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Introduction

Le haut niveau d'attention est concentré aujourd'hui sur l'amélioration de l'environnement par la réduction des émissions de gaz à effet de serre [1] et sur la recherche des carburants alternatifs [2,3]. Depuis le début de 2000, le diméthylether (DME) est considéré comme un biocarburant prometteur et comme une alternative pour plusieurs applications énergétiques. Le DME trouve de nombreuses applications telles que un remplaçant du diesel dans les transports, une alternative au méthane dans les turbines à gaz, un complément au GPL (gaz de pétrole liquéfié) pour le gaz domestique et un vecteur pour le stockage de l'énergie [4,5]. En outre, il est également un intermédiaire important pour la synthèse de produits chimiques couramment utilisés [6].

La synthèse classique de DME est un procédé en deux étapes [7], la 1 ère étape est la synthèse du méthanol à partir de gaz de synthèse (CO/CO 2 /H 2 ) sur les catalyseurs à base de cuivre [5] et la 2 ème étape est la déshydratation du méthanol en DME sur des catalyseurs acides solides [3]. Dans ce travail, la synthèse directe de DME à partir de l'hydrogénation du dioxyde de carbone est thermodynamiquement favorable et économique par rapport à la voie traditionnelle [4,8]. Cette réaction directe nécessite la présence d'un catalyseur bifonctionnel combinant un catalyseur à base de cuivre et un catalyseur acide solide.

Cu-ZnO-ZrO 2 (CZZ) a été choisi comme le catalyseur de synthèse du méthanol en raison de la bonne performance dans la synthèse de méthanol à partir du dioxyde de carbone, qui est basé sur les travaux antérieurs du groupe [9,10]. Le cuivre métallique fournit les sites actifs pour la dissociation de H 2 et les oxydes ZnO et ZrO 2 sont importants pour l'adsorption et l'activation du CO 2 , en plus ZnO joue le rôle d'une entretoise physique et a un effet favorable sur le comportement de frittage de cuivre [11]. γ-Al 2 O 3 et HZSM-5 sont les matériaux les plus fréquemment étudiés pour la réaction de déshydratation du méthanol à l'échelle du laboratoire, ainsi que dans l'industrie, alors que ces deux composes montrent quelques inconvénients [12]. Dans notre travail, Al-TUD-1, un matériau mésoporeux amorphe à base de silice avec l'incorporation d'aluminium, possé dant grande surface et des pores modifiables tout comme son acidité , a é té choisi en tant que catalyseur de dé shydratation du mé thanol.

Le but de ce travail de thèse est la préparation de systèmes catalytiques bifonctionnels par différentes méthodes et une étude plus approfondie de leur comportement catalytique dans la synthèse directe du DME. Les catalyseurs bifonctionnels sont constitués de Cu-ZnO-ZrO 2 et Al-TUD-1, la teneur en cuivre métallique dans le Cu-ZnO-ZrO 2 est de 30% en poids, le rapport Si/Al dans Al-TUD-1 ainsi que le rapport entre les deux fonctions catalytiques seront modifié.

Ré sultats et discussions

Dans un premier temps, Al-TUD-1 avec diffé rents rapports Si/Al a é té pré paré pour étudier l'influence de l'acidité dans la performance de déshydratation du méthanol.

Puis, dans un second temps, les matiè riaux bifonctionnels Cu-ZnO-ZrO 2 @ Al-TUD-1 ont é té pré paré es par un procé dé de dé pôt de co-pré cipitation, où Al-TUD-1 eu des rapports Si/Al diffé rents. Leur comportement catalytique dans la dé shydratation du mé thanol et la synthè se directe du DME a é té é tudié e. Dans le derniè re temps, les maté riaux bifonctionnels Cu-ZnO-ZrO 2 @ Al-TUD-1 ont é té pré paré s par d'autres méthodes telles que le mélange physique et la méthode 'core-shell', et leur performance catalytique dans la synthè se directe de DME a é té comparé e a la mé thode de copré cipitation.

Al-TUD-1 pour la dé shydratation du mé thanol en DME

Une sé rie d'Al-TUD-1 avec diffé rents rapports Si/Al = 25, 50, 75 et 100, ont é té synthé tisé s par le procé dé sol-gel [13]. Diffé rentes mé thodes de caracté risation ont é té utilisé es pour l'analyse des maté riaux, telles que DRX (diffraction des rayons X), mé thode d'adsorption/ dé sorption de N 2 , TPD-NH 3 (dé sorption programmé e tempé rature d'NH 3 ) et MET (microscopie é lectronique à transmission). L'influence du rapport Si/Al sur l'activité dans la réaction de déshydratation du méthanol a été étudiée. La proprié té acide est le principal facteur de la ré action de dé shydratation du mé thanol pour former le DME. Les ré sultats de TPD-NH 3 (Fig. 2) montrent que les quantité s de sites acides augmentent avec la diminution du rapport Si/Al, qui est compatible avec le travail de Hanefeld [13]. Le NH 3 a é té dans la plupart du temps dé sorbé en dessous de 400 °C, ce qui signifie que la plus grande partie des sites acides sont de forces faibles et moyennes. Selon les travaux [8], les sites acides forts peuvent non seulement convertir le mé thanol en DME, mais aussi produire davantage d'alcanes et La ré action de dé shydratation du mé thanol a é té ré alisé e sur Si/Al-25 avec du mé thanol (Fig. 4a) et le mé lange (n methanol :n water =1:5) (Fig. 4b). La conversion du mé thanol et la teneur en eau dans la phase gazeuse ont é té pré senté s dans le Fig. (Table 1). Les particules métalliques de Cu pour les catalyseurs réduits sont environ de 5 nmrésultats de DRX (Fig. 5b), ce qui est conforme aux résultats de MET d'échantillons réduits (Fig. 6) Compte tenu de l'influence du rapport Si/Al de cuivre sur la surface métallique de Cu, la théorie fonctionnelle de densité (DFT) a été utilisée pour étudier l'interaction entre le Cu et le support au niveau moléculaire. Le cuivre a été simplifié comme un atome de cuivre. La silice pure a été modélisée sous une forme amorphe α-SiO 2 , qui a été saturé avec une groupe hydroxyle sur la surface (1 0 0) selon le modèle Zhuravlev [16], avec une hauteur de vide de 10 Å pour é viter l'interaction entre les diffé rentes couches pé riodiques [17]. Al-TUD-1 as é té modé lisé e comme la silice dopé e par Al, à savoir que les cations té travalents de silice ont é té remplacé s par des cations Al trivalents [18]. Les propriétés d'adsorption du cuivre sur de la silice pure et de la silice dopé e avec Al (Fig. 8) ont é té calculé es. Pour les catalyseurs bifonctionnels pré paré s par un procé dé de dé pôt de copré cipitation, le cuivre a é té bien dispersé avec la taille des particules de cuivre mé tallique autour de 5 nm et surface mé tallique de cuivre importante pour les petits Compared with the CCS technologies, the carbon capture and utilization (CCU) method is a more efficient way for the abatement of the CO 2 emissions in the future.
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Conclusion gé né rale

Different chemical products that derive from CO 2 are shown Figure 1 low formation of solid particulates and CO can be achieved when using DME as fuel [15].

After burning, there is no nitrogen-containing or sulfur-containing compounds released which is detrimental for the environment. DME owns high cetane number of 55, which is higher than diesel fuel with the value 40-50, so it can be an excellent alternative fuel [16,17]. It has the similar physicochemical properties as the LPG (liquefied petroleum gas), it can also be used as the substitute [17]. It is also a substitute for chlorofluorocarbons acting as an aerosol propellant because it is benign to the ozone layer [18,19]. It can be employed as a chemical intermediate for the production of chemical products, such as alkyl aromatics, dimethyl sulfate, methyl acetate, olefins and so on [20]. Apart from these, it is also an efficient H 2 carrier for fuel cell application [3]. The traditional DME synthesis method is a two steps process, firstly the methanol is synthesized from CO/H 2 in the first reactor under pressure (50-100 bar) and medium temperature (220-280 °C) over a copper based catalyst [21,22], and secondly the methanol is dehydrated to DME in the second reactor under the ambient pressure over an acid catalyst. The schematic diagrams of the traditional two steps DME synthesis are shown in Figure 1234. The direct DME synthesis method was put forward during the past several years, because it is thermodynamically favorable compared with the conventional method. The consumption of methanol in the methanol dehydration to DME reaction will break the equilibrium and the reaction will shift to the right [3]. The direct DME synthesis is also economically saving compared with the conventional method. It has been reported that the operating cost of the direct DME synthesis will be only 2/3 of DME production from methanol dehydration [23,24]. Some other carbon sources have been proposed for the direct DME synthesis reaction rather than the syngas obtained from oil, natural gas and coal, such as waste, biomass, CO 2 from capture and so on [20].

In our work, CO 2 will be employed as the carbon source for the direct DME synthesis because it is environmental friendly and resource saving. The direct DME synthesis will be conducted in one reactor, which is economically saving and thermodynamically favorable.

Catalysts

Due to the instinct of two steps reaction of DME synthesis, methanol synthesis on copper based catalysts (Equation 1-1) and methanol dehydration to DME on acid catalysts (Equation 1-2), the direct DME synthesis needs the presence of a bifunctional catalyst consisting of these both functions. The schematic diagram of the direct DME synthesis on a bifunctional catalyst is shown in Fig. 12345. For this work it is needed to choose a good copper based catalyst and an acid catalyst as well as the preparation method of these bifunctional materials.

Copper based catalyst

Different catalysts have been employed in the methanol synthesis reaction. After the methanol synthesis way from CO and H 2 proposed by Sabatier in 1905, BASF conducted the methanol synthesis reaction from CO/H 2 using zinc/chromium oxide catalyst under high temperature and pressure (300-400 °C, 250-350 bars) [25]. In 1966, ICI (Imperial Chemical Industries) used Cu/ZnO as methanol synthesis catalyst at lower temperature and pressure (300 °C, 100 bars) with pure syngas as reactant gas. Afterwards, Lurgi improved the process at even lower temperature and pressure (230-250 °C, 40-50 bars) [25]. Then Cu/ZnO catalyst becomes the dominating catalyst for the methanol synthesis from CO/H 2 in industry as well as in academy. The Cu/ZnO catalyst has also been demonstrated as the efficient methanol synthesis catalyst from CO 2 /H 2 [26][27][28]. The optimized catalyst for the methanol synthesis from CO 2 /H 2 might require an increase of Zn promoted copper active sites [26]. From another hand owing to the acid character of CO 2 , the basic sites are needed.

For the copper based catalyst, the metallic copper surface area and the interface of Cu/Zn that have been mentioned are the influencing factors for methanol synthesis from CO 2 /H 2 performance [29]. The high temperature carbonates observed in the catalyst are reported to be beneficial. They have been discovered in the precursor of Cu/ZnO catalyst prepared by the co-precipitation method [30]. Behrens et al suggested that the high temperature carbonates are trapped at the Cu 0 -ZnO interfaces [31]. It may be considered as a growth inhibitor for the copper particles [30]. Schur et al put forward that the copper dispersion can be connected with the high temperature carbonates [32].There are different decomposition temperatures for the high temperature carbonates reported for the copper based catalysts prepared by different methods [31,33]. The decomposition temperature is an indicator for the strong interaction across Cu/Zn interfaces and grain boundaries [33].

According to Malte Behrens, the good methanol synthesis catalyst should have a high metallic copper surface area, defective copper nanoparticles and strong metalsupport (Cu-Zn) interaction (SMSI). In order to obtain the methanol synthesis catalyst which satisfying these requirements, the content of the promoter should be noticed during the preparation. For example, if the promoter content is much less than 0.5, the CuO can't be dispersed well and will aggregate to form big CuO particle size. When the promoter content is around 0.5, the CuO particles disperse well with small nanoparticles, thus with more copper surface exposed. The promoter can act as a physical spacer between Cu particles (Figure 123456). The role of Zn is to improve the dispersion of copper thus increasing the amount of active sites on the surface of the catalyst. Thus, ZnO has two functions: 1) it works as a physical spacer between the Cu 0 particles, stabilizes the structure and prevents the sintering of the copper particles; 2) it works as the thin layer on the surface of copper, which will form the interface of Cu/Zn. The presence of such interfaces will affect the adsorption properties of CO 2 [34].

Based on the Cu/ZnO model methanol synthesis catalyst, different promoters have been investigated to improve the methanol synthesis CO 2 /H 2 performance, such as Al, Ga, Zr as well as some additives such as SBA-15, SiO 2 , TiO 2 .

Cu-ZnO-Al 2 O 3 is the most widely investigated catalyst of the methanol synthesis from CO 2 /H 2 , it was chosen as the industrial catalyst for methanol synthesis from CO/CO 2 /H 2 with the varying composition for different companies [25,[35][36][37][38]. The addition of Al increases the BET surface area and the copper dispersion, and inhibits the sintering of copper [39]. The effect of the promoters SiO 2 , TiO In order to get the well-confined copper particles, Cu/ZnO was incorporated into the pores of SBA-15 by ammonia deposition-precipitation (ADP) method. The final catalyst with small copper particle size was obtained (d cu < 7 nm). It shows the similar methanol synthesis performance as the industrial methanol synthesis catalyst CZA [41].

Cu/Zn/Ga 2 O 3 has been investigated in CO 2 hydrogenation to methanol reaction.

The relation between Ga 2 O 3 promoting effect and the Ga 2 O 3 particle size was found.

Small Ga 2 O 3 particle favored the formation of Cu + , which was thought related with the catalytic performance [42][43][44]. Despite its good performance the Ga 2 O 3 catalyzes the side reactions and some hydrocarbons have been detected in the products, such as methane, ethane and ethylene [44].

Cu-ZnO-ZrO 2 was also investigated intensively and was regarded as more active catalyst for this reaction because of the better water tolerance of zirconia compared with alumina [24,[45][46][START_REF] Arena | Basic evidences for methanol-synthesis catalyst design[END_REF][START_REF] Arena | Solid-state interactions, adsorption sites and functionality of Cu-ZnO/ZrO 2 catalysts in the CO 2 hydrogenation to CH 3 OH[END_REF][START_REF] Arena | Synthesis, characterization and activity pattern of Cu-ZnO/ZrO 2 catalysts in the hydrogenation of carbon dioxide to methanol[END_REF]. Apart from this Zr has been described as a good textural promoter [START_REF] Zhao | Effects of ZrO 2 on the performance of CuO-ZnO-Al 2 O 3 / HZSM-5 catalyst for dimethyl ether synthesis from CO 2 hydrogenation[END_REF][START_REF] Ko | Cu-ZrO 2 catalysts for water-gas-shift reaction at low temperatures[END_REF]. Especially for the CO 2 hydrogenation, there is more water formed than CO as the reactant. It also has been reported that the addition of Zr could enhance the basicity thus increasing the CO 2 conversion [START_REF] Gao | Influence of modifier (Mn, La, Ce, Zr and Y) on the performance of Cu/Zn/Al catalysts via hydrotalcite-like precursors for CO 2 hydrogenation to methanol[END_REF][START_REF] Gao | Influence of Zr on the performance of Cu/Zn/Al/Zr catalysts via hydrotalcite-like precursors for CO 2 hydrogenation to methanol[END_REF]. The simplified sketch of reaction paths on Cu/ZnO/ZrO 2 and Cu-ZnO/Al 2 O 3 is shown in Figure 1-7 [START_REF] Arena | Solid-state interactions, adsorption sites and functionality of Cu-ZnO/ZrO 2 catalysts in the CO 2 hydrogenation to CH 3 OH[END_REF]. Other copper based catalysts with additional promoters have been investigated.

Cu-Fe-Zr was studied as the copper based catalyst in the direct DME synthesis reaction from CO 2 hydrogenation. It has been reported that iron can be a good promoter in preventing the sintering of active centers and dispersing the active centers crystallites [START_REF] Liu | Synthesis of Dimethyl Ether from CO 2 and H 2 Using a Cu-Fe-Zr/ HZSM-5 Catalyst System[END_REF][START_REF] Sirichalprasert | Selective oxidation of CO to CO 2 over Cu-Ce-Fe-O composite-oxide catalyst in hydrogen feed stream[END_REF][START_REF] Chen | Study of iron-promoted Cu/ SiO 2 catalyst on high temperature reverse water gas shift reaction[END_REF]. The strong interaction between Cu and Fe also facilitates the adsorption of CO 2 and H 2 . The disadvantage of Cu-Fe in the methanol synthesis from CO 2 is that the CO 2 is easily reduced to CO and CH 4 on Fe [START_REF] Lee | Liquid phase methanol and dimethyl ether synthesis from syngas[END_REF][START_REF] Guo | Cu-based catalyst LP201 for onestep synthesis of dimethyl ether from syngas in three-phase process[END_REF]. La and Ce also have been incorporated

into Cu-Fe to promote the CuO dispersion and to improve the stability of the catalyst in hydrogenation of CO 2 to DME [START_REF] Qin | Hydrogenation of CO 2 to dimethyl ether on La-, Ce-modified Cu-Fe/HZSM-5 catalysts[END_REF]. The disadvantage of Ce addition could be the formation of stable carbonates that cover the catalyst surface and thus lead to the decrease of the catalytic activity, this fact was enlightened in [START_REF] Kilian | Aspects mé canistiques et ciné tiques de la production catalytique de mé thanol à partir de CO 2 /H 2[END_REF].

In general, Cu-ZnO-ZrO 2 seems to be the most promising methanol synthesis from CO 2 catalyst due to the synergy effect of Cu-ZnO, a good water tolerance, good basic properties and good textural properties of ZrO 2 .

Methanol synthesis catalysts have been synthesized by different preparation methods, such as co-precipitation method, sol gel method, microemulsion method and many others. The CuO was not well dispersed for the catalyst Cu-ZnO-ZrO 2 prepared by sol gel method [START_REF] Angelo | Dé veloppement de catalyseurs pour la synthè se de mé thanol produit par hydrogé nation du dioxyde de carbone[END_REF]. For the catalyst prepared by microemulsion method, there is no intimate contact between metal oxides resulting in the small Cu 0 -ZnO interface. The copper based catalyst prepared by co-precipitation method was reported to own good CuO and ZnO dispersion [START_REF] Angelo | Dé veloppement de catalyseurs pour la synthè se de mé thanol produit par hydrogé nation du dioxyde de carbone[END_REF] and has the existence of beneficial high temperature carbonates [31].

Therefore, Cu-ZnO-ZrO 2 will be investigated as the copper based catalyst of the methanol synthesis from CO 2 /H 2 without promoters to simplify the work. The weight ratios between Cu, ZnO and ZrO 2 will be fixed at 30wt%: 41wt%: 21.5% respectively based on [12].

Methanol dehydration to DME catalyst

The active sites for methanol dehydration to DME are the acid sites. Different [START_REF] Brake | Preparation of dimethyl ether by catalytic dehydration of methanol, Google Patents[END_REF]. Some researchers also found that silica modified γ-Al 2 O 3 shows better methanol dehydration to DME performance than the untreated one [START_REF] Jun | Catalytic dehydration of methanol to dimethyl ether (DME) over solid-acid catalysts[END_REF][START_REF] Yaripour | Catalytic dehydration of methanol to dimethyl ether (DME) over solid-acid catalysts[END_REF].

Even though it has been already used as methanol dehydration to DME catalyst in academy as well as in industry, it is still of some disadvantages for this reaction. The acid sites of γ-Al 2 O 3 are mostly Lewis acid type [START_REF] Hosseini | Synthesis of nanocrystalline γ-Al 2 O 3 by sol-gel and precipitation methods for methanol dehydration to dimethyl ether[END_REF]. The water formed during reaction strongly adsorbed on Lewis acid sites of γ-Al 2 O 3 , which will cause the decrease of methanol dehydration performance and inhibit the DME formation [START_REF] Hosseini | Optimization of hydrothermal synthesis of H-ZSM-5 zeolite for dehydration of methanol to dimethyl ether using full factorial design[END_REF]. Another reason is that the optimal temperature for methanol dehydration to DME is not exactly the same as needed for the CO 2 hydrogenation to methanol reaction .

