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I have been lucky to work with the best professors in chemistry, and it is essential that I give thanks for their scholarly input and supervision on this research. I am greatly indebted to my supervisor Prof. Ioan-Cezar MARCU, for his observations, valuable comments and constructive suggestions on every aspect of this work without which this study would not have taken its present shape. Thank you very much Professor Marcu. Finally, I would like to acknowledge friends and family who supported me during my time here. First and foremost, I would like to thank my father (may God have mercy on him), my mother, my brothers, my sisters for their constant love and support. Due to their use as transport fuels as well as raw materials essential for the production of chemicals, light alkanes are amongst the most prevalent environmental emissions of VOCs. Among these compounds, methane is of particular importance due to the key role it plays in the global climate change; it is a major hydrocarbon air pollutant [7]. As is shown in Figure I.2, which present the key greenhouse gases (GHG) emitted by human activities at the global scale, methane occupies the second place, with 16 % [8]. On the other hand, based on the value of Global Warming Potential (GWP), which is used to compare the ability of GHG to trap heat in the atmosphere, relative to that of carbon dioxide, and on the atmospheric lifetime, with a GWP of 21, methane is a significant contributor to the greenhouse effect, as shown in Table I.1 [9].
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Figure I.2. The key GHG emitted by human activities at the global scale [8].

Table I.1. GWP values and atmospheric lifetimes for the main GHG [9]. Nitrous oxide 319 ppb 114 310

Greenhose gas

Due to its high chemical inertness, methane is often used as a test molecule in catalytic combustion of VOCs [10].

VOCs recovery from the residual gaseous effluents from different industrial processes is economically disadvantageous due to their very low concentrations. Thus, their destruction is the only viable alternative [11,12].

One of the main processes for the destruction of VOCs is the catalytic combustion, which have some important advantages compared to traditional flame combustion [13,14]. Thus, this process uses lower temperatures for the complete oxidation, which leads to lower energy consumption and also to the control of NOx formation, avoiding at the same time the appearance of incomplete oxidation products [15][16][17]. It is worth mentioning that in the case of catalytic combustion used to destroy VOCs, the reaction temperature varies between 300 and 500 °C, while in the case of the process used for the production of energy with reduced NOx emission, as an environmentally friendly and cost-effective method, the temperatures are above 1000 °C [18,19].

The most active catalysts for VOCs destruction belong to two main categories: supported noble metals and transition metal oxides [20]. The supported noble metals like Pd or Pt are the most active catalysts for this process [1,21,22]. Their main advantage is that they are active at lower temperatures compared to the oxide-based catalysts. Nevertheless, the noble metal-based catalysts have some major disadvantages: they are expensive and, due to their volatility and high sintering rates, they are easily deactivated at elevated temperatures [23]. Additionally, they may be easily deactivated by poisoning under the operating conditions [24]. All these reasons have led to the need of developing new transition-metal oxides materials that have some advantages compared to the noble metal-based catalysts. Thus, they are cheaper and they have higher thermal stability and resistance to poisoning. Moreover, they could be easily prepared [25].

Therefore, in the last years, many efforts were made toward the design of catalysts based on single and mixed transition-metal oxides, in order to replace noble metal-based catalysts for

VOCs abatement [26]. Among these, Cu-based systems were found highly active for methane total oxidation (MTO) and it was shown that the nature of the support and the Cu loading are important factors determining their catalytic performances [27,28]. Additionally, incorporation of ceria in Cu-based mixed oxides results in better catalytic activity and may bring new functionalities to these materials [29,30]. Moreover, the transition-metal-containing mixed oxides derived from layered double hydroxides (LDHs) precursors have been shown to have great potential as combustion catalysts, as they have high specific surface areas, high thermal stability and tunable redox and acid-base properties [31][32][33][34]. Considering the above, the present doctoral thesis intends to investigate new CuCe-based mixed oxides catalysts obtained from LDH precursors for the total oxidation of methane as a VOC model molecule.

I. 2. Layered Double Hydroxides

Layered double hydroxides (LDHs) are synthetic or natural crystalline materials consisting of positively charged two-dimensional sheets with water and exchangeable chargecompensating anions in the interlayer region. They belong to the anionic clays family, having the general formula [M 2+ 1-xM 3+ x(OH)2] x+ [A n-x/n]•mH2O, where 0.2 ≤ x ≤ 0.4, which correspond to a M 2+ / M 3+ molar ratio between 1.5 and 4 [35]. M 2+ and M 3+ are bivalent and trivalent cations, respectively, in the brucite-type layers, with ionic radii not too different from that of Mg 2+ [36],

and A n-is the interlayer anion.

The mineral hydrotalcite itself (discovered in Sweden around 1842) is a hydroxycarbonate of magnesium and aluminium and occurs in nature in foliated and contorted masses. E. Manasse, professor of Mineralogy at the University of Florence (Italy), gave the first exact formula for hydrotalcite, [Mg6Al2(OH)16CO3•4H2O], and was also the first to recognize that carbonate ions were essential for this type of structure [START_REF] Manasse | Rocce eritree e di aden della collezione issel[END_REF]. Another mixed hydroxycarbonate of magnesium and iron (named pyroaurite) was found at the same time, being later recognized to be isostructural with hydrotalcite and other minerals containing different elements, all of them having similar features [36].

For understanding the structure of these compounds it is necessary to start from the structure of brucite, Mg(OH)2, where octahedra of Mg 2+ (6-fold coordinated to OH -) share edges to form infinite sheets (Figure I.3.a), which are stacked on top of each other and are held together by hydrogen bonds. When Mg 2+ ions are substituted by a trivalent ion having a similar radius (such as A1 3+ for hydrotalcite and Fe 3+ for pyroaurite), a positive charge is generated in the twodimensional sheet. This positive charge is compensated by (CO3) 2-anions, which lie in the interlayer region between the two brucite-like sheets, where the water of crystallization also finds place. In Figure I.3.b is given a general schematic representation of the LDHs structure [START_REF] Tronto | Conducting polymers/layered double hydroxides intercalated nanocomposites[END_REF].

In Table I.2 are shown some bivalent and trivalent cations which can be accommodated in the brucite-type layers (i.e. having an ionic radius close to that of Mg 2+ ), and can form LDHs.

Two or more cations can enter simultaneously the brucite-like layers where they are homogeneously distributed and intimately mixed together. Moreover, transition-metals cations can also be introduced into the inter-layer space as heteropolyanions and organometallic complexes where they are responsible for the redox properties of the resulting materials and, therefore, for their catalytic properties in oxidation reactions [36]. Regarding the nature of the anions which can compensate the positive charge of the brucite-like sheet, there is practically no limitation. A large variety of inorganic and organic anions can be intercalated between the layers, mainly by a simple anionic exchange procedure (Figure I.4) [START_REF] Changwen | Supermolecular layered double hydroxides[END_REF].

The number, size and orientation of the compensating anions, along with the strength of the bonds among anions and HO -groups, determine the interlamellar distance between the brucite-like layers of these compounds.

Figure I.4.

Model of anion exchange for layered compounds [START_REF] Changwen | Supermolecular layered double hydroxides[END_REF].

LDHs can be prepared by several methods, including coprecipitation, hydrothermal synthesis and anionic exchange.

The essential condition for obtaining pure LDHs is the choice of the right ratio of cations and anions. Thus, the following conditions must be accomplished [36]:

0.2 ≤ M 3+ /(M 2+ + M 3+ ) ≤ 0.4 (I.1)
and

1/n ≤ A n-/M 3+ ≤ 1 (I.2)
The compensating anion must have a high affinity for the formation of this type of material. In the case of preparation of LDHs containing anions different from CO3 2-, this is more difficult due to the CO2 from the atmosphere, which is easily incorporated. In order to avoid this inconvenience, synthesis is performed in an inert medium (nitrogen) or by anionic exchange procedure.

LDHs are used as such or, mainly, after calcination, when mixed oxides are obtained (Figure I.5) [35]. During the thermal decomposition of LDHs, with the increasing of temperature, loss of interlayer and physically adsorbed water takes place first, followed by the decomposition of the anions and the dehydroxylation of the brucite-type layers.

The main characteristics of the mixed oxides obtained by thermal decomposition of LDHs are: small particle size, high specific surface areas, homogeneous dispersion of the elements, basic properties, redox properties for those containing variable-valence cations, high thermal stability, memory effect (allows the reconstruction of the LDH structure, in smooth condition, when contacted with an aqueous solution containing different anions). 

I. 3. LDH-derived mixed oxides as catalysts for VOCs combustion

Some of the excellent characteristics of the transition-metal-containing mixed oxides obtained by thermal decomposition of LDHs precursors, such as large surface area, small crystallite size, high dispersion of active sites and high thermal stability, make them ideal candidates for their use as combustion catalysts [START_REF] Marcu | Layered Double Hydroxides-based Materials as Oxidation Catalysts[END_REF]. In this regard, a series of studies investigating the use of this type of materials as catalysts in the combustion of different VOCs will be reviewed in this section.

Lanthanide-containing ex-LDH mixed oxides, Ln(x)MgAlO (Ln = Ce, Sm, Dy and Yb, with x = 5%) and Ce(x)MgAlO (x = 5, 7, 10 and 20%), along with MgAlO support, were tested in the total oxidation of methane reaction [32]. The Ce-containing system was found to be the exceeded 20 wt %. However, no tenorite phase was detected for CuO contents below 15 wt %, probably due to the high dispersion of CuO in the catalysts. The specific surface area (SSA) of the catalysts decreases with increasing the copper content, which is consistent with their phase changes, as indicated by the XRD analysis. In spite of the decrease in surface area, the light-off activity for methane combustion was found to be improved with increasing the copper content in these catalysts. However, although the activity in methane combustion of these catalysts is not proportional to the total amount of copper, it depends on both the reduction rates and the amounts of copper ions in mixed oxides. The catalyst with 15 wt % copper content was found to be the most active one in this series.

A series of CuxZnAlO mixed oxide catalysts, obtained by thermal decomposition of LDH precursors, has been studied for methane total oxidation [31]. LDHs have been prepared using two different routes: (i) conventional coprecipitation, where Cu was introduced in the brucitelike layers by conventional coprecipitation, and (ii) hybridation achieved by intercalation of Cu-containing anionic complexes ([Cu-EDTA] 2-and [Cu-citrate] -) in the interlayer domain of the host ZnAl-LDH. The activity of the investigated catalysts in the complete oxidation of methane strongly depended on the method of preparation of the LDH precursors and on the Cu content.

Thus, at similar Cu content, the mixed oxides obtained from the coprecipitated LDH precursors were more active than those derived from the intercalated LDHs. The authors concluded that this behavior may be due to the higher accessibility of the reactants to the CuO active sites in the coprecipitated than in the intercalated LDH-derived catalysts, in line with their reducibility.

Their activity expressed as intrinsic rate of methane conversion, ranges as follows: Cu10ZnAlO > Cu15ZnAlO > Cu20ZnAlO > Cu5ZnAlO > Cu1ZnAlO > ZnAlO. Thus, Cu10ZnAlO (10 at. % Cu)

sample showed the highest intrinsic activity, suggesting an optimum dispersion of the coppercontaining active species on the surface. Moreover, the sample with 10 at.% Cu (Cu10ZnAlO) displays a very good stability on stream at least for 50 h reaction time.

A series of CoxMg3-x/Al composite oxides, denoted xCoMAO-800, prepared by calcination at 800 °C of CoxMg3-x/Al ternary hydrotalcites (x = 0.0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0), were used for methane combustion [START_REF] Jiang | Catalytic combustion of methane over mixed oxides derived from Co-Mg/Al ternary hydrotalcites[END_REF]. It has been shown that cobalt can be homogenously and highly dispersed into the matrices of the hydrotalcites, and determines the structure, specific surface areas and porosity of the resultant mixed oxide catalysts. Indeed, it has been observed that increasing of cobalt content promotes spinel phases formation and strongly lowers specific surface area and total pore volume. These Co-based hydrotalcite-derived mixed oxides have been found to show good activity in the catalytic complete oxidation of methane, efficiency being closely related to their cobalt content. Thus, their catalytic activity rises with increasing x up to 1.5, but a higher Co content (x > 1.5) leads to a dramatically decrease of activity. The optimum catalyst (x = 1.5) gave complete conversion of methane at ca. 600 ºC. It has been suggested that the activity difference observed arise from the strong interaction among the metal ions and from their different porosity.

LDH-derived CuxMg3-xAlO (x = 0, 0.5, 1.0, 1.5, 2.0 and 3.0) were also used as catalysts in propane combustion [START_REF] Jiang | Catalytic combustion of propane over mixed oxides derived from CuxMg3-xAl hydrotalcites[END_REF]. The mixed oxides consisted mainly of Mg(Al)O periclase-like phase, but contained also tenorite and spinel phases, the amount of the latter increases with the increasing the copper content. The investigated mixed oxides have been found to be highly active in propane catalytic combustion, even more active than the conventional PdO/Al2O3 catalyst, and their activity significantly depended on the Cu-content. The Cu0.5Mg2.5AlO catalyst exhibited the highest catalytic activity, in this case the characteristic temperatures (T10, T50 and T90) being with 100 ºC lower than those corresponding to a mechanically mixed oxide with the similar composition (0.5CuO + 2.5MgO + 0.5Al2O3). The high catalytic performances of these catalysts were attributed to their high reducibility, which arise from the synergistic interaction between the Cu and Mg-Al oxides. From the Figure I.16, which presents a comparison between H2-TPR profiles of the Cu0.5Mg2.5AlO LDH-derived catalyst and mechanically mixed oxides with the same composition (0.5CuO + 2.5MgO + 0.5Al2O3), the better reducibility of the former is observed, which is consistent with its higher catalytic activity.

Figure I.16.

Comparative TPR profiles of Cu0.5Mg2.5AlO-800 and mechanically mixed oxides (0.5CuO + 2.5MgO + 0.5Al2O3, the prefix number refer to molar number) [START_REF] Jiang | Catalytic combustion of propane over mixed oxides derived from CuxMg3-xAl hydrotalcites[END_REF].

Cu-and Co-containing MgAl-LDH derived mixed oxides were studied as catalysts for the complete oxidation of different mono-carbon VOCs [START_REF] Chmielarz | Total oxidation of selected mono-carbon VOCs over hydrotalcite originated metal oxide catalysts[END_REF]. The mixed oxides consisted mainly of Mg(Al)O periclase-like and different spinel phases. Calcination at higher temperature activated the CoMgAlO catalyst but had an opposite effect on the CuMgAlO and CuCoMgAlO catalysts. These facts led to the idea that the well crystallized cobalt-containing spinel phases are more active than the less crystallized Co-containing phases. Only CuMgAlO and CuCoMgAlO catalysts were activated by the addition of potassium as promoter, probably by increasing the copper reducibility, but these effects are more or less pronounced as a function of the nature of VOC.

A series of Co-Mg-Al mixed oxides, obtained by thermal decomposition at 500 ºC of corresponding LDHs with different Co:Mg:Al molar ratio, were investigated in toluene combustion reaction [START_REF] Gennequin | Co-Mg-Al Hydrotalcite Precursors for Catalytic Total Oxidation of Volatile Organic Compounds[END_REF]. It was found that the use of cobalt has a beneficial effect, Co rich samples showing high activity in toluene combustion. Moreover, the mixed oxides prepared from hydrotalcites were found to be more active than those obtained by a classical way, this behavior being explained by the fact that the former have a higher specific surface area, greater dispersion of oxides and higher reducibility.

Co-Mg-Al mixed oxides catalysts were also synthesized using the memory effect of Mg-Al LDH, by aqueous and alcohol impregnations of cobalt nitrate on the Mg-Al supports, previously obtained by calcination of corresponding LDH precursor at different temperatures.

After the re-calcination at 500 ºC, the final catalysts were tested in combustion of toluene [START_REF] Gennequin | Toluene total oxidation over Co supported catalysts synthesised using "memory effect" of Mg-Al hydrotalcite[END_REF].

Investigated catalysts showed a good activity for toluene oxidation with a high selectivity to CO2 and H2O. It was found that the addition of Co has a beneficial effect on the catalytic activity, which strongly depends on the calcination temperature of the support and on the impregnation method used, which, in turn, determine the nature and the dispersion of the cobalt species on the support. The high activity was explained by the presence of a high quantity of Co species reducible at low temperatures. The most active and stable catalyst for toluene combustion was found to be that synthesized by aqueous impregnation on Mg-Al support previously calcined at 700 ºC, and then activated at 500 ºC. In this case, complete conversion of toluene was achieved at 350 ºC.

In a series of Mn-Mg-Al mixed oxides, the effect of different localization of manganese in the structure of LDH precursor on the catalytic activity in the total oxidation of toluene was investigated [START_REF] Dula | Mn-containing catalytic materials for the total combustion of toluene: The role of Mn localisation in the structure of LDH precursor[END_REF]. Thus, manganese was introduced into the precursor structure in the cationic form within the brucite layer or as permanganate anions in the interlayer. The XRD patterns show the formation of MgO-MnO solid solution and poorly crystallized Al-rich spinel phase, in the case of the catalyst obtained from interlayer-doped LDH precursor, and the formation of a better crystallized Mn-rich spinel, for the catalyst derived from layer-doped LDH, while in both cases the surface of materials was covered with poorly crystallized and/or amorphous Mn 4+containing phases. It was established that their activity in toluene combustion is related to the reducibility of these latter phases, containing the Mn 4+ /Mn 3+ redox system, which, in turn, are controlled by the nature of underlying supporting phases. Thus, the higher catalytic activity of the catalyst obtained by calcination of layer-doped LDH (denoted MgMnAlNO3(600)) is due to a better reducibility of Mn 4+ -containing surface coat interacting with the Mn-rich spinel, while in the case of the catalyst obtained from interlayer-doped LDH (denoted MgAlMnO4(600)), the interaction of this phase with Al-rich spinel and/or MnO-MgO solid solution leads to a lower reducibility of the surface Mn 4+ , and, hence, to a lower activity (Figure I.17).

Figure I.17. TPR profiles of MgMnAlNO3(600) and MgAlMnO4(600) samples [START_REF] Dula | Mn-containing catalytic materials for the total combustion of toluene: The role of Mn localisation in the structure of LDH precursor[END_REF].

Cu-Mn-Al mixed oxides catalysts were obtained by calcination of hydrotalcite-like precursors with (Cu + Mn)/Al ratios equal to 3 or 8, and Cu/Mn ratios equal to 0.5 or 1, and were tested in methane catalytic combustion [START_REF] Machej | Cu/Mn-based mixed oxides derived from hydrotalcite-like precursors as catalysts for methane combustion[END_REF]. The addition of Ce and Zr to increase their catalytic performance was also studied. It has been shown that the hydrotalcite-like structure formation strongly depends on the (Cu + Mn)/Al and Cu/Mn ratios, dependence that influences the performance of the final catalysts. Thus, a lower (Cu + Mn)/Al ratio leads to a better developed hydrotalcite structure, while a higher Cu/Mn ratio enhances its crystallization. In line with these observations, an almost pure hydrotalcite-like phase was obtained for the sample with Cu:Mn:Al ratio = 1.5:1.5:1. For the other compositions, alongside of the hydrotalcite-like phase, a certain amount of amorphous rhodochrosite (MnCO3)-like component, containing Cu and Al, was also formed. The structures of the calcined oxides was shown to range from amorphous to well crystallized. Thus, they were composed of an aluminium-rich quasi-amorphous mixed oxide phase, originating from the hydrotalcite-like part of the precursor, and crystalline Cu1.5Mn1.5O4 spinel phase, derived from the rhodochrosite-like component. In the aluminium-poor samples, manganese, which is in excess with respect to the Cu1.5Mn1.5O4 stoichiometry, appeared as crystalline Mn2O3. Addition of Ce and/or Zr dopants disfavors the formation of spinel phase. All catalysts obtained by thermal decomposition of hydrotalcite-like precursors have been shown to be more active in methane combustion than the reference Cu-Mn mixed oxide. Their activity greatly depends on the (Cu + Mn)/Al and Cu/Mn ratios, the optimal choice of these parameters playing a key role in the catalytic performances of the final solids. Thus, a higher Al content gives rise to a better developed hydrotalcite structure, whose thermal decomposition leads to the formation of well dispersed, easily reducible, quasi-amorphous mixed oxides. In this case, the formation of less active spinel phase is also prevented. On the other hand, a lower relative Al content maximizes the relative content of the catalytically active copper and manganese metals.

