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Highlights

• Bulk and supported molybdenum catalysts show high selectivity for benzene (~ 100 %).

• The carbon support promotes the reduction of molybdenum even under an N2 atmosphere.

• Both carbon support and the addition of copper favor phenol conversion.

• CuMo/C is the most active and selective catalyst for HDO of phenol.

• A correlation between the HDO rate and the number of oxygen vacancies is observed.

Introduction

Lignocellulosic biomass has recently arisen as an eco-friendly source to produce energy, biofuels, and chemicals of industrial interest [START_REF] Asadullah | Barriers of commercial power generation using biomass gasification gas: A review[END_REF][START_REF] Shu | A review on the catalytic hydrodeoxygenation of lignin-derived phenolic compounds and the conversion of raw lignin to hydrocarbon liquid fuels[END_REF][START_REF] Usmani | Bioprocessing of waste biomass for sustainable product development and minimizing environmental impact[END_REF]. This raw material can be processed using rapid pyrolysis, generating bio-oil as the main product. However, this biooil presents complex chemical composition and a high concentration of oxygenated compounds, around 35-40 wt. %, regardless of the origin of biomass and reaction conditions.

These characteristics give this pyrolyzed product undesirable properties for its direct application as biofuels, such as high acidity and viscosity, low calorific value, thermal and chemical instability, and immiscibility with hydrocarbons [START_REF] Park | Bio-oil upgrading through hydrogen transfer reactions in supercritical solvents[END_REF][START_REF] He | Hydrodeoxygenation of model compounds and catalytic systems for pyrolysis bio-oils upgrading[END_REF].

To improve the biofuels characteristics, oxygen removal can be achieved by different physical methods, such as solvent addition, emulsification, filtration, vacuum distillation, extraction, and high-pressure homogenization, or chemical methods, for example, esterification, catalytic cracking, fast catalytic pyrolysis, catalysis in supercritical fluids, and hydrodeoxygenation (HDO) [START_REF] Park | Bio-oil upgrading through hydrogen transfer reactions in supercritical solvents[END_REF]. The catalytic hydrodeoxygenation represents a promising route for converting bio-oil into products with high added value. However, one limitation of this approach results from the high level of hydrogen consumption necessary for performing HDO. Therefore, one of the most important challenges related to this process is achieving a high rate of oxygen removal while maintaining a low rate of hydrogen consumption [START_REF] He | Hydrodeoxygenation of model compounds and catalytic systems for pyrolysis bio-oils upgrading[END_REF][START_REF] Pourzolfaghar | Atmospheric hydrodeoxygenation of bio-oil oxygenated model compounds: A review[END_REF][START_REF] Kim | Recent advances in hydrodeoxygenation of biomass-derived oxygenates over heterogeneous catalysts[END_REF].

Due to the complexity of bio-oil, model molecules representative of compounds derived from the pyrolysis of biomass, such as phenol, anisole, cresol, and guaiacol, representing about 25 % of the oxygenated compounds derived from lignin fractions, are often used to elucidate and understand of the HDO kinetics and reaction mechanism [START_REF] Kay Lup | A review on reaction mechanisms of metal-catalyzed deoxygenation process in bio-oil model compounds[END_REF][START_REF] Si | An Overview on Catalytic Hydrodeoxygenation of Pyrolysis Oil and Its Model Compounds[END_REF][START_REF] Prasomsri | Effective hydrodeoxygenation of biomass-derived oxygenates into unsaturated hydrocarbons by MoO3 using low H2 pressures[END_REF][START_REF] Prasomsri | Insights into the catalytic activity and surface modification of MoO 3 during the hydrodeoxygenation of lignin-derived model compounds into aromatic hydrocarbons under low hydrogen pressures[END_REF][START_REF] Shetty | Reactivity and stability investigation of supported molybdenum oxide catalysts for the hydrodeoxygenation (HDO) of m-cresol[END_REF][START_REF] Rahzani | Experimental investigation of upgrading of lignin-derived bio-oil component anisole catalyzed by carbon nanotube-supported molybdenum[END_REF][START_REF] Sharma | Carbon based catalysts for the hydrodeoxygenation of lignin and related molecules: A powerful tool for the generation of nonpetroleum chemical products including hydrocarbons[END_REF].

