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Acrolein is a widely used intermediate of synthesis for value-added compounds in a number of domains of application. This work reports on the sustainable synthesis of acrolein by oxidative coupling of bio-alcohols, which constitutes a very promising alternative to fossil fuel-based production. The synthesis is performed in two sequential reactors, using an iron molybdate catalyst for oxidation and then a magnesium aluminate spinel where magnesium is partly or totally substituted by transition metals (Fe, Zn, Co, Cu, Mn) as a catalyst for crossaldolization. The acid-base properties of the latter catalysts were determined using SO2 and NH3 adsorption microcalorimetry. Adsorption microcalorimetry was also used to study the adsorption properties of the reactants, with formaldehyde, acetaldehyde and propionaldehyde as probe molecules, and was complemented by an FT-IR investigation of reactant adsorption in order to better understand the mechanisms of adsorption and reaction. Acrolein production was found to be correlated to the ionic radius of the transition metals used in the catalysts, indicating that electronic effects are likely a factor influencing the acrolein production.

Introduction

The reality of climate change and the means of addressing it, as surveyed in a comprehensive manner by the recent report of the IPCC (International Panel on Climate Change) [START_REF]Intergovernmental Panel on Climate Change[END_REF], require a broad redesign of current practices with a new focus on sustainability. Some of the recommendations concern the use of sustainable bio-based feedstocks in the chemical industry, as a replacement for petroleum-based feedstocks and chemicals. A number of chemicals have already been studied in order to identify alternative processes using bio-based feedstocks/molecules. Among them, acrolein (propenaldehyde) has attracted attention as a promising target.

Discovered in 1893, acrolein, also known as propenal or acrylaldehyde, is the first of the unsaturated aldehyde series. Toxic, flammable, colorless and volatile, acrolein is also known to exhibit an acrid, unpleasant and irritating smell from which it takes its name [START_REF] Arntz | Ullmann's Encyclopedia of Industrial Chemistry[END_REF].

Despite this, acrolein, with its conjugated vinyl and aldehyde groups, is a commonly used intermediate substance for the synthesis of a wide range of chemicals. One major application of acrolein is the production of acrylic acid which is a very important compound for the synthesis of polymers, superabsorbents, adhesives or inks [START_REF] Liu | [END_REF][4][5]. Other applications include the production of D,L methionine, an essential amino-acid in animals feeds. Acrolein can also be used to produce water treatment chemicals or directly as a biocide to control the growth of aquatic weeds or algae and mollusks in water systems [START_REF] Arntz | Ullmann's Encyclopedia of Industrial Chemistry[END_REF][START_REF] Liu | [END_REF].

The first commercial synthesis of acrolein was performed by Degussa in 1942, using a process based on the vapor-phase condensation of formaldehyde and acetaldehyde in absence of oxygen [START_REF] Arntz | Ullmann's Encyclopedia of Industrial Chemistry[END_REF]. Later, in 1959, Shell pioneered the production of acrolein through oxidation of propylene over heterogeneous catalysts [START_REF] Liu | [END_REF]. Nowadays, the commercial production of acrolein is mostly performed by this method of synthesis, using multicomponent catalysts such as bismuth molybdate-based solids [START_REF] Arntz | Ullmann's Encyclopedia of Industrial Chemistry[END_REF] but greener and more sustainable methods have also been developed.

Among these, glycerol dehydration to acrolein has been widely studied during the last decade [6][7][8]. Most investigations of this process were done over acidic catalysts such as tungstated zirconia and titania, heteropolyacids [9] or zeolites [10,11]. Several catalysts, such as heteropolyacids, were found to exhibit good conversion and selectivity, but with a rapid decrease in activity over time due to severe coking. The use of other catalysts made it possible to maintain catalytic activity for longer times but coking inevitably occurs [12]. As shown by Dalil et al. [13], some coke accumulation is beneficial to acrolein production. During the initial coke formation, the acrolein yield is increasing. However, an excessive coke build up requires frequent regenerations, and various technologies have been investigated to cope with this difficulty [14][15][16][17][18]. The lack of sufficient volumes of glycerine has hindered the development of an industrially competitive process. In Europe, changing regulations on biofuels and multiple count systems on the biofuels derived from "wastes" has reduced the volumes of glycerine produced. In addition, the development of Renewable Diesel (hydrogenated oils and fats) which coproduces propane instead of glycerine has further impacted the glycerine volumes, and therefore the prices.

In parallel to this research, other methods using bio-based products for the production of sustainable acrolein have been developed. Among those alternatives, acrolein production through Oxidative Coupling of Alcohols (OCA) is now considered. This recent process, patented by Dubois et al. [19], is decomposed into two steps. The first step is the simultaneous oxidation of methanol and ethanol to formaldehyde and acetaldehyde respectively over ironmolybdate (FeMoOx) catalyst which already produces some acrolein [20][21][22]. Then, in order to increase the coupling, it is necessary to boost the cross-aldolization of formaldehyde and acetaldehyde to acrolein over an acid-base catalyst. The final objective would be to produce acrolein in a single reactor, meaning on a single catalyst that would combine a balanced redox and acid-base properties. Such a process would reduce energy consumption, versus the glycerol dehydration route since the reaction is exothermic at a temperature high enough to recover valuable energy, and would still permit the use of renewable resources. It is then necessary to identify the right balance of acid-base properties, in these working conditions (oxidative atmosphere during the aldol coupling).

Several acid-base catalysts have already been used for cross-aldolization of formaldehyde and acetaldehyde, such as zeolites [23][24][25][26], mixed oxides [27,28], clays [29], oxides supported on silica [30], hydrotalcites [31], heteropolyacids [31] and magnesium aluminate spinels [32]. These studies have led to different conclusions.

Ai [28,33] concluded that aldol condensation is catalyzed by basic sites, with acrolein production on weak sites while stronger sites promote the production of carbon oxides.

Dumitriu et al. [34] proposed that acetaldehyde is activated by basic sites thanks to an Habstraction on the α-position of carbonyl, making these basic sites necessary for the reaction; acidic sites would be also necessary because they would activate formaldehyde by enhancing electrophilicity of the carbon atom. According to Cobzaru et al. [26], general catalytic activity would be governed by basic properties, even if both acidic and basic sites allow for aldolization. More recently, Lilic et al. [30,31] demonstrated that excessive basicity is detrimental to acrolein production and underlined the necessity for catalysts to have both acidic and basic properties in order to achieve optimal acrolein production. A recent study using magnesium aluminate spinel catalysts confirmed the results obtained by Lilic et al. [32].

