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General introduction

The literature dealing with the formulation of catalysts with noble metal-like behavior in heterogeneous catalytic processes reveals the development and use of transition metal carbides "TMCs". TMCs are compounds formed by the incorporation of carbon atoms into the interstitial lattices of early transition metals. They are potential substitutes for the conventional noble metal catalysts in certain reactions where their catalytic activity is comparable to that of noble metals but with unique pathways and sometimes distinct products selectivity. They are active catalysts in a wide range of reactions including: hydrodesulfurization and hydrodenitrogenation, Fischer-Tropsch synthesis, and watergas shift. Recently, several studies showed the efficiency of molybdenum carbides for the transformation of biomass-based resources mainly through hydrodeoxygenation reactions where C-O bonds cleavage is desired without any C-C cleavage.

The fermentation of lignocellulosic biomass using bacteria produces succinic acid (SA) which is a platform molecule that can be hydrogenated to valuable products including γbutyrolactone, 1,4-butanediol and tetrahydrofuran. These chemicals are mainly employed as solvents, food additives, intermediates for polymer synthesis and pharmaceuticals. Water is preferably chosen as solvent for this reaction since after fermentation, SA is obtained in aqueous phase. It is then necessary for the catalysts to be stable under the severe hydrothermal conditions (T ≥ 160 °C, P ≥ 80 bar, water) that are required for this reaction. Noble metal supported catalysts have principally been studied for the hydrogenation of SA in aqueous phase. The main limitations to the use of noblemetal catalysts are their scarcity and high prices. For an economically viable valorization of biomass derivatives, it would be interesting to replace group VIII (8 to 10) metals by less expensive and more abundant metals.

In this project, we propose the preparation of new supported molybdenum carbide catalysts for the aqueous phase hydrogenation of SA. Taking in account that the molybdenum carbide phase and molybdenum to carbon ratio can directly affect the performance of the catalysts, we optimized the catalyst synthesis conditions to prepare the most efficient catalyst for this reaction.

Within the same frame of using sustainable resources, a significant interest is paid to the valorization of carbon dioxide (CO2) whose emission is constantly increasing and contributes in the increase in global temperatures and climate changes due to the ''greenhouse effect''. CO2 might be considered as a cheap C1 building block for valueadded products, but its transformation is rather difficult, especially in an industrial scale. This is because a possible heterogeneous catalytic conversion is hindered by the high stability and low chemical reactivity of CO2. One particular approach to CO2 utilization is its hydrogenation reduction to CO, CH4, or CH3OH using catalysts and heat. Lately, TMCs have been proposed as catalysts for CO2 reduction. A number of density functional theory (DFT) computational studies along with some experimental work have been reported employing TMCs for the production of carbon monoxide, methane, and methanol.

Motivated by these interesting reports, we tested different supported molybdenum carbide catalysts for the hydrogenation of CO2. The conditions of the reaction are optimized with P25 TiO2-supported molybdenum carbide catalyst. Catalysts supported on other oxides such as DT51 TiO2 and ZrO2 were also evaluated.

This thesis is divided into five chapters:

Chapter 1 covers a literature review which comprises three main parts. The first part is dedicated to the description of transition metal carbides, their structure and composition, bonding and electronic properties, applications, and preparation methods. The second part focused on succinic acid building block, its production and valorization mainly via hydrogenation. It is completed by reporting a selection of the catalysts used for this reaction. The third part of this chapter is about the use of carbon dioxide as a C1 building block for the production of carbon monoxide, methane, and methanol via heterogeneously catalyzed hydrogenation reactions.

Chapter 2 includes all the materials and experimental methods used for the synthesis and characterizations of supported molybdenum carbide catalysts, catalytic tests of succinic acid hydrogenation in aqueous phase, and carbon dioxide hydrogenation in gas phase, in addition to the analytic methods used in data treatments.

Chapter 3 includes results dealing with the preparation of supported molybdenum carbides using temperature programmed reduction carburization method. This chapter focuses on the effects of the preparation parameters such as the carburizing temperature, the carbon source, and the nature of support on some structural and textural properties of the obtained materials. The catalysts characterizations by XRD, TEM, STEM, XPS, carbon elemental analysis, and ICP are described first. Then, the catalytic results for the aqueous phase hydrogenation of succinic acid over these catalysts are discussed, addressing the effects of the catalysts preparation conditions on the catalytic behavior in this reaction.

Chapter 4 shows further optimization of the catalyst preparation conditions by changing the gas hourly space velocity during the preparation. The best performing catalyst was used for the optimization of the reaction conditions for succinic acid hydrogenation. An overview on the reaction pathway was done by conducting reactions from the intermediates. The catalyst stability and recyclability was also addressed in this chapter.

Chapter 5 covers carbon dioxide hydrogenation in gas phase using the catalysts already prepared and characterized in the previous two chapters. It includes screening of the reaction conditions, and the effects of the catalysts preparation conditions and the support on the catalytic performances.

CHAPTER 1.

Literature Review I. Transition metal carbides (TMCs)

TMCs are alloys of carbon and transition metal atoms; they are formed by the incorporation of carbon into the lattice of the metal. These materials are also denoted as "interstitial alloys", since the carbon atoms occupy the interstitial spaces between the metal ones [START_REF] Oyama | The Chemistry of Transition Metal Carbides and Nitrides[END_REF][START_REF] Oyama | [END_REF][3][4].

The first part of this section gives an overview of TMCs. The structure, composition, bonding and electronic properties of the TMC are briefly presented, followed by a description of the preparation of these materials. Then their diverse applications are presented. TMCs are used in many technological applications such as electronic, magnetic, and optical fields owing to their remarkable properties and interesting nature, in addition to their increasing use as catalysts [START_REF] Oyama | The Chemistry of Transition Metal Carbides and Nitrides[END_REF][START_REF] Oyama | [END_REF][3][4][5][6][START_REF] Ertl | Preparation of Solid Catalysts[END_REF]. In our work, we are specifically concerned in molybdenum carbides among TMCs, and thus specific examples will be given whenever possible.

Structure and composition of TMCs

TMCs have many crystal structures, the main ones being face centered cubic (fcc), hexagonal closed packed (hcp) or simple hexagonal (hex) (Figure 1) [START_REF] Oyama | [END_REF]9]. Usually, the TMC adopts a structure different from that of the parent metal. For example, pure Figure 1 Common structures in TMCs [9]. molybdenum and tungsten metals are body centered cubic (bcc), while their stable carbide phases are hcp and hex, respectively [START_REF] Oyama | [END_REF]. A structure not adopted by carbides is the body-centered cubic (bcc), because this lattice cannot accommodate an interstitial atom.

The structure and stoichiometry of the materials emerging from different transition metals depend on geometric and electronic factors [START_REF] Oyama | The Chemistry of Transition Metal Carbides and Nitrides[END_REF]3,9,10]. The geometric factor is determined experimentally. Indeed, on the left of the periodic table, the structures tend to be simple, while on the right the structures become more complicated. These trends were given by Hägg's rule, which states that the structure of the formed alloy depends on the ratio (r) of the radius of the carbon to that of the transition metal: r = rcarbon/rmetal When r < 0.59, the transition metals form the common structures: fcc, hcp, or hex. The early transition elements have relatively large atomic radii and the carbon atoms can occupy the interstitial sites between metal atoms. For example, in groups 4 and 5 the preferred structure is fcc (NaCl) with atomic radii between 0.132 nm (V) to 0.158 nm (Zr); whereas in group 6, hexagonal and orthorhombic structures appear (Table 1), with atomic radii ranging from 0.125 (Cr) to 0.137 (W). In our specific example of molybdenum carbide, the ratio of C to Mo is 0.566 (with atomic radii of 0.077 nm and 0.136 nm for C and Mo respectively) [10], and the stable structure is hcp (Table 1).

Table 1 Crystal structure of transition metal carbides of groups 4-6. Produced from references [9,[11][12][13][14][15] Group 4 (IVB) Group 5 (VB) Group 6 (VIB) On the other hand, when r > 0.59, more complex structures are formed [START_REF] Oyama | The Chemistry of Transition Metal Carbides and Nitrides[END_REF]3,9,10].

Toward the right in the periodic table (i.e. groups 7-10), the size of the metal atom decreases (e.g. the atomic radii of Mn and Fe are 0.112 nm and 0.124 nm respectively) [10]. Accordingly, the lattice is not able to accommodate the carbon atoms while maintaining the metal-metal interactions at the same time, and thus produces more complex structures (e.g. triclinic, tetragonal, and orthorhombic).

Even though minor exceptions exist, Hägg's rule is usually useful for predicting structures of TMCs.

Regarding the composition in TMCs, there are some common trends within the periodic table. Usually, the carbides of groups 4 and 5 transition metals present a one to one stoichiometry (i.e. MC; M stands for transition metal and C for carbon), e.g. TiC, ZrC, HfC.

In group 5 (VB), M2C stoichiometry starts to appear, e.g. V2C, Nb2C, and Ta2C but it is not the most stable carbide phase. Nevertheless, this phase becomes more favorable for group 6 (VIB) elements, e.g. Mo2C (Table 1). In addition, sub-stoichiometry such as MoC1-

x and WC1-x can exist and the MC stoichiometry (e.g. MoC, or WC) can also be formed.

While, the stoichiometry of carbides of the transition metals of group 8 to 10 (e.g. Fe, Co, and Ni) usually shifts to M3C [6,9,11,16].

The second factor that determines crystal structures of TMCs is the electronic one.

According to the Engel-Brewer theory, the structure adopted by a metal or an alloy can be predicted based on the electronic configuration, as it depends on the total number of sp electrons. Thus, as the sp electron count increases, the structure goes from bcc → hcp → fcc as observed in the series of metal Mo → Re → Pd [START_REF] Oyama | The Chemistry of Transition Metal Carbides and Nitrides[END_REF][START_REF] Oyama | [END_REF]. The electronic properties will be further discussed in the following section.

Bonding and electronic properties of TMCs

TMCs have physical properties that resemble those of ceramics such as the hardness, high melting points > 3300 K, and strength > 3×10 5 MPa. At the same time, their electronic and magnetic properties are characteristic of metals such as good electrical and heat conductivity [START_REF] Oyama | The Chemistry of Transition Metal Carbides and Nitrides[END_REF][START_REF] Ertl | Preparation of Solid Catalysts[END_REF].

The unusual properties of TMCs urged theoretical chemists to study the chemical bonding of these materials. The electronic behavior of TMCs gives the impression that their electron density has increased by alloying [START_REF] Oyama | [END_REF]. The bonding in these compounds is due to the interaction between the 2s and 2p orbitals of carbon with the d orbitals (t2g and eg) of the metal (Scheme 1) [START_REF] Oyama | The Chemistry of Transition Metal Carbides and Nitrides[END_REF]. In the case of molybdenum, the 4d orbital of the metal is occupied by 5 electrons [17].

Theories on the type of bonding in TMCs have changed significantly over the years and are summarized by Oyama [START_REF] Oyama | [END_REF]. The type of bonding is not the same among different TMCs, as they can exhibit covalent, ionic and metallic bonds. For example the V-C bonds were proved to be much more ionic than the Mo-C bonds [18]. The oxidation state of Mo in a thin carbide film was determined to be around Mo 0.2+ , whereas the oxidation state of V in the carbide is V 1.2+ . This indicates that there is very little charge transfer between Mo and C, and that the Mo-C bonding is mainly covalent, compared to a significant indication of ionic bonding in the V-C bond [18]. The charge transfer decreases when moving from group 4 to 6 which can be due to the increase in electronegativity of the metals. Based on theoretical calculations, X-ray photoelectron spectroscopy and near edge X-ray absorption fine structure spectroscopy, the electron transfer is from the transition metal to carbon [19].

Applications of TMCs

Because of their great strength, hardness, and durability, TMCs have been used in applications requiring extreme conditions of temperature and pressure such as rocket nozzles, cutting tools, and snow tires [START_REF] Oyama | The Chemistry of Transition Metal Carbides and Nitrides[END_REF]. Moreover, TMCs have interesting optical, electronic, and magnetic properties and have been used for optical coatings, electrical connections, diffusion barriers, and coatings for metal objects [START_REF] Oyama | The Chemistry of Transition Metal Carbides and Nitrides[END_REF]9]. Scheme 1. Electronic structure of transition metal carbides: 2p orbital of carbon and d orbital (t2g and eg states) of the metal [START_REF] Oyama | The Chemistry of Transition Metal Carbides and Nitrides[END_REF].

TMC as catalysts

In early 70s, TMCs started to attract attention as catalysts because of their high specific surface area and relatively inexpensive prices [START_REF] Oyama | The Chemistry of Transition Metal Carbides and Nitrides[END_REF]. The great interest in the catalytic applications of these materials was induced after the popular report of Levy and Boudart who noted platinum-like catalytic behavior of tungsten carbide [20].

The use of TMCs as heterogeneous catalysts is common in gas phase reactions, whereas they are also reported for some fewer liquid phase catalytic applications. They are employed as bulk catalysts (e.g. Mo2C), supported catalysts (e.g. Mo2C/Al2O3), or as supports for other metals (e.g. Cu/Mo2C). To focus specifically on the catalytic activity of the TMCs we will not include examples where they are used as supports.

TMCs are currently known for their activity in hydroprocessing reactions such as hydrodesulfurization (HDS), hydrodenitrogenation (HDN), and hydrodeoxygenation (HDO) that are used to remove sulfur, nitrogen, or oxygen from streams, such as in petroleum or biomass-derived oil. Furthermore, the catalytic activity of TMCs is also reported in water-gas shift, isomerization, and Fischer-Tropsch reactions [21][22][23][24]. They are capable of adsorbing, activating and transferring active surface hydrogen to reactant molecules [25]. In the following part, a few examples will be given for the aforementioned reactions (Table 2).

Chapter Table 2 Selected examples of reactions reported in the literature over molybdenum carbides 

Hydrotreating reactions

Hydrotreating is a process widely used in the petroleum industry for producing high quality fuels and upgrading heavy crude oil by reducing sulfur and/or nitrogen content [START_REF] Lausche | Compr. Inorg. Chem. II[END_REF]. The reported activity of TMCs in these reactions is not new [START_REF] Lee | [END_REF]34]. Some examples in the literature particularly on molybdenum carbides are listed in Table 2.

In gas phase HDS of thiophene in flow reactor (Table 2, entry 1), Mo2C/Al2O3 catalyst showed superior activity (normalized per mole of molybdenum) than the conventional sulfided Mo/Al2O3 catalyst with the same Mo loading after 18h of reaction. The products distribution was similar for the two catalysts (37% n-butane, 26% 1-butene, 25% cis-2butene, 10% trans-2-butene, and 2% butadiene) [26].

Oyama et al. studied Mo2C/ -Al2O3 with phosphorous additive for hydrotreating reactions in trickle-bed reactor. The authors found that the steady-state conversion and turnover rate of the carbide catalyst was higher than the reference sulfided commercial catalyst (Ni-Mo-S/Al2O3). For example, for the HDS of dibenzothiophene, Mo2C/γ-Al2O3-P catalyst exhibits a turnover rate of 1.2 10 -3 s -1 compared to 0.6 10 -3 s -1 for Ni-Mo-S/Al2O3 (Table 2, entry 2).

Xiao et al. reported the preparation of bulk Mo2C catalyst and tested it for pyridine gasphase HDN reaction [28]. The authors found excellent performance of the catalyst with a high selectivity to C4 and C5 alkanes (Table 2, entry 3). HDN of indole to ethylcyclohexane and ethylbenzene was performed over Mo2C supported on various carbon black composites in a down flow reactor (Table 2, entry 4). The authors showed that the catalytic activity was dependent on the dispersion of the active phase, i.e. higher HDN conversion were obtained over catalysts with higher dispersion [29].

Fischer-Tropsch synthesis

The Fischer-Tropsch (FT) reaction which involves the conversion of CO and H2 into hydrocarbons and alcohols is performed usually using Fe and/or Co based catalysts. Early transition metal carbides, in particular Mo and W carbides, have been reported to be active for this reaction. However products selectivity remains a major challenge where molybdenum carbide catalyst mainly gives methane and light alkanes [START_REF] Lausche | Compr. Inorg. Chem. II[END_REF].

Khodakov et al. tested 10% Mo2C/Al2O3 catalyst for FT synthesis in a fixed-bed reactor at 300°C and 10 bar (Table 2, entry 5). The authors stated that the catalyst was relatively stable and the catalytic performance remained unchanged during 40 h of reaction. The products were mainly methane, light paraffins and carbon dioxide. This study also showed the effect of catalyst promotion with potassium which resulted in lower FT reaction rate but higher selectivity to light olefins and C5+ hydrocarbons [30].

Adesina et al. investigated the catalytic properties of Mo2C catalysts supported on various semiconductor oxides for FT synthesis. They concluded that reaction rates follow the order MoC1-x/TiO2 (Table 2, entry 6

) > MoC1-x/SiO2 > MoC1-x/ZrO2 > MoC1-x/Al2O3.
Molybdenum carbide formation rates (during syntheses) followed the same trend.

Moreover, methane selectivity decreased in the order MoC1-x/ZrO2 > MoC1-x/SiO2 > MoC1-

x/Al2O3 > MoC1-x/TiO2 in agreement with the chain growth probability trend, estimated from Anderson-Schulz-Flory equation. Thus, MoC1-x/TiO2 was the optimal catalyst in this study [31].

Water-gas shift reaction

The water-gas shift (WGS) reaction is an industrially important reaction for the production of H2 at the expense of CO, given by the equation: CO + H2O ↔ CO2 + H2.

The WGS is exothermic reaction; the research regarding the use of carbides for this process has focused primarily on the low temperature WGS [START_REF] Lausche | Compr. Inorg. Chem. II[END_REF]. Patt et al. were among the first to report the WGS activity of Mo2C (Table 2, entry 7). The catalytic rates were comparable to those for Cu/Zn/Al2O3 (the industrial catalyst) on a weight basis under identical conditions. These authors reported that there was no evidence of methanation activity for both catalysts under the conditions employed. In addition, the carbide catalyst was stable after 48 h of reaction [24].

Biomass-related reactions over TMC catalysts

Hydrodeoxygenation

Recently, molybdenum carbides have received more interest for their application in the transformation of biomass-based resources. Biomass must undergo several transformations in order to be converted into biofuels and fine chemicals. The biomass derivatives obtained through hydrolysis contain a large amount of oxygen, i.e. a high O/C ratio. Accordingly, hydrodeoxygenation (HDO) is a significant reaction and should be performed via a catalyst which is able to selectively cleave C-O bonds without any C-C cleavage [6]. TMCs have been reported to be highly selective in the HDO of vegetable oils derived from biomass. Some examples reported in the literature are listed in Table 3.

Zheng et al. were in the first to report the conversion of renewable vegetable oils (such as, soybean, rapeseed, olive and sunflower oil) into diesel like hydrocarbon mixtures on molybdenum carbide catalysts with high activity and selectivity [35]. They showed that Mo2C/AC catalyst achieved the highest yield of hydrocarbon with olive oil (88%), and the catalyst was found to be active and stable over 16 runs (Table 3, entry 1).

The same group assessed the use of cellulose-derived carbon materials as supports for Mo2C. The catalysts were tested for hydrodeoxygenation of maize oil [36]. The authors showed that graphitized carbon nanosphere supported catalyst gave high conversion and hydrocarbon yield (91% and 88% respectively), which were 21% and 31% higher than the conversion and yield of the un-graphitized carbon nanosphere supported catalyst (Table 3, entry 2).

Bitter et al. compared the performance of molybdenum and tungsten carbides supported on carbon nanofibers for the hydrodeoxygenation of oleic acid, present in vegetable oils [37]. Both catalysts showed good activity, but Mo2C/CNF catalyst was found to be more active and more stable than W2C/CNF. The catalysts also exhibited different products selectivity where Mo2C/CNF catalyst was selective to paraffin (Table 3, entry 3), and W2C/CNF was more selective to olefin.

Albeit the very good results reported for the conversion of vegetable oils over carbide catalysts, the concern lies in the competition between "first generation biofuels" and food crops. Therefore more attention is directed towards waste oil or non-edible lignocellulosic resources "second generation feedstocks" [6]. [38]. Mo2C/CNF catalyst achieved a guaiacol conversion of 67% with HDO yield of 33% (Table 3, entry 4). The rest of the products were those of demethylation/methyl substitution reactions of guaiacol and products.

García et al. studied the HDO of phenol over Mo2C supported on hollow carbon spheres [39]. A high selectivity to benzene was obtained with high phenol conversion (Table 3, entry 5). The authors deduced from the experimental and computational investigations that direct deoxygenation route which leads to benzene was preferred over the hydrogenation route that leads to cyclohexane. They referred this preference to direct deoxygenation to the affinity of phenol to adsorb on Mo2C surface. They also examined the effect of water during the HDO reaction. Phenol and water were in competition for the Mo adsorption sites. When the water partial pressure increased, the Mo active sites were covered by water, thus hindering the access of phenol to the Mo surface atoms.

Deactivation of the catalyst resulted from the formation of MoO2.

Hydrogenation

Cellulose can serve as a sustainable feedstock for fuels, chemicals and polymers that are currently produced from petroleum [6]. Zhang et al. reported the conversion of cellulose to ethylene glycol (EG: a monomer for the large scale manufacture of polyethylene teraphtalate) over tungsten carbide catalyst supported on mesoporous carbon. Full conversion of cellulose was achieved with 73% yield of EG (Table 3, entry 6). The authors explained that the 3D interconnected mesoporous structure favored high dispersion and accessibility of active components of WCx, thus the conversion of cellulose to EG is facilitated [40].

Another attractive approach lies in the transformation of cellulose into levulinic acid (LA) by acid-catalyzed hydrolysis [6]. LA is a C5 keto-acid classified as potential platform chemical in the biorefinery notion. Teixeira da Silva et al. studied the hydrogenation of LA over molybdenum carbide based catalysts [41]. Molybdenum carbide supported on carbon nanotubes achieved 99 % conversion and 90% selectivity to -valerolactone using a continuous-flow reactor (Table 3, entry 7). They showed that in a turnover frequency basis, the values were similar to those obtained for a ruthenium catalyst evaluated under the same conditions.

Stability of TMC catalysts

Albeit the aforementioned examples that reported good stability for TMC catalysts throughout the catalytic reactions, this is not the case in many other reports. The main causes of deactivation in literature are the oxidation of the transition metal species and carbon deposition on the catalyst.

Mortensen et al. [42] studied the stability of Mo2C/ZrO2 catalyst for HDO of phenol and 1-octanol as a simplified bio-oil model system. The conversion of 1-octanol was higher than phenol. In the stability tests, the conversion of 1-octanol decreased throughout the 76 h experiment from 70% initial conversion to 37% at the end. The authors believed that the cause behind this deactivation was the water produced as by-product from the deoxygenation reaction. They drew out this conclusion by elucidating the deactivation mechanism, where water was co-fed with 1-octanol solution. A rapid deactivation of the catalyst occurred and the conversion of 1-octanol decreased from 64% to 11% within the first 12 h. This was accompanied with the detection of traces of CO2 and CH4 in the gas phase, which the authors considered a possible indication of the oxidation of Mo2C.

Lee et al. [43] also observed pronounced deactivation of Mo2C for HDO of furfural at 150 °C and 1 bar in a plug-flow reactor. They found that the deactivation was partly because of carbon deposition, but oxidation of the catalyst could not be excluded.

Claridge et al. [44] observed that molybdenum carbide deactivated in reforming of methane due to the formation of MoO2 and that the level of deactivation increased with the strength of the oxidizing agent as: O2 > H2O CO2.

The origin of analogy between TMCs and noble metal catalysts

In the 5 th raw of the periodic table, the crystal structures of the elements from group 6, 8 and 10 evolve from bcc (Mo) to hcp (Ru) and fcc (Pd), which is the same trend found in the series Mo, Mo2C, Mo2N (Table 4). In fact, carbon sp electrons increase the apparent electron-to-atom ratio, producing relatively Pt-like electronic structure. After confirmation that the electron transfer is from the metal to carbon, it was shown that the formation of the carbide may modify the nature of the d-band of the parent metal. In order to accommodate the carbon atoms, the host metallic lattice may have to expand, thus leading to an increase of the metal-metal bond distance, which in turn causes contraction of the metal d-band. This contraction gives greater density of states near the Fermi level, and thus gives rise to catalytic properties that are different from those of the parent metals but similar to those of group 8-10 noble metals [11,45,46]. The properties of interstitial alloys are directly linked to their way of preparation.

Indeed, the parameters affecting the size, morphology, and crystal structure of the resulting compounds have to be controlled. Therefore the next section will focus on the methods of preparation of metal carbides, and more specifically, supported carbides, that we are interested in within this work. Again, whenever it is suitable, the examples will be given on molybdenum carbides.

Preparation of TMCs

Several methods have been developed for the preparation of carbides according to the targeted use of the material. The methods that use quite elevated temperatures (1225-2026 °C) for the preparation of carbides produce materials with very low surface area.

These methods are convenient for applications that require the strength and hardness properties of the carbides. However, when the materials are prepared for catalysis purposes, these methods are not useful as the surface area is a critical parameter for this application. Herein we distinguish between the methods of preparation of low surface area carbides and methods of preparation of high surface area carbides which is desired for TMCs employed in catalytic applications. The former methods will be presented briefly We are interested in supported carbides however the carburization processes for TMCs reported in literature are mainly focused on the bulk material. Therefore the methods of preparation of bulk TMCs are presented first in this part, for the sake of clarity, followed by the supported ones.

Methods producing low surface area carbides

Direct reaction of the transition metal and carbon (solid-solid)

TMCs can be prepared by mixing the metallic powder (M) with solid carbon (C) under H2 or vacuum at elevated temperatures (1225-2026 °C).

The thermodynamic of this reaction shows that carbide formation is favored at lower temperatures, but high temperatures are used to overcome solid-state diffusion limitations [START_REF] Oyama | The Chemistry of Transition Metal Carbides and Nitrides[END_REF][START_REF] Oyama | [END_REF].

Reaction of metal oxide and carbon (solid-solid)

A metal precursor is mixed with carbon and heated at high temperatures (1225-2026 °C) as with the pure metals [START_REF] Oyama | The Chemistry of Transition Metal Carbides and Nitrides[END_REF][START_REF] Oyama | [END_REF]. Direct transformation of metal oxides to carbides is economically beneficial since the oxide does not have to be reduced to the metal in a preliminary step.

Reaction of metal containing compounds with hydrocarbon gas (solid-gas or vapor-gas)

Another way to produce TMCs is the decomposition of metal compounds or metal halide vapors by reacting them with gaseous hydrocarbons under high temperature (1126-2626 °C) [START_REF] Oyama | The Chemistry of Transition Metal Carbides and Nitrides[END_REF][START_REF] Oyama | [END_REF].

Method producing high surface area carbides: Temperature-programmed reaction

This method includes the reaction of metal precursor with carbon-containing reactive gas (CO, hydrocarbons, or a mixture of hydrocarbon and hydrogen) [START_REF] Oyama | The Chemistry of Transition Metal Carbides and Nitrides[END_REF][START_REF] Oyama | [END_REF]4]. Generally, the carburization of a solid with a gas is preferred over reaction with solid carbon because solid-solid reactions require high temperatures to avoid diffusion limitations.