Additionally, the lower value of Cu/Mn ratio results in a smaller final content of well crystalline less active Cu1.5Mn1.5O4 spinel. The addition of Ce and Zr clearly has a beneficial influence on the catalytic activity attributed to an improved dispersion of mixed oxides, an increased specific surface area together with a better reducibility, related to the better dispersion of the active phase. Moreover, both dopants (added separately or jointly), prevent the crystallization of the less active spinel structure. Furthermore, the stability tests of the catalytic performance revealed that presence of Ce and Zr helps to maintain the spreading of the active phase in the conditions of catalysis and/or steam ageing.

Trimetallic mixed oxides, Co/Mg-Mn, prepared by calcination at 600 ºC of layered double hydroxides with (Co+Mg)/Mn ratio of 3 and Co/Mg ratio in the range from 1.5/4.5 to 6/0, were tested in the catalytic combustion of methane [START_REF] Liu | Catalytic combustion of low concentration methane over catalysts prepared from Co/Mg-Mn layered double hydroxides[END_REF]. The catalytic activities of the obtained oxides (denoted as CoxMg6-xMn2LDO), in terms of methane conversion, decreased as follows:

Co4.5Mg1.5Mn2LDO > Co6Mn2LDO > Co3Mg3Mn2LDO > Co1.5Mg4.5Mn2LDO. Thus, the experimental results have shown that the Co4.5Mg1.5Mn2LDO catalyst exhibit the best performance. For this catalyst, the temperature corresponding to 90 % conversion (T90) was 485 ºC. The addition of cobalt results in an improved redox ability of the catalysts, while for a high catalytic activity a certain amount of magnesium is required [START_REF] Liu | Catalytic combustion of low concentration methane over catalysts prepared from Co/Mg-Mn layered double hydroxides[END_REF]. Moreover, it seems that the presence of magnesium helps increasing the oxygen mobility, but also improves the dispersion of cobalt and manganese oxides, preventing the surface area loss during calcination process.

Two series of mixed oxides were obtained by calcination at different temperatures of Ni-Mg-Al and Mg-Mn-Al LDHs precursors with various Ni and Mn contents (molar ratios Ni:Mg:Al of 4:0:2, 3:1:2 and 2:2:2, assigned as Ni4Al2, Ni3MgAl2 and Ni2Mg2Al2, respectively, and Mg:Mn:Al of 4:2:0 and 4:1:1, assigned as Mg4Mn2 and Mg4MnAl, respectively) [START_REF] Jirátová | Preparation and characterisation of activated Ni (Mn)/Mg/Al hydrotalcites for combustion catalysis[END_REF]. The samples calcined at 800 ºC were used as catalysts in the combustion of methane, in the temperature range of 300-900 ºC. The Ni-containing catalysts were significantly more active than the Mn-containing ones probably due to the high melting point of NiO and NiAl2O4 phases present in the former, responsible for the high stability of the surface area during the calcination process. The Ni4Al2 catalyst possessing the largest surface area showed the highest catalytic activity. The catalytic activity related to the surface area of mesopores depended linearly on the amounts of nickel or manganese species in the surface layer [START_REF] Jirátová | Preparation and characterisation of activated Ni (Mn)/Mg/Al hydrotalcites for combustion catalysis[END_REF].

Cu-Mn-Mg-Al and Co-Mn-Mg-Al mixed oxides, with manganese as the main active component and with variable Cu or Co content as the second active component, obtained by the thermal decomposition of their corresponding hydrotalcites, were investigated in the combustion of three different VOCs, toluene, ethanol and butanol [START_REF] Aguilera | Cu-Mn and Co-Mn catalysts synthesized from hydrotalcites and their use in the oxidation of VOCs[END_REF]. They were all found to be active in this reaction. The use of mixed active components optimized the physicochemical and catalytic properties in comparison with the sample derived exclusively from manganese. The addition of the second metal leads, in the case of Cu, to a slight reduction of the superficial area, while the addition of Co generates a material with large surface area and greater mesoporous area, which may be correlated with the presence of highly amorphous phase. The addition of both copper and cobalt increased the reducibility of the catalysts. The Co-Mn catalysts were found to be the most active in VOCs combustion, this behavior being correlated with the presence of mixed phases between the manganese and cobalt, which can possibly lead to the formation of structural defects and to increased oxygen mobility. It has been observed that the use of cobalt together with manganese generates an important effect in the catalytic activity, the catalyst with the greatest cobalt content being the most active.

Trimetallic Zn-Cu-Al and Mn-Cu-Al mixed oxides, prepared by calcinations at 450 and 600 ºC of corresponding ternary hydrotalcites, were used as catalysts in the total oxidation of toluene reaction [START_REF] Palacio | Total oxidation of toluene over calcined trimetallic hydrotalcites type catalysts[END_REF]. Zn-Cu-Al system calcined at 450 ºC was found to be composed of an amorphous phase, in the case of the sample, while that calcined at 600 °C consisted of zinc and copper oxides supported on alumina. For Mn-Cu-Al composition, the calcination at both temperatures led to the formation of different spinel phases. The catalytic experiments showed that the complete conversion of toluene into CO2 is reached more easily on the samples containing Mn compared to the Zn-based ones, obviously due to a higher content of metal reducible species per mass of catalyst in the former. Thus, Mn-containing sample calcined at 450 ºC, which showed best reductive and textural properties, presented the highest activity, total conversion being achieved at 297 ºC. Notably, all the catalysts were only selective for CO2.

A series of Ce-promoted CoMgAl-LDH-derived mixed oxides was recently studied for toluene total oxidation [START_REF] Pérez | Enhanced VOC oxidation over Ce/CoMgAl mixed oxides using a reconstruction method with EDTA precursors[END_REF]. The incorporation of cerium was made using two techniques: the hydrotalcite reconstruction in the presence of [Ce-EDTA] -and the traditional wet impregnation of the CoMgAl mixed oxide with cerium nitrate. The Ce-CoMgAl catalyst obtained by reconstruction was found to be more active and selective than that obtained by impregnation due to a better dispersion of Ce species on the surface which allows a better interaction with cobalt and, thus, improved redox properties of the catalyst.

A series of mixed oxides, obtained by thermal decomposition at 500 ºC of Co-M III and Co-Mg-M III (M III = Mn and/or Al) LDHs, were studied as catalysts in the combustion of ethanol and decomposition of N2O [START_REF] Kovanda | Mixed oxides obtained from Co and Mn containing layered double hydroxides: Preparation, characterization, and catalytic properties[END_REF]. The experimental results indicated a proportional relation between T50 values and both the molar ratio of chemical constituents (Co+Mn)/(Mg+Al) and the total hydrogen consumption in TPR measurements, while between T50 values and the surface area of catalysts a direct proportional relation was found. Thus, the most active catalysts were found to be those with high (Co+Mn) content, with high total hydrogen consumption in TPR experiments. On the other hand, the large surface area of the calcined samples was found to be not crucial for the catalytic activity, since the part of surface area corresponding to micropores cannot contribute to the catalytic reaction because the micropores are not accessible for reactant molecules.

Structured mixed oxide catalysts were obtained by the calcination of M II -(Mn)-Al LDHs (M II = Ni, Co, Ni-Co, Ni-Cu and Co-Cu), deposited on Al2O3/Al supports (anodized aluminum foil). The LDH precursors were prepared on supports during their reaction with aqueous solutions of corresponding divalent metal nitrates, under hydrothermal conditions [START_REF] Kovanda | Supported layered double hydroxide-related mixed oxides and their application in the total oxidation of volatile organic compounds[END_REF]. The supported mixed oxides thus obtained exhibited a lower catalytic activity in the total oxidation of ethanol compared to that shown by the mixed oxides obtained by calcination of the coprecipitated LDH precursors. This behavior may be due to their poor reducibility, which, in turn, can be explained by the formation of Al-containing spinel-type phases and higher structural ordering of the supported mixed oxides. However, among the investigated supported catalysts, the Ni-Cu-(Mn)-Al sample was found to be the most active in the combustion of ethanol.

Moreover, increasing the pH of solutions used during the hydrothermal deposition of the LDH precursors leads to an improved catalytic activity and selectivity of these supported mixed oxides.

I. 4. Kinetics and reaction mechanism of CH 4 total oxidation

The methane total oxidation reaction is strongly exothermic (∆H = -802.7 KJ . mol -1 ), and can be described by the global equation (I.3):

CH4 + 2O2 = CO2 + 2H2O (I.3)
This global equation is just a coarse simplification; the real mechanism may involve many radical chain reactions [START_REF] Semenov | Some Problems of Chemical Kinetics and Reactivity[END_REF]. Depending on the air/methane ratio, may result carbon dioxide (I. The gas-phase combustion of methane may only occur within certain limits of flammability, and the temperature during the reaction may exceed 1600 ºC, when toxic, undesirable nitrogen oxides can be formed [START_REF] Sarofim | NOx control for stationary combustion sources[END_REF]. Instead, as mentioned earlier, catalytic combustion process uses lower temperatures for the complete oxidation, which leads to lower energy consumption and also to the control of NOx formation.

In general, for hydrocarbon catalytic combustion reactions, the conversion-temperature plot (light-off curve) is S-shaped [START_REF] Lee | Catalytic combustion of methane[END_REF], as shown in Figure I.18. As the temperature rises, the oxidation is initiated at a value that depends on the nature of both the hydrocarbon and the catalyst. The further increase in temperature leads to an exponential growth of the conversion (part B of the curve) to the point where the heat generated by combustion is much higher than the heat supplied from the outside. The reaction is controlled by the mass transfer (portion C of the curve) until the reactants are completely transformed into reaction products (D-portion of the curve). An important factor in the hydrocarbons catalytic combustion processes is the "light off" temperature. This is the temperature at which the reaction becomes controlled by mass transfer.

Until the "light off" temperature is reached, the reaction lies in the kinetic range (curve portions A and B), where the chemical reactivity of the catalyst and the reactants is determinant. Once the "light off" temperature is reached, the reaction passes into the diffusion range, where mass and heat transfer become determinant (curve C) [START_REF] Lee | Catalytic combustion of methane[END_REF]. Thus, first the methane molecule chemisorbed on the surface of the catalyst dissociates into methyl or methylene radicals by the removal of hydrogen atoms. Then, the reaction of radical with adsorbed oxygen could lead either directly to CO2 and H2O, or to chemisorbed formaldehyde. The latter decomposes into adsorbed CO and hydrogen, and subsequently CO and hydrogen react with adsorbed oxygen to give the final products, CO2 and H2O. Only a small amount of formaldehyde was detected in the reaction products, suggesting that the dissociation of chemisorbed formaldehyde into adsorbed CO and hydrogen species is much faster than its desorption.

Regarding the combustion of methane over oxide catalysts, the literature refers to several mechanisms to fit the experiment data and to discuss the catalytic combustion of methane. For example, in the case of methane combustion over cobalt oxide, two mechanisms are commonly accepted [START_REF] Bahlawane | Kinetics of methane combustion over CVD-made cobalt oxide catalysts[END_REF].

The first is the Eley-Rideal mechanism which considers the dissociative adsorption of oxygen on the surface of the catalyst followed by the reaction of the resulted active oxygen [O]s with the gaseous methane, which is rate-limiting [START_REF] Bahlawane | Kinetics of methane combustion over CVD-made cobalt oxide catalysts[END_REF]. The rate (r) of the overall schematically presented reaction is expressed in this model by equations (I.7) and (I.8).

where:

k is the rate constant;
KO 2 is the adsorption equilibrium constant of oxygen.

The second mechanism corresponds to the Mars-Van Krevelen redox model, which involves two irreversible steps. In the first step, the hydrocarbon reacts with the lattice oxygen

[O]lattice resulting in the reduction of the solid with the formation of oxygen vacant sites [VS]lattice.

The second step, which is rate-limiting, consists of the re-oxidation of the reduced metal oxide site by the oxygen from the gas phase [START_REF] Bahlawane | Kinetics of methane combustion over CVD-made cobalt oxide catalysts[END_REF]. In this case, the reaction rate is expressed by equations (I.9) and (I.10). where:
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k is the rate constant;

KO2 is the adsorption equilibrium constant of oxygen;

KCH4 is the adsorption equilibrium constant of methane;

PO2 is the partial pressure of oxygen (atm);

PCH4 is the partial pressure of methane (atm).

The partial pressures of oxygen and methane were calculated using relationships (I.12) and (I.13), respectively, where P°O2 şi P°CH4 are the initial partial pressures of oxygen and methane respectively, and x is the methane conversion. and KCH4 were adjusted by the computer program so as to achieve the best fit in each case. In this approach, at high temperatures and high conversions, the experimental data do not fit well the simulation curves, probably due to diffusion phenomena. 

I. 5. Deactivation of Combustion Catalysts

One of the main problems encountered in the operation of VOCs combustion catalysts is the loss of activity with time-on-stream, phenomenon also called "deactivation". Even though deactivation is inevitable, it can be slowed down or prevented, and thus some of its consequences being avoided. Deactivation can take place by a number of different mechanisms, both chemical and physical, the most relevant being poisoning, coking and sintering.

I.5.1. Effect of sulphur poisoning. Effect of water

Poisoning represents the loss of catalytic activity due to the strong chemisorption on the active sites of impurities present in the feed stream. A poison may act by blocking an active site (geometric effect), or may modify the adsorptivity of other species by an electronic effect.

Poisons can also modify the chemical nature of the active sites or may lead to the formation of new compounds (reconstruction), in which case an irreversible loss of activity occurs [START_REF] Forzatti | Catalyst deactivation[END_REF].

Regarding to sulphur poisoning, noble metal catalysts are seriously deactivated in Regarding metal oxides catalysts, it was reported that they show higher resistance to sulphur poisoning, as in the case of some perovskite catalysts. For example, no evidence of cobalt sulphate formation was found when treating LaCoO3 with SO2, although due to its basicity lanthanum oxide interacts easily with SO2 forming the corresponding sulphate [START_REF] Chen | Recent Advances in Catalysts for Methane Combustion[END_REF].

Metal oxides catalysts show higher thioresistance. However, they continue to be deactivated, as it was observed for titania-supported CuO-Cr2O3, for different supported single oxides of Mn and Cu, for alumina-supported manganese oxides, for Co-Cr spinels, and for different kinds of perovskite oxides [START_REF] Ordonez | Sulphur poisoning of transition metal oxides used as catalysts for methane combustion[END_REF]. In all the cases, the deactivation is caused by the reaction of SO2 with the metal, forming metal sulphates or modifying the structure of the material.

Because the poisoned catalyst can hardly be regenerated, the best method to prevent or at least to reduce poisoning is to decrease to acceptable levels the poison content of the feed. This could be achieved by suitable treatments of the feed, for example by catalytic hydrodesulphurization followed by H2S adsorption [START_REF] Forzatti | Catalyst deactivation[END_REF].

Another approach to prevent poisoning is to choose proper catalyst formulations. For example, it has been shown that in the case of LaCr0.25Mn0.25Mg0.5O3•17MgO catalyst, used in the combustion of methane, MgO has a beneficial role, increasing resistance to sulfur poisoning [START_REF] Rosso | Sulphur poisoning of LaCr0.5-xMnxMg0.5O3•yMgO catalysts for methane combustion[END_REF]. Thus, MgO act as a protective shield, forming stable sulphates and consequently competing with the active phase for SO2 adsorption. Moreover, the catalyst design (tunning of surface area, pore size distribution etc.), can also be used to limit the sulfur poisoning [START_REF] Forzatti | Catalyst deactivation[END_REF].

Gaseous effluents from many industrial processes contain water vapor, thus its effect on VOCs combustion process always requires a careful investigation. It is commonly accepted that water vapor has a significant inhibiting effect on the combustion reaction, in addition to sulphur compounds. Thus, it was shown that the oxidation of methane over supported Pd catalysts is strongly inhibited by H2O [START_REF] Ribeiro | Kinetics of the Complete Oxidation of Methane over Supported Palladium Catalysts[END_REF], due to a competition between methane and water for the active sites, which probably can lead to the formation of Pd(OH)2 at PdO surface sites [START_REF] Ribeiro | Kinetics of the Complete Oxidation of Methane over Supported Palladium Catalysts[END_REF]. Moreover, this progressive transformation of surface PdO active sites could lead to a slow irreversible deactivation of Pd/Al2O3 catalysts in the presence of water vapor [START_REF] Roth | Catalytic behaviour of Cl-free and Cl-containing Pd/Al2O3 catalysts in the total oxidation of methane at low temperature[END_REF].

In addition, it was reported that water vapor can accelerate crystallization and structural changes in oxide supports, favoring sintering [START_REF] Chen | Recent Advances in Catalysts for Methane Combustion[END_REF]. Thus, it is desirable to minimize the water vapor concentration over high-surface area catalysts.

On the other hand, in some cases the presence of water vapor may be beneficial. For example, in combustion of chlorobenzene on VOx/TiO2, VOx-WOx/TiO2 and VOx-MoOx/TiO2 catalysts, water could play a positive role in removing Cl -from the catalyst surface after the oxidation of the aromatic ring [START_REF] Li | Catalytic combustion of VOCs on non-noble metal catalysts[END_REF].

I.5.2. Coking

VOCs catalytic oxidation processes are often accompanied by side reactions that occur on the catalyst surface, leading to the formation of carbonaceous residues, usually named coke or carbon, which tend to physically cover the active surface. Coke deposits may amount 15-20 % (w/w) of the catalyst and, therefore, they may deactivate the catalyst by covering the active sites or by blocking the pores [START_REF] Forzatti | Catalyst deactivation[END_REF].

The chemical nature of the carbonaceous deposits depends largely on how they are formed, the conditions of temperature and pressure, the age of the catalyst, the chemical nature of the feed and products formed.

The nature, amount and distribution of coke deposits may be estimated by various analytical techniques. For example, the amounts of coke deposited into the catalyst pores may be evaluated by burning the coke with air and recording the weight changes via TG-DTA techniques and/or by monitoring the evolution of the combustion products CO2 and H2O.

Because coke deposits can severely affect the performance of catalysts, measures to prevent or at least to limit their formation are required. Practically, the coke deposition may be controlled in some extent by using an appropriate combination of process conditions and an optimal catalyst composition. During the reaction, between the rate of coke production and the rate of coke removal by gasifying agents (e.g. O2, H2O and H2 that remove coke as COx, CO and CH4, respectively) an equilibrium is reached. Therefore, steady-state conditions, corresponding to a certain level of coke present on the catalyst surface, are finally attained. Conversely, if the rate of coke deposition is higher than that of coke removal, a proper regeneration procedure should be applied. In general, the gas mixture composition is kept as far as possible from conditions under which carbon formation is thermodynamically favored [START_REF] Forzatti | Catalyst deactivation[END_REF].

Regarding the choosing of the proper catalyst formulations, it was reported that an appropriate support for the same active catalytic phase can minimize coke formation [START_REF] Li | Catalytic combustion of VOCs on non-noble metal catalysts[END_REF]. Thus, in the case of two supported Cu-Mn-based catalysts, used in toluene conversion at 400 °C, the The diffusion of aromatic intermediates in the coke formation process and the reduction of pore blockage by coke is favored by the larger pores of the mesoporous MCM-41.

I.5.3. Sintering

Usually, sintering process refers to the loss of active surface through structural modification of the catalyst [START_REF] Forzatti | Catalyst deactivation[END_REF]. This is generally a thermally activated process and is physical in nature. Sintering occurs both in supported metal catalysts and unsupported catalysts [START_REF] Forzatti | Catalyst deactivation[END_REF]. In the first case, the reduction of the active surface area is caused by the agglomeration and coalescence of small metal crystallites into larger ones with lower surface-to-volume ratios [START_REF] Forzatti | Catalyst deactivation[END_REF].