Besides, calorimetric investigations led to the formulation of a hypothesis to explain the absence of crotonaldehyde as a side product, namely that the isolation of acetaldehyde molecules at the catalyst surface prevented self-aldolization therefore promoting the crossaldolization [32].

In this work, the goal is to determine the acid-base properties of spinel catalysts where magnesium was partly or totally substituted by metals such as zinc, copper, cobalt, iron or manganese. These spinels, known to be amphoteric, could constitute good catalysts for this reaction. Besides, substitution of Mg by transition metals appears to be an interesting way to affect the acid-base balance and therefore to increase acrolein yields. The catalytic reaction was performed in gas phase in two separate fixed bed reactors. A redox catalyst (FeMoOx) was used for the oxidation reaction, while the materials under study were tested as acid-base catalysts for the aldolization reaction. Moreover, in the objective of performing the global reaction with a single catalyst, the redox properties of the substitution metals could bring the required bifunctional redox and acid-base character.

The acid-base and adsorptive properties of these catalysts were investigated by adsorption microcalorimetry using NH3, SO2, formaldehyde, acetaldehyde and propionaldehyde (used as a substitute for acrolein) vapors as probe molecules. The adsorption microcalorimetry technique allows the simultaneous determination of the number, strength, and strength distribution of the active sites. Besides, Fourier Transform Infrared (FTIR) spectroscopy was used in order to investigate the mechanisms of adsorption of the reactants.

Other physicochemical properties were determined using XRD, chemical analyses, and N2adsorption at -196°C.

Experimental

Catalyst characterization

Spinel catalysts, available upon request, synthesized by alum process (using sulfate precursors), with magnesium partly or totally substituted by metals were all graciously provided by Baikowski (Poisy, France). All chemicals were analytical grades purchased from Sigma-Aldrich. Specific surface areas (SBET) were determined by N2-adsorption at -196°C with a Micromeritics ASAP 2020 apparatus. Prior to nitrogen adsorption, the spinels were pre-treated for 3 h at 300°C under vacuum.

The acid-base properties of the spinel catalysts were determined by adsorption microcalorimetry using SO2 and NH3 as probe molecules. The experiments were performed at 150 °C in a Tian-Calvet heat flow calorimeter (C80 from Setaram) linked to a conventional volumetric apparatus equipped with a Barocel capacitance manometer for pressure measurements, enabling the determination of adsorbed amounts and equilibrium pressure.

Prior to the adsorption of small successive doses of probe molecules, each sample was pretreated in a quartz cell overnight at 400 °C under vacuum (10 -5 Pa). Details of the technique and experimental conditions are available elsewhere [START_REF] Auroux | Calorimetry and Thermal Methods in Catalysis[END_REF][START_REF] Auroux | [END_REF]. Reactant adsorption was also studied by adsorption microcalorimetry at 30 °C using formaldehyde, acetaldehyde and propionaldehyde as probe molecules.

XRD patterns were recorded on a Bruker D8 Advance A25 diffractometer at room temperature using CuKα radiation (0.154 nm) from 4 to 80° in 0.02° steps with 0.5s per step.

Chemical analyses were performed using inductively coupled plasma optical emission spectroscopy (ICP-OES) with an ACTIVA spectrometer from Horiba JOBIN YVON. Prior to analysis, the samples were dissolved in a mixture of inorganic acids (H2SO4 + HNO3) and heated to 250-300 °C.

FTIR studies

The powders were pressed into self-supporting discs of about 20 mg, placed in a cell with CaF2 windows and activated under vacuum at 400 °C. The IR spectra were recorded by a Thermo Scientific Nicolet 8700 Fourier transform spectrometer equipped with a DTGS detector and using OMNIC software. Formaldehyde was obtained by evaporation under vacuum of solid paraformaldehyde (Sigma-Aldrich, 95% purity). Acetaldehyde (Sigma Aldrich 99.5% purity) and propionaldehyde (Sigma Aldrich 99.5% purity) were put through several freeze-pump thaw cycles each day before use. Table S1 displays the major bands obtained for gas-phase formaldehyde, acetaldehyde and propionaldehyde.

Catalytic test

Two consecutive stainless-steel continuous-flow reactors (R1 and R2) were used to produce acrolein. Simultaneous oxidation of sustainable methanol and ethanol (from Bio-MCN) was carried out in the first reactor filled with commercial FeMoOx catalyst (3 g) diluted with steatite (20 g) for temperature control, to produce formaldehyde and acetaldehyde (Reaction 1). At the outlet of the first reactor, the products were directed to the second reactor filled with spinel catalysts (20 g) in order to perform cross-aldolization of formaldehyde and acetaldehyde followed by dehydration to produce acrolein (Reaction 2).

The pressure inside the reactors was close to atmospheric pressure. The reactors were heated independently by two salt baths and the reaction temperature was monitored by moving a thermocouple inserted in a thermometric well to identify hot spots in the catalytic bed.

CH3CH2OH + CH3OH + O2 → CH3CHO + HCHO + 2H2O (Reaction 1)

CH3CHO + HCHO → CH2(OH)CH2CHO → CH2=CH-CHO + H2O (Reaction 2)
The chosen conditions for the first reactor were MeOH/EtOH/O2/N2 molar ratio=4:2:8:86, T1=266 °C (salt bath temperature), GHSV=10000 or 5000 h -1 . Such values were already selected in previous studies in order to get a partial conversion, to be able to detect variations and compare our results with existing literature. [32] The outlet stream for reactor 1 was regularly checked to confirm that activity did not vary over time. GHSV is calculated as the gas flow-rate in normal conditions divided by the estimated volume of the undiluted catalyst. In the second reactor, the temperature (T2) varied between 266 and 285 °C (salt bath temperature).