Different catalysts have been tested to optimize this reaction. Transition metal sulfide catalysts, traditionally used in the hydrotreatment process (CoMoS and NiMoS), show good conversion. However, these systems require high H2 pressure conditions and continuous sulfur addition to preserve the active sites. Consequently, sulfur contamination of the desired products is often encountered, requiring further purification treatment to remove the sulfur contaminant [START_REF] He | Hydrodeoxygenation of model compounds and catalytic systems for pyrolysis bio-oils upgrading[END_REF][START_REF] Si | An Overview on Catalytic Hydrodeoxygenation of Pyrolysis Oil and Its Model Compounds[END_REF]. Studies have shown that noble metals have higher activity in bio-oil HDO than nickel and molybdenum sulfide catalysts under the same conditions. However, the high cost and difficulty of recovery limit their industrial application [START_REF] Ambursa | A review on catalytic hydrodeoxygenation of lignin to transportation fuels by using nickel-based catalysts[END_REF][START_REF] Kay Lup | A review on reactivity and stability of heterogeneous metal catalysts for deoxygenation of bio-oil model compounds[END_REF][START_REF] Teles | Reaction pathways for the HDO of guaiacol over supported Pd catalysts: Effect of support type in the deoxygenation of hydroxyl and methoxy groups[END_REF]. The use of phosphides, carbides, and nitrides as catalysts for oxygen removal reactions has also attracted attention because these materials present activity similar to sulfides, besides having catalytic properties similar to those of a noble metal, such as good thermal and chemical stability. Nevertheless, these catalysts also present some disadvantages like complex methods of preparation and/or oxidation deactivation issues caused by the presence of water produced in the HDO process [START_REF] Li | Heterogeneous sulfur-free hydrodeoxygenation catalysts for selectively upgrading the renewable bio-oils to second generation biofuels[END_REF][START_REF] Alvarez-Galvan | Metal phosphide catalysts for the hydrotreatment of non-edible vegetable oils[END_REF].

Therefore, the great challenge of the HDO process is to achieve a high degree of oxygen removal with low hydrogen consumption while adjusting catalyst activity and stability [START_REF] Pourzolfaghar | Atmospheric hydrodeoxygenation of bio-oil oxygenated model compounds: A review[END_REF][START_REF] Prasomsri | Effective hydrodeoxygenation of biomass-derived oxygenates into unsaturated hydrocarbons by MoO3 using low H2 pressures[END_REF]. Molybdenum-based catalysts are selective in breaking C-O bonds under low H2 pressure (which prevents saturation of the aromatic rings of lignin-derived compounds) while presenting a high water tolerance and a good resistance to coke formation [START_REF] Prasomsri | Effective hydrodeoxygenation of biomass-derived oxygenates into unsaturated hydrocarbons by MoO3 using low H2 pressures[END_REF][START_REF] Prasomsri | Insights into the catalytic activity and surface modification of MoO 3 during the hydrodeoxygenation of lignin-derived model compounds into aromatic hydrocarbons under low hydrogen pressures[END_REF][START_REF] Shetty | Reactivity and stability investigation of supported molybdenum oxide catalysts for the hydrodeoxygenation (HDO) of m-cresol[END_REF][START_REF] Rahzani | Experimental investigation of upgrading of lignin-derived bio-oil component anisole catalyzed by carbon nanotube-supported molybdenum[END_REF][START_REF] Cai | Selective hydrodeoxygenation of guaiacol to phenolics over activated carbon supported molybdenum catalysts[END_REF][START_REF] Ansaloni | Hydrodeoxygenation of guaiacol over molybdenum-based catalysts: The effect of support and the nature of the active site[END_REF][START_REF] Shetty | Structural Properties and Reactivity Trends of Molybdenum Oxide Catalysts Supported on Zirconia for the Hydrodeoxygenation of Anisole[END_REF]. Table S1 summarizes the studies on HDO of different model molecules derived from lignin using Mo-based catalysts and the experimental conditions used. In addition, different supports (transition metal oxides, carbon or mesoporous silica materials, etc.) and metal promoters (Co, Ni, Cu) on Mo-based catalysts have been investigated [START_REF] Ambursa | A review on catalytic hydrodeoxygenation of lignin to transportation fuels by using nickel-based catalysts[END_REF][START_REF] Kay Lup | A review on reactivity and stability of heterogeneous metal catalysts for deoxygenation of bio-oil model compounds[END_REF][START_REF] Saidi | Upgrading of lignin-derived bio-oils by catalytic hydrodeoxygenation[END_REF].

