Ré sume xiii CO2 et d' H2 sont infé rieures à 10% mê me à 350 °C et l'activité de 10CuFeCNT à 250 °C est trop faible pour ê tre quantifié e. La conversion de CO2 et d' H2 de CuFe sur le support CNT est beaucoup plus é levé e que celle de CuFe sur le support TUD-1 au mê me taux de charge de CuFe à 30%. Par exemple, à 350 °C , la conversion de CO2 est de 33,5% pour 30CuFeCNT comparé e à 21,9% pour 30CuFeTUD-1. Comparé aux ré sultats obtenus sur le CuFe-precursor-800 (les conversions de CO2 sont de 10,1%, 22,6%, 29,8% à 250 °C , à 300 °C et 350 °C respectivement et les conversions d' H2 sont de 8,8%, 23,3%, 31,2 % À 250 °C , à 300 °C et 350 °C respectivement), les conversions obtenues avec le catalyseur 30CuFeTUD-1 sont infé rieures à 250 °C , à 300 °C et 350 °C. Pour les catalyseurs CuFeCNT, bien que la conversion de CO2 et d' H2 soit infé rieure à 250 °C et 300 °C , les conversions obtenues à 350 °C sont lé gè rement supé rieures à celles de CuFe-precursor-800. Les sé lectivité s et les productivité s les plus é levé es des alcools supé rieurs ont é té obtenues dans la ré action avec 30CuFeCNT en tant que catalyseur à 350 °C, les sé lectivité s et les productivité s sont de 8,7% et 108,9 g • kg -1 • h -1 respectivement, Ceci peut ê tre expliqué par la surface sp2-C qui facilite l'adsorption et l'activation de l'hydrogè ne, ces H-espè ces actives adsorbé es peuvent ê tre facilement transfé ré es aux mé taux actifs via le spillover d'hydrogè ne CNT-assisté [4], ainsi que par l'augmentation du nombre de sites mé talliques actifs sur la surface.

Effet de promoteurs

Les alcalins, par leur aptitude à donner des é lectrons, sont de bons promoteurs pour la synthèse d'alcools et d'hydrocarbures supérieurs. Une teneur de 1,0 % en masse de K, Na, ou Cs et de 0,5% et 1,5% en masse de K a é té additionné e à 30CuFeCNTs. Les mê mes conditions de ré action ont é té utilisé es.

Ré sumé 1 Introduction

En consé quence de la consommation des é nergies fossiles, les é missions anthropiques de CO2 à l'échelle mondiale ne cessent de croitre. Elles ont triplé de 12 à 35 Gt/an entre 1965 et 2013 [1].Ces é missions renforcent l'effet de serre qui fait augmenter la tempé rature moyenne de l'atmosphère terrestre. Afin de limiter l'échauffement moyen de l'atmosphère à 2°C par rapport à l'ère préindustrielle, il faut diviser par deux les é missions annuelles de CO2 (ré fé rence de l'année 2009) d'ici 2050.

Toutes les voies de valorisation chimique ou é nergé tique de CO2 vont dans le sens de la diminution de ces é missions. Une de ces voies est son hydrogé nation en produits é nergé tiques ou de haute valeur ajoutée. La synthèse d'alcools supérieurs fait partie des routes actuellement à l'étude. Les mé langes d'alcools issus de CO2 peuvent être additionnés à l'essence en satisfaisant les critères européens sur les pourcentages de renouvelables dans les carburants [2]. De plus ils permettent d'augmenter l'indice d'octane de l'essence et d'en réduire la volatilité .

Mon travail de thèse propose la synthèse et l'optimisation de catalyseurs de type spinelle pour la synthèse d'alcools supérieurs à partir de mélanges CO2/H2. La première partie du travail consiste en l'étude des spinelles massifs comme catalyseurs, dans un second temps leur dispersion sur deux types de supports de grande surface a é té é tudié e. Enfin, l'ajout de promoteurs alcalins a é té é tudié . L'activité des différents matériaux après réduction permet de mieux comprendre les mé canismes mis en jeu pour les diffé rentes familles de catalyseurs.

Synthè se des catalyseurs

Les catalyseurs sont pré paré s par la mé thode pseudo sol-gel qui est basé e sur la dé composition des pré curseurs de type propionates [3].Cette mé thode consiste à Ré sume iii dissoudre les sels de départ appropriés, c'est-à -dire qui conduiront exclusivement à l'obtention de propionates, dans de l'acide propionique à chaud en vue de l'obtention de solutions de concentration 0,12 mol/L en cation. Les sels de dé part pour Co, Cu, Fe sont l'acétate de cobalt (II) hydraté, l'acétate de cuivre (II) hydraté, l'acétate de fer(II) anhydre. Aprè s dissolution de chaque sel mé tallique et chauffage, les solutions de propionates sont mé langé es dans un ballon et chauffé es à reflux durant 90 minutes. Le solvant est ensuite évaporé jusqu'à l'obtention d'une résine. Cette résine est calcinée durant 6 h à 800 °C aprè s une monté e en tempé rature de 2 °C• min -1 .

Pour les catalyseurs avec support (nanotubes de carbone et TUD-1), la mé thode suivante d'imprégnation est utilisée : la ré sine a é té redissoute dans de l'acide propionique à une concentration contrôlé e, la solution obtenue est dé posé e goutte à goutte sur les supports jusqu'à obtention de la teneur en spinelle désirée. Les supports impré gné s sont ensuite sé ché s à 100 °C et calciné s à 800 °C durant 6 h pour cristalliser les spinelles sur les supports.

Caracté risation des catalyseurs

Diverses techniques de caracté risation ont é té employé es afin de vé rifier la structure (diffraction des rayons X), la texture (physisorption d'azote), la ré ductibilité (ré duction en tempé rature programmé e) des catalyseurs pré paré s.

Quatre sé ries de catalyseurs massifs de type spinelle ont é té synthé tisé s : CoFe2O4, CuFe2O4, CuCo2O4, Co0.5Cu0.5Fe2O4, nommé s CoFe-precursor-800, CuFe-precursor-800, CuCo-precursor-800, CoCuFe-precursor-800.

CuFe-precursor-800 a é té ensuite é té dé posé sur diffé rents supports (nanotubes de carbone et TUD-1).

Enfin, l'ajout de promoteur à CuFe-precursor sur nanotubes de carbone a é té é tudié . Selon les profils des ré ductions, et dans le but de gé né rer une phase mé tallique active en hydrogé nation de CO2 suffisamment dispersé e, la tempé rature de ré duction de 400 °C a é té choisie pour le pré traitement ré ducteur des catalyseurs.

Une analyse par DRX des catalyseurs pré ré duits (Figure 3 CuFe-precursor-800, c) CuCo-precursor-800, d) CuCoFe-precursor-800

Test catalytiques

Aprè s ê tre ré duit à 400 °C durant 1 heure, les tests de catalyseurs sont mené s à diffé rentes tempé ratures entre 250 °C et 350 °C et à des pressions de 50bar avec un GHSV (calculé dans les conditions standard de T et P) de 5000h -1 , le rapport de H2 / CO2 est de 3, le dé bit total gazeux est 50 mL.min -1 . La Figure 4 pré sente les conversions de CO2 et H2 obtenus à 250 °C, 300 °C et 350 °C pour les 4 catalyseurs. CoFe-precursor-800 pré sente une sé lectivité la plus é levé e des alcools totaux (25,1%) et du mé thanol (24,3%) Par rapport au support CNTs seul, la surface de 30CuFeCNTs augmente de 238 à 276 m 2 g -1 , A teneur plus é levé e, la surface de 70CuFeCNTs chute à 101 m 2 g -1 ,

L'échantillon 30CuFeCNTs a donc été choisi pour la réactivité catalytique, La mê me teneur de 30% en masse a é té dé posé e sur TUD-1, pour comparaison. La consommation d'H2 des é chantillons avec CNTs est faible, au maximum de 0,51 mmol g -1 et, dans le cas de 30CuFeTUD-1, est de 4,44 mmol g -1 . Ceci est consistant avec les ré sultats DRX montrant que seul le mé tal est obtenu aprè s Ré sume xi synthè se de 30CuFeCNTs. Le profil de ré duction de 30CuFeTUD-1 est logiquement assez diffé rent de celui obtenu pour CuFe2O4 (Figure 2). Le dé pôt sur TUD-1 stabilise diffé rents oxydes en interaction diffé rente avec le support. Le pic à 279 °C est cohé rent avec la ré duction de CuO. Les autres oxydes pré sentent des tempé ratures de ré duction supé rieures à 400 °C, tempé rature de pré traitement ré ducteur.

4,2 Test catalytiques

Les mê mes conditions de ré action que pour les spinelles massifs ont é té utilisé es.

Les conversions en CO2 et en H2 des catalyseurs 10CuFeCNTs, 30CuFeCNTs, 50CuFeCNTs, 70CuFeCNTs et 30CuFeTUD-1 à 250 °C, 300 °C et 350 °C sont montré es dans Figure 8 (a) et (b), Les sé lectivité s des produits sont repré senté es dans la Figure 9. 1K30CuFeCNTs et 1Cs30CuFeCNT pré sentent une conversion de CO2 similaire à 250 °C, environ 9,3% et à 300 °C , environ 21%. Né anmoins, à 350 °C , la conversion de CO2 obtenue sur 1Cs30CuFeCNT est beaucoup plus é levé e que sur 1K30CuFeCNT : 38,5% contre 26,3%, respectivement. 1Na30CuFeCNT a une conversion en CO2 la plus faible par rapport à 1K30CuFeCNTs et 1Cs30CuFeCNT sur toute la gamme de la tempé rature de ré action.

Parmi les é chantillons promus au potassium, 1K30CuFeCNT pré sente la plus forte conversion en CO2 à 250°C . Mais lorsque la tempé rature est augmenté e, l'activité de 0,5KCuFeCNT est largement meilleure que celle de 1K30CuFeCNTs et Table 1 The columns and functions in the micro chromatograph SRA3000 ....... 37 13 The H2 consumption of materials after partial reduction compared to the H2 consumption after total reduction and theoretical H2 consumption ........ 68 include the desertification (one of the greatest environmental challenges of our times) [1] and floods in the small island countries, countries with low-lying coastal and so on.
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"Greenhouse gases" means those gaseous constituents of the atmosphere, both natural and anthropogenic, that adsorb and reemit infrared radiations [2].The "Greenhouse gases" in Figure 12 include carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and fluorinated gases [3]. 76% of the greenhouse gas is carbon dioxide.The huge quantity of CO2 in the atmosphere in Figure 1,which acts as a blanket, trapping heat and warming the planet, is the main cause of global warming.

According to the Figure 12, 65% of CO2 come from the burning and consumption of fossil fuels like coal, oil and natural gas and industrial processes and there are 11% of CO2 which is casued by the forest and other land use. The cut down of forests cause carbon accumulates and overloads in the atmosphere. Until now fossil fuels still supply more than 85% of the current energy consumption worldwide, and contribute in similar proportions to the anthropogenic CO2 emissions [4].

Figure 12 Global greenhouse gas emissions by gas based on global emissions from 2010 [3] The adoption of the "Paris agreement" that was proposed in the COP 21 suggested that emissions need to be cut down to hold the increase in the global average temperature below 2 °C above preindustrial levels and that efforts have to be pursued to limit the temperature increase to 1.5 °C [5]. It is urgent to reduce the CO2 emissions and to capture, store and reuse CO2.

The capture of carbon dioxide from the flue gases of power plants which use coal, oil or gas as fuel and other industrial processes is mature technology [6]. The solvents like alkanolamine (MEA, MDEA..), NaOH, K2CO3 and piperazine (PZ) have been extensively studied to capture CO2 [7]. Since there are still safety problems about the storage of CO2 underground and ocean and no real economic driver, the utilization of captured CO2 from power plants becomes more and more recognized worldwide.

Figure 13 shows what could be the place of the utilization of CO2 in a virtuous cycle of CO2 recycling. In the past years, CO2 has been applied in various industries, e.g., soft drink, food, agro-chemistry, welding, foaming, fire-extinguishers, propellant, or as a fluid/solvent in various process like drying-cleaning, separation, water treatment, packaging, etc. The direct use of CO2 to cultivate microalgae is interesting and extensively investigated because microalgae can not only consume CO2 but are also feedstock to produce biofuels. The conversion of CO2 to chemicals and energy products that are currently produced from fossil fuels is also promising due to the high potential market and promising benefits [8].

Figure 13 A model of CO2 circular economy and its impact on the chemical and energy value chains [9] 

I.2 The chemical utilization of CO2

CO2 is a clean carbon source for the chemical reactions, but CO2 still has certain disadvantages as a chemical reactant because of the limit of thermodynamics.

The CO2 hydrogenation has been studied for the synthesis of CO (Reverse Water Gas Shift Reaction), methane (methanation for Power-To-Gas process), hydrocarbons (Fischer-Tropsch-like processes), methanol, higher alcohols, and dimethyl ether. In our research, we will focus on the synthesis of higher alcohols from CO2 hydrogenation. The higher alcohols (alcohols higher than methanol) can be used as alternative fuels and fuel additives, for example, they can be used as octane booster in automotive fuels instead of lead, aromatics (benzene and toluene) and tert-butyl methyl ether (MTBE) [10,11]. More, the addition of higher alcohols can help reaching the rate of biofuels in gasoline to respect the 20-20-20 objectives [12].

Most of researchers study the higher alcohols synthesis from CO/H2 mixtures or syngas CO/CO2/H2. There are only a few literatures and works about the synthesis of higher alcohols from CO2 hydrogenation. This reaction was thought in two steps. CO2

was first converted into CO, then higher alcohols were synthesized from CO hydrogenation.

The HAS reaction from CO hydrogenation needs two types of active sites in good cooperation (dual sites) and high active surface to lead to higher alcohols formation. A simple scheme in Figure 14 shows the works of dual active site. CO and H2 can dissociate on M1 sites and form alkyl species, meanwhile, M2 site can adsorb CO in a non-dissociative way and insert it to the carbon chain to form the alcohols. The design of catalysts should keep a balance between the two active sites (M1 and M2), and maximize the synergism between propagation and oxygenation sites at the atomic scale [13]. 

I.3 The spinel structure of catalysts

A high selectivity for the linear higher alcohols needs that the catalyst surface owns CO dissociating sites in the vicinity of non-dissociating sites [14,15]. Therefore, it is suggested that for all alcohol synthesis catalysts, it's better to distribute the metals in crystal structure (e.g., spinel, perovskite) of oxide precursors [16][17][18]. There are two main reasons: first, they may be very highly dispersed after being reduced under hydrogen atmosphere, and second, part of spinel or perovskites may remain after partial reduction, which can keep the suitable position of different metals and helps the dispersion of the reduced metals. The crystalline structure of spinel is shown in Figure 15. The spinel structure is formulated MM'2X4, where M +2 and M' 3+ are tetrahedrally and octahedrally coordinated cations, respectively, and X is an anion (typically O or F). The structure is named from the mineral MgAl2O4, and oxide spinels have the general formula AB2O4 [19]. In inverse spinel, part or A +2 cations are located in octahedral sites and replaced by B 3+ cations in tetrahedral sites.

Figure 15 The structure of spinel AB2O4 [19] I.4 The catalysts used for the higher alcohols synthesis

The catalysts for higher alcohols synthesis from the hydrogenation of CO or CO2 can be broadly grouped into four categories: 

I.4.1 Modified methanol synthesis catalysts

The CuZn-based catalysts have been well studied for the methanol synthesis.

When there is alkali metal in the catalysts, small amount of higher alcohols can be observed, which led the researchers to study the effect of alkali on the synthesis of higher alcohols.

For Cu-based catalyst in CO hydrogenation reaction, the ability of promotion for synthesis of higher alcohols increases with the alkali atomic size, Li<Na<K<Rb<Cs.

Two main effects were attributed to alkali doping: the first effect is the suppression of surface acidity, the second effect is to provide basic sites which are necessary for the C-C and C-O bond-forming reactions [20]. More, the optimum loading of alkali needs to be adjusted for each type of supports and preparation methods. Although the presence of alkali can increase the selectivity to higher alcohols at a given loading, further addition can block the Cu/ZnO active sites and thus decrease the reactivity [21]. Smith and Anderson [22] used K2CO3 to promote Cu/ZnO/Al2O3 and found that the maximum selectivity to higher alcohols was obtained at 0.5wt % K2CO3 loading.

But on a Co/Cu/ZnO catalyst, the highest selectivity to higher alcohols was obtained at a 5 wt% K2O (4.1 wt% K) promoter concentration [23].

Nevertheless, methanol was still the main product obtained on modified methanol-based catalysts, and the selectivity to higher alcohols was quite low, limited by the reaction mechanism [24]. According to the results of selectivities to alcohols at a certain range of conditions with Cu-ZnO-0.5%K2CO3 as catalyst, J. Smith [25] proposed the mechanism presented in Figure 16 for the formation of higher alcohols from methanol. This mechanism assumed that the formation of higher alcohols occurred by condensation of two lower alcohols, with hydrogen loss at a α-position or β-position carbon atom, the latter being the fastest process. It was also assumed that hydrogen loss from methanol was slower than from a β-carbon and that secondary alcohols react by loss of the hydroxyl group only. According to the assumption, they estimated the alcohols products distribution, and the experimental results fit the estimated values well. This mechanism also explains the existence of branched chain alcohols such as isobutanol. The formation of C2+ linear alcohols during CO hydrogenation remains the least understood step and the rate of formation of ethanol appears to limit the overall rate of chain growth. Due to the high selectivity to alcohols and higher alcohols and their acceptable price, the Fischer-Tropsch (F-T) based catalysts have been widely studied, especially the Cu-Co based catalysts, the Cu-Fe based catalysts and the Cu-Co-Fe based catalysts. But for these modified F-T catalysts, there are still several problems which need to be improved, such as the high selectivity to hydrocarbons, the low alcohols productivity, and the large variety of reaction products [26]. In order to obtain uniformly dispersed and well-designed bi-or multi-metallic catalysts and improve the performance of F-T based catalysts, suitable preparation methods, addition of promoters and appropriate supports are really important [27].

I.4.2.1 The mechanism of HAS from CO2 hydrogenation

For F-T based catalysts, the synthesis of higher alcohols from CO2 hydrogenation can be regarded as a combination of reversed water-gas shift (RWGS) reaction and then the formation of higher alcohols from gas mixture of H2 + CO or H2+CO+CO2 [28,29]. The most acceptable mechanism for the HAS reaction from CO hydrogenation is the CO insertion mechanism, which is proposed by Xiaoding [15]. The process is shown in Figure 17. The CO dissociation and carbon chain growth are similar to the Fischer-Tropsch reaction. The alkyl species (CnHx * ) were formed at the surface and the insertion of alkyl species determines the kinds of products. If the insertion CO through surface acyl species finishes the reaction followed by hydrogenation, the alcohols will be obtained. If the reaction is terminated by direct dehydrogenation or hydrogenation, the olefins or paraffins will be formed.

So the formation of alcohols competes with hydrocarbons formation. According to the mechanism, the main products is linear alcohols and hydrocarbons [11].

Figure 17 The CO insertion mechanism for higher alcohols synthesis [15] The route for the synthesis of higher alcohols is clear according to the CO insertion mechanism. For the catalyst design, dual sites are necessary for the HAS reaction [15], and this is accepted by many researchers [30,31]. For Cu-based catalysts, the main function of copper is enabling the dissociative chemisorption of hydrogen and the un-dissociative adsorption of CO. While Co adsorbs CO and dissociates it, then promotes the growth of C-C chain and hydrogenation [32]. For the function of iron, Riedel et al. [33] demonstrated that the steady states of hydrocarbons synthesis with iron oxides could be divided into five episodes of distinct kinetic regimes as illustrated in Figure 18. In episode I, the reactants adsorb on the catalyst surface and carbonization of the catalyst takes place dominantly. In episodes II and III, products from the RWGS reaction dominate during ongoing carbon deposition. In episode IV, the FT activity is beginning created, and the α-Fe was consumed during this step, meanwhile, Fe5C2 was formed. The FT activity develops up to the steady state and keeps the state in episode V. At the steady state, the composition of catalyst keeps changing, the Fe2O3 phases almost completely disappeared and a new "unknown" phase appeared, which maybe oxalic iron. FT activity begins after the formation of iron carbide (Fe5C2) by a reaction of iron with carbon from CO dissociation. For the iron-based catalysts, they are easily deactivated during the reaction because of the high amount of water in the reactor [34,35].

It is important to add that Co is 3 times more active than Fe in F-T while its price is over 250 times more expensive [36].

Figure 18 Iron-phase composition as a function of time during hydrocarbon synthesis on Fe/Al/Cu catalyst [33] Figure 19 shows the mechanism of higher alcohols synthesis on Cu-based catalysts, CO is dissociated on the active F-T metals such as Fe, Co, then is hydrogenated to methylene species, which is the initiation of carbon chain and promote the formation of surface alkyl species. Meanwhile, CO molecularly adsorbs on Cu surface and inserts into the alkyl-metal bond to oxygenate the carbon chain.

According to the mechanism in , no matter the CO molecule on Cu surface migrates to F-T metal surface to finish the reaction or the surface alkyl group on the F-T metals migrates to the Cu site to finish the reaction, the cooperation between the Cu and F-T metals is really important for HAS reaction . The catalysts should be designed at atomic level, in order to inhibit the side reaction.

Figure 19 The reaction mechanism and network of higher alcohol synthesis from syngas over modified Cu-M based catalysts [13] For Cu-Co based catalyst, Bailliard-Letournel et al. [37] studied the interaction of Co and Cu in the catalysts for higher alcohols synthesis from syngas. They found that the addition of copper to the Co-based catalysts can significantly decrease total activity, but increases the selectivity to higher alcohols and lighter alkanes. They proposed that the synthesis of higher alcohols needs a dual site: an alloy including copper and cobalt. The carbon chain was formed on cobalt and CO species adsorbed on copper atoms can provide terminal OH group. For this kind of Cu-Co based catalysts, Blanchard et al. [14] and Baker et al. [38] have proposed another type of dual site. Baker et al. [38] found that the bimetallic alloy of copper and cobalt was not necessary for the synthesis of higher alcohols, but metallic cobalt and unreduced cobalt ions are the key components for higher alcohols synthesis. They thought the dual sites are metallic-oxide Co-pair (Co 0 -Co δ+ pair). CO can dissociate on metallic Co and promote the propagation of carbon chain. Meanwhile, molecularly adsorbed CO on Co δ+ can insert into the carbon chain and finish the higher alcohols synthesis.