The catalysts were compared at conversions lower than 100%, also with the idea to simulate conditions that would occur in a single reactor where all reagents and products coexist. The products exiting the second reactor were collected in two sequential traps (cooled to 0 °C using an ice bath). Uncondensable products (O2, N2, CO, CO2) were quantified online, thanks to a micro-GC using a thermal conductivity detector (TCD), with a silica The methodology used to determine the conversion (C) of the reactants (methanol, ethanol, formaldehyde and acetaldehyde) and of carbon [%], molar and carbon Yields (Y) of acrolein, acetaldehyde and formaldehyde [%], and selectivity (S) towards acrolein [%] has been described in detail in previous studies [30,32]. 1 displays the studied catalysts with their specific surface areas (SBET), sulfur contents and results of chemical analysis (in atomic% and weight%). Table S2 displays the same results with chemical analysis in molarity. The specific surface areas are heterogeneous, varying from 9 m 2 .g -1 for ZnAl2O4 to 38 m 2 .g -1 for (0.8Mg ; 0.2Mn) Al2O4 and (0.8Mg ; 0.2Fe) Al2O4, while most samples are close to 30 m 2 .g -1 . The chemical analysis results were relatively close to the theoretical contents. Despite the samples were synthesized from sulfate precursors and calcined at high temperature, the sulfur content remains low except for zinc substituted spinels.

Results and discussion

Chemical analysis

Table S2 shows that the spinels with manganese addition contain lower amounts of manganese than expected. Similarly, the metal contents of the other modified spinels always ended up being lower-than expected. Besides, a small deficiency in magnesium is observed for all catalysts. The substitution cationic (+II) metals display varying redox properties.

Copper possesses a stronger oxidizing character than zinc and manganese, while cobalt and iron are in between copper and zinc. These redox properties are certainly playing a role in the catalytic activity, together with the acid-base characteristics. previously studied [32], no phase corresponding to α-alumina was observed in these five samples. However, amorphous phases of metal oxides cannot be excluded.

X-Ray diffraction analysis

Fig. S3 displays overlapping peaks near 37° for (0.8Mg ; 0.2M) Al2O4 (A) and (0.5Mg ; 0.5M) Al2O4 (B) (where M= Mn, Zn, Co, Cu or Fe). It can be observed that the peaks of the manganese containing samples are shifted towards lower angles compared to other elements, thus underlining the higher ionic radius of divalent manganese compared to the other metals.

From XRD results, lattice parameters, cell volumes and maximum ionic radii in tetrahedral and octahedral sites have been calculated (Table S3). It can be observed that spinels containing manganese displayed higher lattice volumes than other samples. This increased volume, due to the presence of bigger element in the lattice, confirms the observation of shifted XRD peaks to lower angles and thus the higher radius of manganese ions.

Besides, the calculated maximum radius in tetrahedral site (0.64 Å) is lower than the ionic radius for Mn 2+ in tetrahedral coordination calculated by Shannon [37] (0.66 Å). Therefore, it can be considered that substitution of magnesium by manganese in tetrahedral site generates distortions in the lattice. The hypothesis that manganese ions could have moved from tetrahedral to octahedral sites is plausible for such a big cation. Moreover, an oxidative transfer of Mn from tetrahedral to octahedral sites has already been observed [38,39].

Acid-base and adsorptive properties of the catalysts

The number, the strength and the strength distribution of active sites have been determined thanks to adsorption microcalorimetry of probe molecules in gas phase coupled to a volumetric line. Ammonia (NH3), a Lewis and Brønsted base, was used to probe the acidity, and sulfur dioxide (SO2) was used to titrate basic sites. The experiments were performed at 150 °C on samples pretreated at 400 °C overnight. The resulting differential heats of adsorption of ammonia and SO2 are displayed versus the adsorbed amount of probe molecule in Fig. 1 The corresponding adsorption isotherms are available in Fig. S4. Al2O4 and (0.8Mg ; 0.2Mn) Al2O4 display the strongest acidity, with initial heats higher than 150 kJ.mol -1 . The other catalysts display initial heats between 100 and 150 kJ mol -1 . (0.5Mg ; 0.5Co) Al2O4 shows the highest total adsorbed amount of ammonia, followed by (0.8Mg ; 0.2Fe) Al2O4 and (0.8Mg ; 0.2Mn) Al2O4. At the opposite, ZnAl2O4 displays very weak acidic sites with a very low adsorbed amount, which is logical considering the very low specific surface area.

As to basicity, three catalysts displays initial heats higher than 200 kJ.mol -1 , and a small plateau can be seen in the 160 to 180 kJ.mol -1 range, indicating the presence of a population of strong basic sites. The highest adsorbed amount of basic sites is shown by (0.8Mg ; 0.2Mn) Al2O4 and the lowest by ZnAl2O4. (0.5Mg ; 0.5Zn) Al2O4 and ZnAl2O4, which are exhibiting the lowest amounts of basic sites per surface area (µmol.m -2 ) are also displaying the higher sulfur contents. This result confirms that sulfur compounds are preferentially adsorbed on basic sites.

At first glance, the results suggest a dominant basic character for the majority of the catalysts. The results are rather similar to those of a previous microcalorimetric study performed on spinel catalysts [32].

As previously mentioned, adsorption microcalorimetry makes it possible to discriminate between physisorbed and chemisorbed amounts of probe molecules. Table 2 gives the total adsorbed amounts and irreversibly adsorbed amounts for each sample, as well as the ratios of total basic to total acidic sites and strong basic to strong acidic sites. These ratios give an indication of the overall basic or acidic character of each sample. Adsorption microcalorimetry does not give access to the nature of acid-base sites, but based on the high calcination temperature of the samples, Lewis sites were mostly expected. Nonetheless, the FTIR study (paragraph 3.6) has shown that a few Brønsted sites can be detected.

The results from Table 2 and Fig. 1 confirm the amphoteric character of all the studied samples. With initial heats higher than 150 kJ mol -1 , (0.5Mg ; 0.5 Mn) Al2O4 and (0.8Mg ; 0.2Mn) Al2O4 are the only two catalysts to exhibit strong acidic sites. The others all show medium strength acidic sites, except for ZnAl2O4 which only displays weak acidic sites.

Concerning basicity, all the samples display strong basic sites and even very strong ones (Q > 200 kJ.mol -1 ) for (0.5Mg ; 0.5Mn) Al2O4, (0.8Mg ; 0.2Fe) Al2O4 and (0.5Mg ; 0.5Zn) Al2O4.