It is generally admitted that HZSM-5 shows much higher activity than γ-Al 2 O 3 at moderate temperature range (240-280 °C). Considering the methanol synthesis condition on copper based catalyst, HZSM-5 is more thermodynamically favorable thanγ-Al 2 O 3 [START_REF] Garcia-Trenco | Direct synthesis of DME from syngas on hybrid CuZnAl/ ZSM-5 catalysts: New insights into the role of zeolite acidity[END_REF][START_REF] Takeguchi | Effect of the property of solid acid upon syngas-to-dimethyl ether conversion on the hybrid catalysts composed of Cu-Zn-Ga and solid acids[END_REF]. In the methanol dehydration to DME reaction, there is water formed. HZSM-5 is more hydrophobic compared with γ-Al 2 O 3. While there are strong Brønsted acid sites existed in HZSM-5 which can further convert DME into hydrocarbons, some modifications have been done for HZSM-5 to have better DME selectivity. HZSM-5 was modified by addition of MgO to remove the strong Brønsted acid sites in order to decrease the undesired products like hydrocarbons. When MgO content is higher than 5wt%, the DME selectivity decreases markedly because of the insufficient acid sites content [18]. Apart from the strong acidity of HZSM-5 it also has been reported that the micropores in HZSM-5 also have been considered to restrain the quick diffusion [20].

The aluminated hexagonal mesoporous materials (Al-HMS) with different Si/Al ratios, 5, 10, 20 and 35, were tested in methanol dehydration to DME reaction [START_REF] Sabour | Catalytic dehydration of methanol to dimethyl ether (DME) over Al-HMS catalysts[END_REF]. It is concluded that the amount and the strength of acid sites increase with the decrease of Si/Al ratio from the NH 3 -TPD results. Among all the materials investigated, Al-HMS-10

shows the optimal methanol conversion of 89% and the DME selectivity of 100% after the stability test of 72 h. Pure methanol and crude methanol (20 mol% water) were used as reactant respectively to investigate the influence of water (Figure 12345678). The methanol conversion is higher with pure methanol as reactant than crude methanol, which demonstrated that the water has negative effect on methanol dehydration to DME performance. The more obvious decrease of methanol conversion over the catalyst Al-HMS-5 is due to that there are more Lewis acid sites content and the water is adsorbed preferentially on Lewis acid sites than on Brønsted acid sites. The used catalyst Al-HMS-10 was measured by TG/DTA technique after the tests and the results are shown in Table 1-2. It can be found that there is more coke formed for the catalyst Al-HMS-10 with pure methanol as reactant. So it can be conclude that water inhibits coke formation and can remove the coke in mesoporous molecular sieve [START_REF] Sabour | Catalytic dehydration of methanol to dimethyl ether (DME) over Al-HMS catalysts[END_REF]. Coke content (wt. %)

Al-HMS-10 (used for pure methanol) 400-600 3.14

Al-HMS-10 (used for crude methanol) 445-520 0.9

Though a good methanol conversion and a good DME selectivity were obtained over solid acid catalyst Al-HMS-10, the conditions for this reaction are quite mild.

Nevertheless there is the coke formation on the catalysts Al-HMS-10, which can cause a severe deactivation. While it is maybe a good methanol dehydration to DME catalyst coupled with the copper based catalyst [3], the deactivation of the metallic Cu 0 by sulfur is not enlightened. We didn't see the ideal methanol dehydration to DME catalyst which could be used in a couple with the copper based catalyst. The good methanol dehydration to DME catalyst should have weak and moderate acidity, good hydrophobic property, big surface area and high hydrothermal stability. So regarding all these demands the Al-TUD-1 materials were chosen as the methanol dehydration to DME catalysts.

S-ZrO

TUD-1 (abbreviation for Technische Universiteit Delft), sponge-like amorphous mesoporous silica, was first published by Z. Shan et al [START_REF] Anand | Catalytic properties of the novel mesoporous aluminosilicate AlTUD-1[END_REF][START_REF] Shan | Synthesis, characterization and catalytic testing of a 3-D mesoporous titanosilica, Ti-TUD-1[END_REF]. It shows three dimensional pore structure, which is demonstrated by the 3-D TEM in Figure 1-10 [START_REF] Jong | Electron tomography of molecular sieves[END_REF][START_REF] Telalovic | TUD-1: synthesis and application of a versatile catalyst, carrier, material[END_REF]. This kind material owns big surface area, big pore volume and high hydrothermal stability. The pore size can be adjusted by changing the hydrothermal treatment time. It is also surfactant free during the synthesis [START_REF] Shan | Al-TUD-1, stable mesoporous aluminas with high surface areas[END_REF], which attracts a lot of researches' attentions.

Modification of TUD-1 is very easy in the one pot synthesis. The incorporation of different heteroatoms is applied to modify the properties in order to adapt to different reactions [START_REF] Ranoux | B-TUD-1: a versatile mesoporous catalyst[END_REF]. For example, Ce-Ti-TUD-1 was employed to styrene oxidation [START_REF] Mandal | XAFS, XPS characterization of cerium promoted Ti-TUD-1 catalyst and it's activity for styrene oxidation reaction[END_REF], Fe-TUD-1 was applied to selective N 2 O induced propane oxidation [START_REF] Wei | FAPO and Fe-TUD-1: Promising catalysts for N 2 O mediated selective oxidation of propane?[END_REF], B-TUD-1 was demonstrated with high reactivity for the Prins cyclisation of citronellal in toluene [START_REF] Ranoux | B-TUD-1: a versatile mesoporous catalyst[END_REF].

Apart from these, the doping effect of Al [START_REF] Shan | Al-TUD-1, stable mesoporous aluminas with high surface areas[END_REF], Co [START_REF] Hamdy | Fe, Co and Cu-incorporated TUD-1: Synthesis, characterization and catalytic performance in N2O decomposition and cyclohexane oxidation[END_REF][START_REF] Hamdy | Co-TUD-1: A ketone-selective catalyst for cyclohexane oxidation[END_REF][84], Ga [START_REF] Karmakar | Ga-TUD-1: A new heterogeneous mesoporous catalyst for the solventless expeditious synthesis of alpha-aminonitriles[END_REF][START_REF] Mandal | Synthesis, characterization of Ga-TUD-1 catalyst and its activity towards styrene epoxidation reaction[END_REF], Ni [START_REF] Quek | Nickel-grafted TUD-1 mesoporous catalysts for carbon dioxide reforming of methane[END_REF], Mn [START_REF] Imran | Catalytic activity of MnTUD-1 for liquid phase oxidation of ethylbenzene with tert-butyl hydroperoxide[END_REF],

Zr [START_REF] Ramanathan | Zr-TUD-1: A lewis acidic, three-dimensional, mesoporous, zirconium-containing catalyst[END_REF][START_REF] Pachamuthu | Lewis acidic ZrTUD-1 as catalyst for tert-butylation of phenol[END_REF] and Cu [START_REF] Hamdy | Fe, Co and Cu-incorporated TUD-1: Synthesis, characterization and catalytic performance in N2O decomposition and cyclohexane oxidation[END_REF][START_REF] Maheswari | Copper containing TUD-1: synthesis, characterization and catalytic behavior in liquid-phase oxidation of ethylbenzene[END_REF][START_REF] Pachamuthu | Characterization and Catalytic activity of Cu-TUD-1 for Styrene Epoxidation[END_REF] also have been investigated. The incorporation of Al into TUD-1 framework (Al-TUD-1) gives rise to tetra-, penta-, and hexa-coordinated aluminum sites, among which the tetrahedrally coordinated aluminum introduce Brønsted acid sites [START_REF] Anand | Catalytic properties of the novel mesoporous aluminosilicate AlTUD-1[END_REF][START_REF] Telalovic | Al-TUD-1: Introducing tetrahedral aluminium[END_REF][START_REF] Simons | Noncovalent anchoring of asymmetric hydrogenation catalysts on a new mesoporous aluminosilicate: Application and solvent effects[END_REF]. The replacement of Si atom by Al atom introduces both Brønsted and Lewis acidic site (Figure 1-11) due to the different outer electron structure [START_REF] Telalovic | Al-TUD-1: Introducing tetrahedral aluminium[END_REF]. Owing to the acid properties, Al-TUD-1 has been investigated as the catalyst for the alkylation of phenol with TBA in gas phase and for the alkylation of phenol with MTBE in liquid phase [START_REF] Anand | Catalytic properties of the novel mesoporous aluminosilicate AlTUD-1[END_REF]. The acid properties of Al-TUD-1 were determined by NH 3 -TPD by Hanefeld [START_REF] Anand | Catalytic properties of the novel mesoporous aluminosilicate AlTUD-1[END_REF].

It shows that the amount of acid sites increase with the decrease of Si/Al ratio. The weak and medium acid sites are the predominant for all the Al-TUD-1 materials. In addition, this kind of materials is of the specific surface area of 686-984 m 2 /g, and with the narrow pore distribution around 3.7 nm. Apart from the big specific surface area, the three dimensional pore structure of Al-TUD-1 provides more transportation possibilities for the reactants and products compared with the ordered zeolites [START_REF] Telalovic | Al-TUD-1: Introducing tetrahedral aluminium[END_REF].

Al-TUD-1 was never tested in the methanol dehydration to DME reaction previously. It is a promising acid catalyst which can be combined with the copper based catalyst.

Bifunctional catalyst 1.3.3.1 Preparation method

Copper based catalyst has to be combined with acid catalyst for the direct DME synthesis from CO 2 /H 2 . Different preparation methods for the bifunctional catalytic materials provide the similar composition while with the different intrinsic characteristics, which affects the catalytic performance [42]. The good bifunctional catalyst should satisfy these requirements: an intimate contact between two functions, a good copper dispersion, a good stability of the particle size, water tolerance and no coke formation.

The preparation method is important to meet all these criteria.

Several preparation methods for the bifunctional catalysts applied in the direct DME synthesis reaction have been investigated during the recent decades [START_REF] Khoshbin | Direct syngas to DME as a clean fuel: The beneficial use of ultrasound for the preparation of CuO-ZnO-Al 2 O 3 / HZSM-5 nanocatalyst[END_REF]. For physically mixing these two parts together [3]. For the bifunctional catalyst prepared by physically mixing method, the disadvantage is the big distance between the copper based part and the acid part [START_REF] Zeng | Highly selective and multifunctional Cu/ZnO/Zeolite catalyst for onestep dimethyl ether synthesis: Preparing catalyst by bimetallic physical sputtering[END_REF]. It has been reported that the close contact between methanol synthesis catalyst and methanol dehydration catalyst is beneficial for the DME synthesis performance, because the DME is obtained by the consecutive dehydration of methanol produced from copper based part [START_REF] Sun | Direct synthesis of DME over bifunctional catalyst: surface properties and catalytic performance[END_REF]. To obtain the intimate contact between the methanol synthesis catalyst and the methanol dehydration catalyst, a new physical sputtering method was proposed for the preparation of bifunctional catalyst, which was conducted by directly loading copper and zinc clusters onto the solid acid catalyst surface on catalytic properties [START_REF] Bae | Synthesis of DME from syngas on the bifunctional Cu-ZnO-Al 2 O 3 / Zr-modified ferrierite: Effect of Zr content[END_REF]. Impregnation method was also adopted by preparing bifunctional catalyst CuO-ZnO-Al 2 O 3 /HZSM-5, that is adding the HZSM-5 particles into the metal solution, then followed by drying and calcination procedure [START_REF] Khoshbin | Direct syngas to DME as a clean fuel: The beneficial use of ultrasound for the preparation of CuO-ZnO-Al 2 O 3 / HZSM-5 nanocatalyst[END_REF]. Using of ultra sound was employed as an assisted technology for the preparation of bifunctional catalysts for the direct DME synthesis to improve the dispersion of nanocatalyst by Reza Khoshbin [START_REF] Khoshbin | Direct syngas to DME as a clean fuel: The beneficial use of ultrasound for the preparation of CuO-ZnO-Al 2 O 3 / HZSM-5 nanocatalyst[END_REF].

Among the extensive choice of classical and alternative preparation methods the co-precipitation deposition method was chosen because metal oxides can be well dispersed and two functions have an intimate contact on the catalyst's surface. And the interaction between these two functions could prevent the sintering of Cu particles. Core shell method is also investigated and the CZZ part is in the shell of the catalyst, which can be restrained by the shell from Cu agglomeration. Physically mixing method is employed for the comparison because these two functions are relatively independent.

Influencing factors in direct DME synthesis

There are several factors that can influence the catalytic performance of the direct DME synthesis, such as metal-support interaction, copper dispersion, the copper sintering, coke formation, water existence [21,[START_REF] Aguayo | Deactivation and regeneration of hybrid catalysts in the single-step synthesis of dimethyl ether from syngas and CO 2[END_REF][START_REF] Ordomsky | The role of external acid sites of ZSM-5 in deactivation of hybrid CuZnAl/ ZSM-5 catalyst for direct dimethyl ether synthesis from syngas[END_REF][START_REF] Wang | Au-Ag alloy nanoparticle as catalyst for CO oxidation: Effect of Si/Al ratio of mesoporous support[END_REF].

Mou et al [START_REF] Wang | Au-Ag alloy nanoparticle as catalyst for CO oxidation: Effect of Si/Al ratio of mesoporous support[END_REF] reported that the incorporation of Al into the SiO The copper sintering will lead to the decrease of copper surface area, thus reducing the active sites for methanol synthesis [START_REF] Barbosa | The Deactivation Modes of Cu/ZnO/Al 2 O 3 and HZSM-5 Physical Mixture in the One-Step DME Synthesis[END_REF][START_REF] Moradi | Effect of the hybrid catalysts preparation method upon direct synthesis of dimethyl ether from synthesis gas[END_REF]. It is of negative significance on the methanol synthesis reaction. A good copper dispersion and copper particles stabilization on the surface of the support would attenuate the sintering. It has been reported that 300 °C is the limit temperature for the avoiding of the metallic copper sintering [START_REF] Aguayo | Deactivation and regeneration of hybrid catalysts in the single-step synthesis of dimethyl ether from syngas and CO 2[END_REF]. So the reaction temperature shouldn't be performed above 300 °C.

The coke can be formed on both methanol synthesis catalyst and methanol dehydration catalyst [START_REF] Aguayo | Deactivation and regeneration of hybrid catalysts in the single-step synthesis of dimethyl ether from syngas and CO 2[END_REF][START_REF] Erena | Deactivation of a CuO-ZnO-Al 2 O 3 / γ-Al 2 O 3 catalyst in the synthesis of dimethyl ether[END_REF]. The TPO experiment was conducted on used CuO-ZnO- Otherwise, the water also can compete with methanol in the adsorption on the acid sites.

Al 2 O 3 /γ-
There are two situations in which the negative influence of water should be pay attentioned. When CO 2 is the reactant, there is more water formed than when CO is used as the reactant, so the water adsorption on acid sites should be noticed. When hydrophilic methanol dehydration catalyst is used, the coverage of water on acid sites will lead to the decrease of methanol dehydration performance.

In this work, it is planned to study in particular water influence as it is formed in all the reactions (Equation 1-1, 1-2, 1-3) and will be present in high quantity. The growth of the Cu 0 particles before and after tests will be monitored. Metal support interaction will be studied by numerous characterization techniques.

C 1.4 Objectives of the thesis

The objective of the thesis is the development of bifunctional catalytic materials for the direct DME synthesis from CO 2 /H 2 . The Cu/ZnO/ZrO 2 is going to be used as the copper based catalyst for the first step of the methanol synthesis from CO 2 /H 2 . It will be combined with the mesoporous Al-TUD-1 materials as the acid catalyst of the second stepthe methanol dehydration to DME. The bifunctional materials will be tested in the direct DME synthesis from CO 2 /H 2 under pressure. The influence of different factors on the direct DME synthesis will be investigated.

In the beginning the pure Al-TUD-1 materials with different Si/Al ratios will be prepared. Textural properties, crystalline phase, morphology and acid properties of Al-TUD-1 will be characterized. Their performance in the second stepthe methanol dehydration to DME will be tested at atmospheric pressure (Chapter 3).

Then the bifunctional catalysts combining Al-TUD-1 materials with the copper based catalyst Cu/ZnO/ZrO 2 will be prepared by co-precipitation deposition method. The materials will be fully characterized. The bifunctional catalysts with different Si/Al ratio in Al-TUD-1 support and the bifunctional catalysts with different weight ratio between the copper based catalyst and the Al-TUD-1 material will be tested in the direct DME synthesis from CO 2 /H 2 reaction under pressure as well as in the methanol dehydration to DME at atmospheric pressure. The Si/Al ratio influence and the weight ratio influence as well as the influencing factors on the activity of the catalytic system will be discussed (Chapter 4).

The bifunctional catalysts combining Al-TUD-1 materials with copper based catalyst Cu/ZnO/ZrO 2 will be prepared by other preparation methods and tested in the direct DME synthesis from CO 2 /H 2 . The structural difference will be deeply analyzed and discussed. The ways of further improvement of the bifunctional catalysts for direct DME synthesis CO 2 /H 2 will be proposed (Chapter 5).

The outline of the thesis is shown in Figure 1-14. 

Catalysts characterization 2.1.1 N 2 adsorption/ desorption measurement

The textural properties of material can be measured by N 2 adsorption/desorption method. It can give the information of specific surface area, pore volume and pore distribution, which is of significance for materials. For example, the big surface area provides more possibility for the contact of reactant with catalyst. Molecular sieve is employed in gas separation process based on pore size and dynamic diameter of gas molecular. The pores in porous material can be classified by micropore (< 2nm), such as zeolite, activated carbon, metal organic framework, mesopore (2-50 nm), such as mesoporous silica, activated carbon and macropore (> 50 nm), such as sintered metals and ceramics according to the pore size [1].

In our case, the textural properties of catalysts were characterized by nitrogen adsorption/ desorption measurements at -77 °C on Micromeritics ASAP 2420 apparatus.

Specific surface area was calculated by Brunauer-Emmet-Teller (BET) method. Pore volume was determined by Barrett-Joyner-Halenda (BJH) method. Pore distribution were determined using desorption branch by BJH method. Catalysts were degassed under vacuum at 250 °C over night to desorb the physisorbed moisture before analysis.

X-ray powder diffraction (XRD)

XRD is a rapid and widely used analytical technique, which can provide the information of composition from details of phases present in the sample, lattice parameter, crystal structure, hkl parameters, crystallinesize (estimated from Scherrer equation) and so on.

When a sample is irradiated by X-rays with certain wavelength and at certain incident angles, intense reflected X-rays are produced when the wavelengths of the scattered X-rays interfere constructively, which is well known as Bragg's Law (Figure 2 k is dimensionless shape factor with the value of 0.89, β is the full width at half maximum of the diffraction peak (FWHM), θ is the bragg angle.

XRD measurements were carried out on a Bruker D-8 Advance diffractometer with a Cu Kα radiation in the 10-100° (2θ) range with a scan step of 0.020°. The characteristic incident X ray by Cu radiation is 1.5418 Å.

Thermo-gravimetric analysis (TGA)

Thermo-gravimetric analysis (TGA) is used for the measurement of weight changemenet with the increase of temperature for the material. It can provide the information about phase transition. As for catalyst, it is an important tool for choosing the calcination temeprature and measuring the carbon depostion after reaction.

Thermo-gravimetric analyses of our sample were carried out on a Setaram apparatus under air with the flow rate of 25 ml/min and with the ramp of 10 °C/min to 750 °C.

Temperature programmed reduction (TPR)

Temperature programmed reduction (TPR) can be employed to understand reduction temeprature of metal oxides in catalyst and get the further information such as reducibility from the H 2 consumption. TPR was carried out on Micromeritics Auto-Chem II 2920. 50mg catalyst was loaded in "U" shape quartz cell and flushed with 10% H 2 /Ar until baseline is stable. To reduce the samples, they were heated from room temperature to 500 °C with temperature rate of 10°C/min under 10% H 2 /Ar (flow rate 50 mL/min) and kept at 500 °C until baseline is stable. The H 2 consumption signal was recorded by thermal conductivity detector (TCD). The H 2 consumption peak was integrated and the H 2 consumption was given automatically according to the pre calibration by 10% H 2 /Ar. The consumption of H 2 was assumed by the reduction of CuO, because the reduction of Zn species needs higher temperature [2]. The reduction stoichiometry of CuO by H 2 was described as following:

CuO + H 2 =Cu + H 2 O
The temperature programmed reduction of catalysts with the temperature ramp of 1 °C/min were also performed to determine the reduction temperature of catalyst for reaction.