This conclusion was confirmed by Spivey et al. [39] and other researchers [40]. The highly dispersed cobalt exhibited high activity for the formation of C2+ oxygenates from syngas [40]. The functions of copper are still not clear, it may only eliminate the synthesis of hydrocarbons on cobalt surface [38].

Compared to Cu-Co based catalysts, Cu-Fe based catalysts shows higher HAS activity and higher RWGS activity. It also shows high selectivity to higher alcohols and low selectivity to methane accounting for its capacity to grow carbon chain and direct the selectivity towards alcohols instead of hydrocarbons.

I.4.2.2 The supports

Supports can increase the surface area of active phase and act as a stabilizer to avoid sintering of the catalytically active particles during catalyst testing [41].

The most used supports are SiO2, Al2O3 [42], ZrO2, La2O3 [43], H-ZMS-5 [44],

ZnO, activated carbon [45] and carbon nanotubes [46]. Both the textural properties and the chemical properties of the support can affect the performance of catalysts [27].

Ding et al. [47] recently found that the Cu-Fe catalyst supported on SiO2 of bimodal porosity exhibited high catalytic activity and high selectivity to C2+OH, due to the well dispersion of active metal sites and high diffusion efficiency of products inside the bimodal pore structure.

Al2O3 can hinder sintering and increase the dispersion of metal by the strong interaction between metal and support [48].

Z. Wang et al. [43] have studied the effect of ZrO2, Al2O3 and La2O3 as supports of Co-Cu catalysts for higher alcohols synthesis. They found that the selectivity to higher alcohols obtained on CuCo/La2O3 (34.9%) is far greater than either CuCo/Al2O3 (13.1%) or CuCo/ZrO2 (17.8%). La2O3 appeared to be more reactive, and a higher reactivity is usually linked to stronger basicity [49]. According to the results of ammonia and pyridine adsorption the ranking of Lewis acidity is: CoO, CuO, CaO < Ni2O3 < MgO < ZrO2 < Cr2O3 < ZnO < TiO2 < Al2O3. The Lewis acidity of ZrO2 is similar to that of La2O3 [49], but compared to the medium and strong basic sites of La2O3, there is only negligible amount of weak basic sites on the surface of ZrO2 [50], so the surface basicity is really important for the higher alcohols synthesis.

The carbon nanotubes have been drawing increasing attention, because the carbon nanotubes exhibit unusual mechanical and thermal stability as well as electron conductivity [51], large surface area and excellent performance for adsorption and spillover of hydrogen [52]. The excellent H2 adsorption ability can generate a surface micro-environment with a high concentration of H-species, thus increasing the rate of surface hydrogenation reactions in the HAS [53]. The carbon nanotubes can be used as support or promoter in the reaction.

I.4.2.3 The promoters

The promoters can either act as electronic promoters or as structural promoters, or possibly as both. Structural promoters can influence the dispersion of active sites by avoiding the formation of metal-support compounds, or preventing the agglomeration, which may improve the catalyst activity and stability and tends to yield higher conversion. Because the structural promoters only increase the quantity of active sites, so it will not increase the products selectivity [36].

The electronic promoters may donate or withdraw electron density near the Fermi level in the valence band of the catalyst, resulting in a modification of the local electron density around the surface and thus modifying the active site. Electronic promoters usually not only increase conversion levels, but also impact the product selectivity [41].

The most used promoters are the alkalis metals, which are proven known to increase the selectivity to higher alcohols. As for alkali in the modified methanol synthesis catalysts, the optimum degree of promotion strongly depends on the type of promoter, concentration and catalyst support [20]. In Fischer-Tropsch synthesis, the relative activity of catalysts containing an equal atomic amount of alkali promoters increases in the order Li<Na(≈Cs)<K<Rb [54]. An optimum addition of alkali depends on the property of the supports. The acidic supports (e.g. silica, alumina) require higher amounts of promoters to obtain the desired selectivity, but too much promoters will block the active sites and thus decrease the reactivity. Tien-Thao et al.

found that the optimum alkali promoters was in the range 0.1-0.3 wt% for Co-Cu-based perovskites catalysts [54]. The addition of K has been demonstrated to increase CO2 conversion [55,56] and decrease CH4 selectivity. K can increase the chemisorption of CO2, then enhance the activity for CO formation [57]. It can also change the products distribution and increase alkene/alkane ratio almost 4-fold [55,58].

Apart from alkalis, there are many metals such as Mn, Pb, Ru, which were used as dopants. Mn has been reported to act as a structural promoter and electronic promoter, and to increase the catalyst's surface basicity [59]. It can also suppress the formation of CH4 [55]. The dissociative activation of H2 is more difficult to achieve than the activation of CO [60]. The addition of platinum group metals such as Pb, Ru can efficiently activate H2 at moderate conditions, so Pb and Ru are often used as promoter for high alcohols synthesis.

I.4.3 Rh-based catalysts I.4.3.1 CO hydrogenation

By far the most widely studied catalysts for the hydrogenation of CO to oxygenates are based on Rh. In the periodic table, Rh occupies an interesting position between the Fischer-Tropsch metals (e.g., Fe and Co) which works at the dissociation of CO or CO2 to form higher hydrocarbons and those metals which do not dissociate CO and produce methanol (e.g., Pd, Pt and Ir) [20]. So suitable supported Rh catalyst particles could simultaneously adsorb CO in both molecular and dissociated states [61]. Rh-based catalysts are usually used under mild conditions [62]. Supported Rh is wildly used to produce two-carbon oxygen-containing compounds such as acetic acid, acetaldehyde, and ethanol. The chemical efficiency is as high as 50%, and there is also lots of unwanted by-products like methane [63].

The activity of Rh-based catalysts strongly depends on the promoters. A variety of promoters have been used in the higher alcohols synthesis reactions, which includes the transition metal oxides (Co, Fe [64,65]), lanthanides (La [66], Ce [67]), alkalis (Li [68,69],K,Cs), noble metals (Ag [70]), Mn [71] and vanadium have been studied and found to exhibit significant enhancement of the ethanol yield. Mo et al.

[70] found that La enhanced total CO adsorption. The addition of V can increase desorption rate and reactivity of the adsorbed CO species, so V can enhance CO dissociation and chain growth [66]. The doubly promoted Rh-La/V/SiO2 catalyst showed only moderate CO adsorption. The addition of Zn or Cu as promoters significantly reduced the desorption rate and reactivity of the adsorbed CO species on Rh/SiO2, leading apparently to a much reduced activity for CO hydrogenation. The addition of Fe can enhance the rate of hydrogenation of acetaldehyde [72] and stabilized the linear carbonyl and gem-dicarbonyl species [64]. Many researchers [68,69,73] have found that the alkalis doping of Rh can increase the formation of C2 oxygenates at the expense of C1 species, which may be attributed to the change of electron density of surface Rh, causing a change in the surface population of CO species. There are more bridged CO species than liner CO species, these stable bridged CO species may suppress the active sites for hydrogenation [74]. After testing a series of alkali promoters on Rh/TiO2 catalysts, Chuang et al. [73] found that the ability to enhance selectivity to oxygenates increased in the order: unprompted < Li < K = Cs.

In addition to the promoters, the supports are also important to increase the performance of catalysts and many kinds of supports have been well investigated. The structural properties and nature of the supports can affect the particle size and distribution of the active metals and unique interactions between the active metal components and supports, which influence the catalytic activities for the reaction [START_REF] Li | Ethanol synthesis from syngas on Mn-and Fe-promoted Rh/gamma-Al2O3[END_REF].

The most used supports are SiO2, Al2O3 [65], TiO2 [START_REF] Han | C-2-oxygenates synthesis through CO hydrogenation on SiO2-ZrO2 supported Rh-based catalyst: The effect of support[END_REF], ZrO2, V2O3, CeOx, MgO and carbon nanotubes.

I.4.3.2 CO2 hydrogenation

Fisher et al. [START_REF] Fisher | A comparative study of CO and CO2 hydrogenation over Rh/SiO2[END_REF] have investigated the similarities and differences between the CO and CO2 hydrogenation reactions on a Rh-SiO2 catalyst. They found that the surface CO species (linearly and bridged-CO) are the same. The only differences are that CO2 needs first to dissociate and that the rate of methane formation is higher starting from CO2.

I.4.3.3 The mechanism analysis

The mechanism of higher alcohols synthesis on the Rh-based catalyst in Figure 20 is similar to the one proposed for Fischer-Tropsch reaction [20]. For CO2 hydrogenation, the reaction scheme in Figure 20 would be modified only to take into account the formation of surface C and O from CO2 rather than from CO, with the remaining steps being the same [20].

However, the application and commercialization of noble metal-based catalysts using Rh based catalysts are limited due to the high cost for large scale utilization.

I.4.4 Modified Mo-based catalysts (Mo2C-based catalysts and

Mo2S-based catalysts)

MoS2-based catalysts have been proven to have excellent sulfur resistance and high resistance to deactivation by coking [START_REF] Santos | Mechanistic Insight into the Synthesis of Higher Alcohols from Syngas: The Role of K Promotion on MoS2 Catalysts[END_REF]. It also owns good selectivity to ethanol and/or higher alcohols. The harsh reaction conditions of high pressure (ca. 10-12 MPa) limited the industrial applications [62].

Non-promoted MoS2 catalysts display selectivity to methane and other short hydrocarbons [START_REF] Saito | The Activity of Several Molybdenum Compounds for the Methanation of Co[END_REF]. For the Mo-based catalysts, the promoters are necessary in order to obtain higher alcohols. The group VIII metals and alkali are often added to the catalysts. In 1980s, researchers in Dow Chemicals [START_REF] Quarderer | Dow Chemical company[END_REF] and Union Carbide first discovered that alkali-doped MoS2 (ADM) catalyst could be used to produce alcohols from syngas [START_REF] Xiao | Study of induction period over K2CO3/MoS2 catalyst for higher alcohols synthesis[END_REF]. For molybdenum carbide, when K2CO3 was added, the selectivity to linear C1-C7 alcohols was greatly enhanced [START_REF] Woo | Mixed Alcohol Synthesis from Carbon-Monoxide and Dihydrogen over Potassium-Promoted Molybdenum Carbide Catalysts[END_REF]. Some researchers also found that the heavier Cs, Rb, K elements are very much more efficient compared to the lighter Na, Li [START_REF] Koizumi | Development of sulfur tolerant catalysts for the synthesis of high quality transportation fuels[END_REF]. Sachtler et al. [START_REF] Sachtler | Promoter Action in Fischer-Tropsch Catalysis[END_REF] suggested that alkali can affect the kinetics and energetics of the adsorption of hydrogen, carbon monoxide and other reactants on the surface of catalysts, thereby affecting their relative surface coverage during reaction. More specifically, alkali can block the sites on MoS2 surface, so reduce the activity of hydrogen on the MoS2 surface, but increase the non-dissociative adsorption of CO [START_REF] Zaman | A Review of Molybdenum Catalysts for Synthesis Gas Conversion to Alcohols: Catalysts, Mechanisms and Kinetics[END_REF].

Group VIII promoters such as nickel or cobalt are often added to the catalyst in order to increase the selectivity to higher alcohols [START_REF] Andersson | catalytic conversion of syngas to higher alcohols over MoS2 based catalysts[END_REF]. The highly dispersed Ni can form Ni-Mo-S species, which can promote the electron donation from Ni to Mo, and decrease the Mo-S bond strength to an optimum range, so it can significantly increase the activity of the catalyst [START_REF] Surisetty | Novel Ni-Co-Mo-K Catalysts Supported on Multiwalled Carbon Nanotubes for Higher Alcohols Synthesis[END_REF] and works for the CO insertion [START_REF] Chuang | Infrared Studies of Reaction of Ethylene with Syngas on Ni/Sio2[END_REF]. Highly homogeneous modified MoS2-based catalysts with good cooperation of promoter and sulfides were expected to lead to high performance for higher alcohols synthesis (HAS) [START_REF] Li | Ultrasonic preparation of Ni modified K2CO3/MoS2 catalyst for higher alcohols synthesis[END_REF]. Co can also form Co-Mo-S structure [START_REF] Venkateswara Rao Surisetty | Alkali-Promoted Trimetallic Co-Rh-Mo Sulfide catalysts for Higher Alcohols Synthesis from Synthesis Gas: Comparison of MWCNT and Activated Carbon Supports[END_REF] and Co-promoted alkali-modified molybdenum sulfide catalysts showed better activity and selectivity to higher alcohols compared to that of Ni. Because the addition of Co to alkali-modified MoS2 catalysts enhanced the C1 to C2 homologation step, ethanol is the dominant product [START_REF] Venkateswara Rao Surisetty | Alkali-Promoted Trimetallic Co-Rh-Mo Sulfide catalysts for Higher Alcohols Synthesis from Synthesis Gas: Comparison of MWCNT and Activated Carbon Supports[END_REF].

For Mo2C-based catalyst, the dual sites are low valence Mo (Mo-I, Mo (0-2)+ ) and high valence Mo (Mo-II, Mo (4-5)+ ). Low valence Mo works for the CO dissociation and hydrogenation and promote the carbon chain growth. Meanwhile, high valence can associatively adsorb CO and insert into the carbon chain [30].

I.5 The effect of operating conditions on HAS from CO2/H2 I.5.1 The temperature

According to the mechanism of HAS, the reaction was a combination of RWGS reaction and subsequent formation of higher alcohols from H2/CO/CO2 mixture gas.

So the conditions should be convenient for both reactions. The RWGS reaction is endothermic and high temperature are beneficial for the conversion of CO2 and the formation of CO. The hydrogenation of CO/CO2 to higher alcohols is an exothermic reaction [START_REF] Guo | Roles Investigation of Promoters in K/Cu-Zn Catalyst and Higher Alcohols Synthesis from CO2 Hydrogenation over a Novel Two-Stage Bed Catalyst Combination System[END_REF]. So suitable reaction temperature or dissipation of the heat in time is important for obtain higher yield of alcohols. Nieskens et al. [START_REF] Nieskens | The conversion of carbon dioxide and hydrogen into methanol and higher alcohols[END_REF] found that the alcohols selectivities is lower and the hydrocarbons selectivity is higher at 340 °C than at310 °C, but higher temperature are beneficial for carbon chain growth. In most literatures the temperature range 250 °C -350 °C was used for HAS reaction [START_REF] Inui | Highly effective synthesis of ethanol by CO2 hydrogenation on well balanced multi-functional FT-type composite catalysts[END_REF][START_REF] Li | Effect of Iron Promoter on Structure and Performance of K/Cu-Zn Catalyst for Higher Alcohols Synthesis from CO2 Hydrogenation[END_REF].

I.5.2 The space velocity

The increase of the reactant feed flow will short the contact time, which will lead to a gradual decline in CO2 conversion. This may also affect the distribution of alcohols [START_REF] Yang | The promotion effects of Pd on Fe-Cu-Co based catalyst for higher alcohols synthesis[END_REF]. The yield of alcohols and the selectivity of by-products, including hydrocarbons and dimethyl ether, increased with the increase of the space velocity.

The CO2 conversion will be higher if the flow rate is slow, but there may be some hot points in the catalysts layer. According to the literature, the best GHSV (Gas Hourly Space Velocity) is between 5000 h -1 and 10000 h -1 (STP).

I.5.3 The ratio of CO2/H2

The typical ratio for H2/CO to higher alcohols is 2, but it is different for H2/CO2.

When the H2/CO2 feed ratio is 1, the main product is CO, and the rates of alcohols and alkanes are relative low. When the ratio is 3, the CO2 conversion is higher, the CO selectivity is lower, and the alcohols and alkanes selectivities are higher compared to feeding a 1/1 mixture of H2/CO2 [START_REF] Nieskens | The conversion of carbon dioxide and hydrogen into methanol and higher alcohols[END_REF].

nCO2 + 3nH2 → CnH2n+1OH + (2n-1)H2O (1-1)
For the alcohol formation reactions, this ratio will always be 3/1, regardless of the length of the alcohol carbon chain. So the ratio for H2/CO2 to higher alcohols is better around 3.

I.6 Conclusions

Four kinds of catalysts for HAS reaction are compared in this introduction.

Modified methanol synthesis catalyst still works for the synthesis of methanol, there are only a little of higher alcohols. For Rh-based catalyst, the high cost limits the large scale utilization. The harsh reaction conditions of high pressure will also limit the utilization of Mo-based catalyst. The Fischer-Tropsch based catalysts are thus the most promising catalysts, because of the availability of the materials and high activity.

From the analysis of mechanism for HAS, dual sites are the key point for the synthesis of higher alcohols. The design of catalysts should concern the atomic scale.

I.7 Research objectives

In this thesis, we try to develop a catalyst that is capable to produce higher alcohols with high selectivities and productivities from CO2 hydrogenation.

The methodology of development will follow the three aspects presented below:

1. F-T based catalysts will be used and Fe, Cu and Co will be chosen as active metals which will be initially atomically mixed in a perovskite.

2. Suitable supports (TUD-1 and carbon nanotubes) will be used to increase the surface area and increase reactivity.

3. Alkalis (Na, K, Cs) will be used as promoters. The quantity of potassium will be optimized to improve the synthesis of higher alcohols.

Chapter II

Characterization techniques. Reaction setup and carbon balance

In this chapter, the conditions used for the catalysts characterization will be introduced. The reaction setup including the test equipment and procedure as well as the analysis methods of products and the establishment of carbon balance will be presented.

The higher alcohols synthesis (HAS) most often yields to a complex mixture of oxygenates (alcohols, ketones, esters) and hydrocarbons (alkanes and olefins) in the short carbon chain range. H2O and CO will also be present in the products. So it is a complex and challenge job to separate and analysis all these products and calculate the carbon balance.

II.1 The characterization techniques

II.1.1 Specific surface areas measurements

The surface areas of catalysts are measured by N2 adsorption-desorption at -196 °C on a Micromeritics ASAP 2420 apparatus and calculated by Brunauer-Emmet-Teller (BET) method. The pore volume is calculated by the Barrett-Joyner-Halenda (BJH) method. The samples are outgassed at 250 °C for 3h before the measurements to remove the adsorbed moisture.

II.1.2 X-ray diffraction (XRD)

The crystalline structure of the catalysts were determined by XRD in a Brucker AXS-D8 Advanced equipment with Cu-Kα radiation (λ=1.5404 Å). The range scanned was from 10° to 90° with a 0.05° step size at a scan rate of 3 °•min -1 . The diffraction spectra have been indexed by comparison with the JCPDS files (Joint Committee on Powder Diffraction Standards). The average particle size was calculated using the Sherrer's equation:

(2 -1) D (nm) is the mean size of the ordered (crystalline) domains, K is a dimensionless shape factor whose value is taken at 0.9, the X-ray wave length λ is 0.154056 nm, and B (rad) is the full width half maximum (FWHM), θ (rad) is the Bragg angle. The H2-TPR profiles were carried out at atmospheric pressure on a Micrometrics

AutoChem II 2920, with TCD detector, on 50mg of fresh catalysts. The total gas flow rate is 50 mL•min -1 of 10 % H2 in Ar with a heating ramp of 10 °C•min -1 to 800 °C.

The hydrogen consumption is deduced from the peak areas with respect to an external calibration.

II.1.3.2 Partial reduction experiment

The reduction, similar to the reduction procedure performed to activate the catalysts before catalytic test, was done in the same equipment as for the H2-TPR.

First, the catalyst was reduced at 400 °C for 60 min with the heating ramp 5 °C•min -1 under 50 mL•min -1 of 10 % H2 in Ar atmosphere. Then the temperature was decreased to 50 °C under pure Ar atmosphere. At last the procedure of H2-TPR was repeated.

The objective is to characterize indirectly the extent of the initial reduction.

II.1.3.3 H2 Temperature-programed Desorption (H2-TPD)

The H2-TPD profiles were carried out in the same equipment as for H2-TPR.

Because the concentration of desorbed H2 was low, the MS detector was used. The fresh catalysts were first reduced at 400 °C for 60 min with heating ramp 5 °C•min -1 under a flow of 50 mL• min -1 of 5% H2 in Ar. The temperature was then decreased to 50 °C under Ar atmosphere (50 mL•min -1 ) and purged for 120 min. The pulse method was used to follow H2 adsorption until the area of H2 peaks did not change, accounting for a saturation. After a purge under He for 90 min, the temperature was increased to 800 °C with the heating ramp 10 °C•min -1 .

The hydrogen consumption is deduced from the peak areas with respect to an external calibration. The process of NH3-TPD is similar to that of H2-TPD. The fresh catalysts were first reduced at 400 °C for 60 min with heating ramp 5 °C•min -1 under a flow of 50 mL•min -1 of 5% H2 in Ar. The temperature was then decreased to 100 °C under Ar atmosphere and the system was purged for 120 min. The 5%NH3/He mixture was used to do the adsorption for at least 8h until the concentration of NH3 is stable. After NH3 adsorption, pure He was used to purge the line for at least 8h, then the temperature was increased to 800 °C for 60 min with the heating ramp 10 °C•min -1 .

II

The MS detector was used.

The procedure of CO2-TPD was similar to that of NH3-TPD, except that a 5%CO2/He mixture was used during the adsorption step.

The molar quantity desorbed (NH3 or CO2) was calculated from the area of the desorption peaks compared to external calibrations.

II.1.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements of the support were performed on a MULTILAB 2000 (THERMO VG) spectrometer equipped with Al Kα anode (hν = 1486.6 eV) with 10 min of acquisition.

II.1.5 Transmission Electron Microscopy (TEM)

TEM observations were carried out by TOPCONEM-002B apparatus (accelerating voltage 200 kv) with an EDS KEVEX Deltapro Quantum for EDXS measurement.