For sintering of supported metal catalysts, two models have been proposed: "atomic migration" and the "crystallite migration" [START_REF] Forzatti | Catalyst deactivation[END_REF]. According to the first model, sintering takes place through migration of metal atoms from a crystallite, transport of these atoms across the surface of the support or in the gas phase, and further capture of the migrating atoms on collision with another metal crystallite. Since larger crystallites are more stable (the metal-metal bond is often stronger than the metal-support interaction), the size of the small crystallites decreases while that of the larger ones increases [START_REF] Forzatti | Catalyst deactivation[END_REF]. The second model suggests that sintering occurs through migration of the crystallites along the surface of the support, followed by collision and coalescence of two crystallites into a larger one [START_REF] Forzatti | Catalyst deactivation[END_REF]. These observations may be consistent with a shift from crystalline migration at low temperatures to atomic migration at high temperatures [START_REF] Forzatti | Catalyst deactivation[END_REF].

Other factors that affect the stability of a metal crystallite towards sintering are: shape and size of the crystallite, support roughness and pore size, impurities present in either the support or the metal. Additionally, species such as carbon, oxygen, cerium, calcium, barium may decrease metal atom mobility, while others such as bismuth, lead, chlorine etc. can increase the mobility.

Figure I.24.

Effects of H2 and O2 atmospheres and of metal loading on sintering rates of Pt/Al2O3 catalysts [START_REF] Forzatti | Catalyst deactivation[END_REF].

An efficient method of reducing the catalyst sintering is the use of specific additives. For example, BaO, CeO2, La2O3, SiO2 and ZrO2 improve the stability of γ-alumina towards sintering [START_REF] Forzatti | Catalyst deactivation[END_REF]. Moreover, as mentioned above, water vapor can accelerate crystallization and structural changes in oxide supports, favoring sintering, and, therefore, it is recommended to minimize the water vapor concentration over high-surface area catalysts.

I.6. Conclusions

Despite their main advantage, i.e. higher catalytic activity in VOCs destruction at lower temperatures compared to the oxide-based catalysts, the supported noble metals (Pd or Pt) catalysts present some major disadvantages like high cost, easy deactivation at high temperatures and by poisoning, which justifies the attempt to replace them with new transition-metal-based oxides. Indeed, the latter have higher thermal stability and resistance to poisoning, being at the same time easier to prepare and cheaper. Among the transition-metal-containing mixed oxides, those obtained by controlled thermal decomposition of LDH precursors were shown to have better performances compared to the catalysts prepared by classical ways. Thus, calcination at intermediate temperatures of LDHs results into well dispersed mixed oxides, with large surface area and high thermal stability, making them potential combustion catalysts.

The catalytic activity of the LDH-derived mixed oxides depends on the nature of the transition-metal and on its content, but also on its location into the LDH precursor structure, i.e.

into the brucite-like layers or between the layers, which can be controlled by the preparation method, and on the nature of the interlayered transition-metal-containing anionic species.

Moreover, their catalytic activity depends on the purity of the LDH precursors, but also on the calcination temperature used.

It has been shown that the Cu-based systems are highly active for MTO, the nature of the support and the Cu loading being determining factors on their catalytic performances. Also, Cecontaining LDH-derived mixed oxides showed good activity in MTO reaction. Moreover, both

Ce-and Cu-based catalysts showed good time on stream stability. These facts justify the investigation of new LDH-derived Cu-Ce-based mixed oxides catalysts, considering a possible synergistic effect between cerium and copper, which can lead to materials with increased activity in VOCs catalytic destruction.

Chapter II. Physicochemical characterization methods

In the frame of this thesis, the physicochemical characterization of the catalysts and/or their precursors was performed using a large variety of techniques, namely: Powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Scanning electron microscopy (SEM), Transmission electron microscopy (TEM), Energy dispersive X-ray spectroscopy (EDX),

Nitrogen adsorption/desorption method, Temperature-programmed reduction under hydrogen (H2-TPR), Thermogravimetric and differential thermal analyses (TG-DTG-DTA), and Diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis).

II.1. Powder X-ray diffraction (XRD)

Powder X-ray diffraction is one of the most important methods for characterizing mixed oxide catalysts.

X-ray diffractograms of crystalline compounds are obtained by reflection of an incident X-ray on their atomic planes, each plane behaving with respect to the X-rays as a semitransparent mirror. Some of the incident X-rays will be reflected on a plane, the reflection angle being equal to the angle of incidence, and another part will be transmitted so that they will be reflected on the successive planes. When the optical path difference between two rays reflected on different planes is equal to a multiple of wavelengths, the constructive interference occurs, with the formation of the diffraction maxima. This concordance is expressed by Bragg's law (II.1) [1]:

λ θ n d = sin 2 (II.1)
where:

d is the lattice constant of the crystal (nm); θ is the incidence angle of the X-rays (rad);

n (an integer) is the diffraction order (1, 2, 3...);

λ is the wavelength of the incident X-rays (nm).

When using monochromatic X-rays, all of the diffraction maxima recorded by varying the X-ray incidence angle, in a certain angular domain, defines a diffractogram. An X-ray diffractogram of a catalyst shows whether it or a component thereof is non-crystalline or semicrystalline, in which case no sharp diffraction lines appear but only broad bands, or crystalline, in which case the crystalline phases present can be identified with precision [1].

In mixtures, besides the identification of the present phases, their proportions can also be determined, by comparing the intensities of the lines characteristic to each phase.

The lattice constant d and the parameters of the elementary cell can be calculated from the diffractograms, and, hence, it is possible to stand out the possible point defects of the crystalline lattice.

By in situ experiments, one can say what influence the reaction gases exert on the internal structure as well as on the crystalline order on the external surface of the catalyst.

X-ray diffractograms also allow estimating the average crystallite size using the Debye-Scherrer equation (II.2) [1]:
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where:

D is the crystallite size (nm);
λ is the wavelength of the incident X-rays (nm);

(2θ)FWHM is full-width at half-maximum (FWHM) of the peak (rad); θ is the Bragg diffraction angle (rad).

The microcrystallites lead to wider diffraction peaks because the smaller the number of planes giving rise to the Bragg diffraction, the less sharp the peak will be.

In the first part of the present thesis, powder X-ray diffraction (XRD) patterns of both precursors and Cu(x)CeMgAlO mixed oxides were recorded on a Siemens D500 powder X-ray diffractometer with Bragg-Brentano geometry using nickel-filtered Cu-Kα radiation (λ = 0.15406 nm). They were recorded over the 5-70° 2θ angular range at a scanning rate of 1° min -1 . Then, in the second part of the present thesis, powder X-ray diffraction patterns of M-CuCeMgAlO (M = Mn, Fe, Co, Ni) and Co(x)CuCeMgAlO mixed oxides, but also of thier corresponding LDHprecursors, were recorded on a Bruker-AXS D8 Advance diffractometer (Bruker Corporation, Billerica, MA, USA) equipped with a LynxEye 1D detector, a Cu-Kα (λ = 0.15406 nm) radiation source and a scintillation counter detector. They were recorded over the 5-70° 2θ angular range with a 0.02° step size and using a counting time of 1s per point. In all cases, crystalline phases were identified using standard JCPDS files.

II.2. X-ray photoelectron spectroscopy (XPS)

Since heterogeneous catalytic reactions take place at the surface of the catalysts (adsorption of reactants on a solid surface, surface reaction of adsorbed species and desorption of products), knowing the nature of the outer atomic layers of these surfaces is very important for a good understanding of the catalytic act and for further improving of the catalytic performances.

In this regard, X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical analysis (ESCA), is a very powerful surface analysis technique, providing quantitative information on the elemental atomic surface composition [2].

The principle of XPS is based on the photoelectric effect, discovered by Heinrich Hertz in 1887 [3]. Thus, a solid sample is irradiated with soft monochromatic X-rays, under ultra high vacuum conditions, when, at atomic level, the emission of a photoelectron takes place (Figure The emitted photoelectrons are detected and analyzed according to their kinetic energies.
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Knowing the energy of the exciting X-ray photons (hν) and the kinetic energy of the emitted photoelectron (EK), measured by the XPS spectrometer, the binding energy (EB) of the electron (before photoemission) can be calculated according to the conservation of energy law, using the equation (II.3):

K B E h E - = ν (II.3)
Experimentally, it has been determined that the energy conservation equation could be written as (II.4):

50 sp K B E h E Φ - - = υ (II.4)
where Φsp is the work function of the spectrometer [4]. The binding energy of an electron before photoemission depends not only on the level from which photoemission is occurring, but also on the oxidation state of the atom and on the local chemical and physical environment. Thus, calculated values of the binding energy of the electrons provides information about the chemical state of the atoms (oxidation states, chemical ligands). The elemental composition is determined from the photoemission peak areas in the XPS spectra, while detailed information on the chemical state of surface species are provided by the chemical shift [5]. The ability to discriminate between different oxidation states and chemical environments is one of the major strengths of the XPS technique.

This method provides information on the composition of elements (atomic concentrations) of the solid surface, identifying all chemical elements, except H and He, present in atomic concentrations higher than 0.1 %.

As emitted photoelectrons are strongly attenuated by their own material, the XPS technique is effective only for depths of 50 Å. Since the exciting X-ray beam is point-shaped (20 μm in diameter), the sample should be "swept" to get the most accurate information about the investigated surface.

The most important parts of an XPS spectrometer are a monochromated X-ray source (Al Kα or Mg Kα), with energies of the order of 1.5 keV, a ultra high vacuum (10 -9 -10 -10 torr) system connected to the sample chamber and an electron analyzer (mostly a spherical sector analyzer) In the present thesis, X-ray photoelectron spectroscopy (XPS) was employed to determine the chemical state of the elements on the catalyst surface with a SPECS spectrometer equipped with a PHOIBOS 150 analyzer using a monochromatic Al Kα radiation source (1486.7 eV). The acquisition was operated at a pass energy of 20 eV for the individual spectral lines and 50 eV for the extended spectra. The analysis of the spectra has been performed with the Spectral Data Processor v2.3 software using Voigt functions and usual sensitivity factors.

II.3. Scanning and transmission electron microscopies. Energy dispersive X-ray spectroscopy

Electron microscopy is a technique that uses an accelerated electron beam to investigate a material. Since the wavelength of electrons is much smaller than the wavelength of visible light, diffraction effects occur at much smaller physical dimensions. Therefore, the resolution of the images produced by an electron microscope is much higher than that produced by an optical microscope.

Electron microscopes use signals resulting from the interaction of an accelerated electron beam, with a well-defined energy (1-40 keV), with a solid sample, under high vacuum (10 -5 Torr) [8][9][10][11], when numerous interactions take place. As a result of the interaction between the incident electron beam and the sample, multiple signals can be detected, namely: backscattered electrons, secondary electrons, Auger electrons, X-rays, photons and transmitted electrons. Some of the transmitted electrons cross the sample without having any interaction with it (unscattered electrons), others undergo elastic interactions, without energy loss (elastically scattered electrons) or inelastic, with energy loss (inelastically scattered electrons) [8][9][10][11].

There are two main types of electron microscopy: scanning electron microscopy and transmission electron microscopy.

II.3.1. Scanning electron microscopy (SEM)

Generally, this technique gives qualitative information about morphology, topography, orientation of grains, composition, but also crystallographic information of a material [8,9,11].

Particularly, for example in the case of the catalysts dispersed on supports, this technique allows highlighting the crystallites of the active phase, but also the visualization of the distribution, as well as estimating their size.

This method has the advantage of magnifications up to 300,000 X and of resolutions up to 10 nm. In addition, it allows obtaining an advanced depth of field, which leads to high fidelity three-dimensional images of the analyzed samples [8][9][10].

For analysis, SEM uses backscattered electrons and secondary electrons, resulting from the impact of the initial electron beam with the sample.

The backscattered electrons are formed as a result of the quasi-elastic interaction of the incident electrons with the nuclei of the atoms in the target sample. The detector that records these electrons operates in two ways: topographically, obtaining a topographic image of the investigated sample surface, and compositionally, because the production of the backscattered electrons depends directly on the atomic number of the investigated element. The different rates of production of the backscattered electrons make the elements with large atomic numbers appear brighter in the final image than those with small atomic numbers. Thus, the compositional differences of the investigated sample or its homogeneity can be highlighted [8][9][10].

Secondary electrons result from the inelastic interaction of the electrons in the incident beam with low energy electrons (usually from the K sheel) in the sample atoms. This interaction results in moderate energy loss of the incident electron and ionization of the electron in the investigated sample atom, which is expelled as a secondary electron. The secondary electrons have low energies, of the order of 5 keV, each incident electron being able to produce more secondary electrons. Secondary electron production is closely related to the sample topography.

Due to their low energy, only secondary electrons emitted in the immediate vicinity of the surface (< 10 nm) leave the sample and can be examined. On the other hand, due to the low energy of the secondary electrons and their low penetration power, their detection according to the position of the incident electron beam makes it possible to obtain 100,000 X magnifications and resolutions up to 40 Å. The collection of secondary electrons is facilitated by placing in front of the detector an electrode with a potential of + 100 V, which attracts electrons in the detector.

This causes a large number of secondary electrons (50-100 %) to be captured, obtaining threedimensional images of the investigated sample surface, with a high depth of field [8][9][10].

II.3.2. Transmission electron microscopy (TEM)

TEM gives qualitative information about morphology or structural information, crystallographic information and compositional information, if so equipped [10,11].

For analysis, TEM uses transmitted electrons, which pass through a sample. As a result, TEM produces an image that is a projection of the entire object, including the surface and the internal structures. Objects with different internal structures can be differentiated because they give different projections. However, the image is two-dimensional and depth information in structures is lost, which is a disadvantage compared to SEM. Since electrons interact strongly with matter, they are attenuated as they pass through a solid. For this reason, samples must be prepared in very thin sections. Moreover, TEM have a taller electron beam column to allow higher acceleration for higher energy beam [10,11].

Generally, the TEM resolution (0.5 nm) is about an order of magnitude better than the SEM resolution (10 nm).

II.3.3. Energy Dispersive X-Ray Spectroscopy (EDX)

The principle of the EDX method is to detect the X-rays generated by the impact of the electrons in the incident beam with the investigated atoms [12]. When high-energy incident electrons interact with the sample atoms, the latter emit X-rays with characteristic, specific energies. The emitted X-rays penetrate the sample, being collected by the X-ray detector. The intensity of the X-rays with a certain characteristic energy is dependent on the number of atoms they come from, contained in the interaction volume (usually with the diameter of several μm).

Thus, from the value of the characteristic energy of the detected X-rays, the elements present in the analyzed sample can be identified (for elements with atomic numbers greater than that of boron), and from their intensity quantitative determinations can be made; the elements can be detected in concentrations up to 0.1 % [12].

In the present thesis, SEM/EDX examination was performed using a Hitachi S-3400 N microscope operated at an accelerating voltage of 20 kV, in order to monitor the morphology and chemical composition of Cu(x)CeMgAlO mixed oxides and of their precursors. For M-CuCeMgAlO (M = Mn, Fe, Co, Ni) and Co(x)CuCeMgAlO mixed oxides, SEM/EDX investigations were performed using a Gemini 500 microscope from Zeiss International Gmbh, equipped with a Quantax XFlash 6/10 energy-dispersive spectrometry detector from Bruker (MA, USA) for elemental analysis. The images for all samples were taken at 5.000 X magnification and 5 kV acceleration voltage using the secondary electrons (SE) detector. For EDX analysis, an accelerating voltage of 15 kV was employed. In all cases, four different points were analyzed on each sample.

Transmission electron microscopy (TEM) images were obtained on a TopCon 2100 FCs microscope with an accelerating voltage of 200 kV. The samples were dispersed in ethanol in an ultrasonic bath for several minutes, and then deposited on a Cu grid and dried at room temperature.

II.4. Specific surface area and pore structure analysis

Because adsorption is a surface phenomenon, knowing the actual size of the surface on which adsorption occurs is of particular importance for the characterization of a catalyst. The amount of the adsorbed substance depends on the temperature and pressure at which the process takes place, on the nature and surface of the adsorbent and on the nature of the adsorbate. The evolution of the adsorption process can be described by plotting the adsorption isotherms, which describe the dependence of the amount of adsorbed component on the relative pressure p/p0 at constant temperature, where p represents the pressure at which the adsorption takes place, and p0

is the saturation pressure of the respective gas at the given temperature. The study of adsorption isotherms provides information on the value of the specific surface area, the pore shape and the total pore volume, and the distribution of pore volumes by size [13][14][15].

Currently, for determining the specific surface of the catalysts, the BET (Brauner, Emmett and Teller) isotherm is used, which describes the multilayer adsorption.

The experimental determinations consist in plotting the adsorption isotherm of pure nitrogen at the temperature of liquid nitrogen (77 K), conditions under which only physisorption takes place. The nitrogen molecule was chosen due to both its small size, which allows it access even in very small pores, and its reduced polarity, which allows it to have interactions of strength comparable to surfaces having very different adsorption affinities.

The classical equation of the BET isotherm [16] is (II.5): where:

P is the equilibrium pressure of adsorbate at the temperature of adsorption (atm); P0 is the saturation pressure of adsorbate at the temperature of adsorption (atm);

V is the adsorbed gas volume at equilibrium pressure (L);

Vm is the monolayer adsorbed gas volume (L); P/P0 is the relative pressure;

C is the adsorption constant, which can be correlated with the heat of adsorption, Qa (kJ•mol -1 ), and with the heat of condensation, Qc (kJ•mol -1 ) (II.6):

RT Q Q C c a - = ln (II.6)
Representing the graph P/V(P0-P) as a function of the relative pressure P/P0, for relative pressures between 0.05 and 0.35, a straight line is obtained, and from the slope and the intercept the constants Vm and C, respectively, can be calculated (Figure II.4) [17].

Knowing the volume of the monolayer, Vm, the BET specific surface area of the solid can be calculated using the equation (II.7):

m V N V S A m sp µ σ = (II.7)
where:

NA is the Avogadro's number (molecules mol -1 ); σ is the adsorption cross section of the adsorbing species (m 2 );

V µ is the molar volume of the adsorbate gas (L mol -1 ); m is the mass of the solid (g). γ is the gas/liquid surface tension (N•m -1 );

V µ is the molar volume of the adsorbate gas (L mol -1 ); rp is the radius of the pore considered cylindrical (m); tc is the thickness of the adsorbed multilayer film, which is formed prior to pore condensation (m).

In the present thesis, the textural characterization was performed using the conventional nitrogen adsorption/desorption method, with a Micromeritics ASAP 2010 automatic equipment.

C V C tg m 1 - = α P/P0 P/V(P0-P) C V m 1 58
The surface areas were calculated using the BET method in the relative pressure, P/P0, region 0.065-0.2, while the pore sizes were determined by the BJH method from the nitrogen desorption branch. Prior to nitrogen adsorption, the oxide samples were degassed at 300 °C for 12 h.

II.5. Temperature-programmed reduction under hydrogen (H 2 -TPR)

Temperature-programmed reduction under hydrogen (H2-TPR) is an important characterization method of metal oxide catalysts giving information about their reducibility [20].

During a H2-TPR experiment, the catalyst which is investigated is placed in a fixed-bed reactor and exposed to a flow of a reducing mixture (e.g. H2 in Ar) while the temperature is increased according to a linear temperature programme. The difference between the inlet and outlet concentration of H2 in the gas mixture is measured as a function of time using a thermal conductivity detector (TCD). The resulting H2-TPR profile contains information on the oxidation state and amount of the reducible species present in the studied catalyst. The information obtained is of a kinetic nature and, thus, can be directly correlated with catalytic behavior. However, information on the structure of the species present is less clear than, for example, that obtained by spectroscopic methods. This is why the temperature-programmed techniques are complementary to the spectroscopic ones, being usually used in combination [20]. The reactor which contains the catalyst is placed in an electric furnace equipped with a temperature programmable controller. The effluent of the reactor is analyzed by one or more proper detectors. A TCD is most commonly used for the detection of hydrogen consumption. In order to obtain a quantitative signal, the water produced during reduction is trapped in a molecular sieve column before the gas mixture reaches the TCD detector. Generally, more than one detector must be used. It is beneficial to use a supplementary FID detector because porous catalysts almost always contain adsorbed carbonaceous species, which lead to additional hydrogen consumption. The inert gas which is used should be really inert and therefore Ar is well suited while N2 is not, since it can react with hydrogen [20].