The reduction degree of copper was reflected by the reducibility (R copper ), which is calculated by the H 2 consumption calculated from TPR divided by theoretical H 2 consumption needed for the reduction of all the reducible elements of the sample (theoretical copper content from synthesis). R copper = (H 2 consumption from TPR/ theoretical H 2 consumption) * 100%

Temperature programmed desorption of NH 3 (NH 3 -TPD)

Acidic properties of catalysts were characterized by NH 3 temperature programmed desorption (NH 3 -TPD) on Micromeritics ASAP-2100 setup. The strength of the acid sites can be reflected by the NH 3 desorption temperature [3]. The stronger the acid sites, the higher the desorption temperature [4].

For the Al-TUD-1 samples Samples were heated in He from room temperature to 400 °C to clean the surface.

Afterwards they were saturated with 5% NH 3 /He with flow rate of 50ml/min for 8h (make sure the adsorption is saturated) at 100 °C and then were purged by 50ml/min He for 4h until equilibrium. The desorption process was performed from 100-750 °C with the heating rate of 5 °C/min. The signals were recorded by MS detector. The 5% NH 3 /Ar was calibrated before to know the relations between NH 3 area and the NH 3 amount, and then to calculate the amount of acid sites on these samples.

For bifunctional catalysts

Samples were heated in H 2 from room temperature to 280 °C with the ramp of 1 °C/min and stayed at 280 °C for 1h in order to be reduced completely. The other procedures followed were the same as described above for Al-TUD-1 samples.

Temperature programmed desorption of CO 2 (CO 2 -TPD)

The surface basic property was determined by CO 2 temperature programmed desorption (CO 2 -TPD) [5], which was carried out on the Micromeritics ASAP-2100 setup. It follows the sample principle as the NH 3 -TPD. CO 2 is the small acid gas molecule, so it can be employed to measure the basic property [6]. Firstly, samples were loaded in in "U" shape quartz cell and heated under 10% H 2 /Ar (50 ml/min) from room temperature to 280 °C with the ramp of 1 °C/min and stayed at 280 °C for 1h to reduce the catalyst. Afterwards, the temperature decreased to 100 °C. Catalysts were saturated with 5% CO 2 /He with the flow rate of 50ml/min for 8h and purged with 50ml/min He for 4h. Then the temperature was programed increased to 700 °C with the ramp of 10 °C. The signals of outlet were recorded by MS detector. D copper = (n surface copper / n H2 consumption ) * 100%

Transmission electron microscopy (TEM) 1

In the transmission electron microscopy (TEM), a beam of electrons were accelerated and then were transmitted onto the very thin sample layer. The electrons interact with the atoms in sample thus influencing the direction of electrons and generating the solid angle scattering. Scattering angle is relevant with the density and thickness of the sample, so it can present the image with different intensity. The images can be magnified and focused on the image device.

The procedures for preparing samples for TEM is as: firstly, the sample was grinded into very fine powders. It was dispersed in ethanol under ultra sound for 3 min.

Then one drop of liquid was deposited on copper grid. After eveporated under room temperature, it was transferred into the chamber of TEM. It was operated on Topcon EM002B microscope.

Catalytic tests

In this part, two different reactions are described, the methanol dehydration to DME reaction and the direct DME synthesis. In both cases, the schemes of the setup and the operating conditions are presented as well as the details of products' analyses and the calculations of conversions and selectivities.

Methanol dehydration to DME

The methanol dehydration to DME reaction is presented in the equation 2-1. For methanol dehydration reaction on both Al-TUD-1 materials and bifunctional materials, no online analysis is employed. The carbon balance is not considered and only comparison between samples in terms of methanol conversion, DME, MF and CH 4 selectivity are calculated.

Methanol concentration

Pure methanol as reactant

When pure methanol was used as the reactant, the methanol concentration in the gas phase with argon which goes to the reactor was calculated as following:

According to Antoine's equation [8]: So when pure methanol was used as the reactant its concentration in the gas phase was 3.91 %.

Water/methanol mixture as reactant

In order to investigate the water influence, methanol and water mixture was used.

14.8g water was mixed with 5.2g methanol and was placed in the bubbler at 0°C. The methanol and water concentration in the gas phase was calculated as following:

The concentration of methanol in mixture (methanol and water) solution:

C methanol =n methanol / (n methanol + n water ) = (5.2/ 32) / (5.2/ 32 + 14.8/ 18) =16.5%

The concentration of water in mixture solution:

C water =n water / (n methanol + n water ) = (14.8/ 18)/ (5.2/32 + 14.8/ 18) = 83.5%

The saturated vapor pressure of methanol (P w , methanol) and water (P w , water) at So when the methanol and water mixture was used as the reactant, the methanol and water concentration in the gas phase are 0.6% and 0.5%, respectively. The using methanol/H 2 O mixture methanol quantity is 7 times smaller. Water produced during the reaction is also considered.

Methanol dehydration to DME on Al-TUD-1

The response factors [9] for methanol, methyl formate, DME and methane are shown in Table 2-1. In this reaction with Al-TUD-1 as catalyst, the DME is the only product.

The methanol conversion was calculated as: 

𝑥 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 =

Methanol dehydration to DME on bifunctional catalysts

First of all, blank experiment was conducted at 280°C without catalyst to determine the methanol area of the reactant. 0.5 ml gas was injected several times to the gas chromatography for analysis and the average area of methanol was recorded as A blank .

Methanol, methyl formate, DME and methane were found in the gas analysis after reaction by gas chromatography. The relative response factor of methyl formate to methanol was calibrated.

The methanol conversion was calculated as following,

x methanol =100% * (A blank -A methanol ) / A blank
The selectivity of DME, methyl formate and methane was calculated as following,

S DME =100% * (2* A DME / R DME ) / [(A blank -A methanol )/ R methanol ] S MF =100% * (2* A MF / R MF ) / [(A blank -A methanol )/ R methanol ] S methane =100% * (2* A methane / R methane ) / [(A blank -A methanol )/ R methanol ]
The selectivity of CO/CO 2 can't be calculated directly because they can't be separated by the column used, so the S CO+CO2 will be calculated as following, S CO+CO2 = 100% -S DME -S MF -S methane The products that could be formed are: DME, methanol, CO and water. The reactants and products together constitute the thermodynamic system. The temperature of the Gibbs reactor was varied from 200 to 320 °C, the pressure was fixed at 20 bars.

Catalytic tests

The scheme of setup for direct DME synthesis from CO 2 /H 2 is shown in Figure 234. The liquid after reaction are collected in two traps, air and water cooled, respectively. The gas phase is analyzed by online micro-GC. The collected liquid phase is analyzed by GC.

Gas phase analysis

Micro-Gas Chromatograph R-3000 is from SRA Company equipped with three The response factors (MRM, relative molar response factor, which use benzene as primary standard substance) for N 2 , CO, CO 2 , CH 4 , CH 3 OH are taken from literature [9].

The response factor for DME was calibrated using the standard gas bottle form air liquid with 99.5134436% Ar and 0.4865564% dimethyl ether (volume ratio). 

Liquid phase analysis

The liquid phase was analyzed by gas chromatograph from Agilent Technologies with the type 6890N. Different components were separated with different retention time on the column SolGel-WAX (length of 60m, diameter of 0.25 mm and thickness of 0.25 µm).

About 10% (mass ratio) 1-propanol was added into the liquid phase as the external standard substance for the calculation. The retention time for methanol is around 4.68 min and for methanol 1-propanol is around 6.12 min. Only methanol was detected in liquid phase and the rest is water.

Calculations

Carbon balance was calculated by the sum of all the CO 2 coming out, the ccontaining products in gas phase and methanol in liquid phase.

𝑛 𝑐 𝑒𝑛𝑡𝑒𝑟 = 𝑛 𝑐𝑜2 + 𝑛 𝑐𝑜 + 𝑛 𝐶𝐻3𝑂𝐻 + 2 * 𝑛 𝐷𝑀𝐸 Hydrogen atom balance were also calculated by the sum of all the H 2 coming out, the H-containing products in gas phase and methanol and water in liquid phase.

𝑛 𝐻 𝑒𝑛𝑡𝑒𝑟 = 2 * 𝑛 𝐻2 + 4 * 𝑛 𝐶𝐻3𝑂𝐻 + 6 * 𝑛 𝐷𝑀𝐸 + 2 * 𝑛 𝐻2𝑂

The CO 2 and H 2 conversion were calculated as following (the area in the formula has been corrected): 

𝑥 𝐶𝑂2 = ( 𝑛 𝐶

Chapter 3: Al-TUD-1 as the catalyst of methanol dehydration to DME

Introduction

In this chapter, Al-TUD-1 with different Si/Al ratios were prepared by one-pot sol-gel method according to U. Hanefeld [1]. Different characterization methods were used for the analysis of these materials, such as X-ray diffraction (XRD), N 2 adsorption/ desorption method, NH 3 temperature programmed desorption (NH 3 -TPD) and transmission electron microscopy (TEM). The catalytic tests of the methanol dehydration to DME reaction will be conducted at 280 °C and atmospheric pressure. The influence of the Si/Al ratio is studied. The water influence on the catalytic activity of these materials is investigated by using water/methanol mixture as the reactant.

Catalysts preparation

Mesoporous aluminosilicate materials were prepared using a surfactant free sol gel procedure according to U. Hanefeld [1]. Al-TUD-1 with different Si/Al ratios can be synthesized by adjusting the molar ratio of SiO 2 : xAl 2 O 3 : (0.5-1) TEA: (0. we obtained for Al-TUD-1 with the Si/Al ratio of 25 is 1.00: 0.04: 1.00: 0.30: 6.41.

The other three Al-TUD-1 materials with the Si/Al ratio of 50, 75 and 100 were also prepared with the procedures described above.

The catalysts after hydrothermal treatment and after calcination are shown in 

Characterization results

These materials are characterized by difference methods, such as XRD for crystalline phase and size, N 2 adsorption/desorption for textural properties (specific surface area, pore volume, pore distribution), NH 3 -TPD for acid property and TEM for surface morphology.

Crystalline phase and morphology

Powder X-ray diffraction (XRD) was employed for the characterization of Al-TUD-1 materials and XRD patterns are shown in Figure 3 walls [1,11,12]. There is no crystal particles detected, which means Al was incorporated into the framework as expected [6]. It also confirms the XRD results, while the pore diameter can't be seen obviously from the TEM images because of the unordered pore structure.

Textural properties

The N 2 adsorption/desorption isotherm and pore distribution of Al-TUD-1(before sieved) are shown in Figure 34. The textural property results are shown in Table 3-1.

The specific surface area for the sieved samples (100-200 µm) ranges from 607-711 m 2 g - 1, which is quite bigger than the frequently used methanol dehydration material γ-Al 2 O (216 m 2 g -1 ) [13] and HZSM-5 (331.2 m 2 g -1 , Si/Al=38) [14], and the pore volume varies from 1.06 to 1.24 cm 3 g -1 . The pore distribution estimated from BJH desorption branch is quite narrow, with the maximum peak of 6.4 nm for Si/Al-25, 4.3 nm for Si/Al-75 and 6.4 nm for Si/Al-100. It shows two peaks in the pore distribution for Si/Al-50, which may be caused by the insufficient stirring after the addition of template TEA or partial decomposition of initial aluminum isopropoxide during the synthesis. Considering the classification of pores [15], prepared Al-TUD-1 are mesoporous materials. Al-TUD-1 displays typical type IV isotherm [1,4,7,16,17], which is related to capillary condensation in mesopores [15], and shows H1 type hysteresis loop [4,11,18],

which is associated with porous material consisting of narrow pore distributions with "cylindrical" pore shape [15]. This is consistent with the pore distribution results shown in Table 3-1, demonstrating that it is mesoporous material. The bimodal curve of pore distribution of Si/Al-50 probably dues to the incomplete mixing during the synthesis. 

In general, Al-TUD-1 is mesoporous material with big surface area and narrow pore distribution.

Acid properties

The acid sites concentration and their strength of these samples were measured byNH 3 temperature programmed desorption (NH 3 -TPD), which is shown in Figure 3-5. In general, the NH 3 absorbed on weak acid sites, having weak interaction with the acid sites, will desorb at low temperature. To the contrary, the NH 3 absorbed on strong acid sites will desorb at higher temperature. Broadly speaking, the stronger the acid sites, the higher the NH 3 desorption temperature. All the samples show broad peaks for NH 3 desorption, suggesting that these samples have acid sites with different acid strength.

From the NH 3 desorption curves, we can see that most of NH 3 desorb below 400 °C, which means most of the acid sites are weak and medium. According to the work has been published, strong acid sites not only can convert methanol into DME but also can convert further to alkanes and olefins [14], which illustrates that the strong acid sites are not expected for DME synthesis catalyst. The acid properties of these samples are listed in Table 3-2. The acid sites follow the order Si/Al-25 > Si/Al-50 > Si/Al-75 > Si/Al-100. Si/Al-25 is supposed to be the optimal catalyst for methanol dehydration to DME reaction among the four materials because it has the highest acidity with weak and medium force. 

Catalytic test: Methanol dehydration to DME

The methanol dehydration reaction was carried out in a fixed bed quartz reactor (inner diameter = 6.60 mm) at atmospheric pressure. The Si/Al catalyst was first treated at 280 °C for 12h with the H 2 flow rate of 9.47 ml/min (In order to keep the same reaction condition as bifunctional catalyst in the methanol dehydration to DME reaction).

Afterwards, reactor was purged with pure Ar with the flow rate of 40 ml/min for 20min.

Then Ar was passing through methanol in bubbler, which was kept at 0°C in ice bath, and then went through catalyst at 280 °C with GHSV of 10,000 h -1 . The particle size of the catalyst is 100-200 µm. The GHSV was kept constant and the mass loading was adjusted according to the apparent density. 0.5 mL gas probe was taken from the septum by the syringe (from SGE Analytical Science) and then analyzed by gas chromatography equipped with SOLGELWAX column possessing the length of 60m, diameter of 0.25 mm and thickness of 0.25 µm and FID detector.

In this part, two reaction conditions were studied in methanol dehydration to DME reaction, pure methanol (3.91 %) as reactant and mixture (0.65% methanol + 0.50 % water) as reactant. In these two reaction conditions, the influence of Si/Al ratio and the influence of water existence were investigated.

Pure methanol as reactant

Methanol dehydration to DME reaction was carried out on Al-TUD-1 materials with different Si/Al ratio at 280 °C. The methanol conversion with time and with total acidity is shown in Figure 3-6 (A) and Figure 3-6 (B), respectively. It can be seen that the methanol conversion decreases with the Si/Al ratio, which shows the origin methanol conversion for Si/Al-25, Si/Al-75 and Si/AL-100 is 60%, 44% and 37%, respectively. In Figure 3-6 (B), the relation between methanol conversion and total acidity is presented. It can be clearly observed that the methanol conversion increases with the total acidity and it doesn't obey the strict linear relationship. DME is the only C-containing product for methanol dehydration, which demonstrates that the weak and medium acid sites are dominant, so the catalysts are selective. Methanol conversion decreases at the beginning and becomes almost constant after 24h. The deactivation of catalyst may be caused by the adsorption of water on active sites, which is formed during the methanol dehydration process. To prove that tests with additional amounts of water were performed in the same reaction conditions. The water content is the total content of the water formed during reaction and introduced in the reactor as the reactant. The methanol conversion becomes constant after 24h and the selectivity of DME formation is 100% in both cases. It can be seen in Figure 3-7 that the higher the water content smaller is the methanol conversion in the beginning of the reaction. The important difference between these two conditions is the stability of the methanol conversionit drops more when more water is present in the reaction media.

From the catalytic results, it can be concluded that the methanol conversion decreases with the Si/Al ratio and the presence of water deteriorate the catalytic performance in the methanol dehydration to DME reaction.

Conclusions

Al-TUD-1 materials with different Si/Al ratios (25, 50, 75 and 100) were synthesized. They are sponge like mesoporous materials, with amorphous morphology, big surface area and narrow pore distribution. The amount of acid sites increases with the decrease of Si/Al ratio, following the trend Si/Al-25 > Si/Al-50 > Si/Al-75 > Si/Al-100.

From the catalytic test (methanol dehydration to DME), it can be concluded that the methanol conversion increases with the decrease of Si/Al ratio and the water existence shows the negative effect on methanol dehydration to DME performance. The best results were observed for Si/Al-25 which possesses higher Al content and thus higher acidity necessary for the methanol to DME reaction.

Introduction

In this chapter, firstly the copper based catalyst CZZ was synthesized by coprecipitation method. Then the bifunctional catalysts with both the copper based part and the Al-TUD-1 (Si/Al) part were synthesized by co-precipitation deposition method. The copper content in the copper based part was fixed; the Si/Al ratio in the Al-TUD-1 part was varied as in the Chapter 3. These materials were characterized by different techniques such as BET, XRD, H 2 -TPR, NH 3 -TPD, N 2 O-TPD and TEM. They were tested in the methanol dehydration to DME and in the direct DME synthesis from CO 2 /H 2 . The influence of the weight ratio between two functions in the bifunctional material CZZ-Si/Al-25 was also investigated.

Catalysts preparation 4.2.1Copper based catalyst CZZ

Co-precipitation method was employed to prepare the methanol synthesis catalyst CZZ with the mass ratio of CuO: ZnO: ZrO 2 =37.5: 41: 21.5. In a standard synthesis 4.6582 gcopper nitrate hexahydrate (98%, Alfa Aesar), 5.9685 g zinc nitrate hexahydrate (99%, Aldrich) and 1.8662 g zirconium dinitrate oxide hydrate (99.9%, Alfa Aesar) were dissolved in distilled water to prepare the metal solution with the concentration of 1M.

8.5213 g sodium carbonate (99.8%, Acros Organic) was dissolved in distilled water to prepare solution with the carbonate concentration of 1.6M, which was then used as the precipitating agent [1]. The diagram of synthesis installation is shown in Figure 4-1.

The co-precipitation was conducted at the temperature range of 60-65°C and pH between 6 and 6.5 under stirring. After the co-precipitation, the precipitate was aged for 3h under heating and stirring and then filtrated by 1.5 L distilled water, dried at 100 °C for 5 days until water completely evaporated, followed by calcination at 400 ℃ for 4h with ramp of 2°C/min.

The chosen composition of this copper based catalyst was kept constant for all further syntheses. This catalytic material was named CZZ and it was used for comparison with bifunctional materials. 

The influence of Si/Al ratio 4.3.1 Characterization

Different characterization methods were used to have a better understanding of these samples, such as BET, XRD, TPR, NH 3 -TPD, N 2 O-TPD and TEM.

Textural properties

The textural properties of catalysts were measured using N 2 adsorption/ desorption method. The isotherms and pore distributions for methanol synthesis catalyst CZZ and the four bifunctional catalysts are shown in Figure 4-3. The isotherm of the pure catalyst CZZ presents type IV isotherm with H3-type hysteresis loop (Figure 4-3a). It has been reported that this kind of hysteresis loop is related to the aggregates of plate like particles generating "slit" shaped pores [2]. The pure CZZ catalyst shows a large peak for the pore distribution, mainly ranges from 10 nm to 100 nm, which may due to the existence of both the intragranular porosity and intergranular porosity. The textural properties are shown in Table 4-2.The specific surface area is 76 m 2 g -1 .The pore volume is 0.36 cm 3 g -1 , but it may be not exact due to the intergranular porosity.

The pure Al-TUD-1 materials are mesoporous materials with the specific surface area ranges from 610 to 804 m 2 g -1 and the pore distribution ranges from 3 to 7 nm, which has been shown in the BET results in the chapter 3.3.2.