II.1.6 Scanning Electron Microscope (SEM)

The SEM observations were done with a microscope JEOL FEG 6700F

equipment at an accelerating voltage between 3 and 9 kV.

II.1.7 Mössbauer spectroscopy

The Mössbauer spectra measurement was done in the transmission mode with 

II.2 The reaction set up and analysis method

II.2.1 The reaction equipment

The catalysts are tested under a high-pressure equipment which is displayed in Figure 21. The maximum pressure can reach as high as 80bar. We used gas bottles containing 31.5% of CO2, 63.5% of H2 and 5% of N2 (internal standard). Pure H2 bottle was needed for the adjustment to the desired ratio of CO2 and H2.

The flow rate of gases are controlled by mass flow controllers Brooks SLA 5850S which are given signal by the electric Brooks0254. Then the gases enter a 1/4" tube and mix uniformly before the reactor. There is a three-way valve between the mixer and the reactor, which can be used to measure the volume flow rate and do the calibration before every reaction. The real volume flow rate of gases are measured accurately by the Agilent 3000 flow meter. There is a pressure indicator before the reactor which gives the real pressure in the equipment.

The reactions are performed in the fixed bed reactor with a 1/2" tube of 21cm length and 10.1 mm of inner diameter. The catalysts are put between two layers of silica wool. The fixed bed is supported by a quartz tube which can keep the catalyst bed stable. The reactor is heated by electrical resistance connected to a thermocouple just below the catalyst bed. The temperature is controlled by a PID regulator with an error ±1 °C. After the reactor, there are two traps, the gas first passes the first trap cooled by air and then passes the second trap cooled by cold water around 14 °C .

The liquid phase in the fixed traps can be collected by two removable traps. The two removable traps are filled with N2 until a pressure of about 0.5bar less than the pressure in reactor. After the pressure is stable, the valve between the fixed trap and removable trap is opened for 25 minutes. The liquid needs to be collected one trap by one trap.

At last, the gas phase passes the pressure controller Brooks 5866 and a heated 1/8" tube to the micro chromatograph.

Figure 21 The scheme of the reaction setup For all the reactions the catalysts were first reduced at 400 °C and 50 bar under pure H2(11.8 mL•min -1 )for 60 min. Because of the low flow rate of H2 and the small volume of catalyst bed, the effect of H2 concentration is negligible. After reduction, the catalysts were cooled to 100 °C, and then the gas was changed to the mixture gas (H2/CO2=3), the total flow rate is 50 mL•min -1 of H2/CO2/N2. N2 (1.9 mL•min -1 ) was used as internal standard. The reaction was performed between 250 °C to 350 °C with a Gas Hourly Space Velocity (GHSV) of 5000 h -1 (STP). The flows were kept constant and the catalyst mass was adjusted depending on the apparent density of the materials.

II.2.2 The analysis method

After separating the gas phase and liquid phase in the reaction equipment, the products in the two phases will be analyzed respectively in a micro chromatograph (on line analysis) SRA3000 with TCD detector and in a chromatograph (off line analysis) Agilent 6890N with FID detector.

II.2.3.3 The analysis of gas phase

The gas phase was analyzed on line by a micro chromatograph SRA3000 with TCD detector. There are four columns (A to D) in the micro chromatograph which are detailed in Table 1 and analytical conditions are shown in Table 2. Because all the products can be detected on the columns A, B and C, the column D (stabilwax) will not be used.

The first step has been to inject and identify every possible reaction products in the chromatograph. The second step has been to develop adequate method to separate all the peaks to be sure that the areas will be integrated correctly and the product quantified correctly. In order to obtain correct separations, the carrier gas pressure and temperature of the column have been modified.

The retention time and response factor of products in gas phase are presented in Table 3, Table 4, and Table 5 for the three columns. The relative response factors of H2, N2, CH4 and CO in column A were calculated by ourselves. We assumed that the response factor of CH4 is 1, and a gas mixture containing 20% of CH4, 20% of CO, 20% of H2, 20% of CO, and 20% of N2 was used to calculate the relative response factors. Because the flow rate of hydrogen is not very stable, the response factor of H2 can change a little with different reaction equipment and time, but this change doesn't effect a lot to the carbon balance compared to the effect of all the other alkylating agents.

The calculation of N2 relative response factor is given for example:

(2 -2)

The relative response factors of products in columns B and C are those reported by Dietz [1]. 

II.2.3.4 The analysis of liquid phase

The products in the liquid phase are collected during a certain reaction time during which the micro chromatograph will analyze the gas phase every 1 h. A chromatograph Agilent 6890N with a Solgelwax (60 m×250 μm×0.25 μm) column and a flame ionization detector is used to analyze the liquid phase. A certain quantity of sample is mixed with a known amount of 2-pentanone as internal standard. The amount of 2-pentanone has to be less than 10% of the weight of samples in order to avoid the insolubilization. 1μL of this mixture is injected into the chromatograph and separated.

The chromatographic method was the following: The response factors were measured under the same conditions. First, all the possible reaction products were injected into the chromatograph and the retention time was obtained. Second, a mixture of possible products with a known amount of 2-pentanone and water was analyzed. For every products, three samples with different amounts of product, 2-pentanone and water were prepared and the analysis for every samples repeated three times. The average relative response factors (with respect to 1 for 2-pentanone) and the error of all the possible products are presented in the Table 6. 

II.2.3 The calculation method II.2.3.1 The calculation of data from micro chromatograph

Because there are three columns that were used to analyze the products, it is important to find a link between these columns. In our calculation, the column A and B are linked by CH4, the column B and C are linked by C2H6.

First, the blank was did. After reduction under pure H2 atmosphere, the mixture of CO2 and H2 was added to the equipment, in order to make sure that the ratio of CO2 and H2 is the desired one, the blank was did before the reaction. According to the data obtained from micro chromatograph, the real ratio of CO2/H2 is calculated. As columns A and B need to be linked by CH4, the temperature of 220 °C was chosen as temperature for the blank analysis. The reaction just begins at this temperature and a very small amount of methane is formed which allows to link the two columns.

Second, the areas of all the products are corrected by response factors.

Third, the corrected areas of peaks in column B and C are linked to column A.

Fourth, the molar flow rate and total mole of all products are calculated by the internal standard N2.

The molar flow rate of N2 ( ) can be calculated by equation (2 -3)

(2 -3) (2 -4) (2 -5) (2 -6)
The , , and are molar flow rates of N2, CO2, H2 and the products, the unit is mol•h -1 .

(mL•min -1 ) is the volume flow rate of N2. The , , and are the areas after correction by the response factor and link between columns.

(2 -7)

(2 -8) (2 -9)
The , and are the total moles in the gas phase leaving the reactor during the reaction time, the unit is mol.

II.2.3.2 The calculation of data from chromatograph for liquid phase

The quantity of products in mixture are calculated according to the mass of 2-pentanone m2-pentanone (g), the area of products Ai and A2-pentanone and the relative response factor Ri.

(2 -10)

The mole of products (nl,I (mol)) in liquid phase were calculated according to the :

(2 -11)

At last, the total mole (mol) of one products was calculated:

(2 -12)

The selectivity of one of products Si can be calculated by the following formula.

(2 -13)

The productivity of one products Pi is calculated by formula (2 -14)

The conversion of CO2 ( ) and H2 ( ) are calculated by three methods to compare if the calculation is correct.

(2 -15)

(2 -16) (2 -17) (2 -18) (2 -19) (2 -20)
The results calculated by the second method (according equations (2 -16) and ( 2-19) will be presented in this thesis. Because the blank was done at 220 °C when the reaction already started, the inlet moles of H2 and CO2 are not very accurate.

(2 -14)

III.1 Introduction

In this chapter, in the first part, Co, Cu and Fe elements have been chosen as active metals, and the CoFe2O4, CuFe2O4, CuCo2O4 and Cu0.5Co0.5Fe2O4 spinel structure materials as catalysts precursors will be presented. The corresponding four materials are named CoFe-precursor, CuFe-precursor, CuCo-precursor and CuCoFe-precursor.

In order to obtain the spinel structure, the precursor will be calcined under different temperatures and characterized by XRD and H2-TPR. As discussed in the introduction, the cooperation of the two or three active metals is really important for the higher alcohols synthesis. It is better to control the position of active site in atoms rank, part of spinel or alloy will be expected after reduction, so the results of H2-TPR will be used to find suitable reduction temperature.

In the second part, the CoFe-precursor, CuFe-precursor, CuCo-precursor and CuCoFe-precursor calcined at 800 °C will be characterized with several techniques and discussed in details.

Finally, their performance in CO2/H2 reaction will be presented.

III.2 Preparation of spinel precursor materials

The spinel-based materials were synthesized by a pseudo sol-gel method, which is based on the thermal decomposition of propionate mixed precursors. The process is shown in Figure 22. Cobalt (II) acetate, iron (II) acetate and copper (II) acetate were used as starting materials. The starting salts, in adequate amounts to form CoFe2O4, CuFe2O4, CuCo2O4 and Cu0.5Co0.5Fe2O4, were dissolved in propionic acid in a concentration of 0.12 mol•L -1 in cation. All these starting salts led to propionate precursors in propionic acid. Then the two or three solutions were mixed together and maintained under reflux for 90 min at about 141 °C. The solvent was evaporated until a solid resin was obtained [1,2]. The obtained resins were calcined at different temperatures for 6h (heating rate of 2 °C•min -1 ) under air. The catalysts were crushed and sieved to 100-200 μm for the reaction.

Figure 22 The pseudo sol-gel method for the synthesis

III.3 Effect of the calcination temperature on spinel formation III.3.1 CoFe-precursor

According to the XRD profiles in Figure 23, the CoFe2O4 spinel can be obtained at calcination temperature of 450 °C as unique detected crystalline structure.

Nevertheless, higher calcination temperature largely improves the crystallinity of the spinel. The size of crystals (Table 9) increased from 16 nm to 35 nm with the calcination temperature increase from 450 °C to 800 °C. The small peak at 344 °C was assigned to the reduction of Fe2O3 to Fe3O4 [3],

and it disappeared when calcination temperature increased, in accordance to the better crystallization of the spinel evidenced by XRD. The three biggest peaks at 481 °C, 533 °C and 502 °C can be attributed to the reduction of Fe 3+ →Fe 2+ and Co 2+ →Co [4],

the shoulder peak was the reduction of Fe 2+ →Fe o [4]. The shoulder peak disappeared when the CoFe-precursor was calcined under 800 °C, which indicates that the Co 2+

and Fe 3+ may be reduced to metallic Co and Fe at the similar temperature.

The easily reducible Co 2+ can promote the reduction of iron cations [5], because of the H2 can dissociatively adsorb on reduced Co particles, then the spillover of hydrogen atoms from cobalt to iron can lower the reduction temperature of nearby iron oxides [6], so the CoFe2O4 spinel should be reduced as easily as or more easily Combining the results of XRD and H2-TPR, the best calcination temperature is 800 °C, and 400 °C was chosen as reduction temperature.

III.3.2 CuFe-precursor

The XRD profiles of materials calcined under different temperature are shown in Figure 25. After calcination at 600 °C, the diffractions lines of CuFe2O4 together with those of Fe2O3 and CuO appeared. When calcination temperature increased to 700 °C, there was still minor amounts of Fe2O3 and CuO. The reflections of Fe2O3 disappeared at calcination temperature at 800 °C, but CuO still existed in the material even after calcination at 1000 °C, which indicates that the crystallized CuFe2O4 is a copper deficient spinel phase. This phenomenon was also found by many other researchers [7,8]. The distribution of Cu ions is deeply affected by calcination temperature and the phase transition tetragonal CuFe2O4 and cubic CuFe2O4. At high temperature, Cu 2+ can be thermally partially reduced to Cu + , then re-oxidized, which leads to the segregation of CuO [8,9]. There is a broad peak between 400 °C and 700 °C in all the H2-TPR profiles, these peaks can be attributed to the reduction of Fe3O4 to Fe 0 [10,11]. From the results of XRD, it is known that CuFe2O4 along with CuO and Fe2O3 phases coexist in the CuFe-precursor calcined at 600 °C. The small reduction peak at 162 °C in Figure 26 (a), can be attributed to the reduction of highly dispersed CuO, easily reducible [12]. The peaks at 223 °C with two shoulder peaks are attributed the reduction of CuFe2O4 to Cu and Fe2O3, and Fe2O3 to Fe3O4 [13]. As for H2-TPR profiles of CuFe-precursor calcined at 700 °C, the peak at 297 °C with a shoulder peak can also be attributed to the reduction of CuFe2O4 to metallic Cu and Fe2O3, and Fe2O3 to Fe3O4. Although there are diffractions lines of CuO and Fe2O3 in XRD patterns, it was difficult to evidence the reduction of CuO in H2-TPR profile.

The reduction peak at 239 °C in H2-TPR profile of CuFe-precursor calcined at 51 800 °C may be caused by the reduction of re-oxidized CuO, the peak at around 298 °C is caused by the reduction of CuFe2O4 to Cu and Fe2O3, and this peak is much smaller than the reduction peak of Fe2O3 (324 °C). This may be due to the segregation of CuO from CuFe2O4 at high calcination temperature. The CuFe-precursor calcined at 900 °C presents the same reduction profile than CuFe-precursor calcined at 800 °C. As for CuFe-precursor, the temperature of 800 °C is chosen as calcination temperature in order to obtain the spinel structure, and the reduction temperature is fixed at 400 °C.

III.3.3 CuCo-precursor

The XRD patterns of CuCo-precursors which were calcined at different temperatures are shown in Figure 27. A crystallized structure is obtained after calcination at 600 °C. CuO always existed in the catalyst, even when the calcination temperature increased to 1000 °C. As the diffraction patterns of spinels Co3O4 and Cu0.86Co2.14O4 are similar, it is difficult to detect the exact phase in the structure.

According to the research of A.J. Marchi [14] the spinel phase could be mainly Co3O4.

The particle sizes of spinel and CuO phases are shown in Table The H2 reduction profiles of CuCo-precursor after calcination at 600 °C,800 °C and 900 °C are shown in Figure 28. There are three reduction peaks in the H2 reduction profiles of CuCo-precursor after calcination at 600 °C. With calcination temperature increase to 800 °C, there are still three reduction peaks, but the relative area between three peaks is largely different from CuCo-precursor after calcination at 600 °C. The H2 reduction profile of CuCo-precursor after calcination at 900 °C is totally different, there are at least four reduction peaks.

In the H2-TPR profile of CuCo-precursor after calcination at 600 °C, the reduction peak at 218 °C is due to the reduction of highly dispersed CuO. The reduction peaks at around 280 °C and 348 °C may be attributed to the reduction of CuCo2O4 to Cu and Co3O4 and two steps reduction of Co3O4: Co3O4 → CoO → Co 0 [15][16][17].

Many researchs showed that the Cu-Co spinel is very difficult to synthesize and suffers from low thermal stability [18,19]. It's not enough to form the CuCo spinel at low temperature, but when tempreture is too high, the CuCo spinel will not be stable.

The stability of CuCo2O4 was measured to be 400 to 450 °C and the increase of the Cu/Co ratio could lead to a decrease of the thermal stability of the Co-Cu spinel [19].

The results of Tian et al. [19] showed that the diffraction lines of Co-Cu oxides were very intense between 205 to 650 °C. When temperature increases to 655 °C, the diffraction gets weaker, and the spinel structure had partial decomposition in temperature range 830 °C -860 °C according to the research of Paknahad et al. [20].

So, during the calcination of CuCo-precursor at 800 °C, CuCo2O4 may be first formed at low temperature and then partially decomposed at high temperature, leadind to CuO. The area of reduction peak of CuO (245 °C) is relatively larger than the reduction peak of CuCo2O4 (269 °C) compared to the H2 reduction profile of CuCo-precursor after calcination at 600 °C. When the calcination temperature increased to 900 °C, most of spinel structure may be decomposed, and it is not a mixture of CuO and Co3O4 or CuO and Co2O3 but a complexity [21], so the H2 reduction profile of CuCo-precursor after calcination at 900 °C is more complex than after calcination at 600 °C and 800 °C. This may also explain the change of particles sizes of spinel and CuO with calcination temperature. From the results of XRD and H2-TPR, we found that the pure CuCo2O4 spinel was very difficult to form, this is consistent with the results of Gautier et al. [22], and

CuCo2O4 also shows low thermal stability. In order to keep consistent with CoFe-precursor and CuFe-precursor, we also choose 800 °C as calcination temperature.

III.3.4 CuCoFe-precursor

According to the XRD patterns in Figure 29, there are CoFe2O4, CuFe2O4 spinel phases, iron oxides phase (Fe3O4, Fe2O3) and CuO in the CuCoFe-precursor after calcination at from 400 °C to 1000 °C. It is difficult to detect the Cu, Co and Fe mixed spinel. 

III.3.5 Conclusions for the synthesis

In this part, the CoFe-precursor, CuFe-precursor, CuCo-precursor and CuCoFe-precursor were prepared as spinel-based precursor catalysts. For all the four precursors, there exist spinel phases, even not always as unique crystalline phases.

The temperature of 400 °C will be chosen as reduction temperature for the catalysts, so that spinel phases may already exist in the structure after reduction to support the metallic phases formed by reduction (except for Cu-Co mixed oxides).

III.4 Characterizations of the catalysts calcined at 800 °C

In this part, we will detail the characterization and performance of CoFe-precursor, CuFe-precursor, CuCo-precursor and CuCoFe-precursor after calcination at 800 °C. The four materials are named CoFe-precursor-800, CuFe-precursor-800,CuCo-precursor-800 and CuCoFe-precursor-800.

➢ The CoFe2O4 spinel can be easily synthesized and high calcination temperature increase crystallinity of spinel phase.

➢ The CuFe2O4 spinel is always formed along with CuO, high calcination temperature can lead to Cu-deficiency copper iron spinel.

➢ CuCo2O4 spinel is difficult to be synthesized, because of the low thermal stability, there are mainly CuO and Co3O4 in the CuCo-precursor after calcination at high temperature.

➢ There are may be CuFe-spinel and CoFe-spinel in the material of CoCuFe-precursor after calcination, but the CuCoFe mixed spinel was not evidenced by XRD.

III.4.1 Textural and structural properties of catalysts

The Table 9 displays the surface areas, porosity and density of the four spinel-based materials. Because of the high calcination temperature (800 °C ), the surface area of the four kinds of materials is very small: between 1 and 3 m 2 •g -1 . The density of four materials is similar, between 1.3 g•cm -3 and 1.9 g•cm -3 . The two peaks with binding energy at 780.0 and 783.1 eV are ascribed to Co 2+ ions in octahedral sites and tetrahedral sites respectively [23]. The peak with binding energy at 787.4 eV is a typical shake-up satellite of peak of Co 2+ at 780.0 eV [24][25][26].

The main peak of Fe 2p spectra is at a binding energy around 710.3 eV, which is accompanied by a satellite peak at a binding energy around 718.3 eV. This indicates the presence of Fe 3+ ions [27]. The doublets of Fe 2p3/2 binding energy at 710.3 eV and Fe 2p1/2 binding energy at 723.2 eV are due to Fe 3+ ions in octahedral sites, while the doublets of Fe 2p3/2 binding energy at 712.6 eV [28] and Fe 2p1/2 binding energy at 726.5 eV are due to Fe 3+ ions in tetrahedral sites [23]. The peak at binding energy 715.5 eV is satellite peak of peak at a binding energy at around 710.3 eV, which may indicate the presence of Fe 2+ [29]. Nappini et al. also found that a small amount of unexpected Fe 2+ replaced the Co 2+ ions in the CoFe2O4 structure, which may come from the preservation of the overall neutral charge balance of the unit cell [30].

The O 1s region is fitted to three peaks of binding energies at 529.7 eV, 531.2 eV and 534.3 eV. The main peak at 529.7 eV is attributed to the contribution of the crystal lattice oxygen. The exact assignment of the higher binding energy peaks is rather complex and controversial, which may be attributed to chemisorbed oxygen species [31].

The surface Fe/Co ratio that is calculated according to the results of XPS is 1.48.

The percentage of Co 2+ in octahedral and tetrahedral sites is 83% and 17%

respectively. The surface ions distribution calculated according to the results of XPS is (Co0.17Fe0.83)tetra[Co0.83Fe1.27]octaO4 corresponding to a mostly inverse spinel (83% of inversion).

According to the calculation, in CoFe-precursor-800, the Co 2+ cations prefer to occupy octahedral sites. The OSPE (octahedral site preference energy) of Co 2+ is -31.0 kJ/mol is larger than OSPE of Fe 3+ (0 kJ/mol). The OSPE shows the affinity of a transition metal ion for octahedral site in spinel structure, so the structure of CoFe2O4 spinel is clearly expected to be an inverse spinel [32]. Since the surrounding oxygen atoms exert a week field environment, the degenerate d-orbitals of Co 2+ splits to give the resultant high spin electronic configuration of 52 2g g te. With this electronic configuration, the crystal field stabilization energy of octahedral sites is -0.8 Δo, so the Co 2+ ions prefer occupy the octahedral site [33].

III.4.2.2 The XPS analysis of CuFe-precursor-800

The X-ray photoelectron spectroscopy (XPS) measurements for the composite of The main peaks at binding energies of 933.3 eV for Cu 2p3/2 and 952.9 eV for Cu 2p1/2 are assign to Cu 2+ on octahedral sites, while the minor ones at 934.9 eV for Cu 2p3/2 line and 954.9 eV for Cu 2p1/2 are Cu 2+ on tetrahedral coordination sites [34].

The peaks of binding energies at 940.4 eV and 942.8 eV are the satellite peaks of Cu 2p3/2 and the peak at 961.4 eV is the satellite peaks of Cu 2p1/2 [35].