In the first part of the present thesis, the H2-TPR experiments were performed using a CATLAB microreactor -MS system (Hiden Analytical, UK) under a flow of 5 % H2 in Ar mixture (flowrate 30 mL min -1 ) through the CATLAB's packed micro-reactor (4 mm internal diameter and length 18.5 cm) containing about 35 mg of sample, which was heated at a constant rate of 10 °C min -1 up to 800 °C. The system was maintained for 1 h at 800 °C under H2/Ar flow to complete the reduction. In the second part, the H2-TPR experiments were performed using a Porotec TPDRO 1100 device (Thermo Fischer Scientific Inc. Waltham, MA, USA) equipped with a TCD detector. Prior to the analysis, the samples (ca. 0.05 g) were treated at 200 °C for 1 h in He flow (20 mL min -1 ) to ensure the surface cleaning, then they were cooled to room temperature under helium flow. The analysis was performed by heating the samples under a 5% H2/Ar gas flow (20 mL min -1 ) at a constant rate of 10 °C min -1 from room temperature up to 800 °C.

II.6. Thermogravimetric and differential thermal analyses (TG-DTG-DTA)

Thermogravimetric and differential thermal analyses (TG-DTG-DTA) can be used, for example, to investigate the transformations undergone by the precursors of mixed oxide catalysts in the calcination step, using a temperature program similar to that used for their synthesis. The data thus obtained can be used to optimize the preparation method, for example in order to obtain mixed oxide catalyst samples at temperatures as low as possible, and therefore with values as high as possible of the specific surface area [21].

Differential thermal analysis highlights the thermal effects that accompany the various physico-chemical changes of materials in evolutionary temperature conditions over time. The technique is based on measuring the temperature difference between the material to be analyzed and a reference material, as a function of temperature, when both materials are subjected to the same temperature program [21].

In principle, the method consists in heating both the investigated sample and a control sample, generally inert, placed in an enclosed chamber inside which the temperature is controlled according to a temperature program. A system of thermocouples measures the temperature difference between the two samples. In the absence of a change in the sample to be analyzed, the temperature difference between the samples is small and regular; this is the baseline. When a transformation takes place in the active sample, it is accompanied by a variation of energy which translates into a change in its temperature compared to that of the control sample. The temperature difference, ∆T, is recorded as a peak or a succession of peaks. At the same time, the sample temperature is recorded. The area of the peak is proportional to the amount of heat corresponding to the thermal effect that accompanies the transformation taking place in the sample to be analyzed [21].

Thermogravimetric analysis consists of measuring the increase or loss of the mass of a material as a function of the atmospheric composition and temperature. Thus, a precise, continuous and recorded weighing, allows tracking the evolution of the mass of the material under the most diverse conditions of temperature, atmosphere, pressure, etc., conditions that are, in turn, continuously recorded.

Thermogravimetric analysis is often coupled with other methods of analysis to understand the process studied: the formation of intermediate phases, gaseous species evolved, surface structure change. Of these, the most important are:

-Differential thermogravimetry (DTG), which is based on the interpretation of a signal obtained by deriving the main TG signal; -Evolved gas analysis (EGA), which can be performed by gas chromatography or mass spectroscopy;

-Differential thermal analysis (DTA), which also allows the detection of transitions that are not associated with mass variations.

The coupled DTA/TG/DTG analysis is mostly used for the study of thermal transformations of materials.

In the present thesis, the thermogravimetric and differential thermal analyses (TG-DTG-DTA) of the LDH precursors were carried out using a Labsys 1200 SETARAM instrument, in the following conditions: linear heating rate of 10 °C min -1 from room temperature to 900 °C, dynamic synthetic air atmosphere (flow rate 16.66 mL min -1 ), Al2O3 crucible, sample weight of approximately 20 mg.

II.7. Diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis)

Generally, diffuse reflectance spectroscopy (DRS) is a spectroscopic technique based on the reflection of light from the ultraviolet (UV), visible (VIS) and near-infrared (NIR) region by a powdered sample.

In the case of inhomogeneous samples like powders, when incident light hits the material at optically scattering interfaces with roughness down to the range of the wavelength, it may be partly reflected regularly, partly scattered diffusely, and partly enter the substrate [22] Thus, diffuse reflection takes place when light is reflected, refracted, diffracted and absorbed by particles oriented in all directions, in contrast with regular reflection from a plane phase boundary [22].

In a DRUV spectrum, the ratio of the light scattered from an infinitely thick layer and the scattered light from an ideal non-absorbing reference sample is measured as a function of the wavelength λ [23]. Barium sulfate is usually considered as proper standard, having an absolute reflectance of 0.973 to 0.988 in the 380 to 750 nm wavelength range. The illumination of powdered solids by incident radiation leads to diffuse illumination of the samples. A part of incident light is absorbed, another part is scattered. The scattered radiation, emerging from the sample, is collected in an integration sphere and detected, which is schematically illustrated in 
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The bandgap can be obtained from the plots of [F(R∞)hυ] 1/2 versus hυ, as the intercept of the extrapolated linear part of the plot at [F(R∞)hυ] 1/2 = 0, assuming that the absorption coefficient is proportional to the Kubelka-Munk function F(R∞). Equation (II.10) is valid under the following conditions: while X-ray photoelectron spectroscopy was used to determine the chemical state of the elements on the catalyst surface. Additionally, the textural properties and the reducibility of the mixed oxide catalysts were studied by nitrogen adsorption/desorption and temperature programmed reduction with hydrogen (H2-TPR) techniques, respectively. In order to obtain information about the stereochemistry and aggregation of copper in the Cu-containing mixed oxides, diffuse reflectance UV-Vis spectroscopy was used.

III.2.1. Powder X-ray diffraction (XRD)

The XRD patterns of the as-prepared precursor samples are displayed in Unexpectedly, the value of the lattice parameter, d, of the fluorite structure of the ceria phase calculated using the Bragg's law, from the three most intense lines in the diffractograms, i.e. ( 111), ( 220) and (311), increases with increasing Cu content in the Cu(x)CeMgAlO catalysts (Table III.1). Indeed, taking into consideration that the radius of Cu 2+ ion is lower than that of Ce 4+ , and those of Cu + and Ce 4+ ions are similar, the lattice parameter should decrease with increasing Cu content [3,4]. Compared to the theoretical value of the ceria lattice parameter of 0.5411 nm [5], that of the samples with x < 12 is lower, and that of the samples with x ≥ 12 is even higher. This suggests the incorporation of copper into the ceria lattice at low Cu content, while at high Cu content ceria crystallites coexist with separate CuO particles, the latter being well developed in the Cu(18)CeMgAlO mixed oxide, in line with its XRD pattern. This is in agreement with the observed decrease of Cu solubility in ceria with increasing the grain size of the latter, resulting in the segregation of copper to the grain boundaries [6].

The full-width at half-maximum (FWHM) of the three most intense reflections of CeO2 phase allows estimating the average crystallite size using the Debye-Scherrer equation (II.2).

They are presented in Table III The effect of calcination temperature on the XRD pattern of the Cu( 15 

III.2.2. Energy Dispersive X-Ray Spectroscopy (EDX). Scanning electron microscopy (SEM)

The cationic composition of both LDH precursors and calcined oxide catalysts has been determined by EDX spectroscopy and it is tabulated in Table III.2 and Table III.3, respectively.

It can be observed that in both as-prepared and calcined samples the cationic content is close to the theoretical values within the limits of experimental error of the method used. The Mg/Al atomic ratio was very close to the fixed value of 3, while the Cu/Ce atomic ratio was slightly higher than the fixed value. The SEM micrographs of both as-prepared and calcined Cu(x)CeMgAl samples are shown in Figure III.4. It can be observed that there are no significant differences between the particle morphologies of the precursors, on one hand, and of the calcined oxides, on the other hand. More unexpected, no significant differences can be observed between the particle morphologies of the precursors and of the corresponding mixed oxides. This indicates that neither the Cu content within the range 6-18 at. %, nor the calcination temperature up to 750 °C influence the particle morphology of the studied materials. 

III.2.3. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) has been used to investigate the oxidation states of the different elements and the surface composition of the Cu(x)CeMgAlO mixed oxides. All the expected elements, i.e. Cu, Ce, Mg, Al, O and C are present on their surface (Table III.4).

The O 1s core level XPS spectra (Figure III.5.a) showed for all the samples a peak deconvoluted into two components which could be related to lattice oxygen in oxide (BE ca. 529.7 eV) and oxygen in the lateral structure (BE ca. 531.6 eV), respectively [9]. The oxygen in the lateral structure corresponds to hydroxyl and/or carbonate species [10] and also to subsurface oxygen ions with particular coordination and lower electron density than the lattice oxygen [9]. The The surface Cu(II)/Cu atomic ratio was calculated by the method developed in Ref. [13] using the following equation (III.1):

B A B A B II Cu s s + × + = 100 )) / 1 ( 1 ( ) ( % (III.1)
where A is the total area of the main Cu 2p3/2 emission line, B is the area of the shake-up peak and A1s/Bs is a factor representing the ratio of the main peak/shake-up peak areas for a 100 % pure Cu(II) sample equal to 1.89 ± 0.08 for 20 eV pass energy [13] oxide should present six peaks (three pairs of spin-orbit doublets) which are conventionally labeled in order of decreasing energy U"', U", U (corresponding to the Ce 3d3/2 level) and V"', V", V (corresponding to the Ce 3d5/2 level) [14]. The XPS spectrum of Ce(III) oxide should present four peaks (two pairs of spin-orbit doublets) which are labeled in order of decreasing energy U', U 0 (corresponding to the 3d3/2 level) and V', V 0 (corresponding to the 3d5/2 level) [14]. When both Ce(III) and Ce(IV) species are present on the surface of an oxide, the resulting spectrum is a superposition of all these ten features, as it can be seen in The values of the characteristic binding energies of these ten features present in the XPS spectra of Ce(III) and Ce(IV) were taken from Ref. [15]. It has been reported that the U"' peak is exclusively attributed to Ce(IV), being absent from the Ce3d spectrum of pure Ce(III) oxide, and, hence, it is used as quantitative measure of the amount of Ce(IV) [16]. Thus, taking into consideration that for pure Ce(IV) oxide the U"' peak represents ca. 14 % of total integral intensity [16], the percentage of surface Ce(IV) can be calculated using the following equation This was confirmed for Mg by calculating the modified Auger parameter (m-AP) using the following formula (III.3):
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where BEMg2p is the binding energy of Mg 2p and KEMgKLL, the kinetic energy of the MgKLL peak. Indeed, the values obtained for m-AP (Table III.5) are specific for MgO [17] in all the mixed oxide samples. The Mg/Al surface atomic ratio (Table III.4) is lower than the bulk ratio for all the Cu(x)CeMgAlO mixed oxides indicating the Al enrichment of the surface. 

III.2.4. Determination of specific surface area and pore structure

The specific surface area, the pore volume and the pore size of the Cu(x)CeMgAlO mixed oxides are listed in Table III. shaped pores [18]. For both series of mixed oxides, the pore volume decreases with decreasing the surface area (Table III.1). The pore size distributions for the oxides calcined at 750 °C obtained from the desorption branch of isotherms (Figure III.12) indicate bimodal pore structures extending from 3 to ca. 20 nm, with well-defined maxima at 3.7 -3.9 nm and 7.4 -11.5 nm, respectively. For the Cu (15)CeMgAlO samples calcined at lower temperatures larger and less well-defined bimodal pore size distributions are observed, extending from 2 to ca. 30 nm. Thus, well-defined maxima at 3.7 and 4.1 nm are observed for the samples calcined at 650 and 550 °C, respectively, together with shoulders at ca. 9 nm for both samples (Figure III.12). This indicates that increasing the calcination temperature of the Cu(x)CeMgAl precursors from 550 to 650 °C no major textural changes take place, while increasing from 650 to 750 °C results in narrower bimodal pore structure with an increase of the large pores.

III.2.5. Temperature-programmed reduction under hydrogen (H 2 -TPR)

H2-TPR measurements were carried out to investigate the reduction behavior of the different Cu(x)CeMgAlO catalysts. The TPR profiles of the mixed oxides are displayed in Figure III.13 and the corresponding H2 consumptions are presented in Table III.6.

For CeMgAlO support three weak asymmetric reduction peaks were observed in the temperature ranges 230-330 °C, 330-580 °C and 580-750 °C, respectively. They account for ceria particles having different sizes or interactions with the Mg-Al mixed oxide matrix, as described elsewhere [11]. Thus, the low temperature peak was attributed to highly reducible ceria particles dispersed on the surface of the Mg(Al)O support. The medium temperature peak was attributed to ceria particles interacting with Mg(Al)O support and to Ce 4+ species forming CeMgO solid solution. The high temperature peak was attributed to less reducible large ceria crystallites dispersed in the Mg(Al)O matrix. The total amount of Ce 4+ species reduced was ca.

27 %. For Cu(x)CeMgAlO catalysts only one broad and intense reduction peak was observed between ca. 100 and 390 °C, with a queue extending up to a temperature going increasingly from 500 °C for Cu(6)CeMgAlO to 570 °C for Cu (18)CeMgAlO.

The intensity of the peak increased with the Cu content of the catalysts. This TPR profile accounts for the reduction of both Cu 2+ and Ce 4+ species. Thus, most likely the broad and intense reduction peak can be attributed to the successive reduction of Cu 2+ species doped in the ceria particles [19] and from well-dispersed and sintered CuO particles interacting more or less strongly with the CeMgAlO support [20] as well as to the reduction of Ce 4+ species from highly reducible smaller ceria particles [21]. The weak and extended reduction signal above 390 °C can be attributed to the reduction of Ce 4+ species from less reducible larger ceria particles whose reduction extends to higher and higher temperatures with increasing the ceria crystallite size, which increases with Cu content.

Indeed, it has been shown that the high temperature reduction of ceria strongly depends on its crystallinity [22]. On the other hand, it is well known that the reducibility of ceria is enhanced by copper in the CuO-CeO2 system [23,24]. The reduction of ceria at lower temperature in CuCeMgAlO mixed oxides compared to Cu-free CeMgAlO support is obviously due to the fact that ceria phase is reduced by atomic hydrogen formed by the dissociation of dihydrogen on the reduced copper particles [19]. The hydrogen consumption of the Cu(x)CeMgAlO catalysts is much higher compared to that of the CeMgAlO support and increases with increasing the Cu content. Assuming the total reduction of all the Cu 2+ species in the mixed oxide, the amount of Ce 4+ species reduced was calculated and is presented in Table III.6. It can be observed that the amount of Ce 4+ species reduced strongly decreases with increasing the Cu content in the mixed oxide. Moreover, the amount of Ce 4+ species reduced exponentially decreases with increasing the ceria particle size Regarding the hydrogen consumption (Table III.6), it corresponds to the total reduction of all and of ca. 95 % Cu 2+ species in the Cu (15)CeMgAlO samples calcined at 550 and 650 °C, respectively, therefore suggesting that no reduction of cerium takes place. Calcination at 750 °C leads not only to the total reduction of all Cu 2+ species in the Cu(15)CeMgAlO-750 sample, but also to the reduction of a fraction of Ce 4+ species. This suggests a stronger Cu-Ce interaction in the Cu (15)CeMgAlO sample calcined at 750 °C compared to the samples calcined at lower temperatures.

III.2.6. Diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis)

To obtain information about the stereochemistry and aggregation of copper in the Cu- The first one in the ultraviolet region can be assigned to charge transfer transitions between copper and oxygen ions [26]. It evidences the presence of mononuclear Cu 2+ centers (the shoulder at ca. 260 nm) as well as oligomeric (Cu 2+ -O 2--Cu 2+ )n 2+ species (band at ca. 330 nm) [22]. The second band centered at 680-700 nm in the visible region accounts for d-d transitions characteristic for copper (II) ion in an octahedral stereochemistry [26]. The different shape of the UV-Vis spectrum of the Cu(18)CeMgAlO mixed oxide, i.e. higher intensity and a supplementary peak at ca. 450 nm, can be explained by the presence of copper (II) ions with two different stereochemistries, i.e. octahedral and square-planar, the latter corresponding to crystalline CuO, in line with the XRD data.

Notably, the peak at ca. 450 nm, absent in the spectra of Cu(15)CeMgAlO-550 and Cu(15)CeMgAlO-650 samples, is also visible in the UV-Vis spectrum of the Cu(15)CeMgAlO mixed oxide calcined at 750 °C, suggesting that small CuO crystallites (with copper (II) ions in a square planar configuration) are also present in this sample, although not detected by XRD. They are obviously formed with increasing the calcination temperature.

III.3. Catalytic properties of Cu(x)CeMgAlO mixed oxide catalysts

III.3.1. Experimental setup and test conditions

The catalytic tests for the methane combustion over the mixed oxide catalysts were carried out in a fixed bed quartz tube down-flow reactor at atmospheric pressure. A mixture of CH4 and air containing 1 vol. % methane was passed through 1 cm 3 (ca. 0.9 g) catalyst bed with a total flow rate of 267 mL min -1 corresponding to a gas hourly space velocity (GHSV) of 16,000 h -1 . For comparison, an industrially used Pd/Al2O3 catalyst (supplied by ARPECHIM Piteşti, Romania) was tested in methane combustion in similar conditions. Before testing, the catalyst was pre-treated for 30 min in a stream of nitrogen at 600 °C (500 °C for the sample calcined at 550 °C) for cleaning its surface. After pre-treatment, the catalyst was cooled down to 300 °C and the reaction was started by introducing the reaction mixture. Activity measurements were performed by increasing the reaction temperature from 300 to 650 °C at regular intervals.

The reactants and product gases were analyzed online by a Clarus 500 Gas-Chromatograph equipped with a thermal conductivity detector, using two packed columns in series (6 ft Hayesep and 10 ft molecular sieve 5 Å). The catalysts activity was characterized by T10, T50 and T90

representing the temperatures of methane conversions of 10, 50 and 90%, respectively. The Reaction conditions: 1 vol. % methane in air, GHSV of 16000 h -1 , 1 cm 3 of catalyst.

The total oxidation activity of the Cu(x)CeMgAlO catalysts was compared to that of a reference Pd/Al2O3 catalyst supplied by ARPECHIM, Piteşti, Romania, previously reported in

Ref. [27]. The conversion -reaction temperature sigmoid for Pd/Al2O3 and the corresponding T90 value of 484 °C clearly show that this catalyst is highly active for methane combustion. In contrast, the conversion -reaction temperature sigmoid for CeMgAlO support is significantly shifted to higher temperatures (T90 = 637 °C) indicating its lowest activity in the series studied.

The light-off sigmoids for Cu(x)CeMgAlO catalysts are between that of Pd/Al2O3 and CeMgAlO, indicating that copper is a key active component in methane combustion [28]. It appears that the copper content strongly influences, in a complex manner, the catalytic activity of the Cu(x)CeMgAlO catalysts. Indeed, in terms of T10 the catalytic activity follows the order: This suggests that when Cu content ranges between 6 and 12 at. %, the effect of Cu dispersion on the catalytic activity is stronger than the effect of Cu content. This behavior has already been observed for Pd/Al2O3 catalysts [29]. However, regarding the T90 values the order of activity appears inversed for the low Cu-content systems (6 ≤ x ≤ 12). This is obviously due to increased mass transfer limitations with increasing the surface area and decreasing the pore size when x decreases from 12 to 6 (Table III Cu (15)CeMgAlO within all the temperature range. For the latter, the T50 value is ca. 100 °C lower than that of the Cu-free catalyst and remained only ca. 45 °C higher than that of the commercial Pd/Al2O3 catalyst. Both specific and intrinsic activity values calculated at 380 °C (Table III.7) show a marked superiority of the Cu(15)CeMgAlO system. This behavior can be attributed not only to the excellent dispersion of copper in this catalyst, but also to a synergy effect between Cu and Ce. Indeed, the CuO-CeO2 interactions are known to play a key role on the catalytic performance of the CuO-CeO2 catalysts, a review paper focused on this subject being recently published [1]. Notably, this synergy effect leading to an enhanced catalytic activity in methane combustion was shown to correspond to an optimum composition in the Cu-

CeMgAlO < Cu(12)CeMgAlO < Cu(9)CeMgAlO < Cu(6)CeMgAlO ≈ Cu(18)CeMgAlO < Cu(15)CeMgAlO.
Ce system [28]. This optimum corresponds to the Cu(15)CeMgAlO system in the studied Cu(x)CeMgAlO series.

