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Introduction

Selective oxidation of alkanes is a difficult reaction to perform, considering both kinetic and thermodynamic aspects [START_REF] Thomas | Molecular-sieve catalysts for the selective oxidation of linear alkanes by molecular oxygen[END_REF][START_REF] Bordeaux | Catalytic, Mild, and Selective Oxyfunctionalization of Linear Alkanes: Current Challenges[END_REF]. Therefore, the oxo-functionalization process of these compounds, especially linear alkanes in their terminal position, has been intensely investigated, since the compounds resulting from this reaction have high value and are used in many areas of the chemical industry. For example, cyclohexane oxidation is one of the conventional methods to produce adipic acid (AA), which is primarily used for the manufacture of nylon-6,6 polymer, in turn for production of polyurethanes as reactants to form plasticizers, lubricant components, polyester polyols, ecaprolactam, etc. Yearly global AA production is more than 3.5 million metric tons, with demand growth of 5% annually [START_REF] Hwang | One-pot room-temperature conversion of cyclohexane to adipic acid by ozone and UV light[END_REF][START_REF]Merchant Research and Consulting, Adipic Acid (ADPA), 2018 World Market Outlook and Forecast up to 2027[END_REF]. The abundance of alkanes derived from oil and the range of possible compounds resulting from their chemical transformations means that their oxo-functionalization is still widely investigated in catalytic processes. Hence, their use extends far beyond fuels [START_REF] Hwang | One-pot room-temperature conversion of cyclohexane to adipic acid by ozone and UV light[END_REF][START_REF]Merchant Research and Consulting, Adipic Acid (ADPA), 2018 World Market Outlook and Forecast up to 2027[END_REF][START_REF] Luo | Single-Atom Mn Active Site in a Triol-Stabilized β-Anderson Manganohexamolybdate for Enhanced Catalytic Activity towards Adipic Acid Production[END_REF][START_REF] Dai | Bifunctional H2WO4/TS-1 catalysts for direct conversion of cyclohexane to adipic acid: Active sites and reaction steps[END_REF][START_REF] Zhang | Construction of Z-scheme tungsten trioxide nanosheets-nitrogen-doped carbon dots composites for the enhanced photothermal synergistic catalytic oxidation of cyclohexane[END_REF].

Different catalytic approaches employing chemical compounds and enzymes have been investigated for development of efficient and selective alkane oxo-functionalization reactions.

Related to enzymes, most metalloenzymes active for alkane oxo-functionalization use copper or iron as metal catalytic species, such as monooxygenase systems operating under mild physiological conditions. Inspired by these biological systems, different metal ion complexes, mainly Cu 2+ , Fe 3+ , Mn 3+ , and Co 3+ , have been investigated as biomimetic catalysts for oxo-functionalization of linear and cyclic alkanes [START_REF] Perraud | Oxidation of cycloalkanes by H2O2 using a copper-hemicryptophane complex as a catalyst[END_REF][START_REF] Olivo | Oxidation of alkane and alkene moieties with biologically inspired nonheme iron catalysts and hydrogen peroxide: from free radicals to stereoselective transformations[END_REF][START_REF] Kirillova | Mild C-H functionalization of alkanes catalyzed by bioinspired copper(II) cores[END_REF][START_REF] Chavez | Syntheses, Structures, and Reactivities of Cobalt(III)-Alkylperoxo Complexes and Their Role in Stoichiometric and Catalytic Oxidation of Hydrocarbons[END_REF][START_REF] Ma | Highly Efficient Alkane Oxidation Catalyzed by [Mn V (N)(CN) 4 ] 2-. Evidence for [Mn VII (N)(O)(CN) 4 ] 2-as an Active Intermediate[END_REF]. Despite the promising results reported using, for example, metalloporphyrins [START_REF] Nakagaki | Anionic Iron(III) Porphyrin Immobilized on/into Exfoliated Macroporous Layered Double Hydroxides as Catalyst for Oxidation Reactions[END_REF][START_REF] Groves | Hydroxylation and epoxidation catalyzed by iron-porphine complexes. Oxygen transfer from iodosylbenzene[END_REF][START_REF] Westrup | Light-assisted cyclohexane oxidation catalysis by a manganese(III) porphyrin immobilized onto zinc hydroxide salt and zinc oxide obtained by zinc hydroxide salt hydrothermal decomposition[END_REF][START_REF] Mantovani | Unusual catalytic activity after simultaneous immobilization of two metalloporphyrins on hydrozincite/nanocrystalline anatase[END_REF][START_REF] Che | Metalloporphyrin-based oxidation systems: from biomimetic reactions to application in organic synthesis[END_REF], alkane oxo-functionalization remains a major catalytic challenge when aiming to scale up the results. Thus, the development of new technological processes to take advantage of these molecules is needed.

In addition to the cited metal compounds, tungsten and molybdenum compounds are have also been investigated as catalysts for this class of oxidation reactions, e.g., oxidation of alkanes, phenols, and olefins; alkene epoxidation; allylic acetoxylations to form glycerol from allylic alcohols; and asymmetric dihydroxylation of glutaraldehyde from cyclopentene [START_REF] Hill | The first combinatorially prepared and evaluated inorganic catalysts. Polyoxometalates for the aerobic oxidation of the mustard analog tetrahydrothiophene (THT)[END_REF][START_REF] Kozhevnikov | Heteropoly Acids and Related Compounds as Catalysts for Fine Chemical Synthesis[END_REF][START_REF] Hill | Homogeneous catalysis by transition metal oxygen anion clusters[END_REF][START_REF] Choudary | A Trifunctional Catalyst for One-Pot Synthesis of Chiral Diols via Heck Coupling-N-Oxidation-Asymmetric Dihydroxylation: Application for the Synthesis of Diltiazem and Taxol Side Chain[END_REF]. These two metals are frequently used in different forms, like polyoxometalates (POM) [START_REF] Kwon | Pillaring of layered double hydroxides (LDH's) by polyoxometalate anions[END_REF][START_REF] Drezdzon | Synthesis of isopolymetalate-pillared hydrotalcite via organic-anion-pillared precursors[END_REF][START_REF] Drezdon | Pillared hydrotalcites[END_REF][START_REF] Chibwe | Synthesis of polyoxometalate pillared layered double hydroxides via calcined precursors[END_REF][START_REF] Chibwe | Intercalation of organic and inorganic anions into layered double hydroxides[END_REF][START_REF] Narita | Synthesis of Heteropolyoxometalate Pillared Layered Double Hydroxides via Calcined Zinc-Aluminium Oxide Precursors[END_REF][START_REF] Dimotakis | New route to layered double hydroxides intercalated by organic anions: precursors to polyoxometalate-pillared derivatives[END_REF][START_REF] Wang | Pillaring of layered double hydroxides with polyoxometalates in aqueous solution without use of preswelling agents[END_REF][START_REF] Narita | Direct synthesis of a polyoxometallate-pillared layered double hydroxide by coprecipitation[END_REF][START_REF] Luo | Single-Atom Mn Active Site in a Triol-Stabilized β-Anderson Manganohexamolybdate for Enhanced Catalytic Activity towards Adipic Acid Production[END_REF][START_REF] Conte | Insights into the Reaction Mechanism of Cyclohexane Oxidation Catalysed by Molybdenum Blue Nanorings[END_REF][START_REF] Alcañiz-Monge | Influence of peroxometallic intermediaries present on polyoxometalates nanoparticles surface on the adipic acid synthesis[END_REF], anions [START_REF] Tatsumi | Shape Selective Epoxidation of Alkenes Catalyzed by Polyoxometalate-Intercalated Hydrotalcite[END_REF][START_REF] Tatsumi | New Frontiers in Catalysis[END_REF], complexes [START_REF] Gonzalez | Thermodynamic and kinetic studies of the complexes W(CO)3(PCy3)2L (L = H2, N2, NCCH3, pyridine, P(OMe)3, CO)[END_REF][START_REF] Sun | Photophysical and Photochemical Properties of W(0) and Re(I) Carbonyl Complexes Incorporating Ferrocenyl-Substituted Pyridine Ligands[END_REF][START_REF] Pronin | Heterometallic Re/Mo and Re/W cubane-type cluster complexes[END_REF][START_REF] Zhang | Synthesis and Reactivity of Molybdenum Complexes Containing Functionalized Alkynyl Ligands: A Photochemically Activated CO-Releasing Molecule (PhotoCO-RM)[END_REF][START_REF] Tanabe | Preparation and reactivity of molybdenum complexes bearing pyrrole-based PNP-type pincer ligand[END_REF], in association with gold, platinum or copper nanoparticles [START_REF] Mai | Simple synthesis of WO3-Au composite and their improved photothermal synergistic catalytic performance for cyclohexane oxidation[END_REF][START_REF] Xiao | High-performance silver nanoparticles coupled with monolayer hydrated tungsten oxide nanosheets: The structural effects in photocatalytic oxidation of cyclohexane[END_REF][START_REF] Long | Selective Oxidation of Saturated Hydrocarbons Using Au-Pd Alloy Nanoparticles Supported on Metal-Organic Frameworks[END_REF][START_REF] Shiraishi | Visible light-induced partial oxidation of cyclohexane on WO3 loaded with Ptnanoparticles[END_REF][START_REF] Acharyya | Nanoclusters of Cu(II) supported on nanocrystalline W(VI) oxide: a potential catalyst for single-step conversion of cyclohexane to adipic acid[END_REF], etc.