The Román-Leshkov group has studied the HDO performance of molybdenum oxide catalysts, both as bulk or supported MoO3, in the gas phase, atmospheric pressure, and low temperature (320 -400 ºC) HDO conditions [START_REF] Prasomsri | Effective hydrodeoxygenation of biomass-derived oxygenates into unsaturated hydrocarbons by MoO3 using low H2 pressures[END_REF][START_REF] Prasomsri | Insights into the catalytic activity and surface modification of MoO 3 during the hydrodeoxygenation of lignin-derived model compounds into aromatic hydrocarbons under low hydrogen pressures[END_REF][START_REF] Shetty | Reactivity and stability investigation of supported molybdenum oxide catalysts for the hydrodeoxygenation (HDO) of m-cresol[END_REF][START_REF] Shetty | Structural Properties and Reactivity Trends of Molybdenum Oxide Catalysts Supported on Zirconia for the Hydrodeoxygenation of Anisole[END_REF]. Molybdenum oxide exhibits redox properties and can be used in short-chain oxygenated HDO processes. In addition, molybdenum has low electron density and high electrophilicity, promoting the preferential adsorption of oxygen from the C=O bond, thus facilitating the hydrogenolysis step [START_REF] Pan | Deoxygenation of methyl laurate to hydrocarbons on silica-supported Ni-Mo phosphides: Effect of calcination temperatures of precursor[END_REF]. In its bulk form, this oxide has proved to be quite effective in the hydrodeoxygenation of several molecules derived from biomass, producing mainly olefinic and aromatic hydrocarbons [START_REF] Prasomsri | Effective hydrodeoxygenation of biomass-derived oxygenates into unsaturated hydrocarbons by MoO3 using low H2 pressures[END_REF].

On the other hand, MoOx catalysts supported on SiO2, γAl2O3, TiO2, ZrO2, and CeO2 were very selective for the cleavage of the C-O bond of m-cresol without aromatic ring hydrogenation [START_REF] Shetty | Reactivity and stability investigation of supported molybdenum oxide catalysts for the hydrodeoxygenation (HDO) of m-cresol[END_REF]. As stated by these authors, the HDO reaction follows the reverse Marsvan Krevelen reaction route, with the elimination of the oxygen atom from the reactant through its adsorption on a surface vacancy and the concomitant regeneration of the vacancy by reaction with H2, producing water. Moreover, consistent with this description, the deactivation would be related to the reduction of MoO3 to MoO2.

Contrary to this latter assumption, controversial studies can also be found in which MoO2/C catalysts were shown to be active in hydrodeoxygenation and selective to the cleavage of the C-O bond without causing the saturation of C=C bonds leading to the reduction of hydrogen consumption during the reaction. Additionally, MoO2 was more resistant to carbon monoxide formation and water poisoning [START_REF] Rahzani | Experimental investigation of upgrading of lignin-derived bio-oil component anisole catalyzed by carbon nanotube-supported molybdenum[END_REF][START_REF] Cai | Selective hydrodeoxygenation of guaiacol to phenolics over activated carbon supported molybdenum catalysts[END_REF][START_REF] Ansaloni | Hydrodeoxygenation of guaiacol over molybdenum-based catalysts: The effect of support and the nature of the active site[END_REF]. According to [START_REF] Ansaloni | Hydrodeoxygenation of guaiacol over molybdenum-based catalysts: The effect of support and the nature of the active site[END_REF], oxygen vacancies, also called coordinatively unsaturated sites (CUS), generated by the surface reduction of some Mo (IV) species would be the active and selective sites responsible for the quite good performance of MoO2/C in HDO of guaiacol at 350 °C and 4 MPa of H2 [START_REF] Ansaloni | Hydrodeoxygenation of guaiacol over molybdenum-based catalysts: The effect of support and the nature of the active site[END_REF]. However, these vacancies are not expected to be formed at low temperatures due to the low reducibility of MoO2. Furthermore, the surface modification induced by the CUS formation influences not only the activity of the catalyst but also the selectivity of the products formed.

