develop new technical system for carbon dioxide mitigation[END_REF]

. BET surface area, pore volumes and average pore size for the raw and modified clays, as well as for the natural clay based Ni-catalysts, together with Ni crystal sized calculated from XRD patterns.

Table 4 -

 4 [START_REF]20 years of carbon capture and storage -Accelerating future deployment[END_REF]. Total basicity and deconvolution of the CO 2 -TPD profiles.The results presented in Table4-8 evidence a decrease in total basicity upon the introduction of Fe and Cu, especially in the case of the Cu-modified clay. This trend is maintained in the Ni-catalysts prepared using these materials. A generally decrease in basicity is however observed after reduction at 900 °C. The lower presence of basic oxides in the modified clays, such as MgO, may explain this general decrease in basicity. Note however that this corresponds to a decrease in strong basic sites, and that this strong basic sites, probably MgO sites, are not the ones preferred in reactions involving CO 2 .

	Material	Deconvolution [μmol CO 2 /g] Weak Medium Strong	Total basicity [μmol CO 2 /g]	Carbon balance 1 [mg]
	Raw clay	4.5	11.3	5.5	21.3	-
	Fe-Clay	4.7	5.8	2.0	12.5	-
	Cu-Clay	0.4	3.7	2.7	6.8	-
	Ni/Clay (800 °C)	5.9	19.5	30.8	56.2	241.6
	Ni/Fe-Clay (800 °C)	7.0	6.7	8.9	22.6	152.9
	Ni/Cu-Clay (800 °C) 9.3	8.4	1.1	18.8	277.1
	Ni/Clay (900 °C)	9.9	7.7	6.0	23.6	75.0
	Ni/Fe-Clay (900 °C)	4.8	19.6	6.0	30.4	92.9
	Ni/Cu-Clay (900 °C) 0.5 1 Carbon deposition is calculated at 750°C for 5 hours 2.2	1.4	4.1	161.0

Table 4 -

 4 [START_REF]Rotating equipment for carbon dioxide capture and storage[END_REF]. BET surface area, pore volumes and average pore size for the raw, Fe and Cu-modified clays and the different non-promoted, Ce and Zr-promoted catalysts

	Material	S BET [m 2 /g]	V p	1 [cm 3 /g]	V BJH 2 [cm 3 /g] V micro 3 [cm 3 /g] d p	4 [cm 3 /g]
	Raw clay	73.6		0.148	0.146	0.012	8.1
	Fe-Clay	60.9		0.111	0.112	0.011	6.6
	Ni/Fe-Clay	44.2		0.109	0.108	0.006	8.6
	Ni-Ce/Fe-Clay	52.1		0.146	0.146	0.008	10.6
	Ni-Zr/Fe-Clay	56.4		0.107	0.106	0.014	7.2
	Cu-Clay	102.8		0.195	0.193	0.016	7.7
	Ni/Cu-Clay	84.3		0.159	0.156	0.003	8.2
	Ni-Ce/Cu-Clay	92.1		0.174	0.173	0.008	8.6
	Ni-Zr/Cu-Clay	87.6		0.162	0.161	0.012	8.4
	1 single point desorption total pore volume 2 t-plot micropore volume 3 BJH desorption cumulative pore volume 4 BJH desorption average pore width		
	4.4					

.2.2 Reducibility of the Ni-species

  

Table 4 -

 4 [START_REF] White | Separation and capture of CO 2 from large stationary sources and sequestration in geological formations -Coalbeds and deep saline aquifers[END_REF]. Main peak position, H 2 consumption and Ni 0 crystal size calculated for the reduced catalysts.

	Catalyst	Temperature [°C]	H 2 -Consumption	Ni crystal size
		1 st peak	[mmol H 2 /g]	[nm]
	Ni/Fe-Clay	439	1.26	13.4 ± 0.8
	Ni-Ce/Fe-Clay	433	1.20	12.9 ± 0.5
	Ni-Zr/Fe-Clay	413	0.68	11.8 ± 0.3
	Ni/Cu-Clay	449	0.81	8.1 ± 0.9
	Ni-Ce/Cu-Clay	419	1.02	15.2 ± 0.2
	Ni-Zr/Cu-Clay	431	0.89	10.4 ± 0.3
	a)		b)	

Table 4 -

 4 [START_REF] Metz | Carbon dioxide capture and storage [online[END_REF]. Deconvolution of the CO 2 -TPD profiles: peak position and contribution to total basicity.

	Catalyst	Temperature [°C]	μmol CO 2 desorbed/g	Total basicity
		1st	2nd	3rd	1st	2nd	3rd	[μmol CO 2 /g]
		peak	peak	peak	peak	peak	peak
	Ni/Fe-Clay	133.5 222.3 339.5	7.02	6.68	8.88	22.58
	Ni-Ce/Fe-Clay 151.3 237.7 358.8	6.34	3.79	5.63	15.76
	Ni-Zr/Fe-Clay	162.1 285.5 469.9	7.29	12.17	2.20	21.66
	Ni/Cu-Clay	195.2 303.7 352.5	9.30	8.40	1.10	18.80
	Ni-Ce/Cu-Clay 213.0 339.2 453.2 26.19	3.98	6.05	36.22
	Ni-Zr/Cu-Clay 126.3 193.8 323.8	4.92	26.03 21.78	52.73
	4.4.						

3 Catalytic activity and selectivity of Ce and Zr promoted Fe/Cu-pillared clay supported Ni-based catalysts

  2 conversions are always higher than the CH 4 conversions. The presence of either Ce or Zr enhances the conversions of both CO 2 and CH 4 , i.e. 50% CO 2 conversion is measured in the presence of the promoted catalysts, whereas the non-promoted catalyst yielded only 35% CO 2 conversion. The positive effect of Ce and Zr as promoters can be due to the excellent oxygen storage capacity of CeO 2 and to the contribution of gasification of surface hydrocarbons and/or carbon deposits in the presence of ZrO 2[START_REF] Daza | Dry reforming of methane using Ni-Ce catalysts supported on a modified mineral clay[END_REF][START_REF] Akri | Novel nickel promoted illite clay based catalyst for autothermal dry reforming of methane[END_REF][START_REF] Carrero | Hydrogen production through glycerol steam reforming using Co catalysts supported on SBA-15 doped with Zr[END_REF][START_REF] Yao | Low-temperature CO 2 reforming of methane on Zr-promoted Ni/SiO 2 catalyst[END_REF]. The values of H 2 /CO ratios are relatively independent of the presence of Ce and Zr. This indicates that the promoting effect may not substantially modify the overall reaction mechanism. In any