The gap between Cu 2p3/2 (binding energy 934.9 eV) and Cu 2p1/2 (954.9 eV) levels is 20.0 eV, which is the same value as for the standard spectra of CuO, so this may indicate the presence of CuO. There is a strong dependence of the core-level photoemission spectrum on the type of Cu-O network forming the structure of the compound according to many experimental and theoretical studies [36]. If Cu 2+ is located in different sites such as octahedral and tetrahedral sites, the types of Cu-O networks are different, for example, it is surrounded by four oxygen atoms in tetrahedral sites and six oxygen atoms in octahedral sites. For Cu-containing compounds, the satellite peaks are quite sensitive to changes in the coordination environment of Cu 2+ ions [37]. In particular, the ratio of the intensity of the shake-up satellite (Isat) to the intensity of the main Cu 2p3/2 peak (Im) is a good indicator of the presence of Cu 2+ in these samples [38]. Generally, the Isat/Im ratio decreases as the number of oxygen ions coordinated to a Cu 2+ ion increases [38]. The Isat/Im ratio calculated for this sample is 0.54 which is very close to that for the bulk CuO standard (0.56). This leads to the conclusion that there may be a large amount of CuO on the surface of the catalyst [37], which is consistent with the XRD studies (Figure 25 (b)), where a CuO phase has been already evidenced.

The peak of binding energy of 709.9 eV with a satellite peak at 717.6 eV shows the existence of Fe 3+ . The doublet peaks of binding energy at 709.9 eV for Fe 2p3/2 and 722.9 eV for Fe 2p1/2 are due to Fe 3+ ions in octahedral sites, the doublet of binding energy of 712.1 eV and for Fe 2p3/2 and 724.8 eV for Fe 2p1/2 are due to the Fe 3+ ions in tetrahedral sites. Compared to the binding energy of peaks of Fe 2p in CoFe-precursor-800,all the binding energies of peaks in CuFe-precursor-800 moved to lower position, which may indicate that the interaction of Cu and Fe is worse than Co and Fe.

There are three peaks of O 1s with binding energy at 529.4 eV, 530.1 and 530.7

eV. The main peak at 529.4 eV is attributed to the contribution of the crystal lattice oxygen.

The percentage of Fe 3+ in tetrahedral and octahedral sites are calculated according to the results of XPS, 49% and 51% respectively. The ratio of Fe/Cu is 2.16 at the surface of CuFe-precursor-800. The OSPE (octahedral site preference energy) of Cu 2+ is -63.7 kJ/mol is larger than OSPE of Fe 3+ (0 kJ/mol), so the Cu 2+ ions are preferred in octahedral sites, and the CuFe2O4 spinel is an inverse spinel. It is tetrahedrally distorted [32] because of the effect of large radius of Cu 2+ (73pm) [39].

III.4.2.3 The XPS analysis of CuCo-precursor-800

The X-ray photoelectron spectroscopy (XPS) measurements for the composite of CuCo-precursor-800 in the Cu 2p, Co 2p and O 1s region are shown in Figure 33. spinel as reported in literature [19,41]. The fitting of Co2p was similar to the results of Biesinger et al. [42], in good agreement with the Co3O4 reference spectra.

The calculated ratio of Co/Cu is 3.15. The surface is enriched in Co.

The O 1s spectra in Figure 33 (c) can be fitted into three peaks of binding energy at 529.7 eV, 531.1 eV and532.3 eV. The peak at 529.6 eV was referred to the oxide and the peaks at 531.1 eV and 532.2 eV were attributed to the presence either of hydroxyl or of carbonate species [43] or of coordinative unsaturated oxygen [44].

III.4.2.4 The XPS analysis of CuCoFe-precursor-800

The fitting of spectra in the Cu 2p, Co 2p and Fe 2p and O 1s region for CuCoFe-precursor-800 are shown in Figure 34. The Figure 34 (a) shows the fitting of Cu 2p, the binding energy of Cu 2p3/2 at 933.8 eV indicates Cu ions in the CuFe2O4 structure [45]. The binding energy of Cu 2p3/2 at 936.4 eV is corresponding to Cu 2+ [46], probably in single oxide CuO [47].

For the Co 2p3/2 in Figure 34 (b), the fitting of the Co 2p3/2 is also similar to the results of Biesinger et al. [42], which indicates the Co ions in spinel phase. The peak of binding energy at 785.9 eV is a satellite peak of binding energy at 781.4 eV [27].

Spectrum of Fe 2p3/2 is shown in Figure 34 (c), the doublets of Fe 2p3/2 binding energy at 710.2 eV and Fe 2p1/2 binding energy at 724.2 eV are due to the Fe 3+ ions in octahedral sites, while the doublets of Fe 2p3/2 binding energy at 712.4 eV [28] and Fe 2p1/2 binding energy at 725.1 eV are due to the Fe 3+ ions in tetrahedral sites [23]. The ratio of surface Cu/Co/Fe is 1/1.46/3.57, iron ions apparently enrich the surface of the material.

III.4.3 Mössbauer spectroscopy

To calculate more precisely the distribution of iron ions in iron-containing materials, the Mössbauer analysis of CoFe-precursor-800, CuFe-precursor-800 and CoCuFe-precursor-800 (raw materials) were measured at 293K.

III.4.3.1 Mössbauer analysis of CoFe-precursor-800

Figure 35 shows the Mössbauer spectrum of CoFe-precursor-800, and the fit parameters are shown in 

III.4.3.2 Mössbauer analysis of CuFe-precursor-800

The overlapped sextets of CuFe-precursor-800 are shown in Figure 36, and the fit parameters are presented in Table 11. The isomer shift values are observed at 0.36 and 0.26 mm/s, which are ascribed to Fe 3+ ions located at octahedral and tetrahedral sites respectively [48]. The percentage of Fe 3+ in tetrahedral sites and octahedral sites are 48% and 52% respectively, which is similar to the results calculated by XPS.

According to the results of Mössbauer and XPS, it can be sure that the CuFe2O4 spinel is an inverse spinel. Let's note that the value of the quadrupole splitting of -0. 

III.4.3.3 Mössbauer analysis of CuCoFe-precursor-800

The Mössbauer analysis of CuCoFe-precursor-800 was fitted into two sextets in Figure 37, the parameters for the two sextets are shown in 

III.4.3.4 Discussion for the results of Mössbauer

The isomer shift (δ) value (between 0.20 to 0.40 mm/s) for both tetrahedral δtet and octahedral δoct sites indicate that Fe 3+ is in high spin state [49]. The values of isomer shift are a little different between the three materials. Isomer shift can be affected by surrounded oxygen. When the distance of the ligand oxygen to iron is shorter in the oxygen polyhedra, the s-electron density at the Fe-nucleus is greater, which results in lowering of isomer shift and vice versa [50]. From the results of XRD in Figure 25 (b), the copper iron spinel phase in material CuFe-precursor-800 is a Cu-deficiency spinel, the relative lower isomer shift value of CuFe-precursor-800 may be caused by the distortion of spinel phase. The hyperfine field (Hhf) is proportional to magnetization. The magnetic properties can be affected by the particle size, valence 

(mm/s)
state of the metal ions and the distribution of metal ions in both the tetrahedral and octahedral sites [33]. The low quadruple splitting (∆EQ) values for all the three materials are very low, which indicate the overall presence of cubic symmetry [48].

III.4.4 The characterization of materials after partial reduction

In order to detect the properties of these materials before reaction, the characterizations of H2-TPR, XRD and Mössbauer spectroscopy were performed. All the materials are reduced at 400 °C for 60 min under 10% H2 in helium.

III.4.4.1 The partial reduction H2-TPR

After reduction at 400 °C for 60 min, the materials were submitted to a conventional TPR analysis. The consumption of H2 is shown in Table 13 and compared to the H2 consumption of raw materials in TPR and theoretical H2 consumption.

The CoFe-precursor-800 is the most difficult to be reduced, only 36% of spinel was reduced after partial reduction. For CuFe-precursor-800, CuCo-precursor-800 and CuCoFe-precursor-800, the materials were almost totally reduced after 1h at 400 °C. 

III.4.4.2 The XRD patterns of materials after partial reduction

The XRD patterns of partially reduced materials are presented in Figure 38.

There are CoFe alloy and part of CoFe2O4 spinel in the material of CoFe-precursor-800 after partial reduction. It is consistent with the calculated consumptions of hydrogen presented above: a spinel phase is still present after partial reduction.

For the CuFe-precursor-800 after partial reduction, there are also part of copper iron spinel that exist in the material, even in much lower proportion. There is also metallic iron in the material. Because of the similar diffraction lines of metallic Cu with FeCu4 alloy, it cannot be established clearly if there are metallic copper or alloy in the material after reduction.

There are only metallic Cu and Co after partial reduction of CuCo-precursor-800, which is consistent with partial reduction results. CuCo-precursor-800 can be totally reduced at 400 °C. But the separate metallic phases may not be beneficial for the reaction, the cooperation of two kinds of metals being really important.

For the CuCoFe-precursor-800, there may be CoFe alloy or metallic iron in the material after partial reduction. The metallic Cu or FeCu4 may also be present in the material after reduction. No remaining oxide is detected, as expected from the results of Table 7. 

III.4.4.3 The Mössbauer spectroscopy of materials after partial reduction

In order to precisely detect the phases that exist in the materials before reaction, the Mössbauer analysis of materials after reduction was performed.

III.4.4.3.1 Mössbauer analysis of CuFe-precursor-800 after partial reduction

The Mössbauer adsorption spectra of CuFe-precursor-800 after partial reduction is fitted into three six lines spectrum in Figure 39. The parameters are shown in Table 14. The values of isomer shift at 0.31 and 0.62 mm/s with magnetic hyperfine field at 49.4 and 45.6 T are attributed to Fe 3+ in octahedral sites and Fe 3+ or Fe 2+ in tetrahedral sites. Metallic Fe can also be detected in the Mössbauer analysis with isomer shift value at 0.00 mm/s and very low magnetic hyperfine field at 33.0 T. The similar magnetic hyperfine field (Hhf) values of iron in A and B sites is because of the A and B subsites magnetically coupled, so the spins at these sites fluctuate in unison [50].

According to the results of Mössbauer analysis, there isn't copper iron alloy.

Combining the results of XRD and Mössbauer analysis, there are part of copper iron spinel and metallic Cu and Fe in the material after reduction.

Figure 39 57 Fe Mössbauer adsorption spectra of CuFe-precursor-800 after partial reduction Table 14 The analysis of Room-temperature Mössbauer spectrum of CuFe-precursor-800 particles after partial reduction

III.4.4.3.2 Mössbauer analysis of CuCoFe-precursor-800 after partial reduction

The Mössbauer adsorption spectra of CuCoFe-precursor-800 after reduction is shown in Figure 40 and the results are presented in Table 15. According to the results of Mössbauer analysis, there are still part of spinel in the material, but the amount (26%) is small. Most of iron ions exist in metallic iron and alloy. 

III.4.4.4 Conclusions for the characterizations of materials after partial reduction

➢ The CoFe-precursor-800 was difficult to be reduced, and there are spinel phase and CoFe alloy in the materials after reduction.

➢ Most of CuFe-precursor-800 can be reduced according to the calculation of H2-TPR, and there are copper iron spinel along with metallic copper and iron in the material after reduction.

➢ The CuCo-precursor-800 can be totally reduced at 400 °C for 60 min, and there are only metallic copper and cobalt in the materials after reduction.

➢ From the results of H2-TPR and XRD, the CuCoFe-precursor-800 can be totally reduced to CoFe alloy or metallic Fe and CuFe alloy or metallic Cu, but it can found a little of spinel phase from the results of Mössbauer analysis.

Because the surface areas of the oxides precursors were very low (only below 3 m 2 .g -1 ), the measurement of the metal surface area available after reduction has not been performed

III.5 Catalytic Performance

The four materials are reduced at 400 °C for 60 min before reactions. SiC was used to dilute the catalysts, and its mass is the same as that of catalyst. The catalytic reactions were performed from 250 °C to 350 °C at a total pressure of 50 bar, with a ratio of H2/CO2 kept at 3 and the GHSV was 5000 h -1 (STP).

The CO2 and H2 conversions are presented in Figure 41 The selectivities are presented in Table 16. The active metals and temperature deeply affect the distribution of products. The effect of temperature on the selectivities and productivities of products (Table 16) are a little different for the four catalysts.

For the alcohols, the selectivities of total alcohols and methanol decreased a lot when reaction temperature increased. CoFe-precursor-800 owns the highest selectivities of total alcohols (25.1%) and methanol (24.3%) at 250 °C, but the selectivities decreased to 2.8% (total alcohols) and 2.0% (methanol) at 350 °C. This also happened to catalyst CuFe-precursor-800 and CuCo-precursor-800, the selectivities of total alcohols decreased from 15.0% to 4.8% and 19.4% to 0.9% respectively with temperature increased from 250 °C to 350 °C.

CuCoFe-precursor-800 is a little different, although the selectivities of total alcohols and methanol decreased from 250 °C to 300 °C (23.2% to 6.7% and 21.7% to 4.7%), they increased a little when temperature increased to 350 °C. The highest productivities of total alcohols and methanol happened at 300 °C except for CuCoFe-precursor-800, for which it happened at 350 °C.

The tendency of selectivities and productivities of higher alcohols is the same between catalysts CoFe-precursor-800 and CuCo-precursor-800. The highest selectivities is at 300 °C, 1.6% and 0.5% respectively. The behavior of CuFe-precursor-800 and CuCoFe-precursor-800 is similar, the highest selectivities of higher alcohols are at 350 °C, 2.6% and 2.8% respectively. The CuFe-precursor-800 owns the highest higher alcohols productivities (11.2 g•gcata -1 •h -1 ) at 350 °C. It can also be found that at iso temperature the selectivities and productivities of higher alcohols are higher in the reactions with copper in the catalysts.

The tendency of CO selectivity with temperature was different for the four kinds of catalysts. For CuFe-precursor-800, the selectivity of CO kept increasing from 250 °C to 350 °C (from 13.9% to 18.8%). For CuCo-precursor-800, selectivity of CO also increased from 10.0% to 12.8%, but for CoFe-precursor-800, the selectivity of CO kept decreasing from 46.1% to 5.6%, when there are Cu, Co and Fe in the catalyst at the same time, the tendency was not changed with temperature.

The change of selectivity to methane with temperature is similar between catalyst CoFe-precursor-800 and CuCoFe-precursor-800. The highest selectivity happened at 300 °C, 60.8% and 45.6% respectively, but for CoFe-precursor-800, the highest productivity (209.6 g•gcata -1 •h -1 ) of methane is at 350 °C, and for CuCoFe-precursor-800, the productivity at 300 °C (110.8 g•gcata -1 •h -1 ) is the highest.

The tendency of methane formation in the reaction with CuFe-precursor-800 and CuCo-precursor-800 is totally opposite, the highest selectivity of methane happened at 250 °C with CuFe-precursor-800 as catalyst (40.4%) and at 350 °C with CuCo-precursor-800 as catalyst (84.4%).

For the C2+ hydrocarbons, when CoFe-precursor-800 and CuCoFe-precursor-800 was used in the reacions, the selectivities increased to 28.7% and 15.4% respectively with temperature increase from 250 °C to 350 °C. The selectivities to C2+ hydrocarbons are very low (less than 3.0%) with CoCu-precursor-800 as catalyst, and it decreased when temperature increased. For the CoCuFe-precursor-800, 300 °C is the best temperature for the synthesis of C2+ hydrocarbons, which is different from all the others catalysts.

Comparing the four catalysts, for CuCo-precursor-800, more than 95% of products is C1 products (methanol, methane and CO). CuFe-precursor-800 has the highest selectivities to C2+ hydrocarbons at all the three temperature, and it also has relative high selectivities to higher alcohols.

The selectivities to hydrocarbons and CO can directly affect the conversions of CO2 and H2. For example catalyst CuCoFe-precursor-800, the selectivities to hydrocarbons decreased a lot when temperature increased from 300 °C to 350 °C and selectivity to CO increased a little, so the conversion of CO2 almost doesn't change, and conversion of H2 only increased a little from 300 °C to 350 °C. To the contrary, for catalyst CoFe-precursor-800 and CuCo-precursor-800, the selectivities to hydrocarbons kept increasing from 250 °C to 350 °C, the conversions of CO2 and H2 also sharply increased. 

III.6 The XRD patterns of catalysts after reaction

The XRD patterns of the different catalysts after reaction are shown in Figure 42. Iron carbide was formed in the catalyst CuFe-precursor-800 after reaction. Fe3O4 instead of copper iron spinel phase appeared and metallic copper was still present in the catalyst.

For catalyst CuCo-precursor-800, coke deposition apparently appeared on the surface. Cobalt carbide was formed in this catalyst after reaction.

Compared to the XRD patterns of CuCoFe-precursor-800 before reaction and after reaction, only metallic copper was oxidized.

III.7 Discussions

For catalyst CoFe-precursor-800, the conversion of CO2 and H2 kept increasing with temperature. The selectivities to C2+ hydrocarbons also increased with increasing reaction temperature. From the results of XRD patterns in Figure 38 (a), there are part of cobalt iron spinel and alloy in the catalyst after partial reduction. The remaining spinel oxide can helps the metal dispersion. More, the oxygen ions in the vacancies of partially reduced ferrite can promote the decomposition of CO2 and generate carbon.

The carbon can react with hydrogen and produce methane and hydrocarbons [62]. The calculation of Liu [63] found that the activation of CO2 involved a charge transfer from metal surface to the CO2 moiety. The CO2 is preferred to adsorb on Fe surface, and the Co also showed low CO2 decomposition barriers for CO2 dissociation. So catalyst CoFe-precursor-800 owns high CO2 and H2 conversions.

The main products of CuCo-precursor-800 as catalyst precursor were C1 products: methanol, CO and methane. The large amount of methanol and methane may be caused by the slow CO2 adsorption rate and the bad cooperation between the two active sites (Co and Cu). From the results of XRD patterns in Figure 38 (c), only metallic Co and Cu existed in the catalyst after reduction. Co is able to break -C-O bond and CH4 will be obtained, while Cu doesn't dissociate -C-O and insert it into the carbon chain and methanol will be obtained. The highest selectivity to methane may also cause the coke deposition on the surface of catalyst in Figure 42 (c).

When Cu and Fe exist together in the structure, the selectivities to long-chain hydrocarbons (C2+ hydrocarbons) and higher alcohols were apparently higher than for CoFe-precursor-800 and CuCo-precursor-800 as catalysts. More, the selectivities to long-chain hydrocarbons (C2+), higher alcohols and CO apparently increased with temperature increased, and the formation of methane and methanol is decreased.

According to the mechanism of high alcohols synthesis (HAS) reacion, the CO2 first needs to be converted into CO by RWGS reacion, then according to the CO insertion mechanism [64], the carbon chain increases then insert -CO to obtain alcohols. The good cooperation of CuFe alloy (Figure 38 (b)) is really important for the cooperation of two active sites and the HAS synthesis, the CuFe-precursor-800 is the most potential catalyst which can be used to enhance the selectivity to higher alcohols.

According to the XRD profiles in Figure 42(b) of CuFe2O4 after reaction, there are Fe3O4, FeC15.1 and metallic Cu in the catalyst. There was no Cu oxide in the catalyst, because the oxygen atoms produced on copper surface can spillover to iron surface, especially on the surface of metal/oxide mixture catalyst, resulting in the extensive oxidation and protected itself from oxides during the reaction [65].

There are same amounts of Cu and Co in the CoCuFe-precursor-800 structure, and the tendency towards hydrocarbons and CO with temperature was totally inversed.

As for the alcohols, high temperature is beneficial for the synthesis of higher alcohols.

For all the reactions, methane is a main product, the maximum selectivity to methane is even as high as 84.4%. The methanation of CO2 is the thermodynamically most favorable reaction, so there is a lot of methane in the products. In order to obtain the C2+ hydrocarbons or alcohols, the most important property of catalyst is to inhibit the synthesis of methane. Comparing the four catalyst, CuFe-precursor-800 owns the smallest selectivity to methane at high temperature. Catalysts with cobalt are widely used in FT synthesis, owing to the high performance to cost ratio. When the feeding gas shifts from synthesis gas to the gas mixture of CO2 and H2, cobalt performs as a methanation catalyst rather than acting as an FT catalyst [66][67][68][69]. Mixed Fe/Co catalysts have also exhibited low selectivity to the desired hydrocarbons [70]. For all the results, when temperature increased, the selectivities to methanol and higher alcohols decreased. This is similar to the research of Fink et al. [72,73], he also found that the equilibrium concentration of methanol in the reaction mixture decreases with increasing temperature and the selectivity to higher alcohols is therefore enhanced at higher temperatures (280-300 °C) in CO hydrogenation to synthesis higher alcohols over Cu/ZnO catalyst. The rate of reaction to linear higher alcohols is independent on the methanol concentration in the reaction mixture, whereas the rate of formation of branched higher alcohols increases with the methanol concentration.

The CO was produced by RWGS reaction. There are two models to explain this mechanism: redox mechanism and formate decomposition mechanism. The concept of oxidation and reduction cycle was suggested in the redox mechanism. CO2 oxidized metallic Cu and generated CO. Cu (I) was reduced to metallic Cu by H2 and formed H2O [65]. The formate decomposition mechanism suggested that CO arose from the decomposition of formate intermediate (HCOO * ) which were formed by H2 association with CO2, and then HCOO * decomposed to CO and OH * and copper could be oxidized by OH * species [65,74]. The formate intermediate is the dominant intermediate to form CO in this process [74]. When temperature increases, the surface functional groups are not stable, so the selectivity to CO increased with temperature.

Comparing the results of CoFe-precursor-800, CuFe-precursor-800 and CoCuFe-precursor-800 with CuCo-precursor-800, it can be found that Fe irons are really important for the conversion of CO2, and Cu worked well to promote the selectivity to long-chain hydrocarbons and higher alcohols. The more Cu in the structure, the more long-chain hydrocarbons and higher alcohols at the same temperature.

Combined the selectivities and productivities of all the products in Table 16 and Table 17, it can be found that low reaction temperature is beneficial for the synthesis of methanol and high reaction temperature is good for the synthesis of higher alcohols.

The synthesis of C2+ hydrocarbons depends on both the property of catalysts and reaction temperature.

CuFe-precursor 800 is the most suitable catalyst for the synthesis of higher alcohols, because of the higher selectivity and productivity to higher alcohols. It also can inhibit the selectivity to methane. CoFe-precursor-800 can be used as hydrocarbons synthesis catalyst. CuCo-precursor-800 is beneficial for the synthesis of single-carbon products.