Regarding tungsten compounds, several WO 3 and tungstate-based catalysts have been found active for cyclohexene oxidation [START_REF] Mai | Simple synthesis of WO3-Au composite and their improved photothermal synergistic catalytic performance for cyclohexane oxidation[END_REF][START_REF] Sato | A "Green" Route to Adipic Acid: Direct Oxidation of Cyclohexenes with 30 Percent Hydrogen Peroxide[END_REF][START_REF] Ghosh | Selective oxidation of cyclohexene to adipic acid over silver supported tungsten oxide nanostructured catalysts[END_REF][START_REF] Shang | 2-and 3-Stage temperature ramping for the direct synthesis of adipic acid in micro-flow packed-bed reactors[END_REF][START_REF] Usui | A green method of adipic acid synthesis: organic solvent-and halide-free oxidation of cycloalkanones with 30% hydrogen peroxide[END_REF][START_REF] Vafaeezadeh | Simple and green oxidation of cyclohexene to adipic acid with an efficient and durable silica-functionalized ammonium tungstate catalyst[END_REF]. Sato et al. demonstrated the efficiency of Na 2 WO 4 as a catalyst to convert cyclohexene to AA using 30% H 2 O 2 in a biphasic system [START_REF] Sato | A "Green" Route to Adipic Acid: Direct Oxidation of Cyclohexenes with 30 Percent Hydrogen Peroxide[END_REF]. Also, Vafaeezadeh et al. demonstrated that silica-functionalized ammonium tungstate is a versatile oxidation catalyst for direct cyclohexene conversion into AA using H 2 O 2 [START_REF] Vafaeezadeh | Simple and green oxidation of cyclohexene to adipic acid with an efficient and durable silica-functionalized ammonium tungstate catalyst[END_REF]. Mai et al. [START_REF] Mai | Simple synthesis of WO3-Au composite and their improved photothermal synergistic catalytic performance for cyclohexane oxidation[END_REF] prepared a photothermal solid catalyst by loading Au nanoparticles (Au NPs) into WO 3 nanosheets (WO 3 NSs) to improve cyclohexane conversion and ketone-alcohol (KA) oil selectivity under solar light irradiation. High conversion of 9.0% and a high selectivity of 99.0% were observed, attributed to the improved light absorption, the effective charge separation, and the synergistic effect of photocatalysis and thermal catalysis.

Molybdenum species have also been investigated as catalysts for cycloalkane and cycloalkene oxidation reactions [START_REF] Conte | Insights into the Reaction Mechanism of Cyclohexane Oxidation Catalysed by Molybdenum Blue Nanorings[END_REF][START_REF] Alcañiz-Monge | Influence of peroxometallic intermediaries present on polyoxometalates nanoparticles surface on the adipic acid synthesis[END_REF][START_REF] Sutradhar | Application of molybdenum complexes for the oxidation of cyclohexane in acetonitrile, ionic liquid and supercritical CO2 media, a comparative study[END_REF][START_REF] Rana | Mo incorporation in MCM-41 type zeolite[END_REF][START_REF] Campbell | Studies on transition metal peroxo complexes. Part 8. The nature of peroxomolybdates and peroxotungstates in aqueous solution[END_REF][START_REF] Amini | Oxido-peroxido molybdenum(VI) complexes in catalytic and stoichiometric oxidations[END_REF][START_REF] Buonomenna | Direct Oxidation of Cyclohexene with Inert Polymeric Membrane Reactor[END_REF]. For instance, Conte et al. [START_REF] Conte | Insights into the Reaction Mechanism of Cyclohexane Oxidation Catalysed by Molybdenum Blue Nanorings[END_REF] prepared a molybdenum blue nanoring Mo 5+ -O-Mo 6+ (POM) and investigated it as a catalyst for solvent-free cyclohexane oxidation to alcohol and ketone with O 2 gas. They observed a ketone/alcohol ratio (K/A) of 0.8 with 6% cycloalkane conversion to the products after 17 h of reaction. The strong catalytic activity was attributed mainly to the presence of Mo 5+ species in the POM composition. Using MoO 3containing MCM-41 mesoporous silica catalyst, Rana and Viswanathan [START_REF] Rana | Mo incorporation in MCM-41 type zeolite[END_REF] investigated the catalytic oxidation of cyclohexane into acetone, which led to a K/A ratio of 0.16 with up to 87.59% cyclohexanone selectivity while using 30 wt% H 2 O 2 . They attributed this result to the activity of tetrahedral MoO 4 sites in the solid structure. Also, using molybdenum and tungsten polyoxometalates supported on activated carbon fibers, Alcañiz-Monge et al. [START_REF] Alcañiz-Monge | Influence of peroxometallic intermediaries present on polyoxometalates nanoparticles surface on the adipic acid synthesis[END_REF] investigated the influence of their respective peroxometallic intermediaries, formed in situ using hydrogen peroxide in acetonitrile, on the conversion of cyclohexane into adipic acid. They reported that compared to [PW [START_REF] Ma | Highly Efficient Alkane Oxidation Catalyzed by [Mn V (N)(CN) 4 ] 2-. Evidence for [Mn VII (N)(O)(CN) 4 ] 2-as an Active Intermediate[END_REF] O 40 ] 3-catalytic species, the use of [PMo 12 O 40 ] 3--based heteropoly salts offered many advantages due to their stronger oxidizing power, presenting higher catalytic activity and higher selectivity to AA synthesis. Lastly, using the inexpensive catalyst ammonium molybdate ((NH 4 ) 6 Mo 7 O 24 ), Buonomenna and co-workers [START_REF] Buonomenna | Direct Oxidation of Cyclohexene with Inert Polymeric Membrane Reactor[END_REF] reported the one-step cyclohexane oxidation to adipic acid using a microporous polymer membrane to compartmentalize the organic phase containing the substrate and the aqueous phase with the catalyst, hydrogen peroxide and succinic acid, to obtain selective oxidation of cyclohexane to adipic acid (90%).

Layered double hydroxides (LDHs) are a class of inorganic solids that can easily support polyoxometalate anions and can be designed as potential catalysts for oxidation reactions. LDHs consist of positively charged layers neutralized with exchangeable anions. The positive charges arise from the composition of LDHs based on metallic cations in different oxidation states (2+ and 3+) and M 2+ :M 3+ molar ratios. These positively charged layers are counterbalanced by hydrated or nonhydrated anions, located in the interlayer space and at the layer surface of the LDH. Due to the great flexibility of chemical composition of both the layers and the interlayer domains, which can accommodate different anions, this class of materials has been widely used for a variety of applications, among them catalysis [START_REF] Nakagaki | Anionic Iron(III) Porphyrin Immobilized on/into Exfoliated Macroporous Layered Double Hydroxides as Catalyst for Oxidation Reactions[END_REF][START_REF] Westrup | Light-assisted cyclohexane oxidation catalysis by a manganese(III) porphyrin immobilized onto zinc hydroxide salt and zinc oxide obtained by zinc hydroxide salt hydrothermal decomposition[END_REF][START_REF] Mantovani | Unusual catalytic activity after simultaneous immobilization of two metalloporphyrins on hydrozincite/nanocrystalline anatase[END_REF][START_REF] Hibino | Acid Treatment of Layered Double Hydroxides Containing Carbonate[END_REF][START_REF] Iyi | Deintercalation of Carbonate Ions from a Hydrotalcite-Like Compound: Enhanced Decarbonation Using Acid-Salt Mixed Solution[END_REF].

The catalytic properties of LDHs intercalated with tungstate and molybdate have been explored for various organic reactions such as olefin epoxidation [START_REF] Liu | Direct immobilization of self-assembled polyoxometalate catalyst in layered double hydroxide for heterogeneous epoxidation of olefins[END_REF][START_REF] Levecque | Regio-and stereoselective terpene epoxidation using tungstate-exchanged takovites: a study of phase purity, takovite composition and stable catalytic activity[END_REF], transesterification [START_REF] Colombo | Intercalation of Molybdate Ions into Ni/Zn Layered Double Hydroxide Salts: Synthesis, Characterization, and Preliminary Catalytic Activity in Methyl Transesterification of Soybean Oil[END_REF], H 2 O 2 -activated oxidation [START_REF] Sels | Bromide-Assisted Oxidation of Substituted Phenols with Hydrogen Peroxide to the Corresponding p-Quinol and p-Quinol Ethers over WO42--Exchanged Layered Double Hydroxides[END_REF][START_REF] Agarwalla | Mo-and W-containing layered double hydroxides: Mild and selective oxidation of alkenes with H2O2[END_REF][START_REF] Wahlen | Molybdateexchanged layered double hydroxides for the catalytic disproportionation of hydrogen peroxide into singlet oxygen: Evaluation and improvements of 1O2 generation by combined chemiluminescence and trapping experiments[END_REF][START_REF] Yuan | Magnetically Recoverable Heterogeneous Catalyst: Tungstate Intercalated Mg-Al-Layered Double Hydroxides-Encapsulated Fe3O4 Nanoparticles for Highly Efficient Selective Oxidation of Sulfides with H2O2[END_REF], alcohol dehydration [START_REF] Korneeva | Structural, textural, and acid-base properties of layered Mg-Al oxides modified with a tungstate or phosphate and their activity and selectivity in gas-phase glycerol dehydration[END_REF] and oximation reaction [START_REF] Zhao | Synergistic catalysis by polyoxometalate-intercalated layered double hydroxides: oximation of aromatic aldehydes with large enhancement of selectivity[END_REF]. Most of the Mo and W catalytic oxo species that have been immobilized in LDH matrices for oxidation reactions are tetrahedral anions (MoO 4 2-or WO 4 2-).