The N 2 adsorption-desorption isotherms and the pore distribution graphs of the bifunctional catalysts CZZ-Si/Al are presented in Figure 4-3b and Figure 4-3c, respectively. Two kinds of pores are exhibited by bimodal pore distribution, around 6nm and 50 nm (Figure 4-3c), and two hysteresis loops in the isotherms, H1 and H3-type hysteresis loops with "cylindrical" and "slit" shaped pore, respectively (Figure 4-3b).The former is introduced by the Al-TUD-1 (Si/Al) itself and the latter arises from the structure of CZZ [3]. It explains that the pore structures of both methanol synthesis catalyst CZZ and Si/Al support are preserved and the copper based part is not incorporated into the siliceous framework or not hidden completely in the pores of the support, thus presenting two instinct hysteresis loops [4,5]. on a porous support prepared by S. Behrens [6]. While comparing with the pure catalyst CZZ, the specific surface area and the total pores' volume of the bifunctional catalysts were largely improved more than twice (Table 4-2). The ZrO 2 crystalline peaks are absent in the XRD patterns so ZrO 2 is supposed to be present in the amorphous form [7,8]. In the case of bifunctional catalysts, the crystalline peaks belonging to CuO and ZnO disappeared. Instead of the individual metal oxide crystalline characteristic peaks, one amorphous peak emerged in the range of 30°-40° 2θ

(Figure 4-4a), which may due to the overlapping of broadened CuO and ZnO peaks [8].

It is obvious that the intensity of the amorphous peak is weakened compared with the CuO and ZnO peaks in the pure CZZ. Probably in the case of the bifunctional catalysts we obtain strong interaction between metal oxides and Al-TUD-1 (Si/Al) support which leads to the better dispersion of CuO and ZnO thus resulting in the weak and broadened For the pure catalyst CZZ, a main sharp reduction peak around 219 °C was observed, with a shoulder peak around 200 °C. These two peaks may be attributed to the reduction of CuO with different particle sizes [11,12]. They can be also attributed to different insertions of copper in the support or interactions between copper and the ZnO and ZrO 2 [13,14].

The intensity and the area for H 2 signal of the bifunctional catalysts is much smaller than for CZZ, probably due to the less copper content in the bifunctional catalysts, 30 wt% of copper in CZZ and 21wt% of copper in the bifunctional catalysts.

It can be observed that the bifunctional catalysts own higher reduction temperature compared to CZZ. In principle, small CuO particles are easier to be reduced compared with big and bulk CuO [5,8]. It has been reported that apart from the particle size, the extent of the interaction between CuO and promoter or support also plays an important role in reduction behavior [5]. In our case, not only the interaction between CuO and ZnO, CuO and ZrO 2 , but also the interaction between CuO and Si/Al support act in the retarding the reduction of CuO.

Among all the bifunctional catalysts, CZZ-Si/Al-25 shows the lowest reduction temperature, which is caused by more copper anchoring sites provided by aluminum The pure CZZ catalyst, consisting of CuO, ZnO and ZrO 2 , has black appearance while the calcined bifunctional catalysts are dark green, probably owing to the existence of carbonates (Cu,Zn) 5 (CO 3 ) 2 (OH) 6 or (Cu,Zn) 2 (OH) 2 CO 3 , which are the precursors for copper and zinc based methanol synthesis catalysts [8].

The Al-TUD-1 (Si/Al-25) was calcined at 600 °C, so it is supposed that there will be no weight loss for it. It can be seen from Figure 4-6 that there are two weight losses for the both catalysts. First weight loss is observed under around 100 °C and may be attributed to the loss of adsorbed water on the materials surface. The second weight loss is observed at the temperatures higher than the calcination temperature (400 °C). The pure CZZ catalyst has a very small weight loss around 620 °C that may correspond to the decomposition of carbonates at high temperatures. The bifunctional catalyst CZZ-Si/Al-25 shows a big weight loss peak around 550 °C with weight losing value (∆m) of 2.6%.

Itcan be attributed to the decomposition of high temperature carbonates [17], which are considered as a growth inhibitor for the oxide crystallites and they are beneficial for the dispersion of copper [17,18]. Malte Behrens regarded that the high temperature carbonates are trapped at the ZnO-CuO interface [19]. So the existence of high temperature carbonate is beneficial for the stability and the dispersion of copper. A small peak at 350 °C could be also attributed to 'low temperature carbonates' but it was not observed by TGA due to the small precision. The quantity of the 'high temperature' carbonates is much bigger in the bifunctional catalyst CZZ-Si/Al-25 than in the pure CZZ catalyst resulting thus in the smaller copper crystallite size and higher metallic copper dispersion.

Acid properties

Acid sites are the active sites for methanol dehydration to DME [3,20,21] 

Basic properties

The basic properties of the pure CZZ catalyst and the bifunctional catalyst CZZ-Si/Al-25 were measured by temperature programed desorption of CO 2 (CO 2 -TPD) [22]. CO 2 has strong interaction with the basic sites, thus the strength of basic sites can be reflected by the desorption temperature of CO 2 , which follows the same principle as for NH 3 -TPD. The quantity of basic sites is correlated with the desorbed CO 2 amount [16,23]. peaks for CZZ, one asymmetric peak -at 180 °C with a small shoulder, and one at 400 °C, which can be ascribed to weak basic sites and strong basic sites [16],

respectively. For the bifunctional catalyst two small peaks are observed in the low temperature range under 300 °C that could correspond to the two different natures of the weak basic sites in the CZZ-Si/Al-25; the distribution of the weak basic sites is different for these catalysts, but the ratio between the quantity of weak and strong basic sites is similar for both catalysts -strong basicity is predominant. The total area of the CO 2 desorption peaks for bifunctional catalyst CZZ-Si/Al-25 is much smaller than for CZZ, which means that there are more basic sites on CZZ than on the bifunctional catalyst Chapter 4

106 CZZ-Si/Al-25. It can be concluded that after the CZZ was deposited on Al-TUD-1 (Si/Al-25) some basic sites on CZZ were lost.

Morphology

The morphology of the catalysts was characterized by transmission electron microscopy (TEM) 2 . The TEM images of the calcined Al 

DFT modelling of the surface interaction with copper Cu 0

From the experimental results the co-precipitation method of the bifunctional catalysts synthesis is beneficial from several aspects: bigger specific surface area, nice dispersion of the copper based part, smaller metallic copper particles size were obtained.

In the same time the reduction of copper is retarded and the acidity is partly lost after the deposition of the CZZ part. In order to investigate molecular level the interaction between the copper based part and the Al-TUD-1 part of the bifunctional materials the density functional theory was employed 3 .

In our work, metallic copper was simplified as one copper atom [24] to save the efficiency (Figure 4-12). Pure silica was modeled as α-SiO 2 [25] (Figure 4-12), which was saturated with hydroxyl group on the surface (1 0 0) according to Zhuravlev model of the amorphous silica [26], with vacuum height of 10 Å to avoid the interaction between different periodic slabs [27]. Al-TUD-1 was modeled as Al doped silica (Figure 4-12), namely that several tetravalent Si cations were replaced by trivalent Al cations [28]. In this study, the open source package-GPAW was employed for modelling. The adsorption properties of copper on pure silica and Al-doped silica were calculated respectively to study the interaction behaviors between copper and support and the influence of Al incorporation. The adsorption energies (E ads ) are calculated as following:

𝐸 𝑎𝑑𝑠 = 𝐸 𝑆𝑖𝑂 2 + 𝐸 𝑐𝑜𝑝𝑝𝑒𝑟 -𝐸 𝑐𝑜𝑝𝑝𝑒𝑟-𝑆𝑖𝑂 2 or 𝐸 𝑎𝑑𝑠 = 𝐸 𝐴𝑙-𝑆𝑖𝑂 2 + 𝐸 𝑐𝑜𝑝𝑝𝑒𝑟 -𝐸 𝑐𝑜𝑝𝑝𝑒𝑟-𝐴𝑙-𝑆𝑖𝑂 2
The energies of different adsorption configurations were calculated, among which The distance between O atom and Cu atom is shorter, the interaction is stronger. Cu-Al-SiO 2 shows much higher adsorption energy by the factor of 10 than Cu-SiO 2 (Table 4-7), which means the copper has stronger interaction with Al doped SiO 2 than with pure SiO 2 .

Other adsorption configurations of the bridge site and the hollow site were also calculated and the adsorption energies of copper on SiO 2 and Al doped SiO 2 is positive, which means they are not stable adsorption configurations.

The top site was demonstrated to be the most stable adsorption site. The adsorption energy of Cu on Al-doped SiO 2 (-2.6012 eV, top site) is higher than the one of Cu on SiO 2 (-0.2617 eV, top site), which means the interaction between copper and Al doped SiO 2 is stronger than the interaction between copper and pure SiO 2 .

The density functional theory results prove that the incorporation of Al can induce cooper anchoring sites. It explains why the copper surface area increases with the Al content obtained from N 2 O-TPD results from the molecular level. The strong interaction between copper and the O atom connected with Al will lead to the coverage of the acid sites on the support.

Catalytic tests

In this part, the bifunctional catalysts were tested in two reactions, the methanol dehydration to DME and the direct DME synthesis from CO 2 /H 2 .

Methanol to DME

In order to understand the influence of CZZ component of the bifunctional catalysts on the activity in the methanol dehydration into DME reaction, the literature search of possible reactions was done. It has been indicated that the consumption of methanol was not only involved in methanol dehydration reaction (Equation 4-1) but also occurred in methanol dehydrogenation reaction (Equation 4-2) which takes place on metallic copper surface [29,30].

Methanol can dehydrate to DME on weak and moderate acid sites (Equation 4-1).

Depending on the strength of acid sites, the dehydration of methanol may continue till the formation of light hydrocarbons (methane and others) and olefins in the presence of zeolites or other strong solid acid materials [31,32]. It is not expected in the case of our samples because our bifunctional materials possess only weak and moderate acid sites.

2CH 3 OH = CH 3 OCH 3 + H 2 O (Equation 4-1)
Methanol can dehydrogenate to formaldehyde on metallic copper active sites (Equation 5-5) [29,30,[33][34][35][36][37][38]. This reaction is endothermic and thermodynamically unfavorable below 400 °C, while it can proceed coupling with formaldehyde-consuming reaction which is favorable under 400 °C [34,35].

CH 3 OH = CH 2 O + H 2 (Equation 4-2)
Different formaldehyde-consuming reactions have been reported. Methyl formate has been demonstrated as the main product in methanol dehydrogenation on copper containing catalyst. While the pathway for methyl formate formation in controversial.

Some researchers hold the opinion that the methyl formate comes from the fast reaction between intermediate formaldehyde and the reactant methanol [29,30] (Equation 4-3).

Other researchers thought that the methyl formate is formed from formaldehyde dimerization (Equation 4-4) [35,39,40]. In our case, both of these reactions may happen but we will not focus on the pathways of the methyl formate production. The more obvious decrease of the methanol conversion for bifunctional catalysts may due to some additional formation of water (Equation 4-1) that has a negative effect on the catalytic performance. Apart from the methyl formate and carbon oxides the DME was obtained over the bifunctional catalysts. This is due to the existence of acid sites introduced by Al-TUD-1 support.

It has been reported that the there are several factors which have influence on methyl formate decomposition to CO, such as contact time or basic properties [30,41]. In this work, all the reactions were conducted with the GHSV of 10,000 h -1 , so the basic property should be the main factor for the distribution of methyl formate and CO in the products. According to Yin etal's work [30], the catalyst with low quantity of basic sites favored the methanol dehydrogenation to methyl formate, while the catalysts with high amount of basic sites lead to the degradation of methyl formate to CO and H 2 .From the CO 2 -TPD results (chapter 4.3.1.7), it was found that CZZ owns more basic sites and has higher basicity than the bifunctional catalyst CZZ-Si/Al-25. It can be supposed that MF is decomposed on basic sites of CZZ and MF is accumulated in case of CZZ-Si/Al because of lack of basic sites. For all the catalysts the CO selectivity decreases and methyl formate selectivity increases with the time on stream. It may be supposed that a part of basic sites becomes inactive with the proceeding of the reaction.

The DME selectivity in the methanol dehydration reaction under atmospheric pressure for these three bi-functional catalysts was unexpectedly lowless than 10%.

There was no visible trend of the activity in the function of the quantity of acid sites or Si/Al ratio. The other products, carbon oxides and methyl formate, were observed. The selectivity of methyl formate formation over bifunctional catalysts is bigger than over the pure CZZ catalyst. On the contrary to methyl formate the selectivity of CO+CO 2 was much smaller for the bifunctional catalysts than for the CZZ catalyst. In the presence of pure CZZ catalyst methyl formate is rapidly decomposed to carbon oxides thanks to the presence of higher quantity of basic sites; as the CZZ catalyst does not contain acid sites there were no DME detected. The most probable reason of the low DME selectivity could be explained after DFT calculations explained in 4.3.1.9. It has been demonstrated that the copper shows the high adsorption energy (-2.6012 eV) on the Al modified SiO 2 . It implies that copper will probably occupy all the acid sites on the Al-TUD-1 support.

Regarding the results obtained there is no expectation of a high DME selectivity in the direct DME synthesis under pressure.

Direct DME synthesis

Bifunctional catalysts prepared by co-precipitation deposition method were employed in direct DME synthesis reaction form CO 2 /H 2 mixture. The bifunctional catalyst with higher Al loading in the Al-TUD-1 (Si/Al) part is expected to be more active in the formation of methanol and DME as it owns bigger metallic copper surface area and slightly more acid sites.

Thermodynamic simulation

Thermodynamic simulation of the direct DME synthesis from CO 2 /H 2 mixture at was performed by ProSimPlus. The Gibbs reactor was used with the system based on the minimization of Gibbs energy. The thermodynamic simulation was done using the same sufficient catalytic activity and thus to have sufficient reaction rates it is advised to work at more elevated temperatures [43]. For the catalytic tests of the direct DME synthesis, following conditions were chosen: 240-300 °C and 20 bars. The influence of pressure was performed by L. Angelo [44] and it was shown that better methanol productivity could be obtained at higher pressures.

Catalytic results for the direct DME synthesis

The direct DME synthesis was performed in the presence of three bifunctional From the catalytic results of these three bifunctional catalysts, it can be seen that the CO 2 conversion increases with temperature and bifunctional catalysts CZZ-Si/Al-25

shows the highest CO 2 conversion at all the investigated temperatures. The CO selectivity increases with temperature and methanol selectivity decreases with temperature, which is in line with thermodynamic simulation and due to the endothermic and exothermic reaction instinct.

Among the three bifunctional catalysts, the methanol productivity for CZZ-Si/Al- The CO 2 conversion and H 2 conversion are higher in the case of pure CZZ copper based catalyst probably due to higher content of basic sites that activate CO 2 . In the same time the selectivities of CO and methanol formation are approximately the sameit proves that the acid sites of Al-TUD-1 (Si/Al) part of the bifunctional catalyst are not working at all and seem to be completely blocked by copper based catalyst. The Al that should bring the weak-moderate acidity for the transformation of methanol to DME is serving actually as the copper dispersion agent. So the increasing of the Al amount in Al-TUD-1 or increasing of the mass loading of Al-TUD-1(Si/Al) part in the bifunctional catalysts are promising. Nevertheless thanks to the fact that the bifunctional catalyst CZZ-Si/Al-25 (7:3) has lower loading of copper and its better dispersion and thus has bigger methanol productivity per g of copper per hour (Table 45678).

The influence of weight ratio between CZZ and Al-TUD-1

In order to improve the DME selectivity and the DME productivity, two bifunctional catalysts with increased mass loading of Al-TUD-1 (Si/Al=25) part were prepared by co-precipitation-deposition method, with the CZZ to Al-TUD-1 (Si/Al=25) ratio 5:3 and 1:1. The prepared materials were characterized and tested in the direct DME synthesis at 20 bars.

Characterization results

Three bifunctional catalysts CZZ-Si/Al-25 (7:3), CZZ-Si/Al-25 (5:3), CZZ-Si/Al-25 (1:1) were prepared as it was described in 4. With increasing the content of Al-TUD-1 (Si/Al) part, the fraction of small pores increased, which can be reflected by the size of hysteresis loop as well as the peak area (around 5 nm) in pore distribution [3]. The specific surface area is improved also and the total pore volume is increased (Table 4- The metallic copper plays an important role in the CO 2 hydrogenation to methanol, and big surface area with easy reducibility of CuO is responsible for a good methanol synthesis performance [46]. The reduction behavior and the interaction between copper and the support were studied by H 2 temperature programmed reduction (H 2 -TPR).

The interaction of copper crystallites with the support is also important for suppress of the copper particles aggregation during the reaction [46]. The copper reducibility and the copper dispersion are shown in Table 4-11. The reduction degree of copper was reflected by the reducibility calculated from the H 2 consumption. The reducibility of these three bifunctional catalysts is 83% for CZZ-Si/Al-25 (7:3), 79% for CZZ-Si/Al-25 (5:3) and 72 % for CZZ-Si/Al-25 (1:1). It decreases with the support content, which is due to the stronger metal support interaction (SMSI) with lower copper content and improving aluminum content in the overall bifunctional material [30]. Some copper could be embedded in the pore structure of Al- The metallic copper surface was measured by N 2 O-TPD continuous method; the results are shown in Table 4- 

Conclusions and perspectives

The bifunctional catalysts CZZ-Si/Al prepared by co-precipitation deposition method show bigger specific surface area than the pure CZZ copper based catalyst. They The reasons for the observed low DME productivity are the insufficient quantity of acid sites; the blockage of acid sites by copper based parts and also the presence of water in the reaction system.

The possible way of the bifunctional catalyst optimization would be the increasing of the content of the Al-TUD-1 part but in this case the copper content will decrease and probably the catalytic activity of the samples in methanol formation from CO 2 hydrogenation will be lost. So it is interesting to find a way to expose the acid sites on the surface without their blockage by copper.

Introduction

In chapter 4, the bifunctional catalysts prepared by co-precipitation deposition method have been investigated in the direct DME synthesis reaction. It has been found

that the acid sites are blocked by the copper based part. In this chapter, it is proposed to prepare the bifunctional catalyst by core-shell method, where the copper based part will be placed in the core and the Al-TUD-1 part will be placed in the shell in order to prevent the blockage of the acid sites by copper. In addition, the bifunctional catalyst with the same composition will be prepared by physically mixing method. These two new materials will be compared to the CZZ-Si/Al-25 that was prepared by co-precipitation deposition method and described in chapter 4.

The prepared materials will be analyzed with the aid of different characterization methods, such as N 2 adsorption/desorption method, X-ray diffraction (XRD), H 2 temperature programmed reduction (H 2 -TPR) and temperature programmed desorption of NH 3 (NH 3 -TPD). The direct DME synthesis performance of these three bifunctional catalysts with the same composition will be tested. These three catalysts will be also employed in the methanol dehydration to DME reaction.

Catalysts preparation

All the catalysts use Al-TUD-1 with the Si/Al ratio of 25 as methanol dehydration catalyst and possess the same weight ratio between methanol synthesis catalyst (CZZ)

and methanol dehydration catalyst (m CZZ : m Si/Al-25 = 1:1).

Core shell method

Firstly, 0.2683 g aluminum isopropoxide (98%, Aldrich) was added into ethanol under stirring. After the aluminum isopropoxide was completely dissolved, 2g sieved CZZ (prepared in chapter 4) with the particle size of 50-100 µm was added into the solution. Then 6.8421 g tetraethyl orthosilicate (TEOS, 98%, ACROS) was added. After stirring for a few minutes, the well mixed 4.8933 g triethanolamine (TEA, 98%, ACROS) and 3.7177 g distilled water was added drop by drop, followed by the addition of 4.0341 g tetraethyl ammonium hydroxide (TEAOH, 35 wt % in water, ACROS). Afterwards, it was kept under stirring overnight and then left to age at room temperature until a gel formed. After that the gel was dried at 100°C for 24h for the evaporation of H 2 O and ethanol, followed by hydrothermal treatment at 180°C for 3h with ramp of 5°C/min in an autoclave with a Teflon pocket and by calcination at 400°C for 4h with ramp of 2°C/min.

Physically mixing method

Sieved CZZ (100-200 µm) and the Al-TUD-1 material (Si/Al-25) (100-200 µm)

were physically mixed with the same weight ratio.