Following the same reasoning that oxygen vacancies would also be responsible for the activity of MoO3, [START_REF] Kasiraju | Learning from the past: Are catalyst design principles transferrable between hydrodesulfurization and deoxygenation?[END_REF], based on Density Functional Theory (DFT) calculations, evaluated the influence of different promoters (Fe, Co, Ni, Cu, Zn) added to MoO3 on its catalytic activity for the HDO of furan [START_REF] Kasiraju | Learning from the past: Are catalyst design principles transferrable between hydrodesulfurization and deoxygenation?[END_REF]. In line with computational calculations, adding these promoters favors the thermodynamic tendency to form oxygen defects, even without a hydrogen atmosphere. At the same time, these surface modifications also decrease the activation barrier for splitting H2, suggesting an enhanced rate of formation of oxygen vacancies. Among the promoters studied, the deposition of copper on the surface of MoO3 was found to be more effective, favoring a more significant decrease in the activation energy barrier for vacancies formation. Moreover, the same authors state that the studied promoters also have a beneficial effect by avoiding the over-reduction of MoO3 to MoO2 while maintaining the ability to form vacancy sites. Indeed, Mo atoms at the top layer of the promoted MoO3 (010) surface would be replaced by promoter atoms (Fe, Co, Ni, Cu, Zn) with a preferential substitution of Mo atoms at the O edge. This replacement would lead to a lower oxygen coverage on the promoted MoO3 surface while increasing the number of metal atoms accessible on the surface, facilitating the H2 activation. In contrast, the reduction of unpromoted MoO3 would lead to an inactive HDO phase attributed to the distorted-rutile crystal structure of MoO2. Although Cu has been indicated as the most effective promoter for forming oxygen vacancies in MoO3, only two papers in the literature evaluated this catalyst in the liquid phase HDO reaction and none in the gas phase (Table S1, lines 26 and

27).

In this context, in the present study, bulk molybdenum oxides and molybdenum oxides supported on activated carbon were studied as catalysts for the HDO of phenol (in the gas phase at 330 ºC and atmospheric pressure). The introduction of a small amount of copper (Cu/Mo molar ratio = 0.1) in bulk and supported molybdenum catalysts was also evaluated to investigate its influence on the active sites and activity and selectivity of the reaction. Inductively Coupled Plasma -Atomic Emission Spectroscopy (ICP-AES), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, Temperature-Programmed Reduction (TPR), H2O-Temperature Programmed Desorption (TPD), and oxygen chemisorption were also herein employed to evaluate the nature of the molybdenum and copper phases and to identify the formation of oxygen vacancies.

Correlation between structure and activity has been established to provide new insights into the catalytic performance of Mo oxide-based catalysts for HDO applications.

Experimental

Catalyst Synthesis

Bulk MoO3 (≥ 99.5%) was purchased from Sigma-Aldrich and used as received. The CuMo catalyst was prepared by incipient wetness impregnation of bulk MoO3 (5 g) using an aqueous solution of Cu(NO3)2.3H2O (Sigma-Aldrich, ≥ 99%) to obtain the desired Cu/Mo molar ratio of 0.1. After impregnation, the sample was dried at 110 ºC overnight and calcined under airflow (60 mL min -1 ) at 500 ºC (10 ºC min -1 ) for 3 h.

The activated carbon was provided by Merck (K41944786) and used to prepare supported molybdenum oxide catalysts. Mo/C (13 wt. % Mo) was prepared by incipient wetness impregnation of the activated carbon (20 g), using an aqueous solution of (NH4)6Mo7O24.4H2O (Merck, ≥ 99,0%) (0.163 g mL -1 ). For the bimetallic CuMo/C catalyst (Cu/Mo molar ratio = 0.1), the addition of copper was carried out by successive impregnation of dried Mo/C (10 g) using an aqueous solution of Cu(NO3)2.3H2O (1.03 g mL -1 ). The Cu/C (13 wt. %) was prepared by adding dropwise the aqueous solution of Cu(NO3)2.3H2O (with the desired content of the copper) onto the activated carbon (10 g).

After the impregnation step, Mo/C, CuMo/C, and Cu/C catalysts were dried at 110 ºC overnight and then heated under N2 (60 mL min -1 ) (Air Products, 99.999%) at 10 ºC min -1 up to 500 ºC and kept at the final temperature for 3 h.

Catalyst Characterization

Molybdenum and copper loadings were determined by inductively coupled plasma optical emission spectrometry (ICP-OES) using an Activa-S spectrometer, HORIBA JOBIN YVON Scientific. Before the analysis, the bulk and carbon-supported samples were digested with H2SO4 and HNO3 heated at 350°C -400 °C.