Concerning the oxygen species used for the catalytic oxidation reactions, in recent years the importance of hydrogen peroxide as an oxidizing agent has grown, because H 2 O 2 is an environmentally friendly reactant, besides being cheaper and safer in comparison to other organic peroxides, with a high effective-oxygen content (47%) [START_REF] Noyori | Green oxidation with aqueous hydrogen peroxide[END_REF], producing water as the resulting byproduct [START_REF] Bordeaux | Catalytic, Mild, and Selective Oxyfunctionalization of Linear Alkanes: Current Challenges[END_REF][START_REF] Dai | Bifunctional H2WO4/TS-1 catalysts for direct conversion of cyclohexane to adipic acid: Active sites and reaction steps[END_REF][START_REF] Noyori | Green oxidation with aqueous hydrogen peroxide[END_REF][START_REF] Gardner | On the nature of selective olefin oxidation catalysts derived from molybdate-and tungstate-intercalated layered double hydroxides[END_REF][START_REF] Maciuca | Mo-and W-containing layered double hydroxides as effective catalysts for mild oxidation of thioethers and thiophenes with H2O2[END_REF][START_REF] Brink | Green, Catalytic Oxidation of Alcohols in Water[END_REF].

Tungstate and molybdate activation by H 2 O 2 lead to the formation of active peroxo species MO 2 (OO) 2 2-according to Equation 1:

MO 4 2-+ nH 2 O 2  MO 4-n (O 2 ) n 2-+ nH 2 O (with M = Mo, W) Equation 1
In appropriate pH conditions, tungstate or molybdate [START_REF] Nardello | Mo NMR and kinetic studies of peroxomolybdic intermediates involved in the catalytic disproportionation of hydrogen peroxide by molybdate ions[END_REF] can also promote the H 2 O 2 disproportionation into a 1 O 2 singlet (Equation 2):

2H 2 O 2  2H 2 O + 1 O 2 Equation 2
LDHs modified with W and Mo polyoxometallates (Mo 7 O 24 6-, W 7 O 24 6-) have also been successfully evaluated as catalysts of alkene oxidation [START_REF] Agarwalla | Mo-and W-containing layered double hydroxides: Mild and selective oxidation of alkenes with H2O2[END_REF][START_REF] Wahlen | Molybdateexchanged layered double hydroxides for the catalytic disproportionation of hydrogen peroxide into singlet oxygen: Evaluation and improvements of 1O2 generation by combined chemiluminescence and trapping experiments[END_REF][START_REF] Sels | Molybdateand Tungstate-Exchanged Layered Double Hydroxides as Catalysts for 1O2 Formation: Characterization of Reactive Oxygen Species and a Critical Evaluation of 1O2 Detection Methods[END_REF] and olefin epoxidation [START_REF] Liu | Direct immobilization of self-assembled polyoxometalate catalyst in layered double hydroxide for heterogeneous epoxidation of olefins[END_REF].

Intercalation of oxo-and polyoxotungstate and molybdate in LDHs is favored by their high negative charge density, even though some limitations arise due to the high affinity of LDHs toward competitive anions such as carbonate. Indeed, despite being known as anion exchangers, LDHs have an interaction affinity that depends on the chemical nature of the anions to be exchanged. The decreasing order of affinity can be exemplified as CO 3 2-> SO 4 2-> OH -> F -> Cl -> Br -> NO 3 -> I - [START_REF] Iyi | Deintercalation of Carbonate Ions from a Hydrotalcite-Like Compound: Enhanced Decarbonation Using Acid-Salt Mixed Solution[END_REF].

In view of the known order of ionic affinity, LDHs have a higher affinity for carbonate ions (CO 3 2-) than for other ions, so it is more difficult to exchange these ions for others. However, for this class of material to be used as a platform capable of exchanging different ions with different functionalities, e.g., anions with catalytic properties, it is first necessary to deintercalate the carbonate ions without changing the crystallinity and/or size homogeneity of the layered particles [START_REF] Hibino | Acid Treatment of Layered Double Hydroxides Containing Carbonate[END_REF][START_REF] Iyi | Deintercalation of Carbonate Ions from a Hydrotalcite-Like Compound: Enhanced Decarbonation Using Acid-Salt Mixed Solution[END_REF][START_REF] Iyi | One-step Conversion of CO3 2-LDH (Layered Double Hydroxide) into Anion-exchangeable LDHs Using an Acetate-buffer/Salt Method[END_REF][START_REF] Iyi | Efficient decarbonation of carbonate-type layered double hydroxide (CO32-LDH) by ammonium salts in alcohol medium[END_REF].

Among the available methods to achieve this goal, the process based on controlled acidification of the reaction medium using a buffer solution of acetic acid/acetate in the excess presence of the anions, e.g., chloride ions, is suitable to promote the carbonate ion (CO 3 2-) exchange [START_REF] Iyi | One-step Conversion of CO3 2-LDH (Layered Double Hydroxide) into Anion-exchangeable LDHs Using an Acetate-buffer/Salt Method[END_REF]. Based on this method, when the reaction medium is acidified, there is an increase in the amount of H + available in the solution, and these protons can react with the carbonate ions present in LDH, leading to the formation of hydrogen carbonate ions, which can again be protonated, leading to the formation of water and CO 2 which can finally be removed from the LDH.

Consequently, chloride Cl -ions present in excess in the reaction medium are intercalated in the interlayer space. Since the chloride ion is a monovalent anion, the tendency to exchange this with M 2+ :Al 3+ molar ratio of 3:1, according to a previously reported method [START_REF] Pushparaj | How the Method of Synthesis Governs the Local and Global Structure of Zinc Aluminum Layered Double Hydroxides[END_REF]. The addition of the solution was performed under dynamic N 2 flow, constant magnetic stirring at room temperature and constant pH of 10.5, maintained by the addition of 2 mol L -1 NaOH solution for 6 hours. After the addition was completed, the dispersion was aged at 80 °C for 14 hours under dynamic N 2 flow and constant magnetic stirring. The white solid was separated by centrifugation, washed 3 times with deionized water and kept in dispersion for further use.

Preparation of the chloride-containing LDH

To prepare the LDH of ZnAl and MgAl intercalated solely with chloride (denoted by ZA-Cl or MA-Cl respectively), the carbonate intercalated ions were removed using the method described by Iyi et al. [START_REF] Iyi | One-step Conversion of CO3 2-LDH (Layered Double Hydroxide) into Anion-exchangeable LDHs Using an Acetate-buffer/Salt Method[END_REF] under N 2 atmosphere and using decarbonated water. Then 100 mL of the ZA or MA dispersion was mixed with 100 mL of 2.5 mol L -1 NaCl solution and 100 mL of 0. 

Oxidation of cyclohexane

ZA-W, ZA-Mo, MA-W and MA-Mo were investigated as catalysts for cyclohexane oxidation using hydrogen peroxide [START_REF] Maciuca | Mo-and W-containing layered double hydroxides as effective catalysts for mild oxidation of thioethers and thiophenes with H2O2[END_REF]. In the procedure for cyclohexane oxidation, the catalytic experiments were carried out at atmospheric pressure in a glass vial batch reactor (10 mL), equipped with a magnetic stirrer in dark conditions using a cyclohexane:H 2 O 2 molar ratio of 1:5. In a typical run, about triplicate and the conversion percentage yield of cyclohexane to the alcohol cyclohexanol (A) and ketone cyclohexane (K) products obtained (Table 3) was based on the amount of cyclohexane (substrate) added, with an estimated error between 3 and 10%.

Materials characterization

Fourier-transform infrared spectroscopy (FTIR) measurements were carried out using a Thermo Nicolet 5700 spectrometer, employing KBr pellets at a mass ratio of 1:100 (sample :KBr) with resolution of 4 cm -1 and accumulation of 64 scans.

The Raman spectra were recorded from 150 to 1500 cm -1 at room temperature using a confocal micro-Raman spectrometer (Jobin Yvon T64000) with an excitation wavelength of 514.5 nm (argon-ion laser-line). Spectra were acquired with resolution of 1 cm -1 with a charge coupled device (CCD) multichannel detector cooled by liquid N 2 coupled to an Olympus confocal microscope. Zeta potential data were acquired with a Nanosizer ZS from Malvern Instruments equipped with a 633 nm He-Ne laser with non-invasive back scattering (NIBS) configuration (173°). For analysis, solids were dispersed in deionized water at a concentration of 0.01% (w/w).

For the X-ray diffraction (XRD) analysis, the solids were placed on glass sample holders and the measurements were performed in reflection mode using a Shimadzu XRD-6000 diffractometer operating at 30 kV and 40 mA (Cu Kα radiation λ = 1.5418 Å) with Bragg-Brentano θ-2θ geometry with a scan rate of 1°•min -1 .

Transmission electron microscopy (TEM) and selected area electron diffraction (SAED) measurements were performed with a JEOL JEM-1200 microscope operating at 110 kV. The samples were dispersed in propanone and deposited on FCF300-CU grids (300 mesh) covered with formvar/carbon film.

Scanning electron microscopic images (SEM) and energy dispersive spectra (EDS) were obtained with a Tescan VEGA3 LMU device, using tension of 10 KV. The samples were deposited on aluminum stubs and the EDS spectra were collected with an SDD detector with 80 mm 2 in the range of 0 to 10 KeV. Then the samples were gold-sputtered to obtain the SEM images.

The UV-Vis spectra of the solid samples were obtained using a Varian Cary 100 BIO Uv-visible spectrophotometer by placing the samples in a Teflon sample holder and measuring the absorbance in the 200 to 800 nm range.

The textural properties were determined with a NOVA 1000 analyzer (Quantachrome) after degasifying the samples under vacuum for 6 hours (ZnAl samples were maintained at 150 °C during this period and those of MgAl at 90 °C). The adsorption/desorption isotherms for N 2 were obtained in a relative pressure range from 0.05 to 0.99, and the specific surface area was calculated using the multi-point Brunauer-Emmet-Teller method (B.E.T.), with a relative pressure range from 0.05 to 0.3.