Temperature-programmed reduction-carburization (TPRC) is a TMCs preparation method developed by the group of Boudart [4,47,48] which is classified within the methods that involve the solid-gas interaction. In this process, a metal precursor or supported metal precursor powder is placed under a reductive-carburizing gas flow, while raising the temperature slowly in a uniform heating ramp until reaching the maximum temperature needed. Ammonium heptamolybdate tetrahydrate or molybdenum trioxide are usually used as precursor. By monitoring changes in the exit gas composition it is possible to determine the different synthesis steps and investigate the reaction intermediates. Through this method of synthesis it is possible to bypass the metallic state that is susceptible to sintering because the synthesis involves the simultaneous reduction and carburization of the transition metal oxide to carbide resulting in products with high specific surface areas [4,[47][48][49].

Aside from hydrocarbons, other sources of carbon can be used. For example Ren et al.

used glucose as a carbon source to prepare Mo2C-Ni/ZrO2 by the so called glucose-assisted incipient wetness impregnation with subsequent reduction carburization. In this case the reduction carburization process was conducted under H2/N2 [50].

Moreover, when the support itself is carbon, it is used as a carbon source for the carburization of the metal oxide via carbothermal hydrogen reduction method [6] e.g.

Mo2C/AC [51]. However, in this work we focus only on TPRC with hydrocarbons as carbon source, and thus the provided examples cover only this process.

Specific example: Preparation of molybdenum carbides by TPRC

As we are specifically concerned in molybdenum carbides in this work, a few examples of their preparation by TPRC method are detailed below.

As mentioned in section I.1, molybdenum carbide systems consist of different phases, most of which have two compositions, MoC and Mo2C, which may co-exist [52]; and the main crystallographic phases are the hexagonal, cubic, and orthorhombic molybdenum carbide phases [53].

An example of preparing bulk hcp Mo2C by TPRC of MoO3 using 20% v/v CH4/H2 gas is given by Boudart [47]. Figure 2 shows that the transformation occurs in two stages. In the first stage, water is formed at T ≈ 610 °C where the precursor MoO3 is reduced to MoO2 (confirmed by the analysis of the intermediate products). In the second stage of transformation, more water is produced accompanied by methane consumption at T ≈ 665 °C. Therefore, it is concluded that reduction and carburization occur simultaneously, where oxygen atoms diffuse from the bulk to the surface as carbidic carbon inserts in opposite direction. The resulting product is Mo2C of surface area around 60 m 2 /g. When pure H2 is used, MoO3 is reduced to MoO2 which in turn is reduced to metallic molybdenum. The surface area of metallic Mo is below 3 m 2 /g, so the metallic stage should be bypassed during the preparation to obtain a metal carbide with high surface area [47].

The transformation route of molybdenum trioxide to molybdenum carbide seems to differ depending on several parameters. For instance, in the example of the preparation of hcp Mo2C with 20% CH4/H2 discussed above the transformation goes through MoO3 → MoO2 → Mo2C [45,47], however others claim the formation of an intermediate fcc phase

MoOxCy i.e. MoO3→ MoO2→ MoOxCy→ Mo2C [54]. On the other hand, for the preparation of fcc MoC1-x the transformation route has been reported to be: MoO3→ MoO2 + MoOxHy → MoC1-x [55], or also MoO3→ MoO2 → MoC1-x [56].

Figure 2 TPR profiles of carburization and reduction of MoO3 [49].

Effects of carburization conditions

A challenging aspect in the preparation of molybdenum carbides -as for other TMCs-is controlling their crystallographic structure and morphology. The TPRC process is sensitive to many parameters that make the choice of the preparation conditions critical. The success of a synthesis can be highly sensitive to the gas composition (i.e. % v/v HC/H2), the nature of the carbon source, heating rate, maximum carburization temperature, and holding time. Table 5 includes examples on the preparation of bulk and supported molybdenum carbides. Some information on the preparation is not mentioned in the table

for simplicity purposes, they can be found in details in the corresponding references. The preparation of bulk molybdenum carbides has been largely studied and some of the keys parameters are discussed hereafter.

Entry

Upon conducting the carburization using 20% v/v CH4/H2 reactive mixture, the hexagonal hcp phase is usually obtained regardless of the other parameters of carburization as shown in entries 1 to 6 in Table 5 [45,54,57].

Increasing the carburization temperature (from 630 to 800°C) generates larger molybdenum carbide particles as shown in entries 1, 2, and 3 [45]. Similarly, holding the maximum temperature for longer time causes an increase in the crystallite size (entries 2 and 4) [45,54].

Increasing the concentration of methane itself from 20% (entry 2) to 80% (entry 7) within the reactive gas mixture caused a change of crystallographic phase, from pure hcp to a mixture of hcp and fcc molybdenum carbide. But at the same time, this also increases the deposition of excess carbon on the surface [45].

Increasing the chain length of the hydrocarbon from CH4 (entry 5) to C2H6 (entry 8) and C4H10 (entry 11) lowers the temperatures required for the complete formation of carbide from 750 °C to 630 °C and 550 °C, respectively. Accordingly, the size of molybdenum carbides carburized at lower temperature is smaller [57].

Carburization with C2H6/H2 generates a mixture of fcc and hcp phases at low concentration of hydrocarbon (10 % v/v, entry 8) [57], while pure cubic phase is obtained at 20 % v/v (entry 9) [56]. Carburization using C4H10 produces fcc cubic molybdenum carbide phase (entry 11) [45,54,57,61,62].

In summary, the reports dealing with the effects of carburizing agent on the structure of bulk TMCs show that the type and concentration of the carbon source affect the crystallographic structure and the carburization degree of the material [45,54,57,61,62].

On the other hand, carburizing at higher temperatures and longer time produces molybdenum carbide particles with larger crystallite size [28,45,54,57,61,63,64]. Despite that, the effects of the preparation conditions may overlap as TPRC synthesis method is sensitive to all the aforementioned parameters.

Supported molybdenum carbides

Concerning the supported molybdenum carbides, less data are available in literature on the effects of preparation conditions on the properties of the material. Ammonium heptamolybdate tetrahydrate is usually used as precursor. A calcination step (heating under air) can be done before the TPRC to generate molybdenum trioxide, or TPRC can be conducted directly, the decomposition of the precursor salts occurs then during the thermal treatment.

A study on the preparation of bulk and supported molybdenum carbide showed that when employing the same carburization conditions (20% v/v CH4/H2 at 700 °C), the unsupported molybdenum carbide exhibits hcp structure (Table 5 entry 6) whereas the alumina-supported molybdenum carbide has an fcc structure (entry 12) [58]. Accordingly, it is not possible to predict the molybdenum carbide phase when new supported materials and new synthesized conditions are used.

Molybdenum carbide supported on carbon nanotubes was prepared using 20% CH4/H2. The hcp phase was obtained at 650 °C in a report (entry 14) [41]; whereas fcc phase was obtained at 700 °C in another report (entry 15) [59]. The final temperature of carburization seems to affect the crystallographic phase. This confirms the sensitivity of the preparation of these materials. It is important to control the parameters during the synthesis in order to ensure reproducibility and accuracy in producing the desired phase.

A report on the preparation of supported molybdenum carbides using 20% v/v C3H8/H2 at 700 °C showed that a mixture of fcc and hcp molybdenum carbide phases was obtained on all the oxide supports: Al2O3 (entry 13), SiO2 (entry 16), ZrO2 (entry 17), and TiO2 (entry 19) [31]. They concluded in this study that TiO2-supported molybdenum oxide performed maximum carburization reaction rate among other oxides. Aside from the aforementioned report, another study reported the formation of large crystallites (~ 25 nm) of hexagonal Mo2C on anatase TiO2 using 20% v/v CH4/H2 at 650 °C (entry 20) [60].

Mo2C/ZrO2 with hcp structure was synthesized using 20% v/v CH4/H2 at 550°C (entry 18). The authors observed MoO2 as an intermediate during the transformation [42].

In the case of supported material, TPRC is preceded by the deposition of the precursor on the support (i.e. preparation of the supported metal precursor); this step is discussed in the following part.

Preparation of the supported metal precursor

There are two main steps in the preparation of supported catalysts: the first one consists on the deposition of the precursor of the metal on the support, and the second one is the activation step (transformation of the material into the required active state of the metal). The activation may include calcination at specific temperatures under air to remove any moisture that may stay after the first step, and decompose the precursor salts. More importantly, activation generally comprises reduction of the metal oxide to the required reduced state (e.g. the zero charged metallic state), or reductioncarburization as in the case of TMCs.

As a matter of fact, most metal catalysts of industrial interest are supported. Indeed, the support may play a fundamental role in the activity and stability of catalysts.

Moreover the nature of the support can affect the acidity and basicity of the catalyst, and hence the catalytic response. Using supports allows to reduce the amount of the metal used, and can provide high dispersion for the active phase on the surface [START_REF]Handbook of Heterogeneous Catalysis: 8 Volumes[END_REF].

Properties of supported catalysts depend on many factors such as the metal precursor, the nature of the support, and the preparation procedure.

The metal precursor

When choosing the metal precursor, some factors should be taken into account. For example the solubility of the precursor in the solvent chosen for the preparation, the counter ions that can easily be decomposed to volatile products or act as poisons (e.g. Cl), the possible interactions with the chosen support, in addition to other considerations such as availability and prices.

As already mentioned, in the case of molybdenum carbides, the two common molybdenum precursors usually used in the preparation are: ammonium heptamolybdate tetrahydrate ((NH4)6Mo7O24.4H2O), and molybdenum trioxide (MoO3).

The nature of the support

The most common supports used industrially for supporting catalysts include alumina, silica, titania, zirconia, magnesia, zinc oxide, zeolites, and carbons [START_REF] Busca | Heterogeneous Catalytic Materials: Solid State Chemistry, Surface Chemistry and Catalytic Behaviour[END_REF]. Some of these supports are used in our work for the preparation of supported molybdenum carbides, and thus will be described below. The supports and some of their properties are listed in Table 6. Titanium dioxide: Titania is largely used as supports in heterogeneous catalysis. One of the most important applications of TiO2 (anatase) in industrial catalysts is as support for vanadia-tungsta (V2O5-WO3/TiO2) and vanadia-molybdena (V2O5-MoO3/TiO2) that are used for the selective catalytic reduction of NOx to N2 [START_REF] Busca | Heterogeneous Catalytic Materials: Solid State Chemistry, Surface Chemistry and Catalytic Behaviour[END_REF][START_REF] Forzatti | Catal. Sustain. Energy Prod[END_REF].

There are many forms of titania, such as the tetragonal anatase and rutile forms, the orthorhombic brookite, and the monoclinic TiO2 (B). Anatase and rutile forms are the most common ones. Rutile structure is the thermodynamically stable phase, but it is reported to be less useful in catalysis than anatase due to its low surface area [START_REF] Busca | Heterogeneous Catalytic Materials: Solid State Chemistry, Surface Chemistry and Catalytic Behaviour[END_REF]. Anatase phase transforms to rutile at temperature ≈ 500-1000 °C [START_REF] Hanaor | [END_REF].

This phase transition usually limits the stability of catalysts supported on anatase in reactions that require high temperatures. However, this transition is strongly affected by the species deposed on pure anatase. For example, vanadium and copper oxides tend to favor the transition from anatase to rutile, whereas silicate and molybdate stabilize it, allowing to use anatase supported catalysts at high temperature [START_REF] Busca | Heterogeneous Catalytic Materials: Solid State Chemistry, Surface Chemistry and Catalytic Behaviour[END_REF].

Commercial titania supports may present in pure forms such as anatase or rutile, or as a mixture of anatase and rutile (e.g. P25 ≈ 75% anatase, 25% rutile) [70].

Titanium oxides are ionic with medium-high Lewis acidity, significant basicity, and weak Brønsted acidity [START_REF] Busca | Heterogeneous Catalytic Materials: Solid State Chemistry, Surface Chemistry and Catalytic Behaviour[END_REF].

Zirconium dioxide: There are three structures of zirconia; each one is thermodynamically stable according to the temperature range. At ambient temperature, the form is monoclinic zirconia, at temperatures around 1100°C, the conversion from a monoclinic to a tetragonal structure is observed, followed by another transformation at about 2300°C from tetragonal to cubic [START_REF] Regalbuto | Catalyst Preparation: Science and Engineering[END_REF]. Zirconia is also ionic and possesses characteristics similar to titania: medium Lewis acidity, significant surface basicity and very low Brønsted acidity [START_REF] Busca | Heterogeneous Catalytic Materials: Solid State Chemistry, Surface Chemistry and Catalytic Behaviour[END_REF].

Zirconium oxide is reported to be a promising support for high temperature catalytic applications such as methane catalytic partial oxidation and catalytic combustion [START_REF] Ftouni | [END_REF]. However its use for industrial catalysts is hindered by the cost and instability due to phase transformation.

Preparation procedure

To prepare supported interstitial alloys many ways of synthesis can be used. The choice of the preparation method depends on the nature of support and the desired material phase. The most common method used to achieve deposition of the active component precursor on a support is impregnation.

Impregnation is divided in two main ways [START_REF]Applied Heterogeneous Catalysis: Design, Manufacture, Use of Solid Catalysts[END_REF][START_REF] Munnik | [END_REF]:

Incipient wetness (also called dry impregnation, or capillary impregnation): The volume of the solution containing the precursor is equal to the pore volume of the support, so that at the end of the operation no excess solution remains outside of the pores [START_REF] Ertl | Preparation of Solid Catalysts[END_REF][START_REF] Regalbuto | Catalyst Preparation: Science and Engineering[END_REF]. Water is usually the solvent for inorganic salt precursors because of their high solubility in it.

Diffusion impregnation (which is the classical wet impregnation): The volume of the precursor solution is in excess. The precursor salt migrates progressively from the solution into the heart of the grains of the support.

The impregnation method is chosen according to the catalyst case. Incipient wetness impregnation is advantageous as no water is wasted during the preparation. Moreover, it is faster, and the loss of active precursor can be prevented fairly easily. However, when high loadings are required, incipient wetness impregnation is more difficult. The solubility of the precursor has to be sufficiently high to allow dissolving the required amount of the active component or its precursor in a volume of liquid equal to the pore volume of the support [START_REF] Ertl | Preparation of Solid Catalysts[END_REF][START_REF]Handbook of Heterogeneous Catalysis: 8 Volumes[END_REF]. Consequently multiple impregnations are required to achieve the desired loading of the active component [21], and thus wet impregnation can be advantageous in this case. As we will be working with 10-12% w/w loading of molybdenum, the second method will be used.

The main factors which affect the interaction of the species in solution with the support are [START_REF] Ertl | Preparation of Solid Catalysts[END_REF][START_REF]Handbook of Heterogeneous Catalysis: 8 Volumes[END_REF]:

The pH of the solution

The nature of the metal complex in solution, which depends on the pH and concentration of the metal in solution (e.g. Figure 3) [75,76].

The point of zero charge of the support (PZC, pH at which the surface of the material has a net zero charge) [START_REF] Kosmulski | [END_REF]77]. The surface of oxide support is usually covered with hydroxyl groups, at the contact with water (during the impregnation step), these groups can behave as Brønsted acids or bases which gives them the ability to interact with many types of metal precursors [START_REF] Regalbuto | Catalyst Preparation: Science and Engineering[END_REF]. Scheme 2 is an example of TiO2 (P25) which is used in our work, the PZC is around 6.3 [40]. Under the PZC (when pH < 6.3) the surface will be positively charged, while it will be negatively charged above the PZC (pH > 6.3).

After preparing the supported metal precursor, the material is transformed into TMCs using TPRC method which is detailed in the previous part (Section I.4.2).

Characterization techniques for TMCs catalysts

The most significant characterizations that are necessary for the metal carbides are those that give information about the success of the carburization process.

The metal and carbon contents are usually obtained by inductively coupled plasma (ICP) and carbon elemental analysis, respectively.

X-ray diffraction (XRD) analysis is usually used to confirm the absence of the metal oxide species and the presence of the metal carbide phases; it also indicates the crystallographic structure of these phases [45,78]. While this task is easily done for bulk carbides, it becomes more complicated for the supported ones. Indeed, in many casesaccording to the nature of the support and the percentage of the metal used and the size of the particles-it might not be possible to observe the peaks attributed to the carbide phase due to an overlap with the peaks of the support or high dispersion, as reported for Mo2C/Al2O3 [58,79] and Mo2C/TiO2 [60]. Accordingly, other characterizations are indispensable especially in the case of supported metal carbides.

X-ray photoelectron spectroscopy (XPS) is an effective way of analysis for TMCs where the oxidation states of the metal and the surface chemical composition provide evidence about the reduction of the metal oxide precursor and the presence of carbidic carbon.

This analysis is even more efficient if performed on non-passivated material where the state of the reduced metal can be clearly identified in the absence of the oxide layer on the surface [78,80].

Transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM) are also common analyses performed on these materials to have information on the particles sizes, dispersion, and the phase of the metal carbide [81].

Further characterizations are in common with other catalytic materials such as BET surface area measurement, CO chemisorption, theromogravimetric analysis, TPD, Raman spectroscopy and others.

Succinic acid building block: production and valorization

The worldwide concerns about the sustainable production of fuels and chemicals, combined with the diminishing fossil resources, urged the development of environmentally friendly processes for the production of valuable chemicals based on renewable raw materials. The best path to accomplish this goal is to develop biorefinery where carbohydrates, oil, lignin, and other materials are extracted from biomass and converted to fuel, power, heat, and value-added chemicals [82,[START_REF] Brar | Platform Chemical Biorefinery[END_REF].

A report by the Department of Energy of the United States in 2004 classified the top value added chemicals from biomass. The report included a list of twelve compounds that should constitute a basis for the transition from oil components to renewable resources. The topmost building block in this list is succinic acid along with the 1,4-diacids [START_REF] Werpy | Top Value Added Chemicals from Biomass. Volume 1-Results of Screening for Potential Candidates from Sugars and Synthesis Gas[END_REF]. Succinic acid (SA) is a broadly investigated C4-dicarboxylic acid.

In this part, a quick review of the production routes of SA is presented. More importantly, the valorization strategies of SA -principally its hydrogenation-are discussed. The later part includes a review of the catalysts used in the literature for SA hydrogenation reaction.

Production of SA

SA market was relatively small in the past, where the annual world production in 1990 was around 17,000 metric tons. Traditional applications of SA include food additives, pharmaceutical intermediates, detergents, and cosmetics [START_REF] Nghiem | [END_REF]. A review of the literature dealing with SA production shows two sources: petrochemical, and renewable resources via fermentation [START_REF] Nghiem | [END_REF][86][START_REF] Mazière | Biofuels Bioprod[END_REF][88][89].

The potential of converting succinic acid to a variety of industrial chemicals that have very large markets, along with the diminishing oil supplies and increasing oil prices led to a greater attention to the production of succinic acid from renewable feedstocks [82,[START_REF] Werpy | Top Value Added Chemicals from Biomass. Volume 1-Results of Screening for Potential Candidates from Sugars and Synthesis Gas[END_REF][START_REF] Nghiem | [END_REF]. The production of SA has increased significantly in the last few years, as shown in Figure 4. This is due to an increase of its production by fermentative pathway compared to a nearly stable production from petrochemical route [86].

Production of SA via petrochemical route

The catalytic hydrogenation of the fossil-based maleic anhydride used to be the conventional industrial route for SA production. The two-step process (Scheme 3

Petrochemical route for succinic acid production from maleic anhydride) takes place in liquid phase at temperature in the range 120-180 °C under 5 to 40 bar of H2, and using

Ni or Pd based catalyst [86]. The obtained succinic anhydride is hydrolyzed in hot water to obtain succinic acid which is then separated by crystallization, filtering, and drying.

Production of SA by fermentation of sugars

Succinic acid can be produced from renewable resources by fermentation of the abundant sugars in plant biomass (i.e., glucose, fructose, arabinose, and xylose). Glucose Scheme 3 Petrochemical route for succinic acid production from maleic anhydride [86].

Figure 4 Evolution of the worldwide succinic acid production: petrochemical versus fermentative routes [86].

is the most commonly used substrate for work related to industrially-relevant fermentations [90]. The fermentation is done using different strains of bacteria such as Anaerobiospirillum succiniciproducens, Actinobacillus succigogenes, Mannheimia succiniciproducens and genetically engineered Escherichia coli [START_REF] Nghiem | [END_REF][86][START_REF] Mazière | Biofuels Bioprod[END_REF][88][90][91][92].

Theoretically, 1.71 mol succinate can be produced per mol of glucose (plus CO2) (Equation 1).

Plants for the commercial production of bio-SA emerged recently. There are four main companies: Reverdia (2012-Italy), PTTGC Innovation America (2005-United States), Succinity (2014-Spain), and BioAmber (2015-Canada). The latter two companies are not running currently. BioAmber had a demonstration unit in France for about five years before their opening in Canada and they were the first to market bio-SA with significant quantities [89]. However, in May 2018 they declared bankrupt due to the lack of investors to scale up. A few months later, in October 2018, it was supposed to be taken by Visolis and LCY Biotechnology-Taiwan [93].

It has been estimated that the global SA market would steadily grow at a compound annual growth rate around 27% and reach 768 million tons in 2025 at $2.3/kg [START_REF] Nghiem | [END_REF] mainly due to the growth of Bio-SA as aforementioned. Interestingly, the cost of production of bio-based SA (BioAmber) is lower than that of the petrochemical one when the oil price is above $30 per barrel [89].

Valorization of succinic acid

With diminishing petroleum resources, increasing energy prices, and environmental concerns, the development of biorefinery processes is indispensable. As already discussed, SA is one of the promising platform molecules to replace the petrochemical C4 platforms. On one hand, a significant part of SA market is for the production of biobased polymers such as polybutylene succinate [START_REF] Mazière | Biofuels Bioprod[END_REF]. On the other hand, it can be a precursor for a wide variety of chemical products and fuels (Scheme 4). Equation 1SA can be converted catalytically through three routes:

Hydrogenation

Reductive amination

Esterification

In this project, we are mainly interested in the hydrogenation of SA that will be developed in the following part.

Catalytic hydrogenation of SA

The catalytic hydrogenation of SA is the most investigated conversion route so far. SA can be hydrogenated to valuable products as shown in Scheme 5.

In the literature [START_REF] Mazière | Biofuels Bioprod[END_REF][94][START_REF] Biddy | Chemicals from Biomass: A Market Assessment of Bioproducts with near-Term Potential[END_REF][START_REF] Keels | [END_REF], the main target products from SA hydrogenation are:

γ-butyrolactone (GBL): used as an intermediate for the production of other chemicals and polymer synthesis, and as a solvent.

1,4-butanediol (BDO): mainly used as intermediate for polymer synthesis.

Tetrahydrofuran (THF): used as solvent, as well as an intermediate for polymer synthesis.

Scheme 4 Succinic acid valorization to various chemicals [90].

Other products may be formed such as butanol, butyric acid, propionic acid, and acetic acid.

It is expected that by 2020, one-third of SA produced will be used for the production of GBL, BDO, and THF [START_REF] Mazière | Biofuels Bioprod[END_REF]. These products are usually prepared by hydrogenation of maleic acid in organic solvents using heterogeneous metal catalysts.

The hydrogenation of carboxylic acid is a hard reaction that requires vigorous conditions [START_REF] Rylander | Hydrogenation Methods[END_REF], thus high temperature and pressure are common conditions among the literature on this reaction. In the following part, the hydrogenation in organic solvents will be presented briefly, and a more detailed discussion will be given on the aqueous phase hydrogenation process.

Hydrogenation of SA in organic phase

1,4-dioxane is the most common organic solvent used as reaction medium for the hydrogenation of SA and its derivatives. Table 7 shows some of the work reported in the literature on SA hydrogenation in dioxane. This is a two steps reaction: the first one is the formation of GBL, which is then converted to BDO and THF. Over hydrogenation leads mainly to butanol.

Scheme 5 General reaction route for succinic acid hydrogenation [START_REF] Keels | [END_REF][START_REF] Deshpande | [END_REF]110]. Most studies focus on hydrogenation of SA to GBL over precious metals such as Ru-Co (entry 1), Pd-Sn/SiO2 (entry 2), and Pd/ γ-AlOOH catalysts (entry 3). All these catalysts were active in this reaction (93-100% conversion) and selective to GBL (75-94%) [START_REF] Deshpande | [END_REF][99][100]103]. Others focus on the formation of BDO or THF. For example the reaction over Re-Ru/mesoporous carbon produces BDO with 71% selectivity, and the catalyst was found to be stable and reusable under the employed conditions (entry 4) [101]. Ru-C catalyst is also capable of converting SA to THF at higher temperature, and the yield of THF increased (up to 46%) with decreasing Ru particle size. The catalyst was stable and reusable for this reaction (entry 5) [102].

These reports are limited to organic solvent which means that they are useful in the case of the hydrogenation of readily purified SA. Nevertheless, among the challenges of the industrial production of SA from renewable resources is the cost of purification, ince the fermentation process generates diluted aqueous solutions of the product.

The process costs can be then reduced significantly [START_REF] Mazière | Biofuels Bioprod[END_REF] this enables the use of an abundant and non-toxic solvent that is a greener alternative to organic solvents, and thus lowers the environmental impact of the process.

Aqueous phase hydrogenation of succinic acid

As aforementioned, for an economically and environmentally viable valorization of bio-SA, aqueous medium is required. Thus, the catalysts should be active for this reaction and stable under hydrothermal conditions.

a) Catalysts employed for the hydrogenation of SA in aqueous phase

Various heterogeneous catalysts have been examined for the hydrogenation of SA in aqueous medium. The most active catalysts so far are those containing group 8-10 metals (monometallic, bimetallic, or trimetallic) supported either on carbon or on oxides.

Moreover the catalytic activity for SA hydrogenation increases with metal dispersion, as shown for Pd/TiO2 catalysts [104]. The choice of the metal is crucial as the activity and selectivity to the products varies according to the metal used. Many combinations have been studied in the literature; the most significant results are summarized in Table 8. a at full conversion except in entry 2. b at 63% conversion.

Besson et al. evaluated monometallic and bimetallic catalysts in a series of publications on the aqueous-phase hydrogenation of SA [105,108,112,113]. The monometallic 2.1 wt.

% Pd/TiO2 catalyst leads selectively to GBL (94%) (Entry 1); whereas after addition of Re, the bimetallic catalyst 3.4%Re-2.2%Pd/TiO2 was able to hydrogenate GBL selectively to BDO (83%) (Entry 4).

Liang et al. reported the aqueous-phase hydrogenation of SA to GBL and THF using

Pd/C, Re/C, and bimetallic Pd-Re/C catalysts with different Re/Pd ratios. The bimetallic catalysts exhibited superior activity to the monometallic ones. Pd/C catalyst was selective to GBL (96% at 10 h) and had limited activity for its further hydrogenation to THF. Whereas Re/C catalyst exhibited high selectivity to GBL at first (90% at 2 h), but then it was capable of converting GBL to THF (42% GBL and 39% THF at 10 h). For the bimetallic catalysts, it was found that the addition of a small amount of Re could enhance the hydrogenation activity and improve the yield of GBL in the order: Pd/C < PdRe0.3/C = PdRe0.6/C < PdRe1.1/C. The yield of THF could be increased up to 70% with higher amount of Re (Table 8, entry 8) [111].

It seems that the monometallic catalysts gave high selectivity to GBL, while the formation of THF and BDO was more significant over the bimetallic catalysts.