The conversions of methane and CO 2 , together with the H 2 /CO molar ratio measured during the DRM experiments in the presence of the Fe-modified clay based catalysts, non-promoted, Ni/Fe-Clay, and promoted either with Ce, Ni-Ce/Fe-Clay, or Zr, Ni-Zr/Fe-Clay, are shown in Figure

4

-15 a), b) and c). Both methane and CO 2 conversions increase with increasing temperature, in agreement with the tendency forecasted by thermodynamics. The H 2 /CO molar ratio measured in the experiments increase with increasing temperature. At low temperatures, i.e. 600 °C, the H 2 /CO ratio measured is much lower than the one forecasted by equilibrium thermodynamics, pointing to the occurrence of H 2 producing reactions, such as direct methane decomposition (CH 4 ⇌ C + 2H 2 ) to a much lower extent to what could be thermodynamically expected. Additionally, the low H 2 /CO ratios indicate that CO-producing parallel reactions, such as reverse water gas shift (RGWS, CO 2 + H 2 ⇌ CO + H 2 O) may be taking place simultaneously to an important extent in the presence of these catalysts. In fact, the measured CO case, the best catalytic performance is observed for the Zr-promoted Fe-modified clay based catalyst, with methane and CO 2 conversions always slightly higher than those measured in the presence of the Ce-promoted catalyst.

Table 4 -

 4 

		Promotion	Ni	Ni-Ce Ni-Zr
		Specific surface area Ni 0 crystallite size 1	0 0	+ -	+ -
	Fe-clay	Ni reducibility	0	+	+
		Total basicity	0	-	-
		DRM activity	0	+	+
	Pillared clay	Carbon deposition Promotion	0 Ni	+ Ni-Ce Ni-Zr +
		Specific surface area Ni 0 crystallite size 1	0 0	+ +	+ -
	Cu-clay	Ni Reducibility	0	+	+
		Total basicity	0	+	+
		DRM activity	0	+	+
		Carbon deposition	0	+	+
	"0" means the benchmark.				

13. Summary for the influences of Ce and Zr promotion on Fe/Cu-clays. "+" means the strengthened/increased value compared to Ni based Fe/Cu-clay catalysts respectively. "-" means the weakened/decreased value compared to Ni based Fe/Cu-clay catalysts respectively. 1 Ni 0 crystallite size is compared only for reduced catalysts

Table 4 -

 4 13 presents the effects of Ce and Zr on Fe/Cu-modified clay. Ce and Zr promotion resulted in a considerable increase of the catalytic activity. Both Ce and Zr promotion Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM the presence of weak or medium strength basic sites, which are thought to favor CO 2

improved reducibility of Ni species, together with slightly influence on Ni 0 crystal size, that, on the other hand, also catalyze undesired parallel reactions resulting in carbon formation, such as direct methane decomposition. Both Ce and Zr on Cu-modified clay also promoted Chapter IV.

Table 4 -

 4 [START_REF] Han | Carbon dioxide fixation by combined method of physical absorption and carbonation in NaOH-dissolved methanol[END_REF]. BET surface area, pore volumes and average pore size, as well as Ni 0 crystallite size, for the Ni and Ni-Mg loaded raw, Fe and Cu-modified clays.

	Catalyst	S BET [m 2 /g]	V p [cm 3 /g] 1	d p [nm] 2	V BJH [cm 3 /g] 3	Ni 0 crystal size [nm]
	Raw-Clay	73.6	0.148	8.1	0.146	-
	Ni/Raw-Clay	55.4	0.112	8.9	0.111	14.7
	Ni-10Mg/Raw-Clay	16.9	0.139	32.9	0.136	8.1
	Fe-Clay	60.9	0.111	6.6	0.112	-
	Ni/Fe-Clay	44.2	0.109	8.6	0.108	15.1
	Ni-10Mg/Fe-Clay	16.7	0.073	17.3	0.068	8.4
	Ni-20Mg/Fe-Clay	12.0	0.059	19.6	0.057	8.3
	Ni-30Mg/Fe-Clay	12.2	0.111	36.4	0.110	7.5
	Cu-Clay	102.8	0.195	7.7	0.108	-
	Ni/Cu-Clay	84.3	0.159	8.2	0.156	14.1
	Ni-10Mg/Cu-Clay 1 total pore volume 2 average pore size 3 BJH desorption cumulative pore volume 31.8	0.107	13.5	0.100	8.1

  -19. Chapter IV. Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM The crystallite sizes of metallic nickel calculated using the Scherrer equation (51.8°) are listed in Table 4-14. Ni 0 crystallite sizes are always smaller for the catalysts prepared using the Fe-modified clay, with the only exception of Ni-30Mg/Fe-Clay. Similar results have been previously reported by Dieuzeide et al. [167], who observed better dispersion of Ni at lower Mg content through inhibited diffusion during reduction, as a consequence of the formation of a mixed Ni-Mg oxide phase. The formation of a mixed Ni-Fe phase, such as NiFe 2 O 4 , is not

	Very similar reflections are observed in all catalysts, including metallic nickel (at 44.5°,
	51.8°, 76.3°), MgNiO 2 and quartz, pointing to neither Fe/Cu nor variable Mg content
	affecting the crystalline structure of these materials. The presence of MgNiO 2 confirms
	moreover the strong interaction between these species, resulting in a mixed oxide phase. Note
	here that a pure MgO periclase phase yields normally diffraction peaks appearing always at
	lower diffraction angles than MgNiO 2 , i.e. the (200) diffraction peak should appear at 42.97°
	for MgO whereas for MgNiO 2 it appears at 43.1°. However, it is always difficult to
	distinguish between MgO and MgNiO 2 in XRD patterns. In the case of the Ni-10Mg/Fe-Clay

catalyst, this

[START_REF] Yu | Carbon dioxide reforming of methane for syngas production over La-promoted NiMgAl catalysts derived from hydrotalcites[END_REF] 

pseudo-periclase peak appears centred at even higher diffraction angles, i.e. 43.2°.

Table 4

 4 

					A 1g
	Intensity (a.u.)	F 2g 450 486 Ni-10Mg/Fe-Clay 330 Ni-10Mg/Cu-Clay Ni-10Mg/Raw-Clay E g	578 589 F 2g	660	710
		200 300 400 500 600 700 800 900 1000
		Wavenumber (cm -1 )

-15. Note here that the results obtained for the non-promoted Ni-containing clay based catalysts have been added

Table 4 -

 4 [START_REF] Chery | Overview on CO 2 valorization: Challenge of molten carbonates[END_REF]. Deconvolution of the CO 2 -TPD profiles and total basicity for the different Mg-promoted and non-promoted natural clay supported catalysts.