Results and discussion

Due to the strong ionic affinity of carbonate for LDH layers, to obtain LDH solids with surface modified by tungstate and molybdate anions, two-step synthesis was performed involving first the coprecipitation of ZnAl and MgAl LDH containing chloride (ZA and MA respectively) followed by a harsh acidic treatment to fully exchange the undesirable carbonate anions of the precipitated solids (ZA-Cl and MA-Cl respectively) [START_REF] Hibino | Acid Treatment of Layered Double Hydroxides Containing Carbonate[END_REF][START_REF] Iyi | Deintercalation of Carbonate Ions from a Hydrotalcite-Like Compound: Enhanced Decarbonation Using Acid-Salt Mixed Solution[END_REF][START_REF] Iyi | One-step Conversion of CO3 2-LDH (Layered Double Hydroxide) into Anion-exchangeable LDHs Using an Acetate-buffer/Salt Method[END_REF]. All four samples displayed (Fig. 1) diffraction patterns typical of LDH structures (hexagonal lattice with rhombohedral R-3m symmetry), with well defined (hkl) diffraction peaks. The basal harmonic diffraction peak series occurred at low angles (003, 006), corresponding to the diffraction by atomic planes parallel to the layers, while the (110) diffraction peak in the 60° region indicates the metal-metal distance and allows calculating the cell parameter (a = 2d 110 ) [START_REF] Nakagaki | Recent Advances in Solid Catalysts Obtained by Metalloporphyrins Immobilization on Layered Anionic Exchangers: A Short Review and Some New Catalytic Results[END_REF]. Analysis of the ZnAl-LDH diffraction patterns (Fig. 1A,B) revealed practically no difference between the diffraction profiles before (Fig. 1A) and after the carbonate removal (Fig. 1B). The basal distances calculated using Bragg's equation, of both LDH ZA and ZA-Cl, were similar (d = 7.8 Å). These distances correspond to LDH gallery expansion due to Cl -anion (r i = 181 pm) intercalation, as reported for chloride LDH [START_REF] Iyi | Deintercalation of Carbonate Ions from a Hydrotalcite-Like Compound: Enhanced Decarbonation Using Acid-Salt Mixed Solution[END_REF][START_REF] Zhitova | Crystal chemistry of natural layered double hydroxides. 5. Single-crystal structure refinement of hydrotalcite, [Mg6Al2(OH)16](CO3)(H2O)4[END_REF][START_REF] Iyi | Factors influencing the hydration of layered double hydroxides (LDHs) and the appearance of an intermediate second staging phase[END_REF]. Indeed, both ZA and ZA-Cl LDH phases contain low carbonate anion contents as confirm by FTIR analysis (Fig. 3). Obviously, precipitation condition under drastic N 2 gas flow, already prevented the formation of undesired LDH-CO 3 as the major phase, and further decarbonation process (step 2) did not improve much CO 3 2decontamination. Based on XRD data and FTIR, it is difficult to infer with certainty whether part of carbonate anions were co-intercalated with Cl -anion rather than totally adsorbed at the surface.

MA-Cl LDH displayed lower crystallinity (broader full width at half maximum (FWHM) of hkl diffraction lines) than ZnA-Cl LDH (Fig. 1C, D), as often observed. The carbonate removal process leads to XRD patterns with increased diffraction line widths (Fig. 1D), particularly visible for the (110)/(113) doublet, suggesting a decrease of both crystallinity and ordered domain size. Regarding the (003) and (006) peaks positions, slight shifts toward higher 2 values were observed after the carbonate deintercalation/exchange process, indicating a decrease of the basal distance from 8.0 Å for MA to 7.7 Å for MA-Cl (Fig. 1D). This can be explained by the removal of co-intercalated CO 3

2-

anions that leads to a pure MA-Cl phase with the typical interlayer distance of 7.7 Å.

Samples prepared by anion exchange of molybdate (Fig. 2B,F) and tungstate (Fig. 2C,E) anions displayed XRD patterns with similar diffraction line series, suggesting these reactions occurred retaining the LDH structure. No basal distance change was observed after the molybdate and tungstate exchange reaction, suggesting that intercalations were not obtained (Fig. 2A,B,C). The basal distances of 7.8 Å were compatible with the presence of either carbonate or chloride ions intercalated between the layers. Moreover, after MoO 4 2-and WO 4 2-exchange, the LDH XRD patterns (Fig. 2E,F) showed a drastic decrease in intensity of the basal peaks, especially for the MA samples, indicating that crystallinity seemed to be mainly impacted by this process. This is typical of a loss of layer stacking order.

The question of whether molybdate and tungstate were adsorbed at the surface of the layers or intercalated between the LDH layers remains. Many publications [START_REF] Yuan | Magnetically Recoverable Heterogeneous Catalyst: Tungstate Intercalated Mg-Al-Layered Double Hydroxides-Encapsulated Fe3O4 Nanoparticles for Highly Efficient Selective Oxidation of Sulfides with H2O2[END_REF][START_REF] Korneeva | Structural, textural, and acid-base properties of layered Mg-Al oxides modified with a tungstate or phosphate and their activity and selectivity in gas-phase glycerol dehydration[END_REF][START_REF] Claes | Bio-Based Nitriles from the Heterogeneously Catalyzed Oxidative Decarboxylation of Amino Acids[END_REF] dealing with the intercalation of MoO observed in all FTIR spectra (Fig. 3) [START_REF] Staal | Competitive reactions during synthesis of zinc aluminum layered double hydroxides by thermal hydrolysis of urea[END_REF]. The intensity of these bands slightly increased after oxometallate exchange. The  1 mode at 1065 cm -1 was also active in the Raman spectra, but the low intensity of the corresponding bands confirmed the small content (Fig. 4). Also, the infrared spectrum of ZA-Cl clearly evidenced that if carbonate anions were present, either intercalated or adsorbed at the surface, the fraction was minor (Fig. 3).

The low energy absorption domains were characteristic of the LDH layers [START_REF] Kloprogge | FT-Raman and FT-IR spectroscopic study of synthetic Mg/Zn/Al-hydrotalcites[END_REF] with M-OH vibration modes at 735 and 675 cm -1 for MA species [START_REF] Touisni | Optimized immobilization of transketolase from E. coli in MgAl-layered double hydroxides[END_REF][START_REF] Charradi | Characterization of Hemoglobin Immobilized in MgAl-Layered Double Hydroxides by the Coprecipitation Method[END_REF] and at 660 and 591 cm -1 for ZA species [START_REF] Feng | Synthesis and characterization of a UV absorbentintercalated Zn-Al layered double hydroxide[END_REF][START_REF] Liu | Synthesis and thermal properties of ZnAl layered double hydroxide by urea hydrolysis[END_REF]. Lattice vibrations (O-M-O and MO 6 vibrations) appeared as two bands in the Raman spectra, at 489 and 548 cm -1 for ZnAl LDH and 471 and 553 for cm -1 MgAl LDH. For tetrahedral (Td) MO 4 species, the four vibration modes ( 1 (A 1 ),  2 (E),  3 (F 2 ),  4 (F 2 )) were all Raman active. The Raman spectra of LDH-MoO 4 (Fig. 4C,F) showed an intense band in the region of 900-913 cm -1 (900 and 913 cm -1 for MA-Mo and ZA-Mo respectively). We attributed this band to the  1 symmetric stretching mode of Td MoO 4 . Furthermore, there was a lower intensity band in the region of 323 cm -1 , which could correspond to either the  2 (E) or  4 (F 2 ) angular deformations. These results were similar to data reported in the literature (897 and 317 cm -1 ) [START_REF] Nakamoto | Infrared and Raman Spectra of Inorganic and Coordination Compounds: Part B: Applications in Coordination[END_REF]. In the MA-Mo spectrum, a shoulder band appeared at 944 cm -1 , which could be attributed to the presence of heptamolybdate (Mo 7 O 24 6-) species, suggesting that this solid is composed by a mixture between molybdate and heptamolybdate ions [START_REF] Gardner | On the nature of selective olefin oxidation catalysts derived from molybdate-and tungstate-intercalated layered double hydroxides[END_REF][START_REF] Busca | Differentiation of mono-oxo and polyoxo and of monomeric and polymeric vanadate, molybdate and tungstate species in metal oxide catalysts by IR and Raman spectroscopy[END_REF].

The Raman spectra of WO 4 2-containing LDH (Fig. 4B for ZA-W and Fig. 4E for MA-W) were very similar to those of LDH-MoO 4 2-, with  1 and  3 modes appearing at 935 cm -1 and 355 cm -1 . The ZA-Cl MA-Cl broad shoulder at 830 cm -1 probably arose from the splitting of the  3 (F2) vibration due to reduction of symmetry from the cubic point Td symmetry to lower symmetry when WO 4 2-attached to the LDH surface [START_REF] Basiev | Spontaneous Raman spectroscopy of tungstate and molybdate crystals for Raman lasers[END_REF]. Such broad bands were also observed for MoO 4 loaded samples. Like the bands of the WO 4 2-anions, there was also a shoulder in the region of 966 cm -1 , which can be attributed to the presence of heptatungstate (W 7 O 24 6-) ions, suggesting that the solid MA-W can also be composed of a mixture of tungstate and heptatungstate ions [START_REF] Twu | Raman spectroscopic studies of intercalated molybdate ions in layered metal hydroxides[END_REF]. While exchange reactions were performed at basic pH (9.5) to ensure adsorption of tetrahedral MO 4 2-species, the LDH surface can have a slightly less acidic environment, which shifts the speciation equilibrium to partial formation of polyoxometalate species, namely heptamolybdate (Mo 7 O 24 6-) and heptatungstate (W 7 O 24 6-), as observed in the Raman spectra for MA-Mo and MA-W.