Based on the ratios of total basic to acidic sites and the ratios of strong basic to strong acidic sites, it can be concluded that all the samples have amphoteric character but with a dominant basic character. The cobalt and zinc spinels show the most amphoteric character. Moreover, as shown in Fig. 2, an increase in guest metal content and thus a decrease in magnesium oxide content appears to lead to a decrease in the basic character, confirming the idea that the presence of magnesium oxide enhances the basicity of the catalysts. 
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MgAl2O4 From the differential heats of adsorption, it is possible to determine the strength distributions which correspond to the number of sites with a given strength. The results are displayed in Fig. S5 for acidity and Fig. S6 for basicity.

It can be observed that the spinels containing zinc show lower amounts of acidic sites than those containing cobalt, even when the specific surface areas are close to each other. As seen from the differential heats of adsorption, the most acidic catalyst is (0.8Mg; 0.2Mn) Al2O4

which exhibits strong acidic sites with heats higher than 150 kJ.mol -1 . Among the other catalysts, only (0.5Mg ; 0.5Mn) Al2O4 also displays strong sites (Q>150 kJ mol -1 ).

The same trend is observed for the strength distribution of basic sites, with (0.8Mg ; 0.2Mn) Al2O4 acting as the most basic catalyst even if other catalysts such as (0.5Mg ; 0.5Mn) Al2O4 or (0.5Mg ; 0.5Zn) Al2O4 display very strong sites (Q > 200 kJ mol -1 ).

In order to study in depth the mechanism of adsorption of reactants at the surface of the catalysts, acetaldehyde and formaldehyde adsorption microcalorimetry investigations have been performed at 30 °C, using the same experimental procedure as those conducted for NH3 and SO2. As already seen in a previous study performed over unsubstituted magnesium aluminate spinels [32], the acetaldehyde and formaldehyde adsorption curves have similar shapes, leading to the conclusion that the adsorption sites are the same for both molecules. It can also be seen that large amounts of both formaldehyde and acetaldehyde are adsorbed. Concerning acetaldehyde, the presence of a small plateau in the domain of 150 kJ mol -1 can be observed for (0.5Mg ; 0.5Co) Al2O4. This plateau is not seen for the other catalysts.

(0.8Mg ; 0.2Fe) Al2O4 shows the largest adsorbed amount, with (0.8Mg ; 0.2Mn) Al2O4 a close second, while the smallest amount is displayed by ZnAl2O4. Formaldehyde adsorption seems to follow the same trend. The amount of formaldehyde adsorbed is always higher than that of acetaldehyde. In order to understand this difference of adsorbed amounts, adsorption experiments were also performed at 80 °C for (0.8Mg ; 0.2Mn) Al2O4 catalyst. The resulting isotherms of adsorption of NH3, SO2, acetaldehyde and formaldehyde are displayed in Fig. 4A. Interestingly, at this temperature, the adsorbed amounts of acetaldehyde and formaldehyde are identical, suggesting a probable oligomerization of formaldehyde at 30 °C.

Moreover, the adsorbed amounts of aldehydes are equal to the sum of the NH3 and SO2 adsorbed amounts (green and purple isotherms in Fig. 4A). These results evidence the fact that aldehydes are adsorbed both on acidic and basic sites, confirming a previous study performed over spinel catalysts [32]. In order to estimate the adsorption properties of acrolein over spinel catalysts, microcalorimetry experiments have been performed using propionaldehyde as a substitute probe molecule. Fig. 5 displays the differential heats of adsorption of propionaldehyde over the investigated catalysts at 30 °C. The corresponding adsorption isotherms can be seen in The differential heats of adsorption of propionaldehyde are very similar to those of acetaldehyde and formaldehyde. Here again, (0.5Mg ; 0.5Co) Al2O4 catalysts is exhibiting a small plateau around 160 kJ mol -1 ; and (0.8Mg ; 0.2Fe) Al2O4 and (0.8Mg ; 0.2Mn) Al2O4 catalysts show the highest total adsorbed amount of propionaldehyde, probably because of their higher specific surface area. As for formaldehyde and acetaldehyde, ZnAl2O4 displays the lowest heat of adsorption and uptake, with a very small plateau in the domain of weak heats of adsorption (60 kJ mol -1 ). Note that ZnAl2O4 displays the same very small plateau during formaldehyde adsorption.

Consecutive adsorption of formaldehyde and acetaldehyde

In order to study the competition between adsorption of acetaldehyde and formaldehyde, formaldehyde was first adsorbed on (0.8Mg ; 0.2Mn) Al2O4 at 80 °C (curve a in Fig. 4B).

Then, after evacuation, formaldehyde was readsorbed (curve b) to determine the physisorbed amount and after a second evacuation, adsorption of acetaldehyde was then performed (curve c) at the same temperature. The opposite experiment, adsorption of acetaldehyde (curve a in Fig. 4C) followed by readsorption of acetaldehyde (b) and an adsorption of formaldehyde (c), was also performed.

Fig. 4B shows that, after adsorption of formaldehyde and thus saturation of the chemisorption sites, acetaldehyde is not able to adsorb as much as formaldehyde (curves b and c are not superimposed). However, the opposite experiment shows that, after saturation of chemisorption sites by acetaldehyde, formaldehyde is capable to adsorb as much as acetaldehyde (curves b and c in Fig. 4C are superimposed). It is worth noting that multiple processes other than adsorption could possibly occur at the catalyst's surface, such as selfaldolization or oxidation leading to strongly bound formates or acetates which cannot be easily displaced.

Nonetheless, the results suggest that it is not possible to adsorb as much acetaldehyde after formaldehyde chemisorption as formaldehyde after acetaldehyde chemisorption. Therefore, the adsorption sites of the catalyst should have a stronger affinity for formaldehyde than acetaldehyde. Moreover, these results follow the same trend reported in a previous study performed over spinel, where the absence of crotonaldehyde among reaction products was explained by the isolation of acetaldehyde by formaldehyde on the surface of the catalyst, pushing acetaldehyde to react only with formaldehyde to give acrolein [32].

Catalytic tests

Acrolein is already produced during the first step of reaction over iron molybdate (FeMoOx) catalyst [20,21,30,31], however the yield can be enhanced by using an aldolization reaction to convert acetaldehyde and formaldehyde to acrolein in a second step. To perform this aldolization, acid-base catalysts are necessary. Spinel materials, being amphoteric, were therefore investigated as possible catalysts for the synthesis of acrolein starting from a mixture of alcohols (methanol + ethanol) in the presence of oxygen in a two-step process.