The BET specific area of the samples was determined by nitrogen physisorption, at -196 ºC, in an ASAP 2020 equipment, Micromeritics. Each sample was previously treated under vacuum (0.1 mPa) at 300 °C for 3 h to ensure the elimination of water and other possible adsorbed contaminants.

X-ray diffraction patterns were collected on a Bruker D5005 instrument with nickelfiltered Cu Kα radiation (λ = 1.5418 Å) using the following parameters: 2θ = 10-80°; scan rate = 0.04°/step; and a scan time= 0.5 s/step. The diffraction patterns were normalized to the maximum peak intensity for each catalyst.

X-ray photoelectron spectroscopy (XPS) was performed on an Axis Ultra DLD (Kratos Analytical). Spectra were obtained using Al Kα radiation (1486.6 eV), with a fixed pass energy of 40 eV. Before moving to the XPS chamber, the samples were pressed onto an In foil connected to the sample. The binding energies were corrected at the C1s level of contaminant carbon at 284.6 eV with an uncertainty of 0.2 eV.

The decomposition of the Mo 3d and Cu 2p XPS spectra was performed considering Gaussian and Lorentzian mixed functions for the shape of the assembly curve line. After the background treatment, this assembly procedure was done using a Shirley baseline (CasaXPS software, version 2.0.71). The atomic percentage [i] of each element was obtained by measuring the corresponding total peak area Ai, using appropriate sensitivity factors Si.
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[i] =

A i S i ∑ ( A i S i ) n i=1
Core level spectra of Mo 3d and Cu 2p were decomposed into three contributions corresponding to Mo IV, Mo V, and Mo VI species and two contributions associated with Cu I and Cu II species, respectively. The binding energy of copper species, Cu(0) and Cu (I), are too close, so the Auger parameter was determined to distinguish the copper species.

Raman spectroscopy was carried out on a HORIBA Jobin Yvon Labram HR spectrometer equipped with a Czerny-Turner monochromator and a charge-coupled device (CCD) detector cooled with liquid nitrogen. The excitation was provided by the 514 nm line of an Ar + -Kr + ion laser with a maximum power fixed at 1.06 mW. The acquisition was carried out using a network of 300 lines.mm -1 . Before each series of data recordings, the calibration was performed with a silicon reference (characteristic vibrational mode at 521 cm -1 ). The spectra were generally collected between 200 and 1200 cm -1 except for the carbon-supported catalysts for which the 150 -3500 cm -1 wavenumbers range. The spectra of each catalyst were normalized to the maximum peak intensity to study the dispersion of Mo species on the surface of the support.

Temperature programmed reduction (TPR) was performed using a dynamic system connected to a mass spectrometer (Pfeiffer Vacuum, model TMU 071 P). The quartz U-tube was loaded with 0.1 g of catalyst in a typical procedure. Before the reduction, the catalyst was dried under a 50 ml min -1 flow of helium (Air Products, 99.999 %) to 200 ºC (10 °C min -1 ) for 1 h. Heating was then ceased, and after reaching room temperature, the system was heated again to 1000 °C (heating rate of 10 °C min -1 ) under a pure flow of H2 (100 mL min -1 ). During the reduction, the evolution of H2O (m/z = 18), CO (m/z = 28), CO2 (m/z = 44), and CH4 (m/z = 15) were monitored using mass spectrometry.

Oxygen chemisorption was performed, according to the protocol proposed by Shetty and collaborators (2015), to determine the number of redox-active Mo sites and initial site time yields (STYs) [START_REF] Shetty | Reactivity and stability investigation of supported molybdenum oxide catalysts for the hydrodeoxygenation (HDO) of m-cresol[END_REF]. The measurements of O2 adsorption isotherms at 196 ºC were carried out using a Micromeritics 3Flex instrument. Prior to the analysis, the samples were treated in He flow (50 mL min -1 ) at 120 ºC (5 ºC min -1 ) for 30 min and then pre-reduced in a flow of H2 (50 mL min -1 ) for 2 h at 350 ºC (5 ºC min -1 ). Previously to oxygen adsorption, the chemisorption cell was evacuated (67 Pa) for 2 h. After the first adsorption isotherm was acquired, weakly adsorbed O2 was removed by degassing, and the adsorption isotherm was collected again. The irreversibly adsorbed O2 was determined by extrapolating the difference between the first and second isotherms to zero pressure. The amount of redox-active Mo species (Redox-Mo) was obtained through equations 1 and 2.