III.8 Conclusions

In this part, the four kinds of catalysts (CoFe-precursor-800, CuFe-precursor-800, CuCo-precursor-800 and CuCoFe-precursor-800) were synthesized and characterized.

The Cu, Co and Fe elements work differently in different environment.

CoFe-precursor-800 catalyst is more suitable for the synthesis of hydrocarbons especially C2+ hydrocarbons. CuCo-precursor-800 is better to be used for the synthesis of methane and methanol, which may be caused by the separation of metallic Cu and Co (there is no alloy in the CuCo-precursor-800 after reduction).

CuFe-precursor is beneficial for the synthesis of C2+ hydrocarbons and higher alcohols. In the CO2 hydrogenation, Co acts as a methanation catalyst rather than acting as a FT catalyst, because of the different reaction mechanism between CO hydrogenation and CO2 hydrogenation. In order to inhibit the formation of methane, it is better to choose catalysts without Co in the CO2 hydrogenation reaction.

IV.1 Introduction

In chapter III, four kinds of catalysts (CoFe-pressure-800, CuFe-precursor-800, CuCo-precursor-800 and CoCuFe-precursor) were characterized and their performance in the CO2 hydrogenation reaction was evaluated. According to the results, catalyst CuFe-precursor-800 owns higher selectivities and productivities to C2+ hydrocarbons and higher alcohols. So in this chapter, we will try to improve the activity to higher alcohols of CuFe-based material. Suitable supports will be chosen to increase the surface area of Cu and Fe mixed oxide catalyst and generate more active surface by reduction. A good support should own large surface area for loading the active phases, suitable pore structure for the mass transfer, and should stabilize the active phases and promoters [1].

TUD-1 material can be easily synthesized with a surfactant-free method, which is environmentally friendly and cost-effective. Particularly, its high thermal stability, three-dimensional sponge-like silicate framework with high surface area and substrate accessibility make it more advantageous than other microporous and mesoporous materials [2].

The carbon nanotubes (CNTs) possess several unique features, such as graphitized tube-wall, nanometer-sized channel and sp 2 -C constructed surface. They display exceptionally high mechanical strength, high thermal/electrical conductivity, medium to high specific surface areas, and excellent performance for adsorption activation and spillover of hydrogen, all of which render this kind of nano-structured carbon materials full of promise to be a novel catalyst support and/or promoter [3].

So in this chapter, the carbon nanotubes and TUD-1 were chosen as supports for CuFe-based new catalysts.

IV.1.1 The purification of carbon nanotubes

The raw CNTs (Sigma-Aldrich, ≥98% carbon basis, O.D. × I.D. × L 10 nm ± 1 nm × 4.5 nm ± 0.5 nm × 3-6 μm, TEM) are purified in concentrated HNO3 (68 vol %) for 10h at 120 °C in a roundflask with oil bath while stirring. Then the CNTs were washed with deionized water until a pH around 7, and dried at 80 °C for 8h [4]. After drying, the CNTs were crushed and sieved to particles (75-300 μm) before being impregnated.

IV.1.2 The synthesis of TUD-1

The pure TUD-1 was synthesized using triethylamine (TEA) as template in a one-pot surfactant-free procedure based on the sol-gel technique [5]. 23.01 g of TEA were mixed with 17.30 g of H2O and stirred until the TEA was dissolved. The solution was then added to 31.84 g of tetraethyl orthosilicate (TEOS) drop by drop slowly and stirred for about 30 min. 32.85 g of tetraethyl ammonium hydroxide (TEAOH) were finally added to the mixture. The solution changed to gel after around three days at room temperature. The gel was dried at 95 °C for 10 h and calcined at 800 °C for 6 h.

The TUD-1 was sieved to particles (75-300 μm) before being impregnated.

IV.1.3 The preparation of CuFeCNTs and CuFeTUD-1

Five catalysts will be prepared, which are named 10CuFeCNTs, 30CuFeCNTs, 50CuFeCNTs, 70CuFeCNTs and 30CuFeTUD-1. According to the XRD patterns of CuFe-precursor-800 in chapter III, there are CuFe2O4, CuO and a little of Fe2O3 in the catalyst. So the Cu and Fe mixed oxides were also expected in the catalyst with supports. The percentage of loading of CuFe-precursor on supports were calculated assuming CuFe2O4. For example 10CuFeCNTs is supposed to be composed of 10 wt% of CuFe2O4 and 90 wt% of CNTs.

First, the resin of propionic precursor was prepared by the pseudo sol-gel method as described in chapter III. The resin was then dissolved in a calculated volume of propionic acid again until a concentration of cations 0.63 mol•L -1 is obtained. The impregnation method was used to deposit the metal phases on the supports. The quantities of concentrated solution of mixte propionate resin and supports are presented in Table 18. The carbon nanotubes (0.5 g) or TUD-1 (0.5 g) were added to the solution of resin and put under ultra sound for 1h, then dried at 120 °C for 10 h.

Contrary to what have been done in the previous chapter for the calcination of

CuFe-precursor-800, and in order to avoid the CNTs to be oxidized into CO2 at high calcination temperature under air, the CuFe-precursor with CNTs were annealed under N2 at 800 °C for 6 h with a ramp of temperature 2 °C•min -1 . The CuFe-precursor with TUD-1 was calcined under air at same conditions of temperature.

Table 18 The preparation of CuFe-precursor with supports

IV.2 Catalysts characterization IV.2.1 Elemental analysis

The elemental analysis is presented in Table 19. The experimental results are rather close to the expected theoretical contents except for 50CuFeCNTs where much higher amounts of Cu and Fe are obtained. Let's note that the experimental Fe/Cu ratio in mole is around 1.8 whereas a ratio of 2.0 was expected. All the materials are enriched in copper.

Table 19 The elemental analysis of CuFe-based supported catalysts

IV.2.2 Textural and structural properties of catalysts

The BET surface area, pore volume and apparent density of supported catalysts and supports are shown in Table 20. The BET surface area of CNTs is 238 m 2 •g -1 . The BET surface areas of materials with low loading CuFe-precursor (10CuFeCNTs and 30CuFeCNTs) were apparently higher, 361 and 276 m 2 •g -1 respectively, than that of CNTs (238 m 2 •g -1 ). With increasing loading of CuFe-precursor, the surface area largely decreased, and the surface areas of 50CuFeCNTs and 70CuFeCNTs, 200 and 101 m 2 •g -1 respectively, were much lower than that of CNTs. The pore volume logically follows the same tendency and takes values between 1.6 cm 3 •g -1 for 10CuFeCNTs and 0.3 cm 3 •g -1 for 70CuFeCNTs. This results in apparent density which vary inversely.

The apparent density increased with the increasing CuFe-precursor loading. The apparent densities of 10CuFeCNTs (0.16 g•cm -3 ) and 30CuFeCNTs (0.20 g•cm -3 )

were much lower than that of CNTs (0.31 g•cm -3 ). Meanwhile, the apparent density of 70CuFeCNTs (0.43 g•cm -3 ) was much higher than that of CNTs.

The characteristic N2 sorption isotherm of CuFe-based CNTs supports catalysts and CNTs are shown in Figure 43. The adsorption value of 10CuFeCNTs was apparently higher than the others at the P/Po range of 0.05 to 0.35, so there were smaller pores in the catalyst 10CuFeCNTs, which explains the higher surface area [6].

This may be because of the highly dispersed CuFe-precursor on the surface of CNTs and formed small particles after calcination. With increasing loading, there are maybe larger particles which can mobilize the pore volume of CNTs.

For CuFe-material with TUD-1 as support, the loading by CuFe-precursor decreased the BET surface area (from 303 m 2 •g -1 to 199 m 2 •g -1 ) and pore volume (from 0.4 cm 3 •g -1 to 0.3 cm 3 •g -1 ). To the contrary, the apparent density increased a little (from 0.65 g•cm -3 to 0.71 g•cm -3 ). At similar content of 30 wt% of CuFe precursors, the material supported on CNTs presents larger BET surface area, much higher pore volume and much lower density than the material with TUD-1 support.

Compared to catalyst CuFe-precursor-800 in chapter III, all the supported catalysts exhibit much larger surfaces and pore volumes.

IV.2.3 X-Ray Diffraction (XRD)

The XRD patterns of CNTs, 10CuFeCNTs, 30CuFeCNTs, 50CuFeCNTs and 70CuFeCNTs are presented in Figure 44. For comparison, we prepared a pure CuFe sample from annealing of the CuFe resin under N2 at 800 °C. This sample was named CuFe-precursor-N2. Its diffraction pattern is also shown in Figure 44.

Compared to the CuFe-precursor-800 in chapter III, the phases detected were only metallic Cu (JCPDS01-070-3039) and Fe (JCPDS 03-065-4899 in the catalysts after calcination under N2. No CuFe2O4 spinel phase is evidenced, even for CuFe-precursor-N2. Gaseous O2 is needed to crystallize CuFe2O4, the O 2-anions of the propionate resin are not sufficient.

Diffraction lines of the alloy FeCu4 (JCPDS 03-065-7002) are similar to those of Cu (JCPDS01-070-3039). The presence of a CuFe alloy in the catalysts can thus not be excluded. The CNTs diffraction lines were apparent for 50CuFeCNTs, experimental CuFe content of 44.9 %) and for materials of lower CuFe content. When the loading of CuFe increased to 49.6% (70CuFeCNTs), the diffraction lines of CNTs are hardly visible. In addition, for 70CuFeCNTs the diffraction lines of metallic Fe are of low intensity with respect to the diffraction lines of Cu or FeCu4 alloy. As elemental analysis proved that the Fe/Cu ratio is similar for all the supported material, this clearly indicates that CuFe alloy is formed, at least at high CuFe content. 

CuFe-precursor-N2

The size of metallic Cu (CuFe alloy) and metallic Fe crystalline domains which were calculated by the Debye-Scherrer formula is presented in Table 21. The size of metallic Fe (33.1 nm) of CuFe-precursor-N2 was apparently larger than for all the CuFe/CNTs catalysts. For metallic Cu or CuFe4 alloy, the size of metallic Cu (CuFe4 alloy) in CuFe-precursor-N2 (33.6 nm) is higher than in 10CuFeCNTs (30.2 nm) and 30CuFeCNTs (30.1nm), but lower than it in 50CuFeCNTs (36.8 nm) and 70CuFeCNTs (35.8 nm)

From the results of particle size, it can be found that the CNTs as support can effectively increase the dispersion of metal phases and decrease the particles size at low loading of CuFe-precursor. The XRD patterns of 30CuFeTUD-1 and TUD-1 are shown in Figure 45. Copper oxides (CuO and Cu4O3) are detected in the catalyst. Because the diffraction lines of Fe3O4 are similar to that of CuFe2O4 spinel, it is not sure that the mixed CuFe spinel has been formed. 

IV.2.4 Scanning Electron Microscope (SEM)

The SEM images of 10CuFeCNTs, 30CuFeCNTs, 50CuFeCNTs, and 70CuFeCNTs are displayed in Figure 46. It can found that the metal particles highly dispersed on the carbon nanotubes for low loading of CuFe-precursor (10CuFeCNTs and 30CuFeCNTs). With the increasing loading of CuFe, there were much more big particles and sintered on the surface. A theoretical loading lower than 50% appears to be better for the dispersion of metal particles and the interaction with support.

IV.2.5 Transmission electron microscopy (TEM)

TEM images of 30CuFeCNTs are shown in Figure 47. The diameter of big particles are around 25 nm and the small particles are around 10 nm. The lattice spacing at 0.28 nm corresponds to pure α-Fe (100) in bcc structure [7,8], and a spacing of 0.24 nm may correspond to γ-Fe2O3 (311) (d-spacing 0.25 nm) [9]. The d-spacing of Cu (111) is 0.21 nm and it is difficult to defect Cu in the TEM images.

The small particles are mainly metallic iron, and the big particles included metallic iron and iron oxide. 

IV.2.6 Mössbauer spectroscopy

The Mössbauer spectrum of 30CuFeCNTs is shown in Figure 48, and the magnetic parameters are presented in Table 22. The spectrum can be decomposed into three sub spectra. The sextet with isomer shift of 0.00 and corresponding values of hyperfine magnetic field (Hhf) at 33.3 T can be attributed to metallic α-Fe, and 71% of iron is under the form α-Fe. There are 16% of iron in paramagnetic metallic iron with isomer shift at -0.09 mm/s. The spectrum with isomer shift at 0.25 mm/s and Hhf at 47.3 T is attributed to Fe 3+ in maghemite γ-Fe2O3. The presence of this oxide phase in small amount can explain that it has not been detected by XRD and is consistent with what has been observed by TEM. The quadrupole shift of all the three spectrum was zero.

From the analysis of Mössbauer spectroscopy, it is found that there are mainly metallic iron in the catalyst after calcination under N2 atmosphere. Two kinds of metallic iron were detected. Combined with the results of XRD, it can be assumed that the α-Fe along with CuFe alloy were formed in the catalysts with CNTs as support.

Figure 48 the Mössbauer spectrum of 30CuFeCNTs at room temperature 

IV.2.7 X-ray photoelectron spectroscopy (XPS) IV.2.7.1 30CuFeCNTs

The spectra of Cu 2p, Fe 2p and O 1s regions of 30CuFeCNTs are presented in and the BE at 934.1 eV with a broad satellite peak at 942.6 eV indicates the existent of Cu 2+ [10].

The binding energy of Fe 2p3/2 and Fe 2p1/2 around 710.9 eV and 724.9 eV are consistent with the presence of Fe3O4, not evidenced in bulk, at the surface of the catalyst [11,12]. The satellite peak at 718.5 eV is corresponding to Fe 3+ in γ-Fe2O3 [13]. So there are Fe3O4 and γ-Fe2O3 on the surface of 30CuFeCNTs. The Fe 2p3/2 of Fe 0 is at around 707 eV [14], so it is difficult to detect metallic iron by XPS, which is maybe due to the easy oxidation of iron by air to lead to Fe3O4. The ratio of Fe/Cu on the surface of catalyst is 1.0. 

IV.2.7.2 50CuFeCNTs

The spectra of Cu 2p, Fe 2p and O 1s of 50CuFeCNTs are displayed in Figure 50 (a), (b) and (c). Cu 0 (BE at 932.7 eV) also exists in the catalyst, the peak with binding energy at 935.1 eV, and a weak broad satellite peak at 942.1 eV indicates the existence of CuO at the surface. The peaks of Fe2p are of very low intensity, and there is mainly Fe 3+ (BE at 713.1 eV) on the surface. The ratio of Fe/Cu on the surface of catalyst is 1.5. 

IV.2.7.3 70CuFeCNTs

According to the spectra of Cu 2p in Figure 51 (a), there is Cu 0 (BE at 932.9 eV) in the catalyst. The peaks at 934.0 eV with a satellite peak at 942.0 eV indicates the existence of CuO.

As for 30CuFeCNTs, there are also Fe3O4 (BE at 710.8 eV and 713.0 eV and 724.7 eV) and γ-Fe2O3 (BE of satellite peak at 719.6 eV) on the surface of 70CuFeCNTs. The ratio of Fe/Cu on the surface of 70CuFeCNTs is 1.8. From the results of XPS, we found that the ratio Fe/Cu on surface of catalysts increased with the loading of CuFe-precursor. The ratio of Fe/Cu on the surface of 70CuFeCNTs is similar to the result of elemental analysis that Fe/Cu ratio is 1.7. The ratio of Fe/Cu at low loading of CuFe-precursor are much lower than the desired ratio, which is may be due to the strong cooperation of Fe and carbon nanotubes. The vacant in d-orbitals of Fe can form bonds with carbon atoms of CNTs [15], which lead to strong stabilization of iron on carbon materials [16].

Conclusions for the surface characterizations:

➢ Both supports (CNTs and TUD-1) can effectively increase the surface area of catalysts compared to the pure catalysts without support in chapter III.

➢ There are metallic Cu and CuFe alloy and metallic Fe in the catalysts with CNTs as support. A small amount of γ-Fe2O3 is also evidenced. The copper iron mixed spinel together with copper oxides exist in the catalysts with TUD-1 as support.

➢ Low loading of CuFe-precursor (10CuFeCNTs and 30CuFeCNTs) can promote the interaction with support especially CNTs. Smaller metal particles can be formed.

IV.2.8 H2 temperature Programmed Reduction (H2-TPR)

H2-TPR was performed to study the reducibility of catalysts with supports. The H2-TPR profiles of 10CuFeCNTs, 30CuFeCNTs, and 50CuFeCNTs are shown in Figure 52 and the corresponding H2 consumption that was calculated according to H2-TPR curve are given in Table 23. For CuFe/CNTs catalysts, the real H2 consumption of all the catalysts were below 0.6 mmol•g -1 , which is much lower than the theoretic H2 consumption. The theoretical H2 consumption was calculated according to the results of elemental analysis and assumption that all the metals in catalysts existed in oxidation state which is clearly not the case, as explained before.

All the catalysts can be easily reduced below 400 °C. It is consistent with thin layer of metal oxides on the surface. The H2-TPR profile of 30CuFeTUD-1 is shown in Figure 53, and H2 consumption is also calculated in Table 23. According to the result of XRD in Figure 45, there were copper oxides and copper iron mixed spinel in the catalyst. The reduction peak at 281 °C is attributed to the highly dispersed CuO [17]. The two peaks at 478 °C and 597 °C can be attributed to the reduction of copper iron mixed spinel and the reduction of Fe3O4 to Fe 0 via FeO. The reduction peak at high temperature (765 °C) may be due to the reduction of iron silicate species [18]. The H2 consumption calculated according to H2-TPR is 4.44 mmol•g -1 , and the theoretic H2 consumption is 5.00 mmol•g -1 , around 88% of metals can be reduced. According to the analysis of Mössbauer spectroscopy, there are only 13% of iron in the oxide form of maghemite. That corresponds to 0.50 mmol of H2 which is needed for the reduction of iron in every gram of 30CuFeCNTs catalyst. This is very similar to the results of H2-TPR where the consumption is 0.51 mmol of H2 per gram.

According to the results of H2-TPR, the metals can be totally reduced with CNTs as support. 88% of metals can be reduced with TUD-1 as support. The reduction temperature of TUD-1 as support increased a lot compared to the CuFe catalyst without support in Chapter III.

IV.2.9 H2 Temperature Programmed Desorption (H2-TPD)

To quantity the metallic surface available for catalytic reaction, the H2-TPD was carried out after partial reduction at 400 °C. The H2-TPD profile of pure CNTs is shown in Figure 54 (a). There are four H2 desorption peaks, the first desorption peak was present at a lower-temperature part (part I: ~238 º C), the other three peaks was located at a higher-temperature part (part II : >500 °C). From the TPD profile of CH4 and C2H4 desorption of pure CNTs in Figure 54 (b) and (c), it was found that there were small amount of CH4 and C2H4 in the products. This may be due to two reasons: one is the dissociation of strongly adsorbed species [19], the other reason is the gasification of CNTs at high temperature. This is consistent with the results of Zhang et al. [20]. The formation of methane is because the transition metals can act as catalysts and promote the reaction of hydrogen with carbon nanotubes when T is higher than 600 °C [21]. This implies that H2 adsorption on the CNTs may be in the two forms: associative (molecular state) and dissociative (atomic state) [20].

According to the analysis, the peak in part I can be attributed to desorption of molecularly adsorbed hydrogen. The peaks in part II is due to strongly adsorbed H species. The H2 desorption profiles of 10CuFeCNTs, 30CuFeCNTs, 50CuFeCNTs and 70CuFeCNTs are presented in Figure 55. The quantity of desorbed H2 was calculated in Table 24. The peaks at low temperature (Part I: below 400 °C) represents the H2 desorption from metals sites (Fe and Cu and CuFe alloy) or carbon nanotubes for all the catalysts. There was only one peak in the low temperature region, which indicates only one type of adsorbed species. The desorption temperature and quantity of desorbed H2 increased with the loading of CuFe from 257 °C to 327 °C for 10CuFeCNTs and 70CuFeCNTs respectively, and from 25 μmol•g -1 to 310 μmol•g -1 for 10CuFeCNTs and 70CuFeCNTs respectively.

According to the research of Yang [22], the H2 desorption temperature on Fe sites was higher than on Cu sites, and there were two H2 desorption peaks on the Fe-Cu based catalyst, so the only peak in part I could be an indicator of CuFe alloy.

The good cooperation of Cu and Fe can form unsaturated coordination metal centers and form strong bonds with H2 [22].

From the H2-TPD analysis of pure CNTs, the H2 that desorbed above 500 °C was mainly caused by CNTs, which may be attributed to the desorption of strongly chemisorbed H-species ((sp 2 -C)-H species) [23,24]. The quantity of H2 desorption from part I increased with the loading of CuFe, and the quantity of H2 desorption from part II decreased from 0.56 mmol•g -1 to 0.10 mmol•g -1 with the percentage of CNTs from 90% to 30%.

The metallic surface can be calculated according to H2 desorption in the part I.

The molar surface ratio of Fe/Cu is 1.0, 1.5 and 1.8 for 30CuFeCNTs, 50CuFeCNTs and 70CuFeCNTs respectively. The metallic surface of copper and iron is shown in The H2 desorption profiles of 30CuFeTUD-1 and TUD-1 are shown in Figure 56.

There are two H2 desorption peaks at 330 °C and 515 °C in the part I, which correspond to H2 desorption from Cu sites and Fe sites respectively [22]. The big peaks above 600 °C was attributed to the strongly adsorbed H2 on TUD-1. The H2 desorption of part I, part II and total H2 desorption of 30CuFeTUD-1 is 1.1×10 -5 , 5.0×10 -4 and 5.1×10 -4 mol•g -1 respectively. From the results of H2-TPD, compared to catalyst with TUD-1 as support, the catalysts with CNTs as support own better H2 adsorption ability.

IV.2.10 NH3 Temperature Programmed Desorption (NH3-TPD)

In order to study the effect of acid sites on the surface of the supports in the reaction of higher alcohols synthesis (HAS), NH3-TPD was performed. The NH3 desorption curves of 30CuFeCNTs and 30CuFeTUD-1 and quantity of acid sites are shown in Figure 57. For 30CuFeCNTs, the NH3 desorption peak at around 220 °C may be due to the acidic groups on the surface of CNTs [25].