Linear correlations between the rate of methane conversion and the hydrogen consumption in H2-TPR experiments for mixed oxides catalysts obtained from LDH precursors containing Cu [20,27,30] and Ce [11] have been previously evidenced. However, in the case of Cu(x)CeMgAlO systems the rate of methane transformation passes through a maximum for the Cu(15)CeMgAlO (Figure III.17) clearly suggesting that not only Cu, but also Ce is involved in catalysis, in line with the data in Table III.6, with an enhanced synergy effect between these two elements for the Cu(15)CeMgAlO sample. This suggests an evolution of the nature of the catalytic site, in line with the XRD and TPR results showing, on one hand, the incorporation of copper into the ceria lattice at low Cu content determining the simultaneous reduction of an important amount of Ce 4+ species, which results in more reactive catalytic sites (lower activation energies). However, their surface density is obviously low to explain the weak catalytic activity of the catalysts with small Cu content. On the other hand, at high Cu content, separate CuO particles coexist with larger less reducible ceria crystallites and, the most likely, the less reactive catalytic site (higher activation energies) can be associated with CuO particles less interacting with CeO2. The high catalytic activity of the catalysts with high Cu content is due to their high density of active sites. The enhanced activity of the Cu(15)CeMgAlO system is obviously due to an excellent dispersion of CuO particles favoring their interaction with ceria, the CuO species involved in catalysis being located at CuO-CeO2 particles interface [24,28]. It is noteworthy that the values obtained for the Ea are in agreement with those measured for methane catalytic combustion over both similar LDH-derived

CuO catalysts [20,27,31] and CuO-CeO2 and CuO-ZrO2 [24].

The calcination temperature of the precursor is known to influence the catalytic activity of the catalysts [25,32]. This suggests that all the reducible species evidenced in the H2-TPR experiments are involved in the catalytic process and confirms the redox mechanism. It is noteworthy that in the CuO-CeO2 system the optimum of the calcination temperature, studied in the range from 500 to 900 °C, was found to be 700 °C where the most stable state of Cu-Ce-O solid solution was formed [34]. This behavior has already been observed for a Pd/Al2O3 catalyst and was attributed to methane reaction orders lower than one [35].

It has been previously shown that both CuMgAlO [20] and CeMgAlO [11] catalysts obtained from LDH precursors display good stabilities during the complete oxidation of methane. Nevertheless, the stability of the Cu(15)CeMgAlO catalyst, the most active one in the series studied, was checked by maintaining it on stream at 550 °C for more than 50 h. 

III.4. Conclusions

The study of the Cu(x)CeMgAlO mixed oxides as catalysts for the total oxidation of methane leads to the following important conclusions:  Decreasing the calcination temperature of the Cu(15)CeMgAl precursor from 750 to 650 and 550 °C results in mixed oxides with higher surface areas and, hence, higher catalytic activities in terms of T50, which for the Cu(15)CeMgAlO-550 system is only ca. 25 °C higher than that of the reference Pd/Al2O3 catalyst. However, in terms of intrinsic reaction rates the most active catalyst is that calcined at 750 °C accounting for a strengthened Cu-Ce interaction with increasing calcination temperature.

 Cu(x)
 A shift of the light-off curve obtained over Cu (15)CeMgAlO catalyst toward higher temperatures with increasing the methane concentration in the feed gas is observed accounting for methane reaction orders lower than 1.

 A good stability on stream of the Cu (15)CeMgAlO catalyst calcined at 750 °C was noticed.

and diffuse reflectance UV-Vis spectroscopy (DR UV-Vis), while thermogravimetric and differential thermal analyses (DGA-DTA) together with XRD were used for the LDH precursors.

IV.2.1. Powder X-ray diffraction (XRD)

The 2). However, diffraction lines corresponding to CuO tenorite phase can be observed at higher Co contents, i.e. x = 6 and 9 at. %. This could be explained as follows:

at high Co contents the M 2+ /M 3+ atomic ratio becomes higher than the upper limit corresponding to the LDH phase formation, i.e. M 2+ /M 3+ = 4, and, because of its pronounced Jahn-Teller effect, Cu 2+ leaves the brucite-like layers forming a separate phase to the benefit of Co 2+ which enters the LDH layers [2].

Assuming a hexagonal symmetry for the LDH structure, the lattice a (a = 2 × d110) and c (c = 3 × d003) parameters were calculated from the positions of the (110) and (003) reflections, respectively (Table IV The values of the lattice parameter of the fluorite structure of the ceria phase were calculated using the Bragg's law from the three most intense lines in the diffractograms, i.e.

(111), ( 220) and (311), and are tabulated in Table IV varies in the range of 13.7 ± 2.9 nm. The Debye-Scherrer equation has also been used to estimate the average crystallite size of the periclase-like phase from the two most intense reflections at ca. IV.2). The crystallite size of the solid solution periclase-like phase is similar for all the M-CuCeMgAlO mixed oxides, including Co(x)CuCeMgAlO samples, i.e. D = 13.8 ± 1.5 nm, being higher than that observed for the M-free CuCeMgAlO sample.

and 62° 2θ (Table

IV.2.2. Thermogravimetric and differential thermal analyses (TG-DTG-DTA)

The decomposition of the LDH precursors into their corresponding mixed oxides has 
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IV.2.3. Transmission electron microscopy (TEM). Scanning electron microscopy (SEM).

Energy dispersive X-ray spectroscopy (EDX)

The structure and morphology of the LDH-derived mixed oxides were further studied via transmission electron microscopy (TEM) and scanning electron microscopy (SEM). The TEM respectively, being thus close to the fixed values of 3 and 1.5, respectively, except for Mn-CuCeMgAlO sample for which they are slightly higher, i.e. 3.5 and 2.1, respectively. 

IV.2.4. X-ray photoelectron spectroscopy (XPS)

The are attributed to lattice oxygen in oxide and oxygen in the lateral structure, respectively [6]. The oxygen in the lateral structure is associated to hydroxyl and/or carbonate species [7] and also to subsurface oxygen ions with particular coordination and lower electron density than the lattice oxygen probably located at the interface of the crystalline CuO and CeO2 phases [6,8].

The C 1s core level XPS spectra (Figure IV.9.b) show two main contributions at 284.8 and ca. 289.2 eV attributed to adventitious hydrocarbon species and carbon in carbonate, respectively [7]. These results confirm the need of pretreating the catalysts in the reactor under air at 600 °C before each activity test in order to clean their surface [9]. The data in Table IV.5 show that, except for Mn-and Fe-CuCeMgAlO, the surface of the catalysts is enriched in Cu compared to the bulk composition (Table IV.3). The surface Cu 2+ /Cu atomic ratio was calculated by the method developed in Ref. [11] using equation (III.1) 
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The surface Cu 2+ /Cu atomic ratio varies in the range from 0.76 to 0.92, being lower for both M-CuCeMgAlO and Co(x)CuCeMgAlO mixed oxides compared to the unpromoted CuCeMgAlO, except for Co(3)CuCeMgAlO. This shows that, except for the later, the amount of surface Cu + species is higher in the promoted catalysts compared to the unpromoted one.

The X-ray photoelectron spectra of the Ce 3d3/2 and Ce 3d5/2 core levels of both M-CuCeMgAlO and Co(x)CuCeMgAlO mixed oxides are presented in Figure IV.11. It can be observed that all the XPS spectra show ten peaks suggesting that both Ce 3+ and Ce 4+ species are present on the surface of all the mixed oxides. Indeed, six peaks (three pairs of spin-orbit doublets) conventionally labeled in order of decreasing energy U"', U", U (corresponding to the Ce 3d3/2 level) and V"', V", V (corresponding to the Ce 3d5/2 level) are attributed to Ce 4+ species, while four peaks (two pairs of spin-orbit doublets) labeled in order of decreasing energy U', U 0 (corresponding to the 3d3/2 level) and V', V 0 (corresponding to the 3d5/2 level) are attributed to Ce 3+ species [12]. The values of the characteristic binding energies of these ten features were taken from Ref. [13]. The U"' peak is exclusively attributed to Ce 4+ , being absent from the Ce 3d spectrum of pure Ce 3+ oxide, and, hence, it is used as a quantitative measure of the amount of Ce 4+ [14]. Thus, taking into consideration that for pure CeO2 the U"' peak represents ca. 14 % of total integral intensity [14], the surface Ce 4+ content was calculated using the following equation (III.2). The Ce 4+ /Ce surface atomic ratio thus calculated is tabulated in Table IV.5. It varies in the range from 0.79 to 0.93, being lower for both M-CuCeMgAlO and Co(x)CuCeMgAlO mixed oxides compared to the unpromoted CuCeMgAlO. This shows that the amount of surface Ce 3+ species is higher in the promoted catalysts compared to the unpromoted one, in agreement with previously reported results for co-doped CeO2 [15]. Moreover, the Ce 4+ /Ce surface atomic ratio roughly parallels the Cu 2+ /Cu surface atomic ratio (Figure IV.12) for both M-CuCeMgAlO and Co(x)CuCeMgAlO series of mixed oxides suggesting that the promoter equally favors the reduction of both Ce 4+ and Cu 2+ surface species in the promoted catalysts, and, hence, improves the synergistic effect between Cu and Ce [12]. It is worth noting that the reduction of Ce 4+ under the X-ray beam during the XPS analysis is, at least partly, responsible for the presence of surface Ce 3+ species. The data in Table IV.5 also shows that the surface Ce content is lower than that of the bulk (Table IV.3) for all the mixed oxides and, except for the Mn-CuCeMgAlO sample, the Cu/Ce surface atomic ratio (Table IV.5) is significantly higher than the bulk ratio (Table IV It can be observed that the Co 3+ /Co 2+ surface ratio passes through a maximum with increasing the Co content in the Co(x)CuCeMgAlO series, which corresponds to the Co(3)CuCeMgAlO system. The data in Table IV.5 also show that the surface of all the Co-promoted mixed oxides is enriched in Co compared to the bulk composition (Table IV.3).

(A) (B) (C) (D) (E) (F) (G) U"' (H) U" U' U U 0 V"' V" V' V V 0

IV.2.5. Diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis)

The electronic spectra of all the transition-metal-promoted CuCeMgAlO mixed oxides (Figure IV.17 The specific surface areas of both M-CuCeMgAlO and Co(x)CuCeMgAlO samples are close together and, for the later, vary irrespective to the Co content, in line with their similar particle sizes of the periclase-like phase (D = 13.8 ± 1.5 nm). However, their specific surface area is lower than that of the CuCeMgAlO mixed oxide, in line with its lower particle size of the periclase-like phase (D = 10.1 nm). All the mixed oxide catalysts reveal type IV isotherms according to the IUPAC classification, with either H3-type or a combination of H3 with H2b types hysteresis loops characteristic of mesoporous materials with either slit-shaped pores or more complex pore structures [24].

The pore volume of all mixed oxides varies in the range from 0.17 cm 3 g -1 for Fe-CuCeMgAlO to 0.35 cm 3 g -1 for Ni-CuCeMgAlO (Table IV 

IV.2.7. Temperature-programmed reduction under hydrogen (H 2 -TPR)

The reduction behavior of the different mixed oxides has been investigated by H2-TPR measurements, their reduction profiles being displayed in Figure IV.20 with the corresponding H2 consumptions tabulated in Table IV.8. For the unpromoted CuCeMgAlO system only one broad and intense reduction peak was observed in the temperature range 125-390 °C, with a tail extending up to 550 °C. This TPR profile accounts for the reduction of both Cu 2+ and Ce 4+ species, as described elsewhere [8]. Thus, the broad and intense reduction peak with several maxima below 390 °C has been attributed to the successive reduction of Cu 2+ species doped in the ceria particles, from welldispersed and sintered CuO particles interacting more or less strongly with the CeMgAlO support and to the reduction of Ce 4+ species from highly reducible smaller ceria particles, while the tail has been attributed to the reduction of Ce 4+ species from less reducible larger ceria particles [8]. It is worth noting that the reduction model of small and large ceria particles is equivalent with that of surface and bulk ceria, often used to explain the reduction profile of Cecontaining materials, as small and large particles are mostly surface and mostly bulk, respectively [25]. Due to the different nature of the transition metal cations and the degree of crystallinity of the phases present, different reducibilities are expected for the M-CuCeMgAlO mixed oxides.

Their H2-TPR patterns show an intense and broad peak in the low-temperature region, which is narrower compared to that of the M-free CuCeMgAlO mixed oxide and clearly ends at a temperature lower than 400 °C. A weak reduction peak at higher temperatures is also observed.

The first reduction peak is due to the same reduction processes as observed for the M-free

CuCeMgAlO system combined with the reduction of the transition-metal cations M. The later promote the redox ability of the material resulting in sharp and overlapping peaks, in agreement with previously reported results [26]. The high-temperature weak peak can be attributed to the reduction of either Ce 4+ species from less reducible larger ceria particles [25] or M n+ transitionmetal ions from spinel-like phases with different stoichiometries [27]. Although the latter were not evidenced by X-ray diffraction, their presence could not be totally ruled out. The first maximum reduction temperature for the M-CuCeMgAlO systems is higher than that observed for M-free CuCeMgAlO mixed oxide. This is obviously due to the significantly higher surface area of the later [28]. Based on their first maximum reduction temperature, the reducibility of the M-CuCeMgAlO mixed oxides in terms of easiness of reduction increases as follows: Fe-CuCeMgAlO < Co-CuCeMgAlO < Mn-CuCeMgAlO ≈ Ni-CuCeMgAlO. This order corresponds to the decrease of the crystallite size of the Mg(Al)O periclase-like phase (Table both specific and intrinsic activities of the Co-CuCeMgAlO catalyst calculated at 400 °C (Table IV.9) show the superiority of this system, and, hence, the effect of Co content on its catalytic performance was studied. It appears that the cobalt content strongly influences, in a complex manner, the catalytic activity of the Co demonstrate that the synergistic interaction between these species is a key factor controlling the activity of the Co(x)CuCeMgAlO catalysts in the complete oxidation of methane. The absence of these correlations for the M-CuCeMgAlO series does not necessarily minimize the role of the M-Cu-Ce synergistic interaction, but rather shows that the nature of the cation M influences the interaction, and, on the other hand, confirms the heterogeneous redox mechanism for methane combustion over these catalytic materials. Notably, the correlation reaction rate -reducibility has been previously reported for several mixed oxides catalysts obtained from LDH precursors containing Cu [29,34,35] and Ce [36] for the complete oxidation of methane. 

IV.4. Conclusions

The study of the M-CuCeMgAlO (3 at. % M = Mn, Fe, Co and Ni) and  The catalytic activity in the Co(x)CuCeMgAlO series was shown to increase with increasing of both the Co 3+ , Cu 2+ and Ce 4+ surface concentrations and the catalyst reducibility, unambiguously demonstrating that the synergistic interaction between these species is a key factor controlling their catalytic behavior in the complete oxidation of methane.

 The Co-promoted CuCeMgAlO mixed oxide with 3 at. % Co was shown to be the most active catalyst in both series, with a T50 value of only ca. 20 °C higher than that of a reference Pd/Al2O3 catalyst. Its enhanced catalytic activity is attributed to an excellent Cu-Co-Ce synergistic interaction.

 A good stability on stream of the Co-CuCeMgAlO catalyst was also noticed.
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Figure I. 1 .

 1 Figure I.1. Contributions of various sectors to emission of VOCs [2].

Figure I. 3 .

 3 Figure I.3. Schematic representation of brucite (a) and LDHs (b) structures [38].

Figure I. 5 .

 5 Figure I.5. Thermal decomposition of LDHs into mixed oxides [35].

  most active in the LnMgAlO mixed oxide series, giving complete conversion of methane at 700 ºC (Figure I.6).

Figure I. 6 .

 6 Figure I.6. CH4 conversion as a function of the reaction temperature for the Ln(5)MgAlO and MgAlO catalysts: Ce(5)MgAlO (▲), Sm(5)MgAlO (♦), Dy(5)MgAlO(■), Yb(5)MgAlO (•), MgAlO (×)(1 vol.% CH4 in air, total VHSV= 16,000 h -1 ) [32].

Figure I. 7 .

 7 Figure I.7. CH4 conversion as a function of the reaction temperature for the Ce(x)MgAlO and CeO2 catalysts: Ce(5)MgAlO (▲), Ce(7)MgAlO (•), Ce(10)MgAlO (■), Ce(20)MgAlO (♦), CeO2(*) (1 vol.% CH4 in air, total VHSV= 16,000 h -1 ) [32].

Figure I. 8 .

 8 Figure I.8. Intrinsic rate of CH4 conversion on the Ce(x)MgAlO catalysts at 600 ºC vs.H2 consumption in TPR experiments at temperatures lower than 600 ºC: Ce(5)MgAlO(▲), Ce(7)MgAlO (•), Ce(10)MgAlO (■), Ce(20)MgAlO (♦)[32].

Figure I. 9 .

 9 Figure I.9. Effect of time on stream on the catalytic activities of Ce(5)MgAlO (▲) andCe(10)MgAlO (■) at 600 °C (1 vol.% CH4 in air, total VHSV= 16,000 h -1 ) [32].

Figure I. 10 .

 10 Figure I.10. CH4 conversion as a function of the reaction temperature for the MMgAlO catalysts: PdMgAlO (◊), CuMgAlO (■), AgMgAlO (♦), CoMgAlO (•), MnMgAlO (▲), ZnMgAlO (□), NiMgAlO (○), FeMgAlO (∆), MgAlO (×), Quartz ( ) (1 vol.% CH4 in air, total VHSV= 20,000 h -1 ) [27].

Figure I. 11 .

 11 Figure I.11. Effect of time on stream on the catalytic properties of CuMgAlO at 560 ºC and of PdMgAlO at 470 °C: PdMgAlO (◊), CuMgAlO (■) (1 vol % CH4 in air, total VHSV= 20,000 h -1 ) [27].

Figure I. 12 .

 12 Figure I.12. Conversion as a function of the reaction temperature for the CuMgAlO catalyst: methane (■), ethane (•), propane (▲), propene (∆) (1 vol.% hydrocarbon in air, total VHSV= 20,000 h -1 ) [27].

Figure I. 13 .

 13 Figure I.13. CH4 conversion as a function of the reaction temperature for the Cu(x)MgAlO catalysts and MgAlO (1% vol. CH4 in air, total VHSV = 20,000 h -1 ) [28].

Figure I. 14 .

 14 Figure I.14. Specific activity of the catalysts vs. H2 consumption in the low-temperature region of the TPR profiles [28].

Figure I. 15 .

 15 Figure I.15. XRD patterns of calcined Cu-containing LDHs, with 0 to 40 wt. % CuO (* -Cu(OH)2) [42].

  or greater extent, other reactions may occur, such as steam reforming (I.5) or watergas shift reaction (I.6)[START_REF] Li | A Review on Complete Oxidation of Methane at Low Temperatures[END_REF]:

Figure I. 18 .

 18 Figure I.18. Typical S-shaped conversion-temperature curve for hydrocarbon catalytic combustion [59].

Figure I. 19 .