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑜𝑜 𝑅𝑅𝑅𝑅𝑅𝑅𝑀𝑀𝑅𝑅 -𝑀𝑀𝑀𝑀 = 2 × 𝑀𝑀𝑅𝑅𝑜𝑜𝑜𝑜𝑅𝑅𝑜𝑜 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑅𝑅 (𝑚𝑚𝑀𝑀𝑀𝑀 𝑜𝑜 -1 ) × 𝑐𝑐𝑢𝑢𝑢𝑢𝑢𝑢𝑀𝑀𝑜𝑜𝑀𝑀𝑢𝑢 𝑚𝑚𝑢𝑢𝑀𝑀𝑀𝑀 (𝑜𝑜)
(Equation 1)

𝑅𝑅𝑅𝑅𝑅𝑅𝑀𝑀𝑅𝑅 -𝑀𝑀𝑀𝑀 (%) = 2 × 𝑀𝑀𝑅𝑅𝑜𝑜𝑜𝑜𝑅𝑅𝑜𝑜 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑅𝑅 (𝑚𝑚𝑀𝑀𝑀𝑀 𝑜𝑜 -1 ) 𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑢𝑢𝑅𝑅𝑙𝑙𝑜𝑜𝑜𝑜 (𝑚𝑚𝑀𝑀𝑀𝑀 𝑜𝑜 -1 ) × 100
(Equation 2) H2O-TPD was performed according to Gonzalez and coworkers (2019) using a multipurpose unit AutoChem 2920 Micromeritics coupled to a mass spectrometer Pfeiffer

Vacuum OmniStar [START_REF] Gonzalez | Two mechanisms for acetic acid synthesis from ethanol and water[END_REF]. Initially, 0.2 g of catalyst was loaded in the reactor and dried at 130 ºC under He flow (30 mL min -1 ) for 30 min. Then, the sample was treated with H2 (50 mL min -1 ) at 360 ºC (10 ºC min -1 ) for 1 h and purged with He for 1 h at 360 ºC. Next, the H2O adsorption was conducted at 40 ºC for 1 h. The H2O vapor (75 kPa) was produced by passing He (50 mL min -1 ) through a saturator containing deionized water kept at 40 ºC. Finally, the desorption was carried out employing a He flow (50 mL min -1 ) from 40°C to 400 ºC (10 ºC min -1 ). The m/z = 2 (H2) and m/z = 18 (H2O) fragments were continuously monitored during the analysis.

Catalytic Activity

The vapor-phase conversion of phenol (Sigma-Aldrich, ≥ 99.0%) was carried out in a fixed-bed quartz reactor at atmospheric pressure and 330 ºC. Prior to the reaction, the catalyst was treated in situ under pure hydrogen (60 mL min -1 ) (Air Products, 99.999 %) at 360 ºC (10 ºC min -1 ) for 1 h. The reactant mixture was obtained by flowing H2 through the saturator containing phenol, kept at the specific temperature required to obtain the desired H2/phenol molar ratio (about 60). The bulk samples were diluted with inert material (SiC mass/catalyst mass = 12) to avoid the hot-spot formation and to keep the catalytic bed volume constant. The initial phenol conversion was taken after 10 min of time-on-stream (TOS) to avoid the possible influence of coke formation. All lines were heated at 250 ºC to prevent product condensation. The reaction products were analyzed by gas chromatography using a GC Shimadzu (GC-2014), equipped with an HP-Innowax capillary column and a flame-ionization detector (FID). The product yield, selectivity for each product, and the HDO rate were calculated as follows:

𝑃𝑃𝑃𝑃𝑀𝑀𝑅𝑅𝑢𝑢𝑐𝑐𝑢𝑢 𝑜𝑜𝑙𝑙𝑅𝑅𝑀𝑀𝑅𝑅 (%) = 𝑚𝑚𝑀𝑀𝑀𝑀 𝑀𝑀𝑜𝑜 𝑢𝑢𝑃𝑃𝑀𝑀𝑅𝑅𝑢𝑢𝑐𝑐𝑢𝑢 𝑢𝑢𝑃𝑃𝑀𝑀𝑅𝑅𝑢𝑢𝑐𝑐𝑅𝑅𝑅𝑅 𝑚𝑚𝑀𝑀𝑀𝑀 𝑀𝑀𝑜𝑜 𝑢𝑢ℎ𝑅𝑅𝑜𝑜𝑀𝑀𝑀𝑀 𝑜𝑜𝑅𝑅𝑅𝑅 × 100
(Equation 3)