To better identify the nature and the proportion of the immobilized oxometallate species on the solids MA and ZA, diffuse reflectance UV-Vis spectra were acquired to quantify the oxometallate species' proportion (Fig. 5). The experimental spectra were deconvoluted in Gaussian curves while the ratio between the anionic species' typical bands was estimated in percentage, considering the areas of the bands resulting from the deconvolution process. Data are reported in Table 2. For comparison, the loading value of the tungstate or molybdate species (mol) in the mass of the solid MA or ZA (mol/g) were also estimated. Three main bands were identified for all solids (Fig. 5). The bands at lower wavelength can be attributed to the LDH (MA or ZA) absorption from blank experiments. The two bands at 227 -239 nm and 266 -308 nm are associated, respectively, with MO 4 2-and M 7 O 24 6-species according to the literature [START_REF] Maciuca | Mo-and W-containing layered double hydroxides as effective catalysts for mild oxidation of thioethers and thiophenes with H2O2[END_REF][START_REF] Maciuca | Mild oxidation of tetrahydrothiophene to sulfolane over V-, Mo-and W-containing layered double hydroxides[END_REF]. These absorption bands correspond to O ligand to 4d or 5d orbitals of, respectively, Mo 6+ and W 6+ cations. From deconvolution, it can be inferred there was a greater amount of tungstate (82% and 69%) and molybdate anions (79% and 82%) in comparison to heptametallate (18 -31%).

This result corroborates the result obtained by Raman vibrational spectroscopy for MA-W and MA-Mo, where the presence of M 7 O 24 6-species was associated to the shoulders at 966 and 944 cm -1 (Fig. 4-F). Unexpectedly, W 7 O 24 6-and Mo 7 O 24 6-loaded on ZA were not revealed by Raman spectroscopy (Fig. 4).

In view of the results obtained by the characterization techniques, it is possible to infer that different anionic species indeed were immobilized in the synthesized solids, namely molybdate and heptamolybdate or tungstate and heptatungstate. In addition, it appears there were different proportions of these anionic species in the corresponding solids.

Cyclohexane oxidation

The LDH-molybdate and LDH-tungstate catalytic activity was evaluated for the oxidation reaction of the cyclohexane to cyclohexanone and cyclohexanol (K+A mixture), as the main products, using hydrogen peroxide as oxidant agent in acetonitrile as solvent, according to Fig. 6. A reasonably low temperature of 40 °C and excess of solvent acetonitrile (dilute medium) was used to avoid the decomposition of hydrogen peroxide. Nevertheless, it was observed in some cases (discussed later) [START_REF] Maciuca | Mo-and W-containing layered double hydroxides as effective catalysts for mild oxidation of thioethers and thiophenes with H2O2[END_REF][START_REF] Maciuca | Mild oxidation of tetrahydrothiophene to sulfolane over V-, Mo-and W-containing layered double hydroxides[END_REF]. The catalytic results are presented in Table 3. The control reactions, performed under conditions free of a molybdate and tungstate catalysts, involving only reagents or reagents with LDH-Cl, showed a very low conversion percentage of cyclohexane either into cyclohexanone ketone (K) or cyclohexanol alcohol (A) (below 0.20% of ketone+alcohol yield).

From Table 3, the conversion of cyclohexane to both ketone (K) and alcohol (A) products, in general increased when using tungstate and molybdate containing LDH in comparison with the control reactions (Table SI-1), suggesting that the W and Mo species have a catalytic contribution to the activation of the oxidizing agent. The conversion results also showed that the catalytic reaction efficiency is dependent on the composition of both the LDH layers (Zn 2+ or Mg 2+ ) and the oxometallate anions (W or Mo). Despite these reactions, all the catalysts showed selectivity to the ketone products, in general around 60% or higher, consequently better than results presented for other catalysts based on W or Mo (Table SI-2). The best conversion values were observed for ZA-W, the solid combining LDH layers with Zn 2+ and immobilized tungstate species (W). Comparison of catalyst efficiency showed that, for the same catalytic reaction conditions (3 h reaction time and same catalyst amount), the order of conversion yield (%) followed the decreasing series: ZA-W > MA-W > MA-Mo ≈ ZA-Mo (entries 1-4, Table 3).

ZA-W showed a total conversion percentage yield from cyclohexane to ketone and alcohol products of about 31 times more than ZA-Mo (Table 3, entry 4 -1.06% in comparison with entry 3 -0.040%). In fact, some experimental observations during the catalytic reactions shed light on the different catalytic results observed for these two solids.

We observed that at the exact moment of adding the 35% H 2 O 2 solution in the reaction medium using the catalyst ZA-Mo, the solid color changed from white to dark red-orange with the concomitant beginning of intense O 2 evolution in the reaction medium. After reaction for 1.5 hours, the O 2 bubbling ceased, and the white color of the catalytic solid returned. The similar solid color change was also expected for the solid containing tungstate species (ZA-W), but it was not perceptible, probably due to the lower concentration of the anionic W species in this ZA (or MA) support (loading), as presented in Table 2. However, unlike the ZA-Mo solid, the ZA-W solid showed no apparent oxygen evolution when mixed with H 2 O 2 . The mol quantity of all species was calculated based on the loading values (Table 2) and the deconvolution percentage data (Fig. 5). 5 The reuse 474 experiments were performed in reaction conditions similar to those used for the reaction entry 4. In addition to the intense evolution of oxygen, we also observed an intense dark orange color in the solid ZA-Mo, as previously mentioned. This finding suggests that the color change observed in this ZA-Mo solid may have been directly related to the presence of H 2 O 2 in the medium and to the interaction between the oxidant H 2 O 2 and the anionic Mo species immobilized in LDH.

To better identify the molybdenum and tungsten species resulting from the presence of H 2 O 2 in the medium, UV-Vis spectra of Na 2 MoO 4 or Na 2 WO 4 aqueous solutions (0.1 mol L -1 ) were recorded at increasing additions of H 2 O 2 amounts. The pH of these solutions was previously adjusted to 8.0 using a 0.1 mol L -1 NaOH solution (Figure 7). For the aqueous solution of Na 2 MoO 4 (Fig. 7B), we observed that before the addition of H 2 O 2 the solution was colorless. As the amount of H 2 O 2 increased, along with the H 2 O 2 adsorption band (250 nm), a new band appeared in the region of 293 nm, whose intensity increased with rising amount of H 2 O 2 . According to Van Laar et al. [START_REF] Van Laar | Generation of Singlet Molecular Oxygen from H2O2 with Molybdate-Exchanged Layered Double Hydroxides: Effects of Catalyst Composition and Reaction Conditions[END_REF] and Nardello et al. [START_REF] Nardello | Mo NMR and kinetic studies of peroxomolybdic intermediates involved in the catalytic disproportionation of hydrogen peroxide by molybdate ions[END_REF], as the H 2 O 2 /Mo 6+ ratio increases, different oxoperoxo-molybdenum species are formed, and the appearance of a band in the region of 293 nm can be attributed to the formation of a di-peroxomolybdate species

(MoO 2 (O 2 ) 2 2-
), with a slightly yellowish color (Scheme 1, species 2). After successive addition of H 2 O 2 , this species was converted into tetra-peroxomolybdate (Mo(O 2 ) 4 2-), with red-brown color, and a new band in the region of 450 nm was observed (Scheme 1, species 4) [START_REF] Nardello | Mo NMR and kinetic studies of peroxomolybdic intermediates involved in the catalytic disproportionation of hydrogen peroxide by molybdate ions[END_REF][START_REF] Csányi | Peroxide derivatives of molybdenum(VI) in neutral and alkaline media[END_REF]. Van Laar [START_REF] Van Laar | Generation of Singlet Molecular Oxygen from H2O2 with Molybdate-Exchanged Layered Double Hydroxides: Effects of Catalyst Composition and Reaction Conditions[END_REF] also observed that the simultaneous presence of the di-and tetra-peroxomolybdate species in solution indicated that the tri-peroxomolybdate species may also be present as an intermediate species, as indicated by a shoulder in the region of 330 nm (Scheme 1 species 3). This band at 330 nm contributes to the total broad absorption band (Fig. 7A). According to these authors [START_REF] Van Laar | Generation of Singlet Molecular Oxygen from H2O2 with Molybdate-Exchanged Layered Double Hydroxides: Effects of Catalyst Composition and Reaction Conditions[END_REF][START_REF] Wang | Efficient biomimetic aerobic oxidation of phenylethane catalyzed by P(4VP-co-St)/SiO2-supported metalloporphyrins[END_REF], when the Mo 6+ ions interact with H 2 O 2 , the formed species is responsible for catalyzing the H 2 O 2 disproportionation and the different peroxo-species formed are intermediate species in this process, explaining the intense oxygen evolution observed. Interestingly, all peroxomolybdate species displayed the same negative charge (2-). Consequently, conversion of molybdate loaded on the LDH surface into peroxomolybdate did not affect the overall neutrality of the LDH structure, which remained stable under the catalytic reaction conditions.

Scheme 1. Representative speciation scheme of peroxomolybdate with increasing H 2 O 2 /Mo molar ratio [START_REF] Csányi | Peroxide derivatives of molybdenum(VI) in neutral and alkaline media[END_REF].

The electronic spectrum observed (Fig. 7B) for the Na 2 WO 4 solution had a band in the region of 250 nm, and after the successive addition of hydrogen peroxide solution, a shoulder around 323 457 nm), similar to that observed for sodium molybdate solutions mixed with H 2 O 2 (Fig. 7B). The band at 457 nm disappeared after 2 h and a new band at 324 nm (as a shoulder) was observed and remained for another 4 hours of monitoring (6 hours all told), suggesting the formation of the triperoxomolybdate species resulting from the decomposition of tetra-peroxomolybdate species. In fact, because this shoulder at 324 nm was part of a larger and more extended band, probably there was a mixture of species such as molybdates and other peroxomolybdates.