 19 Figure I.19. Proposed mechanism for methane oxidation over a Pd catalyst; adsorbed (a) and gas phase (g) [60].

(

  kred is the rate constant of the oxidation of the hydrocarbon by the lattice oxygen (reduction of the lattice by the hydrocarbon); kox is the rate constant of the lattice re-oxidation; γ is the oxygen stoichiometric coefficient for combustion reaction of the hydrocarbon.Belessi et al.[START_REF] Belessi | Kinetics of methane oxidation over La-Sr-Ce-Fe-O mixed oxide solids[END_REF] studied the phenomenological dependence of oxidation rate on the partial pressures of O2 and CH4 on a series of perovskite-type catalysts with the composition La0.7Ce0.3FeO3, La0.7Sr0.3FeO3 and La0.7Sr0.1Ce0.2FeO3. In agreement with a mechanism similar to that suggested for methane oxidation over noble metal catalysts, shown in Figure I.19, they proposed a kinetic study using a Langmuir-Hinshelwood-type equation, in which the surface reaction between adsorbed methane and adsorbed oxygen is the rate-determining step. They established for the reaction rate, R, the following relation (I.11):

  simulated reaction rate curves, according to equation (I.11), for the La0.7Sr0.3FeO3 catalyst, using a suitable optimizing computer program, are shown on Figures I.20.a and b, as a function of the partial pressure of methane and oxygen, respectively. The corresponding k, KO2

Figure I. 20 .

 20 Figure I.20. Dependence of reaction rate on the partial pressure of CH4 (a) and O2 (b), for La0.7Sr0.3FeO3 catalyst. Points: experimental; lines: best computer fittings according to the equation (7), for the optimum k, KO2 and KCH4 values. (■) 440; (□) 460; (•) 480; (○) 480; (▲) 540; (∆) 580 and (▼) 620 ºC [62].

  presence of sulphur sources. It is well known that Pd can be severely poisoned by sulphur compounds. Pt possesses greater resistance to sulphur poisoning by H2S because it has improved activity for the oxidation of SO2 to SO3, but has a lower activity in methane combustion, while Rh has intermediate activity and regenerates well after exposure to H2S[START_REF] Chen | Recent Advances in Catalysts for Methane Combustion[END_REF]. In the case of Pdbased catalysts, the sulfur compounds are easily converted to SOx, followed by strong adsorption onto the surface of PdO particles as stable sulphate species, which lead to the decreasing of the number of active sites until saturation of the active sites surface by sulphate species and complete loss of catalytic activity for methane oxidation (Figure I.21).

Figure I. 21 .

 21 Figure I.21. Schematization of H2S poisoning for Pd/Al2O3 catalysts [64].

  Cu-Mn loaded on MCM-41 support shows better stability over 50 h of time-on-stream than the Cu-Mn loaded on Beta zeolite, as shown in Figure I.22.

Figure I. 22 .

 22 Figure I.22. Toluene conversion as a function of time-on-stream on Cu-Mn/β zeolite and Cu-Mn/MCM-41 (3500 ppm toluene, 8.8 % oxygen, gas flowrate of 60 ml/min, balance gas as Ar and 0.1 g of catalyst [69].

Figure I. 23 .

 23 Figure I.23. TGA profiles of the investigated Cu-Mn/β zeolite and Cu-Mn/MCM-41 catalysts [69].

  Experimental observations have led to the conclusion that sintering rates of supported metal catalysts are strongly affected by the temperature and to a lower extent by the atmosphere, as seen in Figure I.24. This figure shows two different behaviors: a rapid, almost exponential loss of surface area by sintering during the initial stage and a slower (almost linear) loss, later on.

  .1.a), which is followed by the relaxation of the atom, with the emission of an Auger electron or of a X-ray fluorescence radiation (Figure II.1.b).

Figure II. 1 .

 1 Figure II.1. Schematic representation of the photoelectron emission process [4].

  with electron detector (Figure II.2)[6, 7].

Figure II. 2 .

 2 Figure II.2. Schematic of a typical X-ray photoelectron spectrometer [7].

  Figure II.3 shows the phenomena that occur at the interaction of the accelerated electron beam with the sample.

Figure II. 3 .

 3 Figure II.3. Interaction between the incident electron beam and the sample in an electronmicroscope[8].

Figure II. 4 .

 4 Figure II.4. Graphical representation of the linearized BET equation [17].

A

  schematic representation of a H2-TPR instrument is given in Figure II.5.

Figure II. 5 .

 5 Figure II.5. Schematic diagram for H2-TPR apparatus [20].

  . The latter part may be absorbed within particles, undergo diffraction at grain boundaries, re-emerge at the sample surface and interweave with reflected parts. The measured reflectivity includes contributions from all mechanisms, as seen in Figure II.6.

Figure II. 6 .

 6 Figure II.6. Schematic representation of light trajectories in a scattering sample [22].

Figure II. 7 .

 7 Figure II.7.

Figure II. 7 .I

 7 Figure II.7. Schematic representation of a diffuse reflectance spectrophotometer with integration sphere [23].

Figure II. 8 .

 8 Figure II.8. The Schuster-Kubelka-Munk approximation in diffuse reflectance spectroscopy. The incident and remitted light fluxes are approximated by two opposite fluxes, perpendicular to the surface of the infinitely thick sample layer [23].

  Figure III.1.

Figure III. 1 .

 1 Figure III.1. XRD patterns of the Cu(x)CeMgAl precursors as prepared. Symbols: # -LDH phase;  -boehmite (AlOOH) phase.

  )CeMgAlO mixed oxide is shown on (Figure III.2.b). It can be observed that the diffraction lines of both Mg(Al)O mixed oxide and CeO2 fluorite phases become significantly larger when the calcination temperature decreases from 750 to 650 °C suggesting a strong decrease of the crystallite size. Indeed, the average crystallite size of ceria decreases from 12.2 nm for the sample calcined at 750 °C to 4.1 nm for that calcined at 650 °C. Further decreasing the calcination temperature from 650 to 550 °C results in slightly larger and less intense diffraction lines accounting for a lower crystallinity of the sample Cu(15)CeMgAlO-550. The average crystallite size of ceria slightly decreases from 4.1 nm for Cu(15)CeMgAlO-650 to 3.1 nm for Cu(15)CeMgAlO-550. It is worth noting that the XRD patterns of the catalysts remain unchanged after the catalytic tests as it can be observed in Figure III.3 for the Cu(x)CeMgAlO samples with x = 6, 12 and 18, respectively.

Figure III. 2 .

 2 Figure III.2. XRD patterns of the Cu(x)CeMgAlO mixed oxides calcined at 750 °C (a) and of the Cu(15)CeMgAlO mixed oxides calcined at different temperatures (b). Symbols: x -CuO tenorite phase; ♦ -CeO2 fluorite phase;  -Mg(Al)O mixed oxide periclase-like phase.

Figure III. 3 .

 3 Figure III.3. XRD patterns of the used catalysts compared with fresh calcined Cu(x)CeMgAlO mixed oxides.

Figure III. 4 .

 4 Figure III.4. SEM micrographs of the Cu(x)CeMgAl precursors (left) and corresponding mixed oxides calcined at 750 °C (right).

Figure III. 4 .

 4 Figure III.4. (continued)

  component at 531.6 eV obviously accounts for the hydroxylation and carbonatation of the catalyst surface, as its relative intensity increased linearly with the specific surface area of the catalyst (Figure III.6), except for Cu(18)CeMgAlO sample. For the latter, the subsurface oxygen ions with particular coordination, probably located at the interface of the crystalline CuO and CeO2 phases, also have an important contribution to the XPS peak at 531.6 eV. The C 1s core level (Figure III.5.b) shows two main contributions: the adventitious hydrocarbon species (BE 284.8 eV) and carbon in carbonate (BE ca. 289.2 eV) [10]. These results confirm the need of pretreating the catalysts in the reactor under air at 600 °C before each activity test [11]. The photoelectron profile of Cu 2p region for all the Cu(x)CeMgAlO mixed oxides are displayed in Figure III.7.a and the surface concentrations of copper together with Cu(II)/Cu atomic ratios are tabulated in

Figure III. 5 .

 5 Figure III.5. O 1s core level (a) and C 1s core level (b) XPS spectra of the Cu(x)CeMgAlO mixed oxide catalysts: CeMgAlO (a), Cu(6)CeMgAlO (b), Cu(9)CeMgAlO (c), Cu(12)CeMgAlO (d), Cu(15)CeMgAlO (e), Cu(15)CeMgAlO-650 (f), Cu(15)CeMgAlO-550 (g), Cu(18)CeMgAlO (h).

Figure III. 6

 6 Figure III.6 Variation of the relative intensity of the O 1s XPS component at 531.6 eV vs. the specific surface area of the Cu(x)CeMgAlO mixed oxides.

  . The surface Cu(II)/Cu atomic ratio passes through a maximum for the Cu(15)CeMgAlO mixed oxide with increasing the Cu content, then it decreases for Cu(18)CeMgAlO sample. The X-ray photoelectron spectra of the Ce 3d3/2 and Ce 3d5/2 core levels of the Cu(x)CeMgAlO mixed oxides are presented in Figure III.7.b. The XPS spectrum of pure Ce(IV)

Figure III. 7 .

 7 Figure III.7. Cu 2p core level (a) and Ce 3d core levels (b) XPS spectra of the Cu(x)CeMgAlO mixed oxide catalysts: Cu(6)CeMgAlO (a), Cu(9)CeMgAlO (b), Cu(12)CeMgAlO (c), Cu(15)CeMgAlO (d), Cu(15)CeMgAlO-650 (e), Cu(15)CeMgAlO-550 (f), Cu(18)CeMgAlO (g), CeMgAlO (h).

  Figure III.7.b for the Cu(x)CeMgAlO mixed oxides. For the Cu(15)CeMgAlO sample calcined at different temperatures, the Cu(II)/Cu atomic ratio increases linearly with increasing the calcination temperature (Figure III.8).

(

  III.2): The X-ray photoelectron spectra of the Al 2p and Mg 2p of the Cu(x)CeMgAlO mixed oxides are shown in Figures III.9 and III.10, respectively. Figure III.10 also shows the Auger Mg KLL spectra of the Cu(x)CeMgAlO mixed oxides. The Al 2p peak appears at almost the same binding energy as Cu 3p. The relative peak positions of both Al and Mg are very stable (TableIII.5) and account for Al 3+ and Mg 2+ in their corresponding oxides.

Figure III. 9 .

 9 Figure III.9. Al 2p core level XPS spectra of the Cu(x)CeMgAlO mixed oxide catalysts.

Figure III. 9 .Figure III. 10 .

 910 Figure III.9. (continued)

  1 and their corresponding adsorption-desorption isotherms and pore size distributions are shown in Figures III.11 and III.12, respectively. The specific surface area of the Cu-containing samples calcined at 750 °C are significantly larger than that of the CeMgAlO support and decreased with increasing Cu content from 169 m 2 g -1 for Cu(6)CeMgAlO to 108 m 2 g -1 for Cu(18)CeMgAlO, in line with the concurrent increase of the crystallinity of these oxides (Figure III.2.a). On the other hand, as expected, the surface area of the Cu(15)CeMgAlO mixed oxide calcined at different temperatures decreases from 156 to 120 m 2 g -1 when the calcination temperature increases from 550 to 750 °C due to the sintering of the particles. All the mixed oxide catalysts reveal type IV isotherms according to the IUPAC classification, with H3-type hysteresis loops characteristic of mesoporous materials with slit-

Figure III. 11 .

 11 Figure III.11. Nitrogen adsorption/desorption isotherms at -196 °C of the Cu(x)CeMgAlO (a) and Cu(15)CeMgAlO mixed oxides calcined at different temperatures (b).

Figure III. 12 .Figure III. 12 .

 1212 Figure III.12. Pore size distributions of the Cu(x)CeMgAlO catalysts.

Figure III. 13 .

 13 Figure III.13. H2-TPR profiles of the Cu(x)CeMgAlO mixed oxides calcined at 750 °C (a) and of the Cu(15)CeMgAlO mixed oxides calcined at different temperatures (b).

(Figure III. 14 .

 14 Figure III.14. Amount of Ce 4+ species reduced in H2-TPR experiments vs. ceria particle size in the Cu(x)CeMgAlO mixed oxides calcined at 750 °C (a) and vs. Cu/Ce surface atomic ratio (b).

  containing mixed oxides, they were analyzed by DR-UV-Vis spectroscopy. The DR-UV-Vis spectra of all the Cu(x)CeMgAlO samples (Figure III.15) show two absorption bands.

Figure III. 15 .

 15 Figure III.15. DR-UV-Vis spectra of the Cu(x)CeMgAlO mixed oxides: Cu(6)CeMgAlO (a), Cu(9)CeMgAlO (b), Cu(12)CeMgAlO (c), Cu(15)CeMgAlO (d), Cu(15)CeMgAlO-650 (e), Cu(15)CeMgAlO-550 (f), Cu(18)CeMgAlO (g).

Figure III. 16 .

 16 Figure III.16. The light-off curves for the combustion of methane over Cu(x)CeMgAlO catalysts calcined at 750 °C, compared with that of an industrial reference Pd/Al2O3 catalyst.Reaction conditions: 1 vol. % methane in air, GHSV of 16000 h -1 , 1 cm 3 of catalyst.

. 1 )

 1 . The most active catalyst in this series is the Cu(15)CeMgAlO mixed oxide likely due to the excellent dispersion of Cu in this material for which oligomeric (Cu 2+ -O 2--Cu 2+ )n 2+ species together with tiny not XRD-visible CuO crystallites were evidenced by UV-Vis spectroscopy (Figure III.15). Indeed, Cu(18)CeMgAlO, which contains XRD-visible crystalline CuO phase (Figure III.2.a), is less active than

Figure III. 17 .Figure III. 18 .

 1718 Figure III.17. Intrinsic rate of methane conversion on the Cu(x)CeMgAlO catalysts at 380 °C (▲) and 400 °C (•) vs. hydrogen consumption in H2-TPR experiments.

Figure III. 19 .

 19 Figure III.19. Arrhenius plots for the combustion of methane over Cu(x)CeMgAlO catalysts.Reaction conditions: 1 vol. % CH4 in air and GHSV of 16000 h -1 , 1 cm 3 of catalyst.

Figure III. 19 .

 19 Figure III.19. (continued)

Figure III. 21 .

 21 Figure III.21. Intrinsic activities measured at 380 °C vs. hydrogen consumption in the H2-TPR experiments for the Cu(15)CeMgAlO catalysts calcined at different temperatures.

Figure III. 22

 22 Figure III.22 shows the effect of GHSV on the catalytic activity of the Cu(15)CeMgAlO mixed oxide. It can be observed that the light-off curve slightly shifts toward higher temperatures with increasing the GHSV while keeping constant the concentration of methane in the feed gas at 1 vol. %.

Figure III. 22 .Figure III. 23 .

 2223 Figure III.22. Effects of gas hourly space velocity at constant concentration of methane in the feed gas of 1 vol. % on methane conversion over Cu(15)CeMgAlO catalyst.

Figure III. 24 Figure III. 24 .

 2424 Figure III.24. Conversion of methane versus time on stream for the reaction at 550 °C over Cu(15)CeMgAlO catalyst. Reaction conditions: 1 vol. % CH4 in air and GHSV of 16000 h -1 , 1 cm 3 of catalyst.

  XRD patterns of the as-prepared M-CuCeMgAl and Co(x)CuCeMgAl LDH precursors are displayed in Figures IV.1 and IV.2. All the M-CuCeMgAl LDH precursors consist of well-crystallized LDH phase (JCPDS 37-0630) together with poorly-crystallized boehmite AlOOH (JCPDS 83-2384) phase (Figure IV.1). The M-free CuCeMgAl LDH precursor consists of a mixture of both LDH and boehmite poorly-crystallized phases (Figure IV.1). The absence of diffraction lines corresponding to cerium-or transition-metal-containing additional phases can be noted suggesting that these cations are well dispersed in the M-CuCeMgAl LDH precursor samples, as already observed in CuCeMgAl LDH materials [1]. The Co(x)CuCeMgAl LDH precursors also consist of a mixture of well-crystallized LDH and poorly-crystallized boehmite AlOOH phases (Figure IV.

Figure IV. 1 .

 1 Figure IV.1. XRD patterns of CuCeMgAl and M-CuCeMgAl LDH precursors. Symbols: # -LDH phase;  -boehmite (AlOOH) phase.

Figure IV. 2 .

 2 Figure IV.2. XRD patterns of Co(x)CuCeMgAl LDH precursors. Symbols: # -LDH phase; boehmite (AlOOH) phase;  -CuO tenorite.

Figure IV. 3 .Figure IV. 4 .

 34 Figure IV.3. XRD patterns of M-CuCeMgAlO mixed oxides calcined at 750 °C. Symbols:  -CuO tenorite phase; ♦ -CeO2 fluorite phase;  -Mg(Al)O mixed oxide periclase-like phase.

  been followed by thermogravimetric and differential thermal analyses. The TG curves of selected LDH precursors are presented in Figure IV.5, while the TG-DTG-DTA curves of the asprepared Co-CuCeMgAl LDH precursor, representative of all samples, are presented in Figure IV.6. They are typical for the LDH structure [4] with a first weight loss of 9-13 % (DTG-DTA peaks at 110 and 170 °C) due to the elimination of weakly bounded and interlayer water molecules, and a second weight loss in the range of 20-24 % (DTG-DTA peaks at 350 and 395 °C) ascribed to the removal of hydroxyl groups in the brucite-like layers and to the decomposition of the compensating anions.

Figure IV. 5 .

 5 Figure IV.5. TG curves of selected LDH precursors.

Figure IV. 6 .

 6 Figure IV.6. TG-DTG-DTA curves of the Co-CuCeMgAl LDH precursor.

  images of selected mixed oxides (Figure IV.7) revealed that they have a scalelike structure with nanoparticle sizes of ca. 5-15 nm. Regular and smooth lattice fringes can also be observed, confirming the good crystallinity of the materials. The SEM images of all the mixed oxides are displayed in Figure IV.8. All the images show agglomerated powders with micro-and nanometric features that generate a large surface area. Notably, in powders with a higher Co content, crystalline rectangular parallelepiped shapes of different size are observed. These correspond to copper oxides with tenorite structure[5], in good agreement with the conclusions drawn from the X-ray diffraction analysis.

Figure IV. 7 .

 7 Figure IV.7. TEM images of Mn-, Ni-, Co-CuCeMgAlO and Co(9)CuCeMgAlO mixed oxides.

Figure IV. 7 .Figure IV. 8 .Figure IV. 8 .

 788 Figure IV.7. (continued)

  photoelectron spectroscopy (XPS). All the expected elements, i.e. Mn or Fe or Co or Ni and Cu, Ce, Mg, Al, O and C are present on the surface of the oxides, their respective content being tabulated in Table IV.4. For all the mixed oxide samples the O 1s core level XPS spectra (Figure IV.9.a) consisted of a peak deconvoluted into two components at ca. 529.7 and 531.6 eV which

Figure IV. 9 .

 9 Figure IV.9. (a) O 1s core level and (b) C 1s core level XPS spectra of the mixed oxides: CuCeMgAlO (A), Mn-CuCeMgAlO (B), Fe-CuCeMgAlO (C), Co-CuCeMgAlO (D), Ni-CuCeMgAlO (E), Co(1)CuCeMgAlO (F), Co(6)CuCeMgAlO (G), Co(9)CuCeMgAlO (H).

Figure IV. 10 .

 10 Figure IV.10. Cu 2p core level XPS spectra of the mixed oxides: CuCeMgAlO (A), Mn-CuCeMgAlO (B), Fe-CuCeMgAlO (C), Co-CuCeMgAlO (D), Ni-CuCeMgAlO (E), Co(1)CuCeMgAlO (F), Co(6)CuCeMgAlO (G), Co(9)CuCeMgAlO (H).

Figure IV. 11 .

 11 Figure IV.11. Ce 3d core levels XPS spectra of the mixed oxides: CuCeMgAlO (A), Mn-CuCeMgAlO (B), Fe-CuCeMgAlO (C), Co-CuCeMgAlO (D), Ni-CuCeMgAlO (E), Co(1)CuCeMgAlO (F), Co(6)CuCeMgAlO (G), Co(9)CuCeMgAlO (H).

Figure IV. 12 .Figure IV. 13 .Figure IV. 15 .

 121315 Figure IV.12. Ce 4+ /Ce vs. Cu 2+ /Cu surface ratios for (a) M-CuCeMgAlO and (b) Co(x)CuCeMgAlO mixed oxide series (the data for M-free CuCeMgAlO have been included in both series). The dashed line is a guide to the eye.