𝑆𝑆𝑅𝑅𝑀𝑀𝑅𝑅𝑐𝑐𝑢𝑢𝑙𝑙𝑆𝑆𝑙𝑙𝑢𝑢𝑜𝑜 (%) = 𝑚𝑚𝑀𝑀𝑀𝑀 𝑀𝑀𝑜𝑜 𝑢𝑢𝑃𝑃𝑀𝑀𝑅𝑅𝑢𝑢𝑐𝑐𝑢𝑢 𝑢𝑢𝑃𝑃𝑀𝑀𝑅𝑅𝑢𝑢𝑐𝑐𝑅𝑅𝑅𝑅 𝑚𝑚𝑀𝑀𝑀𝑀 𝑀𝑀𝑜𝑜 𝑢𝑢ℎ𝑅𝑅𝑜𝑜𝑀𝑀𝑀𝑀 𝑐𝑐𝑀𝑀𝑜𝑜𝑀𝑀𝑢𝑢𝑚𝑚𝑅𝑅𝑅𝑅 × 100
(Equation 4) 5)

𝐻𝐻𝐻𝐻𝐻𝐻 𝑃𝑃𝑢𝑢𝑢𝑢𝑅𝑅 (𝑚𝑚𝑀𝑀𝑀𝑀 𝑚𝑚𝑙𝑙𝑜𝑜 -1 𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐 -1 ) = 𝑜𝑜𝑙𝑙𝑅𝑅𝑀𝑀𝑅𝑅 𝑀𝑀𝑜𝑜 𝑅𝑅𝑅𝑅𝑀𝑀𝑅𝑅𝑜𝑜𝑜𝑜𝑅𝑅𝑜𝑜𝑢𝑢𝑢𝑢𝑅𝑅𝑅𝑅 𝑢𝑢𝑃𝑃𝑀𝑀𝑅𝑅𝑢𝑢𝑐𝑐𝑢𝑢 (𝐵𝐵𝑅𝑅𝑜𝑜𝐵𝐵𝑅𝑅𝑜𝑜𝑅𝑅) × 𝐹𝐹 𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑢𝑢𝑅𝑅𝑙𝑙𝑜𝑜𝑜𝑜 × 𝑐𝑐𝑢𝑢𝑢𝑢𝑢𝑢𝑀𝑀𝑜𝑜𝑀𝑀𝑢𝑢 𝑚𝑚𝑢𝑢𝑀𝑀𝑀𝑀 (𝑜𝑜) (Equation
where F means the molar flow rate (mol min -1 ) of phenol.

To compare the performance of the different catalysts, site time yield (STY) was calculated from redox-active Mo species (determined by equations 1 and 2), as follows in equation 6.

𝑆𝑆𝑆𝑆𝑆𝑆 (ℎ -1 ) = 𝑚𝑚𝑀𝑀𝑀𝑀𝑢𝑢𝑃𝑃 𝑜𝑜𝑀𝑀𝑀𝑀𝑓𝑓 𝑃𝑃𝑢𝑢𝑢𝑢𝑅𝑅 𝑀𝑀𝑜𝑜 𝐻𝐻𝐻𝐻𝐻𝐻 𝑢𝑢𝑃𝑃𝑀𝑀𝑅𝑅𝑢𝑢𝑐𝑐𝑢𝑢 (𝐵𝐵𝑅𝑅𝑜𝑜𝐵𝐵𝑅𝑅𝑜𝑜𝑅𝑅) 𝑜𝑜𝑀𝑀𝑃𝑃𝑚𝑚𝑅𝑅𝑅𝑅 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑜𝑜 𝑃𝑃𝑅𝑅𝑅𝑅𝑀𝑀𝑅𝑅 𝑢𝑢𝑐𝑐𝑢𝑢𝑙𝑙𝑆𝑆𝑅𝑅 𝑀𝑀𝑀𝑀 𝑀𝑀𝑢𝑢𝑅𝑅𝑐𝑐𝑙𝑙𝑅𝑅𝑀𝑀 (Equation 6)