Characterizations and discussions

The bifunctional catalysts that will be investigated in this chapter are prepared by core-shell method, co-precipitation deposition method and physically mixing method, they are abbreviated as cs, pd and m, respectively. The schematic diagram for these catalysts is shown in From the isotherms, it can be seen that both the catalyst pd and catalyst m show two kinds of hysteresis loop, H1 and H3-typewith "cylindrical" and "slit" shaped pore, respectively [1]. The former is introduced by Al-TUD-1 (Si/Al-25) and the latter arises from the intragrain porosity of CZZ [2]. The catalyst cs shows only one hysteresis loop with the H4 type associated with narrow slit-like pores [1]. During the core-shell synthesis procedure, some Al-TUD-1 synthesis solution enters the pores of the core catalyst CZZ. The aluminosilicate is formed after hydrothermal treatment and calcination and thus fills the pores of CZZ and forms the shell around each grain [3]. The presented pore distributions of these three bifunctional catalysts are consistent with the isotherms.

They have two kinds of pores for bifunctional catalysts pd and m, and there is only one peak for the pore distribution of bifunctional catalyst cs.

The textural properties regarding specific surface area, pore volume and pore diameter of bifunctional catalysts prepared by different methods are shown in Table 5-1.

The bifunctional catalyst cs possesses the highest specific surface area 404 m 2 g -1 with the the pore size around 4nm. The catalyst m owns the specific surface area of 384 m 2 g -1 , which is higher than the catalyst prepared by co-precipitation deposition method of 315 m 2 g -1 . The pore volume estimated from the BJH method are 0.39 cm 3 g -1 for catalyst cs, 1.04 cm 3 g -1 for catalyst pd and 0.58 cm 3 g -1 for catalyst m, respectively. 

Crystalline structure

The XRD patterns for pure CZZ and calcined bifunctional catalysts prepared by different methods are shown in Figure 5-3. The first large peak at 15°-25° 2θ is owing to the amorphous SiO 2 [4,5] coming probably from the glass sample support for XRD analysis. Among the XRD patterns for the calcined bifunctional catalysts, the catalyst pd shows the amorphous peaks at 30°-40°2θ. This peak is probably owing to the overlapping of broadened and not well crystallized CuO and ZnO signals [6], which has been explained in chapter 4. For all the catalysts, it is supposed that the ZrO 2 is present in the amorphous form because of the absence of characteristic crystalline peaks [6,7]. These catalysts were reduced at 280 °C for 1h with the temperature ramp of 1 °C/min. The XRD patterns for these reduced catalysts are shown in Figure 5-4 . From

Figure 5-4, it can be observed that the reduced catalyst cs shows strong diffraction peaks belonging to metallic copper and very small ZnO peaks. ZnO peaks become smaller after reduction compared with the calcined cs probably owing to the interaction or the migration of ZnO to the shell structure [4]. The metallic copper crystallite size is 22.8 nm, which is much larger than the CuO crystalline size of calcined cs, which means that the copper agglomerates during the reduction process. It is probably due to the decrease of ZnO content in the core, which is the geometry spacer for copper, resulting in the agglomeration of copper.

The reduced catalyst pd shows only Cu 0 peak with the crystallite size of 4.8 nm, which means that the copper is well dispersed and anchored, probably owing to strong metal support interaction (SMSI) (chapter 4 conclusions).

The crystallite size of Cu 0 in the reduced catalyst m is 14.0 nm, which is bigger than the CuO crystallite size in the calcined sample of 9 nm. The ZnO crystallite size in the reduced sample m is also a little bigger than for the calcined sample. It means copper and ZnO agglomeration happened during the reduction. The catalyst cs shows a broad reduction peak from 250 °C to 300 °C with the peak maximum of 276 °C, which is higher than for the catalyst m. It may be due to the bigger CuO crystallite size of cs (15.0 nm) than in m (9.0 nm) (XRD results) from one hand. From the other hand, since CZZ is located in the core of the catalyst, the diffusion of H 2 to the core is not very easy. The reducibility of catalyst cs is 95%, the tiny unreduced CuO part may be located in the pores of Si/Al-25, which is inaccessible to H 2 .

Catalyst pd presents a broad asymmetric reduction peak and the highest reduction temperature of 286 °C. It means the strongest interaction of Cu based part and the Si/Al-to the strong metal support interaction (SMSI) [13], in addition some copper was embedded in the pore structure of the Si/Al-25 support as described in chapter 4. 

Basic properties

The basic properties were studied by CO 2 -TPD. The CO 2 -TPD profiles for the catalysts are presented in Figure 56. Comparing the CO 2 -TPD profiles for these three catalysts, it can be concluded that the catalyst m owns more weak basic sites than other two catalysts. In catalysts pd and cs, some weak basic sites could be blocked due to the materials preparation, SMSI for catalyst pd and structural changes for catalyst cs.

Catalytic results

Direct DME synthesis

The In the presence of a bifunctional catalyst, the copper based part will convert CO 2 /H 2 to methanol (Equation 5-1). Then it is expected that methanol will be transformed in DME (Equation 5-3) on the acid sites of Al-TUD-1 (Si/Al-25) part of the catalyst. In addition, the RWGS reaction may occur in these conditions. It is catalyzed by Cu 0 sites and is in competition with methanol formation. Methanol, CO and DME selectivity for these three catalysts show the same trend as the TD results. The DME selectivity of these three catalysts is lower than the TD results and the methanol selectivity of these three catalysts is higher than the TD results. The TD results are calculated for multistep process, but in these experiments low DME productivity was observed. That explains why methanol can be seen in higher amount than presented TD limits, because most of it is not converted into DME. The CO selectivity of these three catalysts is higher than the TD results at 240 °C and 260 °C. It may be due to the fact that the kinetic regime is prevailing at these temperatures for high GHSV values more than 3000 h -1 [17,18]. At 280 °C and 300 °C, the CO selectivity for these three catalysts is close to TD limits.

It has been reported that the consumption of methanol in methanol dehydration reaction can break the chemical equilibrium in CO 2 hydrogenation to methanol reaction and the reaction will go on to the right hand [12,[19][20][21][22]. Comparing the catalyst pd and m, the better DME selectivity of the catalyst m was observed than for the catalyst pd as well as the higher CO 2 conversion.

Considering the products distribution, the catalyst cs shows the highest methanol and the lowest CO selectivities among three catalysts. Bifunctional catalysts pd and m possess higher CO selectivity and lower methanol selectivity than catalyst cs, but their Comparing the crystallite size of reduced catalysts and the catalysts after direct DME synthesis reaction (Table 5-3), it can be observed that the crystallite size of Cu didn't change a lot for catalyst cs (22.8 nm for the catalyst after reduction and 24.5 nm for the catalyst after reaction), while the Cu 0 crystallite size increased from 14.0 nm 

Methanol dehydration to DME

The three bifunctional materials, cs, pd and m, were tested in methanol dehydration to DME reaction. Methanol conversion will be followed. H 2 , methyl formate, CO and CO 2 were found as the reaction products together with the main product DME. The catalytic results of methanol conversion are presented in Figure 5-11. The methanol conversion for catalyst m decreases slightly from 98% to 87% after 30h and the slop is not big. The catalyst seems to be rather stable. The methanol conversion of catalyst pd decreases from 97% to 52% after 30h. The methanol conversion of catalyst cs shows severe decrease from 87% to 22% after 30h. The C-containing products yield is presented in Figure 5-12. The DME yield of catalysts pd and m was 26% and 30% at the beginning of the reaction and then decrease to 6% and 15% respectively after 30h. The DME yield of catalyst cs is lower than previous two at the beginning around 14% and then decrease to 4% after 30h of the reaction time. Apart from DME we found methyl formate and carbon oxides as byproducts in this reaction.

The methyl formate yield of catalyst pd increases from around 1 to 21% and the CO + CO 2 mixture yield decreases from 68% to 22% after 30h. The methyl formate yield for catalyst m is around 0 during the reaction and the CO + CO 2 mixture yield is stable around 72%.

For catalyst cs, the methyl formate yield decreases from 11% at the beginning to almost 0% after 30h. The yiels of CO + CO 2 mixture decreases and meets the curve of the pd catalyst.

The catalyst cs shows the lowest catalytic performance in methanol dehydration to DME reaction as well as in the direct DME synthesis reaction (5.4.1). It may be due to the insufficient access of reactants to the metallic copper embedded in the core of the core-shell structure which leads to the low methanol conversion. This phenomenon could be observed after 6h of the methanol dehydration to DME reaction when the catalyst cs stops producing methyl formate because of the blockage of its pores by reaction products.

From the XRD patterns of the reduced catalyst cs, it can be found that the metallic copper particles aggregate and the ZnO particles become more dispersed after reduction (Figure structure during the reduction. It has been reported that with the proceeding of methanol dehydrogenation reaction, the lattice oxygen of ZnO can be removed thus resulting in the reduction of zinc oxide, which is one of deactivation reasons for Cu/ZnO catalysts in methanol dehydrogenation reaction [25][26][27]. In our catalyst cs, the migrated ZnO was probably reduced with the proceeding of reaction and sme O in ZnO disappears leading to the decrease of basic sites. Probably this catalyst's surface reconstruction (with possible ZnO reduction) continues during the first 6h of the reaction so methyl formate is still present. After 6h the yield of methyl formate starts to decrease so it can be supposed that methyl formate is not formed anymore and its decomposition occurs. The Al-TUD-1 (Si/Al-25) part is located in the shell of the catalyst, easily accessible for reactants, so the DME selectivity is almost stable during the reaction.

For the catalyst pd, with the proceeding of methanol dehydrogenation reaction, it can be supposed that some lattice oxygen of ZnO disappear resulting in the decrease of basic sites as it was observed for catalyst cs, this leads to the increase of methyl formate

The main objective of the thesis was the development of bifunctional catalytic materials for the direct DME synthesis from CO 2 /H 2 . The bifunctional materials contain the copper based part for the methanol synthesis from CO 2 /H 2 and the acid part for 
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 1 Fig.1 Image MET de Si/Al-25 Fig.2 Profiles NH 3 -TPD d'Al-TUD-1

25 Fig. 3 Fig. 4

 2534 Fig.3 Conversion du mé thanol sur Al-TUD-1La dé shydratation du mé thanol pour la formation de DME a é té ré alisé e dans un ré acteur en quartz à lit fixe à la pression atmosphé rique à 280 °C, et à VVH (vitesse volumé trique horaire) de 10000 h -1 . On peut constater que la conversion du mé thanol diminue avec le rapport Si/Al (Fig.3), ce qui correspond à la tendance de l'acidité mesuré e par TPD-NH 3 . Le DME est le seul produit carboné formé lors de la dé shydratation du mé thanol, ce qui signifie que les sites acides faibles et moyens sont dominants. La conversion du mé thanol diminue au dé but et devient presque constante aprè s un temps de ré action de 24h. La dé sactivation des catalyseurs peut ê tre provoqué e par l'adsorption de l'eau qui est formé au cours du procédé sur les sites acides. Pour prouver cette supposition, des tests avec des quantités d'eau supplémentaires ont été effectué es dans les mê mes conditions de ré action.

2. 2

 2 Catalyseurs bifonctionnels pré paré s par la mé thode de dé pôt-copré cipitation Dans cette partie, les catalyseurs bifonctionnels CZZ-Si/Al (Cu-ZnO-ZrO 2 @Al-TUD-1) ont é té pré paré s par la mé thode de dé pôt de co-pré cipitation. Le catalyseur contenant du cuivre a é té dé posé sur le Al-TUD-1. Quatre catalyseurs bifonctionnels ont é té pré paré s avec diffé rents rapports Si/Al et avec le mê me rapport en poids entre le catalyseur de synthè se de mé thanol et le catalyseur de dé shydratation du mé thanol (Cu-ZnO-ZrO 2 :Al-TUD-1 =7:3). En outre, deux autres catalyseurs bifonctionnels avec les rapports en poids différents ont été synthétisés, 5: 3 et 1: 1, respectivement. Ces catalyseurs ont été caractérisés par méthode d'adsorption/ désorption de N 2 , DRX, TPR (réduction programmée température), TPD-NH 3 , TPD-N 2 O (désorption programmée température d' N 2 O) et MET.

Fig. 5

 5 Fig.5 Profils DRX de catalyseurs bifonctionnels avant (a) et aprè s ré duction (b)

Fig. 6 Fig. 7

 67 Fig.6 MET de CZZ-Si/Al-25 (réduction 280°C 1h)

Fig. 8

 8 Fig.8 Top adsorption configuration of copper on pure SiO 2 (a) and Al-doped SiO 2 (b)

Fig. 9

 9 Fig.9 Conversion d'CO 2 (a) et productivité en méthanol (b) pour le synthèse directe de DME pour des catalyseurs CZZ-Si/Al-25 (7:3) ( olive), CZZ-Si/Al-25 (5:3) (orange) and CZZ-Si/Al-25 (3:3) (vin rouge)

  Al. L'énergie d'adsorption du cuivre trouvé e par DFT sur SiO 2 dopé avec Al é tait plus é levé e que sur SiO 2 pur. Ca implique que l'incorporation d'Al peut induire l'ancrage du cuivre près d'Al et le blocage de ce site acide. L'activité catalytique augmente avec l'augmentation de la teneur en Al. 2.3 Catalyseurs bifonctionnels pré parés par diffé rentes mé thodes Afin d'amé liorer le catalyseur bifonctionnel pour la synthè se directe de DME, deux autres mé thodes de pré paration, core-shell et mé lange physique, ont é té exploré s dans cette partie.Tous les catalyseurs ont é té pré paré s avec le mê me rapport en poids de deux fonctions (1:1). Mé thode d'adsorption/ dé sorption de N 2 , DRX, TPR, TPD-NH 3 , TPD-N 2 O et MET ont é té employé es pour la caracté risation des catalyseurs. Les sché mas des trois catalyseurs pré paré s par des mé thodes diffé rentes sont pré senté s dans Fig.10.
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 10 Fig.10 Catalyseurs bifonctionnels

Fig. 11

 11 Fig.11 Conversion de CO 2 (a) et H 2 (b), productivité en mé thanol (c) et en DME (d)

  Fig.12 Diagramme sché matique pour catalyseur cs

  transparent to the sunlight with short-wavelength radiation, while it adsorbs the infrared radiation emitted by the Earth surface with the long-wavelength. Hence it traps heat near the Earth surface and the temperature at the Earth surface rise[2] (Figure1-1). It has been indicated that when the CO 2 concentration in the atmosphere rises the temperature at the Earth surface rises as well[2, 3].

Figure 1 - 1

 11 Figure 1-1 Schematic diagram for the greenhouse gas effect
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 13 Figure 1-3 CO 2 applications
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 14 Figure 1-4 Schematic diagram for traditional DME synthesis

CO 2 +

 2 3H 2 = CH 3 OH + H 2 O ∆H 0 = -49.5 kJ/mol (Equation 1-1) 2CH 3 OH = CH 3 OCH 3 + H 2 O ∆H 0 = -23.4 kJ/mol (Equation 1-2) CO 2 + H 2 = CO + H 2 O ∆H 0 = 41.2 kJ/mol (Equation 1-3)
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 15 Figure 1-5 Schematic diagram of the direct DME synthesis on a bifunctional catalyst

Figure 1 -

 1 Figure 1-6 (a) Schematic representations of the necessary ingredients for a high-performance methanol synthesis catalyst (b) The role of precursor composition for the Cu dispersion in the final catalyst

Figure 1 - 7

 17 Figure 1-7 CO 2 hydrogenation mechanisms on Cu-ZnO/ZrO 2 and Cu-ZnO/Al 2 O 3 catalysts

  solid acid catalysts have been investigated for methanol dehydration reaction, including γ-Al 2 O 3 , the modification of alumina with SiO 2 , TiO 2 -ZrO 2 , clays, ion exchange resins, and zeolites HZSM-5, HY, mordenites, SAPO, MCM and so on [20, 62]. The most widely investigated and most interesting solid acid catalysts are HZSM-5, γ-Al 2 O 3 , Al-HMS and S-ZrO 2 . γ-Al 2 O 3 was chosen as the methanol dehydration to DME catalyst by a lot of researchers because it is cost effective, has a high specific surface area, good thermal and mechanical stabilities and a high selectivity of DME formation [20, 63, 64]. Different modifications have been conducted on γ-Al 2 O 3 . It has been demonstrated that the sulfate treatment can increase the acidity of γ-Al 2 O 3 [65]. 1 wt. % titania modified γ-Al 2 O 3 was proved to show higher methanol dehydration activity than phosphoric acid modified γ-Al 2 O 3

Figure 1 - 8

 18 Figure 1-8 Methanol conversion variations for pure methanol and crude methanol (reaction conditions were 300 °C, 0.5 g catalyst, reaction time=72h, and WHSV= 1h -1 )

2

 2 with different sulfur content: 5S-ZrO 2 , 10S-ZrO 2 , 15S-ZrO 2 , 20S-ZrO 2 , 30S-ZrO 2 , were tested in the methanol dehydration to DME. The sulfur content shows big influence on physicochemical properties, activity and stability of the sulfated zirconia catalysts. At the low sulfur contents (5S-ZrO 2 , 10S-ZrO 2 ), the tridentate sulfate interacts with zirconia at the surface and induce the Lewis acid sites. At high sulfur content (15S-ZrO 2 , 20S-ZrO 2 , 30S-ZrO 2 ), -ZrOH is present is these catalysts, which acts as the Brønsted acid sites. The mechanisms for the methanol dehydration to DME on the sulfated zirconia catalysts are shown in Figure1-9.The catalyst with high S content shows better stability than with low S content, because the Brønsted acid sites are more hydrophobic than Lewis acid sites. 20S-ZrO 2 shows similar methanol dehydration performance as HZSM-5 with Si/Al ratio of 24[3].
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 19 Figure 1-9 Proposed mechanisms for the formation of DME from methanol dehydration over the sulfated zirconia catalysts at low (pathway I) and high (pathway II) sulfur contents.
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 1 Figure 1-10 3-D TEM reconstruction of TUD-1[76]

Figure 1 -

 1 Figure 1-11 Models for Brønsted and Lewis acid sites

  instance, Witoon et al prepared the bifunctional catalyst Cu-ZnO-ZrO 2

[ 96 ]

 96 . The core shell structure catalyst CuO-ZnO-Al 2 O 3 @SiO 2 -Al 2 O 3 was prepared by adding the prepared CuO-ZnO-Al 2 O 3 particles into the aluminum nitrate and tetraethyl orthosilicate solution and then conducting the hydrothermal treatment [98]. Jong Wook Bae prepared the bifunctional catalyst Cu-ZnO-Al 2 O 3 / Zr-modified ferrierite by coprecipitaion of copper based part deposited on ZrFER and investigated the Zr influence

  2 support can promote the generation of defects in the support. The structure defects play an important role in stabilizing alloy nanoparticles and preventing them from sintering at high temperature treatment, thus creating the strong metal support interaction (SMSI). Dai et al [103] prepared catalysts Cu/Al-HMS with different Si/Al ratio in the support by traditional incipient method. They proposed that the structure defects work in improving the dispersion of copper species and enhancing the interaction between copper and the support. The catalytic activity in the hydrogenation of dimethyl oxalate (DMO) to ethylene glycohol increases with increasing the Al content in the support and the highest values were obtained with the Si/Al ratio of 25. The schematic model of the interaction between copper species and support are shown in Fig. 1-12.
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 1 Figure 1-12 Schematic model of the variation of Cu species with increasing Si/Al ratio

  Al 2 O 3 by A.T. Aguayo[START_REF] Aguayo | Deactivation and regeneration of hybrid catalysts in the single-step synthesis of dimethyl ether from syngas and CO 2[END_REF] (Figure[1][2][3][4][5][6][7][8][9][10][11][12][13]. It shows that there are two CO 2 peaks. The first corresponds to the combustion of coke that is related to the metallic function and the second corresponds to the combustion of coke deposited on acid sites.The coke formation on the metallic function will result in the decrease of metallic copper surface area thus leading to the decreased methanol synthesis performance. The coke formation on the acid sites can result in the decreased methanol dehydration performance.