For ZA-W (Fig. 8), only the presence of a large shoulder at 323 nm was observed at the initial moments of the reaction, which can be attributed to the formation of mixtures of species including di-and tetra-peroxotungstate anions. [START_REF] Noyori | Green oxidation with aqueous hydrogen peroxide[END_REF], hence leading to less conversion of the cyclohexane into cyclohexanone and cyclohexanol products compared to ZA-W.

Table 3 also shows that for the same W or Mo catalytic species, better conversion yields were observed for the ZnAl LDH immobilization matrix (Table 3, entry 3 versus 4) than for the MgAl support (entry 1 versus 2). A possible explanation is the difference of basicity of the LDH structure, with the MgAl LDH being more basic than the ZnAl LDH due to the difference of electronegativity between Mg and Zn, as shown by catalytic evaluation using aldol condensation [START_REF] Hernández | Tuning the acidic-basic properties by Zn-substitution in Mg-Al hydrotalcites as optimal catalysts for the aldol condensation reaction[END_REF][START_REF] Sánchez-Cantú | MgZnAl hydrotalcite-like compounds preparation by a green method: effect of zinc content[END_REF][START_REF] Bezen | On the acid-base properties of Zn-Mg-Al mixed oxides[END_REF][START_REF] Rossi | CO2 capture by Mg-Al and Zn-Al hydrotalcite-like compounds[END_REF]. The basicity of the support could then affect the speciation of the oxometallate species [START_REF] Gardner | On the nature of selective olefin oxidation catalysts derived from molybdate-and tungstate-intercalated layered double hydroxides[END_REF]. It has been widely reported that the peroxo catalytic active species formed by the reaction of WO ) and hydrogen peroxide in catalytic oxidation reactions is strongly dependent on the acidity of the reaction medium [START_REF] Dai | Bifunctional H2WO4/TS-1 catalysts for direct conversion of cyclohexane to adipic acid: Active sites and reaction steps[END_REF][START_REF] Vafaeezadeh | Simple and green oxidation of cyclohexene to adipic acid with an efficient and durable silica-functionalized ammonium tungstate catalyst[END_REF][START_REF] Noyori | Green oxidation with aqueous hydrogen peroxide[END_REF][START_REF] Gardner | On the nature of selective olefin oxidation catalysts derived from molybdate-and tungstate-intercalated layered double hydroxides[END_REF], as shown by Scheme 2.

Scheme 2. Schematic representation of the plausible di-peroxocatalytic species obtained by the reaction of tungstate species immobilized on LDH solid with magnesium/aluminum (MA) or zinc/aluminum (ZA) composition [START_REF] Noyori | Green oxidation with aqueous hydrogen peroxide[END_REF].

It has been reported that the species obtained (i) by the reaction of tungstate and 2 mol of hydrogen peroxide (Scheme 2) is dependent on the acidity of the reaction medium and can be in equilibrium with both species (ii) and (iii). Species (ii) and (iii) are reported to be more active in the catalytic oxidation reaction [START_REF] Vafaeezadeh | Simple and green oxidation of cyclohexene to adipic acid with an efficient and durable silica-functionalized ammonium tungstate catalyst[END_REF][START_REF] Noyori | Green oxidation with aqueous hydrogen peroxide[END_REF]. Noyori et al. [START_REF] Noyori | Green oxidation with aqueous hydrogen peroxide[END_REF] also reported that species (ii) is predominant, mainly in the pH range of 0.4 to 3.0.

The remarkable difference in the catalytic results observed for the solid ZA-W (Table 3, entry 4) compared to solid MA-W (Table 3, entry 2), of about 4.0 times the total yield (%) of ketone + alcohol products, with more pronounced selectivity to ketone for the reaction catalyzed by ZA-W (63% selectivity to ketone, entry 4 compared to 48%, entry 2), suggested that the acidity of the solid support with zinc LDH can favor more active species [WO(O 2 ) 2 (OH)(H 2 O)] -1 (Scheme 2, ii). A qualitative evaluation of the pH of ZA-W and MA-W dispersions in acetonitrile solvent showed that the pH values were more acid for the ZA-W suspension than for the MA-W suspension, suggesting that pH could be the key parameter affecting the observed catalytic results.

Changes in the pH of the reaction medium can also explain the differences in the observed catalytic results between reactions 7 and 8 (Table 3), where a 1.33-fold increase in the total conversion yield (K+A) (with similar selectivity for the ketone product) from entry 7 to 8 was observed. Indeed, the decrease in cyclohexane/ H 2 O 2 molar ratio from 1:5 (entry 7) to 0. Vafaeezadeh et al. [START_REF] Vafaeezadeh | Simple and green oxidation of cyclohexene to adipic acid with an efficient and durable silica-functionalized ammonium tungstate catalyst[END_REF] observed that when the monoprotonated peroxotungstate species (ii) (Scheme 2) decreased, there was a reduction in the conversion of cyclohexene to oxidation products, and this fact was attributed to the increase of the reaction from 0.89 to 1.08, caused by increasing the molar ratio of cyclohexene/H 2 O 2 from 1:4 to 1:6. Unfortunately, it is difficult to determine the reaction pH in organic media under the experimental conditions used, and the apparent pH values of the reaction solutions 7 and 8 were not determined.

In addition, the effect of reaction time on the cyclohexane conversion yield in the reactions catalysed by ZA-W and the selectivity for the related products were studied. The effect of reaction time is reported in entries 4 to 9 (Table 3). We clearly observed that increasing the reaction time oxidized by 30% H 2 O 2 using iron(III) porphyrin [Fe(TPFPP)X] (where X 1-= axial anionic ligand of the Fe 3+ -complex), finding it to be a very efficient metalloporphyrin catalyst for epoxidation and hydroxylation of different organic substrates in a biomimetic model of cytochrome P-450 [START_REF] Nam | Remarkable Anionic Axial Ligand Effects of Iron(III) Porphyrin Complexes on the Catalytic Oxygenations of Hydrocarbons by H2O2 and the Formation of Oxoiron(IV) Porphyrin Intermediates by m-Chloroperoxybenzoic Acid[END_REF].

(
Depending on the value of X 1-, they observed very good results of alcohol and ketone. For example, the best results were alcohol yield of 30% and ketone yield of 1% (using Fe(TPFPP)NO 3 as catalyst (1x10 -3 mmol), H 2 O 2 (0.02 mmol/0.5 mL CH 3 CN), cyclohexane (1 mmol) in a solvent mixture of CH 3 CN/CH 2 Cl 2 (3:1), for 1 h of reaction under stirring). However, when the yields reported based on the amount of H 2 O 2 used were converted into percentage of conversion of the substrate to both products (as used in this work to describe the catalytic results of the solids ZA-W and the others -see footnote of Table 3) the catalytic results were 0.060% conversion to alcohol and 0.002% to ketone, with total conversion yield of 0.062%, similar to the total yield observed for the catalyst MA-Mo (Table 3, entry 1). This was far from the best result of the catalyst studied here, ZA-W, which in nonoptimized condition (Table 3, entry 4) presented a total yield 1.07%, about 17 times higher than the result when using iron porphyrin.

Despite the pronounced selectivity of the iron porphyrin to the alcohol product and the ZA-W to the ketone product, the results presented in Table 3 demonstrated that the solids studied in this work are comparable to the metalloporphyrin catalyst for the cyclohexane oxidation under the investigated experimental conditions using H 2 O 2 as oxidant.

Finally, catalyst recycling experiments were carried out by reusing the ZA-W, 4 times. The recycling results are shown in Table 3, entries 10 to 13 and Figure 9. The recycling conditions were the same as those in the first use of the catalyst (Table 3, entry 4). The conversion of cyclohexane to ketone+alcohol products and selectivity to ketone did present a decrease of 22% in yield between the first and second reactions, which could be attributed to the loss of outermost tungstate anions decorating the solid. However, from the third to the fifth reaction, there's less than 10% of decrease in yield, suggesting that what remains of the catalytic species is quite stable in the LDH and the solid is suitable for heterogeneous processes. 

Conclusion

Researchers are seeking to develop new materials able to catalyze organic synthesis according to the tenets of green chemistry, i.e., economy of atoms, reaction stages and energy; and less harm to the environment through sustainable and recyclable processes. Among the targeted reactions, oxidation of alkane is still a hot topic that is widely investigated, particularly the selective production of ketones and alcohols from alkanes using H 2 O 2 , a cheap and environmentally friendly reagent. Mono-molybdate and mono-tungstate are known for their catalytic reactivity towards the oxidation of alkanes by H 2 O 2 in homogeneous media.

This study highlights the potential of layered double hydroxides as supports for monomolybdate and mono-tungstate for the catalytic oxidation of cyclohexane to cyclohexanone and cyclohexanol. Due to their unique anion exchange properties, we were able to immobilize high amounts of mono-molybdate (MoO 4 2-) and mono-tungstate (WO 4 2-) on the LDH matrices ZnAl (resp.

1.13x10 -3 and 9.45x10 -4 mol g -1 ) and MgAl HDL (resp. 9.65x10 -4 and 1.10x10 -3 mol g -1 ). During the intercalation step, the LDH structure was preserved, with the oxometallates being mainly distributed on the platelet surfaces.

The prepared HDL/oxometallate showed outstanding catalytic activity towards the oxidation of cyclohexane by H 2 O 2 , leading to the conversion to cyclohexanone and cyclohexanol. The maximum conversion yield obtained reached 3.94% (ZA-W). Improvement was possible by increasing the catalytic conditions (quantity of catalysts, temperature). The selectivity towards ketone reached a value of 66% (ZA-W). Probably due to a lower basicity of the ZA LDH and a moderate reactivity of WO 4 2-compared to the MoO 4 2-species, the ZA-W supported catalyst was the most efficient catalyst for the conversion of cyclohexane into related ketone and alcohol.