As for zeolites based catalyst, usually there are two different kinds of acid sites on the surface, one is at lower temperature (between 100 °C and 300 °C ), it is attributed to the desorption of weakly bound ammonia. The peak at higher temperature region (between 300 °C and 500 °C) is usually attributed to the ammonia desorbed from Brønsted acid sites [26,27]. According to the acid sites calculated in Figure 57, the number of acid sites on the surface of 30CuFeTUD-1 is much higher than on surface of 30CuFeCNTs, and mainly of same strength.

IV.2.11 CO2 Temperature Programmed Desorption (CO2-TPD)

CO2-TPD are performed to characterize the intensity and strength of surface basic sites on samples 30CuFeCNTs and 30CuFeTUD-1. As shown in Figure 58 (a), there are two CO2 desorption zones in the curve of 30CuFeCNTs. One low intensity peak appeared at about 100 °C -300 °C . This may relate to the desorption of molecular CO2 [28]. Another strong peak was at higher temperature (555 °C ). As for 30CuFeTUD-1, there were three kinds of basic sites, a strong intensity peak appeared at low temperature region (~130 º C), and two overlapping peaks appeared at high temperature region (between 400 °C and 800 °C ).

For Fe based-catalysts, there are two modes of CO2 adsorption, a weak one corresponding to desorption at 50 °C -200 °C and a strong one where desorption is at 190-400 °C [29], so the peak at ~130 °C is attributed to the CO2 desorption from Fe surface. Sandoval et al. [30] found that the multilayer adsorption of CO2 only happened at very low adsorption temperature (below 193K), it was difficult to detect the signal of CO2 when the adsorption temperature increased to ambient temperature, and the CO2 can be dissociated on the surface of Cu/SiO2 catalyst, so it is a little difficult to observe the CO2 desorption peak on Cu surface. The CO2 desorption peak at 555 °C may be due to peroxides species on the surface of carbon nanotubes [31][32][33].

The two types of strong basic sites at a wide temperature range (250 °C-800 °C) may be attributed to the TUD-1 support. The basic sites were calculated in Figure 58, there are more basic sites on the surface of 30CuFeCNTs than it on the surface of 30CuFeTUD-1 and of much stronger strength.

To summarize the results of NH3-TPD and CO2-TPD, the acid-base property of surface was deeply dependent on the supports. The basic sites were more numerous than acid sites for both catalysts. 30CuFeCNTs owns relative more basic sites, and of higher strength, whereas 30CuFeTUD-1 presents relative more acid sites, but of similar strength.

IV.2.12 The XRD pattern after partial reduction

The XRD pattern of 30CuFeTUD-1 after reduction at 400 °C for 1 h is shown in Figure 59. There are only Cu and Fe metal in the catalyst after reduction. The H2 consumption during this partial reduction was 2.2 mmol•g -1 . Compared to the total H2 consumption in Table 23 of 4.4 mmol•g -1 , there are only 50% of reducible metals that have been reduced. This is consistent with the fact that this material is much more difficult to be reduced than CuFe-precursor-800 in chapter III. ➢ The basic sites were more numerous than acid sites for both catalysts.

30CuFeCNTs owns relative more basic sites, and of higher strength, whereas 30CuFeTUD-1 presents relative more acid sites, but of similar strength.

IV.3 Reaction results

The catalysts are tested under 50 bar and the temperature is 250 °C, 300 °C and 350 °C. The GHSV is 5000 h -1 (STP). The total flow rate is 50.0 mL•min -1 which includes 36.1 mL•min -1 of H2, 12.0 mL•min -1 of CO2, and 1.9 mL•min -1 of N2. The volume of the catalysts bed is 0.6 cm 3 . Before reaction, the catalyst is reduced at 400 °C for 1 h under pure H2, the flow rate of H2 is 11.8 mL•min -1 . The flow rate of feed gas was kept constant, so the mass of catalysts adjusted with respect to the apparent density. The mass of catalysts used for the reaction is shown in Table 25. The selectivities and productivities of CO, alcohols (methanol and higher alcohols), hydrocarbons (methane, C2-5 hydrocarbons, C5+ hydrocarbons) and other oxygenates are displayed in Table 26 and Table 27.

The effect of temperature on the distribution of products

The main products of 30CuFeTUD-1 as catalyst are methanol and CO. At 250 °C, the selectivity to methanol is as high as 46.8% and the productivity is 47.

5 g• kg -1 •h -1 .
With the temperature increase to 350 °C, the selectivity to methanol decreases to 16.5% (productivity increases to 124.5 g• kg -1 •h -1 ) whereas the selectivity to CO increases from 50.3% to 61.9% (productivity of CO increased from 23.9 g• kg -1 •h -1 to 234.1 g• kg -1 •h -1 ). More than 97% of alcohols produced is methanol, so the total selectivities to alcohols also decreased with reaction temperature increase (from 46.9% to 16.9% at temperature of 250 °C and 350 °C). The selectivity to hydrocarbons is very low for this catalyst at 250 and 300 °C (around 5 %). It reaches 21 % at 350 °C, methane being the main product in this fraction. This catalyst failed to increase the carbon chain. According to the mechanism of CO2 synthesis to higher alcohols, the first step of the reaction is the RWSR, and the second step is synthesis of higher alcohols from CO+H2 or CO2+CO+H2. The activity can be improved by increasing the active sites of Fe which works well at the growth of carbon chain.

For the 10CuFeCNTs, the active phases are too low to have enough reactivity, around 90% of C converted leads to CO. For 30CuFeCNTs, low temperature (250 °C) is beneficial to the formation of single-carbon products, and more than 90% of products are CO and CH4. When the temperature increases to 300 °C, the selectivity to C2+ hydrocarbons increase a lot (from 6.0% to 30.9%), the selectivity to higher alcohols also increases from 0.5% to 4.9%, and the productivity increases to 42.8 g• kg -1 cat•h -1 . The maximum selectivity to higher alcohols is obtained for the reaction at 350 °C, 7.7%, and the productivity reaches to 108.9 g• kg -1 •h -1 . The selectivity to C2+ hydrocarbons also increased to 42.4%. The CO and CH4 production was largely diminished, the selectivities decreased from 50.3% to 13.9% and 40.2% to 34.1% respectively with temperature from 250 °C to 350 °C.

For the 50CuFeCNTs, the most suitable temperature for the synthesis of higher alcohols is 300 °C, the highest selectivities and productivities to higher alcohols, 8.9% and 74.8 g• kg -1 •h -1 respectively are obtained. The single-carbon products (methanol and CO) kept decreasing with reaction temperature increase from 250 °C to 350 °C.

The selectivity to methanol decreased from 7.2% to 1.2% and selectivity to methane decreased from 31.1% to 9.9%. High temperature is also beneficial to the synthesis of C2+ hydrocarbons. The selectivity and productivity of C2+ hydrocarbons reach 49.2% and 394.2 g• kg -1 •h -1 at 350 °C.

For the 70CuFeCNTs the increase of temperature is beneficial to the synthesis of C2+ hydrocarbons and the selectivities increased from 19.7% to 49.3%. The selectivities to CO, alcohols and methane decreased. The highest productivities of higher alcohols is only 18.5 g• kg -1 •h -1 at 350 °C.

The effect of the loading of CuFe on the distribution of products

When HAS reactions were taken at 250 °C, the selectivities to alcohols (methanol and higher alcohols) and total hydrocarbons increased with the loading of CuFe. But the maximum productivities is obtained for 50CuFeCNTs because of the relative high CO2 conversion. Selectivity to CO decreased from 50.3% to 21.5% with the increase of CuFe loading, but the highest productivity is also obtained for the reaction with 50CuFeCNTs as catalyst. The tendency of selectivities to CH4 and C2+ hydrocarbons is totally inverse, the selectivity of CH4 first increased when the loading of CuFe at 44.9%, but decreased at the loading of 49.6% (results of elemental analysis).

For the reaction at 300 °C, the highest selectivities and productivities of alcohols (methanol and higher alcohols) and C2+ hydrocarbons happened in the reaction with 50CuFeCNTs as catalyst. The low loading of CuFe is benefit to the formation of CO, and the selectivity decreased with the loading increased. On the contrary to CO, the selectivities to total hydrocarbons increased with the loading of CuFe. The synthesis of CH4 and C2+ hydrocarbons is competitive, when the selectivity of methane increased, the selectivities of C2+ hydrocarbons decreased.

For the reaction at 350 °C,the highest selectivities and productivities of higher alcohols were obtained in the reaction with 30CuFeCNTs as catalyst, the selectivities and productivities are 8.7% and 108.9 g• kg -1 •h -1 respectively. The selectivity to CO sharply decreased from 86.5% to 9.8% with the loading of CuFe increased from 6.4% to 49.6% (results of elemental analysis). For the total hydrocarbons, the selectivities also increased with the Cu-Fe loading. So a suitable ratio of catalysts to carbon nanotubes and reaction temperature are required and impact the distribution of the products.

The comparison of CNTs and TUD-1 supports on the distribution of products

30CuFeTUD-1 is more suitable for the synthesis of CO and methanol, the selectivity to CO is much higher than for 30CuFeCNTs, especially at 350 °C. The selectivity to CO is 13.9% and 61.9% for 30CuFeCNTs and 30CuFeTUD-1 respectively. There is 46.8% of methanol in the products for 30CuFeTUD-1 as catalyst at 250 °C, meanwhile, only 2.9% of methanol was obtained in the products for 30CuFeCNTs as catalyst. There are more hydrocarbons and higher alcohols in the products of 30CuFeCNTs as catalyst.

The comparison of the distribution of products with catalyst

CuFe-precursor-800 of chapter III

Compared to CuFe-precursor-800 in chapter III, when the catalysts are supported by CNTs, the selectivities to higher alcohols increased a little, but the productivities increased a lot. The highest productivities of higher alcohols is 108.9 g• kg -1 •h -1 , which was obtained with 30CuFeCNTs as catalyst at 350 °C. This is around ten times higher than CuFe-precursor-800 as catalyst (11.2 g• kg -1 •h -1 ) at the same temperature, because much less catalysts were used in the reactions of CuFe/CNTs. The selectivity to CO increased with temperature for catalysts supported by CNTs, but decreased for CuFe-precursor-800.

Compared to CuFe-precursor-800, The TUD-1 inhibited the synthesis of hydrocarbons, but increased the selectivity to CO and methanol.

As a conclusion for the reaction results, there is a balance between the metal or metal oxides active phases with the supports and reaction temperature. The catalysts with CNTs as supports are efficient for carbon chain growth, and lead to increased selectivities and productivities to the alcohols at high temperature. When TUD-1 is used as support only CO and methanol are produced. 

IV.4 Characterization after test IV.4.1 X-Ray Diffraction after reaction

The XRD patterns of catalysts after reaction are shown in Figure 62. There are iron carbides in the catalyst after reaction of the catalysts with CNTs as support. The iron carbides are thought to be the active sites of Fischer-Tropsch synthesis [34].

There are also Cu and Fe mixed oxides in the catalysts after reaction. For TUD-1 as support, there are only Fe oxide and metallic Cu or CuFe alloy in the catalyst. Comparing the XRD patterns of CNTs and TUD-1 as supports after reaction, we found that the carbon nanotube can promote the formation of iron carbides, which can be benefit to carbon chain growth. The Fe2O3 was thought to be the active phase of RWGS reaction [34], so there were mainly CO and methanol in the catalyst with TUD-1.

IV.4.2 TEM after reaction

The TEM images of 30CuFeCNTs after reaction are shown in Figure 63, there are typical core-shell structure in the catalyst after reaction. The diameter of core is around 18nm and the thickness of shell is around 3-8nm. Lattice spacing of the core is 0.20 nm. The lattice space of 0.23 corresponds to CFe15.1 (111) [35], and lattice spacing of alpha-Fe (110) is 0.20 nm, which is similar to Fe5C2 (510) 0.205 nm [36],

meanwhile, the CuFe alloy (111) exhibits a d-spacing of 0.22 nm. There are maybe Fe5C2 or alpha-Fe in the structure.

Combined to the results of XRD, the existence of Fe5C2 can be proposed. The lattice spacing of shell is around 0.36nm, which is attributed to CNTs.

Figure 63 The TEM images of 30CuFeCNTs after reaction

IV.5 Discussion

At similar CuFe loading, the conversions of CO2 and H2 with CNTs are much higher than with TUD-1 at high temperature (300 °C and 350 °C), and the distribution of products is totally different. Yang found that the dissociative activation of H2 was more difficult than activation of CO, and HAS reaction only happened after the dissociation of H2 [37], so the activation of H2 is a rate-determining step. The special sp 2 -C surface of CNTs can not only help adsorption but also activate hydrogen and provide a micro-environment with higher stationary-state concentration of H-adspecies on the functioning catalyst. These active H-species adsorbed at surface of the CNTs could be readily transferred to metal active sites via the CNT-assisted hydrogen spillover [38]. The special surface property decides that the catalyst with CNTs own higher conversion.

The distribution of products are totally different with carbon nanotubes and TUD-1 as support, there are several reasons.

The first reason may be explained from the mechanism of higher alcohols synthesis. For the HAS reaction, dual sites is necessary and on the Cu modified F-T based catalyst, the active sites is Cu-M (M= F-T element) [39,40]. The role of Fe is CO adsorption and dissociation and to promote the growth of carbon chains, meanwhile, Cu can adsorbe CO which can then be inserted into the carbon chain. The synergistic effect between Cu and Fe is key to alcohol formation [39]. A lot of researchers [41] found that FeCx instead of Fe was the true active sites for CO dissociation and carbon chain propagation, so the real dual sites for higher alcohols synthesis is Cu-FeCx, CO was adsorbed on the surface of FeCx and dissociated and form surface CHx monomer by hydrogenation, which initiates carbon chain propagation to form surface alkyl species. The surface alkyl species on FeCx migrate to adjacent Cu site and combine with CO molecule, and then form surface acyl species [42]. The surface acyl species can be hydrogenated and form alcohols [39].

From the results of XRD patterns of catalysts after reaction, the iron carbides are easily formed in the catalysts with carbon nanotubes as support, but no iron carbides was evidenced on the catalyst with TUD-1 as support. This is maybe the main reason responsible for the mainly single carbon compounds in the products of 30CuFeTUD-1.

The second reason maybe due to the different surface property. From the results of NH3-TPD and CO2-TPD, there are more basic sites and less acid sites in catalyst with CNTs as support than for the catalyst with TUD-1 as support, which may affect the distribution. Wang et al. [43] have studied the effect of ZrO2, Al2O3 and La2O3 to the Co-Cu catalysts for higher alcohols synthesis. They found that the selectivity to higher alcohols on CuCoLa2O3 (34.9%) is far greater than for CuCoAl2O3 (13.1%) or CuCoZrO2 (17.8%). La2O3 appeared to be more reactive, and a higher reactivity is usually linked to stronger basicity [44]. According to the results of ammonia and pyridine adsorption the ranking of Lewis acidity is: CoO, CuO, CaO < Ni2O3 < MgO < NiO < ZrO2 < Cr2O3 < ZnO < TiO2 < Al2O3, and the Lewis acidity of ZrO2 is similar to that of La2O3 [44], but compared to the medium and strong basic sites of La2O3, there is only negligible amount of weak basic sites on the surface of ZrO2 [45], so the surface basicity is really important for the growth of carbon chain and synthesis of higher alcohols synthesis. Ernst et al. [46] also found that, the basicity of promoted catalysts can apparently increase the conversion of CO and increase the selectivity to C5+ together with high olefins/paraffins ratios during CO hydrogenation. The high surface-concentration of H-adspecies led to a greater inhibition for the RWGS reaction, so there are much less CO in the reaction with CNTs as support.

The loading of metal active phases can also effect the distribution of products. A suitable loading can not only promote the interaction between metals and support but also help to obtain the expected products. Metals with a few vacant d-orbitals (Ni, Fe, Co) have a higher affinity with carbon nanotubes and the strong metal-carbon bonds can lead to the formation of stable carbides [16], which are the important active phases for the CO2 hydrogenation. From the results of SEM in Figure 46, we found that the high loading of metals precursor may lead to big metals particles on the surface of carbon nanotubes, which may decrease the interaction of metals with support.

Temperature can also deeply affect the distribution of products. For the selectivities and productivities to higher alcohols, 300 °C is a suitable reaction temperature for catalyst 50CuFeCNTs and 350 °C is benefit for catalyst 30CuFeCNTs, under our reaction conditions.

The highest selectivities to higher alcohols has been obtained in the reaction of 30CuFeCNTs at 350 °C and the highest productivities of higher alcohols is 108.9 g•kg -1 •h -1 . This is higher than the results reported in literature at the similar conditions.

The highest productivity to higher alcohols is 34.1 g•kg -1 •h -1 , reported by Li et al. [47] at 60bar and 300 °C on a K/Cu-Zn catalyst.

IV.6 Conclusions

In conclusion, the study shows that a proper support and suitable loading of active phases can deeply affect the distribution of products. The CNTs can promote the synthesis of iron carbide, which is essential for the Fischer-Tropsch reactivity. The TUD-1 support are more suitable for synthesis of single-carbon products. CNTs is a perfect support for the synthesis of long-chain products. Suitable modification of the catalyst surface could further improve the productivity to higher alcohols.

V.1 Introduction

From the results of chapter IV, it has been found that the deposition of Cu and Fe precursors on carbon nanotubes can effectively lead to a catalyst with increased selectivities and productivities to higher alcohols with respect to a massive CuFe-precursor-800 catalyst, but there are still more than 50% of hydrocarbons in the products distribution. Researchers found that the synthesis of hydrocarbons and dimethyl ether from CO2/CO hydrogenation is strongly dependent on the acid sites on the surface of catalysts [1,2]. In order to inhibit the formation of hydrocarbons and increase selectivities to higher alcohols, different kinds of promoters included the alkalis are reported in literature [3][4][5][6][7][8][9]. The addition of optimum amount of alkalis as chemical promoters can neutralize the surface acidity [10], strongly suppress the production of CH4 and facilitate the adsorption of CO2. It is also reported that it allows the decrease of the selectivity to methanol to the benefit of linear primary higher alcohols [4].

In this chapter, a systematic investigation of alkalis promoted 30CuFeCNTs for the synthesis of higher alcohols from CO2 hydrogenation will be done. The effect of K at different concentrations and Na, Cs as promoters on the product distribution will be discussed. According to the results, we try to find the beneficial dopants and concentration for the synthesis of higher alcohols.

V.2 The preparation of catalysts

The catalyst 30CuFeCNTs (typically 0.6g), prepared in Chapter IV, was used to deposit 1 wt% promoters (K, Na, Cs). For the potassium, catalysts with three concentrations (0.5, 1.0 and 1.5 wt%) were prepared. The pore volume impregnation method with an ethanol-water (50:50) alkalis carbonate solution was used. The concentrations of ions are shown in Table 28. After impregnation, the samples were of promoted catalysts decreased except for 1Cs30CuFeCNTs. 1Cs30CuFeCNTs owns relatively higher surface area and pore volume than the other catalysts. The H2-TPD profiles of promoted catalysts are presented in Figure 65. Four peaks were found in the H2 desorption curve. Similarly to the results of H2-TPD of 30CuFeCNTs in chapter IV, the peaks between 100 °C and 400 °C (Part I) could be attributed to the weakly adsorbed molecular H2 on surface of metals (Cu or Fe) [11] or metals alloy or carbon nanotubes [12]. The peaks at higher temperature (part II:

higher than 400 °C) may be attributed to the desorption of strongly adsorbed H-species (dissociatively adsorbed H2) [13] or the gasification of CNTs. The quantity of desorbed H2 in Part I and Part II were calculated in Table 31, we can found that most of hydrogen adspecies corresponded to peaks in Part II. The quantity of weakly adsorbed H2 on metallic surface (Part I) increased with the loading of K, and decreased in order K>Cs=Na. The H2 desorption from the metallic phases (part I) of promoted catalysts are much higher than it from 30CuFeCNTs.

The calculation of the metallic surface has not been done because XPS studies were not performed an these materials and no information about Fe/Cu repartition at the surface was available. Nevertheless, the value of hydrogen desorbed in part I is a good indicator of the amount of metallic surface. 32. The amount of basic sites of promoted catalysts are much higher than for 30CuFeCNTs, except for 0.5K30CuFeCNTs. 

V.3.5 Conclusions for the characterizations

➢ Cu 0 or FeCu4 alloy along with iron oxides and copper iron spinel were formed in the promoted catalysts.

➢ Promoted catalysts have higher H2 desorption from metallic phases.

➢ Promoted catalyst have more basic sites than 30CuFeCNTs, except for 0.5K30CuFeCNTs.

V.3.6 Reaction results

The conditions for the tests are similar to the conditions in chapter IV. The tests were performed under 50 bar and the temperature was 250 °C, 300 °C and 350 °C.

The GHSV was 5000 h -1 . The ratio of CO2 and H2 was 3. The catalysts were reduced under pure H2 at 400 °C for 1 h before the test. The flow rate of feed gas was kept constant, so the mass of catalysts adjusted with respect to the apparent density. The mass of catalysts used for the reaction is shown in Table 33. In order to collect enough liquid for the analysis, the reaction time is about 70 h at 250 °C, 20 h at 300 °C and 21 h at 350 °C. 1Cs30CuFeCNTs has the highest H2 conversions from 250 °C to 350 °C (6.9%, 24.2% and 47.8% respectively). The H2 conversion of 1K30CuFeCNTs is a little bit higher than 1Na30CuFeCNTs at 300 °C and 350 °C.

For the loading of different concentration of K, 0.5K30CuFeCNTs displayed higher H2 activity than 1K30CuFeCNTs and 1.5K30CuFeCNTs, especially at high temperature 300 °C and 350 °C (24.3% and 42.5% respectively).