As previously mentioned, the conditions used in literature for performing this reaction are always harsh. For example, 170 bar and 225 °C were needed to accomplish this reaction over 2.5%Pd/5%ZrO2/C that gives GBL in high selectivity (92%) (entry 3) [START_REF] Werpy | Textured Catalysts Comprising Catalyst Metal and Metal Oxide on Carbon Support, Methods of Making Textured Catalysts, and Use in Hydrogenation Reactions Conducted in Hydrothermal Conditions[END_REF].

Moreover a high metal loading such as 3.4%Re-2.2%Pd/TiO2 was used to generate high selectivity (83%) of BDO (entry 4) [105].

An evolution in this reaction can be observed upon comparing the process throughout the years. Optimization of the process includes attempts towards a) using milder conditions, b) reducing the loading of the metals, and c) enhancing the stability of the catalysts under hydrothermal conditions. Some reports reveal the attempts in using relatively milder conditions for this reaction, though high temperature and pressure are still used. Minh et al. used 4wt%Re-2wt%Pd catalyst supported on carbon at 180 °C and 150 bar. SA was fully converted after 22h with a BDO selectivity of 44%, but with important carbon loss (24%). Full conversion under milder conditions (at 160 °C, entry 5) was also reached but longer reaction time was required such that after 51 h, 62% of BDO was obtained and the carbon loss was lower (15%) [108].

Liu et al., also reported the use of FeOx to promote Pd/C catalysts using lower H2 pressure (50 bar H2, 200°C, for 20 h). The final product was BDO, with 70% yield (entry 6) [109]. However, the stability of the catalysts was not satisfying in the present hydrothermal conditions due to the growth in the size of Pd particles and leaching of Fe.

In a study by Qi et al., different loadings of Pd/ZrO2 catalysts were tested for SA hydrogenation reaction. They reported interesting results where they proved the activity and stability of 0.2%wt Pd/ZrO2 catalyst. The catalyst gave GBL with 95% selectivity at 63 % conversion (entry 2). However, the full conversion was obtained over 1% wt. Pd/ZrO2 catalyst with 85% selectivity to GBL [106].

The stability of heterogeneous catalysts is a challenging issue under the harsh conditions needed for the hydrogenation of SA. Many factors can lead to a decrease of the activity of the catalyst such as: leaching of the active metal, sintering of the metal particles, oxidation of the catalyst in water solvent, in addition to deposition/formation of coke.

In the case of noble metals the leaching of active metal species is one cause of deactivation, though, a resistance to leaching was found in the case of bimetallic catalysts such as the example of Re-Ru/MC catalyst reported by Kang et al. This was attributed to the strong interaction between Re-Ru metals that suppresses leaching of metal species [101].

Beckham et al., obtained 82% of BDO at 180 °C and 100 bar over Ru-Sn/AC in batch reactor (entry 7) [110]. They reported that leaching of metal from the stainless steel reactor occurred when they performed SA hydrogenation reaction in continuous reactor.

They then coated the reactor tube with silica by chemical vapor deposition (CVD) to form an inert barrier to the aqueous acid feed and stable catalyst activity was observed for 84 h.

b) Reaction pathway

The reaction pathway for the hydrogenation of SA is presented in Scheme 5. GBL is formed as intermediate through hydrogenation and dehydration of SA [113].

Dehydration reactions are usually favored on acid sites while hydrogenation is favored on metal sites. BDO is formed by further ring opening and hydrogenation of GBL. This might be due to the simultaneous activation of both oxygen atoms of GBL, as it has been proposed over Re-Pd/TiO2 [113]. THF can be formed by dehydration of BDO in the presence of acid catalysts or from dehydration-hydrogenation of GBL [114,115].

The direct hydrogenation of the carbonyl group of GBL is more likely in water. BOL, n-propanol, BA and propionic acid can be formed as further by-products. It was proposed that BA and propionic acid are formed from SA or GBL, while BOL and propanol are formed by hydrogenation of BDO or the monoacids (Scheme 5) [115]. BOL is usually obtained from further hydrogenolysis of BDO, favored by acid sites [116]. It can generate n-propanol by C-C bond cleavage [111], e.g. over Re [115]. In a series of publications,

Liang and co-workers [111,115,117] 

Promising hydrogenation of biomass derivatives by non-noble catalysts

Despite the good activity and selectivity observed in the aforementioned reports, noble metals are scarce and there are growing concerns about future supply, availability and increasing price, in particular for metals such as Ru, Pd, Pt and Re.

For an economically viable valorization of biomass derivatives, it would be interesting to replace group 8 to 10 metals. To the best of our knowledge, there is no reported work on the hydrogenation of succinic acid with a catalyst that does not contain any precious metal.

Scheme 6 Reaction pathway for LA hydrogenation to GVL. X: activated carbon or carbon nanotubes [41].

Nevertheless, as we mentioned in part I.3.1.4., Teixeira da Silva et al., used molybdenum carbide based catalysts for the hydrogenation of levulinic acid (Scheme 6)

that is classified among the platform molecules along with succinic acid [41,118].

Although this reaction includes the hydrogenation of keto group which is easier than the carboxylic hydrogenation, these results make the use of transition metal carbides promising for the hydrogenation of succinic acid. This is the focus of Chapters 3 and 4 in our work.

Carbon dioxide as C1-building block

In the past century, the emission of carbon dioxide (CO2) has been constantly

increasing and contributing to the increase in global temperatures and climate changes due to the ''greenhouse effect'' [119,120]. Reducing CO2 is a wide task; mainly, there are three possible strategies for this aim:

Reduction of the amount of CO2 produced: this requires switching from fossil fuels energy sources to renewable energy.

Storage of CO2: involves the development of new technologies for capturing

CO2 which is now considered an applicable process.

Valorization of CO2: using it in promising application areas, or converting it to industrially useful molecules.

In this work we are interested in converting CO2 to valuable chemicals, as it is considered to be more attractive than storage if economically viable processes are developed [START_REF] Michael | Transformation and Utilization of Carbon Dioxide[END_REF]. Indeed, fulfilling the world's growing energy demand and switching to a sustainable supply of raw materials are two of the major challenges nowadays. The catalytic transformation of carbon dioxide (CO2) as a C1 building block is one of the promising routes which has been investigated by chemists for a long time [START_REF] Sakakura | [END_REF][123][124].

However there is still a continuing requirement to develop new processes based on the CO2 molecule. Indeed, the use of CO2 as a chemical feedstock in current industrial processes is still limited to synthesis of urea and its derivatives, carbonates, salicylic acid, and in the production of methanol from natural gas or coal [119,123]. This limitation is mainly due to the thermodynamic stability of CO2 [119].

Thermodynamical considerations for CO2 conversion

Carbon dioxide molecule is linear, centro-symmetric, and has two polar bonds between the electrophilic carbon and the nucleophilic oxygen atoms [START_REF] Michael | Transformation and Utilization of Carbon Dioxide[END_REF]. Due to the stability of CO2, a large amount of energy is necessary for its transformation. Research has proved that CO2 reduction can be performed via photocatalysis, electrocatalysis, thermo catalysis, or combined approaches such as photo-electrocatalysis or photothermo catalysis [START_REF] Michael | Transformation and Utilization of Carbon Dioxide[END_REF][125][126][127].

When focusing on the use of CO2 as a C1-building block, three major challenges can be pointed out on the way to industrial implementation (Scheme 7) [127]:

Identifying industrially relevant target molecules and directing technological developments towards the promising application areas.

Developing new catalysts: highly efficient catalysts are required due to the thermodynamic stability and low reactivity of the CO2 molecule.

Addressing energetic limitations: when using CO2 as C1-building block in the chemical industry, a high-energy reactant can be used to overcome the high energy barriers and drive the chemical reactions towards low energy products.

Hydrogen is a high energy material that can be used for CO2 transformation [120].

Evidently, the activation of CO2 can only be done using catalysts and requires in many cases some additional energy source. The catalytic hydrogenation of CO2 can be done Scheme 7 simplified general schematic illustration of the energy balance of CO2 transformation with energy-rich reactants [127].

over homogeneous or heterogeneous catalysts. Heterogeneous catalysts dominate the industrial processes because of their advantages in the separation and recyclability and their applicability in flow reaction systems [START_REF] Michael | Transformation and Utilization of Carbon Dioxide[END_REF].

In view of that, we focus on the development of novel heterogeneous catalysts for the catalytic hydrogenation of CO2 to C1 chemicals

Hydrogenation of CO2 to C1 chemicals

With the employment of carbon capture technologies, CO2 is considered an economically attractive renewable resource, available in huge quantities at acceptable purity, and a cheap C1 building block. By using a small fraction of this huge stream as raw material for chemical synthetic applications, waste CO2 might turn into a valuable feedstock [START_REF] Sakakura | [END_REF].

The hydrogenation of CO2 generates products which can be used as raw materials, energy storage media, intermediates in many chemical industries or upgraded to fuels [119,120].

The target products currently investigated in the literature include carbon monoxide, methane, methanol, ethanol and higher alcohols, hydrocarbons, dimethyl ether, formic acid and formamides (Scheme 8).

The scale up of CO2 hydrogenation to industrial levels still lacks satisfactory catalysts (with desirable cost, activity, selectivity, stability, reusability, and handling), efficient and economic reactor design, and the availability of hydrogen [119].

Scheme 8 Possible products obtained from CO2 hydrogenation [119] In this part, some reactions according to our interest will be developed in more details.

However the literature dealing with the hydrogenation of CO2 is really abundant and only a couple of results will be presented and discussed.

Synthesis of carbon monoxide (CO):

Catalytic conversion of CO2 to CO via reverse water-gas shift (RWGS) reaction is one of the most promising processes for CO2 conversion.

Due to the importance of this reaction, the design and characterization of RWGS catalysts have attracted considerable attention [128]. CO is a valuable precursor molecule that can be used for methanol synthesis and for the production of longer-chain hydrocarbons via the Fischer-Tropsch process [129,130].

RWGS reaction is an endothermic reaction, and thus high temperature would facilitate the formation of CO (200 600°C) (Equation 2) [124].

Copper-based catalysts are among the most popular catalytic systems for WGS reaction, and thus may be also applied to the reverse reaction (RWGS) [119]. Liu et al.

developed a series of bimetallic Cu-Ni/γ-Al2O3 catalysts for CO2 hydrogenation. As shown in Table 9 (entry 1), the reaction under atmospheric pressure and 500 °C produced CO with 75% selectivity at 23% conversion. They found that the ratio of Cu/Ni has a significant effect on conversion and selectivity. Cu favored CO formation, while Ni was active for CH4 production [131].

On the other hand, Wang et al. showed that when Ni is supported on ceria, it was a very active catalyst (42% conversion) and fully selective to CO at 600 °C and atmospheric pressure (entry 2) [132].

Equation 2 Besides, various metals such as Fe, Mo, as well as precious metals such as Pt and Pd were reported to be also active towards the production of CO as shown in Table 9.

Usually these metals are supported on oxides, and their activity and selectivity were found to be influenced by the metal dispersion, the nature of the oxide support, and obviously the nature of the metal itself.

Methanation reaction

Catalytic hydrogenation of CO2 to methane is an important catalytic process for CO2 valorization [137]. Generally, methane is available from natural gas; however, the attempts for reducing the use of fossil energy resources gave more attention to its production from sustainable resources [124]. Furthermore, methanation of CO2 has gained increasing attention through the "power to gas" approach used for energy storage. Throughout this concept, the intermittent renewable energies such as wind and solar radiation are used to power water electrocatalysis, generating H2. The reaction of the produced H2 with effluent CO2 can be subsequently done and the produced methane itself can be stored in classical natural gas infrastructures and be used on demand [138,139]. Equation 3Methanation reaction is an exothermic process (Equation 3). Nickel catalysts supported on oxides are the most widely studied materials for this reaction (Sabatier reaction); though, one of major problems with Ni-based catalysts is the deactivation due to carbon deposition and sintering of nickel [137]. Alternatively, noble metals (e.g. Ru, Pd, or Rh) supported on various oxides (e.g., SiO2, TiO2, Al2O3, and CeO2) are considered stable and more efficient for methanation than nickel (Table 10); nevertheless they are more expensive. 

Synthesis of methanol (CH3OH)

For several years, a great interest has been brought to the synthesis of methanol from the catalytic conversion of CO2. Methanol is a common solvent that can replace fuels and serve as a raw material in chemical industries [134].

Today, most of the methanol produced is synthesized from syngas, i.e. through CO hydrogenation [144]. An alternative feedstock is CO2, where methanol can be produced either via CO2 conversion to CO (RWGS) and subsequent hydrogenation of CO, or by the direct hydrogenation of CO2 [119,120,[START_REF] Aresta | Carbon Dioxide Recovery and Utilization[END_REF]. Equation 4Conversion of CO2 to methanol is an exothermic reversible reaction and involves decreasing in the number of moles of products with respect to reactants (Equation 4).

According to Le Chatelier principle, decreasing the reaction temperature and increasing the pressure fight against exothermicity and decreasing number of moles respectively, and thus favor the synthesis of methanol [120].

Cu/ZnO/Al2O3 is currently the commercial catalyst for methanol production from H2/CO/CO2 [START_REF] Lunkenbein | [END_REF][147][148]. Through this process, it is estimated that several million tons of CO2 are converted into methanol each year [124,[START_REF]Methanol: The Basic Chemical and Energy Feedstock of the Future[END_REF]. However, relatively harsh reaction conditions (220-300°C and 50-100 bar) are used [START_REF] Lunkenbein | [END_REF]148]. Therefore, the methanol production from CO2 by direct hydrogenation under mild reaction conditions is still a challenge for researchers and industries.

Aside from the commercial catalyst, continuous work is done to find an active and selective catalyst stable and efficient under milder conditions. The results of selected works on the hydrogenation of CO2 to methanol are reported in Table 11.

Cu/ZnO remains the most efficient combination. Cu/ZnO interface sites are supposed to be the catalytically active ones, where the synergy between Cu and ZnO was attributed to the formation of CuZn alloy which undergoes surface oxidation during methanol synthesis reaction creating a catalytically active Cu/ZnO interface [129].

Accordingly, this combination is abundant in the literature for methanol synthesis studies (e.g. entries 1,2, and 3 of Table 11) [150-152].

Pd-based catalysts have shown high selectivity for the hydrogenation of CO2 to methanol. For example, at 250°C and 30 bar, Pd/ZnO supported on carbon nanotubes (CNT) catalyzed methanol formation with 99.6% selectivity at 6.3% conversion of CO2 (entry 4) [153]. Pd supported on Ga2O3 plate (entry 5) also reveals remarkable activity (17.2% conversion) and selectivity to methanol (51.6%) at 50 bar and at 250 °C [154].

Lalev et al. compared two Pd/ZnO catalysts prepared in two different ways and lead to enormous change in the selectivity toward the products. The authors showed that the catalyst prepared by via sol immobilization (entry 6) was selective to methanol (60%) and they referred that to the formation of PdZn alloy nanoparticles with controlled particle size. However, the catalyst prepared via impregnation possessed only metallic Pd nanoparticles that favored the formation of CO (99%) [155]. 

Carbide catalysts for CO2 hydrogenation

Recently, TMCs have attracted attention as promising catalysts for the conversion of CO2 into CO, methanol, methane and other hydrocarbons [56,80,[156][157][158][159][160][161][162][163]. They were used as a catalyst alone or as a support for metal nanoparticles.

In a series of publications, Illas and coworkers reported computational and experimental studies that prove the ability of molybdenum carbides to uptake and activate CO2 [80,156,158,161,162,[164][165][166].

The theoretical calculations showed the high activity of molybdenum carbide surfaces in CO2 activation, which surpasses that of other transition metal carbide surfaces such as TiC(001) [165].

Combined computational and experimental work showed that the major products of the hydrogenation of CO2 at 5 bar and 227°C on Mo terminated -Mo2C(001) surface were CO, CH4, and CH3OH in addition to traces of C2H6, CH3OCH3, and C2H5OH. Mo terminated β-Mo2C(001) surface partially dissociated CO2 at low temperature, and the CO produced also can decompose if the temperature is increased, leading to decreased CO and methanol selectivity in favor to methane. On the other hand, a C-terminated β-Mo2C(001) surface was not strong for CO2 decomposition, and the ratio CO/CH4 in the products significantly increases. -MoC(001) possessed similar reactivity to the Cterminated β-Mo2C(001), RWGS was the main reaction and only CO and CH3OH were produced [164].

These results show that the metal to carbon ratio is a key parameter to be taken in consideration when evaluating the catalytic performance of TMC catalysts in this reaction.

Rodriguez et al. reported a comparison between cubic MoC1-x and hexagonal Mo2C

catalysts in CO2 hydrogenation at 250 °C and 20 bar. They showed that Mo2C had higher activity and selectivity for the methanation reaction (37% at 17% conversion) (Table 12, entry 2); whereas MoC1-x was less active but more selective to CO (51 % at 11% conversion) and methanol (Table 12 entry 1) [56]. The addition of Cu -known to be active in CO2 hydrogenation and to ameliorate the selectivity to methanol (cf Table 11)to the Mo2C system increased CO2 conversion and increased the amount of methanol (31% at 21% conversion) while decreasing the amount of methane (Table 12 entry 3) [161].

The group of Illas also reported that the hexagonal Mo2C was an efficient and selective catalyst for CO2 conversion to CO through the reverse water-gas shift reaction at 400°C and atmospheric pressure. A selectivity superior to 99% towards CO at 16% conversion was obtained (Table 12 entry 4) [162]. In the above mentioned studies, the carbides were unsupported, or served themselves as supports for metal particles. In this thesis, we have prepared molybdenum carbide catalysts supported on two types of TiO2 and ZrO2, and evaluated them for the hydrogenation of CO2 in gas-phase.

Conclusion

The literature review shows that molybdenum carbides have catalytic properties similar to noble metal based catalysts. They were mainly used in gas phase reactions, and their use in liquid phase reactions related to biomass is recent. Lately, they started to gain attention to be used for CO2 hydrogenation.

To the best of our knowledge there is no reported work for the use of molybdenum carbide catalysts in the hydrogenation of succinic acid in aqueous phase, nor oxidesupported molybdenum carbide catalysts for CO2 hydrogenation in gas phase.

In our work we are interested in synthesizing new catalysts based on molybdenum carbides supported mainly on TiO2 (P25), and other supports TiO2 (DT51), and ZrO2 for comparison purposes. The effects of the synthesis conditions are evaluated by changing the carburizing gas nature (CH4 or C2H6), the percentage of the hydrocarbon in the reaction mixture i.e. % v/v HC/H2 (5%, 10%, 20% and 40%), the maximum carburizing temperature (600 °C, 700 °C and 800 °C), and the gas space velocity during preparation.

The success of the carburization is verified by the analysis techniques XRD, XPS, TEM, ICP, and carbon elemental analysis.

The supported molybdenum carbide catalysts were tested for aqueous phase hydrogenation of succinic acid, and gas phase CO2 hydrogenation.

The experimental part is presented in Chapter 2. This section includes the description of the equipments, methods and the characterization techniques used to conduct the work. 

CHAPTER 2.

Experimental Part I.

Preparation of the catalysts Materials used for the preparation of the catalysts

All materials used for catalysts preparation are listed in Table 13, they were used as received without any further purification. 

Preparation of the supported molybdenum oxide by impregnation

The first step is classical wet impregnation. In a 250 mL round bottom flask, the desired amount of (NH4)6Mo7O24.4H2O precursor was mixed with the support in 60 mL of ultrapure water. For example, in order to prepare 10% w/w MoC/TiO2, 1 g of the precursor and 5 g of the support are used. The suspension was then stirred at 700 rpm for 2 h at room temperature. After that, water was evaporated in a rotavap at 80 °C and 300 mbar, and the solid was dried overnight in an oven at 80 °C under N2.

In case of preparation of MoO3/TiO2, the powder obtained after the above process was calcined under air at 600 °C with 0.5 °C/min heating rate.

Preparation of molybdenum carbide by temperature programmed reductioncarburization

For the second step, the dried solid was crushed to fine powder and placed in a quartz cell (Scheme 9). The cell was introduced into an oven and connected to a regulator where the heating ramp, maximum temperature, and holding time are defined. The temperature was continuously monitored using a thermocouple inserted in a thermowell close to the catalyst bed.

A reductive-carburizing gas stream (C2H6/H2 or CH4/H2 with different concentrations of hydrocarbon ranging from 5% to 40%) was employed while raising the temperature at 0.5 °C/min till reaching the chosen maximum temperature, which was held constant for 2 h at the maximum point. Then the catalyst was cooled down to room temperature under argon, and finally passivated for 4 h under 1% v/v O2/N2 (Scheme 10). Prior to the analysis of the catalysts, the samples were mineralized by fusion with lithium tetraborate in Pt-Au crucibles at 1100 °C, and then recovered with 20% HCl. In the case of solution analysis, the remaining solution after the reaction was evaporated in a quartz crucible on a hot plate and then in an oven at 600 °C, recovered with H2SO4 + HNO3, and then analyzed.

Elemental analysis of carbon and oxygen

Carbon elemental analysis was conducted via a LECO micro-analyzer SC144. Around 15 mg of the sample was weighed in a tin capsule. After folding the capsule (looking like wrapped tin foil), a specific amount of iron was placed in a ceramic crucible, followed by the sample, and finally tungsten of amount twice that of iron. The sample was transferred into the reactor chamber and the total combustion was done at elevated temperature (1050-1350°C) under the oxygen flow in the horizontal furnace. Carbon is converted to carbon dioxide and quantified by thermal conductivity detector.

Prior to the analysis, three blank analyses were done (empty tin capsules). Then two commercial samples of Mo2C with known carbon content (5.89%) were measured as reference for the accuracy of the analysis. After that, the samples with unknown amount of carbon were analyzed by batches of 8. Finally, the 2 references were analyzed once again.

The estimation of the uncertainties was done by analyzing references. The estimated error was based on the differences between the theoretical and experimental values obtained for references over the all range for each element. For carbon content between 1 and 30 weight percent, the measurement error is < 0.3%.

Oxygen analysis was done with EMGA 620 W analyzer (HORIBA Jobin Yvon). The system uses fusion in a helium pulse furnace to extract oxygen. The sample falls into a graphite crucible heated to a high temperature between 2500 °C and 2800 °C. Oxygen is converted into carbon monoxide by combining with the carbon of the crucible. CO is measured by a non-dispersive infrared cell, then oxidized to CO2 and trapped.

BET surface area (S)

The specific surface area of the catalysts were measured based on the principle of physical adsorption of nitrogen gas on the surface of the solid (Brunauer-Emmett-Teller theory). The volume of gas (nitrogen) adsorbed on the surface of the particles is measured at the boiling point of nitrogen (-196 °C). The volume of the adsorbed N2 gas monolayer can be calculated by plotting using the BET equation:

Where:

is the pressure at equilibrium Before the analysis, the catalysts were desorbed at 150 °C for 3 h under ultra-high vacuum (10 -4 mbar). Then the measurement was done using ASAP 2020 Micromeritics apparatus.

X-ray diffraction (XRD)

X-ray diffraction is primarily used for phase identification of a crystalline material and can provide information on unit cell dimensions. The equipment consists of three basic elements: an X-ray tube, a sample holder, and an X-ray detector. X-rays are generated by International Center for Diffraction Data (ICDD) as shown in Table 14. The difference (in the peak width and intensity) is shown under the diffractograms. It is obtained by subtracting the simulated diffractogram from the measured one, so that a Figure 5).

Environmental transmission electron microscopy (E-TEM), scanning transmission electron microscopy (STEM), and energy dispersive X-ray (EDX)

Transmission electron microscopy is a technique of analysis that provides morphologic, compositional, and crystallographic information of samples. A beam of energetic electrons is transmitted through an ultra-thin sample. The electrons interact with the sample. The beam then passes through multiple electromagnetic lenses, down the column, and makes contact with the screen where the electrons are converted to light to form a high-resolution, black and white image. The lighter areas of the image represent the places where a greater number of electrons were able to pass through the sample, and the darker areas reflect the dense areas of the sample. These differences provide information on the structure, texture, size, and shape of the material.

In regular TEM, air needs to be pumped out of the chamber to create vacuum space where electrons are able to move. However for E-TEM it is possible to perform the analysis under dynamic temperature conditions (up to 1300 °C) and partial pressure (up to 20 mbar) of gas according to the desired in situ conditions.

Scanning transmission electron microscopy (STEM) operation mode is similar to that of TEM. This technique scans a very finely focused beam of electrons across the sample in a raster pattern. Interactions between the beam electrons and sample atoms generate a serial signal stream, which is correlated with beam position to build a virtual image. Its primary advantage over TEM is enabling the use of other signals that cannot be spatially correlated in TEM, including secondary electrons, scattered beam electrons, characteristic X-rays, and electron energy loss.

TEM and STEM images were obtained using Environmental Transmission Electron Microscope: FTI TITAN E-TEM instrument operated at 80-300 kV, equipped with a X-MAX SDD EDX detector from Oxford-Instrument and a Tridiem ERs GIF from Gatan. It is also equipped with a mass spectrometer and a plasma cleaner. The microscope was used in the regular mode under vacuum. Because of its very high resolution, it permits the detection of elements that are not visible by traditional microscopy. The samples were prepared by dispersing the solid in ethanol and then depositing them onto carbon-coated copper grids.

An energy dispersive X-ray (EDX) systems connected to TEM instrument was also used.

The imaging capability of the microscope identifies the specimen of interest, and the data generated by EDX analysis consist of spectra showing peaks corresponding to the elements and thus verifying the true composition and homogeneity of the analyzed sample.

X-ray photoelectron spectroscopy (XPS)

XPS is a surface-sensitive spectroscopic technique that measures the elemental composition, chemical state, and electronic state of the elements that exist within a material. XPS spectra are obtained by irradiating a material with a beam of X-rays while simultaneously measuring the kinetic energy and number of electrons that escape from the top 0 to 10 nm of the material being analyzed. The kinetic energy of the electron depends upon the photon energy and the binding energy of the electron:

Where: KE is the kinetic energy of the ejected electron is the photon energy BE is the binding energy which is the energy required to separate the electron from the surface

The XPS spectrum is obtained by plotting the number of photoelectrons emitted as a function of their binding energy.

The surface chemical composition and oxidation states of Mo in catalyst samples were analyzed using a commercial XPS instrument (AXIS Ultra DLD KRATOS) with monochromatized AlKα source ( = 1486.6 eV). The binding energies (± 0.5 eV) were referred to the C1s line set at BE = 284.6 eV. Peaks decompositions, fittings and quantitative determinations were performed using the Casa XPS and Igor Pro software.

For the analyses of the non-passivated samples that should not be exposed to air, the sample was transferred directly after synthesis to a glovebox equipped with an output connection dedicated for the XPS handle. The sample was prepared inside the glovebox and then placed in the XPS chamber. There was no contact with oxygen as the samples stayed under argon.

Raman spectroscopy

Raman analysis is a vibrational spectroscopic technique used to provide information on molecular vibrations and crystal structures. This technique uses a laser light source to irradiate the sample, and generates an infinitesimal amount of Raman scattered light. The electromagnetic radiation from the illuminated spot is collected with a lens and sent through a monochromator. Elastic scattered radiation at the wavelength corresponding to the laser line is filtered out while the rest of the collected light is dispersed onto a detector.