The molar ratios of MeOH/EtOH/O2/N2 were set at 4/2/8/86 with a GHSV of 10 000 and 5000 h -1 . The temperature in Reactor 1 was fixed at 266 °C. Under these conditions, the mixture of alcohols was not completely converted. For GHSV of 5000 h -1 , ethanol conversion reached 90 % while methanol conversion was 69 %. At the outlet of Reactor 1, acrolein, acetaldehyde, formaldehyde and COx production reached 13, 21, 13 and 5.5% respectively with 6 vol% of residual O2. After the first reactor, the mixture of formaldehyde, acetaldehyde, methanol and ethanol was directly sent into the second reactor to produce acrolein through cross-aldolization. Tests have been performed at 266 and 285 °C. Higher temperatures have not been tested, in order to limit the production of carbon oxides. Carbon balance was always between 75 and 90 %. Table 3 displays the yields of acrolein, (CO+CO2), acetaldehyde, formaldehyde, and the conversion of methanol and ethanol at the outlet of Reactor 2 for zinc, cobalt, manganese, iron and copper based spinel catalysts. Table S4 shows the composition of the gaseous mixture at the outlet of Reactor 1.

Among the zinc spinels, the best catalyst appear to be ZnAl2O4 with 22 % acrolein yield and 7 % COx production followed by (0.5Mg ; 0.5Zn) Al2O4 with 21 % of acrolein and 7 % of COx. Nonetheless, these catalysts are deactivating very quickly. Looking at these results, the quantity of zinc in the sample does not seem to have a significant impact on the acrolein production. Concerning cobalt based catalysts, the scheme is relatively similar; the best results are exhibited by CoAl2O4 with 19% acrolein yield. (0.5Mg ; 0.5Co) Al2O4 led to a very high production of carbon oxides, due to a very strong hotspot during the experiment.

The acrolein yield is probably underestimated due to this hotspot. In this case again, it is impossible to see a correlation between the quantity of cobalt in the sample and the acrolein production. For copper spinel, an important hotspot was already seen at 215 °C, probably because of the highly oxidative character of copper. Thus, the reaction was performed at 200 °C over this sample, which led to a very weak acrolein yield of 14 %, barely higher than that already achieved after reactor 1 (13 %). Iron spinel displayed an interesting yield of acrolein (26 %) even if the carbon oxides yield is still quite high (19 %). In order to limit over-oxidation to COx, a decrease in the O2 amount in the feed gas mixture, from 8% to 5%, was attempted. This led to a small decrease in both CO2 and acrolein yields. An increase of temperature led to COx formation rather than acrolein production. Fig. S9, which shows the COx production vs the amount of basic sites (Q>50 kJ mol -1 ), leads to the conclusion that an increased amount of basic sites can result in an elevated production of carbon oxides, thus confirming previous work performed by Lilic et al. [31]. Besides, it appears that not only the basicity but also the nature of substitution metal plays a role. Indeed, for example, COx production is quite low with zinc compared to cobalt, suggesting that both redox and acidbase properties have an influence on the catalytic performance.

The most promising results come from manganese spinels. Indeed, the best result is displayed by (0.8Mg ; 0.2Mn) Al2O4 with 31 % of acrolein yield at 285 °C with a carbon balance of 87%. In addition to that, nearly 30 % yield of acrolein was also obtained at 266 °C, making it possible to consider a setup were FeMoOx and spinel catalysts would be placed in the same reactor to produce acrolein. Surprisingly, methanol conversion after reactor 1 (69%) is nearly always higher than after reactor 2, possibly due to the Cannizzaro disproportionation of formaldehyde leading to formate species and methanol. Fig. 6 displays the acrolein yield versus the ionic radius of each guest metal in tetrahedral (Fe, Zn and Co) and octahedral sites (Mn). These radii have been taken from Shannon [37,40]. It can be observed that acrolein production clearly depends on the cation species and increases with increasing ionic radius. The different ionic radii probably affect not only the lattice parameters, but also the bond lengths and the electronic density around the cationic centers, inducing differences in catalytic activity. The ionic radius also enters into the calculation of the ionic potential (Z/r) considered by Hu et al. as the polarizing ability of the cation and hence the ability to influence electron density at neighbouring atoms [41]. It might be possible that a high ionic potential (represented by a smaller ionic radius in this case) could have effects on electron movements and bond stretchings, thus preventing some formation of transition states.

Moreover, as previously said, contrary to other elements, Mn(II) could undergo oxidative transfer from a tetrahedral site to Mn(III) in an octahedral site. Jacobs et al. suggested that octahedral sites are exposed almost exclusively at the surface of spinel oxides and that only these sites participate to the reaction [38]. This could explain the better results obtained with manganese compared to other spinel catalysts. Given the relatively good acrolein yield exhibited by (0.8Mg ; 0.2Mn) Al2O4 at the temperature of the first reactor (266 °C), the oxidative coupling of alcohols has also been performed in a single reactor. FeMoOx (3 g) and spinel catalysts (20 g) were diluted with steatite (20 g). The conditions were exactly the same as in the two-reactor experiment (MeOH/EtOH/O2/N2 molar ratio=4:2:8:86, T= 266 °C, GHSV = 5000 h -1 ). This experiment has shown the best results achieved so far for this configuration and this temperature, with 27 % of acrolein (compared to only 13% only exiting from the first reactor) and 14 % of CO+CO2 production. These results are close to those obtained in the two-step experiment at higher temperature, confirming that it is possible to mix the two catalysts without expecting a decrease in acrolein production.

FTIR study

In addition to the adsorption microcalorimetry study, an investigation was performed using Fourier Transform Infrared spectroscopy. As in the case of microcalorimetry, formaldehyde, acetaldehyde and propionaldehyde were used as probe molecules. Infrared studies of the adsorption of light aldehydes have already been reported in the literature over materials such as MgO [42][43][44], Mo/Sn oxides [45], cobalt supported on ZnO [START_REF] Guil | Ramírez de la Piscina[END_REF], silica-supported oxides and metals [47][48][49], titania [43,[50][51][52][53][54], ceria [52], alumina [52,54] but also zeolites [55]. In our case, five magnesium aluminate spinels where magnesium was partially substituted by iron, copper, zinc, cobalt and manganese were used. The spectroscopic analyses were performed on samples in self-supported pellets. After a pretreatment overnight at 400 °C under vacuum, an adsorption was carried out at room temperature (RT) followed by desorptions at RT, 100, 200, 300, and 400 °C. After each step, an infrared spectrum was recorded at room temperature.