	Catalyst	Deconvolution [μmol CO 2 /g] Weak Medium Strong	Total basicity [μmol CO 2 /g]
	Ni/Raw-Clay	9.9	7.7	6.0	23.6
	Ni-10Mg/Raw-Clay	10.2	10.4	11.4	32.0
	Ni/Fe-Clay	4.8	19.6	6.0	30.4
	Ni-10Mg/Fe-Clay	15.5	11.1	10.4	37.0
	Ni-20Mg/Fe-Clay	9.7	13.9	8.6	32.2
	Ni-30Mg/Fe-Clay	22.9	11.5	14.9	49.3
	Ni/Cu-Clay	0.5	2.2	1.4	4.1
	Ni-10Mg/Cu-Clay	35.7	25.7	37.7	99.1

Table 4

 4 

-14), a considerable increase in methane and CO 2 conversions can be observed upon Mg-loading, this being quite independent of the clay used as support (Figure 4-22 a and b). It is clear from the results of the physico-chemical characterization that, in general, Mg-promotion results in highest surface basicity (

Table 4 -

 4 [START_REF] Chery | Overview on CO 2 valorization: Challenge of molten carbonates[END_REF]. The presence of basic sites may enhance CO 2 adsorption, which can result, in turn, in improved DRM activity. As commented before, the favoured presence of strong basic sites may result in far too tight Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM reforming, the dispersion of the active metal can be directly related to the type of support used, and further stated that increased metallic dispersion results in increased density of low-coordinated edge and corner metal atoms that favoured methane dissociative adsorption (rate-determining step). Though in DRM CO 2 adsorption plays a very important role, methane activation on the catalytically active sites remains crucial for further reaction leading to H 2 and/or CO formation. Wei and Iglesia[START_REF] Wei | Isotopic and kinetic assessment of the mechanism of reactions of CH4 with CO 2 or H 2 O to form synthesis gas and carbon on nickel catalysts[END_REF] performed isotopic experiments in order to elucidate the mechanism of methane reforming both with steam and CO 2 . They found that reforming reactions and direct methane decomposition (DMD) follow a common path that is limited by the activation of the C-H bond in CH 4 . They showed moreover that the CH 4

	adsorption of CO 2 , disabling it for further reaction with CO 2 , CH 4 , H 2 and/or other species
	[169]. Indeed, Ni-10Mg/Cu-Clay exhibits the lowest activity of this series while presenting
	the highest population of strong basic groups.

These differences in basicity do not explain themselves the important increase of the catalytic activity observed upon Mg-promotion. Lightart et al.

[START_REF] Ligthart | Influence of particle size on the activity and stability in steam methane reforming of supported Rh nanoparticles[END_REF] 

proved that, in steam methane Chapter IV.

Table 4 -

 4 [START_REF] Appel | Frontiers, opportunities, and challenges in biochemical and chemical catalysis of CO 2 fixation[END_REF] contains the amount of carbon deposited, calculated from the carbon balance C(s)

Table 4 -

 4 [START_REF] Appel | Frontiers, opportunities, and challenges in biochemical and chemical catalysis of CO 2 fixation[END_REF] Amount of carbon deposited calculated from the carbon balance, applied to the different clay-supported catalysts.

	Catalyst	Carbon deposition [mg]
	Ni/Raw-Clay	75
	Ni-10Mg/Raw-Clay	327
	Ni/Fe-Clay	93
	Ni-10Mg/Fe-Clay	396
	Ni-20Mg/Fe-Clay	409
	Ni-30Mg/Fe-Clay	346
	Ni/Cu-Clay	161
	Ni-10Mg/Cu-Clay	329

Table 4 -

 4 17. Summary for the influences of Mg promotion on different clays.

		Promotion	Ni	Ni-Mg
		Specific surface area Ni 0 crystallite size 1	0 0	--
	Raw clay	Ni reducibility	0	-
		Total basicity	0	+
		DRM activity	0	+
		Carbon deposition	0	+
		Promotion	Ni	Ni-Mg
		Specific surface area Ni 0 crystallite size 1	0 0	--
	Fe-clay	Ni reducibility	0	-
		Total basicity	0	+
		DRM activity	0	+
	Pillared clay	Carbon deposition Promotion	0 Ni	+ Ni-Mg
		Specific surface area Ni 0 crystallite size 1	0 0	--
	Cu-clay	Ni Reducibility	0	-
		Total basicity	0	+
		DRM activity	0	+
		Carbon deposition	0	+
	"0" means the benchmark.			

"+" means the strengthened/increased value compared to Ni based Raw/Fe/Cu-clay catalysts respectively. "-" means the weakened/decreased value compared to Ni based Raw/Fe/Cu-clay catalysts respectively. 1 Ni 0 crystallite size is compared only for reduced catalysts

Table 4 -

 4 [START_REF] Aresta | Catalysis for the valorization of exhaust carbon: from CO 2 to chemicals, materials, and fuels[END_REF] describes the effects of Mg on all Raw-, Fe-and Cu-modified clays.

Table 5

 5 

-1.

Table 5 -

 5 

	Catalyst Label	Metal content [wt.%]		M 3+
			Ni Al Mg Ca	Sr	Ba	M 3+ + M 2+
	NiAlMg HT	15 8.1 15.8	0	0	0	0.25
	NiAlCa HCa 15 7.4	0	22.5	0	0	0.25
	NiAlSr	HSr	15 5.9	0	0	34.9	0	0.25
	NiAlBa HBa 15 5.0	0	0	0	42.1	0.25

1. Ni-containing hydrotalcites, hydrocalumite, hydro-strotium and hydro-barium derived catalysts: nominal concentration of the different cations.

Table 5 -

 5 2. BET results, Ni 0 crystal size for the Ni-containing hydrotalcites, hydrocalumite, hydro-strotium and hydro-barium derived catalysts.

	Catalysts	S BET [m 2 /g]	V p [cm 3 /g] 1	d p [nm] 2	V BJH 3 [cm 3 /g]	Ni 0 crystal size [nm]
	HT	233.5		0.676	11.6	0.667	16.0
	HCa	74.4		0.106	5.7	0.104	35.9
	HSr	124.4		0.193	6.2	0.180	26.7
	HBa 1 total pore volume 2 average pore size 3 BJH desorption cumulative pore volume 116.6	0.158	5.4	0.151	22.3

Table 5 -

 5 

	Catalyst	Temperature [°C] 1st 2nd 3rd peak peak peak	μmol CO 2 desorbed/g 2nd peak 1st peak peak 3rd	Total basicity [μmol CO 2 /g]	Carbon deposition [mg]
	HT	147	250	389	24	35	8	67	636.1
	HCa	122	298	565	14	16	173	203	425.9
	HSr	122	198	314	31	29	17	77	531.9
	HBa	119	189	325	18	8	24	50	562.7
	5.2								

3. Peak position, CO 2 desorpotion of the CO 2 -TPD profiles and carbon depostion obtained for the Ni-hydrotalcite, Ni-hydrocalumite, Ni-hydro-strontium and Ni-hydro-barium derived catalysts.