Raman spectrum is expressed in a form of intensity of scattered light versus wavenumber (the reciprocal of wavelength, called Raman shift). In order to convert spectral wavelength to wavenumbers of shift in the Raman spectrum, the following formula can be used:

Where:

: is the Raman shift (The above equation multiplied by 10 7 gives in cm -1 )

: is the excitation wavelength (nm)

: is the Raman spectrum wavelength (nm)

The Raman spectra were recorded at room temperature using a LabRam HR (Jobin Yvon-Horiba) spectrometer equipped with a CCD detector cooled at -76 °C.

Measurements were carried out under microscope with a 50x objective that focuses the laser beam on the sample surface and collects the scattered light. The exciting line at 514.53 nm of a Ar+ laser was used with a power limited at 100 μW. It was previously checked that the samples laser heating was negligible with such power. A 300 grooves/mm grating was used to disperse light, leading to band position accuracy within

Thermogravimetric Analysis coupled with Mass Spectrometry (TGA-MS)

Thermogravimetric analysis measures the weight loss of a sample over time as the temperature changes under a chosen gas stream. It provides information about physical and chemical phenomena such as desorption, phase transitions, and thermal decomposition as well as solid-gas reactions. Coupling a mass spectrometer to a TGA allows the evolved gases to be analyzed and identified giving additional valuable information about the behavior of the sample under the chosen conditions.

In this work, TGA-MS was done under 50 mL/min flow of 3% v/v H2/Ar at 5 °C/min up to 650 °C. The mass spectrum of the evolved gas was recorded as a function of temperature, the signals observed were m/z = 17 and 18 corresponding to the formation of water.

III. Catalytic testing

All materials used for the hydrogenation reactions are listed in Table 15, they were used as received without any further purification. 

Reaction procedure

The aqueous phase hydrogenation experiments were performed using a 300 mL high- 

An electrical heating oven

A regulator where the desired temperature and agitation speed are controlled A 100 mL aqueous solution of succinic acid "SA" (0.12-0.14 M; pH = 2.3) was prepared using ~1.5 g of SA powder in 100 mL of distilled water. The solution was placed in an ultrasonic bath at 40°C for 20 min to ensure the solubilization of SA.

The prepared solution was transferred into the reactor, and 0.6 g of the catalyst was added to it. After sealing, the autoclave was purged three times with argon to insure the elimination of oxygen from inside. The solution was stirred at 900 rpm while heating up to the desired reaction temperature (160-240 °C), this point was taken as t0 of the reaction. After heating, the pressure increases to ~10-20 bar depending on the used temperature, then H2 gas was added until reaching the target pressure (90-150 bar). The reactions were conducted for 22-48 hours, and liquid samples were collected periodically every 2 hours during the day in order to follow the evolution of the reaction.

Analyses of the liquid products

Gas chromatography (GC)

Analysis of the reaction products in the liquid samples was performed using a GC Agilent The GC shows a very good separation of the potential products formed during the reaction ( -butyrolactone, butyric acid, butanol, tetrahydrofuran, 1,4-butanediol), but it does not detect SA (Figure 6).

HPLC

The concentration of SA was monitored using a Shimadzu LC 20A HPLC connected to a refractive index detector (RID-10A). The separation was achieved (Figure 7 of 0-500 ppm to be analyzable according to the method used. For our concentration the samples were diluted 70 times with ultra-pure water and then analyzed.

Calculation of SA conversion, products yield, and carbon balance

SA concentration (%) and conversion (%) are based on initial concentration of SA ([SA]0) and defined by: and Where [SA]t refers to the concentration of SA at time t.

Selectivity and yield of a product i are given by: and Where [Pi]t refers to the concentration of the product i at time t.

The carbon balance (CB) in the liquid phase is given by:

Where ni refers to the number of carbon of the product i.

The initial reaction rate was calculated based on the slope of the linear curve (up to 6-8h), at low conversion (< 40%).

Repeated reactions delivered conversion and products yield reproducible within ± 3%.

Therefore the selectivity is given with an error of ± 3% and the reaction rate with an uncertainty of 1.0 mmolSA gMo -1 h -1 . Carbon balance and TOC values are given with a precision of 8%.

Analysis of gas products

After some reactions, the gases were collected by disconnecting the gas outlet, 

Catalyst recovery

After finishing the reaction, the solution with the catalyst inside was filtered, washed with distilled water (under air), and dried in an oven at 80 °C.

For the catalyst recovered under nitrogen, the experiments were performed using a 100 mL (Parr 4598) Hastelloy reactor. The small reactor was disconnected from all gas and water lines and transferred while still closed into a glove bag (Aldrich AtmosBag). This bag is an inflatable polyethylene glove box alternative. The filtration setup was also placed inside the bag, and two ports were used for nitrogen gas input and purging output which were sealed after filling with nitrogen. An additional hole was also used for the vacuum line of filtration (Figure 8).

CO2 hydrogenation

General reaction

The evaluation of the catalysts in the hydrogenation of CO2 was carried out in a fixedbed flow reactor (Scheme 13). A mass of 0.4-0.8 g of the catalyst was placed in a tubular Pyrex glass reactor of 1.3 cm diameter, comprising a glass frit which keeps the catalyst while allowing the gas to pass through. This glass tube was inserted into a steel reactor allowing the system to withstand the pressure (< 50 bar). The set was then inserted into a tubular oven connected to a temperature controller. The system was purged with the reaction mixture H2/CO2/N2 and then kept exposed to this flow till a total pressure of 30 bar at which heating was started. The reaction was kept for 3 hours, after which the system was cooled back to room temperature.

Products analysis

The reaction system was connected to SRA Instruments gas chromatograph (μ-GC)

where samples were taken automatically every 3 minutes during the reaction. Four columns were set up in the μ-GC: MolSieve 5A for H2, O2/Ar, N2, CO, and CH4; Poraplot U for C2-C3 compounds and CO2; Alumina for C4-C6 compounds; and Stabilwax for oxygenates (e.g. CH3OH).

Scheme 13 Set up of the reactor used for CO2 hydrogenation.

CHAPTER 3.

Synthesis of supported molybdenum carbides for succinic acid hydrogenation

During the preparation of supported molybdenum carbides, many parameters should be taken into consideration, especially during the temperature programmed reduction carburization (TPRC) process (cf Chapter 1). This chapter sheds light on some of the effects of the conditions of TPRC, mainly the nature of hydrocarbon used in the reactive gas mixture (CH4 or C2H6), the concentration of the carburizing gas (i.e. % v/v hydrocarbon/H2) and the maximum carburization temperature. The effect of the nature of the support (P25 TiO2, DT51 TiO2, and ZrO2) versus bulk catalyst is also investigated.

I.

Synthesis of supported molybdenum carbides by temperature programmed reduction carburization

The catalysts were prepared in two main steps. The first one is the impregnation where the molybdenum species are deposited on the support. The second step is the TPRC where reduction and carburization of the supported molybdenum oxide takes place at the same time.

The two common molybdenum precursors used in the literature for the preparation of molybdenum carbides are molybdenum trioxide and ammonium heptamolybdate tetrahydrate. The former one is usually used for the synthesis of bulk carbide while the latter one is used for the supported material [31,41,[58][59][60]. This is mainly due to the solubility limitations of molybdenum trioxide in water (0.49 g / 100 mL at 28 °C), compared to ammonium heptamolybdate tetrahydrate (65 g / 100 mL). Moreover, the price of molybdenum trioxide (99.97 % trace metals basis) is 389 € for 25 g (corresponding to 17 g of Mo) which is more than 3 times higher than the price of ammonium heptamolybdate tetrahydrate (99.98 % trace metals basis) 206 € for 50 g (corresponding to 27 g of Mo) "Sigma-Aldrich, France".

Hence, the supported molybdenum materials in our work were prepared by impregnation of ammonium heptamolybdate tetrahydrate on the support, in water at room temperature. Water was then removed by rotary evaporator in order to insure the total deposition of molybdenum species (cf Chapter 2). The molybdenum percentage was determined by ICP analysis and it corresponds to the nominal loading (around 10% wt. Mo). The impregnation of ammonium heptamolybdate tetrahydrate on P25 TiO2 in water occurs at pH = 5.3 which is slightly lower than the PZC of TiO2 P25

(pHPZC = 6.3) [START_REF] Kosmulski | [END_REF]. The predominant species in solution at this pH should be Mo7O24 6- [75,76]. The support must bear a slight positive charge which should favor the interaction with the anionic species. However when preliminary syntheses were done using filtration instead of rotary evaporation, a large amount of molybdenum was in the filtrate, and the final loading ranged between 2.2 and 6.6 % depending on the difference in washings, instead of the desired 10 %. Thus, for all the catalysts, water was removed using the rotavap, and this impregnation procedure was used for all the supported catalysts in this thesis.

Effects of reduction-carburization parameters

In order to study the effects of several parameters on the characteristics of the prepared material and its catalytic performance, we modified one parameter at a time, while fixing the others. Eleven catalysts were prepared with different conditions of reduction-carburization to figure out their effects. Large batches (ca. 10 g) of supported molybdenum oxide were prepared, and, when possible, each carburization parameter was evaluated using the same batch of starting material. Table 16 lists the catalysts with the parameters employed during their preparation by TPRC and the corresponding notations. The carbon source in the reactive mixture was either methane or ethane.

The concentration of hydrocarbon in hydrogen was varied from 5 % to 40 % v/v in the case of methane, and from 5 % to 20 % v/v in the case of ethane. Then the hydrocarbons concentration was fixed at 20 % v/v and the carburization was conducted at either 600 °C, 700°C or 800 °C. In this chapter, the GHSV employed during the reduction-carburization is fixed at 1091 h -1 , the ramp of temperature is always at 0.5 °C/min, and in this first section, the support P25 TiO2 is used for all the syntheses.

The given catalysts notations are denoted as follows: MoCVN-T/S, where:

MoC refers to molybdenum carbide; the stoichiometry is not specified for the sake of clarity V is the volumetric percentage of hydrocarbon in hydrogen.

N is the first letter corresponding to the nature of hydrocarbon (E for ethane and M for methane)

T is the final carburization temperature that was held for 2 h S refers to the type of the support (P25 TiO2, DT51TiO2, ZrO2)

Thus, for a catalyst MoC supported on P25 TiO2 and prepared under 5% v/v CH4/H2 at 700°C, the notation is: MoC5M-700/P25TiO2. 

Methane as carbon source

The percentage of methane in the reactive gas mixture

To study the effect of the percentage of hydrocarbon in the reactive mixture, four catalysts with 5%, 10%, 20%, and 40% v/v of CH4/H2 were prepared (Table 16). The maximum carburization temperature was kept the same for the three catalysts (700°C).

ICP analysis confirmed the presence of the complete amount of molybdenum impregnated (~10%) in the 4 catalysts (Table 17). The theoretical percentage of carbon if stoichiometry is respected for 10% w/w MoC/TiO2 and 10%w/w MoC0.5/TiO2 are 1.2% and 0.6% respectively. The carbon weight percentages determined by carbon elemental analysis for the catalysts synthesized with 5-20 % of methane are close to each other (range from 0.4 to 0.8%) which indicates either incomplete carburization or a stoichiometry (x) around 0.5 for MoCx. Whereas the catalyst synthesized with 40% of methane "MoC40M-700/P25TiO2" exhibits the highest carbon content (1.2%, Table 17).

This amount is equal to the theoretical carbon percentage for MoC, yet it cannot guarantee the full carburization as it includes all types of carbon (including graphite), not only the carbidic one. Mo metal has Im-3m structure, with a lattice parameter a ≈ 3.14 nm. After incorporation of the carbon, the lattice parameter increases. MoCx with Fm-3m structure exhibits lattice parameters in the range of 4.155 nm for MoC0.5 to 4.281 nm for MoC. The lattice parameters determined for the four catalysts (Table 17) are within the range reported for MoCx (0.5 ≤ x ≤ 1). Moreover they increased with increasing hydrocarbon content.

In the MoC40M-700/P25TiO2, the composition anatase/rutile was the same as for the support P25 (75%/25%). However for catalysts MoC5M-700/P25TiO2, MoC10M-700/P25TiO2 and MoC20M-700/P25TiO2 the ratio of anatase to rutile changed as clearly seen by comparing the most intense rutile peaks (at 27.4°, 36.0° and 54.2°) of Figure 9-a,b,c with those of Figure 9-d. As mentioned in section I.4.1.2 in Chapter 1, anatase TiO2 is known to convert to rutile at temperature above 500°C [START_REF] Hanaor | [END_REF]. However in the presence of molybdate, the anatase phase is stabilized allowing its use at higher temperatures [START_REF] Busca | Heterogeneous Catalytic Materials: Solid State Chemistry, Surface Chemistry and Catalytic Behaviour[END_REF]167]. This was confirmed when conducting the carburization on the bare P25 TiO2.

XRD analysis for the carburized support (Figure 10) shows complete absence of the peaks of anatase phase, indicating a total transformation to rutile under the carburization conditions. Therefore the presence of the Mo species at the surface stabilizes the anatase phase during the gas treatment at high temperature (700 °C).

Moreover, the presence of carbon on the surface also seems to stabilize the anatase phase. Indeed, the catalyst with the highest carbon content conserves the nominal percentage of anatase [168,169], and the catalyst with lower carbon content underwent the most significant phase change.

In order to confirm the crystallographic structure of MoC, STEM and TEM analysis were conducted on one sample: MoC20M-700/P25TiO2. The STEM pictures are shown in Figure 11. Although it was hard to see clearly the particles on the STEM images even with higher zoom, the Mo EDX mapping showed the presence of very small Mo particles that are well dispersed on the TiO2 support.

As revealed by STEM, TEM pictures also showed the presence of small molybdenum In order to gain more information about the Mo and C states in the catalysts, XPS analysis was done on two catalysts: MoC10M-700/P25TiO2 and MoC40M-700/P25TiO2. The Mo 3d and C 1s spectra are presented in Figure 13. The chemical states of the catalyst components and their relative abundance are compiled in Table 19. (BE = 232.2 eV and 235.4 eV) were also observed [172,173]. These can be mainly referred to the passivation layer that is present on the surface of the catalysts. The facts that the catalysts are passivated, and that XPS is a surface analysis, alter the possibility of quantifying the oxide species that can be associated with incomplete carburization.

However, it is possible to compare the catalysts between each other as they are both passivated. By comparing the Mo species, catalyst MoC10M-700/P25TiO2 possesses higher amount of molybdenum oxide species (i.e. Mo 4+ and Mo 6+ ) and lower amount of molybdenum carbide (i.e. Mo + ) than catalyst MoC40M-700/P25TiO2 (Table 19).

The C 1s spectra Figure 13-b exhibit a peak at BE = 282.9 eV which corresponds to the carbon in the carbidic form [171]. The broad peak at BE = 284.1 eV along with the peak at 288.3 eV refer to graphitic carbon. The additional peak at 285.7 eV can be attributed to carbon in C-O or C=O groups [171,174]. The carbon species show higher carbide content in catalyst MoC40M-700/P25TiO2 compared to higher graphite content in MoC10M-700/P25TiO2 (Table 19).

In summary, the TEM and XRD results showed the presence of cubic molybdenum carbide particles on the surface of TiO2. The carbon content, the lattice parameters and the XPS results suggest that the degree of carburization increases with the hydrocarbon percentage.

Effect of the maximum carburization temperature

To study the effect of the carburization temperature, two other samples were prepared at 600 °C and 800 °C with 20% v/v of CH4/H2 and compared to MoC20M-700/P25TiO2. ICP analysis of the 3 solids confirms the presence of the total amount of molybdenum (ca. 10% w/w) in the three catalysts. Carbon elemental analysis shows very low content of 0.3 % in the catalyst MoC20M-600/P25TiO2 prepared at low temperature (Table 20).

The two other catalysts have the same carbon content (0.6 %) which is again less than the theoretical content for MoC and close to the one for MoC0.5.

Figure 14 presents the XRD results for the three catalysts. For catalyst MoC20M-600/P25TiO2 it was difficult to see the molybdenum carbide phases (Figure 14-a)

probably due to the very low amount of this phase; hence crystallite size and lattice parameters could not be determined. It was possible to see through Rietveld refinement a small peak at 26.03° referring to MoO2 phase which emphasizes the incomplete carburization. This temperature seems not efficient to prepare molybdenum carbide with 20% v/v CH4/H2. At 700°C, as already observed, cubic MoC is formed (Figure 14-b). In catalyst MoC20M-800/P25TiO2 the rutile phase and most of the anatase phase of TiO2 were transformed.

It has been reported that rutile TiO2 can be reduced and carburized under a CH4-H2 gas mixture at high temperature following the sequence: TiO2 → Ti5O9 → Ti4O7 → Ti3O5 → Ti2O3 → TiOxCy. The reported TPR profile suggests that at 800 °C, only Ti5O9 should be formed [168]. As expected, no peaks associated with Ti3O5, Ti2O3, or TiOxCy could be observed in the XRD pattern of catalyst MoC20M-800/P25TiO2 as it was prepared at 800 °C. However the peaks at 26.4°, 29.0° and 30.7° can be attributed to Ti5O9. A smaller amount of Ti4O7 can also be observed at 20.7°, 26.3°, and 31.7°. Due to the difficulty of identification, the lattice parameter and crystallite size of MoC could not be determined for this sample. This was accompanied with a decrease in the surface area from 50 m 2 /g (MoC20M-700/P25TiO2) to 28 m 2 /g (MoC20M-800/P25TiO2).

These results show that 600°C is not efficient temperature for full carburization of molybdenum oxides in our conditions, and that 800°C is too high as the support is altered. To summarize, when using methane as carburizing agent, it seems that 700°C and high concentration of methane (20% or 40%) are the best preparation conditions for the formation of MoC/TiO2.

Ethane as carbon source

As the carburization with methane was not always efficient, it was replaced by ethane as it is reported that increasing the chain length of the hydrocarbon allows the transformation from oxide to carbide to occur at lower temperature [54,57]. The same parameters studied with methane are studied with ethane.

The percentage of ethane in the reactive gas mixture

Three catalysts were prepared using ethane as carburizing agent with three different concentrations (Table 21). The percentages 5, 10, and 20 % v/v C2H6/H2 were used so that a comparison can be done with 10, 20, and 40 % v/v CH4/H2 using equivalent carbon weight composition. 21. XRD analysis shows that the average molybdenum carbide crystallite are < 4 nm. As before, anatase started to convert to rutile when using a reductive-carburizing flow with low concentration of ethane. The A/R composition varied from 74%/26% for MoC20E-700/P25TiO2 to 55%/45% for MoC5E-700/P25TiO2 (Table 21). When using higher concentration of ethane, the TiO2 anatase phase is not strongly affected by the thermal treatment at 700°C. The lattice parameter increases with the carbon content, suggesting that the ratio C/Mo is also increasing and becomes close to the one of MoC20E-700/P25TiO2.

The low concentrations of ethane (i.e. 5% and 10%) were not fully efficient for the carburization as the carbon content was less than the theoretical content (1.2 wt.% C for 10% wt. MoC/TiO2) (Table 21). However, full carburization seems to occur with higher concentration of ethane (20% v/v). The carbon content of the catalysts seems similar to the content obtained with the same carbon weight % used in the case of methane (i.e. 20% v/v C2H6/H2 is equivalent to 40% v/v CH4/H2). Figure 16 presents TEM analysis for catalyst MoC10E-700/P25TiO2 and shows that the molybdenum carbide obtained has a cubic structure system with Fm-3m space group (Table 22). The particle has lattice parameters close to the ones of MoC with a = 4.281 Å (Table 21), as previously observed for the catalysts carburized by methane. The pictures of this catalyst present small particles < 5 nm, in agreement with the XRD results. Moreover, when comparing MoC20E-700/P25TiO2 with MoC40M-700/P25TiO2 (Figure 13 and Table 19), which has the same bulk carbon content, the distribution of Mo and C species show more amount of Mo + related to molybdenum carbide and less amounts of Mo 4+ related to MoO2 when ethane was used as carbon source.

As the carburization was more efficient with the 20%v/v C2H6/H2, this percentage was used when comparing the other parameters of preparation.

Effect of the maximum carburization temperature

Two other catalysts were prepared with 20% ethane and carburized at 600 °C and 800 °C to compare the effect of carburizing temperature. The catalyst prepared at 600 °C has 0.8 % of carbon which is less than the theoretical amount for 10% w/w MoC/TiO2 of ratio one. The XRD diffraction pattern (Figure 18-a The catalysts prepared at 700°C and 800°C have similar carbon content (Table 24), and their diffraction patterns present the peak associated with cubic MoC. However, in catalyst MoC20E-800/P25TiO2 the TiO2 is partially reduced to Ti5O9 and Ti4O7 (Figure 18c). In this case the transformation is less prominent than in the case of methane as the anatase phase does not seem to be strongly affected. This could be due the presence of more carbon that retards the transformation [168].

As expected, for a defined temperature, higher carburization was achieved using ethane instead of methane, the difference is more pronounced when low carburization temperature was used (600 °C).

These results suggest that a treatment at 600°C using ethane carbion source is not efficient for the full carburization of molybdenum oxides in our conditions, as was observed for methane as carbon source; and that 800°C is higher than the desired temperature as the support starts to be altered. Accordingly we kept using 700°C as an optimum temperature for the TPRC process.

Effect of the Nature of the support

Besides P25 TiO2, two other supports were used to investigate the effect of the support. DT51 TiO2 consists only of the anatase phase and has higher surface area (92 m 2 /g) than P25 TiO2 (55 m 2 /g). ZrO2 of surface area 129 m 2 /g was also tested as a support for comparison (only in case of ethane). The catalysts were prepared using 20 % C2H6 and 700 °C carburization temperature.

The analysis of the diffraction pattern associated with catalysts supported on DT51TiO2 is easier than the ones for the catalysts supported on P25 due to the absence of the peaks corresponding to rutile phase. The peak corresponding to cubic MoC at 2θ = 42.2° could be observed better as shown in Figure 19-d and e corresponding to catalysts MoC20E-700/DT51TiO2 and MoC20M-700/DT51TiO2 respectively. The lattice parameters obtained match the one associated with MoC (Table 25). For catalyst MoC20E-700/ZrO2, the XRD pattern (Figure 19-b) presents mainly the peaks associated with the ZrO2 support (Figure 19-c). The most significant peaks of the monoclinic phase are at 28.2°, 31.5°, and 49.2°, and those of the tetragonal phase are at 30.2°, 50.1°, and 60.1°. The Rietveld analysis suggests that the catalyst possesses molybdenum carbide with a cubic structure. However the peaks again overlap with the ones from the support. The lattice parameter (a = 4.187 Å) is close to the one reported for MoC0.5 and lower than all the ones obtained for MoC/TiO2 (4.227-4.270 Å). This result suggests that the carburization is low, despite the high carbon content observed by elemental analysis (Table 25). This is in agreement with Adesina et al. where they reported that the carburization rate of supported cubic MoC1-x was the highest on the TiO2 support followed by SiO2, ZrO2, and Al2O3 [31], however the carbon content in the catalysts was not provided. The atomic numbers of Mo (42) and Zr (40) are too close to each other, hence the contrast was too low by microscopy and the STEM-TEM analysis was not possible for this sample. 26), and the particles size was < 5 nm.

The carbon content in this catalyst was in excess (1.6%) (Table 25) which is consistent with the graphitic carbon observed on the surface by TEM.

The BET surface area measured for the three catalysts is equivalent to, or slightly less than the surface area of the corresponding supports (Table 25).

An unsupported catalyst (MoC20E-700) was prepared for comparison. It was synthesized via the same preparation procedure of TPRC, starting from ammonium molybdate tetrahydrate precursor. As shown in Figure 19-a, this catalyst possessed a mixture of hexagonal and cubic MoC. In a like manner, Christopheletti et al. obtained hexagonal molybdenum carbide by 20% v/v CH4/H2 at 10 °C/min till 700°C with 3 h holding time, whereas the same procedure for alumina-supported material gave cubic molybdenum carbide [58]. Thus, the presence of the support must affect the carburization process.

To summarize, a series of 15 catalysts were synthesized by impregnation followed by TPRC. The XRD and TEM analysis showed that supported MoC exhibits fcc structure. It was difficult to estimate the degree of carburization, i.e. Mo/C stoichiometry due to the possible presence of free carbon at the surface. However the determined lattice parameters suggest the formation of MoC. The degree of carburization increased with the temperature and hydrocarbon content. However at 800°C the support was drastically altered.

From this part, we conclude that as a carburizing gas, ethane was better than methane for the preparation of molybdenum carbides supported on P25 TiO2 with 20% v/v; and 700°C maximum temperature was the best carburizing temperature (with 0.5°C/min heating ramp, and GHSV of 1091 h -1 ). Furthermore, the presence of the support does affect the phase of the carbides obtained. Cubic carbides are obtained on the supported material, and mixture of cubic and hexagonal was obtained in the bulk one.

II. Catalytic testing: Aqueous phase hydrogenation of succinic acid

The different catalysts described in the previous part were tested for the hydrogenation of succinic acid in aqueous phase (Scheme 14). The reactions were carried out at 240 °C and under 150 bar, using 600 mg of catalyst and the products were analyzed over two days by GC and HPLC taking periodic liquid samples through the day.

Catalysts prepared by methane

Testing the influence of methane concentration in the reductivecarburizing gas

Three reactions were done using the catalysts prepared with different methane concentrations: MoC10M-700/P25TiO2, MoC20M-700/P25TiO2, and MoC40M-700/P25TiO2 that are characterized before.

The results are shown by reporting the remaining amount of succinic acid as well as the selectivity to the main products obtained over time. The calculated carbon balance was also reported. Regardless the catalyst used, the carbon balance was c.a 100 % indicating that there is no loss of carbon in gas phase.

Figure 21 shows the conversion of succinic acid obtained over the three catalysts along with the corresponding products selectivities. After 46 hours, 38% of SA was converted using catalyst MoC10M-700/P25TiO2, whereas over catalyst MoC20M-700/P25TiO2, 70% of SA was converted, and 98% conversion was observed with MoC40M-700/P25TiO2 catalyst. The catalysts activity increased with the increase of methane Scheme 14 General reaction scheme for the hydrogenation of succinic acid.

percentage in the gas mixture during their reduction-carburization. This was expected as the catalysts prepared with the higher concentrations were the ones with the higher degree of carburization, as discussed in the previous section. Moreover, constant reaction rate was observed with time regardless the catalyst, which indicates that there is no deactivation of the catalysts. With the three catalysts, the products selectivity was distributed between GBL and unexpectedly BA. GBL was the major product (60-70% selectivity) and BA was the other main product (28-32% selectivity). Both products were formed simultaneously since the beginning of the reaction and constant selectivity (± 5 %) was observed over conversion.

Low amounts of THF, BOL, and traces of BDO were obtained at the end of the reactions.

The selectivity to the products among the three catalysts was distinct from the results reported in literature for SA hydrogenation over precious metal catalysts. For example, at 160 °C and 150 bar over Pd/TiO2, SA is converted to GBL with 94% selectivity [104];

under the same reaction conditions, introducing Re to this catalyst favoured the conversion of GBL to BDO with 83% selectivity [113]. On the other hand, using Re/C at 240 °C and under 80 bar of H2 generated THF with 86% selectivity [111]. In the literature dealing with the hydrogenation of SA, BA is usually not observed unless as byproduct. A couple of studies report the formation of small amounts of BA (< 3%), e.g. over Au-Pt/TiO2 [94], Pd-ReOx/TiO2 [105], FeOx/C + Pd/C [109], and Pd/SiO2-NH2 [175]. A combined selectivity of 18% towards propionic acid and butyric acid (at 80% conversion)

was reported during the hydrogenation of SA over Pd/alumina xerogel, in dioxane (PH2 = 60 bar, T = 240 °C) [176].