Figure 1 -

 1 Figure 1-13 TPO profiles of the CuO-ZnO-Al 2 O 3 / γ-Al 2 O 3 catalyst after direct DME synthesis
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 1 Figure 1-14 Thesis schematic flow-chart

- 1 )

 1 . The diffraction peaks including positions and intensities provide informations of the sample.
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 21 Figure 2-1 Bragg's Law reflection

2. 1 . 7

 17 Figure 2-2 N 2 O-TPD profile The copper dispersion (D copper ) was calculated by the surface copper calculated from N 2 O-TPD divided by the H 2 consumption from H 2 -TPR before the chemisorption of N 2 O [7].

2CH 3

 3 OH = CH 3 OCH 3 + H 2 O ∆H 0 = -23.4 kJ/mol (Equation 2-1) DME formation was monitored at 280 °C and 1 bar in diluted CH 3 OH/Ar mixture with total flow rate of 40 ml/min. CH 3 OH or CH 3 OH + water mixture was generated by the bubbling system at 0 °C (see Figure 2-3).
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 23 Figure 2-3 Scheme of the methanol dehydration to DME reaction setup

Log 10 P

 10 mm Hg = 7.87863 -1473.11 / (230.0 + T) When T = 0 °C, Log 10 P mm Hg = 1.4738039 P mm Hg=29.7717 mm Hg = 3969.2 Pa According to PV= nRT C= n/V= P/ RT= 3969.2/ (8.315* 273.15) =1.7476 mol/m 3 When T = 0 °C, P = 101.325 k Pa, V m =22.4 L/mol Methanol concentration= 1.7476* 22.4/1000= 3.9 % (molar concentration)

0

  °C are 3.969 k Pa and 0.6113 k Pa, respectively. The partial pressure of water: P water = P w, water * C water =0.6113* 83.5%= 0.5104 k Pa The partial pressure of methanol: P methanol = P w, methanol * C methanol = 3.969 * 16.5%= 0.6549 k Pa The concentration of saturated methanol vapor in gas phase: C methanol '= P methanol / RT = 0.6549 *1000/ (8.315*273.15) = 0.2883 mol /m 3 The concentration of saturated water vapor in gas phase: C water '= P water /RT =0.5104 *1000/ (8.315*273.15) = 0.2247 mol/m 3 When T=0 °C, P= 101.325 k Pa, V m =22.4 L/mol Methanol concentration= 0.2883*22.4 /1000=0.6% (molar concentration) Water concentration = 0.2247*22.4/ 1000 = 0.5% (molar concentration)
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 24 Figure 2-4 Scheme of setup for direct DME synthesis from CO 2 /H 2

  columns and three TCD (Thermal Conductivity Detector) detectors. These three columns were 5A micro-sieve column (column A), 8m plot (Porous Layer Open Tubular) U column (column B), 8m plot Q column (column C). Argon acted as carrier gas for column A and helium performed as carrier gas for column B and column C. H 2 , N 2 (internal standard gas), CH 4 and CO were analyzed by column A, CO 2 , DME and CH 3 OH by column B and N 2 , CO, CH 4 , CO 2 by column C. Column A and column C were connected by individual peaks N 2 , CO on column A and overlapped peak N 2 -CO on column C. Column B and column C were connected by individual peak CO 2 on both columns.

Figure 3

 3 Figure 3-1.
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 31 Figure 3-1 Agglomerated catalysts after hydrothermal treatment (a) and sieved catalyst (100-200 µm) after calcination (b)
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 232 Figure 3-2 XRD patterns of Al-TUD-1 Figure 3-3 TEM image for Si/Al-25
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 3 Figure 3-4 N 2 adsorption/ desorption isotherm (a) and pore distribution (b) of Al-TUD-1
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 35 Figure 3-5 NH 3 desorption profiles for Al-TUD-1
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 36 Figure 3-6 Methanol conversion for Al-TUD-1 with time (A) and with total acidity (B)
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 34237 Figure 3-7 Catalytic results for Si/Al-25
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 442217342 Figure 4-1Diagrams for CZZ synthesis by co-precipitation method
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 43 Figure 4-3 N 2 adsorption/ desorption isotherms and pore distribution for CZZ (a), isotherms (b) and pore distributions (c) for bifunctional catalysts
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 31244 Figure 4-4 XRD patterns of fresh (a) and reduced (b) CZZ and bifunctional catalysts CZZ-Si/Al
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 4 Figure 4-5TPR profiles for the CZZ and the bifunctional catalysts
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 31546 Figure 4-6 TGA profiles of CZZ and of CZZ-Si/Al-25

Figure 4 - 7

 47 Figure 4-7 CO 2 profile from CZZ-Si/Al-25 TGA analysis

  , which is an very important function for the bifunctional catalysts working in direct DME synthesis reaction. The surface acid properties were determined by temperature programed desorption of NH 3 (NH 3 -TPD). The NH 3 desorption profiles for bifunctional catalysts are shown in Figure 4-8 and the NH 3 desorption amounts are summarized in Table 4-6. The profiles all display one asymmetric and broad NH 3 desorption peak from 150 °C to 600 °C, which shows the similar NH 3 desorption curves for the supports (chapter 3.3.3). It has been referred in chapter 3 that the strength of acid sites corresponds to the desorption temperature of NH 3 . Most of adsorbed NH 3 desorbs below 400 °C indicating that the most of the acid sites has weak and medium force, which is the exact active sites for methanol dehydration to DME.
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 48 Figure 4-8 NH 3 -TPD profiles of the bifunctional catalysts
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 49 Figure 4-9 CO 2 -TPD profiles for CZZ and CZZ-Si/Al-25

  -TUD-1 (Si/Al-25), CZZ-Si/Al-25 and CZZ-Si/Al-100 are shown in Figure 4-10.
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 410044 Figure 4-10 The TEM images of the fresh Al-TUD-1 (a), CZZ-Si/Al-25 (b) and CZZ-Si/Al-100 (c)
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 4 Figure 4-12 Models for copper (a), pure SiO 2 (b) and Al doped SiO 2 (c)
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 4 Figure 4-13 Different adsorption sites of copper on SiO 2 , top site (a), bridge site (b) and hollow site (c)

Figure 4 -

 4 Figure 4-14 Energies of Cu-SiO 2 (a) and Cu-Al-SiO 2 (b) with cutoff energy of 700 eV (top adsorption configurations)

CH 3

 3 OH + CH 2 O = HCOOCH 3 + H 2 (Equation 4-3) 2CH 2 O = HCOOCH 3 (Equation 4-4) There are three kinds of explanations for CO formation, consecutive degradation of methyl formate [29, 30, 41] (Equation 4-5) or the dehydrogenation of formaldehyde [35](Equation 4-6). Another possible way is RWGS reaction (Equation 4-7). HCOOCH 3 =2CO + 2H 2 (Equation 4-5) CH 2 O = CO + H 2 (Equation 4-6) CO 2 + H 2 = CO + H 2 O (Equation 4-7) The pathway for CO 2 formation is also controversial. Some researchers thought that the water formed from methanol dehydration to DME reaction can easily react with the intermediate compound formaldehyde, resulting in the formation of CO 2 (Equation 4-8) [29] , while others thought that CO 2 comes from water gas shift reaction (Equation 4-9) [34]. CH 2 O + H 2 O= CO 2 + 2H 2 (Equation 4-8) CO + H 2 O = CO 2 + H 2 O (Equation 4-9) The schematic representation of the possible products and reaction pathways are shown in Scheme 4-1.

Scheme 4 - 1

 41 Scheme 4-1 Possible reaction pathways over the bifunctional catalysts Firstly the pure copper based catalyst CZZ was tested in the methanol dehydration to DME. Then three bifunctional materials, CZZ-Si/Al-25, CZZ-Si/Al-75 and CZZ-Si/Al-100 with different ratio of Si/Al were tested as well. The catalytic tests were performed at 280 °C and atmospheric pressure. Methanol conversion will be followed. In the case of bifunctional catalysts H 2 , MF, CO and CO 2 were found as the reaction products together with the main product DME. CH 2 O was not observed in outgases. The discussion will be based on the following the formation of DME, MF and the mixture CO + CO 2 . H 2 O and H 2 were not detected by the GC column that was chosen.
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 4444 Figure 4-15 Methanol conversion (a) and products selectivity (b) for CZZ catalyst

  reactants' flow composition as for catalytic tests: total flow 40 mL/min, H 2 /CO 2 /N 2 ratio equal to 3/1/0.16. The different reactions can happen in this system: methanol synthesis by CO 2 hydrogenation (Equation 4-10), methanol dehydration into DME (Equation 4-1) and Reverse Water Gas Shift reaction (Equation 4-11) [3, 42]. CO 2 + 3H 2 = CH 3 OH + H 2 O ∆H 0 = -49.5 kJ/mol (Equation 4-10) 2CH 3 OH = CH 3 OCH 3 + H 2 O ∆H 0 = -23.4 kJ/mol (Equation 4-1) CO 2 + H 2 = CO + H 2 O ∆H 0 = 41.2 kJ/mol (Equation 4-11) Chapter The products that could be formed are: DME, methanol, CO and water. The reactants and products together constitute the thermodynamic system. The temperature of the Gibbs reactor was varied from 200 to 320 °C, the pressure was fixed at 20 bars. The calculations of H 2 and CO 2 conversion, methanol, CO and DME selectivities were done. The results of the thermodynamic simulation of the direct DME synthesis from CO 2 /H are shown in Figure 4-17.

Figure 4 -

 4 Figure 4-17 Thermodynamic simulation results for direct DME synthesis from CO 2 /H 2The CO 2 conversion and H 2 conversion are both 33% at 200 °C. Then CO conversion decreases with the temperature and is observed with the minimum of 21% at 270 °C. The H 2 conversion decreases with temperature for all the temperatures studied and is around 11% at 320 °C. The methanol selectivity decreases with temperature from 15% at 200 °C to around 2% at 320 °C with slight slope. DME selectivity decreases with temperature from 81% at 200 °C to 0 at 320 °C and CO selectivity increases with temperature from 5% at 200 °C to 97% at 320 °C, which is due to the instinct of exothermic and endothermic reaction, respectively.
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 4 Figure 4-18 Direct DME synthesis results of bifunctional catalysts

2 .Figure 4 -

 24 Figure 4-19 N 2 adsorption-desorption isotherms (a),and pore distribution (b)for bifunctional catalysts

Figure 4 -

 4 Figure 4-20 XRD patterns of calcined (a) and reduced (b) (280 °C, 1 °C/min, 50 mL/min 10%H 2 /Ar) bifunctional catalysts CZZ-Si/Al with different weight ratio between CZZ and Si-Al

25 ( 7 : 3 )

 2573 The reduction profiles of the bifunctional catalysts are shown in Figure4-21. All the catalysts present one broad asymmetric reduction curve. For example, CZZ-Si/Alposesses the main reduction peak at 263 °C with a tiny shoulder peak at 232 °C. CZZ-Si/Al-25 (5:3) presents two obvious reduction peaks with the peaks maxima at 247 °C and 273 °C. CZZ-Si/Al-25 (1:1) also shows two distinct reduction peaks at 252 °C and 287 °C, respectively. The asymmetric reduction peak with a shoulder peak indicates that there is a strong interaction between copper and support, which is maybe owing to the successive reduction of copper, Cu 2+ → Cu 1+ → Cu 0 . The reduction temperature increases with the content of Al-TUD-1 (Si/Al) part, which may be due to that more copper anchoring sites are introduced after improving the support content, leading to the stronger interaction between copper and support.

Figure 4 -

 4 Figure 4-21 TPR patterns for bifunctional catalysts

  increased pore volume after improving the support content and thus it is inaccessible for reduction.
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 9442114 Figure 4-22 Direct DME synthesis results of bifunctional catalysts CZZ-Si/Al-25 (7:3), CZZ-Si/Al-25 (5:3) and CZZ-Si/Al-25 (1:1)

  possess an amorphous morphology similar to the Al-TUD-1 structure. This method of synthesis allows good copper dispersion over the Si/Al support with small metallic copper particles around 5 nm. The copper surface area increases with the decrease of Si/Al ratio. The bifunctional catalyst CZZ-Si/Al-25 shows the biggest copper surface area (10.3 m 2 /g cata ) among all the investigated bifunctional catalysts. All the catalysts with different Si/Al ratio were tested in the direct DME synthesis. Low DME selectivity was observed for all the bifunctional catalysts, but nevertheless they were active in the methanol formation and the highest methanol productivity180 g/ kg cata/ hat 280 °C was obtained for CZZ-Si/Al-25.The density functional theory was employed to investigate the Al influence on the interaction behavior between copper and silica or Al doped silica. The adsorption energy of Cu on Al-doped SiO 2 in the top site adsorption configuration (-2.6012 eV) is higher than the adsorption energy of Cu on pure SiO 2 (-0.2617 eV), which means that the incorporation of Al can induce copper anchoring sites and this implies that copper occupies the acid sites on the support.In addition two bifunctional catalysts with more Al-TUD-1 part in the bifunctional catalyst CZZ-Si/Al-25 were prepared in order to increase the quantity of acid sites. The materials were tested in the direct DME synthesis. Still low DME selectivity was observed. It is assumed that the copper based part of the bifunctional catalysts blocks the acid sites of the Al-TUD-1 part.

Figure 5 Figure 5 - 1 Schematic diagram of bifunctional catalysts 5 . 3 . 1 Figure 5

 5515315 Figure 5-1 Schematic diagram of bifunctional catalysts

Figure 5 -

 5 Figure 5-3XRD patterns for CZZ and calcined bifunctional catalysts.

  The bifunctional catalysts m and cs possess crystalline CuO and ZnO peaks. The catalyst m shows similar XRD patterns as catalyst CZZ. In the catalyst cs, the intensity of ZnO peak at the position 2θ =36.265° is much smaller than the intensity of CuO peak at the position 2θ = 35.496°, while in the catalyst m, the intensity of ZnO peak at the position 2θ =36.265° is bigger than the intensity of CuO peak at the position 2θ = 35.496°. The intensity of the strongest characteristic diffraction peak of ZnO (36.265 °) and CuO (35.496 °) are compared for different catalysts and the intensity ratios between them are shown in Table5-2 as well as the area ratio for independent ZnO(30.773 °) and CuO (37.750 °) peaks. The ratios of I ZnO / I CuO for the catalyst m and the catalyst CZZ is the same with the value of 1.2. The structure of CZZ is not changed during the preparation of the catalyst m. The I ZnO / I CuO ratio of the catalyst cs is 0.4. The area ratio for ZnO and CuO shows the similar value. So in the catalyst cs, the original structure of CZZ was changed. Supposingly a part of the core (CZZ) has reacted with TEOS during the preparation and Cu, Zn, Zr leach from the initial structure of the core. It can be supposed that the core of the catalyst cs could be a polymorth of different phases such as initial CZZ, Zn-TUD-1, Cu-TUD-1 and Zr-TUD-1[4,[8][9][10][11]. The last three supposed subtances are amorphous and probably exist in small quantities so they could not be visible on XRD patterns.

Figure 5 - 4 XRD patterns for reduced bifunctional catalysts 5 . 3 . 3

 54533 Figure 5-4 XRD patterns for reduced bifunctional catalysts

Figure 5 -

 5 Figure 5-5 H 2 -TPR profiles The catalyst m shows the lowest reduction temperature among these three catalysts. It presents the similar reduction peak shape as for the methanol synthesis catalyst CZZ (chapter 4), showing the main sharp reduction peak with a shoulder peak at lower temperature. It also owns the similar reduction temperature as CZZ, 221°C for bifunctional catalyst m and 219 °C for CZZ. It means that the methanol dehydration part Al-TUD-1 (Si/Al-25) has no effect on the methanol synthesis part in the bifunctional catalyst prepared by physically mixing method. The copper reducibility of m is 104%, which means that the copper can be completely reduced before 250 °C.

Figure 5 - 6

 56 Figure 5-6 CO 2 -TPD profiles for the catalysts cs, pd and m

  direct DME synthesis reaction was conducted at 20 bars, GHSV of 10000 h -1 , and different temperatures of 240 °C, 260 °C, 280 °C and 300 °C. Several reactions occurred in the direct DME synthesis from CO 2 /H 2 reaction: CO 2 hydrogenation to methanol (Equation 5-1), reverse water gas shift reaction (Equation 5-2) and methanol dehydration to DME reaction (Equation 5-3). CO 2 + 3H 2 = CH 3 OH + H 2 O (Equation 5-1) CO 2 + H 2 = CO + H 2 O (Equation 5-2) 2CH 3 OH = CH 3 OCH 3 + H 2 O (Equation 5-3)

Figure 5 - 7

 57 Figure 5-7 CO 2 (a) and H 2 conversion (b)The CO 2 and H 2 conversion for these three bifunctional catalysts as well as the values for thermodynamic (TD) results are presented in Figure5-7. The TD CO 2 conversion shows the slight decrease from 240°C to 260 °C and then shows the increasing trend. The TD H 2 conversion decreases with temperature. The TD results were discussed in 4.3.2.2. The CO 2 and H 2 conversion for these three catalysts are lower than the TD results in all the studied temperatures, so the catalytic activity can be compared in the chosen conditions. Both the CO 2 and H 2 conversions increase with temperature, following the trend for all catalysts.

Figure 5 - 8

 58 Figure 5-8 Schematic diagram of the reduced catalyst cs The schematic diagram of the reduced catalyst cs is presented in Figure 5-8. The Cu 0 crystallite size of the reduced catalyst is 22.8 nm. The pore diameter of Si/Al shell is just around 4 nm. So the reactant gases CO 2 and H 2 can only reach the metallic copper surface or Cu 0 / ZnO interface responsible for methanol formation at the end of the pores of the shell. That explains the low CO 2 and H 2 conversions observed for the catalyst cs.The conversion of CO 2 and H 2 over the catalyst pd were higher than for catalyst cs and lower than for the catalyst m (Figure5-7).

Figure 5 -

 5 Figure 5-9Methanol (a), CO (b) and DME (c) selectivity The selectivity of methanol, CO and DME formation for the catalysts cs, pd and m as well as the TD results are shown in Figure 5-9. For the TD results, methanol and DME selectivity decrease with temperature and CO selectivity increases with temperature.

Figure 5 -

 5 Figure 5-10 Methanol (a) and DME (b) productivity The productivity of methanol and DME are shown in Figure 5-10. Catalyst csshows highest methanol productivity of 27 g/ kgcata/ h at 260 °C among all the temperature investigated. Catalyst pd presents highest methanol productivity of 129 g/ kg cata/ h at 280 °C. While for catalyst m at the investigated temperatures, methanol productivity increases with temperature and shows the highest at 300 °C with 139 g/ kg cata/ h. DME productivity for cs and pd is less than 3.5 g/kg cata/ h for all the temperature investigated. The DME productivity for catalyst m is much higher than for other two catalysts. The highest DME productivity was found over the catalyst m and is about 41g/ kg cata/ h at 260 °C.

(

  reduced catalyst) to 20.7 nm after reaction for catalyst m. It may due to that the Si/Al shell provides the channels for CZZ which prevents the excessive agglomeration of copper between particles during the reaction. The catalyst pd shows amorphous XRD patterns without the presence of characteristic peaks belonging to Cu 0 . It means that the copper is still well dispersed and no agglomeration happened during the reaction.

CH 2 O

 2 was not observed in outgases. The discussion will be based on the following the formation of DME, methyl formate and the mixture CO + CO 2 . H 2 O and H 2 were not detected by the GC column that was chosen.

Figure 5 -

 5 Figure 5-11 Methanol conversion

Figure 5 -

 5 Figure 5-12 DME yield (a), methyl formate yield (b) and CO + CO 2 yield (c) over the bifunctional catalysts pd, m and cs.