.3 Dry reforming of methane (DRM) experiments

  Both carbon dioxide and methane conversions, and H 2 /CO molar ratio of Ni-hydrotalcite, Ni-hydrocalumite, Ni-hydro-strontium and Ni-hydro-barium derived catalysts at reaction temperatures between 850 and 550 °C are presented in Figure5-4 a), b) and c) respectively, the conversions of CO 2 and CH 4 , and H 2 /CO increase with increasing reaction temperature as expected, which is consistent with the tendency simulated by thermodynamics. One point should be noted that the simulated CO 2 conversion is lower than CH 4 while measured CO 2 conversion is higher than CH 4 . The possible reason is side reactions that favor the CH 4 conversion are not fully activated, meanwhile other reactions such as reverse water gas shift Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM reaction (CO 2 + H 2 ⇌ CO + H 2 O) contributing to enhanced CO 2 conversion are carried out.

Table 5 -

 5 4. Summary for the nickel based hydrotalcite, hydrocalumite, hydro-strotium and hydro-barium-derived catalysts

	Physicochemical			Catalyst	
	properties	HCa	HT	HSr	HBa
	Specific surface area Ni 0 crystallite size 1	0 0	+ -	+ -	+ -
	Ni reducibility	0	-	+	+
	Total basicity	0	-	-	-
	DRM activity	0	+	+	+
	Carbon deposition	0	+	+	+
	"0" means the benchmark.				
	"+" means the strengthened/increased value compared to HCa.		
	"-" means the weakened/decreased value compared to HCa.			

1 

Ni 0 crystallite size is compared only for reduced catalysts

Table 5 -

 5 4 presents the different effects of catalysts that is synthesized by different bivalent metal of group 2 (Mg 2+ , Ca 2+ , Sr 2+ and Ba 2+ ) with Ni 2+ and Al 3+ . Compared to the HCa

Table 5

 5 and temperature from low to high[START_REF] Cosimo | Structural Requirements and Reaction Pathways in Condensation Reactions of Alcohols on Mg y AlO x Catalysts[END_REF][START_REF] Liu | Promotional effect of transition metal doping on the basicity and activity of calcined hydrotalcite catalysts for glycerol carbonate synthesis[END_REF]. The peak positions and CO 2 desorption always change with increasing the content of lanthanum. Three CO 2 desorption peaks for La promoted catalysts appear respectively at 142-179 °C, 243-460 °C and 515-532 °C, while the centers of the peaks occur at 122 °C, 298 °C and 565 °C respectively for non-promoted catalysts. The presence of low content (1 wt.% and 2 wt.%) of lanthanum shift the weak Brønsted basic sites and medium-strength basic sites toward higher temperature, especially for the first and second peaks of 1 wt.% La promoted catalysts, appearing 57 and 162 °C later than non-promoted catalysts, also pointing to stronger CO 2

	-7. All prepared

Table 5 -

 5 7. Peak position, CO 2 desorpotion of the CO 2 -TPD profiles and carbon depostion obtained for La promoted Ni-hydrocalumite derived catalysts.

	Catalyst	Temperature [°C]		μmol CO 2		Total basicity	Carbon
					desorbed/g	[μmol CO 2 /g]	deposition
		1st	2nd	3rd	1st	2nd	3rd		[mg]
		peak	peak	peak	peak	peak	peak		
	HCa	122	298	565	14	16	173	203	425.9
	HCa+1%La 179	460	532	13	28	48	89	501.4
	HCa+2%La 145	442	530	14	46	74	134	492.6
	HCa+4%La 142	243	515	5	27	58	90	498.5

  Table5-10. Hydrogen consumption during the TPR experiments performed on the reduced catalysts is higher for both the non-promoted catalysts, HN4, and the catalyst containing the highest amount of La, HN3, i.e. 0.529 mmol H 2 /g and 0.602 mmol H 2 /g, respectively. This points to an increased presence of reluctant NiO species upon the reduction treatment for HN4 and HN3. On the contrary, lower La content leads to a decrease in H 2 consumption, that becomes minimal in the case of the Ni-hydrotalcite derived catalyst promoted with 2 wt.% of La, HN2, i.e. 0.438 mmol H 2 /g. Lower H 2 consumption points to a reduced presence of remaining NiO species and, thus, to a higher availability of reduced Ni 0

Table 5 -

 5 10. H 2 consumption for the reduced catalysts, a and b unit cell parameters and Ni crystal size calculated for the Ni-hydrotalcite derived catalysts (before and after DMR test).

	Catalyst	H 2 consumption-reduced	a(Å)	c(Å)	Ni 0 crystal size [nm]
		catalysts [mmol H 2 /g]			Reduced
	HN1	0.471	3.06	23.43	10.3
	HN2	0.438	3.06	23.49	12.2
	HN3	0.602	3.06	23.52	11.6
	HN4	0.529	3.06	23.46	16.0
	5.4.2.				

2 Crystallinity: La-segregation and Ni crystal size

  

Table 5 -

 5 [START_REF] White | Separation and capture of CO 2 from large stationary sources and sequestration in geological formations -Coalbeds and deep saline aquifers[END_REF]. Peak position and deconvolution of the CO 2 -TPD profiles obtained for the different Ni-hydrotalcite derived catalysts.

	Catalyst	Temperature [°C]	μmol CO 2 desorbed/g	Total basicity
		1st	2nd	3rd	1st	2nd	3rd	[μmol CO2/g]
		peak	peak	peak	peak	peak	peak	
	HN1	139	246	370	10	35	18	63
	HN2	133	239	365	12	110	12	134
	HN3	138	232	353	29	66	28	123
	HN4	147	250	389	24	35	8	67

Table 5 -

 5 12. Summary for the La promoted nickel based hydrocalumite derived catalysts

	Physicochemical properties Ni 0 crystallite size 1	Catalyst HT HT+1%La HT+2%La HT+4%La 0 ---
	Ni reducibility	0	+	+	+
	Total basicity	0	-	+	+
	DRM activity	0	≈	+	+
	"0" means the benchmark.				
	"+" means the strengthened/increased value compared to HT.		
	"-" means the weakened/decreased value compared to HT.			

1 

Ni 0 crystallite size is compared only for reduced catalysts.

Table 5 -

 5 [START_REF] Metz | Carbon dioxide capture and storage [online[END_REF] presents the influences of La-loading on Ni-hydrotalcite derived catalysts. The presence of lanthanum mainly improved the Ni reducibility, which may further effected the catalytic performance. All La promoted catalysts presented slightly smaller Ni 0 crystallite size.