Peroxomolybdate and peroxtungstate intermediates were identified by UV-Vis spectroscopy, demonstrating that their immobilization on LDH supports favored the formation of these reactive catalytic species. Nevertheless, the high reactivity of MoO 4 2-caused the disproportionation of H 2 O 2 and the abundant evolution of molecular oxygen, which inactivated the oxidant and limited the oxidation of cyclohexane. In the case of the ZA-W phases, the most stable diperoxotungstate species was an efficient catalyst. In addition, the recycling of the ZA-W catalyst over 5 cycles showed maintenance of the conversion rate up to 75%.

In conclusion, the solid catalyst developed in this work based on LDH support provides structural and thermal stability and they are recyclable. The solid catalysts are also very versatile, as the tungstate and molybdate ions are known to be applied in a range of different reactions. Last but not the least, the material developed in this work achieved good yield in mild reaction conditions, not needing excessive heating or elevated pressures.

Figure 1

 1 Figure1shows the X-ray powder diffraction patterns of the LDH precursors (ZA and MA) (Fig.1A, C) in addition to the chloride LDH prepared after the decarbonation treatment (ZA-Cl and MA-Cl) (Fig.1B, D).

Figure 1 .

 1 Figure 1. X-ray powder diffraction patterns of synthesized LDH solids before (A for solid ZA and C for solid MA) and after (B for solid ZA-Cl and D for solid MA-Cl) the carbonate deintercalation process.

Figure 2 .

 2 Figure 2. Powder X-ray diffraction patterns of LDHs before (A and D) and after tungstate (C and E) and molybdate (B and F) reactions. Here this figure is confusing. Left, blue is molybdate, with is tungstate. The same for red colored patterns. Better to keep the same colors. To be in accordance with fig. 3, just change fig. 2, left side.

  TGA analyses (Fig.SI-1) confirmed the change in composition after oxometallate loading and the effect of the oxyanions on the thermal decomposition profile. Carbonate decomposition is associated with the thermal events around 410 -420 °C, but it may last up to 900 °C when CO 3 2anions are trapped in the collapsed layered double oxide structure (MA and ZA), which was clearly and surprisingly not the case for LDHs loaded with molybdate and tungstate. As evaluated from the mass loss of the intermediate thermal event (410 -420 °C), MgAl LDH had higher carbonate contents than ZnAl LDH (Table1). This can be explained by the higher basicity of the MgAl LDH compared to ZnAl.FTIR and Raman spectra confirmed that both oxometallate MO[START_REF]Merchant Research and Consulting, Adipic Acid (ADPA), 2018 World Market Outlook and Forecast up to 2027[END_REF] 2-(M= Mo, W) and carbonate CO 3 2-anions coexist in the ZA and MA LDH structures. The  3 asymmetric and  1 symmetric stretching vibration modes at around 1365 and 1060 cm -1 , respectively, of the intercalated carbonate are

  LDH displayed typical oxometallate tetrahedral vibration modes. For the molybdate modified LDHs,  3 asymmetric Mo-O bond stretching modes were observed at 806 and 831 cm -1 respectively for MA-Mo and ZA-Mo, while the  1 Mo-O symmetric stretching band was only visible for ZA-Mo.  4 asymmetric bending modes, expected around 550 and 510 cm -1 , were superimposed with the LDH lattice vibrations[START_REF] Luo | Single-Atom Mn Active Site in a Triol-Stabilized β-Anderson Manganohexamolybdate for Enhanced Catalytic Activity towards Adipic Acid Production[END_REF][START_REF] Zouaoui | Synthesis, crystal structure and physicochemical investigations of a new lyonsite molybdate Na0.24Ti1.44(MoO4)3[END_REF][START_REF] Mohmoud | Iron Molybdate Fe2(MoO4)3 Nanoparticles: Efficient Sorbent for Methylene Blue Dye Removal from Aqueous Solutions[END_REF][START_REF] Nyquist | Handbook of Infrared and Raman Spectra of Inorganic Compounds and Organic Salts: Infrared spectra of inorganic compounds (3800 -45 cm-1)[END_REF].MA-W and ZA-W showed typical bands related to  1 symmetric W-O stretching modes at 924 (MA-W) and 914 cm -1 (ZA-W)[START_REF] Nyquist | Handbook of Infrared and Raman Spectra of Inorganic Compounds and Organic Salts: Infrared spectra of inorganic compounds (3800 -45 cm-1)[END_REF], and the W-O  3 stretching modes at 630 cm -1 of MA-W, while at 738 and 674 cm -1 they referred to ZA-W .The bands attributed to  4 asymmetric bending modes are expected under 425 cm -1 for W-O and therefore were not observed in the utilized spectral range[START_REF] Nyquist | Handbook of Infrared and Raman Spectra of Inorganic Compounds and Organic Salts: Infrared spectra of inorganic compounds (3800 -45 cm-1)[END_REF][START_REF] Vafaeezadeh | Design of silica supported task-specific ionic liquid catalyst system for oxidation of cyclohexene to adipic acid with 30% H2O2[END_REF].
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 3 Figure 3. FTIR vibrational spectra of the prepared solids: A, B and C for MA-Mo, MA-W and MA-Cl; and D, E and F for ZA-Mo, ZA-W and ZA-Cl, respectively.
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 4 Figure 4. Raman vibrational spectra of the prepared solids before the ion exchange process (A: solid ZA-Cl and D: solid MA-Cl); and after the exchange of chloride ions by molybdate or tungstate ions (B: solid ZA-W, C: solid ZA-Mo, E: solid MA-W and F: solid MA-Mo).

Figure 5 .

 5 Figure 5. Experimental UV-Vis electronic spectra of solids MA-W (A), MA-Mo (B), ZA-W (C) and ZA-Mo (D) (black line) and their respective deconvolution substances (blue and red lines) with regard to the main species tungstate (WO 4 2-), heptatungstate (W 7 O 24 6-), molybdate (MoO 4 2-) and heptamolybdate (Mo 7 O 24 6-).

Figure 6 .

 6 Figure 6. Schematic representation of the catalytic cyclohexane oxidation by hydrogen peroxide, producing the main K+A mixture products (ketone+alcohol).

471 5 : 1 .

 51 Conversion percentage values based on the initial cyclohexane quantity. 2 Total yield of cyclohexane conversion to K+A = [mols of cyclohexane reacted]/[initial mols of cyclohexane 472 used]x 100 and 3 Ketone product selectivity: [total mol of ketone formed/total mol of cyclohexane converted] x100 [99]. The % conversion values were calculated in at least twice. The error 473 of the results was in the range of 3 to 10%.
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 4 

  2 O 2 by UV-Vis spectroscopy (Fig. SI-2) allowed comparing the reactivity of ZA-W and ZA-Mo catalysts. Fig. SI-2A shows the electronic spectrum of H 2 O 2 (5 mmol) in 3 mL of acetonitrile at a similar concentration (35%) used in the catalytic reaction. The broad band located in the region from 190 nm to 340 nm (maximum at 250 nm) was attributed to the n  * electronic transition of the H 2 O 2 molecules. The electronic spectra (Fig. SI-2B) of the supernatant of catalytic reaction using ZA-W catalyst were recorded at different reaction times. We observed that H 2 O 2 wasstill available in the reaction medium (band with stronger intensity) even after 3 hours of reaction time, suggesting that even after this time, sufficient H 2 O 2 was still present to promote the conversion of cyclohexane to its oxidation products. However, when using ZA-Mo as catalyst, H 2 O 2 was fully consumed after 1.5 hours (Fig.SI-2C) and the cyclohexane conversion stopped. H 2 O 2 was probably disproportionate in the medium, explaining the intense evolution of oxygen observed in the catalytic reactions promoted by the solid ZA-Mo, unlike the solid ZA-W.

Figure 7 .

 7 Figure 7. UV-Vis spectra of aqueous solutions of A) Na 2 MoO 4 and B) Na 2 WO 4 with progressive addition of 35% H 2 O 2 solution.

Figure 9 .

 9 Figure 9. Cyclohexane yield conversion versus number of reuses.

  

  

Table 1

 1 LDHs reached the most stable composition of Zn 2 A, with the best ordered structure, as shown by the XRD patterns.Similarly, after the exchange reactions with MoO 42 and WO 4 2-on ZA-Cl and MA-Cl, the LDHs retained the M 2+ /M 3+ ratio of their precursors. From the data of Table1, it is clear that molybdate and tungstate were not fully exchanged in LDH even though chloride anions were removed (except for ZA-W). The maximum percentage of anion exchange capacity (AEC) was reached for ZA-Mo (68%).Competition of even traces of carbonate prevents the preparation of pure LDH-MoO 4 and LDH-WO 4 phases. Obviously, diffusion of oxometallate in the LDH bulk is probably structurally restricted, favoring the intercalation of CO 3 2-anions in the interlayer spaces, while molybdate and tungstate covered the platelet-like particles' surface. Nevertheless, the contents of catalytic species on the surface were high, between 9.65x10 -4 and 1.10x10 -3 mol g -1 .

) corresponded to high content values of molybdate and tungstate anions loaded in LDHs. The experimental Mg 2+ /Al 3+ molar ratio of MA samples (2.84 -2.88) were close to the one (3.0) initially fixed in the preparation procedure. Subsequent coprecipitation, decarbonatation and oxometallate reactions did not modify the Mg 2+ /Al 3+ chemical composition of the layers. Differently, the ZA solids displayed Zn 2+ /Al 3+ molar ratio (1.86 -1.93) near 2.1 instead of the 3.1 imposed during coprecipitation. Obviously, under coprecipitation ZnA,

Table 1 .