5- 3 and

 3 . It may be caused by the migration of ZnO to Al-TUD-1 (Si/Al-25)

  catalyzing the methanol dehydration to DME. The Cu/ZnO/ZrO 2 with the mass ratio of CuO: ZnO: ZrO 2 = 37.5: 41: 21.5 (CZZ) was chosen as the copper based catalyst for the first step. It was combined with the mesoporous Al-TUD-1 material as the acid catalyst of the second step. The bifunctional materials were tested in the direct DME synthesis from CO 2 /H 2 under pressure. The influence of different factors on the direct DME synthesis was investigated. In the beginning the pure Al-TUD-1 materials with different Si/Al ratios (25, 50, 75 and 100) were synthesized. They are sponge like mesoporous materials, with amorphous morphology, big surface area and narrow pore distribution. The amount of acid sites increases with the decrease of Si/Al ratio, following the trend Si/Al-25 > Si/Al-50 > Si/Al-75 > Si/Al-100. From the catalytic test of the second process step (methanol dehydration to DME), it can be concluded that the methanol conversion increases with the decrease of Si/Al ratio and the water existence shows the negative effect on methanol dehydration to DME performance. The best results were observed for Si/Al-25 which possesses higher Al content and thus higher acidity necessary for the methanol to DME reaction.Secondly, the pure copper based catalyst was synthesized. Then the bifunctional catalytic materials containing both the copper based part CZZ and the acid part Al-TUD-1 (Si/Al) were prepared by co-precipitation deposition method and named CZZ-Si/Al. The bifunctional catalytic materials show bigger specific surface area than pure CZZ.They possess an amorphous morphology similar to the Al-TUD-1 structure. This method of synthesis allows a good copper dispersion over the Si/Al support with smaller metallic copper particles around 5 nm compared to the pure CZZ (around 11 nm). The copper surface area increases with the decrease of Si/Al ratio. The bifunctional catalyst CZZ-Si/Al-25 shows the biggest copper surface area (10.3 m 2 /g cata ) among all the investigated bifunctional catalysts.
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 4 8 Catalytic results of direct DME synthesis from CO 2 /H 2 over pure CZZ catalyst

  4. La conversion du mé thanol devient constante aprè s 24 h, la sé lectivité en DME est de 100% dans les deux cas. On peut voir sur la Fig.4que plus la teneur en eau est faible plus conversion du mé thanol est stable et grande.A partir des ré sultats catalytiques, on peut conclure que la conversion du mé thanol diminue avec le rapport Si/Al et la pré sence de l'eau dé té riore les performances catalytiques dans la ré action de dé shydratation du mé thanol.

Table 1 .

 1 Propriétés texturales et surface métallique de Cu des catalyseursLes ré sultats BET montrent que les catalyseurs bifonctionnels ont deux types de pores, environ 6 nm et 50 nm, ce qui est dû au support et au dé pôt de catalyseurs au cuivre, respectivement. La surface spé cifique varie de 161 à 203 m 2 g -1 (Table1).

			S BET	V pore	D p	surface Cu 0	taille de particules
		Échantillon	(m 2 g -1 )	(cm 3 g -1 )	(nm)	(m 2 g cata -1 )	de Cu 0 (nm)
	1	CZZ	76	0.36	31.5	13.9	-
	2	CZZ-Si/Al-25	161	0.71	5.6, 50.9	10.3	5.6
	3	CZZ-Si/Al-50	162	0.51	6.5, 47.2	5.8	4.7
	4	CZZ-Si/Al-75	203	0.72	4.9, 49.1	<4	5.1
	5	CZZ-Si/Al-100	161	0.70	6.5, 52.6	<4	4.9
	6	CZZ-Si/Al-25	225	0.92	6.5, 32.9	6.1	5.4
		(5:3)					
	7	CZZ-Si/Al-25	315	1.04	6.5, 32.9	<4	4.8
		(1:1)					

  Pour améliorer la sélectivité du DME, le rapport en poids du catalyseur de déshydratation du méthanol Al-TUD-1 a été augmenté (Table1, échantillons 6 et 7). Les résultats BET montrent que la surface spécifique augmente à 225-315 m 2 g -1 et ils montrent aussi deux types de pores (Table1

	(a)	(b)
	avec Al est -2.6012 eV, ce qui est beaucoup plus élevée que l'énergie d'adsorption du
	cuivre pour SiO 2 pure -0.2617 eV. Ca nous indique que lors de synthè se du dé pôt de co-
	précipitation l'ancrage de Cu sur les sites d'Al est observé . En outre, on peut supposer
	que ç a explique aussi que la surface mé tallique de cuivre augmente avec la diminution du
	rapport Si/Al.	

Trois sites d'adsorption diffé rents ont é té pris en compte dans nos calculs, en position 'top' (sur le dessus d'un atome d'oxygène), le site du pont (sur le dessus d'un pont O-O) et le site creux (au centre entre trois atomes d'oxygè ne), respectivement. Les résultats montrent que la position 'top' est le site d'adsorption de cuivre la plus stable pour les deux supports. L'énergie d'adsorption pour sur SiO 2 dopé e

  ). La taille de particules métalliques de cuivre varie de 4.8 nm à 5.6 nm. La surface spécifique du cuivre diminue quand la teneur en cuivre diminue (une plus petite quantité de cuivre est présent dans le matériau). Les résultats catalytiques pour la réaction de synthèse directe de DME sont présentés dans Fig.9. On constate que la conversion d'CO 2 diminue avec la diminution du rapport entre les deux fonctions de catalyseur bifonctionnel, qui peut être reliée à la diminution des

sites actifs de cuivre dans le système catalytique global bifonctionnel. La productivité en méthanol a la même tendance. Même après l'augmentation du rapport en poids de catalyseur acide, la sélectivité du DME est toujours inférieure à 1.5%, tandis que la conversion du méthanol pour Si/Al-25 pur est de 40% après 30h dans la réaction de déshydratation du méthanol en DME (résultats de 2.1), ce qui signifie que en dehors de l'influence négative de l'eau, une autre raison de la faible sélectivité DME se produit. D'après les calculs DFT on suppose que la couverture des sites acides d'Al-TUD-1 par le cuivre métallique est en cause.

Table 2 Taille

 2 

		Taille (nm)	
	Échantillon	CuO	ZnO
	cs	15.0	8.9
	pd	4.8 [Cu 0 ]	-
	m	9.0	10.0
	Parmi les 3 catalyseurs, le catalyseur pré paré par le procé dé de dé pôt de co-
	pré cipitation a é té dé crit en 2.2. Les autres catalyseurs pré sentent les raies de CuO et ZnO
	sur DRX. La taille des particules de CuO avec le procé dé de mé lange physique (9.0 nm)
	est plus petite que la mé thode core-shell (15.0 nm) (Table 2).	

des particules (ré sultats DRX)

du catalyseur cs. Cu ZnO ZrO 2 Si/Al-25

  12 Diagramme sché matique pour catalyseur cs

	signifie que les sites basiques ont é té bloqué s lentement par les produits pendant la
	100		100	
	réaction. L'étude de la basicité des maté riaux bifonctionnels ayant le caractè re acido-
	20 40 60 80 basique est en cours. conversion (%) Les catalyseurs bifonctionnels pré paré s par un procé dé de mé lange physique pd m DME pd 80 DME m DME cs cs 40 60 (%) selectivity pré sentent une meilleure productivité en DME que les catalyseurs bifonctionnels pré paré s methanol 20 par deux autres mé thodes. Cela confirme que, en dehors de l'influence négative de l'eau,
	0 la couverture des sites acides par le cuivre mé tallique est la principale raison de la faible 5 10 15 20 25 30 0 0 5 10 15 20 25 30 0
	t (h) (a) sé lectivité en DME des catalyseurs bifonctionnels.		t (h) (b)
	100		100	
		methyl formate pd		
	80	methyl formate m	80	
		methyl formate cs		
	Afin d'expliquer la faible conversion de CO 2 du catalyseur cs, le diagramme 60 (%) 60 (%)
	sché matique du cs dans la ré action de synthè se DME directe est pré senté e à la Fig.12. Le diamè tre des pores de Si/Al-25 est d'environ 4 nm, alors que la taille des cristallites de 40 selectivity 40 selectivity CO + CO 2 pd
	20		20	CO + CO	2 m
	CuO et ZnO sont respectivement de 15,0 nm et 8,9 nm. Le gaz CO 2 et H 2 ne peuvent CO + CO 2 cs
	0 atteindre que quelques particules de Cu à travers les pores. Beaucoup de particules de Cu 5 10 15 20 25 30 0 0 5 10 15 20 25 30 0 t (h) t (h)
	ne sont pas accessibles. Il a é galement é té souligné que l'interface Cu/Zn est le site actif (c) (d)
	pour la synthè se du mé thanol, car le cuivre mé tallique fournit les sites de dissociation H 2
	et ZnO fournit des sites d'adsorption de CO 2 . Du fait du faible diamè tre des pores du Si /Al de la coque, l'interface est difficilement accessible. Cela explique la faible conversion Afin de comprendre l'influence de la composante CZZ sur le comportement des de CO 2 Fig.13 Ré sultats catalytiques pour la ré action mé thanol vers DME sites acides dans la dé shydratation du mé thanol en DME, trois catalyseurs ont é té testé s
	dans la ré action dé crite au 2.1, les ré sultats sont pré senté s dans Fig.13. Le catalyseur
	pré paré par le procé dé de mé lange physique repré sente la conversion la plus é levé e du
	méthanol et le catalyseur préparé par le procédé 'core-shell' montre la conversion la plus
	basse du mé thanol, ce qui a la mê me tendance dans la ré action de synthè se directe de
	DME. En dehors de la ré action de dé shydratation du mé thanol en DME sur les sites
	acides, le cuivre mé tallique est é galement impliqué dans la ré action. Il a é té rapporté que
	le formiate de mé thyle est dé shydrogé né facilement en CO sur des sites basiques [19]. La
	sé lectivité du formate de mé thyle sur le catalyseur pré paré par mé lange physique est
	proche de 0, ce qui signifie que les sites basiques ne sont pas bloqué s et le formate de
	mé thyle est rapidement converti. Tandis que la sé lectivité du formate de mé thyle pour le
	catalyseur pré paré par co-pré cipitation procé dé de dé pôt augmente avec le temps, ç a

Chapter 1: Introduction 1.1 CO 2 utilization

  

	mé thodes. Cela confirme que la couverture des sites acides avec cuivre est la principale
	raison de la faible sé lectivité DME des catalyseurs bifonctionnels.
	The global climate changed drastically in last decades, which has been evidenced
	by the sea level rise with 17 cm in the last century [1], global temperature rise, warming
	of the oceans, shrinking ice sheets, declining Arctic sea ice, glacial retreat, extreme
	events, oceans' acidification, decreased snow cover. These are obviously accompanied by
	the industrialization development, which is induced by the human beings. The
	combustion of fossil fuels released a lot of CO 2 , nitrogen-and sulfur-containing
	compounds into the Earth atmosphere. The two latter compounds are the main factors for
	Al-TUD-1 avec des rapports diffé rents Si/Al a é té synthé tisé . C'est un maté riau the forming of acid rain. CO 2 is the main greenhouse gas, which already drew all over the
	mé soporeux spongieux avec une grande surface spé cifique et une acidité modifiable. La world's attention in recent years. The greenhouse gas in the atmosphere is relatively
	quantité de sites acides augmente avec la diminution du rapport Si/Al. La conversion du
	mé thanol augmente avec la diminution du rapport Si/Al et l'existence de l'eau montre
	l'effet négatif sur la dé shydratation du mé thanol pour la formation du DME.
	Les catalyseurs bifonctionnels Cu-ZnO-ZrO 2 @Al-TUD-1 pré paré s par la mé thode
	de dé pôt de co-pré cipitation montrent une bonne dispersion de cuivre, avec des particules
	de cuivre mé tallique autour de 5 nm. La surface spé cifique du cuivre augmente avec la
	diminution du rapport Si/Al. L'énergie d'adsorption du cuivre sur le support dopé par Al
	est plus grande que pour le support à base de silice pure (calculs DFT). Cela implique que
	l'incorporation d'Al peut induire l'ancrage du cuivre et le blocage de sites acides.
	Conversion du CO 2 et la productivité en mé thanol augmentent avec la diminution du
	rapport Si/Al. La couverture des sites acides avec le cuivre et l'influence de l'eau sont les
	principales raisons de la faible sé lectivité en DME observé e pour la synthè se directe de
	DME.
	Afin d'améliorer les catalyseurs bifonctionnels et de comprendre l'interaction
	entre les deux parties catalyseurs, trois mé thodes de pré paration diffé rentes, co-
	pré cipitation-dé pôt, core-shell et mé lange physique ont é té comparé es. Les catalyseurs and reaction kinetics, J Ind Eng Chem, 31 (2015) 301-308.
	bifonctionnels pré paré s par un procé dé de mé lange physique pré sentent une meilleure
	productivité en DME que les catalyseurs bifonctionnels pré paré s par les deux autres

1.2 DME synthesis from CO 2 /H 2

  

	DME is a volatile substance which existed in the liquid form when the pressure in
	above 0.5 MPa, so it is usually stored as liquid. The physical properties of DME are
	presented in Table 1-1. DME is non-toxic and environmentally benign, which has many
	applications nowadays, so it has attracted a lot of attention from the academy as well as
	from the industry. It can be used as a clean fuel, because it is the simplest ether which has
	only C-H bond and C-O bond without C-C bond and possesses a high oxygen content so
	-3. CCU supposes
	the use of CO 2 as a carbon source to produce chemical products aiming at declining the
	CO 2 content as well as gaining the economic benefits. For example, using CO 2 as the
	carbon source to produce urea, salicylate, polycarbonate, and carbonates has been
	industrialized already. Now more and more researchers have been working on using CO 2
	as the carbon source to produce fuels. The synthesis of light olefins and high alcohols
	from CO 2 is just at the beginning of investigation. Methane has been produced by CO 2
	methanation reaction. Methane is a gaseous fuel and is very difficult to be liquified
	resulting in special requirements in transportation. Methanol can be obtained by CO 2
	hydrogenation as well. While the methanol synthesis is an excellent way for CO 2
	utilization its synthesis has some thermodynamic limits: high pressures are needed for a
	good conversion of CO 2 and low temperatures are needed for a good selectivity of
	methanol formation. Thus the research of good catalysts for the CO 2 hydrogenation to
	methanol is still a challenge. DME can be considered as a promising fuel, because it is
	easily liquefied and has a good energy density. Apart from this the DME direct synthesis
	from CO 2 is thermodynamically more favorable compared with the methanol synthesis, it
	proceeds at lower pressures [3, 6-14].

Table 1 -1 Physical properties of DME

 1 

	Properties	
	Molecular formula	C 2 H 6 O
	Molar mass	46.07 g mol -1
	appearance	Colorless gas
	Odor	Typical
	Density	0.735 g/mL (liquid, -25 °C)
	Melting point	-141 °C
	Boiling point	-24 °C
	Solubility in water	71 g dm -3 (at 20 °C )
	logP	0.022
	Vapor pressure	1.5 bar

  2 and SiO 2 -TiO 2 on the performance of Cu/ZnO/Al 2 O 3 catalyst for methanol synthesis from CO 2 were investigated by Zhang et al [40]. The results show that all the promoters can enhance the dispersion of CuO. The CO 2 conversion and methanol selectivity were improved to 40.7 % and 41.2 % on SiO 2 -TiO 2 promoted CZA compared with the 15.8 % and 23.3 % on pure CZA. When the Cu-ZnO-Al 2 O 3 catalyst is employed in the methanol synthesis from CO 2 /H 2 , the big disadvantage of this catalyst is the insufficient hydrophobic ability and the insufficient basic sites number.

Table 1 -
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2 Effect of different feed on coke formation over Al-HMS-10 after 72h Sample Temperature range (°C)

Table 2 -

 2 

		1 Response factors
	Compound	Response factor
	methanol	0.23
	methyl formate	0.22
	DME	0.46
	methane	0.97

Note: CO and CO2 are not visible on FID detector

  𝐴 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 , 𝐴 𝐷𝑀𝐸 -integrated peak area of methanol and DME, 𝑅 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 , 𝑅 𝐷𝑀𝐸 -response factor of methanol and DME.

	2 * 𝑛 𝐷𝑀𝐸 𝑛 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 +2 * 𝑛 𝐷𝑀𝐸	2 * 𝐴 𝐷𝑀𝐸 / 𝑅 𝐷𝑀𝐸 𝐴 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 / 𝑅 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 +2 * 𝐴 𝐷𝑀𝐸 / 𝑅 𝐷𝑀𝐸 =
	𝑥 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 -methanol conversion,

2.2.2 Direct DME synthesis from CO 2 /H 2

  Thermodynamic simulationThermodynamic simulation of the direct DME synthesis from CO 2 /H 2 mixture at was performed by ProSimPlus. The Gibbs reactor was used with the system based on the minimization of Gibbs energy. The thermodynamic simulation was done using the same reactants' flow composition as for catalytic tests: total flow 40 mL/min, H 2 /CO 2 /N 2 ratio equal to 3/1/0.16. The different reactions can happen in this system: methanol synthesis

	by CO 2 hydrogenation (Equation 2-2), methanol dehydration into DME (Equation 2-1)
	and Reverse Water Gas Shift reaction (Equation 2-3) [10, 11].
	CO 2 + 3H 2 = CH 3 OH + H 2 O ∆H 0 = -49.5 kJ/mol (Equation 2-2)
	CO 2 + H

2 = CO + H 2 O ∆H 0 = 41.2 kJ/mol (Equation 2-3)

  The response factors for H 2 , N 2 , CO, CH 4 on column A are calibrated using the standard mixture bottle (20% H 2 / 20% N 2 / 20% CH 4 / 20% CO / 20% CO 2 ). By assuming the response factor of CH 4 as 1.0000, the relative response factors for H 2 , N 2 , CO and methane were obtained.

	The temperatures and pressures for each column in the chromatography method,
	the retention times and response factors for different compounds are presented in Table
	2-2.

Table 2 -

 2 2 Temperature and pressure for columns and retention times and response factors for different compounds on each column

			Column A			Column B		Column C	
	Temperature (°C)		110				80			46	
	Pressure (psi)		25				37			17	
	Compound	H 2	N 2	CH 4	CO	CO 2 DME CH 3 OH	N 2 -CO	CH 4 CO 2
	Retention time (s)	44	64	77	105	15	110	209	29	31	35
	Response factor	0.1984	2.2564	1.0000	2.3282	48	70.7	55	42	35.7	48

Table 3

 3 

		-1 Textural properties of Al-TUD-1	
	sample	S BET (m 2 g -1 )	V pore (cm 3 g -1 )	D p (nm)
	Si/Al-25	610	1.07	6.4
	Si/Al-50	607	1.24	5.6, 11.4
	Si/Al-75	711	1.12	5.6
	Si/Al-100	662	1.06	6.4

Table 3

 3 

	-2 Acid properties of Al-TUD-1 from NH 3 -TPD
		Total acidity (mmol NH 3 /g)
	Si/Al-25	0.966
	Si/Al-50	0.593
	Si/Al-75	0.414
	Si/Al-100	0.349

Table 4 -

 4 

		2 Textural properties of catalysts
	Sample	S BET (m 2 g -1 )	V pore (cm 3 g -1 )	D p (nm)
	CZZ	76	(0.36)	(31.5)
	CZZ-Si/Al-25 161	0.71	5.6, 50.9
	CZZ-Si/Al-50 162	0.51	6.5, 47.2
	CZZ-Si/Al-75 203	0.72	4.9, 49.1
	CZZ-Si/Al-100 161	0.70	6.5, 52.6
	The surface area of the bifunctional catalysts CZZ-Si/Al varies from 161-203
	m 2 g -1 . Taking the weight ratio of copper based catalyst and the Si/Al support into
	consideration, the surface area is decreased comparing with initial value for the Si/Al
	support. It may be caused by the blockage of pores by particles or agglomerates of the

copper based part formed during the precipitation and calcination procedure of the catalyst preparation. It shows the same trend as the cooper based catalyst was deposited

Table 4 -

 4 The metallic copper surface area of CZZ-Si/Al-25 is less than for the pure catalyst CZZ, which is probably due to the smaller content of copper in CZZ-Si/Al-25(21 wt%) than in CZZ (30 wt%). The specific copper surface area calculated based on the copper weight is 38.7 m 2 /g copper for CZZ and 49.0 m 2 /g copper for CZZ-Si/Al-25, respectively.