	The addition of 2 wt.% and 4 wt.% La promoted resulted in increased total basicity, but
	adding La always decreased the CO 2 adsorption on strong basic sites.

  VI. Effect of Mg-Al mixed oxides supported Ni-based catalysts prepared by ball milling techniques for dry reforming of methane (DRM) Generally, the common approach is a selection of appropriate additives and/or supports, or synthesis in order to improve the catalytic performance of Ni-based catalysts. Therefore, based on the good catalytic performance of the Ni-based hydrocalumite derived catalysts that were discussed in Chapter V for DRM, a mechanochemical synthesis method called ball milling is used to prepare the catalysts with the same components and cononts as Ni-based hydrocalumite derived catalysts (Al 3+ , Mg 2+ , Ni 2+ ). Trovarelli et al.[START_REF] Trovarelli | Nanophase Fluorite-Structured CeO 2 -ZrO 2 Catalysts Prepared by High-Energy Mechanical Milling[END_REF] reported a method of preparing CeO 2 -ZrO 2 catalysts by mechanical milling. The results showed that mechanical ball milling can synthesize CeO 2 -ZrO 2 solid solution in a wide range of composition at room temperature, that is, ZrO 2 can enter the CeO 2 lattice to form fluorite-structured. Meanwhile, CeO 2 -ZrO 2 catalysts prepared by mechanical milling presented similar redox behaviors with the solid solution synthesized by conventional methods. Xu et al.[START_REF] Xu | Highly active and stable Ni-Fe bimetal prepared by ball milling for catalytic hydrodechlorination of 4-chlorophenol[END_REF] studied one kind of Ni-Fe bimetal catalysts for catalytic hydrodechlorination of 4-Chlorophenol by means of mechanical ball milling. It showed higher activity and stability than the catalysts prepared by chemical solution deposition since Ni crystallite was evenly distributed in Fe phase. Moreover, the prepared catalysts can be reused without passivation if pH is lower than 6.0. Meloni et al.

Preparation of Mg-Al mixed oxides supported Ni-based catalysts prepared by ball milling method

  Then the materials were calcined at 550 °C for 5 h. Finally, all corresponding catalysts were obtained and listed in Table 6-1. Otherwise, for sake of comparison, the catalysts with the same contents of Ni, Mg and Al that were already described in Chapter V were also presented.

	Chapter VI. Effect of Mg-Al mixed oxides supported Ni-based catalysts prepared by ball
	milling techniques for dry reforming of methane (DRM)
	6.2 The catalysts containing the 15 wt.% of nickel, 15.8 wt.% of magnesium and 8.1 wt.% of
	aluminium were synthesized by ball milling (FRITSCH, Planetary Micro Mill,
	PULVERISETTE 7, premium line) using nickel oxide, magnesium oxide and aluminium
	oxide with 2 h grinding. The rotational speed of the main disk was controlled at 300, 600 and
	900 rpm.
	also successfully prepared Fe-Mn-O catalysts by ball milling, and predicted the
	presence of catalytic applications based on the results of chemical and physical
	transformations.
	Thus, the influences of different synthetic methods, co-precipitation and ball milling, are
	being investigated for DRM in this Chapter. Catalytic performance and physicochemical
	characterizations including BET, XRD, H 2 -TPR and CO 2 -TPD, are subsequently tested to
	compare the effects on activity, stability, textural properties, crystallite size, Ni reducibility
	and basicity, respectively.

Table 6 -

 6 1. Nominal composition for the catalysts prepared by co-precipitation and ball milling.

	Catalyst	Rotational speed [rpm]	Label	Metal content [wt.%] Ni Al Mg
	NiMgAl	0	NiMgAl-HT	15 8.1 15.8
	NiMgAl	300	NiMgAl-BM300 15 8.1 15.8
	NiMgAl	600	NiMgAl-BM600 15 8.1 15.8
	NiMgAl	900	NiMgAl-BM900 15 8.1 15.8
	6.3			

Physicochemical properties of Mg-Al mixed oxides supported Ni-based catalysts prepared by ball milling 6.3.1 Crystallinity: Ni 0 crystallite size

  

Table 6 -

 6 2 presents textural properties of prepared catalysts, where specific surface areas are 233.5, 8.4, 31.4 and 16.8 m 2 /g for NiMgAl-HT, NiMgAl-BM300, NiMgAl-BM600 and

  Table 6-2. More NiO species are reduced in NiMgAl-BM300 because of their bulk weakly-bonded while less in others.

	Chapter VI. Effect of Mg-Al mixed oxides supported Ni-based catalysts prepared by ball
	milling techniques for dry reforming of methane (DRM)
	Moreover, the H 2 consumption is also associated with the NiAl 2 O 4 reflections in
	NiMgAl-BM600 and NiMgAl-BM900, especially for NiMgAl-BM900, the strong intensities
	of NiAl 2 O 4 that need to be reduced at high temperature on NiMgAl-BM900 lead to less Ni
	being reduced, and it may further affect its catalytic performance.

Table 6 -

 6 3. Peak position, CO 2 desorpotion of the CO 2 -TPD profiles and carbon depostion obtained for the Mg-Al mixed oxides supported Ni-based catalysts prepared by co-precipitation and ball milling respectively.

	Catalyst	Temperature [°C]		μmol CO 2		Total basicity	Carbon
					desorbed/g	[μmol CO 2 /g]	deposition
		1st	2nd	3rd	1st	2nd	3rd		[mg]
		peak	peak	peak	peak	peak	peak	
	NiMgAl-HT	147	250	389	24.5 35.4	7.9	67.8	636.1
	NiMgAl-BM300	173	301	470	18.6 35.9 10.3	64.8	617.8
	NiMgAl-BM600	162	308	410	16.2 22.4 10.6	49.2	690.0
	NiMgAl-BM900	169	290	406	10.4 13.6	9.4	33.4	527.7

  Table 6-2). Besides, NiMgAl-BM600 always receives the highest H 2 /CO ratio, which probably means more promotion of CH 4decomposition and/or boudouard reaction. The decreasing H 2 /CO ratio for NiMgAl-BM600 between 600 and 650 °C points to the selectivity towards to DRM and/or reverse water gas shift reaction. The less H 2 /CO ratio at low temperature point to the presence of carbon formation in all prepared catalysts. milling techniques for dry reforming of methane (DRM)
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Chapter IV. Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM direct methane decomposition (DMD). In spite of this, the activity of the Mg-promoted catalysts was well maintained over 5 hours DRM experiments performed at 750 °C. Table 4-18 summarized the influences of different promotions on raw and pillared clays. La, Al and Mn-promoted Ni catalysts supported on Fe-modified Tunisian clays were synthesized by impregnation method and tested in DRM at temperatures between 850 and 600 °C. Based on the DRM results, La/Al-promoted catalysts led to an improvement of the catalytic performance whereas Mn-promoted catalysts inhibited it. Moreover, the addition of Al resulted in the highest catalytic activity. In conclusion, the carbon deposition was brought up with high catalytic activity in this catalyst system. Meanwhile, characterization results based on BET, XRD, H 2 -TPR and CO 2 -TPR presented the tendencies of texture properties, Ni 0 dispersion, Ni reducibility and CO 2 basicity respectively. The addition of Al and Mn