Formaldehyde adsorption

Since formaldehyde is a reactant for the cross-aldolization of aldehydes to produce acrolein, its adsorption over spinel catalysts has been studied in order to investigate the mechanism of adsorption at the surface of catalysts. Only few publications have reported on the adsorption of formaldehyde over mixed oxide surfaces. Among these, Busca et al. [42] reported the quick formation of formate species at the surface of magnesium oxide at room temperature.

Coordinative formaldehyde has been identified only at low temperatures (around -100 °C) [42].

The formation of formate species has also been reported on alumina and ferrite [56]. Fig. S10 represents the spectra (between 1000 and 3900 cm -1 ) after adsorption of formaldehyde followed by desorption at 100, 200, 300 and 400 °C on magnesium aluminate spinels where magnesium was partly substituted by manganese which exhibited among the best catalytic results. Fig. 7 displays the same spectra between 1000 and 1900 cm -1 . The spectra of magnesium aluminate spinels where magnesium was partly substituted by iron, copper, cobalt, and zinc are available in The presence of isolated hydroxyls around 3700 cm -1 is easily observed on the pretreated sample. There is also a peak at 1200 cm -1 which does not seem to be sensitive to adsorbate and could be assigned to bulk sulfate species in the catalyst [57,58]. The isolated hydroxyls disappear when adsorption is performed, and instead a large band is observed around 3500 cm -1 , characteristic of linked hydroxyls. In addition, after adsorption of formaldehyde new peaks appear between 2700 and 3000 cm -1 which could be attributed to ν(CH) of formate species [42,56,59]. The more interesting region of the spectra is that between 1000 and 1900 cm - 1 . In this region, multiple peaks appear after adsorption. The most prominent peak is centered at 1592 cm -1 , and accompanied by a smaller peak centered at 1370 cm -1 . A small triplet is seen at 22 1750 cm -1 , a large band is observed between 1120 and 1150 cm -1 and a very small band at 1070 cm -1 can also be seen. The peak at 1750 cm -1 is only observed after adsorption, and disappears after the first desorption at room temperature. This is indicative of weakly adsorbed species, and can be attributed to gaseous formaldehyde. The very small band at 1070 cm -1 has been attributed in the literature to methoxy groups [42,60]. A similar explanation appears likely for the band centered at 1130 cm -1, which remains visible until desorption at 200 °C, suggesting a relatively strong adsorption. Meanwhile, the two main peaks at 1370 and 1592 cm -1 can be attributed to ν(s) CO2 -and ν(as) CO2 -of formate species [42,[60][61][62]. It is interesting to notice that these two peaks disappear upon desorption at 400 °C but, for the other studied spinel catalysts (see Figs. S11-S14.), these bands are still present at 400 °C. This earlier disappearance could be linked to the better catalytic results of manganese spinels. Nonetheless, these high desorption temperatures indicate very strong adsorption on the surface. The presence of methoxide coupled to formate species could be related to a Cannizzaro disproportionation of formaldehyde as described by Busca et al. [42] and already reported on model magnesia by Peng et al. [63]. It is worth noting that, in our experiments, the conversion of methanol during catalytic test was lower after reactor 2 than after reactor 1, which suggests a "synthesis" of methanol during the catalytic run, consistent with the hypothesis of a Cannizzaro reaction over our spinel catalysts.

Acetaldehyde adsorption

FT-IR spectroscopy has also been used to investigate the mechanism of adsorption of acetaldehyde over the studied spinel catalysts. Fig. S15 displays the spectra of spinel catalyst (0.5Mg ; 0.5 Mn) Al2O4 in the 1000-1900 cm -1 region. Spectra of magnesium aluminate spinel where magnesium was partly substituted by iron, copper, cobalt, and zinc are available in Fig.

S16-S19

As in the case of formaldehyde, the isolated hydroxyls evidenced by a band around 3700 cm -1 in the spectrum of the pretreated sample disappear after adsorption and give rise to a large band around 3500 cm -1 characteristic of linked hydroxyls. An additional triplet can be observed after adsorption between 2700 and 3000 cm -1 . This can be assigned to ν(CH) and ν(CH3) of acetaldehyde or of a product of reaction of acetaldehyde such as crotonaldehyde. Here again, the most interesting part of spectra is the carboxylate region where multiple peaks can be observed.

A peak at 1760 cm -1 can be seen on the spectrum after adsorption but not after desorption at room temperature, indicating a weak adsorption. This has been attributed to gaseous acetaldehyde. A more prominent peak is seen at 1710 cm -1 , with a shoulder at 1670 cm -1 after adsorption and until 300 °C, corresponding to more strongly adsorbed species. Other peaks can be observed at 1580 cm -1 with a shoulder at 1600 cm -1 , around 1430 cm -1 , at 1370 cm -1 , 1275 cm - 1 , and a very small one at 1090 cm -1 accompanied by a large band centered at 1150 cm -1 . Two isosbestic points (Fig. S20) exist at 1640 and 1415 cm -1 suggesting the decomposition or reaction of certain species to form other species as the temperature increases.

It is particularly difficult to distinguish the nature of the different present species, because of the numerous possibilities and the lack of complete agreement among sources in the literature. Some studies notice the presence of acetate species [43,[START_REF] Guil | Ramírez de la Piscina[END_REF]61,[64][65][66] by assigning peaks around 1580 and 1430 cm -1 to symmetric and asymmetric stretching vibration of COO -deriving from a Cannizzaro like reaction or oxidation. Other authors have concluded that a Cannizzarro reaction seems rather unlikely because it would normally require an aldehyde without available hydrogen in the α-position of the carbonyl group [48]. Those authors prefer to conclude that the aldehyde transforms into surface enolates which could then polymerize or react to produce other aldehydes such as crotonaldehyde [47,48,52,54,67]. In this case, the peak at 1712 cm -1 could be assigned to carbonyl groups of acetaldehyde adsorbed on one of the metals. The band at 1670 cm -1 could be attributed to carbonyl groups of a reaction product of acetaldehyde such as crotonaldehyde for example, while the peak at 1580 cm -1 and its shoulder at 1600 cm -1 would be due to presence of either enolate or crotonaldehyde. It is worth noting that these two peaks, and particularly the peak at 1600 cm -1 , increase in intensity until 400 °C. This could indicate the presence of two different species arising from the transformation of acetaldehyde or a reaction product. The peak at 1450 cm -1 could be attributed to δ(CH3) of acetaldehyde and/or crotonaldehyde, while the band at 1380 cm -1 seems to be linked with the peak at 1710 cm -1 and thus may be assigned to ρw(CHO) of acetaldehyde. Nonetheless, the presence of residual adsorbed aldehyde at the surface of the oxide at 400 °C is not certain; besides, a slight shift can be detected for the peak at 1450 cm -1 . A reaction could possibly happen at this temperature, such as the formation of acetate arising from over-oxidation of aldehyde products. Acetate species has previously been observed at high temperature after aldehyde adsorption on alumina, as reported by Raskó et al. [52]. Of course, it is also impossible to exclude the presence of carbonates arising from reaction on the surface of catalysts. Some species are still present at 400 °C, which is 115 °C more than the catalytic test temperature. This presence of non-desorbed species on the surface, coupled to a possible disproportionation of formaldehyde, could hypothetically explain the relatively low yield of acrolein achieved by our catalysts.