		5 Copper surface area and dispersion	
	Sample	Cu surface area (m 2 g cata -1 )	Cu surface area (m 2 g copper -1 )	Cu dispersion (%)	Cu/Al (mol/mol)
	CZZ	11.6	38.7	5.3	-
	CZZ-Si/Al-25 10.3	49.0	6.6	17
	CZZ-Si/Al-50 5.8	27.6	4.6	34
	CZZ-Si/Al-75 <4	-	-	50
	CZZ-Si/Al-100 <4	-	-	67

This means that the copper is better dispersed in CZZ-Si/Al-25 than in CZZ. The molar ratio of Cu/Al for CZZ-Si/Al-25, CZZ-Si/Al-50, CZZ-Si/Al-75 and CZZ-Si/Al-100 is 17, 34, 50 and 67, respectively. Comparing the metallic copper surface areas for the bifunctional catalysts, it can be found that the copper surface decreases with the increase of the Si/Al ratio in the support.

All the reduced bifunctional catalysts share almost the same Cu crystallite size around 5 nm (XRD results from 4.3.1.2). While the Al content is changing, the different metallic copper surface area is observed keeping the same trend: the more aluminum is present in the sample the bigger is the metallic copper surface area. This indicates that CZZ-Si/Al-25 has more surface anchoring sites for copper than other bifunctional catalysts.

and smaller than for CZZ-Si/Al-25 probably because it has smaller content of Al.

Table 4 -

 4 7 Adsorption energies for Cu-SiO 2 and Cu-Al-SiO 2 (Cu in top site) From Figure 4-14, it can be observed that the distances of Cu-O for the most stable Cu-SiO 2 and Cu-Al-SiO 2 adsorption configurations are around 2.21 and 1.87 Å.

		Cu-SiO 2		Cu-Al-SiO 2
	distance/Å	Adsorption energy/eV	distance/Å	Adsorption energy/eV
	2.1	-0.2477	1.8	-2.5690
	2.15	-0.2579	1.85	-2.6012
	2.2	-0.2617	1.9	-2.5984
	2.25	-0.2608	1.95	-2.5698
	2.3	-0.2566	-	-

  25 increases from 240 °C to 280 °C and reaches the maximum at 280 °C with 180 g/ kg cata/ h. CZZ-Si/Al-75 also shows the highest methanol productivity at 280 °C with 120 g/ kg cata/ h. While for the catalyst CZZ-Si/Al-100, the methanol productivity increases with temperature and shows the highest value at 300 °C with also around 120 g/ kg cata/ h. The bifunctional catalyst CZZ-Si/Al-25 shows the highest methanol productivity Another reason of low DME selectivity was proved by DFT calculations in 4.3.1.9. It has been demonstrated that the copper shows the high adsorption energy (-2.6012 eV) on the top site of O atom connected with Al in the modified SiO 2 . It implies that copper would occupy all the acid sites on the Al-TUD-1 support. The molar ratio of Cu/Al in the catalyst CZZ-Si/Al-25 is equal to 17, so probably the increasing the Al amount in Al-TUD-1 and increasing the mass loading of Al-TUD-1 are the promising ways for optimization of the bifunctional catalyst. Though the bifunctional catalysts have low DME selectivity, the methanol productivity was obtained as high as 180 g/ kg cata/ h at 280 °C over the catalyst CZZ-Si/Al-25. Additional catalytic tests at higher pressure were performed (50 bars) to compare the catalyst CZZ-Si/Al-25 to the pure copper based catalyst CZZ. The catalytic results are show in Table 4-8.

	probably due to the biggest metallic copper surface area (10.3 m 2 /g cata from N 2 O-TPD
	results), which is responsible for high methanol productivity from CO 2 hydrogenation
	reaction [13, 45].
	The DME selectivity was found very low, less than 1% for all these bifunctional
	catalysts. It has been demonstrated that the water existence shows the negative effect on
	methanol dehydration to DME performance in chapter 3. For the direct DME synthesis
	from CO 2 /H 2 , water comes from CO 2 hydrogenation to methanol (Equation 4-10), RWGS
	(Equation 4-11) and methanol dehydration to DME reaction (Equation 4-1). All the
	reactions occurred in the reaction system produce water and there is no reaction that
	consumes it. So there is a high amount of water that exists in the reaction system and that
	may affect the formation of DME by its preferential adsorption on the acid sites of Al-
	TUD-1 (Si/Al) part and thus resulting in the decrease of a number of acid sites for
	methanol dehydration to DME.

Table 4 -

 4 8 Catalytic results of direct DME synthesis from CO 2 /H 2 over pure CZZ catalyst (50 bars) and bifunctional catalyst CZZ-Si/Al-25 (50 bars and 20 bars)

	Sample	Temperature	Conversion (%)	Selectivity (%)	Methanol	Methanol	Methanol
		(°C)	CO 2	H 2	CO	MeOH	productivity (g/kg cata *h)	productivity Cu *h) (mg/m 2	(g/g Cu *h) productivity
	CZZ	260	17.4	7.5	57.5	42.5	347	33.0	1.16
	50 bars	280	25.3	10.3	65.5	34.5	410	39.1	1.37
	CZZ-Si/Al-	260	10.6	4.7	55.3	44.7	330	32.0	1.57
	25 (7:3)	280	15.3	6.5	64.1	35.8	383	37.2	1.82
	50 bars	300	18.2	7.4	73.3	26.7	338	32.9	1.61
	CZZ-Si/Al-	260	5.9	2.6	72.3	27.5	141	13.7	0.67
	25 (7:3)	280	10.0	3.9	79.6	20.3	177	17.2	0.84
	20 bars	300	14.3	4.9	88.1	11.8	149	14.4	0.71

Table 4

 4 

		-9 Physicochemical properties of catalysts	
	sample	S BET (m 2 g -1 )	V pore (cm 3 g -1 )	D p (nm)	Cu surface area (m 2 g cata -1 )	Cu surface area (m 2 g copper -1 )
	CZZ-Si/Al-25 (7:3)	161	0.71	5.6, 50.9	10.3	49.3
	CZZ-Si/Al-25 (5:3)	225	0.92	6.5, 32.9	6.1	32.5
	CZZ-Si/Al-25 (1:1)	315	1.04	6.5, 32.9	Under limit	Under limit

Table 4

 4 

	-11 copper reducibility, copper surface area and copper dispersion of bifunctional
		catalysts	
	sample	Reducibility (%) Copper dispersion (%)
	CZZ-Si/Al-25 (7:3)	83	9.2
	CZZ-Si/Al-25 (5:3)	79	5.8
	CZZ-Si/Al-25 (1:1)	72	-

Table 5 -

 5 

	1 Textural properties of bifunctional catalysts
		S BET	V pore	D p
	sample	(m 2 g -1 )	(cm 3 g -1 )	(nm)
	cs	404	0.39	3.8
	pd	315	1.04	6.5, 32.9
	m	384	0.58	4.2, 32.2

Table 5 -

 5 2 Ratio of intensities of characteristic peak of ZnO and CuO

		I ZnO / I CuO	A ZnO / A CuO
	cs	0.4	0.6
	pd	-	-
	m	1.2	1.2
	CZZ	1.2	1.2
	The crystallite sizes of CuO and ZnO in calcined samples and the crystallite sizes
	of Cu 0 and ZnO in reduced samples determined by Debye-Scherrer equation are shown in

Table 5 -

 5 3. Attributed to the amorphous peak presented in the catalyst pd, the crystallite The CuO crystallite size of calcined catalyst m is smaller than for the calcined catalyst cs. It may be due to the fact that the structure of the core catalyst CZZ was damaged during the synthesis procedures as it was already observed in[12].

sizes of CuO and ZnO in the calcined sample cannot be calculated. The crystallite sizes of CuO and ZnO for calcined catalyst cs are 15.0 nm and 8.9 nm. They are 9.0 nm and 10.0 nm respectively for the calcined catalyst m.

Table 5

 5 

		-3CuO and ZnOcrystallite size of calcined bifunctional catalysts
	sample crystallite size of	crystallite size of	crystallite size after direct
		calcined samples	reduced samples	DME synthesis reaction
			(nm)	(nm)		(nm)	
		CuO	ZnO	Cu 0	ZnO	Cu 0	ZnO
	cs	15.0	8.9	22.8	7.0	24.5	13.1
	pd	-	-	4.8	-	-	-
	m	9.0	10.0	14.0	13.5	20.7	18.5
	CZZ	9.7	10.5	10.9	11.2	-	-

Table 5 -

 5 4 Reducibility of the bifunctional catalysts prepared by different methods

	Sample	Reducibility
	cs	95%
	pd	72%
	m	104%
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CuO and ZnO peaks [5,9,10]. The amorphous peak presents in the range of 10-30 ° may come from the sample holder during the XRD analysis.

XRD spectra of reduced CZZ-Si/Al (reduction at 280°C for 1h) are shown in A broad amorphous peak (in the range of 10-40°) and metallic copper peaks are detected on the XRD patterns of reduced bifunctional catalysts (Figure 4-4b). For the broad peak, it can be considered as the overlapping of amorphous SiO 2 coming from the sample holder. The metallic copper crystallite sizes calculated from Scherrer equation are around 5nm. They are much smaller than the copper crystallite size for the reduced pure CZZ catalyst. The small crystallite size means that the Si/Al support surely plays a very important role in the anchoring and dispersing the copper.

Redox properties

H 2 temperature programmed reduction (H 2 -TPR) was employed to investigate the reduction behaviors of the pure CZZ catalyst and the bifunctional catalysts. The TPR profiles are shown in Figure 4-5. Since ZnO and ZrO 2 can't be reduced in this temperature range, the H 2 consumption peaks are attributed to the reduction of CuO [11].

species [15]. Other three bifunctional catalysts show similar reduction temperatures, 308 °C for CZZ-Si/Al-50, 303 °C for CZZ-Si/Al-75 and 303 °C for CZZ-Si/Al-100.

The reducibility of copper is shown in Table 4-4. The reduction degree of copper was reflected by the reducibility calculated from the H 2 consumption during the H 2 -TPR analysis. The reducibility of the bifunctional catalysts varies from 70% to 87%. The uncomplete reduction of copper is probably due to the embedded copper oxide in the pores of the support or the formation of other copper containing species that are difficult to be reduced. The CZZ shows bigger reducibility, lower reduction temperature and bigger crystallite size than the bifunctional catalysts. It means that there is a good copper distribution and SMSI interaction in the bifunctional catalysts.

Copper surface area

The metallic copper surface area and metallic copper dispersion was determined by N 2 O-TPD, the results are shown in Table 4-5. The determination of copper surface area is very important, because the metallic copper is regarded as the main active component of copper based catalyst for the CO 2 hydrogenation to methanol reaction [16].

The copper surface area of CZZ is 11.6 m 2 /g cata . The metallic copper surface area of the bifunctional catalysts CZZ-Si/Al-25 and CZZ-Si/Al-50 are 10.3 m 2 /g cata and 5.8 m 2 /g cata , respectively. The metallic copper surface area of CZZ-Si/Al-75 and CZZ-Si/Al-100 are not shown here, because it is less than 4 m 2 /g cata , which is the limit for N 2 O-TPD continuous method for measuring the metallic copper surface area.

The direct DME synthesis by CO 2 hydrogenation was also conducted by G.

Bonuraet al [18]. The authors obtained the methanol productivity of 430 g/ kg cata/ h (including methanol produced and methanol dehydrated to DME) at 240 °C and 30 bars, which is higher pressure than we used in this chapter. The CO 2 conversion is 16.1%, and the selectivity for DME, methanol and CO is 33.9%, 11.8% and 54.3 respectively. The catalyst they used is Cu-ZnO-ZrO 2 / H-ZSM5 hybrid catalyst prepared by physically mixing method. The amount of the acid sites is 1.01 mmol/g measured by NH 3 -TPD.

Comparing with our reaction, we have the same CO 2 /H 2 ratio (1/3) of the reactant and the same flow rate (40 ml/min). The catalyst they used owns more acid sites than ours, which is maybe the one of the reasons for the higher DME selectivity of their catalysts. Another reason is the operating conditions, they operated this reaction at higher pressure (30 bars) than us (20 bars). [17]. These results are the closest to our study, so it has reference value for us indicating the need of incorporating more acid sites in our bifunctional catalytic system.

The core-shell catalyst and the catalyst prepared by co-precipitation-deposition were compared to the known literature data (Table 5-5). The main problem of the bifunctional catalytic materials is the selectivity, the DME formation was never observed without methanol and CO in the products. It could be overtaken only by equilibrium between three parametersmetallic copper surface area (copper dispersion and particle size), acidity and the basicity. For example, the catalysts with same composition but modified acidity and basicity could perform the same CO 2 conversion (lines 2 and 3, Table 5-5). The strong acidity should be avoided, the compromise between Al content and synthesis method of the bifunctional catalytic material should be found. Bringing more Al could result in the formation of strong acidity and thus will switch the reaction to the olefins formation (side products in the direct DME synthesis) and decrease even more the selectivity of the DME formation. The catalysts prepared during this work faced the comparison to the materials with the same content of copper which is complicated. In this work the GHSV was higher (lines 5-8, Table 5-5) than found in the literature, thus contact time was quite short. In addition the catalysts of this work were not diluted in SiC.

That makes the chosen conditions rather severe and lets to the development and comparison of the catalysts in the conditions far from the thermodynamic limitations. In the methanol dehydration to DME reaction, the methanol conversion over catalyst cs is the lowest after 30 h, which is consist with the direct DME synthesis results with the lowest CO 2 conversion among the three catalysts and confirms the supposition that the insufficient access of the reactants and agglomeration of copper are the main reasons. For the catalyst m, the basic sites are attributed to the high CO + CO 2 selectivity, which is beneficial for the CO 2 adsorption thus resulting in the highest CO 2 conversion among the three catalysts in direct DME synthesis reaction. Additional acidity measurements by NH 3 -TPD are needed to be able to compare these three catalysts.

Conclusions and perspectives

In this chapter, two additional synthesis methods were employed for the catalyst composition CZZ-Si/Al-25 in order to overcome the problem of the blockage of the acid sites by copper based part in the bifunctional catalytic materials.

The core-shell method (cs) allowed placing the Al-TUD-1 part of the bifunctional catalyst outside the CZZ core thus hoping to get better accessibility of acid sites. During the synthesis of the catalyst cs the CZZ original structure has changed. After the reduction the agglomeration of copper was observed and the possible migration of Zn to the shell was supposed. The quantity of acid sites of the catalysts pd, cs, m are still under investigation, it will be compared with the pure CZZ catalyst that has ZrO 2 with acid-base character. The catalyst pd has more basic sites than the catalyst cs.

Agglomerated copper in the core of the cs catalyst coupled with the insufficient access of reactants to the core of the catalyst leads to the low CO 2 conversion. Nevertheless the selectivity of methanol formation was much higher in the case of the catalyst cs than for the catalyst pd. The DME selectivity was observed higher for the catalysts cs than for the catalyst pd. That proves the concept of the core-shell synthesis and the improvement of acid sites accessibility for the methanol dehydration to DME was obtained.

Two prepared materials were compared to the catalyst prepared by physically mixing method (the catalyst m). The relatively independent existence of two catalytic functions in the catalyst m (the copper based part and the Al-TUD-1 (Si/Al-25) part) leads to the exposure of copper, basic sites and acid sites, devoting to the better H 2 and CO 2 conversion resulting in higher DME productivity than for other two catalysts, in the same time the catalyst m did not have an intimate contact between the two catalytic functions and thus was less selective in methanol than the catalyst cs and produced more CO at the same reaction temperatures.

It can be concluded that the catalyst cs might be a promising catalyst for the direct DME synthesis from CO 2 / H 2 mixtures. Some optimization should be done, such as enhancing the reactants diffusion to the core by increasing the pores diameter in the shell;

protecting the core structure by inducing a protecting inert layer which may be removed by simple calcination.

The compromise between the Al content and the synthesis method of the bifunctional catalytic materials should be found. Bringing more Al will result in the formation of strong acid sites and thus will switch the reaction to the olefins formation (side products in the direct DME synthesis).

The problem of water vapors production during the direct DME synthesis process could be solved by engineering, a membrane or micro/ nanoscale reactors.

All the bifunctional catalytic materials with different Si/Al ratio were tested in the direct DME synthesis from CO 2 /H 2 . Low DME selectivity was observed, but nevertheless they were active in the methanol formation and the highest methanol Another possible way of the bifunctional catalyst optimization would be the increasing of the content of the Al-TUD-1 part but in this case the copper content will decrease and probably the catalytic activity of the samples in methanol formation from CO 2 hydrogenation will be lost.

Another method was employed to expose the acid sites of Al-TUD-1 part on the surface without their blockage by copper -the core-shell preparation method. It allowed placing the Al-TUD-1 part of the bi-functional catalyst outside the CZZ core. During the synthesis of the core-shell catalyst the CZZ original structure has changed. After the reduction the agglomeration of copper was observed and the possible migration of Zn to the shell was supposed. The quantity of acid sites of the catalysts prepared by the coreshell and the co-precipitation-deposition methods are still under investigation. The basicity of both catalysts was compared: core-shell catalyst has less basic sites.

Agglomerated copper in the core of the core-shell catalyst coupled with the insufficient access of reactants to the core of the catalyst leads to the low CO 2 conversion.

Nevertheless the selectivity of methanol and DME formation was much higher than in the case of the catalyst prepared by co-precipitation-deposition. That proves the concept of the core-shell synthesis as a way of the bifunctional catalyst optimization and the improvement of acid sites accessibility.

Two prepared materials were compared to the catalyst prepared by physically mixing method. The relatively independent existence of two catalytic functions in this catalyst (the copper based part and the Al-TUD-1 (Si/Al-25) part) leads to the exposure of copper, basic sites and acid sites, devoting to the better H 2 and CO 2 conversion resulting in higher DME productivity than for other two catalysts, in the same time the catalyst prepared by physically mixing did not have an intimate contact between the two catalytic functions and thus was less selective in methanol and produced more CO. In addition the investigation of the spent catalyst prepared by physically mixing shows the intensive growth of the metallic copper particles while the core-shell catalyst shows very stable metallic copper particles size. It can be concluded that the core-shell catalyst might be a promising catalyst for the direct DME synthesis from CO 2 /H 2 mixtures. Some optimization should be done, such as enhancing the reactants diffusion to the CZZ core by increasing the pores diameter in the shell. Another improvement could be the protecting of the core structure by inducing an inert layer between the core and the shell which may be removed by simple calcinationin order to suppress the structural changes of CZZ core and the possible migration of its components to the shell. Résumé en anglais DME is a clean fuel that helps to diminish the emissions of green house gases; it is as well a platform molecule for the energy storage. The objective of the thesis is the development of bifunctional catalytic materials for the direct DME synthesis from CO 2 /H 2 based on Cu/ZnO/ZrO 2 as the methanol synthesis from CO 2 /H 2 catalyst and Al-TUD-1 as the methanol dehydration to DME catalyst. In this thesis, Al-TUD-1 was investigated as the methanol dehydration to DME catalyst for the first time. The methanol dehydration to DME performance increases with the decrease of Si/Al ratio. The bifunctional catalysts were prepared by co-precipitation deposition method. The SMSI was demonstrated and was beneficial for the metallic copper dispersion, the metallic copper surface area increases with the Si/Al ratio. In the same time the blockage of acid sites of Al-TUD-1 by copper was observed. In order to expose the acid sites of Al-TUD-1, the core shell method was adopted to prepare the bifunctional catalyst. It helps to free the acid function preventing its blockage by copper. This method of synthesis was beneficial for the stability of metallic copper particles, but performed low conversions of CO 2 /H 2 due to the inaccessibility of the core. Another bifunctional catalyst was prepared by physically mixing method for comparison. The optimization of the bifunctional Cu/ZnO/ZrO 2 @Al-TUD-1 catalyst for the direct DME synthesis from CO 2 /H 2 allowed enlightening the main parameters that affect the intimate contact of two catalytic functions: copper surface area and dispersion, acid and basic properties, water presence and the accessibility of the active sites for the reactants.