Conclusions

Chapter IV. Natural clay as support in the preparation of Nickel (Ni)-based catalysts for DRM DRM experiments evidenced a relatively wide particle size distribution, but confirmed the mean metallic cluster sizes determined from the XRD patterns. Bulk graphitic carbon structures covering sintered Ni-clusters, as well as carbon nanofibres of different sizes were observed. The extent of carbon formation was found to be higher for the Mg-promoted catalysts, corresponding to the improved C-H bond activation. However, the catalytic stability was verified over 5 h duration isothermal DRM experiments performed at 750 °C.

Other natural materials (Hydrotalcite, Hydrocalumite,

Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM

Introduction

Dry reforming of methane (DRM), the reforming of methane with CO 2 : CH 4 (g)+ CO 2 (g) = 2CO(g) + 2H 2 (g), ΔH 0 (298K)= +247 kJ•mol -1 , is nowadays considered as a perspective alternative for the production of syngas, H 2 + CO, involving the valorization of CO 2 , coming either from capture or naturally present in the reactant gas, i.e. such in biogas. Furthermore, the H 2 /CO molar ratio in DRM-syngas, equal to 1, makes it applicable for Fischer-Tropsch synthesis [START_REF] Centi | Opportunities and prospects in the chemical recycling of carbon dioxide to fuels[END_REF][START_REF] Edwards | The chemistry of methane reforming with carbon dioxide and its current and potential applications[END_REF][START_REF] Naeem | CO2 Reforming of Methane to Produce Syngas over γ-Al 2 O 3 -Supported Ni-Sr Catalysts[END_REF][START_REF] Bradford | Catalytic reforming of methane with carbon dioxide over nickel catalysts II. Reaction kinetics[END_REF]. There are, however, several important drawbacks that hinder the practical application of DRM, such as its high endothermicity, and different issues related to the selectivity and stability of the DRM catalyst under operation conditions [START_REF] Koo | Syngas production via combined steam and carbon dioxide reforming of methane over Ni-Ce/MgAl 2 O 4 catalysts with enhanced coke resistance[END_REF][START_REF] Barroso-Quiroga | Catalytic activity and effect of modifiers on Ni-based catalysts for the dry reforming of methane[END_REF]. The co-existence of parallel reactions, such as direct methane decomposition and the reverse water gas shift reaction results in low yields and in catalyst deactivation through carbon deposition, especially at low reaction temperatures. Increasing the temperature favors DRM thermodynamics, but Ni particles tend to sinter leading to a dramatic decrease in the catalytic performance.

Different active metals, e.g. Pt, Ir, Rh or Ni, supported on different materials, have been proposed as DRM catalysts [START_REF] Mark | CO2-Reforming of methane on supported Rh and Ir catalysts[END_REF][START_REF] Anjv | TAP Investigations of the CO 2 reforming of CH 4 over Pt/ZrO 2[END_REF][START_REF] Kroll | Methane Reforming Reaction with Carbon Dioxide over Ni/SiO2 Catalyst II. A Mechanistic Study[END_REF][START_REF] Gao | Catalytic conversion of methane and CO 2 to synthesis gas over a La 2 O 3 -modified SiO 2 supported Ni catalyst in fluidized-bed reactor[END_REF]. Among them, nickel shows comparable activity to noble metals, being much cheaper and more readily available. Current research focus on finding support materials and promoters that improve the selectivity of the process and that contribute to enhanced catalytic stability. As an example, Verykios et al. [START_REF] Verykios | Catalytic dry reforming of natural gas for the production of chemicals and hydrogen[END_REF] showed that the incorporation of Ni onto La 2 O 3 support notably improved the catalysts stability in comparison to Ni-Al 2 O 3 , through the formation of oxy-carbonate species (La 2 O 2 CO 3 ) that were further able to gasify the already formed carbon deposits.

The layered double hydroxides (LDH) that are generally mixed of two metallic hydroxides materials have the general formula:

, where M II / M III represent divalent and trivalent metal ions and A n-is hydrated anion, such as hydrotalcites.

Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM

The composition of LDH can be modified through the substitution of different divalent and trivalent cations in the layers. Cavani et al. showed that monovalent and tetravalent cations such as Li + , Zr 4+ , Ti 4+ and Sn 4+ could be as well introduced into these LDH-layers [START_REF] Cavani | Hydrotalcite-type anionic clays: preparation, properties and applications[END_REF].

Therefore, the acid-base and redox properties of LDH can be properly tailored to fit some particular catalytic applications [ 188 , 189 ]. For example, the materials obtained after 

Nickel based hydrotalcite, hydrocalumite, hydro-strotium and hydro-barium-derived catalysts

In this section, the bivalent metal elements of group 2 (Mg 2+ , Ca [START_REF] Serrano-Lotina | Biogas reforming on La-promoted NiMgAl catalysts derived from hydrotalcite-like precursors[END_REF][START_REF] Dębek | Ni-containing Ce-promoted hydrotalcite derived materials as catalysts for methane reforming with carbon dioxide at low temperature -On the effect of basicity[END_REF]. Meanwhile, the higher position of the main peak for Ni-hydrotalcite derived catalysts indicates stronger interaction between Ni-oxide species and support, pointing to the lower reducibility of Ni-oxide species. Moreover, the further reduction peaks of Ni-oxide species at about 890 °C for Ni-hydro-strontium and Ni-hydro-barium derived catalysts, illustrate the presence of more tight interaction of Ni-oxide species and the support. Additionally, the shoulder appearing at 488, 426 and 435 °C for Ni-hydrocalumite, Ni-hydro-strontium and Ni-hydro-barium derived catalysts respectively, and one wide peak at 351 °C for hydrocalumite derived catalysts can be assigned to the reduction of bulk and weakly bonded Ni-oxide species [START_REF] Lucrédio | Reforming of a model sulfur-free biogas on Ni catalysts supported on Mg(Al)O derived from hydrotalcite precursors: Effect of La and Rh addition[END_REF]. Moreover, the main reduction peak moving towards low temperatures in the presence of Ca 2+ , Sr 2+ and Ba 2+ compared to Ni-hydrotalcite derived catalysts illustrates their enhanced Ni reducibility. Thus, the presence of Mg 2+ may be beneficial to the dispersion of Ni species, since higher reduction temperature points to smaller crystal sizes that correspond to higher Ni dispersion [START_REF] Borodzinski | Relation between Crystallite Size and Dispersion on Supported Metal Catalysts[END_REF][START_REF] Yu | Carbon dioxide reforming of methane for syngas production over La-promoted NiMgAl catalysts derived from hydrotalcites[END_REF]. Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM Therefore, different contents of La (1 wt.%, 2 wt.% and 4 wt.% ) on Ni-based hydrocalumite derived catalysts at reaction temperatures between 850 and 600 °C was compared in this section. And the characterizations such as BET, H 2 -TPR and CO 2 -TPD for prepared catalysts were followed to try to find out the possible reasons for the differences in catalytic activity.