Propionaldehyde adsorption

FTIR spectroscopy has also been used to study the adsorption of propionaldehyde, used as a substitute for acrolein, over (0.5Mg ; 0.5 Mn) Al2O4. Fig. S21 shows the FTIR spectra of the (0.5Mg ; 0.5Mn) Al2O4 catalyst after propionaldehyde adsorption followed by desorption at 100, 200, 300 and 400 °C. Spectra of magnesium aluminate spinel where magnesium was partially substituted by iron, copper, cobalt, and zinc are available in Fig. S22-S25. The adsorption of propionaldehyde has been studied less extensively than that of acetaldehyde, but some adsorption studies over oxides exist in the literature [44,54,68].

As in the case of acetaldehyde, there are multiple peaks in the carboxylate region. Here again, after adsorption it is possible to see band at 1760 cm -1 which disappear after desorption at room temperature. A second peak at 1740 cm -1 can be seen until 100 °C. A third band around 1700 cm - 1 is visible after adsorption and then seems to increase in intensity after desorption at 100 °C and disappear between 200 and 300 °C. Other peaks are visible at 1560, 1460 with a shoulder at 1455 cm -1 , 1420, 1380 and 1300 cm -1 . The spectra are relatively close to those of acetaldehyde adsorption. The bands at 1760 cm -1 and 1740 cm -1 can be attributed to gaseous and physisorbed propionaldehyde. The peak at 1700 cm -1 seems to shift to 1680 cm -1 from adsorption to desorption at 200 °C. Relying on the literature and following the attribution made for acetaldehyde adsorption, it could be ascribed to an aldol product [55]. The peak at 1560 cm -1 could be assigned to C=C of unsaturated aldehyde, while the band at 1470 cm -1 is tentatively assigned to deformation of methyl groups. Meanwhile, the peak at 1380 cm -1 probably corresponds to symmetric deformation of methyl groups in carbonyl compounds such as propionates [69], propionaldehyde or propionaldehyde reaction products [54].

After increasing the desorption temperature, a band at 1590 cm -1 appears. By comparing with the acetaldehyde spectra, it is possible that propionaldehyde undergoes aldolization, polymerization, or even over-oxidation to form propionate species [61,69].

Here again, the presence of bands at 400 °C indicates the existence of strongly adsorbed species. The presence of multiple different species is also an indication of the likely reactive character of acrolein over the studied materials. This suggests that the produced acrolein may over-react at the surface of the catalysts, which might explain the reduced yield of acrolein observed at the outlet of reactor 2. disappeared during the reaction. Nonetheless, the yields of acrolein after 21 hours remained stable (Fig. S26). This suggests that coke deposition seems to preferentially poison the basic sites, which is logical considering the acidic character of CO2, but acrolein production is able to continue and remain stable thanks to the presence of medium basic and acidic sites; this is in agreement with the results of previous study [30].This study confirms that coke passivates some selective sites and is not detrimental to the acrolein selectivity [13].

Characterization of the used catalysts

Conclusion

Adsorption microcalorimetry of NH3 and SO2 probes has been used to determine the acid-base properties of various magnesium aluminate spinels where magnesium was partly or totally substituted by metals such as iron, cobalt, manganese, copper and zinc. Microcalorimetry has also been used to determine the adsorptive properties of reactants (formaldehyde, acetaldehyde, propionaldehyde) for the production of acrolein by cross-aldolization by using them as molecular probes. In addition to microcalorimetry, FTIR spectroscopy has been used to provide further insights into the mechanism of adsorption. These adsorptive properties have been correlated to the results of a catalytic study of acrolein production in oxidizing conditions over these materials.

Among all the studied catalysts, the best production of acrolein was achieved by the magnesium aluminate spinel where magnesium was partly or totally substituted by manganese.

Contrary to a previous study performed over xMgO yAl2O4 spinels [32], the microcalorimetric study has shown that the acidic and basic properties do not seem to be the key factors explaining this higher activity for manganese spinel. The redox character of the substitution metal plays certainly also a role. Moreover, this study has shown that an increase in cation radius of the guest metal seems to have a positive influence on the acrolein production, possibly thanks to the modification of the lattice parameter, bond length and electronic properties around the cationic centers. The spectroscopic study has made it possible to better understand the transformations undergone by aldehydes at the surface of the catalysts. Formate species were detected upon formaldehyde adsorption at room temperature, indicating a possible Cannizzaro disproportionation, while the investigation of acetaldehyde adsorption suggested that some reaction such as polymerization, oxidation or aldolisation to higher products occurred, possibly explaining the relatively low acrolein yields obtained during catalytic investigations.

Oxidative coupling of alcohols is a promising alternative pathway to produce acrolein from biosourced materials. The catalytic materials devised so far still exhibit relatively low yields, and further investigations of factors such as the influence of the gas mixture composition or the influence of water presence during the reaction will be necessary in order to enhance those yields. Nonetheless, this study makes it possible to better comprehend the adsorption mechanisms occurring on the surface and their implications; this is a helpful step towards the design of more effective catalysts by tuning the surface properties of these solids.