Compared to 30CuFeCNTs, only 1Cs30CuFeCNTs and 0.5K30CuFeCNTs have higher activities than 30CuFeCNTs at all the reaction temperature. The stability of the catalytic behavior has been evaluated for three catalysts (0.5K30CuFeCNTs, 1.5K30CuFeCNTs and 1Cs30CuFeCNTs) at 350 °C. The change of CO2 and H2 conversions with time are shown in Figure 69. 1Cs30CuFeCNTs and 1.5K30CuFeCNTs have similar stability. CO2 conversion of 1Cs30CuFeCNTs only decreased of 5% during the reaction time from 21h to 51h, and H2 conversion only decreased 9%. 0.5K30CuFeCNTs was the most affected catalyst, the CO2 and H2 conversions decreased to 18% and 21% respectively during reaction time from 22h to 65h. For 1.5K30CuFeCNTs, the activity for CO2 is stable, and the conversion only decreased of 6% during reaction time from 14h to 66h at 350 °C, but the H2 conversion sharply decreased from 33% to 12% during the same reaction time, which may indicate a change in selectivity versus time and different active sites involved in the whole reaction.

Cu and Fe own big difference at the properties as CO2 adsorbents. Krause et al. [14] found that potassium led to a strong interaction between CO2 and adsorbents, and the properties of iron and copper played at secondary role, and the work of copper and iron with CO2 were mainly through the interaction of potassium. So suitable loading of potassium can largely increase the conversion of CO2. The selectivities and productivities of products are shown in Table 34 and Table 35. For all the promoted catalysts, the selectivity to CO decreased with the reaction temperature increase. On the contrary, the selectivities to hydrocarbons increased with reaction temperature, especially the C2+ hydrocarbons selectivity. The high temperature is also beneficial for the synthesis of higher alcohols and inhibit the production of methanol. Selectivities and productivities of all the products except for CO and C5+ hydrocarbons decreased with increasing loading of K at 250 °C and 300 °C. The concentration of K affects slightly the selectivities to C5+ hydrocarbons, but can apparently promote the synthesis of CO. The selectivity to CO increased from 45.2% to 84.4% with the loading K increased from 0.5% to 1.5% percentage at 250 °C. Meanwhile, the selectivity increased from 34.4% to 51.3% at 300 °C. The selectivities to hydrocarbons except for C5+ decreased with the increased loading of promoter K, but the productivities of 1.5KCuFeCNTs are higher than 1KCuFeCNTs.

The selectivities and productivities of alcohols included methanol and higher alcohols with 0.5K30CuFeCNTs and 1.5K30CuFeCNTs as catalysts are similar, but selectivities and productivities of alcohols decreased a lot when 1K30CuFeCNTs was used. The highest productivities of higher alcohols is 371.9 g•kg -1 •h -1 with 0.5KCuFeCNTs as catalyst at 350 °C.

For the reaction at 250 °C, 1Cs30CuFeCNTs shows the highest selectivities and productivities of higher alcohols and hydrocarbons especially C2+ hydrocarbons. It also has the lowest selectivity to CO (50.0%). The selectivity and productivity of higher alcohols are 10.0% and 43.9 g•kg -1 •h -1 respectively. This is almost two times higher than for 1Na30CuFeCNTs (23.7 g•kg -1 •h -1 ) and 1K30CuFeCNTs (20.7 g•kg -1 •h -1 ).

Although the loading of K changed a little between the three catalysts (0.5K30CuFeCNTs, 1K30CuFeCNTs and 1.5K30CuFeCNTs), the distribution of products changed a lot. The selectivity to CO increased from 45.2% to 84.8% with the loading of K increased from 0.5% to 1.5%, meanwhile, the selectivities to alcohols (methanol and higher alcohols) and hydrocarbons (methane and C2+ hydrocarbons) decreased. The selectivities to higher alcohols decreased from 8.0% to 2.0% with the loading of K from 0.5% to 1.5%, and the productivity of higher alcohols of 1.5K30CuFeCNTs is only 6.6 g•kg -1 •h -1 , which is much lower than 30.1 g•kg -1 •h -1 for 0.5K30CuFeCNTs.

When temperature increased to 300 °C, 1Cs30CuFeCNTs also exhibits the highest selectivity and productivity of hydrocarbons (20.5% and 366.7 g•kg -1 •h -1 ).

However the highest selectivity and productivity of higher alcohols were obtained in the reaction of 1K30CuFeCNTs as catalyst, 16.6 % and 150.4 g•kg -1 •h -1 respectively.

The selectivity to CO decreased in the order Na>K>Cs. Same to the reactions at 250 °C, 0.5K30CuFeCNTs also has the highest The effect of reaction time on the distribution of products is presented in Figure 70. From the results, it can be said that the selectivities to hydrocarbons have a slight increase during the very beginning 24 h and then keep decreasing. The selectivity to CO keeps increasing and the selectivities to alcohols keep decreasing during the whole reaction. Promoter Cs leads to the best stability in the product distribution in the synthesis of higher alcohols. As conclusion for the reaction results, the suitable addition of alkalis as promoters can effectively increase CO2 and H2 conversions and promote the selectivity and productivity of higher alcohols compared to catalyst without promoters (30CuFeCNTs). The concentration and species of promoters, reaction temperature and reaction time can affect the distribution of products.

V.3.7 The characterizations of catalysts after reactions

V.3.7.1 X-ray Diffraction (XRD) after reaction

The XRD patterns of promoted catalysts after reactions are shown in Figure 71.

Fe5C2 carbides were detected in the catalyst, which is the active phase for FT reaction [15]. Compared to the XRD patterns of catalysts before reaction, the iron oxides and copper iron spinel disappeared. The lattice spacing 0.32 nm agrees with the (002) spacing of graphitic carbon [16,17], and 0.21 nm corresponds to Fe5C2 (510) (0.205nm) [18] or Cu (111) or FeCu4 (111) [19], which is consistent with the XRD results.

Figure 72 The TEM images of 1K30CuFeCNTs after reaction

V.4 Discussion

The selectivities to higher alcohols have been greatly increased by adding alkalis as dopants. The addition of alkalis promoters can deeply affect the distribution of products and effectively increase selectivity and productivity of higher alcohols. The dopants can either act as electronic promoters or as structural promoters, or possibly as both [20,21]. From the results of XRD and TEM, we can found that the addition of alkalis can promote the formation of iron carbide, which is a key active phases for the activity of Fischer-Tropsch reaction. More, the alkalis can modify the surface properties and increase the basic sites, as it has been shown before. It also can lower the electron density of d-vacant metals such as Fe by donating electrons [22] and enhance the dissociative adsorption of CO and lower the adsorption of H2 [20].

Compared to 30CuFeCNTs, the selectivities for hydrocarbons decreased a lot (less than 50%), which may be due to the blocking of acid sites.

The suitable amount of alkalis depends on the properties of the supports and the nature of the promoter. For example potassium in this reaction, 0.5KCuFeCNTs clearly promotes selectivity and productivity of high alcohols better than 1K30CuFeCNTs. At too high concentration, potassium may block the active phases and decrease the activity. 1Cs30CuFeCNTs also presented better performance than 1K30CuFeCNTs at high temperature (350 °C). Cesium is known as perfect promoter to stabilize the formyl intermediate species [23,24], this may lead to the higher stability of catalyst 1Cs30CuFeCNTs, even at 350 °C.

The synthesis of higher alcohols from CO2 hydrogenation is a difficult reaction, and there are few researchers about this reaction. The results in our reaction are much better than the others, even compared to the synthesis of higher alcohols from CO hydrogenation [25,26]. In the study of Haijun Guo et al. [25], the highest selectivity of higher alcohols was only about 3.8% from the CO2 hydrogenation and at 350 °C and 6 MPa. Guilong Liu et al. [27] synthesized the higher alcohols from syngas based on Cu-Co/Li2O3-SiO2 catalyst, and the highest productivity of higher alcohols is only 52.5 g•kg -1 •h -1 at 330 °C and 3 MPa.

V.5 Conclusions

The utilization of alkalis as promoters does not only lead to increase the conversion of CO2 and H2, but also enhance the selectivities to the desired products, higher alcohols. The performance of promoters can be affected by the concentration, reaction temperature and reaction time. The catalyst 0.5K30CuFeCNTs owns the highest productivities (370.7 g•kg -1 •h -1 ) of higher alcohols at 350 °C and 50 bar, and 1.5K30CuFeCNTs has the highest selectivity (26.0%) of high alcohols at 350 °C.

The synthesis of higher alcohols from CO2 hydrogenation is a useful and interesting reaction, but it is also a very difficult reaction. In this thesis, different kinds of metals, supports and promoters were in view of designing an optimal catalytic system being able to be active and to promote the selective formation of higher alcohols with respect to CO, methanol, methane and higher hydrocarbons.

Four kinds of spinel-based catalysts (CoFe2O4, CuFe2O4, CuCo2O4, Cu0.5Co0.5Fe2O4) were prepared by pseudo sol-gel method. The CoFe2O4 spinel can be easily synthesized and high calcination temperature increase crystallinity of spinel phase. For CuFe2O4 spinel, the CuFe2O4 spinel is always formed along with CuO, high calcination temperature can lead to Cu-deficiency copper iron spinel. CuCo2O4

spinel is the most difficult to be synthesized, because of the low thermal stability there are mainly CuO and Co3O4 in the CuCo-precursor after calcination at high temperature. For Cu, Co and Fe mixed catalyst, the phases CuFe-spinel and CoFe-spinel may have been formed in the material after calcination, but the CuCoFe mixed spinel was not evidenced by XRD.

The four kinds of spinel-based catalysts were tested in a fixed bed reactor under 50 bar with a ratio of H2/CO2 equal to 3 from 250 °C to 350 °C. From the distribution of products, it can be found that Cu, Co and Fe elements work differently.

CoFe-precursor-800 catalyst is more suitable for the synthesis of hydrocarbons especially C2+ hydrocarbons. CuCo-precursor-800 is better to be used for the synthesis of methane and methanol. CuFe-precursor-800 is beneficial for the synthesis of C2+ hydrocarbons and higher alcohols. In the CO2 hydrogenation, Co acts as a methanation catalyst rather than acting as a FT catalyst, because of the different reaction mechanism between CO hydrogenation and CO2 hydrogenation. In order to inhibit the formation of huge amount of hydrocarbons, it is better to choose catalysts without Co in the CO2 hydrogenation reaction.

In order to increase the surface area of spinel-based catalysts and increase the selectivity to higher alcohols, CNTs and TUD-1 were chosen as supports for CuFe-precursor-800 catalyst. The study shows that a proper support and suitable loading of active phases can deeply effect the distribution of products. The CNTs can promote the synthesis of iron carbides, which is essential for the Fischer-Tropsch reactivity. The TUD-1 support are more suitable for synthesis of single-carbon products (methane and methanol). CNTs is a perfect support for the synthesis of long-chain products (higher alcohols and C2+ hydrocarbons). The selectivity to higher alcohols increased a little compared to CuFe-precursor-800. There are only metallic copper and iron in the catalyst after reduction, which may limit the synthesis of higher alcohols.

Alkalis (Na, K, Cs) were chosen as promoters to decrease the selectivity to hydrocarbons and increase the selectivity to higher alcohols for CuFe/CNTs catalysts.

The addition of alkalis as promoters does not only lead to increase the conversion of CO2 and H2, but also enhance the selectivity to the desired products, higher alcohols.

The performance of promoted catalyst can be affected by the loading of promoter, reaction temperature and reaction time. The catalyst 0.5K30CuFeCNTs owns the highest productivities (370.7 g•kg -1 •h -1 ) of higher alcohols at 350 °C and 50 bar, and 1.5K30CuFeCNTs has the highest selectivity (26.0%) of high alcohols at 350 °C.

1Cs30CuFeCNTs has the highest stability for higher alcohols synthesis. The results are much higher than the similar studies.

The addition of alkalis apparently increased the amount of basic sites, which may be responsible for the higher selectivity of higher alcohols. According to the results, the alkalis can act as electronic promoter or structural promoter or both.

According to a series of study and test, the selectivity to higher alcohols increased a lot than pure spinel-based catalyst, but there are still many properties of catalysts which can be studied, modified and improved.

The mechanism of the effect of alkalis promoters to the distribution of products need to be deeply studied.

Better promoters can be chosen to increase the cooperation of two active sites and increase the selectivity of higher alcohols. Mn, for example, can active as structural promoter and electronic promoter.

Qinqin JI

The synthesis of higher alcohols from CO Résumé en anglais CO2 is a clean carbon source for the chemical reactions, many researchers have studied the utilization of CO2. Higher alcohols are clean fuel additives. The synthesis of higher alcohols from CO hydrogenation has also been studied by many researchers, but there are few literatures about the synthesis of higher alcohols from CO2 hydrogenation, which is a complex and difficult reaction. The catalysts that used for higher alcohols synthesis need at least two active phases and good cooperation. In our study, we tested the Co. Cu. Fe spinel-based catalysts and the effect of supports (CNTs and TUD-1) and promoters (K, Na, Cs) to the HAS reaction. We found that catalyst CuFeprecursor-800 is beneficial for the synthesis of C2+ hydrocarbons and higher alcohols. In the CO2 hydrogenation, Co acts as a methanation catalyst rather than acting as a FT catalyst, because of the different reaction mechanism between CO hydrogenation and CO2 hydrogenation. In order to inhibit the formation of huge amount of hydrocarbons, it is better to choose catalysts without Co in the CO2 hydrogenation reaction. Compared the functions of CNTs and TUD-1, we found that CNTs is a perfect support for the synthesis of long-chain products (higher alcohols and C2+ hydrocarbons). The TUD-1 support are more suitable for synthesis of single-carbon products (methane and methanol).The addition of alkalis as promoters does not only lead to increase the conversion of CO2 and H2, but also sharply increased the selectivity to the desired products, higher alcohols. The catalyst 0.5K30CuFeCNTs owns the highest productivities (370.7 g•kg -1 •h -1 ) of higher alcohols at 350 °C and 50 bar.

Keywords: CO2, hydrogenation, higher alcohols, spinel
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 1 Les caracté risations des catalyseurs 3.1.1 Diffraction des rayons X La structure cristalline des catalyseurs (CoFe2O4, CuFe2O4, CuCo2O4, Ré sume iv Cu0.5Co0.5Fe2O4) est pré senté e Figure 1 (a),(b),(c) et (d).
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 13122 Figure 1 Diffractogramme de a) CoFe-precursor-800, b) CuFe-precursor-800, c) CuCo-recursor-800, d) CuCoFe-precursor-800 Selon les diffractogrammes, seul le spinelle CoFe-precursor-800 pur a pu ê tre obtenu. Pour CuFe-precursor-800, la phase CuO a é té mise en é vidence en plus du spinelle CuFe2O4. Pour CuCo-precursor-800, le spinelle n'est pas pur, CuO est é galement pré sent, la formation de Co3O4 est é galement trè s probable. Pour CoCuFe-precursor-800, CuO, CoFe2O4 et CuFe2O4 sont pré sents.

  ) a montré que seule une phase métallique d'alliage CoFe est obtenue pour le spinelle Co-Fe. Le spinelle Cu-Fe est seulement partiellement ré duit, la phase mé talique Cu-Fe coexiste avec la phase spinelle. Pour CuCo2O4 la ré duction en mé tal Cu et Co est totale. Pour le spinelle Co-Cu-Fe les phases métalliques d'alliage CoFe et Cu sont obtenues.
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 3 Figure 3 Diffractogramme de catalyseurs aprè s partiel ré duction a) CoFe-precursor-800, b)
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 4 Figure 4 Conversions de a) CO2 et b) H2 à 250 °C, 300 °C et 350 °C, 50 bar.
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 5 Figure 5 Les sé lectivité s des produits obtenus pour les diffé rents catalyseurs a) CoFe-precursor-800, b) CuFe-precursor-800, c) CuCo-precursor-800, d) CuCoFe-precursor-800 à 250 °C,300 °C 350 °C, 50 bar
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 1264137712 Figure 6 Diffractogrammes de (a) pure CNTs calcined under N2 atmosphere, (b) 10CuFeCNTs, (c) 30CuFeCNTs, (d) 50CuFeCNTs, (e) 70CuFeCNTs, (f) CuFe-precursor-N2, (g)30CuFeTUD-1
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 10 Figure 10 Conversions de CO2 et H2 à 250 °C , 300 °C , 350 °C, 50 bar
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 11 Figure 11 Les sé lectivité s des produits obtenus pour les catalyseurs a) 0,5K30CuFeCNTs, b)
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4 Les catalyseurs avec supports (CNTs et TUD-1)

  Le CuFe-precursor-800 pré sente une productivité d'alcools la plus é levé e (11,2 g • gcata -1 • h -1 ) à 350 o C. On peut é galement constater qu'à une tempé rature fixé e, les sé lectivité s et les productivité s des alcools supé rieurs sont plus é levé es dans les ré actions avec le cuivre pré sent dans les catalyseurs Afin d'augmenter la surface active des catalyseurs et la sé lectivité en alcools supé rieurs, leur dé pôt sur des supports de grande surface spé cifique a é té envisagé .

	Ré sume				Ré sume
	350 o C. Tableau 1 SBET, volume poreux, densité apparente des é chantillons
		Echantillons	SBET	Vtotal	Density
			(m 2 •g -1 )	(cm 3 •g -1 )	(g•cm -3 )
	Les productivité s les plus é levé es d'alcools totaux et de mé thanol ont é té observé es à 10CuFeCNTs 361 1,6 0,16
	300 o C, à l'exception de CuCoFe-precursor-800, pour lequel la tempé rature optimale 30CuFeCNTs 276 1,1 0,20
	est de 350 o C.	50CuFeCNTs	200	0,7	0,30
	La tendance des sé lectivité s et des productivité s des alcools supé rieurs est la 70CuFeCNTs 101 0,3 0,43
	mê me entre le catalyseur CoFe-precursor-800 et le CuCo-precursor-800. Les pure CNTs a 238 1,0 0,31
	30CuFeTUD-1	199	0,3	0,71
		pure TUD-1	303	0,4	0,65
	viii				ix

à 250 o C, mais diminué e à 2,8% (alcools totaux) et 2,0% (mé thanol) à 350 o C. C'est é galement le cas pour le catalyseur CuFe-pré curseur-800 et CuCo-pré curseur-800, les sé lectivité s des alcools totaux ont diminué de 15,0% à 4,8% et de 19,4% à 0,9% respectivement avec une tempé rature augmenté e de 250 o C à 350 o C. CuCoFe-precursor-800 est un peu diffé rent, bien que les sé lectivité s des alcools totaux et du mé thanol aient diminué de 250 o C à 300 o C (23,2% à 6,7% et 21,7% à 4,7%), ils ont augmenté un peu lorsque la tempé rature a augmenté à 350 o C. sé lectivité s les plus é levé es sont respectivement 1,6% et 0,5% à 300 o C. Le comportement du CuFe-precursor-800 et CuCoFe-precursor-800 est similaire, les sé lectivité s les plus é levé es des alcools supé rieurs sont respectivement 2,6% et 2,8% à L'étude a porté sur le spinelle Cu-Fe (meilleurs rendement et sé lectivité en alcools supé rieurs) et sur deux types de supports : des nanotubes de carbone commerciaux (CNTs) et une silice de grande surface TUD-1 synthé tisé e au laboratoire. Diffé rents é chantillons de diffé rentes teneurs en spinelle ont é té synthé tisé s : de 10 à 70% en masse. 4.1 Les caracté risations des catalyseurs 4.1.1 Surface spé cifique La surface spé cifique par BET, le volume des pores et la densité apparente des catalyseurs et des supports sont indiqué s dans le Tableau1.

  Il peut é galement ré duire la densité é lectronique des mé taux de d-vacant tels que Fe par la donation des é lectrons, ainsi il peut favoriser l'adsorption dissociative de CO et diminuer l'adsorption de H2[5].

	Ré sume
	pré cé demment. 6 Conclusions
	L'étude de spinelles de différentes compositions a montré que le spinelle
	CuFe2O4 est le précurseur de catalyseur le plus adapté à la synthèse d'alcools
	supé rieurs à partir de CO2/H2,
	Le dé pôt de 30% de CuFe2O4 sur nanotubes de carbone permet d'augmenter les
	xvii

• h -1 ,

Ceci est beaucoup plus é levé que pour 1Na30CuFeCNTs et 1K30CuFeCNT en tant que catalyseurs. 1,5K30CuFeCNTs pré sente la plus grande sé lectivité en alcools supé rieurs (26,0%) et 0,5K30CuFeCNTs pré sente une productivité en alcools supé rieurs la plus é levé e (370,7 g • kg -1 • h -1 ) à 350 °C . L'ajout de promoteurs alcalins peut affecter profondé ment la distribution des produits et peut ainsi augmenter la sé lectivité et la productivité en alcools supé rieurs de maniè re efficace. Les dopants peuvent soit agir comme les promoteurs é lectroniques, soit comme les promoteurs structuraux

[5, 6]

. L'addition d'alcalins peut favoriser la formation de carbure de fer, qui est une phase active essentielle pour l'activité d'une réaction Fischer-Tropsch, De plus, les alcalins peuvent modifier les proprié té s de la surface et augmenter les sites basiques, comme cela a é té montré conversions d'H2 et de CO2 et la productivité en alcools supérieurs. L'utilisation de CNTs est avantageuse pour la synthè se des alcools supérieurs. L'utilisation de TUD-1 comme support est efficace pour orienter la ré activité vers la synthè se de mé thanol, L'addition de 0,5% de potassium promeut la croissance des chaî nes carboné es et permet finalement d'atteindre une productivité en alcools supérieurs de 370,7 g • kg -1 • h -1 , Ce catalyseur promu fait partie des catalyseurs les plus efficaces parmi les plus systè mes ré fé rencé s dans la litté rature

[7]
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Table 1

 1 The columns and functions in the micro chromatograph SRA3000

	Column	Type	Carrier gas	Function
	A	MS5A	Ar	H2, N2, CH4, CO
	B	PoraplotU	He	CH4 , CO2 , C2H4 ,C2H6
	C	OV-1	He	Hydrocarbons(C2+) and alcohols

Table 2

 2 Conditions of MicroGC for the analysis of gas phases

	Conditions/columns	Column A Column B Column C Column D
	Injection temperature ( °C)	90	90	90	90
	Analysis temperature ( °C)	70	45	45	50
	Analysis pressure (psi)	30	18	35	23

Table 3

 3 The retention times and relative response factors in column A

		of micro chromatograph SRA3000
		Column A	
	Gas Retention time (s) Response factor
	H2	62.74	×0.1993
	N2	107.68	×2.2371
	CH4	140.75	×1
	CO	230.82	×2.3378

Table 4

 4 The retention times and relative response factors in column B

	of micro chromatograph SRA3000
		Column B	
	Gas	Retention time (s)	Response factor
	CH4	14.87	/35.7
	CO2	37.14	/48
	C2H4	39.97	/48
	C2H6	64.53	/51.2
	Table 5 The retention times and relative response factors in column C micro chromatograph
		SRA3000	
		Column C	
	Gas	Retention time (s) Response factor
	CH4	33.37	/35.7
	C2H4	34.21	/48
	CO2	34.45	/48
	C2H6	36.92	/51.2
	C3H6	40.21	/64.5
	C3H8	40.81	/64.5
	H2O	44.15	/33
	CH3OH	54.35	/55
	1-C4H8	56.04	/81
	C4H10	58.52	/85
	Trans 2-C4H8	61.33	/85
	Cis 2-C4H8	66.17	/87
	C2H5OH	75.54	/72
	acetone	94.56	/86
	HCOOH	99.06	

Table 6

 6 The retention times and relative response factors of the possible products in liquid phase

	Alcohols	Retention time Response factor Error
	pentane	C5H12	4.317	×0.6907	0.0171
	1-pentene	C5H10	4.358	-	-
	n-hexane	C6H14	4.435	×0.6943	0.0067
	1-hexene	C6H12	4.526	-	
	octane	C8H18	5.266	×0.6501	0.0124
	1-octene	C8H16	5.657	-	
	acetone	C3H6O		×1.1700	
	methanol	CH3OH	6.477	×0.0823	0.0208
	2-propanol C3H7OH	6.933	×1.3229	
	ethanol	C2H5OH	7.051	×1.4227	0.0084
	2-butanol * C4H9OH	9.143	×1.1157	
	1-propanol C3H7OH	9.118	×1.1099	0.0035
	1-butanol	C4H9OH	11.837	×1.0240	0.0073
	dodecane	C12H26	13.813	×0.7282	0.0311
	1-octanol	C8H17OH	22.856	×0.7827	0.0642
	1-nonanol C9H19OH	25.375	×0.7074	0.0457
	1-decanol C10H21OH	27.553	×0.6914	0.0249

* 2-butanol is between 1-propanol and 1-butanol and overlap 1-propanol, so sometimes it is a little difficult to be separated from 1-propanol.