Through the study on the influence of different contents of La on the structure and properties of catalysts, more basic experimental data could be obtained to go further research on catalysts of dry reforming of methane (DRM).

Synthesis of La-promoted Ni-hydrocalumite derived catalysts

La promoted hydrocalumite derived catalysts containing trivalent (Al 3+ ) and divalent (Ca 2+ , Ni 2+ and La 2+ ) metals with M 3+ /M 2+ molar ratio of 0.33, were prepared by a co-precipitation method. Two aqueous solutions, one containing all mixed nitrates of divalent and trivalent metals, and the other one containing sodium hydroxide (1M), were added dropwise into a flask containing an aqueous solution of sodium carbonate at the same time, and subsequently kept with vigorous stirring at 65 ± 3 °C and constant pH (from 9.5 to 10). The suspensions were aged for 1h and then filtered, carefully washed with 1L deionized water and finally dried overnight at 80 °C in oven. All samples were calcined in air at 550 °C for 5 hours to obtain corresponding catalysts. The nominal (assumed) concentration of the different components in each catalyst, as well as their labeling, is listed in Table 5-5. 

Physicochemical properties of the La-promoted hydrocalumite derived catalysts

Textural properties

The textural characterizations for prepared catalysts, including specific surface area, total pore volume, average pore size and BJH desorption cumulative pore volume are contained in Table 5-6 based on N 2 adsorption isotherms. It could be found that both BET surface area and total pore volume decrease with increasing La contents, which is attributed to the partial pore blockage. Similar results are also reported by Akri et al. [START_REF] Akri | Development of nickel supported La and Ce-natural illite clay for autothermal dry reforming of methane: Toward a better resistance to deactivation[END_REF]. Thus, it is obvious that lanthanum species enter and occupy the pores in Ni-hydrocalumite derived catalysts. For 4 wt.% La promoted Ni-hydrocalumite derived catalyst, the relatively large average pore size in this catalytic system (16 nm) may also lead to its small specific surface area, because a small pore size corresponds to a large specific surface area in general [START_REF] Pn | Overview on the Effect of Particle Size on the Performance of Wood Based Adsorbent[END_REF]. The ranging between 5.4 and 16.0 nm for average pore sizes indicate the mesoporous structure of prepared materials. 

Reducibility of Ni-species

The TPR results of La promoted Ni-hydrocalumite derived catalysts are presented in Figure 5-5. The main reduction peaks appearing at 682 °C (non-promoted), 735 °C (1 wt.% La), 735 °C (2 wt.% La) and 672 °C (4 wt.% La) for each prepared catalysts correspond to the reduction of fine NiO species that have strong interaction with support. In addition, the reduction peak below 600 °C for 4 wt.% La promoted catalysts is assigned to the reduction of weakly bonded Ni-oxide species [START_REF] Ashok | Steam reforming of toluene as a biomass tar model compound over CeO2 promoted Ni/CaO-Al 2 O 3 catalytic systems[END_REF][START_REF] Jing | Influence of Ca/Al molar ratio on structure and catalytic reforming performance of Ni/CaO-Al 2 O 3 catalyst[END_REF], which could also be used to explain the two small Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM better activity from 4 wt.% La promoted catalysts may be attributed to its high reducibility of Ni species. Meanwhile, the opposite trend for the catalysts containing 2 wt.% La can explain the low catalytic performance. Otherwise, the presence of side reactions reflected in the measured H 2 /CO molar ratio also contribute to the CH 4 and CO 2 conversions.

By comparing the conversions of carbon dioxide and methane, it could be found that the CO 2 

Carbon formation

The carbon depositon for all prepared catalysts is presented in Table 5-7. It is calculated by mass balance based on the difference between carbon inlet and outlet. It could be found that the addition of lanthanum for Ni-hydrocalumite derived catalysts lead to higher carbon deposition, which means the promotion of lanthanum is also used to side reactions that cause carbon deposition to a certain extent, such as direct methane decomposition and boudouard reaction. brucite layers, forming a solid solution of high thermal stability [START_REF] Serrano-Lotina | Biogas reforming on La-promoted NiMgAl catalysts derived from hydrotalcite-like precursors[END_REF][START_REF] Dębek | Ni-containing Ce-promoted hydrotalcite derived materials as catalysts for methane reforming with carbon dioxide at low temperature -On the effect of basicity[END_REF]. The presence of lanthanum modifies the reducibility of the Ni-species in these Ni-hydrotalcite derived catalysts. The main reduction peak shifts to lower temperatures with increasing La-content, i.e.

Summary

from 850 °C for HN4, non-promoted, to 830 °C and 820 °C for the La-promoted catalysts.

Additionally, a shoulder can be observed at ca. 690 °C for the La-promoted catalysts HN2 and HN3 (2 and 4 wt.% of La, respectively), which can be assigned to segregated NiO species, pointing to weaker Ni-support interaction as a consequence of the incorporation of lanthanum [START_REF] Serrano-Lotina | Biogas reforming on La-promoted NiMgAl catalysts derived from hydrotalcite-like precursors[END_REF][START_REF] Serrano-Lotina | Biogas reforming over La-NiMgAl catalysts derived from hydrotalcite-like structure: Influence of calcination temperature[END_REF][START_REF] Lucrédio | Reforming of a model sulfur-free biogas on Ni catalysts supported on Mg(Al)O derived from hydrotalcite precursors: Effect of La and Rh addition[END_REF][START_REF] Kima | Effect of metal particle size on coking during CO 2 reforming of CH 4 over Ni-alumina aerogel catalysts[END_REF]]. In the case of HN2, two wide additional peaks can be clearly observed at about 400 and 450 °C, pointing to the presence of bulk weakly-bonded NiO. Moreover, Yu and co-workers concluded that the presence of lanthanum positively influenced the dispersion Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM La 2 (CO 3 ) 2 (OH) 2 and La 2 O 2 CO 3 phases, as seen in Figure 5-9 a). The absence of other phases in these patterns, points to the successful incorporation of nickel into the hydrotalcite structure.