Figure IV. 16 .

 16 Figure IV.16. The X-ray photoelectron profiles of Co 2p for the Co(x)CuCeMgAlO mixed oxides: (A) x = 1, (B) x = 3, (C) x = 6 and (D) x = 9.

Figure IV. 19 .Figure IV. 19 .

 1919 Figure IV.19. Pore size distributions of the CuCeMgAlO, M-CuCeMgAlO and Co(x)CuCeMgAlO mixed oxides.

  .7). The pore size distributions of the mixed oxides (Figure IV.19) obtained from the desorption branch of isotherms indicate unimodal pore structures extending from 2 to ca. 20 nm, with well-defined maxima ranging from 7.4 nm for Ni-CuCeMgAlO to 10.8 nm for Co(6)CuCeMgAlO. A shoulder at 15.2 nm was also noticed in the pore size distribution of the Co(1)CuCeMgAlO sample. For the M-free CuCeMgAlO sample a well-defined bimodal pore size distribution with maxima at 3.7 and 11.4 can be observed.

Figure IV. 20 .

 20 Figure IV.20. H2-TPR profiles of (a) CuCeMgAlO and M-CuCeMgAlO, and (b) Co(x)CuCeMgAlO mixed oxides.

Figure IV. 21 .

 21 Figure IV.21. The light-off curves for the combustion of methane over (a) M-CuCeMgAlO and (b) Co(x)CuCeMgAlO mixed oxides compared with that of a reference Pd/Al2O3 catalyst. Reaction conditions: 1 vol. % CH4 in air, GHSV of 16000 h -1 , 1 cm 3 of catalyst.

  (x)CuCeMgAlO catalysts (Figure IV.21.b), which, in terms of both T50 and T90, and specific and intrinsic rates, follows the order: CuCeMgAlO < Co(1)CuCeMgAlO < Co(9)CuCeMgAlO < Co(6)CuCeMgAlO < Co-CuCeMgAlO. In other words, the catalytic activity passes through a maximum corresponding to the Co(3)CuCeMgAlO system with increasing the Co content from 1 to 9 at. %. This evolution could be explained taking into consideration an interplay between the Cu-Co-Ce synergistic interaction and the segregation of CuO tenorite phase, the later going increasingly with increasing the Co content, as evidenced by the X-ray diffraction (Figure IV.4) and SEM analyses (Figure IV.8). Indeed, for Co contents lower than 3 at. %, the amount of promoter involved in the synergistic interaction with Cu and Ce is too low, the copper itself being partially not accessible as shown in the H2-TPR experiments, and hence the density of the most active Cu-Co-Ce catalytic sites is lower. For Co contents higher than 3 at. %, the strong segregation of CuO phase takes place resulting again in a decrease of the amount of the most active Cu-Co-Ce catalytic sites compared to the Co(3)CuCeMgAlO system, which is the most active catalyst in this series. Moreover, it has been observed that both the rate of methane transformation and the Co 3+ /Co 2+ surface atomic ratio roughly follow the same trend when plotted as a function of the Co content x in the Co(x)CuCeMgAlO catalysts (Figure IV.22). This suggests that the Co 3+ /Co 2+ surface atomic ratio is another factor determining the activity of these catalysts in methane combustion, in agreement with the literature [33]. Interestingly, pretty good linear correlations have been observed between both Cu 2+ /Cu and Ce 4+ /Ce surface atomic ratios and the rate of methane transformation over Co(x)CuCeMgAlO catalysts (Figure IV.23) clearly suggesting that Cu 2+ and Ce 4+ surface species are also involved in the catalytic process. Notably, all these correlations showing the increase of the reaction rate with increasing Co 3+ , Cu 2+ and Ce 4+ surface concentrations unambiguously

Figure IV. 23 .Figure IV. 24 .

 2324 Figure IV.23. Intrinsic rate of methane conversion measured at 400 °C as a function of (a) Cu 2+ /Cu and (b) Ce 4+ /Ce surface atomic ratios in the Co(x)CuCeMgAlO catalysts.

Figure IV. 25 .

 25 Figure IV.25. (continued)

Figure IV. 26 .

 26 Figure IV.26. Effect of the time on stream on the catalytic performance of Co-CuCeMgAlO mixed oxide at 520 °C. Reaction conditions: 1 vol. % CH4 in air, GHSV of 16000 h -1 , 1 cm 3 of catalyst.

  Co(x)CuCeMgAlO (x = 1, 3, 6 and 9 at. % Co) mixed oxides leads to the following conclusions:  M-CuCeMgAlO and Co(x)CuCeMgAlO mixed oxides, prepared by thermal decomposition at 750 °C of their corresponding precursors (consisting of well-crystallized LDH phase together with poorly-crystallized boehmite AlOOH side phase) are mesoporous materials with surface areas lower than that of the parent CuCeMgAlO mixed oxide, in the range from 66 to 78 m 2 g -1 . They consist of periclase-like Mg(Al)O mixed oxide, CeO2 fluorite, and CuO tenorite phases. The segregation of the CuO tenorite phase increases with the Co content in the Co(x)CuCeMgAlO series. The nature of the transition-metal M for the M-CuCeMgAlO catalysts series and the Co content for the Co(x)CuCeMgAlO series strongly influence, in a complex manner, their physicochemical characteristics and, hence, their catalytic performance in the complete oxidation of methane, which follows the order: CuCeMgAlO < Fe-CuCeMgAlO < Mn-CuCeMgAlO < Ni-CuCeMgAlO < Co-CuCeMgAlO  No clear correlations could be observed between the catalytic performance and the physicochemical characteristics of the mixed oxide in the M-CuCeMgAlO series. However, their enhanced activity compared to the M-free CuCeMgAlO system was attributed to an enhanced synergistic interaction between Cu and Ce in the presence of transition-metal cations M.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table I . 2 .

 I2 Cations and their ionic radius that can enter the LDH structure[36].

	M 2+	Mg	Cu	Ni	Co	Zn	Fe	Mn	Cd
	Ionic radius (Ǻ)	0.65	0.69	0.72	0.74	0.74	0.76	0.80	0.97
	M 3+	Al	Ga	Ni	Co	Fe	Mn	Cr	V
	Ionic radius (Ǻ)	0.50	0.62	0.62	0.63	0.64	0.66	0.69	0.74

Table III . 1 .

 III1 Textural properties and crystallographic data of Cu(x)CeMgAlO catalysts.

	Catalyst	Surface	Pore	Pore size a	CeO2 lattice	CeO2
		area	volume	(nm)	parameter	crystallite
		(m 2 g -1 )	(cm 3 g -1 )		(nm)	size (nm)
	Ce(10)MgAlO	52	n.d. b	n.d. b	0.5375	15.2
	Cu(6)CeMgAlO	169	0.239	3.9 and 7.4	0.5403	6.3
	Cu(9)CeMgAlO	148	0.236	3.9 and 9.0	0.5408	7.9
	Cu(12)CeMgAlO	121	0.237	3.7 and 11.5	0.5412	9.6
	Cu(15)CeMgAlO	120	0.225	3.7 and 11.4	0.5415	12.2
	Cu(18)CeMgAlO	108	0.194	3.7 and 10.1	0.5418	15.1
	Cu(15)CeMgAlO-650 144	0.299	3.7 and 9.0 c	0.5415	4.1
	Cu(15)CeMgAlO-550 156	0.305	4.1 and 9.0 c	0.5399	3.1
	CeO2 mixed oxides [7].					
	Taking into consideration that the Ce content is almost constant in all the mixed oxide
	samples, it can be concluded that at low Cu content highly dispersed Cu-doped ceria crystallites
	are formed in the Mg(Al)O matrix, while at high Cu content larger ceria crystallites coexist with
	CuO particles that form a separate phase identified by XRD in the Cu(18)CeMgAlO mixed
	oxide. This reflects the low solubility of Cu ions in ceria [8].		

.1. It can be observed that the crystallite size of ceria continuously increases with increasing the Cu content in the catalyst from 6.3 nm for Cu(6)CeMgAlO to 15.1 nm for Cu(18)CeMgAlO. A similar behavior has already been observed for coprecipitated CuO-a Maxima of pore size distribution. b Not determined. c Shoulder.

Table III . 2 .

 III2 Chemical composition of the LDH precursors determined by EDX.

	Precursor	Atomic content (%)	Atomic ratio
		Cu	Ce	Mg Al	Mg/Al Cu/Ce
	Cu(6)CeMgAl	6.8	10.3 62.2 20.6 3.0	0.7
	Cu(9)CeMgAl	11.6 11.3 58.4 18.7 3.1	1.0
	Cu(12)CeMgAl	15.3 12.9 53.3 18.6 2.9	1.2
	Cu(15)CeMgAl	20.4 11.9 50.5 17.2 2.9	1.7
	Cu(18)CeMgAl	20.0 10.0 52.1 17.9 2.9	2.0

Table III . 3 .

 III3 Chemical composition of the calcined oxide catalysts determined by EDX.

	Mixed oxide	Atomic content (%)		Atomic ratio
		Cu	Ce	Mg	Al	Mg/Al Cu/Ce
	CeMgAlO	0	11.0 66.5 22.5	3.0	0
	Cu(6)CeMgAlO	6.9 9.8	62.7 20.6	3.0	0.7
	Cu(9)CeMgAlO	11.8 11.2 57.2 19.7	2.9	1.0
	Cu(12)CeMgAlO	13.8 11.6 56.4 18.2	3.1	1.2
	Cu(15)CeMgAlO	17.2 10.8 54.0 18.1	3.0	1.6
	Cu(18)CeMgAlO	20.0 9.1	52.8 18.1	2.9	2.2

  Table III.4. The observation of Cu 2p3/2 with binding energies centered at 932.2 and 934.2 eV indicates the presence of Cu 1+ and Cu 2+ species, respectively, in all the samples[12, 13]. The shake-up satellites of Cu 2p3/2 emission line centered at 941.2 and 943.7 eV also confirm the presence of Cu 2+[13]. The existence of Cu 1+ species in the Cu(x)CeMgAlO mixed oxide catalysts suggests that, at least at the interface, CuO phase could be doped with higher valence cations, i.e. Al 3+ and/or Ce 4+ , existing in the mixed oxide. The data in TableIII.4 show that the surface of the catalysts is enriched in Cu compared to the bulk composition (TableIII.3).

Table III . 4 .

 III4 XPS analysis of the mixed oxide catalysts.

			0.9												
						Cu(18)CeMgAlO								
	Sample	Relative intensity	0.8 0.85		Cu Ce	Composition (at. %) Mg Al O	C	Cu/(Cu+Ce +Mg+Al) %	Surface atomic ratios Ce/(Cu+Ce+ Mg+Al) % Cu/Ce Mg/Al Cu(II)/ Cu	Ce(IV)/Ce
	CeMgAlO				-	0.9	13.1	5.9		49.9	30.2	-			4.5	-	2.2	-	0.80
	Cu(6)CeMgAlO		2.0 1.5	18.4	6.5		60.2	11.3	7.1			5.3	1.3	2.8	0.77	0.94
	Cu(9)CeMgAlO 0.75		4.4 2.8	18.6	8.0		60.7	5.5	13.0			8.3	1.6	2.3	0.80	0.95
	Cu(12)CeMgAlO	100	5.6 2.5	17.9 120	7.0	140	52.7	14.2 160	17.0	180	7.6	2.2	2.6	0.79	0.94
	Cu(15)CeMgAlO		6.8 1.8	17.6 Specific surface area (m 2 g -1 ) 8.2 58.3 7.5	19.8			5.2	3.8	2.2	0.90	0.93
	Cu(18)CeMgAlO		6.2 1.5	17.7	8.1		54.3	12.2	18.5			4.5	4.1	2.2	0.86	0.83
	Cu(15)CeMgAlO-		6.9 1.9	16.0	7.3		61.0	6.9	21.5			5.9	3.6	2.2	0.81	0.89
	650														
	Cu(15)CeMgAlO-		5.7 2.1	16.0	7.4		57.4	11.4	18.3			6.7	2.7	2.2	0.78	0.86
	550														
								a Reference binding energy: C1s = 284.8 eV.	
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Table III . 5 .

 III5 XPS and Auger data for Al and Mg in the Cu(x)CeMgAlO mixed oxides.

	Mixed oxide catalyst	Binding energy (eV)	Kinetic energy (eV)	Modified Auger
		Al 2p	Mg 2p	Mg KLL	parameter of Mg

Table III . 6 .

 III6 Hydrogen consumptions in the H2-TPR experiments. Assuming the total reduction of all Cu 2+ species. b Assuming the reduction Ce 4+ → Ce 3+ . c Only 94.6 % of Cu 2+ species are reduced.

	Catalyst	Total H2	H2 consumption (mmol g -1 ) for	Amount of Ce 4+
		consumption	Cu reduction a	Ce reduction b	species reduced
		(mmol g -1 )			(%)
	CeMgAlO	0.188	-	0.188	26.7
	Cu(6)CeMgAlO	1.761	1.191	0.570	67.4
	Cu(9)CeMgAlO	2.207	1.916	0.291	31.9
	Cu(12)CeMgAlO	2.345	2.199	0.146	15.9
	Cu(15)CeMgAlO	2.844	2.727	0.117	13.7
	Cu(18)CeMgAlO	3.256	3.231	0.025	3.5
	Cu(15)CeMgAlO-650	2.580	2.580 c	0	0
	Cu(15)CeMgAlO-550	2.727	2.727	0	0

a

Table III . 7 .

 III7 Catalytic performances in methane total oxidation of the catalysts studied. a

	Catalyst	T10	T50	T90	Reaction rate at 380 °C	Ea
		(°C)	(°C)	(°C)	Specific	Intrinsic	(kJ
					(10 7 mol g -1 s -1 )	(10 9 mol m -2 s -1 )	mol -1 )
	CeMgAlO	450	561	637	-	-	72.0
	Cu(6)CeMgAlO	405	507	604	1.36	0.80	62.5
	Cu(9)CeMgAlO	411	506	595	1.23	0.83	65.4
	Cu(12)CeMgAlO 424	505	586	1.03	0.85	70.1
	Cu(15)CeMgAlO 380	463	540	2.06	1.71	76.4
	Cu(18)CeMgAlO 407	480	543	1.18	1.09	81.1
	Cu(15)CeMgAlO-	383	456	535	1.87	1.30	92.2
	650						
	Cu(15)CeMgAlO-	376	442	520	2.32	1.49	109.4
	550						

a Reaction conditions: 1 vol. % methane in air, GHSV of 16000 h -1 , 1 cm 3 of catalyst.

  The Cu(II)/Cu surface atomic ratio was shown to be a key factor controlling the catalytic activity of the Cu(x)CeMgAlO catalysts. The Cu(15)CeMgAlO mixed oxide, with the highest Cu(II)/Cu surface atomic ratio, is the most active catalyst in this series, with a T50 value of only ca. 45 °C higher than that of a reference Pd/Al2O3 catalyst. Its enhanced catalytic activity is attributed to an excellent dispersion of CuO, oligomeric (Cu 2+ -O 2--Cu 2+ )n 2+ species coexisting with tiny not XRDvisible CuO crystallites strongly interacting with ceria, which leads to a strong synergy effect between Cu and Ce. The catalytic sites are located at the CuO-CeO2 particles interface.

	
	CeMgAlO mixed oxides catalysts, obtained by thermal decomposition at 750 °C of
	their corresponding precursors (consisting of poorly crystallized LDH and boehmite AlOOH
	phases), have slit-like bimodal mesopores and relatively high surface areas, which regularly
	decrease from 169 to 108 m 2 g -1 with increasing the Cu content, and consist of periclase-like
	Mg(Al)O mixed oxide and CeO2 fluorite phases, except for Cu(18)CeMgAlO, which also
	contains well developed CuO crystallites.
	 At low Cu content highly dispersed Cu-doped ceria crystallites coexist with oligomeric
	(Cu 2+ -O 2--Cu 2+ )n 2+ species in the Mg(Al)O matrix, while at high Cu content larger ceria
	crystallites less exposed on the catalyst surface coexist with separate CuO particles enriching
	the surface.

Table IV . 1 .

 IV1 Structural characteristics of the LDH precursors.

	LDH sample	a (nm)	c (nm)	Crystallite size a (nm)
	Mn-CuCeMgAl-LDH	0.306	2.420	10.3
	Fe-CuCeMgAl-LDH	0.306	2.401	9.7
	Co-CuCeMgAl-LDH	0.307	2.382	11.6
	Ni-CuCeMgAl-LDH	0.306	2.389	10.1
	Co(1)CuCeMgAl-LDH	0.307	2.371	11.8
	Co(6)CuCeMgAl-LDH	0.307	2.393	11.9
	Co(9)CuCeMgAl-LDH	0.307	2.392	12.2

a Value of crystallite size in c direction calculated from (003) reflection with Debye-Scherrer equation.

  .2. It can be observed that they are all close

	together, i.e. a = 0.5416 ± 0.0002 nm, and close to that of the M-free CuCeMgAlO sample
	(0.5415 nm).

Table IV . 2 .

 IV2 Crystallographic data of the LDH-derived mixed oxides. They are presented in Table IV.2. It can be observed that the crystallite size of ceria

	Mixed oxide	CeO2 lattice	CeO2	Mg(Al)O lattice	Mg(Al)O
		parameter	crystallite	parameter (nm)	crystallite size
		(nm)	size (nm)		(nm)
	CuCeMgAlO	0.5415	12.2	0.4201	10.1
	Mn-CuCeMgAlO	0.5416	12.0	0.4215	12.7
	Fe-CuCeMgAlO	0.5417	15.3	0.4216	15.2
	Co-CuCeMgAlO	0.5417	14.1	0.4218	14.4
	Ni-CuCeMgAlO	0.5418	14.5	0.4211	13.0
	Co(1)CuCeMgAlO	0.5414	10.8	0.4219	12.5
	Co(6)CuCeMgAlO	0.5415	13.6	0.4218	13.8
	Co(9)CuCeMgAlO	0.5415	16.6	0.4212	12.3

Table IV . 3 .

 IV3 Chemical composition of the calcined oxide catalysts determined by EDX spectroscopy.

	Mixed oxide	Atomic content (% with respect to	Atomic ratio
		cations)						
		M	Cu	Ce	Mg	Al	Mg/Al Cu/Ce
	CuCeMgAlO	-	17.2	10.8	54.0	18.1	3.0	1.6
	Mn-CuCeMgAlO	2.2	20.7	9.9	52.4	14.8	3.5	2.1
	Fe-CuCeMgAlO	4.1	19.4	11.4	49.3	15.8	3.1	1.7
	Co-CuCeMgAlO	3.1	14.0	8.9	56.4	17.5	3.2	1.6
	Ni-CuCeMgAlO	2.7	13.1	8.9	56.7	18.6	3.0	1.5
	Co(1)CuCeMgAlO	0.7	13.3	8.5	59.1	18.4	3.2	1.6
	Co(6)CuCeMgAlO	6.2	16.2	10.5	51.7	15.6	3.3	1.5
	Co(9)CuCeMgAlO	8.9	13.4	8.7	52.9	16.1	3.3	1.5

Table IV . 4 .

 IV4 Surface composition of the mixed oxide catalysts determined by XPS analysis. a

	Sample	Surface composition (at. %)				
		M	Cu	Ce	Mg	Al	O	C
	CuCeMgAlO	-	6.8	1.8	17.6	8.2	58.3	7.5
	Mn-CuCeMgAlO	1.4	5.6	2.9	19.3	6.6	52.2	12.0
	Fe-CuCeMgAlO	0.9	5.9	1.7	18.2	6.2	54.0	13.1
	Co-CuCeMgAlO	1.9	5.7	1.9	17.5	7.1	54.9	11.0
	Ni-CuCeMgAlO	2.6	6.1	2.7	16.9	6.8	53.2	11.6
	Co(1)CuCeMgAlO 1.0	5.1	1.5	17.4	7.5	54.3	13.2
	Co(6)CuCeMgAlO 2.9	5.6	1.7	16.1	8	54.0	11.8
	Co(9)CuCeMgAlO 4.0	6.9	2.2	15.7	7.7	52.7	10.9

a Reference binding energy: C1s = 284.8 eV.