Porous

  Layer Open Tubular (PLOT) column to measure CO2 concentration and a molecular sieves column to analyze O2, N2 and CO. Condensable products (acrolein, acetaldehyde, methanol, ethanol, crotonaldehyde, and others) were quantified offline by GC with ZB-WAX Plus column (length = 60 m, ID = 0.53 mm, df = 1 μm. Ramp temperature = 8 °C min -1 from 40 to 220 °C and then 13 min at 220 °C) equipped with a flame ionization detector (FID). An example of a chromatogram is given in Fig. S1 (Sample (0.8Mg ; 0.2Mn) Al2O4) Prior to analysis, formaldehyde was derivatized in a solution of dinitrophenylhydrazine (DNPH) and then quantified offline by GC with HP-5 column (length = 30 m, ID = 0.25 mm, df = 1 μm. Ramp temperature = 15 °C min -1 from 60 to 195 °C then 5 °C min -1 until 235 °C and then 30 °C min -1 until 300 °C) equipped with a flame ionization detector.

Fig. S2 displays

  Fig. S2 displays the XRD patterns of magnesium aluminate spinel where magnesium was partly or totally substituted by five different metals, namely iron, copper, zinc, manganese and cobalt 8 peaks centered at 2θ = 19, 31, 36, 45, 55, 59, 65 and 78° can be observed. All these peaks can be attributed to the spinel structure. Contrary to some other spinel catalysts

Fig. 1 .

 1 Fig. 1. Differential heats of adsorption of SO2 (left) and NH3 (right) for studied spinel catalysts at 150 °C

Fig. 2 .

 2 Fig. 2. Ratio of the amounts of strong basic sites to strong acidic sites versus percentage of guest metal atoms.

[ a ]

 a Heat evolved from the first SO2 or NH3 dose. [b] Total amount of SO2 and NH3 adsorbed under an equilibrium pressure of 27 Pa. [c] Amount of chemisorbed SO2 and NH3 under an equilibrium pressure of 27 Pa. [d] Ratio of total basic to acidic sites. [e] Ratio of chemisorption strong basic to acidic sites.

Fig. 3

 3 displays the differential heats of adsorption of acetaldehyde on the left side and formaldehyde on the right side versus amounts of adsorbed probe molecule. The corresponding adsorption isotherms are available in Fig. S7. Experiments with formaldehyde were only performed on a subset of the samples, due to the possibility of oligomerization at this temperature.

Fig. 3 .

 3 Fig. 3. Differential heats of adsorption of acetaldehyde (left) and formaldehyde (right) for the studied spinel catalysts at 30 °C.

Fig. 4 .

 4 Fig. 4. A: adsorption isotherms of acetaldehyde, formaldehyde, NH3 and SO2 for (0.8Mg ; 0.2Mn) Al2O4 at 80 °C ; B: isotherms of formaldehyde adsorption (a) and readsorption of formaldehyde (b) followed by adsorption of acetaldehyde (c) at 80 °C on (0.8Mg ; 0.2Mn) Al2O4 ; C: isotherms of acetaldehyde adsorption (a) and readsorption of acetaldehyde (b) followed by adsorption of formaldehyde (c) at 80 °C on (0.8Mg ; 0.2Mn) Al2O4

Fig. S8.

  Fig. S8.

4 Fig. 5 .

 45 Fig. 5. Differential heats of adsorption of propionaldehyde versus coverage over the studied spinel catalysts at 30 °C.

Fig. 6 .

 6 Fig. 6. Acrolein production versus the ionic radius of guest metals

FigFig. 7 .

 7 Fig. S11-S14.

Figure 8 .

 8 Figure 8. Differential heats of adsorption of NH3 (right) and SO2 (left) at 150°C for (0.8Mg ; 0.2Mn) Al2O4: fresh catalyst (blue) and after 21h (green)

  

Table 1 .

 1 List of studied catalysts with surface area, sulfur content and chemical analysis (C.A.)

Catalyst SBET (m 2 .g -1 ) S (ppm) CA (at% -wt%) Mg Al Zn Cu Co Fe Mn (0.8Mg ; 0.2Fe) Al2O4

  

		38	350	10.4 -12.1 27.2 -35.1	2.7 -7.2
	(0.8Mg ; 0.2Cu) Al2O4	19	151	10.8 -12.3 28.5 -36.1	2.7 -8.1
	(0.5Co ; 0.5Mg) Al2O4	34	569	6.7 -7.2	27.9 -33.5	6.7 -17.5
	CoAl2O4	27	549	<0.1	28.4 -30.7	13.6 -32.1
	(0.8Mg ; 0.2Zn) Al2O4	32	1445 10.8 -12.4 28.0 -35.8 2.3 -7.0	
	(0.5Mg ; 0.5Zn) Al2O4	29	5251	6.8 -7.2	28.6 -33.6 6.6 -18.8	
	ZnAl2O4	9	7170	<0.1	28.4 -30.0 13.1 -33.4	
	(0.8Mg ; 0.2Mn) Al2O4	38	453	10.7 -12.4 27.7 -35.8	2.5 -6.5
	(0.5Mg ; 0.5Mn) Al2O4	32	285	6.6 -7.3	27.5 -33.8	6.1 -15.3
	Table					

Table 2 .

 2 Qinit, Virrev and Vtot calculated from adsorption isotherms of SO2 and NH3 obtained by microcalorimetry measurements at 150 °C.

Table 3 .

 3 Catalytic tests results obtained over spinel-based catalysts after reactor 2 at 285 °C.

				Yield Y or conversion C		
	Sample	CMeOH [%]	CEtOH [%]	Yacrolein [%]	Yformaldehyde [%]	Yacetaldehyde [%]	YCOx [%]
	MgAl2O4 [32]	66	96	27	9	15	
	(0.8Mg ; 0.2Zn) Al2O4	67	92	20	13	15	
	(0.5Mg ; 0.5Zn) Al2O4	62	96	21	11	20	
	ZnAl2O4	70	90	22	12	20	
	(0.5Mg ; 0.5Co) Al2O4	73	96	17	9	15	
	CoAl2O4	63	94	19	14	20	
	(0.8Mg ; 0.2Mn) Al2O4	60	97	31	5	11	
	(0.5Mg ; 0.5Mn) Al2O4	60	95	30	6	9	
	(0.8Mg ; 0.2Fe) Al2O4	67	98	26	8	11	
	(0.8Mg ; 0.2Cu) Al2O4	68	89	14	31	21	
	(at 200°C)						
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