 1 M 2+ /M 3+ /anion atomic ratio calculated based on EDS results.

	LDH	Zn 2+ /Al 3+ or Mg 2+ /Al 3+	2-or MoO 4 WO 4 2-/Al 3+ (% of AEC) #	Cl -/Al 3+	2-/Al 3+ * CO 3	Σ anions/Al 3+	Calculated loading values (mol•g -1 )
	ZA-Cl	1.86	0.00	0.64	0.18	1	-
	ZA-Mo	1.93	0.34(68%)	0.00	0.16	1	1.13x10 -3
	ZA-W	1.91	0.27 (54%)	0.16	0.15	1	9.45x10 -4
	MA-Cl	2.84	0.00	0.78	0.11	1	-
	MA-Mo	2.87	0.28 (56%)	0.00	0.22	1	9.65x10 -4
	MA-W	2.88	0.12 (24%)	0.00	0.38	1	1.10x10 -3

*CO

3 2-

was obtained from calculation based on electroneutrality of the overall LDH structure. # Anion exchange capacity (AEC). Novamente ZA e MA, não seria ZA-Cl e MA-Cl? Está confuso no texto todo.

Table 2 .

 2 Estimated loading of oxometallate species in the LDHs samples according to UV-Vis spectra and EDS patterns (mol g -1 of tungstate or molybdate species).

	Sample	LDH λmax (nm)	MoO 4 2-/WO 4 2-λmax (nm) Area (%)	Mo 7 O 24 6-/W 7 O 24 6-λmax (nm) Area (%)	Loading by EDS
	MA-W	189	227	82	271	18	1.10x10 -3
	MA-Mo	206	239	79	305	21	9.65x10 -4
	ZA-W	188	228	69	266	31	9.45x10 -4
	ZA-Mo	205	239	82	308	18	1.13x10 -3

Table 3 .

 3 Conversion of cyclohexane to cyclohexanol alcohol (A) and cyclohexanone ketone (K) by H 2 O 2 in the catalytic oxidation reaction1 . 470 General catalytic oxidation reaction conditions: dilute hydrogen peroxide (aqueous solution, 35%), at 40 °C, in the presence of acetonitrile as the solvent, with H 2 O 2 /substrate molar ratio =

	Entry Cyclohexane (mmol)	H 2 O 2 (mmol)	Catalyst (mass/mg)	Reaction time (h)	Yield conversion (%) Ketone Alcohol	Total yield% (%K+%A) 2	Selectivity of Ketone (%) 3	Loading (mol g -1 )	Species estimated by Raman and UV-Vis analyses	MO 4 2-(Mol) 4	6-M 7 O 24 (Mol) 4
						(K)	(A)								
	1	1.0	5.0	MA-Mo (50)	3	0.037	0.025	0.062	60	9.65x10 -4	MoO 4 2-(79%) Mo 7 O 24 6-(21%)	7.6x10 -4	2.9x10	-5
	2	1.0	5.0	MA-W (50)	3	0.14	0.13	0.27	48	1.10x10 -3	WO 4 2-(82%) W 7 O 24	6-(18%)	9.0x10 -4	2.8x10	-5
	3	1.0	5.0	ZA-Mo (50)	3	0.024	0.016	0.040	60	1.13x10 -3	MoO 4 2-(82%) Mo 7 O 24 6-(18%)	9.3x10 -4	2.9x10	-5
	4	1.0	5.0	ZA-W (50)	3	0.67	0.41	1.07	63	9.45x10 -4	WO 4 2-(69%) W 7 O 24 6-(31%)	6.6x10 -4	4.1x10	-5
	5	1.0	5.0	ZA-W (50)	6	1.75	0.89	2.64	66	9.45x10 -4	WO 4 2-(69%) W 7 O 24 6-(31%)	6.5x10 -4	4.2x10	-5
	6	1.0	5.0	ZA-W (50)	8	1.83	1.35	3.18	57	9.45x10 -4	WO 4 2-(69%) W 7 O 24 6-(31%)	6.5x10 -4	4.2x10	-5
	7	1.0	5.0	ZA-W (50)	16	1.97	0.99	2.95	66	9.45x10 -4	WO 4 2-(69%) W 7 O 24 6-(31%)	6.5x10 -4	4.2x10	-5
	8	0.3	1.0	ZA-W (15)	16	2.44	1.5	3.94	62	9.45x10 -4	WO 4 2-(69%) W 7 O 24 6-(31%)	6.5x10 -4	4.2x10	-5
	9	0.3	1.0	ZA-W (15)	23	2.32	1.5	3.86	60	9.45x10 -4	WO 4 2-(69%) W 7 O 24 6-(31%)	6.5x10 -4	4.2x10	-5
	10	1.0	5.0	ZA-W (50) 5						9.45x10 -4					
				1 reuse	3	0.52	0.31	0.83	62						
	11	1.0	5.0	2 reuse	3	0.43	0.37	0.80	62						
	12	1.0	5.0	3 reuse	3	0.43	0.36	0.79	54						
	13	1.0	5.0	4 reuse	3	0.41	0.34	0.75	55						
	1														

  After about 2 h of reaction time, this shoulder disappeared, but the spectral profile remained unchanged up to 6 h, suggesting the presence of a mixture of species, including the tungstate anion WO 4 2-initially present in the solid. Based on these in situ data, we can suggest that the presence of H 2 O 2 caused the formation of multiple peroxo species, including di-, tri-, and tetra-peroxomolybdate or peroxotungstate catalytic species, attached at the LDH layers' surface. Many studies have reported that the di-peroxo species (MoO 2 (O 2 ) 2 2-) is the most active species in catalytic reactions combining hydrogen peroxide and either molybdate or tungstate compounds, in solution or immobilized on different supports. Di-

	peroxometalate species (Mo or W) obtained by the reaction of hydrogen peroxide and solids
	resulting in the immobilization of MoO 4 2-or WO 4 2-species on LDHs was reported by Maciuca et al.
	[69,98] to be an intermediate catalytic species involved in the oxidation reaction of
	tetrahydrothiophene to sulfolane. Vafaeezadeh et al. also reported that a diperoxo-molybdate
	species was observed as an intermediate catalytic species involved in the cyclohexene oxidation
	reaction when a tungstate species immobilized on functionalized silica was used as solid catalyst [50].
	The tungstate and molybdate immobilization on the hydroxylated LDH layers' surface did not
	appear to present a limitation for the formation of intermediate active species and the catalytic
	oxidation. In particular, the adsorbed molybdate (ZA-Mo) caused greater disproportionation of H 2 O 2
	and evolution of O 2 , which contributed to an unproductive decomposition of H 2 O 2

  from 3 to 23 h), regardless of the mass of catalyst used or molar ratio of cyclohexane/H 2 O 2 , caused the total yield of cyclohexane conversion into (ketone+alcohol) to increase. For the first 6 hours, the conversion yield (similar conditions, entries 4 to 7) increased nearly linearly (+ 0.41% h -1 ) before stabilizing at a value of about 3.8-3.9%. This general trend was confirmed under different cyclohexane/H 2 O 2 and catalyst mass conditions (entries 8 and 9). Moreover, the selectivity to the ketone product remained almost constant between 60 and 66%, independent of the various reaction conditions (reaction time, reagent composition, catalyst mass). These results suggest stability of the product over long reaction times, as reported by Jing Dai et al.[START_REF] Dai | Bifunctional H2WO4/TS-1 catalysts for direct conversion of cyclohexane to adipic acid: Active sites and reaction steps[END_REF]. Rezaei at al.[START_REF] Rezaei | Green and selective oxidation of cyclohexane over vanadium pyrophosphate supported on mesoporous KIT-6[END_REF] observed an optimum conversion time of 4 h for the oxidation reaction of cyclohexane by hydrogen peroxide to ketone and alcohol (conversion value of 6.59%) catalyzed by vanadyl pyrophosphate supported on mesoporous silica. When the reaction time was increased to 16 h, decreases of conversion yield and

	byproduct	formation,	including	1,3-cyclohexanediol,	1,4-cyclohexanedione	and	4-
	hydroxylcyclohexanone, were observed.				
	It is well known that metalloporphyrins (MP) are efficient catalysts for cyclohexane oxidation
	under mild experimental condition (room temperature and 30 minutes reaction time). Depending on
	the structure of the porphyrin ligand and the metal ions of the MP complex, using different oxidant
	species (H 2 O 2 , peracids, iodosylbenzene, O 2 , etc.), promising yields of alcohol (majority product) and
	ketone have been consistently observed [13-15,108-111].			
	Nan et al. reported the catalytic results of cyclohexane and other alkanes and alkenes
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nm was observed, whose intensity increased with rising amount of H 2 O 2 . There was no evidence of the formation of any other band, as was observed in the case of the Na 2 MoO 4 solution.

Sels et al. [START_REF] Sels | Layered double hydroxides exchanged with tungstate as biomimetic catalysts for mild oxidative bromination[END_REF] observed that the interaction of H 2 O 2 with tungstate ions led to the direct formation of tetra-peroxotungstate as a single species, identified by an absorption band around 330 nm. Like the peroxomolybdate, this species is also responsible for catalyzing the disproportionation of H 2 O 2 , but with slower H 2 O 2 disproportionation kinetics. Indeed, as already discussed for Fig. Si-2, H 2 O 2 was still available after 3 hours of reaction catalyzed by ZA-W, increasing the efficiency of cyclohexane oxidation.

Therefore, these results confirm that in the presence of H 2 O 2 , molybdate and tungstate ions led to the formation of peroxo-species, which were responsible for catalyzing the disproportionation reaction of H 2 O 2 from the reaction medium, with disproportionate kinetics depending on the nature of the metal ions (W 6+ or Mo 6+ ).

To gain insight about the oxidation mechanism, the intermediate molybdate (ZA-Mo) and tungstate (ZA-W) catalytic species formation were characterized by in situ UV-Vis analysis in the presence of H 2 O 2 (35%) during a period of 6 hours for ZA-Mo and 6.1 hours for ZA-W. (Fig. 8). 3.