Butyric acid has many uses in different industries, and currently there is a great interest in using it as a precursor to biofuels [177]. In pharmaceutical industry, BA is known for its anticancer effects [177]. In the chemical industry, the primary application of butyric acid is in the manufacture of cellulose acetate butyrate plastics [178].

Furthermore, although butyric acid itself has an unpleasant odor, butyric acid esters such as methyl and ethyl butyrates are used as fragrant and flavoring agents [177].

Currently, BA is mainly produced by oxidation of butyraldehyde that is obtained from propylene derived from crude oil by oxosynthesis [179]. Nevertheless, as for all derivatives of crude oil, concerns arise concerning the increasing petroleum prices and availability along with the growing need for clean energy sources. The production of BA from renewable resources is receiving growing interest from the scientific community and the industry. Many attempts are reported to produce BA from renewable alternatives such as biomass through biological fermentation (e.g. glucose fermentation using bacteria) [179,[START_REF] Ramey | ), Production of Butyric Acid and Butanol from Biomass[END_REF], however these processes are still relatively costly and the chemical synthesis of BA still seems more viable [177].

In summary, after testing the three catalysts prepared by different methane concentrations, we showed that the conversions follow the order: MoC40M-700/P25TiO2 > MoC20M-700/P25TiO2 > MoC10M-700/P25TiO2. Therefore, increasing methane concentration produces better carburized catalyst and thus increases the catalytic activity in SA hydrogenation. The products selectivities seem to be not significantly affected with the change of methane concentration, for which the difference among the catalysts was within 10%.

The reaction pathway is further discussed in Chapter 4.

Testing the influence of carburizing temperature

The performance of MoC20M-700/P25TiO2 was compared with the two other catalysts prepared at lower (600°C) or higher temperature (800°C) of carburization. As expected, catalyst MoC20M-600/P25TiO2 was less active in the reaction probably because it is not well carburized. After 46 hours, only 23% of SA was converted with about 74% selectivity to GBL and 23% BA (Figure 22-a). On the other hand, catalyst MoC20M-800/P25TiO2 was more active than the two other catalysts prepared at lower temperatures, the conversion of SA was complete at 46 hours (Figure 22-b). For conversion under 95%, the products selectivity was around 60% and 40% for GBL and BA, respectively; this is similar to what was obtained over MoC20M-700/P25TiO2. However at the end of the reaction, GBL and BA started to be converted to BOL and THF. This was accompanied with a slight decrease in carbon balance when SA was fully converted.

MoC20M-700/P25TiO2 and MoC20M-800/P25TiO2 possess similar carbon contents, but the significant modification of the TiO2 support might modify the reactivity of the catalyst.

The conversions follow the order: MoC20M-800/P25TiO2 > MoC20M-700/P25TiO2 > MoC20M-600/P25TiO2 and the selectivity to BA decreases in favor to GBL in the same order.

Increasing the maximum temperature during carburization gives more active catalyst in SA hydrogenation reaction which can be linked to an increase in the degree of carburization. Although the catalyst carburized at 800°C showed good conversion, undesired transformation of the support is observed. Moreover, as deep characterizations are not done in this study, it was hard to figure out the cause behind the better performance of this catalyst.

Catalysts prepared by ethane

Testing the influence of ethane concentration in the reductive-carburizing gas

The three catalysts prepared with different ethane concentrations were tested in SA hydrogenation reaction under the same conditions as before (Figure 23). After 46 hours, 42% of SA was converted using catalyst MoC5E-700/P25TiO2. With catalyst MoC10E-700/P25TiO2, 80% SA was converted after 46 hours, whereas full conversion was achieved with MoC20E-700/P25TiO2. As with the case of methane, the catalytic activity increases with the increase of ethane percentage used during carburization process. Moreover the catalysts synthesized with the same amount of carbon in the feed present similar conversion: 20% ethane and 40% methane (conversion ≈ 96%); 10% ethane and 20 % methane (conversion ≈ 75%); 5% ethane and 10% methane (conversion ≈ 40%).

The products distribution was mainly composed of GBL and BA for the three catalysts.

GBL was the major product over MoC5E-700/P25TiO2 and MoC10E-700/P25TiO2 (62-69% selectivity) and BA was the second main product (35-29% selectivity). Few amounts of THF, BOL, and traces of BDO were obtained at the end of the reactions. However for MoC20E-700/P25TiO2 lower GBL selectivity (still the major product) with higher BA selectivity was obtained (49% and 32% respectively) but this was associated with slight decrease in the carbon balance.

Increasing ethane concentration in the preparation of the catalyst led to more complete carburization as shown by elemental analysis, XRD and XPS, and accordingly higher conversions are obtained in SA hydrogenation.

Testing the influence of carburization temperature

The catalyst MoC20E-600/P25TiO2 prepared at 600°C was less carburized and it was less active in the reaction of hydrogenation of SA than MoC20E-700/P25TiO2. Around 30% of SA was converted after 46 hours of reaction. On the other hand, catalyst MoC20E-800/P25TiO2 prepared at 800°C gave full conversion after 46 hours (Figure 24). The Figure 24 Hydrogenation of succinic acid over a)MoC20E-600/P25TiO2 and b)MoC20E-800/P25TiO2 at 240 °C and under 150 bar H2: temporal evolution of the remaining concentrations of SA, the products selectivity and the carbon balance (CB). Aqueous solution of SA (0.12-0.13 M, 100 mL), 0.6 g of catalyst conversions follow the same order as for methane where: MoC20E-800/P25TiO2 > MoC20E-700/P25TiO2 > MoC20E-600/P25TiO2. Thus, regardless the nature of the gas, higher carburization temperature leads to higher degree of carburization as shown by elemental analysis, XRD and XPS analysis.

Furthermore, the catalysts that are carburized at higher temperature were more active in SA hydrogenation reaction. A direct link between the degree of carburization and the activity of the catalyst in this reaction can be suggested.

With the three catalysts, GBL is the main product, but the level of selectivity is different. More GBL is produced with catalyst MoC20E-600/P25TiO2 (60% selectivity) compared to 49% for MoC20E-700/P25TiO2 and 45% with catalyst MoC20E-800/P25TiO2. In agreement with the trend shown by increasing the temperature using methane carbon source, the order suggest that the selectivity is related to the degree of carburization or carbon content, as more BA is produced when more carbon is present. Yet this cannot be fully confirmed at this stage especially with low conversions (with catalysts of very low carbon content) where selectivity becomes less accurate.

The higher temperature during carburization enhances the reactivity of the catalyst which is due to the possible reduction of the inactive MoO2 and better carburization of the catalyst. However, as discussed in the characterization part, TiO2 support undergoes modification at 800°C. This makes the analysis of the results obtained more difficult to analyze as these changes in the support may play a role in changing reactivity of the catalyst. This was not the focus of our study and thus it was better to avoid this high carburization temperature to narrow the factors that are playing a role in the conversion of SA and selectivity to the products.

Testing the effect of the support

The influence of parameters of synthesis of the supported carbide catalysts was studied over P25 TiO2. In this section, two more supports were tested to investigate the effect of the nature of support on the performance of the catalysts. For comparison, bulk molybdenum carbide catalyst was also evaluated.

Figure 25-a shows the conversion of SA and selectivity to the products obtained over MoC20E-700/DT51TiO2 catalyst, which is to be compared with the result over MoC20E-700/P25TiO2 previously shown in Figure 23-c. Initially, the activity was higher with MoC20E-700/DT51TiO2 than MoC20E-700/P25TiO2 catalyst (conversion at 6h 20 % and 10 % respectively), but after 46 h reaction, similar conversions were achieved (> 97 %).

Catalyst MoC20E-700/DT51TiO2 showed slightly higher selectivity to BA than catalyst MoC20E-700/P25TiO2 accompanied with slightly lower selectivity to GBL, giving close selectivity values for both products. Furthermore, with MoC20E-700/DT51TiO2 the amount of BOL and THF was higher but still < 7% (cf Table 27).

Alternatively, ZrO2 support -also known as stable oxide support used for SA hydrogenation with supported noble metal catalysts -was evaluated. The characterizations of MoC/ZrO2 catalyst showed more carbon amount but a lower degree of carburization when carburized under the same conditions as the two other catalysts supported on TiO2. Indeed, the selectivity observed with ZrO2-supported catalyst is close to the one obtained with the unsupported MoC catalyst (Figure 25-c). For this latter one, the selectivity to GBL is even more pronounced and reached 89 % while BA selectivity is very low (< 5%). A reported work of Christofoletti comparing unsupported Mo2C with the alumina supported catalyst showed that Mo2C/Al2O3 was more active than the bulk catalyst in methane steam reforming. They suggested that the greater activity of the supported catalysts may be related to the higher activity of the cubic MoC species present in Mo2C/Al2O3 samples, compared to the hexagonal Mo2C species present in the unsupported material, or to the higher dispersion of the cubic MoC in the supported catalyst, knowing that the alumina support was not active in the reaction.

The above results show that for SA hydrogenation reaction the support does play a role in the activity and selectivity delivered by molybdenum carbide catalysts. Further work is needed to characterize deeper the catalysts and establish the interactions between molybdenum carbide and the supports, and thus figure out what is the most important parameter influencing the catalytic behavior.

III. Conclusion

Screening for the best preparation conditions needed for the use of molybdenum carbide catalysts in SA hydrogenation showed that the catalytic response can be linked to the degree of carburization where catalysts reactivity increased with the increase in the degree of carburization. In general, ethane carbon source was more efficient than methane in preparing well carburized catalyst with MoC ratio close to one. Increasing the hydrocarbon percentage in the carburizing gas lead to more active catalyst regardless the hydrocarbon nature.

Similarly, increasing the temperature of carburization increased the amount of carbon in the catalysts, and significant influence on the catalytic activity was observed. The catalysts prepared at lower carburization temperatures, whatever the hydrocarbon nature, were much less active than the two other catalysts prepared at higher temperatures. On the other hand, the high temperature lead to drastic modifications in the P25 TiO2 support that was more significant when methane was the carbon source. The catalytic results obtained over the different catalysts are summarized in Table 27. For all the reactions the selectivity seems to be constant up to 95% conversion. Afterwards, THF and BOL are formed and the carbon balance starts decreasing.

The support seems playing significant role in the activity and selectivity of the catalyst, but still requires further investigations that were not done in our study, since only preliminary work was done on the DT51 TiO2 and ZrO2 supports for comparison.

As BA was observed in significant quantities for all the catalysts supported on titania, which was unexpected, we thus focus more in the following chapter on the reaction pathway. We also show the optimization of the reaction conditions, in addition to the recyclability of the catalyst. These are done with series of MoC20E-700/P25TiO2 catalyst for which GHSV is varied during the preparation.

CHAPTER 4.

TiO 2 -supported molybdenum carbide catalyst for succinic acid hydrogenation: optimization of the catalyst and the reaction conditions In this chapter, the TPRC was optimized by changing the gas hourly space velocity (GHSV) during the preparation and the catalytic activity of the material was evaluated for aqueous phase hydrogenation of succinic acid at 160-240 °C, and 90-150 bar of H2 in batch reactor. The effects of reaction conditions, and some of the preparation parameters (GHSV and passivation), on the catalysts and their catalytic performance in terms of activity, and selectivity to the products were investigated. The reaction pathway is suggested according to the reactions conducted from each of the products obtained. And finally, the stability of the catalyst was studied under the harsh reaction conditions (240 °C, 150 bar H2, in water).

I.

Preparation of MoC/TiO2 catalysts by TPRC TiO2-supported molybdenum carbides "MoC/TiO2" were prepared by impregnation of Mo salt on P25 TiO2 support, followed by temperature programmed reductioncarburization (TPRC) as previously described. In Chapter 3, the hydrocarbon, the composition of the gas mixture and the maximum temperature were optimized in order to obtain well carburized catalysts which exhibit good reactivity in SA hydrogenation. Thus the catalysts used in this chapter are according to the optimized conditions: 20%v/v C2H6/H2 while heating the sample at 0.5 °C/min till 700°C using P25 TiO2 support and 12% w/w Mo.

For this kind of catalysts the parameter of gas hourly space velocity -which is the quotient of the entering reactive gas to the catalyst bed volume-might have a remarkable impact on the prepared material. Actually, the effect of GHSV has been studied for bulk molybdenum nitrides. It has been demonstrated that a decrease in space velocity during the preparation causes a drop in surface area. The use of high space velocities would facilitate the removal of H2O from the vicinity of the solid surface, thus reducing the potential for hydrothermal sintering [START_REF] Choi | [END_REF]182]. However, we could not find any report on the effect of GHSV on the synthesis of supported molybdenum carbides. In the case of carbides, the GHSV factor might also affect the carbon content of the catalyst which in turn might affect the catalytic performance.

The effect of the gas hourly space velocity (GHSV) in catalysts preparation

To evaluate this parameter, a series of TiO2-supported molybdenum carbide catalysts were synthesized by changing the GHSV (1091 h -1 , 1527 h -1 , 2545 h -1 , and 7636 h -1 )

denoted MoC-I/TiO2, MoC-II/TiO2, MoC-III/TiO2 and MoC-IV/TiO2 respectively (Table 28).

The conditions used for MoC-I/TiO2 catalyst are the same ones used in Chapter 3 (catalyst MoC20E-700/P25TiO2) but with 12% wt. Mo to be comparable to the catalysts of this chapter. rutile phases were observed (Figure 26). For the four catalysts, the composition anatase/rutile was the same as for the support P25 (75%/25%) and the lattice parameters of the anatase and rutile phases are similar as shown in (Table 29). Regarding the molybdenum crystalline carbides, the main peaks attributed to cubic molybdenum carbide phase at 2θ = 36.4°, 42.2° and 61.3° were detected for all the catalysts (Figure 26). As already shown in the previous chapter, the peaks of cubic molybdenum carbide are broad and overlapped with the ones from the supports, which might alter the analysis. Rietveld refinement confirmed the presence of the cubic Mo carbide phase (> 10 %) with crystallite size below 5 nm (Table 28). The lattice parameters associated with MoC are similar for the four samples and consistent with fcc MoC. The presence of molybdenum oxides, such as MoO2 or MoO3, was not detected, which suggests full carburization.

Carbon elemental analysis was conducted to estimate the carbon content of the catalysts. The results in Table 28 show that the samples contained between 1.4 and 5.3 % wt. of carbon while the theoretical carbon content for MoC/TiO2 with 12 % wt. of Mo should be 1.5 %. This reflects an excess of free carbon in the catalysts MoC-II/TiO2, MoC-III/TiO2, and MoC-IV/TiO2 as observed on the TEM pictures that show the presence of graphitic carbon. The carbon content increased from 1.4% to 5.3% while increasing the GHSV during the preparation from 1091 to 7636 h -1 (Table 28). The presence of excess carbon at the surface of TMCs is well known. It is deposited on the surface during the synthesis, as ethane starts to decompose from 590 °C [57]. The temperature for complete formation of bulk molybdenum carbide is around 630 °C when using 10% v/v C2H6/H2, however, supported catalysts often require more severe conditions [START_REF] Oyama | [END_REF]57]. Thus, the excess of carbon is not surprising after synthesis at 700 °C with high concentration of hydrocarbon (20% v/v C2H6/H2) and high GHSV. 30, Table 31) revealed that these are particles of MoC with cubic phase, which is in agreement with XRD results. An excess of graphitic carbon was clearly seen in the TEM images.

The effect of passivation of the catalysts

Due to their pyrophoricity, TMCs are typically passivated prior to use in order to facilitate their handling and avoid oxidation in air. As described in Chapter 2, the prepared molybdenum carbide catalysts were passivated under 60 mL/min of 1% v/v O2/N2 for 4 h.

The passivation layer is supposed to be reduced at the very beginning of the reaction after which the catalyst becomes active. To verify the temperature at which passivation layer is removed in our catalysts a sample of MoC/TiO2 was subjected to thermo gravimetric analysis/mass spectrometry under hydrogen flow (TGA-MS). Figure 29 shows the weight loss in the sample and the associated MS peaks corresponding to water production. The first peak at 95°C corresponds to water which desorbs from the catalyst.

The peak at 280°C refers to the reduction of the passivation layer in agreement with the literature [183].

However, it has been shown that the passivation treatment may affect the catalytic performance. For example, Nagai et al have shown that passivated molybdenum carbide catalysts supported on alumina were less active for CO2 hydrogenation reaction than the non-passivated catalysts [163]. Similarly, Shou et al. found that, relative to a nonpassivated molybdenum carbide, the activity for Fischer-Tropsch synthesis of the passivated sample was 37% lower [184]. On the contrary, Mehdad et al. showed that after the removal of the passivation layer of molybdenum carbide, the catalyst exhibited identical performance as the non-passivated one for toluene hydrogenation [185].

Therefore, two catalysts were synthesized without passivation (NP is added to the same catalysts labelling) to figure out whether this treatment affects the properties and performance of the catalyst in SA hydrogenation or not. Limited characterization could be performed on these non-passivated catalysts as they cannot be exposed to air, except for XPS analysis where the samples were transferred directly after synthesis to the XPS chamber via glovebox. XPS analyses was done for three catalysts in order to assess the differences resulting from the passivation (MoC-IV/TiO2 vs. NP-MoC-IV/TiO2) and from variation of the GHSV (NP-MoC-II/TiO2 vs. NP-MoC-IV/TiO2).

The Mo 3d and C 1s spectra of the catalysts are presented in Figure 30. The chemical states of the catalyst components and their relative abundance are compiled in Table 32.

In Figure 30- eV) and Mo 6+ (BE = 232.7 eV and 235.8 eV) were also observed [172,173]. The difference between the passivated and non-passivated catalysts is clearly noticeable when comparing Mo 3d spectra of MoC-IV/TiO2 and NP-MoC-IV/TiO2 in Figure 30-a-1 and Figure 30-b-1, respectively. The absence of Mo 6+ for the fresh sample (non-passivated), confirms that the presence of Mo 6+ in the passivated sample is due to the passivation treatment.

The absence of molybdenum bulk oxides phases (by XRD) suggest that the passivation treatment results in a thin layer of oxide on the surface. It is assumed that oxygen adsorbs on top of Mo atoms and hollow sites that are not occupied by C [185]. From the literature, it is expected to see a small amount of Mo 4+ , even for the non-passivated sample [170].

Oxygen elemental analyses were also conducted and no difference was observed for the two catalysts. However the fact that the support is an oxide limits the efficiency of the analysis. As expected, MoC-IV/TiO2 and NP-MoC-IV/TiO2 present similar Mo and C atomic concentration knowing that the Mo theoretical atomic concentration of 12% w/w MoC/TiO2 is 3.6 (Table 32). The C atomic concentration is in excess due to the presence of graphite on the surface. The C 1s spectrum of MoC-IV/TiO2 displayed in Figure 30-a-2 exhibits a peak at BE = 283.4 eV which corresponds to the carbon in the carbidic form [171]. The broad peak at BE = 284.6 eV along with the peak at 289.5 eV refer to graphitic carbon. The additional peak at 286 eV can be attributed to carbon in C-O or C=O groups [171,174]. The ratios of carbidic C to Mo carbide are shown in Table 32 and are around 1.5 for the two samples. The Ti 2p spectrum of MoC-IV/TiO2 is shown in Figure 31 as an example to confirm that the support is not reduced. The peaks at BE = 459.1 eV and 465 eV refer to Ti 4+ , and no peaks corresponding to Ti 3+ (BE = 457.5 eV) or other reduced forms were observed.

The sample NP-MoC-II/TiO2 synthesized at lower GHSV (Figure 30-c, Table 32) presents similar compositions as NP-MoC-IV/TiO2. However, the presence of a small amount of Mo 6+ suggests that a small fraction of molybdenum oxide was still not carburized. When looking at the atomic concentration determined by XPS, it is noticeable that the carbon content on the surface of the catalyst is lower (22% vs. 49%) when decreasing the GHSV.

This result is in agreement with the carbon elemental analysis. Moreover the fraction of carbon graphite is slightly lower (from 65% to 47%) in favor of carbon as carbonyl/carbonate groups. The lower Mo % surface concentration on MoC-IV/TiO2 might be related to the higher concentration of carbon in the sample. Indeed, the excess of carbon on the surface might be masking the Mo particles because only few nanometers are probed by XPS.

XPS analysis for the catalysts without passivation is more useful than the passivated ones, especially upon comparing the degree of carburization as our study in Chapter 3.

However, it is quite demanding as synthesis of a second batch of the catalyst without passivation is required, and the transfer to the XPS chamber should be done through the glove box; accordingly it was done only occasionally and not handy to be routinely done on all catalysts. 

II. Hydrogenation of succinic acid over MoC/TiO2

The catalytic performance of MoC-III/TiO2 catalyst was evaluated for the aqueous phase hydrogenation of succinic acid (SA) at 240 °C and 150 bar. A typical temporal evolution of the substrate and products in solution is presented in Figure 32. In the presence of the catalyst, SA was progressively converted with time and full conversion was achieved after 22 h. From the start of the reaction, parallel formation of γ-butyrolactone (GBL) and butyric acid (BA) were observed. After 8 h of reaction, 60% conversion was achieved with 38% yield of GBL and 26% yield of BA. Proceeding more in the reaction, the two intermediates started disappearing along with the formation of butanol (BOL), tetrahydrofuran (THF), and 1,4-butanediol (BDO). After 32 h, 22% of GBL, 6% of BA, 21%

of BOL, 14% of THF, and 4% of BDO are present in solution. Traces of propionic acid were also observed, close to the detection limit (< 0.5%). The carbon balance (CB) started decreasing after 18 h and only 66% of the products were still present in liquid phase at the end of the reaction. This was confirmed by qualitative GC-MS analysis of the gas phase where butane as well as traces of propane were detected.

All the catalytic results were reproducible within similar conversion range and products selectivities (Figure 32 and Figure 33-a). The CB calculated based on GC and HPLC analysis were close to the TOC measured, which means that all the products in liquid phase were identified and analyzed (Figure 33-b).

Besides BA, BOL is also not usually obtained in significant quantities in the hydrogenation of SA reported in literature. It can be produced from plant biomass by fermentation ''biobutanol'' or from fossil fuels ''petrobutanol''. Significant fraction of BOL is currently produced chemically from petroleum sources [186]. The research concerning biobutanol synthesis is continuously in progress due to the very high demand and that fermentation pathway remains insufficient and still undergoes optimizations. Previous research has also shown that butyric acid can be converted to butanol in a two steps fermentation process via bacteria, where sugars are converted to butyric acid in the first step and in the second step, butyric acid is converted to butanol [START_REF] Ramey | Continuous Two Stage, Dual Path Anaerobic Fermentation of Butanol and Other Organic Solvents Using Two Different Strains of Bacteria[END_REF].

Butanol is an important industrial solvent, and is a better fuel for replacing gasoline than ethanol [START_REF] Ramey | ), Production of Butyric Acid and Butanol from Biomass[END_REF]. It can be used for storing energy, as a chemical intermediate, a solvent for a wide variety of chemical and textile processes, and as a reactant in preparation of acrylic paint.

Since the products selectivity observed during the hydrogenation of SA over MoC/TiO2 is distinct from the selectivity obtained over noble metals catalysts, the reaction pathway was investigated in more details. 

Pathway of SA hydrogenation reaction over MoC/TiO2

Hydrogenation reactions of GBL, BA, BDO, and THF were conducted under the same reaction conditions as those used for SA (150 bar H2, 240°C). The temporal evolution of these reactions are shown in Figure 34.

After 30 h of reaction, 35 % of GBL was converted (Figure 34-a). THF was the main product with 31% selectivity, in addition to BOL (28%), BA (16%) and BDO (14%). BOL and BA were formed simultaneously which suggests that BOL can be formed directly from GBL. The hydrogenation of BA generated solely BOL in liquid phase (Figure 34-b), in agreement with literature [115]. Hydrogenation of BDO gave mainly THF (57% selectivity) in addition to BOL (10% selectivity) at 70 % conversion. Lastly, THF was stable in these reaction conditions where barely 7 % was converted to BDO after 30 h of reaction. The hydrogenation of the intermediates suggests that BA can be formed mainly from SA as well as from GBL but at a lower level. Moreover gaseous products (i.e. butane) are mainly formed from BA. Figure 35 The selectivity to the products shows that the TiO2 supported molybdenum carbide catalyst may possess two type of active sites, the first one being similar to the one of noble metal-based catalysts inducing the production of GBL from SA, whereas the second one is specific to the carbide catalyst producing BA as second major product.

Molybdenum carbide catalysts are known to be active for C=O hydrodeoxygenation reaction. In literature, it was proposed that the hydrogenation steps occur over metallic sites, while the dehydration occurs over Brønsted acid sites [START_REF] Sullivan | [END_REF]. The hydrodeoxygenation of acrylic acid to propane has been studied in gas phase over Mo2C [189]. The experimental and theoretical results suggested that the hydrogenation/dehydration of the carboxylic acid generates adsorbed aldehyde, which undergoes further hydrogenation/dehydration and forms propane.

Therefore, in our case, BA might be formed on "site 2" via successive hydrogenation / dehydration of SA, without desorption of the intermediate aldehyde (Scheme 15).

Optimization of the reaction conditions: effects of temperature and pressure.

In the literature, the conditions for aqueous phase hydrogenation of SA in the presence of noble metal catalysts are in the range of 80-150 bar of H2 and 160-240 °C [104,110,111,115]. The effects of temperature and pressure were investigated over MoC-III/TiO2, the reaction was conducted at different temperatures (160,200, and 240 °C) and H2 pressures (90, 110, 150 bar) for 22 h (Table 33). going from 2 to 85% of conversion, the selectivity towards BA decreased slightly (from 52 to 43%). Above 90% SA conversion, GBL and BA started to be converted and the products BOL, BDO and THF appeared. It is well known that there is a competitive adsorption of SA and GBL. Indeed, on noble metal catalysts it is usually observed that GBL starts to be converted when SA has disappeared [105]. In the same manner, we observed that the conversion of BA to BOL occurred only when SA was almost fully converted. It is also worth noting that far less gaseous products were observed when working at 90 or 110 bar of H2 (Figure 37). This was confirmed through the TOC measured and the carbon balance that remained close to the initial value. This is due to the fact that at low conversion, hardly any butanol, hence butane, were formed. 33). Aqueous solution of SA (0.12 M, 100 mL), 0.6 g of MoC-III/TiO2 catalyst.

Effect of variation of the GHSV during catalysts preparation on the corresponding catalytic performance in SA hydrogenation

The initial rate and products distribution of MoC-III/TiO2 were compared to those of the catalysts prepared at different GHSV: MoC-I/TiO2, MoC-II/TiO2, and MoC-IV/TiO2. All reactions were done at 240 °C and 110 bar of H2, the results are included in Table 34. For these reactions the CB was always over 90%. By increasing GHSV of C2H6/H2 during the carburization of the catalyst from 1091 h -1 (MoC-I/TiO2) to 7636 h -1 (MoC-IV/TiO2), V0 increased from 1.3 to 7.8 mmolSA gMo -1 h -1 and the selectivity shifted towards BA. Indeed, when comparing the selectivity at 22-25 % conversion, MoC-IV/TiO2 gave selectivity towards BA of 71% while 41, 44 and 49% were obtained over catalysts MoC-I/TiO2 MoC-II/TiO2 and MoC-III/TiO2 respectively. In the catalyst characterization section it was shown that as the GHSV increases, the carbidic Mo and the free-carbon contents increase.