  8. The particle sizes were different at different calcination temperature. The sizes of CuO, estimated by the reflection of (111) plane, increased from 28 nm to 33 nm with calcination temperature increase from 600 °C to 900 °C,but decreased to 30 nm at calcination temperature of 1000 °C. The crystal sizes of spinel (Co3O4 or Cu0.86Co2.14O4), estimated by (311) plane, also displayed the same tendency.

Table 8

 8 The crystallite sizes of spinel and CuO phases of CuCo-precursor

	after calcination at different temperatures	
	Calcination temperature (°C)	600	700	800	900 1000
	Crystallite size (nm)					
	Spinel	31	39	39	41	39
	CuO	28	33	33	33	

Table 9

 9 Structure and textural properties of the precursors

Table 10 .

 10 The spectrum is fitted by two sextets with isomer The results of XPS showed that there are only a little of cobalt in tetrahedral sites. We can thus propose that the CoFe2O4 spinel is almost a completely inverse spinel.

	shifts of 0.39 and 0.29 mm/s, the corresponding values of hyperfine magnetic field
	(Hhf) for the two sextets are 51.1 and 48.5 T, respectively. This indicates Fe 3+ in
	octahedral (0.3<isomer shift<0.4) and tetrahedral (isomer shift<0.3) sites. The ratio of
	tetrahedral and octahedral is 4.88. According to this result, the formula is
	[Co-0.66Fe1.66]tetra[Co1.66Fe0.34]octaO4. The amount of cobalt in tetrahedral sites is

negative according to the calculation of Mössbauer results. That is impossible and may be explained by the overestimation of the sextet with isomer shift of 0.29 mm/s due to strong overlap. Figure 35 Room-temperature Mössbauer spectrum of CoFe-precursor-800 particles

Table 10 Mössbauer fit parameters for CoFe-precursor-800

  30 is 

	very different from that obtained for octahedral Fe 3+ in CoFe2O4 (Table 4) but is
	typical of hematite, which is consistent with what was deduced from XRD.
		1.00			
		0.98			
		0.96			
		0.92 0.94 Intensity	(a.u).)		
		0.90			
			-10	-5	0	5	10
					Velocity (mm/s)
	Isomer shift δ	Quadrupole splitting	Hyperfine field	Relative area	Interpretation
	(mm/s)	ΔEQ (mm/s)		BHf (T)	(%)
	0.39	0.06			51.1	17	Fe 3+ in spinel,
						octahedral sites
	0.29	-0.01			48.5	83	Fe 3+ in spinel,
						tetrahedral sites

Figure 36 Room-temperature Mössbauer spectrum of CuFe-precursor-800

Table 11 Mössbauer fit parameter for CuFe-precursor-800 particles

Table 12

 12 

	. The isomer shift

Table 13

 13 

	The H2 consumption of materials after partial reduction compared to the H2 consumption
	after total reduction and theoretical H2 consumption	
		Consumption of H2 (mmol • g -1 )	Ratio (mmol • mmol -1 )
	Materials	After partial	After total	Partial H2/H2	Total H2/H2
		reduction	reduction	theoretical	theoretical
	CoFe-precursor-800	6.1	11.6	0.36	0.68
	CuFe-precursor-800	16.7	16.9	0.98	1.01
	CuCo-precursor-800	16.3	16.6	1.00	1.02
	CuCoFe-precursor-800	18.1	18.1	1.07	1.07

Partial reduction: Materials were reduced at 400 °C for 60 min under 10% H2 in helium Total reduction: Materials were reduced at 800 °C for 60 min under 10% H2 in helium

Table 16

 16 The selectivities to alcohols, methanol, higher alcohols, hydrocarbons, methane, hydrocarbon C2-5, hydrocarbon C5+, CO and other oxygen for the

	CoFe-precursor-800, CoFe-precursor-800, CuCo-precursor-800, and CuCoFe-precursor-800 at 250 °C, 300 °C and 350 °C under 50bar	
		T	CO2				Selectivities (%)				
	Catalysts	( °C)	Conversion	Alcohols	Methanol	Higher	Hydrocarbons	CH4 Hydrocarbons	Hydrocarbons	CO	Other
			(%)	(Total)		alcohols	(Total)		C2-5	C5+		oxygenates
		250 °C	5.5	25.1	24.3	0.8	28.8	20.6	8.2	0.0	46.1	0.0
	CoFe-precursor-800	300 °C	22.7	9.6	8.0	1.6	75.0	60.8	13.9	0.2	15.5	0.0
		350 °C	41.9	2.8	2.0	0.8	91.7	54.0	36.9	0.4	5.6	0.0
		250 °C	10.1	15.0	13.1	1.9	71.1	40.2	30.1	0.8	13.9	0.0
	CuFe-precursor-800	300 °C	22.6	9.2	6.8	2.4	76.2	35.0	39.3	1.3	14.6	0.2
		350 °C	29.8	4.8	2.2	2.6	75.7	30.0	43.6	1.7	18.8	0.3
		250 °C	3.8	19.4	19.1	0.3	70.6	67.6	3.0	0.0	10.0	0.0
	CuCo-precursor-800	300 °C	20.0	10.4	9.9	0.5	78.1	76.1	2.0	0.0	11.5	0.0
		350 °C	37.6	0.9	0.8	0.1	86.3	84.4	1.9	0.0	12.8	0.0
		250 °C	3.8	23.2	21.7	1.5	27.8	17.7	10.1	0.0	48.9	0.0
	CoCuFe-precursor-800	300 °C	26.9	6.7	4.7	2.0	82.5	45.6	35.9	0.7	10.8	0.1
		350 °C	27.1	7.6	4.8	2.8	69.4	43.4	25.5	0.3	22.8	0.1

Table 17

 17 The productivities of alcohols, methanol , higher alcohols, hydrocarbons, methane, hydrocarbon C2-5, hydrocarbon C5+,CO and other oxygen for the CoFe-precursor-800, CoFe-precursor-800, CuCo-precursor-800, and CuCoFe-precursor-800 at 250 °C, 300 °C and 350 °C

		T	CO2
	Catalysts	( °C )	Conversion
			(%)

Table 20 The

 20 BET surface area, pore volume and apparent density of CuFe-based supported Figure 43 Characteristic N2 sorption isotherm of CuFe-based supported catalysts and CNTs

		catalysis and supports		
	Samples	SBET	Vtotal	Density
		(m 2 •g -1 )	(cm 3 •g -1 )	(g•cm -3 )
	10CuFeCNTs	361	1.6	0.16
	30CuFeCNTs	276	1.1	0.20
	50CuFeCNTs	200	0.7	0.30
	70CuFeCNTs	101	0.3	0.43
	pure CNTs a	238	1.0	0.31
	30CuFeTUD-1	199	0.3	0.71
	pure TUD-1	303	0.4	0.65
	a: The surface area and density of CNTs after purification by concentrated nitric acid and
	calcination at 800 °C under N2			

Table 21

 21 Particle size of Cu or FeCu4 alloy and Fe in CuFe/CNTs catalysts and

	CuFe-precursor-N2	
	Catalysts	Particle size (nm)
		Cu/FeCu4 alloy Fe
	10CuFeCNTs	30.2	19.2
	30CuFeCNTs	30.1	19.4
	50CuFeCNTs	36.8	30.0
	70CuFeCNTs	35.8	20.0
	CuFe-precursor-N2	33.6	33.1

Table 22

 22 The analysis of Mössbauer spectrum of 30CuFeCNTs at room temperature

							subsp. 3
							subsp. 2
							subsp. 1
		1.00				
		0.99				
	(a.u.)					
	Intensity	0.98				
		0.97				
		-10	-5	0 Velocity (mm/s)	5	10
		Isomer shift δ	Quadrupole	Hyperfine	Relative	Interpretation
		(mm/s)	splitting ΔEQ	field BHf	area (%)
	Subsp.	0.25	0.00	47.3 T	13		Fe 3+ in maghemite
	1					
	Subsp.	0.00	0.00	33.3 T	71		Fe in metallic α-iron
	2						(ferromagnetic)
	Subsp.	-0.09	0.00	N/A	16		Fe in metallic iron
	3						(paramagnetic)

Table 23 The

 23 H2 consumption of CuFe-based supported catalysts

		H2 consumption (mmol•g -1 )
	Catalysts	Real H2 consumption Theoretic H2 consumption
	10CuFeCNTs	0.39	1.41
	30CuFeCNTs	0.51	5.27
	50CuFeCNTs	0.48	10.03
	30CuFeTUD-1	4.44	5.00

Table 24 .

 24 It can be found that 50CuFeCNTs has the highest metallic surface of copper

	and iron, 19.7 and 26.6 m 2 •g -1	cata respectively. The metallic surface of copper and iron
	on the surface of 70CuFeCNTs are the lowest, 10.8 and 6.2 m 2 •g -1	cata respectively.

Table 24

 24 

	The quantity of desorbed H2 on the CuFe-based supported catalysts during H2-TPD
			process			
	Catalysts	H2 desorption (mol•g -1 )	Metallic surface (m 2 •g -1 cata.)
		Part I	Part II	Total	Cu	Fe	Total
	10CuFeCNTs	2.5×10 -5	5.6×10 -4	5.9×10 -4	-	-	-
	30CuFeCNTs	3.4×10 -5	5.2×10 -4	5.5×10 -4	11.3	15.3	26.6
	50CuFeCNTs	5.0×10 -5	1.7×10 -4	2.2×10 -4	19.7	26.6	46.3
	70CuFeCNTs	3.1×10 -4	1.0×10 -4	1.4×10 -4	10.8	6.2	17.0

Table 25

 25 The mass of catalyst used in reaction

	Catalysts	Mass (g)
	10CuFeCNTs	0.1011
	30CuFeCNTs	0.1340
	50CuFeCNTs	0.1813
	70CuFeCNTs	0.3434
	30CuFeTUD-1	0.4267
	The CO2 and H2 conversion of catalysts 10CuFeCNTs, 30CuFeCNTs,
	50CuFeCNTs, 70CuFeCNTs and 30CuFeTUD-1 at 250 °C, 300 °C and 350 °C are
	shown in Figure 60 and Figure 61. For all the catalysts, the reactivity at 250 º C is very
	low. Both the conversions of CO2 and H2 are lower than 10%. With the reaction
	temperature increase from 250 °C to 350 °C, the conversions of CO2 were sharply
	increased up to more than 30% except for 10CuFeCNTs and 30CuFeTUD-1. The
	conversions of H2 were also increased a lot, especially for catalysts 30CuFeCNTs,
	50CuFeCNTs and 70CuFeCNTs, for which the conversion of H2 were increased up to
	around 40% for the three catalysts. The catalyst 50CuFeCNTs presents the highest
	CO2 and H2 conversions, 34.1% and 43.4% respectively, at 350 º C. The CO2 and H2
	conversions are similar with 30CuFeCNTs and 70CuFeCNTs: the CO2 conversion is
	19.3% and 20.6% at 300 °C, 33.5% and 33.0% at 350 °C respectively; the H2
	conversions are at 19.4% and 22.1% at 300 °C, and 39.1% and 40.1% at 350 °C
	respectively. For 10CuFeCNTs, because of the low loading of active phases, the CO2
	and H2 conversion are less than 10% even at 350 °C, and the reactivity of
	10CuFeCNTs at 250 °C is too low to be analyzed.	
	The CO2 and H2 conversions of CuFe on CNTs as support were much higher
	than for CuFe on TUD-1 as support at the same loading of CuFe of 30 %. For
	example, at 350 °C the CO2 conversion is 33.5 % for 30CuFeCNTs compared to

Table 26

 26 The selectivities to CO, alcohols, methanol, higher alcohols, hydrocarbon, CH4, C2-5, C5+ and other oxygenates

	of CuFe-based supported catalysts

Table 30

 30 

	The BET surface area, pore volume and density of promoted catalysts and of
		30CuFeCNTs		
	Catalyst	BET surface area	Pore volume	Density
		(m 2 •g -1 )	(cm 3 •g -1 )	(g•cm -3 )
	0.5K30CuFeCNTs	269	0.92	0.25
	1K30CuFeCNTs	269	0.91	0.25
	1.5K30CuFeCNTs	251	0.91	0.23
	1Na30CuFeCNTs	262	0.90	0.25
	1Cs30CuFeCNTs	289	0.97	0.24
	30CuFeCNTs	276	1.17	0.20
	V.3.2 X-Ray Diffraction (XRD) before reaction	
	XRD pattern of catalysts are presented in Figure 64, which confirm the existence
	of CNTs, iron oxides, and small amounts of copper iron spinel in the catalysts. The
	diffractogramms of Cu (JCPDS 01-085-1326) or CuFe alloy (JCPDS 03-065-7002),
	iron carbide (00-052-0521) are similar, so it is difficult to detect that CuFe alloy or
	iron carbides exist in these catalysts. Compared to the XRD patterns of 30CuFeCNTs
	in chapter IV, part of copper iron spinel and Fe3O4 instead of metallic iron were
	formed, which is maybe due to the oxidation of iron during the impregnation step and
	further calcination.			

Table 31

 31 

	The quantity of desorbed H2 on Part I and Part II and total desorbed H2
	at the surface of promoted-catalysts during H2-TPD process
	Catalysts		H2 desorption (mol•g -1 )	
		Part I	Part II	Total
	0.5K30CuFeCNTs	4.7×10 -5	1.6×10 -4	2.1×10 -4
	1K30CuFeCNTs	5.9×10 -5	2.3×10 -4	2.9×10 -4
	1.5K30CuFeCNTs	6.4×10 -5	1.9×10 -4	2.6×10 -4
	1Na30CuFeCNTs	5.6×10 -5	1.7×10 -4	2.3×10 -4
	1Cs30CuFeCNTs	5.6×10 -5	1.7×10 -4	2.3×10 -4

Table 32

 32 

	The quantity of desorbed CO2 and the basic sites at the surface of
	promoted-catalysts during CO2-TPD process
	Catalysts	CO2 desorption	Basic sites
		(mmol•g -1 )	(mmol•g -1 )
	0.5K30CuFeCNTs	0.57	0.57
	1K30CuFeCNTs	0.72	0.72
	1.5K30CuFeCNTs	0.67	0.67
	1Na30CuFeCNTs	0.74	0.74
	1Cs30CuFeCNTs	0.75	0.75
	30CuFeCNTs	0.59	0.59

Table 33

 33 

	The mass of catalysts used in reactions
	Catalysts	Mass (g)
	1Na30CuFeCNTs	0.1524
	0.5K30CuFeCNTs	0.1474
	1K30CuFeCNTs	0.1521
	1.5K30CuFeCNTs	0.1388
	1Cs30CuFeCNTs	0.1458
	The CO2 conversions at different temperatures are shown in Figure 67.
	1K30CuFeCNTs and 1Cs30CuFeCNTs present similar CO2 conversion at 250 °C,
	around 9.3%, and 300 °C, around 21%. Nevertheless, at 350 °C, the CO2 conversion
	obtained on 1Cs30CuFeCNTs is much higher than on 1K30CuFeCNTs: 38.5%
	compared to 26.3%, respectively. 1Na30CuFeCNTs displayed the lowest CO2
	conversion compared to 1K30CuFeCNTs and 1Cs30CuFeCNTs over the whole range
	of reaction temperature.	
	Among the K-promoted series, compared to the CO2 conversion for

Table 34

 34 The selectivities to CO, alcohols, methanol, higher alcohols, hydrocarbon, CH4, C2-5, C5+ and other oxygenates of promoted catalysts and 30CuFeCNTs

		CO2
	T/ °C	conversion
		(%)

Table 35

 35 The selectivities to CO, alcohols, methanol, higher alcohols, hydrocarbon, CH4, C2-5, C5+ and other oxygenates of promoted catalysts and 30CuFeCNTs

	CO2
	conversion
	(%)

2 hydrogenation with Co, Cu, Fe- based catalysts

  RésuméLe CO2 est une source de carbone propre pour les réactions chimiques, nombreux chercheurs ont étudié l'utilisation du CO2. Les alcools supérieurs sont des additifs de carburant propres. La synthèse des alcools supérieurs à partir de l'hydrogénation du CO a également été étudiée par de nombreux chercheurs, mais il existe peu de littératures sur la synthèse des alcools supérieurs à partir de l'hydrogénation du CO2, qui est une réaction complexe et difficile. Les catalyseurs utilisés pour la synthèse des alcools supérieurs nécessitent au moins deux phases actives et une bonne synergie. Dans notre étude, nous avons etudié les catalyseurs spinelle basés sur Co. Cu. Fe et l'effet des supports (CNTs et TUD-1) et celui des promoteurs (K, Na, Cs) à la réaction de HAS. Nous avons trouvé que le catalyseur CuFe-précurseur-800 est favorable pour la synthèse d'hydrocarbures en C2+ et d'alcools supérieurs. Dans l'hydrogénation du CO2, Co agit comme catalyseur de méthanisation plutôt que comme catalyseur FT, en raison du mécanisme de réaction différent entre l'hydrogénation du CO et celle du CO2. Afin d'inhiber la formation d'hydrocarbures de quantités importante, il est préférable de choisir des catalyseurs sans Co dans la réaction d'hydrogénation du CO2. En comparant les fonctions des CNT et du TUD-1, nous avons constaté que le CNT est un support parfait pour la synthèse de produits à longue chaî ne (alcools supérieurs et hydrocarbures C2+). Le support TUD-1 est plus adapté à la synthèse de produits à un seul carbone (méthane et méthanol) .L'addition d'alcalis en tant que promoteurs conduit non seulement à augmenter la conversion de CO2 et H2, mais augmente également la sélectivité des produits visés fortement, des alcools supérieurs. Le catalyseur 0.5K30CuFeCNTs possède une productivités les plus élevées (370.7 g • kg-1 • h-1) d'alcools supérieurs à 350 ° C et 50 bar. Mots clé : CO2, hydrogénation, alcools supérieurs, spinelle
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Chapter IV

The synthesis of higher alcohols from CO 2 hydrogenation with CuFe metal/oxides catalysts on CNTs and TUD-1 supports

Chapter V

The effect of alkalis metals (K, Na, Cs) on HAS from CO 2 hydrogenation by CuFe/CNTs catalyst dried at 100 °C for 8 h. At last, the samples were annealed under N2 atmosphere at 800 °C for 6 h with heating ramp 2 °C•min -1 . 

V.3 Catalysts characterizations V.3.1 Composition and textural proprieties

The elemental analysis of catalysts is displayed in Table 29, and the BET surface, pore volume and density of catalysts are shown in Table 30. The experimental results

are almost similar to expected theoretical contents. The loading by promoters affected slightly the surface area, pore volume and density compared to 30CuFeCNTs discussed in chapter IV. All the BET surface areas selectivities and productivities of alcohols (methanol and higher alcohols) and hydrocarbons. The selectivities to higher alcohols increased to 17.3% and the productivities reached 213.9 g•kg -1 •h -1 .

With temperature increasing from 300 °C to 350 °C, the selectivities to higher alcohols keep increasing with 1Cs30CuFeCNTs as catalyst, from 10.0% to 16.5%, and the productivities increased from 107.6 to 253.0 g•kg -1 •h -1 . This is much higher than for 1Na30CuFeCNTs and 1K30CuFeCNTs as catalysts. The use of Cs as promotor can effectively inhibit the synthesis of CO and promote the synthesis of alcohols.

Different from the results at 250 °C and 300 °C, 1.5K30CuFeCNTs presents the highest selectivity to higher alcohols (26.0%) and 0.5K30CuFeCNTs has the highest productivities of higher alcohols (370.7 g•kg -1 •h -1 ) at 350 °C.

Chapter VI

Conclusions and perspectives