  TableIV.5 are presented the surface concentrations of copper together with Cu 2+ /Cu atomic ratios. Cu 2p3/2 emission with binding energies centered at 932.2 and 934.2 eV was observed in all the samples, indicating the presence of both Cu + and Cu 2+ species, respectively[10, 11]. The shake-up of Cu 2p3/2 emission line, centered at 941.2 and 943.7 eV, also confirm the presence of Cu 2+[11]. The existence of Cu + species in the mixed oxide catalysts suggests that, at least at the interface, CuO phase could be doped with higher valence cations, such as M 3+ , Al 3+ and/or Ce 4+ , existing in the mixed oxide.

Table IV . 5 .

 IV5 Surface cationic composition of the mixed oxide catalysts determined by XPS analysis. a For M = Mn: Mn 4+ /Mn 3+ ; for M = Fe: Fe 3+ /Fe 2+ ; for M = Co: Co 3+ /Co 2+ and for M = Ni: Ni 2+ only.

	Sample	Surface cationic content (at. %)	Surface atomic ratios		
		M	Cu Ce Mg	Al				
	CuCeMgAlO	-	19.8 5.2 51.2 23.8	-	3.8 2.2	-	0.90	0.93
	Mn-CuCeMgAlO	3.8 15.6 8.0 53.9 18.5 0.25 1.9 2.9	0.67	0.87	0.88
	Fe-CuCeMgAlO	2.9 17.9 5.1 55.4 18.8 0.15 3.5 2.9	0.46	0.85	0.80
	Co-CuCeMgAlO	5.4 16.7 5.8 51.3 20.9 0.33 3.0 2.5	0.40	0.92	0.91
	Ni-CuCeMgAlO	7.5 17.4 7.8 48.1 19.2 0.43 2.3 2.5	-	0.85	0.88
	Co(1)CuCeMgAlO 3.2 15.7 4.3 53.5 23.2 0.20 3.4 2.3	0.27	0.76	0.79
	Co(6)CuCeMgAlO 8.3 16.3 5.0 46.9 23.3 0.52 3.3 2.0	0.22	0.81	0.88
	Co(9)CuCeMgAlO 11.1 18.9 5.8 43.1 21.0 0.58 3.1 2.0	0.20	0.83	0.87

a Reference binding energy: C1s = 284.8 eV. b

  .3).

	Counts per second (a. u.)										
	925	920	915	910	905	900	895	890	885	880	875
				Binding energy (eV)				
						126					

  TableIV.6) and account for Al3+ and Mg 2+ in their corresponding oxides. This was confirmed for Mg by calculating the modified Auger parameter (m-AP) using the formula (III.3). Indeed, the values obtained for m-AP (TableIV.6) are specific for MgO[16] in all the mixed oxide samples. The Mg/Al surface atomic ratio (TableIV.5) is lower than the bulk ratio for all the mixed oxides studied indicating an Al enrichment of the surface.

		1					
		0.9					
	Ce 4+ /Ce surface ratio	0.7 0.8					
		0.6					
		0.5					
		0.84	0.86		0.88	0.9	0.92
	(a)			Cu 2+ /Cu surface ratio	
		1					
		0.9					
	Ce 4+ /Ce surface ratio	0.7 0.8					
		0.6					
		0.5					
		0.72	0.76	0.8	0.84	0.88	0.92	0.96
	(b)			Cu 2+ /Cu surface ratio	

  Thus, the Co 2p3/2 component at 780.0 eV and a 2p3/2-2p1/2 splitting of ca. 15.3 eV was attributed to Co 3+ species, while that at 781.4 eV and a 2p3/2-2p1/2 splitting of ca. 15.4 eV was attributed to Co 2+ species. The surface Co 3+ /Co 2+ atomic ratios are tabulated in TableIV.5.

Table IV . 8 .

 IV8 Hydrogen consumptions in the H2-TPR experiments. Calculated based on the oxide composition and assuming the total reduction of all copper species.

	Catalyst	H2 consumption (mmol g -1 )		
		Low-temperature	High-temperature	Total	Necessary
		peak	peak		for Cu
					reduction a
	CuCeMgAlO	2.84	-	2.84	2.73
	Mn-CuCeMgAlO	3.87	0.34	4.21	3.25
	Fe-CuCeMgAlO	2.07	0.20	2.27	2.94
	Co-CuCeMgAlO	2.57	0.16	2.73	2.31
	Ni-CuCeMgAlO	3.20	0.11	3.31	2.19
	Co(1)CuCeMgAlO 1.46	0.05	1.51	2.26
	Co(6)CuCeMgAlO 2.48	0.03	2.51	2.50
	Co(9)CuCeMgAlO 2.29	0.16	2.45	2.15

a

Figure III.4. (continued)

Figure III.10. (continued)

vol. %, respectively.
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Chapter III. Study of Cu(x)CeMgAlO mixed oxide catalysts

Considering the aforementioned advantages of mixed oxides preparation starting from LDH precursors, the high activity of Cu-based systems in methane combustion and taking into account an expected Cu-Ce synergistic effect [1,2], in the first part of this thesis a series of new LDH-derived Cu(x)CeMgAlO mixed oxides with 10 at. % Ce and different Cu content (x = 6, 9, 12, 15 and 18 at. %, respectively) was synthesized, the mixed oxides and their precursors were characterized by several techniques, and their catalytic properties were tested in the total oxidation of methane, used as a VOC model molecule.

III.1. Preparation of Cu(x)CeMgAlO mixed oxide catalysts

A series of five Cu(x)CeMgAl LDH precursors with different copper contents ranging from 6 to 18 at. % with respect to cations, but with fixed 10 at. % Ce and Mg/Al atomic ratio of 3, were prepared by coprecipitation under ambient atmosphere. In a typical procedure, a mixed salts solution (200 mL) of Mg(NO3)2•6H2O, Al(NO3)3•9H2O and Cu(NO3)2•3H2O and an alkaline solution of NaOH (2 M) were simultaneously added dropwise into a beaker containing 200 mL of cerium nitrate solution (Ce(NO3)3•6H2O) at room temperature with controlled rate to maintain the pH close to 10. After complete precipitation, the slurry was aged at 80 °C overnight under vigorous stirring. The suspension was then separated by centrifugation, washed with deionized water and finally dried overnight at 80 °C. The Cu(x)CeMgAlO catalysts (with x = 6, 9, 12, 15 and 18 at. %, respectively) were obtained by calcination of their corresponding LDH precursors in air at 750 °C for 8 h. The Cu-free CeMgAl LDH precursor and the corresponding CeMgAlO mixed oxide were obtained following the same protocol.

In order to investigate the influence of the calcination temperature on the catalytic properties of the mixed oxides, the Cu (15)CeMgAl LDH precursor was also calcined at 550 and 650 °C, the resulting mixed oxides being noted Cu (15)CeMgAlO-550 and Cu (15)CeMgAlO-650, respectively.

III.2. Physicochemical characterization of Cu(x)CeMgAlO mixed oxide catalysts

Powder XRD was used to characterize the crystalline structure, SEM-EDX was used to monitor the morphology and chemical composition of both as prepared and calcined materials, where % U''' represents the percentage of U"' peak area with respect to the total Ce 3d area.

Thus, the Ce(IV)/Ce surface atomic ratio (Table III.4) is higher than 0.8 for all the mixed oxides, suggesting the presence of low quantities of surface Ce(III) that vary irrespective to the Cu content. It is worth noting that the reduction of Ce(IV) under the X-ray beam during the XPS analysis is, at least partly, responsible for the presence of surface Ce(III) species. However, for the Cu (15)CeMgAlO sample calcined at different temperatures, the Ce(IV)/Ce atomic ratio increases linearly with increasing the calcination temperature (Figure III.8). The data in Table III.4 also shows that the surface Ce content is significantly lower than that of the bulk (Table III.

3) for all the Cu(x)CeMgAlO mixed oxides. Taking this into consideration and the surface Cu enrichment observed, the Cu/Ce surface atomic ratio (Table III.4) is significantly higher than the bulk ratio (Table III.3) for all the mixed oxide samples.

conversion was calculated as the amount of methane transformed in the reaction divided by the amount that was fed to the reactor by using the following formula (III.4):

where CCH4,in and CCH4,out represent the methane concentration (v/v) in the feed and effluent gases, respectively.

Complete selectivity to CO2 and H2O was always observed. The carbon balance was calculated based on the following equation (III.5):

CCH4,in = CCH4,out + CCO2,out (III.5)

where CCO2,out is the concentration of carbon dioxide (v/v) in the effluent gas. It was satisfactory in all runs to within ± 2 %.

The catalyst bed height in the quartz-tube reactor (internal diameter of 18 mm) is of ca. 4 mm and, hence, this small fixed-bed catalytic reactor can be well approximated as a back-mixed reactor. Therefore, the specific and intrinsic activities as reaction rates per unit mass of catalyst (rsp) and per unit surface area (ri), respectively, have been calculated by using the following equations (III.6 and III.7):

(III.6)

where Fmethane is the methane flow rate (mol s -1 ), X is the methane fractional conversion, mcat is the catalyst weight (g) and SSA is its specific surface area (m 2 g -1 ).

III.3.2. Catalytic results and discussion

Methane was used as a model molecule to evaluate the oxidation ability of the catalysts. 

Chapter IV. Study of transition-metal-promoted CuCeMgAlO mixed oxide catalysts

In order to further improve the catalytic performance of the previously found highly active Cu (15)CeMgAlO catalyst in the total oxidation of methane, we prepared two series of 

IV.2. Physicochemical characterization of the mixed oxide catalysts

All the mixed oxides were characterized by powder X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM) coupled with Xray energy dispersion analysis (EDX), X-ray photoelectron spectroscopy (XPS), nitrogen adsorption-desorption at -196 °C, temperature programmed reduction under hydrogen (H2-TPR), IV.5. Each emission line (2p3/2 and 2p1/2) of the Xray photoelectron spectrum of Mn 2p was fitted with three peaks corresponding to Mn 3+ , Mn 4+ and a shake-up [17]. The 2p3/2 components at 641.7 and 643.3 eV attributed to Mn 3+ and Mn 4+ , respectively, were used to calculate the Mn 4+ /Mn 3+ surface ratio, which is equal to 0.67. The photoelectron spectrum of Fe 2p shows the presence of both Fe 2+ and Fe 3+ species on the surface of the Fe-CuCeMgAlO mixed oxide. The Fe 3+ /Fe 2+ surface ratio was found to be 0.46. , respectively [8,23]. The weak bands from the visible range (ca. 625-670 nm) are attributed to dz 2 → dx 2 -y 2 transitions characteristic for Cu 2+ ion in an octahedral stereochemistry [22]. Moreover, for cobalt containing oxides new bands appear in the NIR region of the spectra as the cobalt content increases. These bands are assigned to 4 T1g → 4 A2g (910 nm) and 4 T1g → 4 T2g (1220 nm) transitions, which are characteristic for Co 2+ ion in an octahedral stereochemistry [22]. This is in line with the dispersion of cobalt species in the Mg(Al)O periclase-like phase, as suggested by the XRD analysis. 

IV.2.6. Specific surface area and pore structure analysis

The specific surface area, the pore volume and the pore size of both M-CuCeMgAlO and Co(x)CuCeMgAlO mixed oxides are listed in Table IV IV.2), suggesting that the surface transition-metal species dispersed in the Mg(Al)O matrix determine the easiness of reduction of the studied mixed oxides. In terms of hydrogen consumption, their reducibility follows the order: Fe-CuCeMgAlO < Co-CuCeMgAlO < Ni-CuCeMgAlO < Mn-CuCeMgAlO. Notably, the hydrogen consumption for the Fe-CuCeMgAlO mixed oxide is lower than that necessary for the reduction of all the Cu species calculated based on the oxide composition (Table IV.8) suggesting that, for this mixed oxide, Cu is not quantitatively reduced likely due to a hindered access of hydrogen to the reducible species, as reported earlier [27].

In the Co(x)CuCeMgAlO series, the low-temperature intense peak represents the overlap of the reduction of copper and highly reducible cerium species, as described above, with the reduction of cobalt species, its broadness going increasingly with increasing the Co content.

Interestingly, the temperature maximum of the weak high-temperature reduction peak increases with increasing the CeO2 crystallite size (Table IV.2), suggesting that it can be attributed to the reduction of Ce 4+ species from less reducible larger ceria particles rather than to the reduction of M n+ transition-metal ions from spinel-like phases. Indeed, it has been shown that the hightemperature reduction of ceria strongly depends on its crystallinity: the higher the crystallite size, the higher the reduction temperature [23]. In terms of easiness of reduction, the reducibility of the Co(x)CuCeMgAlO mixed oxides increases in the order Co(6)CuCeMgAlO < Co(3)CuCeMgAlO < Co(1)CuCeMgAlO ≈ Co(9)CuCeMgAlO, which corresponds to the decrease of the crystallite size of the Mg(Al)O periclase-like phase (Table IV.2), as observed for the M-CuCeMgAlO series. In terms of hydrogen consumption the reducibility follows the order:

Unexpectedly, the hydrogen consumption does not increase with increasing the Co content, suggesting that the transition metal species are decorated with non-reducible Mg(Al)O mixed oxide which diminishes the accessibility of hydrogen [27]. This is in line with both the XRD analysis and the UV-Vis spectroscopy data showing that the cobalt cations are homogeneously dispersed in the Mg(Al)O periclase-like phase. This is also supported by the XRD analysis of the Co(x)CuCeMgAl LDH precursors showing that Co replaces Cu in the brucite-like layers for Co contents higher than 3 at. % obviously leading to Mg(Al,Co)O periclase-like particles and segregated CuO after calcination. Thus, together with the CuO particles, only the cobalt species on the surface of the Mg(Al,Co)O periclase-like particles are reduced, the smaller the particle size, the easier the reduction, while those located in the bulk are not. Notably, in agreement with this, the hydrogen consumption for the Co(1)CuCeMgAlO mixed oxide is lower than that needed for the reduction of all the Cu species calculated based on the oxide composition (Table IV.8).

Indeed, at low Co content, when Cu remains in the brucite-like layers of the LDH precursor, both

Co and Cu species are dispersed in the Mg(Al)O matrix of the calcined oxide, and, hence, the reduction of the transition-metal species located in the bulk is prevented.

IV.3. Catalytic properties of the mixed oxide catalysts

The oxidation ability of the mixed oxide catalysts in the total oxidation of methane has been evaluated in the conditions described in Section III. system, and, on the other hand, that this promoting effect depends on the transition-metal M content for M = Co. Obviously, the nature of the transition-metal M strongly influences the catalytic activity of the CuCeMgAlO system. Indeed, in terms of both T50 and T90, the catalytic activity follows the order: CuCeMgAlO < Fe-CuCeMgAlO < Mn-CuCeMgAlO < Ni-

The catalytic behavior of the CuCeMgAlO system was attributed to both the excellent dispersion of copper and the synergy effect between Cu and Ce [8]. According to the XRD analysis, the copper dispersion in the M-CuCeMgAlO mixed oxides seems to be lower compared to CuCeMgAlO, as the segregation of CuO tenorite phase was evidenced. Therefore, to explain their increased activity an enhanced synergy effect between Cu and Ce in the presence of transition-metal cations M should be taken into consideration, as suggested by the XPS analysis (Figure IV.12.) and in line with previously reported results [15,26,30,31,32].

Indeed, the synergistic interaction between M, Cu and Ce seems to be a more important factor affecting the catalytic performance than the degree of crystallinity and surface area of the M-CuCeMgAlO materials, in agreement with previously reported results [31]. It is noteworthy that the order of activity observed does not follow the easiness of reduction for the M-CuCeMgAlO mixed oxides suggesting that the most reducible species in the H2-TPR experiments are not necessarily the most active in the reaction conditions. On the other hand, the lowest activity of the Fe-CuCeMgAlO catalyst in the M-CuCeMgAlO series can be correlated to the partial reduction of Cu observed in H2-TPR experiments. Keeping this in mind, the superior activity of the Fe-CuCeMgAlO compared to the unpromoted CuCeMgAlO system, mainly in terms of intrinsic reaction rate, can only be explained by a synergistic interaction between Fe, Cu and Ce.

For the most active Co-CuCeMgAlO catalyst the T50 value is 25 °C lower than that of the M-free CuCeMgAlO catalyst and only 19 °C higher than that of the reference Pd/Al2O3 catalyst.

Moreover, the complete conversion of methane was achieved over the Co-CuCeMgAlO system at a temperature close to that corresponding to the Pd/Al2O3 catalyst (T100 ≈ 570 °C).Notably, physicochemical characteristics and, hence, the catalytic properties of these materials in a complex manner. Thus, for example, while the surface concentration of Fe is by ca. 30 % lower compared with its bulk concentration, the surface concentrations of Mn, Co and Ni are by ca. 73, 74 and 178 %, respectively, higher. Also, for Co-and Ni-CuCeMgAlO, the surface of the catalysts is enriched in Cu compared to the bulk composition, while for Mn-and Fe-CuCeMgAlO it is poorer. Moreover, for Fe-, Co-and Ni-CuCeMgAlO, the Cu/Ce surface atomic ratio is significantly higher than the bulk ratio, while for Mn-CuCeMgAlO it is lower. All these differences, which are not observed in the 

Chapter V. General conclusions

The main aim of our work was to find a highly active Cu-containing oxide-based catalyst for the total oxidation of methane, a test molecule for the volatile organic compounds, and to explain its behavior. To converge the benefits of the preparation of mixed oxides from LDH precursors with an expected Cu-Ce synergistic effect, in the first part of this thesis a series of The effect of the calcination temperature on the physicochemical characteristics and, hence, the catalytic performance of the Cu(15)CeMgAlO mixed oxide catalyst was also studied in the range 550-750 °C. Thus, decreasing the calcination temperature from 750 to 650, and then to 550 °C results in mixed oxides with higher surface areas and, hence, higher catalytic activities in terms of T50, which for the system calcined at 550 °C is only ca. 25 °C higher than that of the reference Pd/Al2O3 catalyst. However, in terms of intrinsic reaction rates the most active catalyst is that calcined at 750 °C accounting for a strengthened Cu-Ce interaction with increasing calcination temperature. This is why the Cu(15)CeMgAlO system calcined at 750 °C was further promoted with different transition-metal cations.

Based on the literature results showing an enhanced synergy effect between Cu and Ce in the presence of a transition-metal cation, in the second part of this thesis, to further improve the catalytic performance of the Cu(15)CeMgAlO mixed oxide, it was promoted with 3 at. % M, with M = Mn, Fe, Co and Ni, and finally, for the best promoter found, i.e. Co, the effect of its content in the range from 1 to 9 at. % on the catalytic performance was investigated. Thus, two series of transition-metal-promoted CuCeMgAlO mixed oxides, namely M-CuCeMgAlO (3 at. could be observed between the catalytic performance and the physicochemical characteristics of the mixed oxide in the M-CuCeMgAlO series. However, their enhanced activity compared to the M-free CuCeMgAlO system was attributed to an enhanced synergistic interaction between Cu and Ce in the presence of transition-metal cations M. On the other hand, the catalytic activity in the Co(x)CuCeMgAlO series was shown to increase with increasing of both the Co 3+ , Cu 2+ and Ce 4+ surface concentrations and the catalyst reducibility, unambiguously demonstrating that the synergistic interaction between these species is a key factor controlling their catalytic behavior in the complete oxidation of methane. The Co-promoted CuCeMgAlO mixed oxide with 3 at. % Co was shown to be the most active catalyst, with a T50 value of 438 °C which is only 19 °C higher than that of the reference Pd/Al2O3 catalyst. Its enhanced catalytic activity is attributed to an excellent Cu-Co-Ce synergistic interaction. A good stability on stream of this catalyst was also noticed. With these achievements, the aim of our work has been reached.

Appendix

The following chemicals and gases have been used for the catalysts preparation and catalytic tests, respectively:

Chemicals Company Purity

Mg(NO3)2