Therefore the degree of carburization and/or the presence of free carbon must have a strong impact on activity and selectivity. A supported Mo oxide catalyst MoO3/TiO2 was also prepared and tested for comparison (Table 34). High selectivity to GBL was observed (95%). This shows that the carbon content has direct effect on shifting the selectivity towards BA as already observed in Chapter 3. In conclusion, the selectivity of SA hydrogenation is very sensitive to the modifications in the molybdenum carbide catalyst but independent of the reactions conditions (temperature and pressure).

Passivated versus non-passivated catalysts

The effect of the passivation treatment on the catalytic results was investigated under 110 bar of H2. Aqueous solution of SA (0.12 M, 100 mL), 0.6 g of catalyst.

reaction for both samples and the initial rates was of 7.6 ± 0.2 mmolSA gMo -1 h -1 (The difference in conversion is within experimental error ± 5%). The yield of GBL and BA reached around 30 % and 50%, respectively. Therefore the passivation layer does not affect the catalytic performance of the catalyst. As no pre-activation was conducted on the passivated sample, the reduction of the passivated sample must occur in situ, at the beginning of the reaction. The XPS results showed that no more Mo 6+ and a lower amount of Mo 4+ species were present in NP-MoC-IV/TiO2 (Figure 30-b; Table 32). These results

suggest that the oxides must be reduced at the beginning of the reaction and thus passivation does not affect the selectivity.

Stability of the catalysts

The amorphous), Raman analysis were done for the catalyst before (MoC-III/TiO2) and after reaction (R1-MoC-III/TiO2). In Figure 40, the bands at 145, 196, 397, 517, and 637 cm -1 correspond to anatase phase of TiO2 and the rutile phase is evidenced by two extra broad bands at 440 and 605 cm -1 [192]. The two bands at 1345 and 1597 cm -1 correspond to the disorder D and tangential G bands of graphitic carbon [45,193,194]. The presence of these two bands have previously been reported for molybdenum carbides synthesized under 10% C2H6/H2 at 800 °C [45]. The weak bands at 2654, 2932, and 3209 cm -1 were attributed to second order features [195][196][197]. As the cubic MoC structure leads to no Raman active band, no bands were detected for MoC-III/TiO2. Furthermore, the presence of the light absorbing carbon layer can hinder observation of underlying phase [198]. This result implies that the catalyst is covered with an excess of graphite during the synthesis, in agreement with the XPS, elemental analysis and TEM results. The absence of bands attributed to (Mo=O) vibrations around 950-1000 cm -1 [45,199,200] suggests that MoC-III/TiO2 is fully carburized. In the spectra of R1-MoC-III/TiO2, two additional (Mo=O) and (Mo-O-Mo) stretching bands located at 968 cm -1 and 832 cm -1 , respectively were observed and attributed to the presence of molecular polymolybdates [201,202] 

III. Conclusion

In this part, we investigated the hydrogenation of succinic acid in aqueous phase using MoC/TiO2 catalysts. The catalysts were synthesized by impregnation with (NH4)6Mo7O24.4H2O followed by hydrogenation/carburization under a flow of 20% v/v C2H6/H2 at 700°C at different GHSV. XRD and TEM showed that well dispersed particles of cubic MoC phase were obtained, with size < 5 nm regardless the GHSV. The catalysts were active for the reaction and full conversion of SA was achieved. The main products after 24 hours are γ-butyrolactone, and more remarkably butyric acid. These intermediates are then converted to tetrahydrofuran, butanol, 1,4-butanediol and butane and the reaction pathway is suggested according to the reactions conducted from each of the products.

The effects of H2 pressure and temperature were investigated and the selectivity to the products was independent of conversion. The passivation treatment does not have a noticeable effect on the performance; in contrast, an increase in GHSV during the synthesis is associated with an increase in activity and a switch of selectivity towards BA.

After recovering the catalyst under air, deactivation was observed, while keeping it under inert atmosphere limits the deactivation. Molybdenum does not leach during the reaction. The deactivation was mainly attributed to a decrease in the amounts of carbidic molybdenum and carbidic carbon, as demonstrated by XPS analysis.

In summary, Chapters 3 and 4 showed that performing SA hydrogenation over supported molybdenum carbides instead of the more conventional precious metal based catalysts is a promising reaction. However, the selectivity is different: the carbide catalyst seems to have two types of active sites that induce the hydrogenation of SA to GBL and BA simultaneously. The selectivity is sensitive to the catalyst properties produced by different synthesis conditions. Although the carbon content seems an essential factor, some exceptions do exist, and thus further work after this opening study are required to understand better the factors affecting the reactivity of these catalysts in this reaction.

CHAPTER 5.

Supported molybdenum carbide catalysts for carbon dioxide hydrogenation

The supported molybdenum carbide catalysts prepared in this work were tested in CO2 hydrogenation reaction in a continuous gas flow reactor at 250 °C, 30 bar total pressure, and a total flow rate of 50 mL/min of H2 / CO2/ N2 with a H2:CO2 ratio of 3:1. The reaction conditions (reactants flow rate and temperature) were optimized with the MoC/TiO2-P25

catalyst. The performances of other catalysts were evaluated as function of the following parameters: support nature (P25 TiO2, DT51 TiO2, and ZrO2), GHSVpreparation, carbon source (CH4 or C2H6), concentration of the carburizing gas (% v/v Hydrocarbon/H2), and maximum carburization temperature (600-800 °C).

The catalysts considered in this chapter are the ones presented in Chapters 3 and 4. The catalyst notations are kept the same to match the characterizations previously shown.

This chapter starts directly with the catalytic results of molybdenum carbides in the hydrogenation of CO2.

I. CO2 hydrogenation over molybdenum carbide supported on P25 titanium dioxide

Prior to the tests of CO2 hydrogenation over molybdenum carbide catalysts supported on titanium oxide, two blank tests were performed: blank with empty reactor, and blank with TiO2 P25 support. In both cases no conversion was observed (< 0.1%).

For the first evaluation of the performance of TiO2-supported molybdenum carbide, the conditions from reference [56] were employed. The reaction was done at 250 °C, with a pressure of 20 bar and a flow rate of 30 mL/min with a reaction mixture of 75% H2/15% CO2/10% N2.

For this test, the catalyst supported on P25 TiO2 synthesized using a flow of 20% C2H6/H2 with a GHSV of 1527 h -1 at 700 °C was used (MoC-II/TiO2 cf Chapter 4 section I.1 Table 28).

To recall, the characterization of this catalyst showed that small particles (size < 4 nm) of cubic MoC were well dispersed on the surface of the support. The BET surface area was 45 m 2 /g, and the molybdenum and carbon weight contents were 11.8% and 2.2% respectively, which means an excess of carbon present in this catalyst (the theoretical carbon content for 12 % wt. of Mo with Mo/C ratio of one is 1.5 %). conversion stabilized around 2.5%.

Four products were observed in this reaction, the major product being CO with a selectivity around 69% at quasi steady-state, followed by CH4 (25%), C2H6 (< 4%), and CH3OH (< 3%).

The evolution of the products selectivities, shown in Figure 42-b, reveals that at the beginning of the test (low temperature), only CO was produced, thus the main reaction occurring over MoC/TiO2 was the reverse water-gas shift (RWGS) reaction (CO2 + H2 ↔ CO + H2O). Afterwards, a decrease in CO selectivity was observed, associated with a corresponding increase in CH4 which could be produced via the hydrogenation of CO [56].

CH3OH, which is produced in small quantity, may be formed either by direct hydrogenation of CO2 (CO2 + 3H2 ↔ CH3OH +H2O) or by subsequent hydrogenation of CO produced (CO + 2H2 ↔ CH3OH). C2H6 can be produced via the Fischer-Tropsch process from CO2 (2CO2 + 7H2 ↔ C2H6 + 4H2O) or from CO (2CO + 5H2 ↔ C2H6 + 2H2O). C2H6 and CH3OH were formed in small quantities; however the yield of the latter was gradually increasing.

These results suggest that MoC-II/TiO2 behaves primarily as a RWGS catalyst. According to the molybdenum content relative to the catalyst mass used, the conversion value obtained is in the range of the one reported in reference [56] over a cubic molybdenum carbide catalyst under the same conditions (11% conversion at 250 °C and 20 bar, with 30 mL/min total flow rate of H2 / CO2/ Ar with a H2:CO2 ratio 5:1). 200 mg of the bulk catalyst was used in the reference, compared to 400 mg from the supported catalyst (12% wt.

MoC/TiO2) that we used, the percentage of the metal relative to catalyst mass is around 8 folds more in the mentioned reference.

However, the selectivity distribution that we obtained is not consistent with this work;

the present catalyst shows more selectivity to CO and CH4 with less selectivity to methanol [56]. Indeed, the authors reported that molybdenum carbide catalyst of cubic phase was selective for CH3OH production (23% CH3OH and 16% CH4 under the aforementioned conditions) whereas the catalyst of hexagonal molybdenum carbide phase gave higher CH4 selectivity (37% CH4 and 12% CH3OH, the rest being CO mainly). They showed that the Mo centers bind well the CO2 molecule, the cleavage of the first C-O bond is assisted by hydrogen (H + OCO → HOCO → HO + CO), and there is no rupture of the second C-O bond [164]. However, the increase in the carbon content of the carbide moderates the reactivity [158,164]. In the MoC-II/TiO2-P25 catalyst, graphitic carbon present on the surface may block the access of the reactants to the active surface of the material.

Moreover, other parameters such as the support nature might play a role in modifying the selectivity, which will be shown later on in this chapter.

A high selectivity to CO (99.5% at 16% conversion) was measured by Illas and coworkers [162] over hexagonal polycrystalline Mo2C under different reaction conditions (CO2/H2 = 1/1, 400 °C, and atmospheric pressure). They interpreted the complex experimental behavior from DFT-based calculations. The authors indicated that the formation of CO over Mo2C can even occur at a quite low temperature (35 °C). However they also showed that C-terminated Mo2C binds adsorbates too strongly preventing the easy removal of product, whereas a Mo-terminated surface exhibits more balanced properties. CO2 dissociation occurs and a subsequent release of CO seems viable from a thermodynamic point of view.

Screening of the reaction conditions

The reaction conditions for CO2 hydrogenation not only influence the conversion but also the selectivity to the products. The selectivity in this reaction is equally or even more important than conversion values in practical applications [129]. Accordingly, the conditions used in our work were not always those leading to the highest conversions, as the influence on the selectivity was also considered. After the above preliminary evaluation we moved to optimizing the reaction conditions over MoC-II/TiO2-P25.

Mass of catalyst

400 mg of catalyst were introduced into the glass tube reactor of internal diameter 1.3 cm. First, the reproducibility was checked by conducting 2 reactions under the same conditions using two batches of MoC-II/TiO2 synthesized in the same way (R1 and R2 in Table 37). The results were equivalent in terms of CO2 conversion (ca. 2%) and products selectivity (within ± 1%).

When the mass of catalyst was doubled (R3), the weight hourly space velocity (WHSV) was divided by two, and the conversion was higher by a factor two, which suggests that mass transfer limitations were avoided under the employed conditions. Moreover, the selectivities were fairly constant. This is in accordance with the work of Davis et al. on

Rh/TiO2, showing the increase in CO2 conversion with the inverse of WHSV and without change in the selectivity [135].

For evaluating the other parameters, we then used 800 mg of catalyst, which enables better comparisons due to the higher conversion values. 

Flow rate of reaction mixture

The variation of CO2 conversion and products selectivity with respect to the reactants flow rate was evaluated by changing the flow of H2/ CO2/ N2 (with 3:1 H2:CO2 ratio) from 50 mL/min to 30 mL/min, and then down to 10 mL/min. The reactions were done at 250 °C and 30 bar, with the same heating ramp shown in Figure 42.

Decreasing the flow from 50 mL/min (Figure 43-a) to 10 mL/min (Figure 43-c) increases the conversion from 4% to 12% after 280 min which was expected since decreasing the flow rate increases the contact time and increases the conversion [144]. The selectivity to CO decreased from 70% to 61% in favor of CH4 selectivity, which increased from 25% to 33%. The C2H6 selectivity increased from 4% to 6% and the CH3OH one decreased from 1.3 to 0.4%. However, with the low flow rates the kinetics was not stabilized after 280 min on stream, which makes the comparison not reliable. Perhaps diffusion limitations or other issues are present in this case.

Thus, for studying the rest of reaction conditions, a flow of 50 mL/min was used.

Temperature

The effect of temperature on the reaction kinetics was investigated for temperatures of 200 °C, 250 °C and 300 °C. (not detectable at the low temperature of 200 °C), along with a decrease in selectivity towards CH4 (from 26% to 18%) and methanol (from 1.5 to 0.4%). Less methanol is expected when the temperature is increased according to Le Chatelier principle (cf Chapter 1 III.2.3). However, the increase in CO selectivity and decrease in CH4 does not agree with literature [56] where the increase in the temperature over cubic MoC causes a decrease in CO selectivity and increase in CH4, which thus requires further investigations.

As the catalyst was not active at 200 °C and the high temperature disfavors the methanol selectivity, we kept 250 °C for studying the effects of the other parameters on this reaction. This allowed us to obtain significant conversion values with possibility of formation of methanol.

Effect of passivation

The influence of the passivation treatment on the catalytic performance of MoC/TiO2 catalyst was evaluated by conducting another test with a fresh non-passivated catalyst transferred to the reactor through a glovebox.

The conversion of CO2 and products selectivity obtained over the passivated and nonpassivated catalysts are shown in Table 38. The non-passivated catalyst was more active than the passivated one: the CO2 conversion increased from 4% to 7% while the products selectivity was not altered. This result is in agreement with the study of Omi and coworkers [163] who showed that passivation decreased the activity of molybdenum carbide catalysts supported on alumina in CO2 hydrogenation at 300 °C and atmospheric pressure. However, the authors did not mention whether passivation has an influence on the selectivity. was with passivated catalyst in our case and non-passivated in reference [56]. Indeed, the authors prepared their catalysts in the same micro reactor used for the CO2 hydrogenation tests. After the carburization, the samples were cooled down to the reaction temperature and directly exposed to the reaction mixture without any exposure to air to avoid the formation of oxycarbides and possible deactivation.

After these preliminary evaluations of the performance of MoC/TiO2-P25 in CO2 hydrogenation, we assumed that the excess of carbon present in this catalyst might block the surface and thus alter the catalytic performance. Since this catalyst was prepared by carburization with 20%v/v C2H6/H2 at 700 °C and a GHSV of 1527 h -1 , and contained excess carbon, we tested the catalysts presented in Chapter 3. As they were prepared under different conditions and did not exhibit any excess of carbon, they may show distinct catalytic performance in CO2 hydrogenation.

II. Effect of the catalyst carburization conditions on the catalytic activity of molybdenum carbides supported on P25 titanium dioxide

The catalysts used in this part are the ones used in Chapter 3, and thus the characterization section is not shown here. A recall of the synthesis conditions and some of the characterization results is presented in Table 39.

Table 39 List of the catalysts with the corresponding preparation conditions and characterizations. Some literature work shows that for CO2 hydrogenation, the metal loading and particle size can affect the selectivity and activity of the catalysts, as for Ni/SiO2 [204] and Ir/CeO2 [205] catalysts. However, in our case the XRD and TEM results suggested that all the catalysts exhibit similar particle size (≈ 3 nm) and the ICP analysis confirmed that the Mo loading is of ca. 9.5 wt. %. Thus these two parameters are not evaluated in this work.

Catalyst

It is evident from literature that the metal/carbon ratio in TMCs can have a strong effect in the reactivity of these materials towards CO2 [56,164,165]. As shown in Chapter 3, the hydrocarbon concentration in the carburizing gas, and the final temperature of carburization affect the carbon content, the degree of carburization and the C/Mo ratio of MoC/TiO2 catalysts. Thus, we evaluated the influence of these parameters by testing the catalysts prepared under different carburization conditions in CO2 hydrogenation reaction.

Effect of hydrocarbon concentration

Concerning the hydrocarbons concentrations, the three catalysts prepared with different ethane concentrations (5%, 10%, and 20% v/v C2H6/H2) that were characterized in Chapter 3 are used. However the catalyst prepared at 40% methane was not tested, as the series of catalysts prepared at the same hydrocarbons percentages (i.e. 5%, 10%, and 20% v/v HC/H2) were used.

Low carbon content was obtained at low concentrations of hydrocarbon (5-10% ethane and 5-20% methane) and the C/Mo molar ratio was close to MoC0.5; this ratio increases as the hydrocarbon concentration increases and becomes around one for MoC20E-700/P25-TiO2.

Figure 45-a shows the evolution of CO2 conversion with time-on-stream for the six catalysts prepared at 700 °C with different methane or ethane concentrations. The general trend is that CO2 conversion decreases slightly with the increase in carbon content (higher C/Mo ratio), which is in accordance literature [56,164]. Substantial increase in the selectivities towards CO and methanol were reported when moving from a C-rich surface to a Mo-rich surface. In our case of P25 TiO2 supported catalysts, the products selectivities did not change significantly over the varied catalysts, as shown in It is worth to mention that the selectivity to C2H6 and CH3OH was not stabilized after 280 min. CH3OH could be forming at the expense of C2H6, or presumably a change in the catalyst properties occurred so that it favors CH3OH over C2H6. This issue requires post reaction analysis that may give more information about this behavior.

Effect of carburizing temperature

In Chapter 3 we showed that for both carbon sources the carburization was not complete at low temperature. A stoichiometry close to MoC0.5 was obtained with methane carbon source at 700 and 800 °C maximum temperatures. A stoichiometry close to MoC was obtained when using ethane at 700 °C and 800 °C. However, the support underwent significant phase changes at the highest temperature (800 °C), especially in the case of the lowest carbon content (i.e. with methane carbon source).

The catalytic performances of the six catalysts prepared with methane or ethane at different carburization temperatures are shown in Figure 46. Considering the case of ethane (blue shades), the conversion decreases from 4.1 % to <0.1 % with the increase in the carburization temperature from 600 °C to 800 °C (Figure 46-a).

As the MoC20E-800/P25-TiO2 catalyst carburized at 800 °C was not active, the selectivity is not shown. The other two catalysts showed similar selectivities to the products.

Similarly, in the case of methane (pink shades), the conversion decreases from 4.3 % to 0.5 % with the increase in the carburization temperature from 600 °C to 800 °C. The selectivities obtained at 0.5% conversion for MoC20M-800/P25 TiO2 are not shown.

Comparing the other two catalysts, the CO selectivity decreased from 72 % to 66 % by decreasing the carburization temperature, whereas the selectivities to C2H6 and CH3OH increased by 2% and 4%, respectively, CH3OH production seems to require an activation period of the catalyst on stream. Furthermore, as previously noticed, the conversion decreases with higher carbon content.

Thus the best results in terms of highest conversion and highest methanol selectivity were obtained over the catalyst prepared by methane at lowest carburizing temperature (MoC20M-600/P25TiO2).

III. Effect of the nature of the support on the performance of molybdenum carbide catalysts in CO2 hydrogenation

All the above results show that the selectivities over our catalysts differs from those of bulk molybdenum carbides, as investigated in the literature. In addition to possible carbide particle size effects, the presence of support may cause these differences. For example, Kim et al. have shown that the crystal structure of Ru/TiO2 strongly affects its CO2 hydrogenation performance (at atmospheric pressure and 200 °C under 20 mL/min of CO2/H2/He of 4:1 ratio of H2:CO2) [206]. Moreover PtCo/ZrO2 and PtCo/TiO2 were reported to exhibit distinct selectivities in CO2 hydrogenation through experimental and DFT calculations [207], where the former catalyst showed a higher selectivity to CH4. In both studies the differences of behaviors were attributed to the distinct metal-support interaction in the catalysts which can be a way to tune the selectivity. In this section, the effect of the nature of the support was evaluated by comparing three catalysts supported on P25 TiO2, DT51 TiO2, and ZrO2. A summary of the catalysts preparation conditions and characterization results is shown in Table 40.

Figure 47 shows the temporal evolution of the catalytic performances of molybdenum carbides prepared using 20% HC/H2, 700 °C carburization temperature, and supported on the two types of TiO2 and on ZrO2 (we used only ethane as carbon source with ZrO2). When comparing the catalysts prepared with the same carbon source, the catalysts supported on DT51 TiO2 show higher conversions than those supported on P25 TiO2 and ZrO2 (Figure 47-a). Moreover, similar to the case of P25 TiO2, MoC20M-700/DT51 TiO2 is slightly more active than MoC20E-700/DT51-TiO2. A significant difference is observed in the products selectivity, which is affected by the nature of the support more than by the C/Mo ratio or carbon content. The selectivity to CH3OH over the catalysts supported on DT51 is superior by ≈ 8% compared to the ones supported on P25 TiO2 regardless the carburizing gas nature and carbon content. These catalysts also show lower CO and CH4 selectivities, and higher C2H6 selectivity, however after 280 min it seems that the conversion was still not stabilized. The selectivity of MoC20E-700/ZrO2 is similar to that of MoC20E-700/P25 TiO2.

These results make the use of DT51 TiO2 preferable over the other supports as CO2 conversion and methanol selectivity decrease in the order: MoC supported on DT51 TiO2 > P25 TiO2 ≈ ZrO2. However, it is difficult to understand the effect of titania nature on the selectivity to methanol, at least from fresh catalyst characterization data.

IV. Conclusion

The catalytic results obtained over the different catalysts are summarized in Table 41.

Screening for the best preparation conditions obtained among molybdenum carbides in this work for CO2 hydrogenation showed that the use of methane as carbon source (5%)

and 600 °C carburizing temperature with DT51 TiO2 support are the optimal parameters in terms of CO2 conversion and selectivity to methanol. Indeed, the degree of carburization and the support nature seem playing a role in the catalytic response but it is not fully clear as sometimes catalysts with similar characteristics did not behave in the same manner. This work was a preliminary evaluation of supported molybdenum carbide in CO2 hydrogenation and requires further investigations, especially concerning the selectivity towards the products in relation to the actual structure of the catalysts activated on stream. Further characterizations of the catalysts after the reaction are also necessary to compare their state before and after test, given that some catalysts were much more interesting for methanol synthesis at the end of the test, with an absence of deactivation.

General conclusion and perspectives

The main objective of this work was to evaluate the proficiency of supported molybdenum carbide catalysts in the aqueous phase hydrogenation of succinic acid and gas phase hydrogenation of carbon dioxide, and assess the possibility of replacing precious and scarce metals used in these reactions by supported molybdenum catalysts.

For the first time, supported Mo carbides were proved to be active for the aqueous phase hydrogenation of SA. The reaction conditions were optimized with the molybdenum carbide catalyst supported on P25 TiO2. The catalyst was efficient at 240 °C and H2 pressure above 90 bar. The main products were γ-butyrolactone and butyric acid that were produced simultaneously from succinic acid. The products distribution was not affected by the change of temperature and pressure during the reaction. In contrast, changing the catalyst preparation conditions directly influenced its reactivity in terms of substrate conversion and products selectivity. Increasing the hydrocarbon percentage in the reductive-carburizing gas mixture as well as increasing the carburization temperature lead to catalysts with higher C to Mo ratios that were more active in converting succinic acid without significant difference in the products selectivity. However, increasing GHSV of the reactive gas lead to pronounced increase in the carbon content above the theoretical amount of MoC. This increase was advantageous for the reaction where succinic acid conversion increased, and the selectivity of the products switched more toward butyric acid. Leaving the reaction for longer time lead to the conversion of γbutyrolactone and butyric acid to tetrahydrofuran and butanol respectively, as revealed by the overview of the reaction pathway. Passivation treatment for the catalysts did not have a noticeable effect on the performance.

After evaluating the activity of the catalyst, its stability in the challenging severe reaction conditions was verified under the harshest conditions used in this work (240 °C, and 150 bar). The catalyst underwent considerable deactivation when recovered under air, however the recovery under inert atmosphere lead to less significant deactivation.

XPS analysis of the recovered catalyst revealed a decrease in the amount of carbibic carbon and molybdenum species related to the carbide phase which could be the cause of deactivation.

Comparing three types of oxide supports showed that succinic acid conversion follow the order of: MoC supported on ZrO2 < P25 TiO2 < DT51 TiO2. The same order was observed for the increase in butyric acid selectivity with a corresponding decrease in butyrolactone selectivity. The support seems to play a significant role which is to be further investigated.

Performing the aqueous phase hydrogenation of succinic acid in the absence of noble metals is a step towards the development of a sustainable economy, since molybdenum carbides are more abundant and less expensive than precious metals based catalysts that are usually used.

A part of the thesis project was dedicated to evaluating the performance of molybdenum carbide catalysts for the hydrogenation of carbon dioxide that is an appealing subject in the field of valorization of sustainable resources and reduction of greenhouse gases. The reaction conditions were optimized using MoC/TiO2 catalyst such that measurable conversion values were maintained. For similar molybdenum weight percentage, the conversion of the catalyst was comparable to results in the literature but the selectivity to carbon monoxide was higher. The catalysts mainly functioned as water gas shift catalyst, where the other products were methane, ethane, and methanol. The decrease in the C to Mo ratio lead to more active catalysts, without considerable impact on the selectivity, contrary to the results obtained in the hydrogenation of succinic acid.

This shows that carbon dioxide hydrogenation is more favored on catalysts with surfaces richer in molybdenum. Interestingly, modifying the catalyst support affected the catalytic performance in terms of activity and selectivity where CO2 conversion and methanol selectivity followed the order: MoC supported on DT51 TiO2 > P25 TiO2 ≈ ZrO2.

The two parts of the work show that there is a direct link between the degree of carburization of supported molybdenum carbides and the catalytic reactivity. The support itself plays a role in the catalytic response which is to be further investigated.

As this work was a primary study for the use of supported molybdenum carbide catalysts in the hydrogenation of succinic acid, many further perspectives are envisioned. In terms of products selectivity a major focus on one desired products can be done by optimizing the catalyst preparation conditions that can either lead to favored formation of GBL (e.g. a low GHSV, with ZrO2 support) or butyric acid (e.g. high GHSV and DT51 P25 support).

Further recyclability tests would also be interesting, especially testing the re-activation of the catalyst by a supplementary reduction-carburization step.

Since these catalysts were active for succinic acid hydrogenation they could also be evaluated for the hydrogenation of levulinic acid which is an easier reaction that requires milder conditions. Primary results showed that the conversion of levulinic acid over 12% w/w MoC/TiO2, under the reaction conditions used in the case of succinic acid, led to full levulinic acid conversion after 7 hours. The major product was γ-valerolactone, which is in agreement with the results reported in literature over noble metals based catalyst and 20% w/w molybdenum carbide catalyst supported on carbon nanotubes [41,[START_REF] Ftouni | [END_REF]118].

After the complete conversion of levulinic acid, γ-valerolactone starts to be converted to pentanoic acid, and after 24 h pentanol appears. It seems to be produced from further hydrogenation of pentanoic acid. Though, it would be interesting to compare MoC/TiO2 catalyst with the data in the literature by using similar reaction conditions in order to better evaluate the catalytic performance.