The unit cell parameters were calculated using the method proposed by Rives [START_REF] Rives | Characterisation of layered double hydroxides and their decomposition products[END_REF] and are summarized in Table 5-10. The parameter c was calculated from the positions of the three first reflections c = d (003) +2d (006) +3d (009) . This parameter is thus indicative of the distance between brucite layers in the hydrotalcite structure, which strongly depends on the type and orientation of the interlayer anions [START_REF] Sun | Catalytic performance and characterization of Ni-CaO-ZrO 2 catalysts for dry reforming of methane[END_REF]. The parameter a of the unit cell, which describes the average distance between cation-cation in brucite layers, was calculated from the position of the first reflection at 2θ = 60°. Parameter a remains unchanged upon La-loading, suggesting that La was not incorporated into the interlayer space of the hydrotalcite structure.

On the contrary, a large increase in this a unit cell distance would have been observed due to the larger ionic radius of La in comparison with Mg and Al ions [START_REF] Yu | Carbon dioxide reforming of methane for syngas production over La-promoted NiMgAl catalysts derived from hydrotalcites[END_REF].

After calcination, Figure 5 Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM Isothermal DRM experiments were conducted at 550 °C on HN4 and HN3 catalysts, i.e. the non-promoted and 4 wt.% La-promoted Ni-hydrotalcite derived catalysts. Figure 5-14 shows the CH 4 and CO 2 conversions, as well as the H 2 /CO ratio, measured over more than 8 hours time-on-stream (TOS). An estimation of the rate of C formation, in µg/min -estimated from the carbon balance, is plotted together with CH 4 conversion in Figure 5-14 a). The activity and selectivity of both HN4 and HN3 change with time on stream. This means that the evolution of the catalytic system continues even after 8 hours TOS, and that further longer-duration experiments need to be performed in order to further conclude on catalytic stability. In any case, either La-promoted or not, the values of H 2 /CO ratio increases as the isothermal experiment progresses. This can be assigned to the direct methane decomposition yielding C(s) and H 2 , which is thermodynamically favored at such low temperatures. In agreement with the enhanced reducibility of Ni-species, this fact becomes especially true for the La-promoted catalyst, HN3. In consequence carbon formation rate is as well higher all the time for HN3 than for the non-promoted catalyst, HN4.

Chapter V. Other natural materials (Hydrotalcite, Hydrocalumite, Hydro-Strotium, and Hydro-Barium) supported catalysts for DRM based on the reflections of metallic nickel at ca. 2θ = 76.3° to avoid the influences of overlapping peaks. The Ni 0 crystallite sizes decrease with increasing rotational speed for the catalysts prepared by ball milling, which means higher rotational speed results in more full grinding. Thus, the total sequence is NiMgAl-HT ≈ NiMgAl-BM900 ≈ NiMgAl-BM600 < NiMgAl-BM300 (Table 6-2). For supported metal catalysts, the particle size is inversely proportional to the dispersion [START_REF] Borodzinski | Relation between crystallite size and dispersion on supported metal catalysts[END_REF]. Therefore, NiMgAl-BM600, NiMgAl-BM900 and NiMgAl-HT present better dispersion of metallic nickel. Moreover, the intensities of the NiAl 2 O 4 reflections on reduced NiMgAl-BM600 and NiMgAl-BM900 may affect the Ni reducibility. 

Conclusions

CO 2 adsorption and basicity

Generally, the activity in DRM may be correlated with the basicity of the catalysts [START_REF] Liu | Ceria and zirconia modified natural clay based nickel catalysts for dry reforming of methane[END_REF]. (high temperature), respecively [START_REF] Liu | La-promoted Ni-hydrotalcite-derived catalysts for dry reforming of methane at low temperatures[END_REF]. In addition, peak position and CO 2 desorption on each peak always change according to the preparation conditions, which is listed in Table 6-3.

Comparing with the centers of weak basic sites, medium-strength Lewis acid-base sites and strong basic sites for the catalysts prepared by co-precipitation that are located at 147 °C, 250 °C and 389 °C, the centers of the catalysts prepared by ball milling occur at 162-173 °C, 290-308 °C and 406-470 °C respectively (Table 6-3). Thus, all basic sites shift to higher temperature, which means the ball milling method strengthen CO 2 chemisorption, especially for NiMgAl-BM600, appearing 26 °C, 51 °C, 81 °C late respectively. Meanwhile, the Chapter VI. Effect of Mg-Al mixed oxides supported Ni-based catalysts prepared by ball milling techniques for dry reforming of methane (DRM) for syngas production. Higher catalytic activity was found in the catalysts prepared by co-precipitation and ball milling with 600 rpm rotational speed (NiMgAl-HT and NiMgAl-BM600), which may be ascribed to their suitable Ni 0 crystallite size. The less reduction of NiO x species on NiMgAl-BM900 that obtains similar Ni 0 crystallite size with NiMgAl-HT may limit its activity. Comparing to NiMgAl-BM600 having similar activity, the catalysts prepared by co-precipitation can inhibit carbon formation to a certain extent probably related to its less CO 2 desorption on strong basic sites. However, especially at low temperatures, less H 2 /CO ratio was observed, which means carbon forming reaction is presented in all prepared catalysts.

Conclusions

Chapter VII. Conclusion and perspectives

Sr 2+ and Ba 2+ ), the addition of Mg 2+ and Ca 2+ could form a layered structure in catalysts. The presence of Sr 2+ and Ba 2+ could not form a layered structure because of their excessive ionic radius. However, all prepared catalysts prepared presented relatively high catalytic activity.

Among them, the Ni-hydrotalcite-derived catalysts (Ni 2+ , Mg 2+ and Al 3+ ) exhibited the best catalytic activity in this catalyst system due to their larger specific surface area and less CO 2 adsorption on strong basic sites. The catalytic performance of Ni-hydrocalumite-derived (Ni 2+ , Mg 2+ and Al 3+ ) with less specific surface area and much CO 2 adsorption on strong basic sites catalysts was relatively poor. Besides, the carbon deposition for all prepared catalysts at 750 °C was proportional to their catalytic activity, which also indicated the promotion of side reactions on the prepared catalyst. After introducing the La to the Ni-hydrocalumite-derived catalyst having a layered structure, the presence of 4 wt.% La showed the best catalytic activity by increasing the Ni reducibility, while the addition of 2 wt.% La presented lower activity. By testing the stability at 750 °C for 5 hours, it was found that the La did not effectively inhibit the side reactions. The presence of different amounts (1 wt.%, 2 wt.%, and 4 wt.%) of La on Ni-hydrotalcite-derived catalysts contributed to the higher catalytic activity, 

Table des tableaux