An interesting pathway for one pot esterification of γ-valerolactone to valeric esters through pentanoic acid is reported in literature over Cu based catalysts [START_REF] Chan-Thaw | Scientific contribution Publications: TiO2-supported molybdenum carbide: an active catalyst for the aqueous phase hydrogenation of succinic acid[END_REF]. We thus verified the possibility of an analogous pathway through the esterification of butyric acid as it was obtained in considerable quantities in all the reactions of succinic acid hydrogenation over MoC/TiO2 catalysts, and thus its further valorization might also be interesting. A preliminary esterification test of butyric acid with butanol at 120 °C and atmospheric pressure was done to verify the feasibility of this pathway over 12% w/w MoC/TiO2. After 28 h, around 30 % of butyric acid was converted to butyl butyrate.

Optimization of the reaction conditions of this test to increase the conversion, and later on the one-pot esterification of succinic acid are also opened perspectives.

For CO2 hydrogenation on supported molybdenum carbides many additional optimizations can improve the conversion and switch the selectivity toward the desired product. Reducing the catalysts prior to the reactions might improve the performance by removing the passivation layer which was proved to alter the catalytic activity. Combining the best preparation conditions from our study, i.e. lower methane concentration and lower carburization temperature with DT51 TiO2 support and without passivation, should enhance the conversion and increase the selectivity to methanol. In contrast, using higher reaction temperature obviously favors the selectivity to CO.

Deep catalyst characterizations after the reaction are necessary to understand more their catalytic performance. Furthermore, testing other oxidation states of molybdenum, especially molybdenum metal (Mo 0 ) would also be interesting in order to understand more the relation between molybdenum oxidation states and the reactivity in CO2 hydrogenation.

Testing molybdenum carbide catalysts was done within the framework of a study where we compared molybdenum carbides and molybdenum nitrides in CO2 hydrogenation. The nitrides part is not included in this thesis, preliminary evaluations showed promising results over these catalysts. A comparison of the current carbide results with the performance of nitrides will be done later in our group.
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Figure 3

 3 Figure 3 Variation of molybdate species as function of molybdenum concentration and pH [75].

  investigated the reaction pathway of the aqueous hydrogenation of SA over Pd/C, Re/C, Ru/C, Re-Ru/C and Pd-Re/C, at 240 °C and under 80 bar H2. Starting from GBL, high selectivity towards THF was observed over Re/C, while a mixture of BDO and THF was obtained over Re-Ru/C. Starting from BA, 100% selectivity towards BOL was observed, over all the catalysts. The conversion of BDO generated mainly THF over Re/C, while propanol was also formed in the presence of Ru based catalyst. The conversion of THF was negligible.

Chapter 3

 3 shows the synthesis and characterization of a series of supported molybdenum carbide catalysts. The effects of the synthesis conditions are assessed on molybdenum carbide supported on P25 TiO2 by changing the carburizing gas nature, the percentage of the hydrocarbon in the reaction mixture i.e. % v/v HC/H2, and the maximum carburizing temperature. TiO2 (P25), TiO2 (DT51) and ZrO2 are evaluated as supports for the catalyst. The influence of the different preparation parameters on the catalytic response in the hydrogenation of succinic acid in aqueous phase at 240°C and 150 bar are presented.Chapter 4 includes the optimizations of succinic acid hydrogenation reaction conditions (temperature and pressure) using molybdenum carbide catalyst supported on P25 TiO2. Further optimization in the preparation parameters of the catalyst (such as the gas hourly space velocity during preparation) is conducted. The stability and reusability of the catalyst are also discussed in this chapter.The results of testing the molybdenum carbide catalysts for CO2 hydrogenation reaction in gas phase are presented in Chapter 5. The conditions of the reaction (temperature, pressure, reactants flow, and catalyst loadings) are optimized with P25 TiO2-supported molybdenum carbide catalyst. The other catalysts based on molybdenum carbide supported on TiO2 (DT51), and ZrO2 are also evaluated.

Scheme 9 .

 9 Scheme 9. The set-up used for the reduction-carburization process

  is the saturation pressure of adsorbate at the temperature of adsorption is BET constant is the volume adsorbed at -196 °C is the volume of adsorbed monolayer The linear relationship of this equation is maintained only in the range of 0.05 < < 0.35. The value of the slope ( ) and the y-intercept ( ) of the line are used to calculate the monolayer adsorbed gas quantity and the BET constant . Then, the total surface area of the catalyst is deduced by using the following equation: Where: is the BET surface area (m 2 /g) is the volume of adsorbed monolayer obtained from the plot (m 3 /g) is the molar volume of nitrogen (m 3 /mol) is Avogadro's number (6.022 × 10 23 mol -1 ) is the area occupied by nitrogen molecule (16.2 × 10 -20 m²)

a

  cathode ray tube, filtered to produce monochromatic radiation, and directed towards the sample. The interaction of the incident rays with the sample produces constructive interference and diffracted rays that are collected by the detector. The detector in turns converts them into a series of intensity peaks that form the diffractogram as a function of the angle 2θ if Bragg's law is satisfied as follows:Where:is the order of diffraction line is the wavelength of the incident beam is the inter-planar lattice spacing is the diffraction angle (degree)The PXRD patterns of the catalysts were recorded at a detector step of 2 seconds in a measuring range 2θ = 20-80° using a Bruker D8A25 X-ray diffractometer and a CuKα radiation source ( = 1.54184 Å).Phase identification, phase quantity, lattice parameters, and mean crystallite sizes of error ± 2 nm (d = 4/3 * LVol-IB; with LVol-IB the volume averaged column height) were obtained by performing Rietveld refinement using Topas 5 software.The concept of Rietveld refinement method is based on simulating the measured diffractogram of the sample by a crystallographic model pattern, then adjusting the parameters of this model so that the simulated diffractogram is as close as possible to the measured diffractogram. Hence, this method of analysis is only possible when all the phases present in the sample are already known and predicted. The crystal structures reference cards used were taken from the Inorganic Crystal Structure Database (ICSD) and

Figure 5 .

 5 Figure 5. Example of Rietveld refinement of MoC/TiO2

  Scheme 11 The batch reactor setup.

  Technologies 6890N with a flame ionization detector employing a VF-WAXms column (30 m × 0.25 mm × 0.25 μm) with helium as a carrier gas. The temperature ramp is 1 hour long as shown in Scheme 12.

  Scheme 12 GC method ramp.

  ) using ICSep Coregel 107H column (7.8 × 300 mm) heated at 40 °C in a column oven (CTO-10ASvp). A solution of H2SO4 (0.001 mol/L) in ultra-pure water was used as the mobile phase at a flow rate of 0.5 mL/min. At this flow rate the pressure of the column is 53 bar. The water used for preparing the eluent was degassed prior to use, and a degasser (Degassex DG-4400 from Phenomenex) was also connected to the HPLC to ensure the elimination of any gas bubbles.

Figure 7

 7 Figure 7 Example of HPLC chromatogram showing Succinic acid and its retention time.

Figure 6

 6 Figure 6 Products separated by GC and their retention times.

attaching a 0. 6

 6 Liter gas bag with push lock valve (Tedlar bags from SUPELCO), and depressurizing some of the pressure to fill in the bag. The gases were qualitatively analyzed using a micro-GC SRA with MS Agilent 5975 detector. Three columns were used: Alumina (10 m × 3 μm) at 90 °C for C3-C4 hydrocarbons, Poraplot U (8 m × 30 μm) for C2-C3 compounds and CO2, and MolSieve 5A (10 m × 12 μm) for H2, CO, and CH4.

Figure 8

 8 Figure 8 Catalyst recovery under nitrogen.

Figure 10 XRD

 10 Figure 10 XRD diffraction patterns of the untreated support P25 TiO2 and the one carburized at 700 °C with 20% v/v C2H6/H2 Peaks associated with • Anatase, ○ Rutile.

Figure 11 STEM

 11 Figure 11 STEM images of MoC20M-700/P25TiO2 catalyst with the corresponding EDX mapping for C, Mo, and Ti.

Figure 12 Representative

 12 Figure 12 Representative TEM image (a, a1), electron diffraction (a.2), and EDX (b) of catalyst MoC20M-700/P25TiO2.

Figure 13 XPS

 13 Figure 13 XPS spectra of catalysts a) MoC10M-700/P25TiO2 and b) MoC40M-700/P25TiO2 over 1) Mo 3d and 2) C 1s.

Figure 14 XRD

 14 Figure 14 XRD diffraction patterns of the support P25 TiO2 and the catalysts: a) MoC20M-600/P25TiO2, b) MoC20M-700/P25TiO2, and c) MoC20M-800/P25TiO2. Peaks associated with • Anatase TiO2, ○ Rutile TiO2, Ti5O9, Ti4O7 * Cubic MoC phase.

Figure 15

 15 Figure 15 presents the XRD results obtained for the three catalysts. The crystallite size, lattice parameters, and percentages of the Anatase/Rutile phases are shown in Table21. XRD analysis shows that the average molybdenum carbide crystallite are < 4

Figure 15 XRD

 15 Figure 15 XRD diffraction patterns of the support P25 TiO2 and the catalysts: a) MoC5E-700/P25TiO2, b) MoC10E-700/P25TiO2, and c) MoC20E-700/P25TiO2. Peaks associated with • Anatase, ○ Rutile, * Cubic MoC phase.

Figure 16

 16 Figure 16 Representative STEM image (a), TEM image (b, b.1), and electron diffraction (b.2) of catalyst MoC10E-700/P25TiO2.

Figure 17 XPS

 17 Figure 17 XPS spectra of catalysts a) MoC5E-700/P25TiO2 and b) MoC20E-700/P25TiO2 over 1) Mo 3d and 2) C 1s

  ) presents a really small peak associated with cubic MoC, which does not allow us to calculate the lattice parameters. With the detection of MoO2 being difficult, it is hard to conclude if the reduction-carburization is complete under these conditions for this catalyst.

Figure 18 XRD

 18 Figure 18 XRD diffraction patterns of the support P25 TiO2 and the catalysts: a) MoC20E-600/P25TiO2, b) MoC20E -700/P25TiO2, and c) MoC20E -800/P25TiO2. Peaks associated with • Anatase TiO2, ○ Rutile TiO2, Ti5O9, Ti4O7, * Cubic MoC phase.

Figure 19 XRD

 19 Figure 19 XRD diffractograms of a) Bulk MoC, b) MoC20E-700/ZrO2, c) ZrO2, d) MoC20E-700/DT51TiO2, e) MoC20M-700/DT51TiO2 f) MoC20E-700/P25TiO2, g) MoC20M-700/P25TiO2, h) P25 TiO2. Peaks associated with • Anatase TiO2, ○ Rutile TiO2, Monoclinic ZrO2 Tetragonal ZrO2 , * Fcc MoC, Hexagonal Mo2C.

Figure 20 Representative

 20 Figure 20 Representative STEM image (a), TEM image (b, b.1), and electron diffraction (b2) of catalyst MoC20E-700/DT51TiO2.

Figure 21

 21 Figure 21 Hydrogenation of succinic acid over a) MoC10M-700/P25TiO2 b) MoC20M-700/P25TiO2 and c) MoC40M-700/P25TiO2 at 240 °C under 150 bar H2: temporal evolution of the remaining concentrations of SA, the products selectivity and the carbon balance (CB). Aqueous solution of SA (0.12-0.13 M, 100 mL), 0.6 g of catalyst.

Figure 22

 22 Figure 22 Hydrogenation of succinic acid over a) MoC20M-600/P25TiO2 and b) MoC20M-800/P25TiO2 at 240 °C and under 150 bar H2: temporal evolution of the remaining concentrations of SA, the products selectivity and the carbon balance (CB). Aqueous solution of SA (0.12-0.13 M, 100 mL), 0.6 g of catalyst.

Figure 23

 23 Figure 23 Hydrogenation of succinic acid over a)MoC5E-700/P25TiO2, b)MoC10E-700/P25TiO2 and b)MoC20E-700/P25TiO2 at 240 °C and under 150 bar H2: temporal evolution of the remaining concentrations of SA, the products selectivity and the carbon balance (CB). Aqueous solution of SA (0.12-0.13, 100 mL), 0.6 g of catalyst.

Figure 25 -

 25 Figure 25-b shows that this catalyst is much less efficient compared to MoC20E-700/DT51TiO2 and MoC20E-700/P25TiO2. After 46 h, SA conversion reached only 58 %. The more important difference is in the selectivity, this catalyst showed remarkable selectivity to GBL (80 %) with much less amount of BA.

Figure 26 XRD

 26 Figure 26 XRD diffraction patterns of the support P25 TiO2 and the catalysts: a) MoC-I/TiO2, b) MoC-II/TiO2, c) MoC-III/TiO2, and d) MoC-IV/TiO2. Peaks associated with • Anatase TiO2, ○ Rutile TiO2, * Cubic MoC.

Figure 27 Representative

 27 Figure 27 Representative STEM image (a), TEM (b, b.1), and electron diffraction (b.2) of MoC-/TiO2.

*

  Theoretical values corresponding to cubic MoC, reference ICSD 01-089-2868 Representative STEM and TEM images of catalysts MoC-II/TiO2 and MoC-IV/TiO2 are shown in Figure 27 and Figure 28 respectively. Small particles (< 5 nm) of MoC are obtained and are well dispersed on the TiO2 support. Local EDX analyses and diffractogram patterns (Table

Figure 28 Representative

 28 Figure 28 Representative STEM image (a), TEM (b, b.1), and electron diffraction (b.2) of MoC-IV/TiO2.

Figure 29

 29 Figure 29 TGA-MS under H2 for MoC/TiO2 catalyst.

Figure 30 XPS

 30 Figure 30 XPS spectra of catalysts a) MoC-IV /TiO2, b) NP-MoC-IV/TiO2, and c) NP-MoC-II/TiO2 of 1) Mo 3d and 2) C 1s.

  a-1, the Mo 3d spectrum of MoC-IV/TiO2 exhibits two peaks at BE = 228.7 eV and 231.9 eV which correspond to Mo 3d5/2 and Mo 3d3/2 peaks of Mo + . The former value falls within the range 227.6-228.9 eV which is attributed to carbidic Mo (Mo next to carbon)[170,171]. In addition, contributions assigned to Mo 4+ (BE = 230.2 eV and 233.5

Figure 31 XPS

 31 Figure 31 XPS spectra of MoC-/TiO2 over Ti 2p.

Figure 32

 32 Figure 32 Hydrogenation of succinic acid over MoC-III/TiO2 at 240 °C and under 150 bar H2: temporal evolution of the concentrations of SA, the products yield and the carbon balance (CB). Aqueous solution of SA (0.12 M, 100 mL), 0.6 g of catalyst.

Figure 33

 33 Figure 33 Typical hydrogenation of succinic acid at 240 °C and under 150 bar H2. Temporal evolution of the concentrations of SA and the products yield (a), the carbon balance and TOC measured (b). Aqueous solution of SA (0.13 M, 100 mL), 0.6 g of MoC-III/TiO2.

Figure 34

 34 Figure 34 Hydrogenation of a) GBL, b) BA, c) BDO, and d) THF at 240 °C and under 150 bar H2: temporal evolution of the concentrations of the substrates and products yield. Aqueous solution of substrates (0.12 M, 100 mL), 0.6 g of MoC-III/TiO2.

  compares the product distributions at around 50-60% conversion and the initial rates of reaction (V0) for the hydrogenation reactions of these intermediates and SA. The rate of reaction follows the order: V0 (SA) > V0 (BA) > V0 (BDO) > V0 (GBL) >> V0 (THF) (< 0.1 mmolTHF gMo -1 h -1 ). These reactions lead to the proposal of the reaction pathway shown in Scheme 15.

Figure 35

 35 Figure 35 Selectivity to the products at 50-60% conversion and initial rate of reaction (V0) for the hydrogenation reactions of SA, GBL, BA, and BDO, at 240 °C and 150 bar. Aqueous solution of reactant (0.12 M, 100 mL), 0.6 g of MoC-III/TiO2 catalyst.

  SA was converted after 22 h. The initial rate of reaction (V0) increased with temperature and pressure. According to the Arrhenius plots, the apparent activation energy is 55 kJ/ mol for MoC-III/TiO2. It is worth to mention that the effects of temperature and pressure were only limited on the activation of SA. Figure36represents the selectivity towards the products in function of conversion, for all the reactions conducted over MoC-III/TiO2. The selectivity values were similar, independently of the reaction conditions, implying that the products distribution is not affected by the change of temperature and pressure. When

Figure 36

 36 Figure 36 Selectivity to GBL, BA, BOL, and THF as function of SA conversion, for all reactions conducted over MoC-III/TiO2 catalyst, at different pressure and temperature (see Table33). Aqueous solution of SA (0.12 M, 100 mL), 0.6 g of MoC-III/TiO2 catalyst.

Figure 37

 37 Figure 37 Typical hydrogenation of succinic acid at 240 °C and under 150 bar H2. Temporal evolution of the concentrations of SA and the products yield (a), the carbon balance and TOC measured (b). Aqueous solution of SA (0.13 M, 100 mL), 0.6 g of MoC-III/TiO2

Figure 38 -Figure 38

 3838 Figure 38 Hydrogenation of succinic acid over (a) MoC-IV/TiO2 and (b) NP-MoC-IV/TiO2 at 240 °C and under 110 bar of H2: temporal evolution of the concentrations of SA, the product yields and the carbon balance (CB).Aqueous solution of SA (0.12 M, 100 mL), 0.6 g of catalyst.

  stability tests were conducted with MoC-III/TiO2 at 240 °C and 150 bar for 26 h, which are the harshest conditions used in this work. The results obtained during the first run over MoC-III/TiO2 are shown in Table 35 and Figure 39. The catalyst was then filtered, washed with distilled water (under air) and dried at 80 °C; this catalyst is denoted R1-MoC-III/TiO2. The percentage of Mo in the solution recovered after the first run was below 0.1 ppm, which means that no leaching occurred (< 0.1%).

  . The recovered catalyst (R1-MoC-III/TiO2) was tested under the same reaction conditions (240 °C, 150 bar of H2). After 26 hours, only 24% of SA is converted, with 14% yield of GBL and 7% yield of BA (Figure 39-b).

Figure 40

 40 Figure 40 Raman spectra associated with MoC-III/TiO2 (before reaction), R1-MoC-III/TiO2 (recovered under air), R2solid-MoC-III/TiO2 (recovered under N2) and R2solution-MoC-III/TiO2 (recovered in solution).

Figure 41 XPS

 41 Figure 41 XPS spectra of catalysts a) MoC-II/TiO2, and b) R2solid-MoC-II/TiO2 over 1) Mo 3d and 2) C 1s.

Figure 42 -

 42 Figure 42-a shows the temporal evolution of CO2 conversion and products yields. CO2 conversion started around 190 °C and it increased with the temperature, and reached a maximum (3.5%) at 113 minutes corresponding to the overshooting of the temperature of the oven (260 °C). When the temperature stabilized at 250 °C after 150 min, the

  Figure 44 includes the reaction results obtained at 200 °C and

Figure 43

 43 Figure 43 Evolution of CO2 conversion and selectivities during the hydrogenation of CO2 over 800 mg of MoC-II/TiO2-P25 at 250 °C and 30 bar, with a) 50, b) 30, and c) 10 mL/min flow of H2 / CO2/ N2 with H2:CO2 ratio 3:1.

Figure 44

 44 Figure 44 Effect of reaction temperature on CO2 conversion and products selectivity at 200 °C (a) and 300 °C (b). Conditions: 800 mg of MoC-II/TiO2 catalyst, 30 bar, 50mL/min, H2:CO2 = 3:1.

a

  Weight percentage; b For cubic MoC determined by XRD; c lattice parameter for cubic MoC. n.a. not available.

Figure 45 -

 45 b to e. tested catalysts in terms of conversion and methanol selectivity together. It provides one of the highest conversions compared to the rest of the catalysts (3.5 % after 280 min) with 2.6% selectivity to methanol. In contrast, although ethane at low concentration (MoC5E-700/P25-TiO2) provides the highest conversion (4.2 %) it does show the lowest methanol selectivity (1.0 %). Conversely, ethane at high concentration (MoC20E-700/P25-TiO2) provides the highest selectivity to methanol (3.0%), this catalyst had low overall activity (1.5% conversion after 280 min).

Figure 46

 46 Figure 46 Evolution of CO2 conversion (a) and selectivity towards (b) CO, (c) CH4, (d) C2H6, and (e) CH3OH. Conditions: 800 mg of catalyst, 30 bar, 50mL/min, H2:CO2 = 3:1.

  

  

  

  

  

  

  

  

Table 3

 3 Examples of reactions reported in the literature for biomass valorization over TMCs

	Conditions Results	Entry Catalyst Reaction Ref	T (°C) P (bar) Solvent Yield (%) Conversion (%)	1 20% Mo2C/AC a HDO of olive oil to C16-C18 alkanes 280 88 [35] 15 hexane 94	2 20% Mo2C/GCNS b HDO of maize oil to C18 alkanes 260 88 [36] 25 hexane 91	3 7.5% Mo2C/CNF c HDO of oleic acid to paraffin 350 80 [37] 50 dodecane 100	4 10% Mo2C/CNF HDO of guaiacol to phenol, cyclohexane, benzene, anisole 300 33 d [38] 32 n-decane 67	5 14% MoCx/HCS e HDO of phenol to benzene 350 85 [39] 80 n-octane 87	6 30% WCx/MC f Conversion of cellulose to ethylene glycol 245 73 [40] 60 water 100	7 20% Mo2C/CNF Hydrogenation of levulinic acid to -valerolactone 200 90 [41] 30 water 99	a Activated carbon, b Graphitized carbon nanospheres, c Carbon nanofibers, d Hollow carbon spheres, f Total yield of HDO products, e	Mesoporous carbon.	Origin: Vegetable oils Origin: Lignin Origin: Cellulose

Table 4

 4 Analogy in structure progression of elements from group 6, 8 and 10 with molybdenum carbides and nitrides

Table 5

 5 Examples of preparations of molybdenum carbides reported in the literature

Table 6

 6 Supports used in this work with the corresponding surface area and PZC[START_REF] Kosmulski | [END_REF].

	Support	Phase	Surface area (m 2 /g)	PZC
		Anatase (DT51)	92	5.9
	TiO2	75% Anatase/25% Rutile (P25)	55	6.3
		Rutile*	10	6
	ZrO2	Monoclinic + tetragonal	129	7
	*Not used in this work but mentioned for clarity		

Table 7

 7 Succinic acid hydrogenation in dioxane

	Entry	Catalyst	T (°C)	P (bar)	Products selectivity a (%)	Ref.
	1 b	1%Ru-Co	250 103	GBL (80), BDO (11) + THF, propanol	[98]
	2 c	1%Pd-0.5%Sn/SiO2 240	50	GBL (75)	[99]
	3	1%Pd/γ-AlOOH	240	60	GBL (94)	[100]
	4	0.3Re-0.3Ru d /MC e 200	80	BDO (71), GBL (18), THF (11)	[101]
	5	Ru-C	240	80	THF (46), GBL (20) + BA, propionic acid	[102]

a : At 93-100 % conversion, b : 15/1 dioxane/water solvent, c : Succinic anhydride substrate, d : molar ratio, e : mesoporous carbon.

Table 8

 8 Succinic acid hydrogenation in aqueous phase

					Products selectivity a (%)	
	Entry	Catalyst	T (°C)	P (bar)				Ref.
					GBL	BDO	THF	
	1	2.1%Pd/TiO2	160	150	94			[105]
	2	0.2%Pd/ZrO2	200	100	95 b			[106]
	3	2.5%Pd/5%ZrO2/C	225	170	92			[107]
	4	3.4%Re-2.2%Pd/TiO2	160	150	-	83		[105]
	5	4%Re-2%Pd/C	160	150		62		[108]
	6	3%Pd-5%FeOx/C	200	50	10	70	10	[109]
	7	Ru-Sn/AC	180	100	-	82		[110]
	8	2%Pd-3.4%Re/C	240	150	10	4	70	[111]

Table 9

 9 Examples of results reported in the literature for CO2 hydrogenation to CO

	Entry	Catalyst	T (°C) P (bar)	CO2 Conversion (%)	CO selectivity (%)	Ref.
	1	Cu-Ni/ γ-Al2O3 500	1	23	75	[131]
	2	Ni/CeO2	600	1	42	99.6	[132]
	3	Pd/SiO2	450	1	40.8	89	[133]
	4	Pt/SiO2	280	1	2.0	100	[134]
	5	Fe/TiO2	270	20	2.6	73	[135]
	6	Mo/γ-Al2O3	600	1	34.2	97	[136]

Table 10

 10 Some of the catalysts reported in the literature for CO2 hydrogenation to CH4

	Entry	Catalyst	T (°C) P (bar)	CO2 Conversion (%)	CH4 selectivity (%)	Ref.
	1	Ni/SiO2	450	1	36.8	81.8	[133]
	2	Ni/Al2O3	250	1	39	97	[140]
	3	Ni/CeO2	450	1	80	100	[141]
	4	Rh/γ-Al2O3	200	1	98	100	[142]
	5	Ru/CeO2/Al2O3	250	1	20	100	[143]
	6	Pd-Mg/SiO2	450	1	59.2	95.3	[133]
	7	Rh/TiO2	270	20	7.9	72.7	[135]

Table 11

 11 Some of the catalysts reported for CO2 hydrogenation to methanol in the literature

	Entry	Catalyst	T (°C) P (bar)	CO2 Conversion (%)	CH3OH selectivity (%)	Ref.
	1	Cu/ZnO	240	30	16.5	78.2	[150]
	2	Cu/ZnO/ZrO2	220	80	21	68	[151]
	3	Cu/ZnO/ZrO2/Al2O3 230	30	23.2	60.3	[152]
	4	Pd/ZnO/CNTs	250	30	6.3	99.6	[153]
	5	Pd/Ga2O3	250	50	17.3	51.6	[154]
	6	Pd/ZnO	250	20	10.7	60	[155]

Table 12

 12 Molybdenum carbide catalysts reported for CO2 hydrogenation

	Entry	Catalyst	T (°C) P (bar)	CO2 Conversion (%)	Products selectivity (%) CO CH3OH CH4	Ref.
	1	MoC1-x	250	20	11	51	23	16	[56]
	2	Mo2C	250	20	17	34	12	37	[56]
	3	5% Cu/Mo2C 250	20	21	38	31	20	[161]
	4	Mo2C	400	1	16	99	-	-	[162]

Table 13

 13 The materials used in the preparation of the catalysts.

		Compound	Chemical formula	Supplier
	Precursor	Ammonium molybdate tetrahydrate (99.98 %)	(NH4)6Mo7O24.4H2O	Sigma Aldrich
		Titanium dioxide P25	TiO2	Degussa-Evonik
	Supports	Titanium dioxide DT51	TiO2	Cristal
		Zirconium dioxide	ZrO2	MEL Chemicals
		Methane (99.93 %)	CH4	
		Ethane (99.95 %)	C2H6	
	Gases	Hydrogen (99.99 %)	H2	Air Liquide France Industrie
		Oxygen (00.99 %)/Nitrogen (99.00 %)	1% v/v O2/N2	
		Argon (99.99 %)	Ar	

Table 14 .

 14 The compounds analyzed by Rietveld refinement and their database codes

	Compound formula	Crystal system	Space group	Reference code
	MoC	Cubic	Fm-3m	618309
	MoC	Hexagonal	P63/mmc	156478
	MoC	Orthorhombic	Pbcn	1527881
	MoOxCy	Cubic	Fm-3m	00-017-0104
	MoO3	Monoclinic	P121/m1	80577
	MoO3	Orthorhombic	Pnma	180590
	MoO2	Monoclinic	P121/c1	23722
	Mo	Cubic	Im-3m	173131
	TiO2	Anatase, tetragonal	I41/amdz	193269
	TiO2	Rutile, tetragonal	P42/mnm	04-006-1919
	Ti5O9	Triclinic	P1 (1)	04-007-0523
	Ti4O7	Triclinic	P1 (2)	04-007-0437
	ZrO2	Tetragonal	P42/nmcz	85322
	ZrO2	Monoclinic	P121/c1	57157

Table 15 .

 15 The materials used for the catalytic tests

		Compound	Chemical formula	Supplier	Purity (%)
		Succinic acid	C4H6O4	Sigma Aldrich	99
	Substrates				
		Levulinic acid	C5H8O3	Sigma Aldrich	98
		-butyrolactone	C4H6O2	Sigma Aldrich	99
		Butyric acid	C4H8O2	Sigma Aldrich	99
		Tetrahydrofuran	C4H8O	Carlo Erba	99.5
	Products	1,4-Butanediol	C4H10O2	Sigma Aldrich	99
		1-Butanol	C4H10O	Carlo Erba	99.5
		Butyl butyrate	C8H16O2	Sigma Aldrich	98
		-valerolactone	C5H8O2	Sigma Aldrich	99
		1,4-Dioxane	C4H8O2	Carlo Erba	99.8
	Solvents				
		Ethanol	C2H6O	Carlo Erba	99.9

Table 16

 16 List of the catalysts with the corresponding preparation conditions

	Catalyst	Support	hydrocarbon	% a	T (°C)
	MoC5M-700/P25TiO2	P25 TiO2	Methane	5	700
	MoC10M-700/P25TiO2	P25 TiO2	Methane	10	700
	MoC20M-700/P25TiO2	P25 TiO2	Methane	20	700
	MoC40M-700/P25TiO2	P25 TiO2	Methane	40	700
	MoC20M-600/P25TiO2	P25 TiO2	Methane	20	600
	MoC20M-800/P25TiO2	P25 TiO2	Methane	20	800
	MoC5E-700/P25TiO2	P25 TiO2	Ethane	5	700
	MoC10E-700/P25TiO2	P25 TiO2	Ethane	10	700
	MoC20E-700/P25TiO2	P25 TiO2	Ethane	20	700
	MoC20E-600/P25TiO2	P25 TiO2	Ethane	20	600
	MoC20E-800/P25TiO2	P25 TiO2	Ethane	20	800
	a % v/v Hydrocarbon/H2				

Table 17

 17 characterizations of catalysts prepared by different methane concentrations. the different crystalline phases, even those corresponding to molybdenum carbide. In the four catalysts, the predominant MoC phase is the face centered cubic structure, with broad peaks at 2θ = 36.4°, 42.2° and 61.3° that can be

	Catalyst	% Mo a	% C a	% A/R b Crystallite size c (nm) a d (Å)
	MoC5M-700/P25TiO2	9.7	0.4	50	2	4.224
	MoC10M-700/P25TiO2	9.3	0.8	67	3	4.227
	MoC20M-700/P25TiO2	9.5	0.6	72	3	4.256
	MoC40M-700/P25TiO2	9.4	1.2	75	2	4.259
	a Weight percentage; b Anatase/Rutile composition (% Anatase); c of fcc MoC ,determined by XRD ; d
	lattice parameter for fcc MoC.					
	The literature on supported molybdenum carbides obtained by carburization with
	20% v/v CH4/H2 shows the production of either hexagonal or cubic molybdenum

carbide. Li et al. prepared hexagonal molybdenum carbide supported on anatase TiO2 via a series of temperature-programmed processes where the temperature was raised to 400 °C at a rate of 5 °C/min, then from 400 °C to 650 °C at a rate of 1 °C/min where identification of through in situ XRD experiments that the synthesis of the cubic MoC proceeds first by reduction by hydrogen of MoO3 to MoO2 through Mo4O11. MoO2 appears from 530 °C, and ethane reacts in the last step where the transition from MoO2 to MoC1-x occurs at 680 °C. Accordingly, the presence of MoO2 would be therefore an indication of incomplete carburization. However its absence could not be completely excluded in our case as the two main peaks of MoO2 are at 2θ = 26.03° and 37.02° which are under those of TiO2 support. It is worth noting that under pure H2, MoO3 is reduced to MoO2 at 590 °C, and MoO2 is reduced to Mo metal (2θ = 40.6°) at 700°C [56].

Table 18 Example

 18 

					d (nm)
	Spot	h k l				
			Exp.	Theo. *	Exp.	Theo. *
	1	1 1 -1	0.00	0.00	0.247	0.247
	2	2 0 0	54.99	54.74	0.209	0.214
	3	1 -1 1	110.94	109.47	0.246	0.247

of lattice parameters of MoC20M-700/P25TiO2, obtained from TEM analysis (Spots shown in Figure 12-a.2). * Theoretical values corresponding to cubic MoC, reference ICSD 197178

Table 19 XPS

 19 

		Atomic concentration %		Mo species %	C species %
	Catalyst	Mo	C	Mo δ+ Mo 4+ Mo 6+ Carbide Graphite
	MoC10M-700/P25TiO2	4.7	16.1	20	31	49	6	64
	MoC40M-700/P25TiO2	3.9	13.7	30	26	44	15	58
	The Mo 3d spectra exhibit two peaks at BE = 228.2 eV and 231.4 eV which correspond
	to Mo 3d5/2 and Mo 3d3/2 peaks of Mo + ( < 1). The former value is within the range
	227.6 -228.9 eV which is attributed to carbidic Mo (Mo next to carbon) in the literature
	[170,171]. In addition, peaks assigned to Mo 4+ (BE = 231.1 eV and 234.3 eV) and Mo 6+

analysis: atomic concentration of Mo and C, and the abundance of Mo and C species in catalysts MoC10M-700/P25TiO2 and MoC40M-700/P25TiO2.

Table 20

 20 Characterizations of catalysts prepared at different carburizing temperatures.

	Catalyst	% Mo a	% C a	% A/R b Crystallite size c (nm) a d (Å)
	MoC20M-600/P25TiO2	9.7	0.3	75	n.a.	n.a.
	MoC20M-700/P25TiO2	9.5	0.6	72	3	4.256
	MoC20M-800/P25TiO2	10.0	0.6	n.a.	n.a.	n.a.
	a Weight percentage; b Anatase/Rutile composition (% Anatase); c of fcc MoC ,determined by XRD ; d
	lattice parameter for fcc MoC; n.a.: not available.			

Table 21

 21 characterizations of catalysts prepared with different ethane concentrations.

	Catalyst	% Mo a	% C a	% A/R b Crystallite size c (nm) a d (Å)
	MoC5E-700/P25TiO2	9.6	0.8	55	3	4.234
	MoC10E-700/P25TiO2	9.6	0.8	71	3	4.246
	MoC20E-700/P25TiO2	9.4	1.2	74	3	4.270

a Weight percentage; b Anatase/Rutile composition (% Anatase); c For fcc MoC, determined by XRD ; d lattice parameter for fcc MoC.

Table 22

 22 Example of lattice parameters obtained from TEM analysis.

						d (nm)
	Spot	h k l				
			Exp.	Theo. *	Exp.	Theo. *
	1	2 0 0	0.00	0.00	0.212	0.214
	2	2 2 0	43.62	45.00	0.209	0.214
	3	0 2 0	89.63	90.00	0.246	0.247
	4	-2 2 0	133.70	135.00	0.147	0.151
	The XPS results of catalysts MoC5E-700/P25TiO2 and MoC20E-700/P25TiO2 are presented
	in Figure 17 and Table 23. The results show that more Mo + related to molybdenum
	carbide is present for MoC20E-700/P25TiO2 than MoC5E-700/P25TiO2 with less amount of
	Mo 4+ and Mo 6+ related to molybdenum oxides. The C1s spectra show higher amount of
	graphitic carbon for MoC20E-700/P25TiO2 that can cover the surface preventing the
	detection of the actual molybdenum content, leading to less atomic concentration of
	Mo on the surface.					

* Theoretical values corresponding to cubic MoC, reference

ICSD 197178 

Table 23 XPS

 23 

		Atomic concentration %	Mo species %	C species %
	Catalyst	Mo	C	Mo δ+	Mo 4+	Mo 6+	Carbide Graphite
	MoC5E-700/P25TiO2	5.2	11.3	14	24	62	11	62
	MoC20E-700/P25TiO2	3.0	33.0	37	14	49	6	80

analysis: atomic concentration of Mo and C, and the abundance of Mo and C species in catalysts MoC5E-700/P25TiO2 and MoC20E-700/P25TiO2.

Table 24

 24 Characterizations of catalysts prepared at different carburizing temperatures.

	Catalyst	% Mo a	% C a	% A/R b Crystallite size c (nm) a d (Å)
	MoC20E-600/P25TiO2	9.7	0.8	75	3	n.a.
	MoC20E-700/P25TiO2	9.4	1.2	74	3	4.256
	MoC20E-800/P25TiO2	8.9	1.4	n.a.	n.a.	n.a.

a Weight percentage; b Anatase/Rutile composition (% Anatase); c For fcc MoC, determined by XRD ; d lattice parameter for fcc MoC; n.a.: not available.

Table 25

 25 

characterizations of catalysts prepared with 20% v/v hydrocarbon at 700 °C on different

supports Catalyst % Mo a % C a S b (m 2 /g) Crystallite size c (nm) a d (Å)

  

	MoC20E-700/P25TiO2	9.4	1.2	49	3	4.270
	MoC20E-700/DT51TiO2	9.1	1.6	84	2	4.251
	MoC20E-700/ZrO2	9.2	2.1	129	2	4.187
	MoC20M-700/P25TiO2	9.5	0.6	n.d.	3	4.256
	MoC20M-700/DT51TiO2	9.5	0.8	n.d.	2	4.237

a Weight percentage; b BET surface area, c For fcc MoC, determined by XRD ; d lattice parameter for fcc MoC, n.d.: not determined

Table 26 Example

 26 

					d (nm)	
	Spot	h k l				
			Exp.	Theo. *	Exp.	Theo. *
	1	1 1 -1	0.00	0.00	0.248	0.247
	2	2 0 0	54.89	54.74	0.213	0.214
	3	1 -1 1	109.04	109.47	0.246	0.247
	4	0 -2 2	144.49	144.74	0.151	0.151

of lattice parameters obtained from TEM analysis The STEM pictures of catalyst MoC20E-700/DT51TiO2 (Figure 20-a) show that the catalyst exhibits small particles dispersed on the surface of the support. As for the * Theoretical values corresponding to cubic MoC, reference ICSD 197178

Table 27

 27 Catalytic results of succinic acid hydrogenation over molybdenum carbide catalysts prepared via different TPRC synthesis conditions and different supports.

		SA conversion	Products selectivity at 46 h	
	Catalyst	At 6 h	At 46 h	GBL	BA	BOL	THF
	MoC10M-700/P25TiO2	5	35	61	35	< 5	< 5
	MoC20M-700/P25TiO2	10	70	60	36	< 5	< 5
	MoC40M-700/P25TiO2	13	94	68	25	< 5	< 5
	MoC20M-600/P25TiO2	4	23	74	23	7	6
	MoC20M-800/P25TiO2	21	100	51	24	< 5	< 5
	MoC5E-700/P25TiO2	5	42	62	35	< 5	< 5
	MoC10E-700/P25TiO2	13	81	69	29	< 5	< 5
	MoC20E-700/P25TiO2	10	97	49	32	< 5	< 5
	MoC20E-600/P25TiO2	< 5	31	60	38	< 5	< 5
	MoC20E-800/P25TiO2	12	100	50	30	10	< 5
	MoC20E-700/DT51TiO2	20	99	45	39	7	6
	MoC20E-700/ZrO2	6	58	80	15	< 5	< 5
	MoC20E-700	5	68	89	5	< 5	< 5

Table 28

 28 Characterization of MoC/TiO2 catalysts prepared by different GHSV during the TPRC. GHSV of 20% v/v C2H6/H2 during the reduction-carburization process, b Weight percentage; c BET surface area ; d For fcc MoC, determined by XRD; e lattice parameter for fcc MoC.

		Synthesis			Characterization		
	Catalysts						
		GHSV a (h -1 )	% Mo b % C b S c (m 2 /g) Crystallite size d (nm) a e (Å)
	MoC-I/TiO2	1091	11.0	1.4	47	3	4.249
	MoC-II/TiO2	1527	11.8	2.2	45	4	4.260
	MoC-III/TiO2	2545	12.0	3.7	47	4	4.273
	MoC-IV/TiO2	7636	11.9	5.3	46	4	4.268
	The four catalysts exhibit similar BET surface area of 45-47 m 2 /g, slightly lower than the
	support TiO2 (55 m 2 /g).					

Rietveld refinement allowed us to identify the different crystalline phases present in the catalysts. Concerning the support, the main peaks corresponding to TiO2 anatase and a

Table 29

 29 Lattice parameters of anatase, rutile TiO2, and cubic MoC of the support and catalysts.

			Lattice parameters (Å)	
	Catalyst	Anatase TiO2	Rutile TiO2	
		a	c	a	c
	TiO2	3.784 (1)	9.503 (1)	4.592 (1)	2.957 (1)
	MoC-I/TiO2	3.784 (1)	9.494 (8)	4.591 (9)	2.958 (8)
	MoC-II/TiO2	3.787 (1)	9.507 (2)	4.596 (2)	2.960 (1)
	MoC-III/TiO2	3.787 (1)	9.506 (4)	4.596 (2)	2.961 (1)
	MoC-IV/TiO2	3.785 (1)	9.496 (2)	4.594 (2)	2.963 (2)

Table 30

 30 Lattice parameters obtained from TEM analysis MoC-/TiO2.

	Spot	h k l		°)	d (nm)	
			Exp.	Theo. *	Exp.	Theo. *
	1	1 1 -1	0.00	0.00	0.243	0.246
	2	2 0 0	54.04	54.74	0.213	0.213
	3	1 -1 1	108.82	109.47	0.249	0.246

* Theoretical values corresponding to cubic MoC, reference ICSD 01-089-2868

Table 31

 31 Lattice parameters obtained from TEM analysis of MoC-IV/TiO2.

	Spot	h k l	°)			d (nm)
			Exp.	Theo. *	Exp.	Theo. *
	1	2 0 0	0.00	0.00	0.212	0.213
	2	2 2 0	44.37	45.00	0.150	0.150
	3	0 2 0	89.40	90.00	0.214	0.213
	4	-2 2 0	134.49	135.00	0.153	0.150

Table 32 XPS

 32 analysis: atomic concentration of Mo and C, and the abundance of Mo and C species.

		Atomic concentration %	Mo species %	C species %	Ratio
	Catalyst	Mo	C	Mo δ+	Mo 4+	Mo 6+ Carbide Graphite	CCarbide/Mo δ+
	MoC-IV/TiO2	3.3	46.5	47	8	45	8	74	1.4
	NP-MoC-IV/TiO2	3.9	49.2	88	12	0	16	65	1.6
	NP-MoC-II/TiO2	4.8	22.4	76	13	12	17	47	0.7

Table 33

 33 Effect of temperature and pressure on initial rate (V0), SA conversion and product yields

T (°C) P (bar) V0 (mmolSA gMo -1 h -1 ) SA Conversion a (%) Products yield (%) a

  

					GBL	BA	BOL THF BDO
	160	110	0.4	4	2	2	0	0	0
	200	110	1.6	20	12	8	0	0	0
	240	110	4.5	61	33	26	1	1	0
	240	90	3.4	48	24	24	1	0	0
	240	150	12.5	100	45	17	15	9	2
	a after 22 h reaction : aqueous solution of SA (0.12 M, 100 mL), 0.6 g of MoC-III/TiO2 catalyst.	

123 At relatively low temperature (i.e. 160°C), the catalyst was not active and only 4% of

Table 34

 34 Effect of GHSV during catalyst carburization on the initial rate and selectivity at 110 bar, 240 °C.

	Catalyst	V0 (mmolSA gMo -1 h -1 )	Time a (h)	GBL	Selectivity a (%) BA BOL	THF
	MoC-I/TiO2	1.3	22	59	41	0	0
	MoC-II/TiO2	1.6	22	56	44	0	0
	MoC-III/TiO2	4.5	10	51	49	0	0
	MoC-IV/TiO2	7.8	6	29	71	0	0
	MoO3/TiO2	4.1	10	95	1	0	0
	a at 22-25 % conversion					

Table 35

 35 Initial rate (V0) and product selectivity after recycling.

	Catalyst	V0 (mmolSA gMo -1 h -1 )	Time a (h)	GBL	Products selectivity (%) a BA BOL THF	BDO
	MoC-III/TiO2	11.2	6	60	40	0	0	0
	R1-MoC-III/TiO2	2.7	26	67	32	0	0	0
	R2-MoC-III/TiO2	8.5	6	34	60	5	1	0
	a at 22-25 % conversion							

Table 36 XPS

 36 

		Atomic concentration %		Mo species %		C species %
	Catalyst	Mo	C	Mo δ+	Mo 4+	Mo 6+	Carbide	Graphite
	MoC-III/TiO2	3.6	33.9	26	11	63	5	89
	R2solid-MoC-III/TiO2	4.7	49.3	20	20	60	2	80

analysis: atomic concentration of Mo and C, and the abundance of Mo and C species.

Table 37

 37 CO2 hydrogenation results obtained over MoC-II/TiO2 catalysts with different masses.

			Reaction conditions		Catalytic results at 280 min	
	Reaction	Catalyst mass (mg)	flow (mL/min)	T (°C)	P (bar)	H2:CO2 ratio	CO2 conversion (%)	Products selectivity (%) CO CH4 C2H6 CH3OH
	R1	400	50	250	30	3:1	2	71	23	3	3
	R2	400	50	250	30	3:1	2	71	22	3	3
	R3	800	50	250	30	3:1	4	70	25	4	1

Table 38

 38 

	Effect of passivation on the performance of MoC-II/TiO2-P25 in CO2 hydrogenation. Reactions
	performed at 250 °C and 30 bar, with 50mL/min of H2:CO2 with 3:1 ratio.

Catalytic results at 280 min Catalyst CO2 conversion (%) Products selectivity (%)

  Albeit these results, we did not use non-passivated catalysts in the rest of our work because of the complexity in their handling. It is clear from the above result that the comparison of conversion values with the literature makes more sense when both studies use passivated or non-passivated catalysts. The initial literature comparison that we made

			CO	CH4	C2H6	CH3OH
	Passivated MoC-II/TiO2	4.0	70	25	3.7	1.3
	Non-passivated MoC-II/TiO2	7.2	73	23	2.9	1.1

Table 40

 40 List of the catalysts with the corresponding preparation conditions and characterization results.

	Catalyst

Characterization % Mo a % C a Crystallite size b (nm) a c (Å) MoC20E-700/P25-TiO2

  Weight percentage; b For cubic MoC determined by XRD; c lattice parameter for cubic MoC.

		9.4	1.2	3	4.270
	MoC20E-700/DT51-TiO2	9.1	1.6	2	4.251
	MoC20E-700/ZrO2	9.2	2.1	2	4.187
	MoC20M-700/P25-TiO2	9.5	0.6	3	4.256
	MoC20M-700/DT51-TiO2	9.5	0.8	2	4.237

a

Table 41

 41 Catalytic results of CO2 hydrogenation over molybdenum carbide catalysts prepared via different TPRC synthesis conditions and different supports. Conditions: 800 mg of catalyst, 30 bar, 50mL/min, H2:CO2 = 3:1.

		CO2 conversion		Products selectivities	
	Catalyst		CO	CH4	C2H6	CH3OH
	MoC5M-700/P25TiO2	3.5	71	22	3.8	2.6
	MoC10M-700/P25TiO2	3.6	71	23	3.7	1.9
	MoC20M-700/P25TiO2	2.7	72	23	3.4	1.6
	MoC20M-600/P25TiO2	4.3	66	23	5.2	5.3
	MoC20M-800/P25TiO2	0.5	-	-	-	-
	MoC20M-700/DT51TiO2	3.5	63	20	7.4	9.3
	MoC5E-700/P25TiO2	4.2	75	20	3.6	1.1
	MoC10E-700/P25TiO2	3.5	72	23	3.5	1.5
	MoC20E-700/P25TiO2	1.5	71	22	3.4	2.9
	MoC20E-600/P25TiO2	4.1	74	21	3.1	1.5
	MoC20E-800/P25TiO2	< 0.1	-	-	-	-
	MoC20E-700/DT51TiO2	2.2	68	16	4.7	11.1
	MoC20E-700/ZrO2	1.7	69	24	2.9	4.1

Scientific contribution

Acknowledgments

and grant from CICS "Conseil Islamique Chiite Supreme". First of all I would like to thank Prof. Sebastein feedback on my work. I also warmly thank my teacher Prof. Pascale FONGARLAND (UCBL1) and Dr. Laurent DELANNOY (Sorbonne Universityfor this project. I also thank my co-director from Lebanon Prof. carbon dioxide hydrogenation project and for his experience and time that he offered for the work and the manuscript, many thanks too for Ruben CHECCA who took care of the technical side of this part. I also thank Dr. Michèle BESSON for her help especially in her constructive notes on the manuscript and defense presentation. Thanks also to Dr. Stephane LORIDANT for his contribution through RAMAN analysis. for XRD, Noëlle and Pascale for ICP and BET, Mimoun for TEM and STEM, Luis and Christophe for XPS, and Chantal for

List of abbreviations % wt: percentage by weight

TOC

The total organic carbon (TOC) in solution was measured by using a Shimadzu TOC-VCSH analyzer. It was used to check the carbon balance in the liquid phase and the possible formation of gaseous products. The TOC measurements were also compared to the total amount of carbon quantified by HPLC and GC to verify if the quantification by HPLC and GC is complete.

Operation mode: TOC is determined by measuring total carbon (NPOC: Non-purgeable organic carbon) after removal of the inorganic carbon in the sample. The sample is first acidified with hydrochloric acid (HCl 37%), and the inorganic carbon is removed by purging with a purified gas. The sample is then injected into a catalytic reactor which oxidizes totally organic compounds (NPOC) into CO2. The oxidation is carried out at 720 °C over Pt/Al2O3 catalyst with clean air. The formed CO2 passes through a water trap and then it is sent to the infrared detector that measures the CO2 concentration. Prior each set of analysis, two blank injections (water) and a standard solution of nicotinic acid (0.1 g/L) were used for the calibration of the device.

Expression of the results:

The used TOC method measures the carbon in the range 0-500 ppm.

TOC is calculated based on the expression:

Where: is the number of carbon atoms in the substance (e.g. nCSA = 4) is the concentration of SA at time t is the molar mass of carbon (12 g/mol)

Then for initial concentration of 0.128 M of SA, the TOC at t0 is given by: Therefore, the analyzed samples should be diluted such that the results fall in the range

Calculation of CO2 conversion and products yield and selectivity

The data obtained through μ-GC allows determining the conversion of CO2 and products selectivity.

The conversion of CO2 is given by: Where: F(CO2)in is the flow of CO2 in the feed entering in the reactor F(CO2)out is the flow of effluent CO2.

The selectivities of products are given by: Where: F(P)out is the flow rate of the product in the effluent gas. it was kept for 3h [60]. The produced supported hexagonal molybdenum carbides were large particles of 43 nm size. Mai et al. also prepared hexagonal molybdenum carbide supported on carbon nanotubes with 20% v/v CH4/H2 at 2.5 °C/min till 650°C [41]. The authors mentioned that their results contradict with those of Frank et al. who obtained cubic molybdenum carbide supported on carbon nanotubes when employing 20% v/v CH4/H2 at 5 °C/min till 700 °C [59]. Accordingly, in our case, it was not possible to predict the final molybdenum carbide crystallographic phase depending on the literature available on supported molybdenum carbides.

XRD analysis provides information about the crystallographic structure of the material and the crystallite size. Analyses of the four catalysts prepared with different methane concentrations were done, the diffractograms are shown in Figure 9. The diffractogram of P25 TiO2 is added for comparison.

Basically, the peaks corresponding to MoC overlapped with the ones of the support where mainly the peaks corresponding to TiO2 anatase and rutile phases are observed.

Rietveld refinement was conducted using Topas 5 software in order to help us with the The previous characterization of the two catalysts MoC20E-700/P25TiO2 and MoC20E-700/DT51TiO2 showed that there is no modification of the crystallite phase of MoC under the conditions of preparation. The crystallite size was estimated around 3 nm in both catalysts, and the carbon content was higher in MoC20E-700/DT51TiO2 catalyst. Catalyst oxidation is a possible cause of deactivation for metal carbides catalysts [190].

The hydrothermal stability of Mo2C in water at 250 °C for 48 h has been investigated in a previous study [191]. The formation of MoO2 (by XRD) was observed and due to the oxidation by H2O. In order to assess the presence of oxides in the solids (crystalline or In a second stage, we aimed to assess when the oxidation of the catalyst was taking place. Indeed, the oxidation could occur during the reaction or during the recovery due to the exposure to air in the washing and filtration process. For that, another reaction was conducted with MoC-III/TiO2 but the used catalyst denoted R2solution-MoC-III/TiO2 was recovered with the reaction solution. Raman spectra of the solid in solution did not show any peaks associated with molecular or crystalline molybdenum oxides (Figure 40), hence oxidation did not occur during the reaction. The presence of amorphous carbon might inhibit the oxidation of the particles, as observed for iron carbide [203]. In order to test the reusability of the catalyst, the reactor was transferred to a glove bag where the filtration was set up. The catalyst was recovered under inert atmosphere and without washing with water. Raman spectra associated with this solid, R2solid-MoC-III/TiO2, showed complete absence of molybdenum oxides. It was then concluded that the oxidation of the catalyst occurs during the recovery step, and not during the reaction.

However, the relative intensity of the bands of graphitic carbon was higher after recovery suggesting that the quantity of such carbon was increased. R2solid-MoC-III/TiO2 was then tested for the hydrogenation of SA (Figure 39-c, Table 35). 64% conversion was achieved after 26 h. It is clear that the catalyst R2solid-MoC-III/TiO2 was more active than R1-MoC-III/TiO2, however it was still less active than fresh MoC-III/TiO2. The selectivity was also affected as more BA and less GBL were formed. The catalyst exhibited some deactivation, while the characterization of the bulk catalyst after the first run did not show any drastic changes, in terms of XRD, ICP and elemental analysis (C and O contents). Therefore XPS analysis of R2solid-MoC-III/TiO2 was conducted and the results are presented in Table 36 and Figure 41. It can be seen that the amounts of carbidic molybdenum and carbidic carbon have decreased in the recovered catalyst in comparison to the fresh one, i.e. from ca. 26 to 20% and from ca. 5 to 2% respectively. Moreover, despite the fact that the bulk carbon content (by elemental analysis) was constant, the surface carbon atomic concentration has increased. Therefore the partial oxidation of the catalysts on the surface, coupled with some coke formation, could be responsible for the deactivation. A regeneration of the catalyst under a flow of H2/C2H6 at 700 °C might provide a recovery of the catalyst performance.

Though, the slight differences can still lead us to conclude that preparing the carbide with methane at low concentration (MoC5M-700/P25-TiO2) is the best choice among the Before testing the supported catalysts, blank reactions with supports only were done: the conversion was < 0.2% in all cases.

As we already showed that better results are obtained by methane as carbon source, we also tested a catalyst prepared by methane on DT51 support (MoC20M-700/DT51-TiO2).