The deactivation profiles were calculated using the equations 7, 8, and 9, applying the first-order decay kinetic model [START_REF] Prasomsri | Insights into the catalytic activity and surface modification of MoO 3 during the hydrodeoxygenation of lignin-derived model compounds into aromatic hydrocarbons under low hydrogen pressures[END_REF]. 7)

𝑢𝑢(𝑢𝑢) = -𝑃𝑃 𝐴𝐴 𝑡𝑡 -𝑃𝑃 𝐴𝐴 0 = 𝑃𝑃𝑢𝑢𝑢𝑢𝑅𝑅 𝑀𝑀𝑜𝑜 𝑃𝑃𝑅𝑅𝑢𝑢𝑐𝑐𝑢𝑢𝑙𝑙𝑀𝑀𝑜𝑜 𝐴𝐴 𝑢𝑢𝑢𝑢 𝑢𝑢𝑜𝑜𝑜𝑜 𝑢𝑢𝑙𝑙𝑚𝑚𝑅𝑅 𝑃𝑃𝑢𝑢𝑢𝑢𝑅𝑅 𝑀𝑀𝑜𝑜 𝑃𝑃𝑅𝑅𝑢𝑢𝑐𝑐𝑢𝑢𝑙𝑙𝑀𝑀𝑜𝑜 𝐴𝐴 𝑓𝑓𝑙𝑙𝑢𝑢ℎ 𝑜𝑜𝑃𝑃𝑅𝑅𝑀𝑀ℎ 𝑐𝑐𝑢𝑢𝑢𝑢𝑢𝑢𝑀𝑀𝑜𝑜𝑀𝑀𝑢𝑢 (Equation
For first-order decay:

𝑢𝑢(𝑢𝑢) = exp (-𝐾𝐾 𝑑𝑑 𝑢𝑢) ,
where 8)

𝑢𝑢(𝑢𝑢) = 𝐶𝐶 ln � 1 1-𝑥𝑥 � (Equation
Combining the equations ( 7) and ( 8): 9)

ln ln � 1 1 -𝑅𝑅 � = -𝑢𝑢 𝑑𝑑 𝑢𝑢 + ln 𝐶𝐶 (Equation
Where x, kd, and t mean conversion, first-order deactivation rate constant, and time, respectively.

Results and Discussion

Catalyst Characterization

Table 1 summarizes different structural results of the bulk and carbon-supported samples including elemental composition, crystallite sizes, and reducibility. The amounts of molybdenum and copper were determined by ICP-OES. For the supported samples, the Mo loading was close to the values expected theoretically (13 % wt.), suggesting that loss of molybdenum was negligible during the impregnation procedure. About Cu loadings, a lower Cu/Mo molar ratio (expected= 0.1) than expected was observed for CuMo (0.06), while the experimental value was closer to the theoretical one for CuMo/C (0.09).

The specific surface area of activated carbon (715 m 2 g -1 ) and its related supported catalysts, Mo/C (473 m 2 g -1 ) and CuMo/C (362 m 2 g -1 ), were determined. Results show that the incorporation of molybdenum and the subsequent addition of copper resulted in a decrease in specific surface areas, suggesting a partial blockage of the pores of the support. However, the range of surface areas observed for both Mo/C and CuMo/C systems are, approximately, of the same order showing that the role of surface area, if any, remains limited here. for supported samples. The values of crystallite sizes are also reported in Table 1. As can be noted, the bulk catalysts showed a significant difference in MoO3 crystallite size after adding Cu (dMoO3 for CuMo catalyst was three times higher than for MoO3 catalyst, 165 nm vs 56 nm) whereas no noticeable differences can be noticed with carbon-supported catalysts.

Indeed, for carbon-supported catalysts (Mo/C and CuMo/C), the addition of copper did not change the MoO2 crystallite size (21-24 nm). These results could be related to the high surface area of activated carbon that may allow a higher dispersion and better stabilization of molybdenum oxide species.

The X-rays diffractograms of samples treated with H2 at 360 ºC for 1 h, labeled as XPS analyses were carried out to determine the surface chemical composition of the catalysts and the oxidation states of the elements present, allowing the determination of the proportions of molybdenum and copper species at different oxidation states present on the catalyst surface. In this respect, XPS also allows estimating the relationship between the surface and bulk composition and therefore surface enrichment in a given element. Table 2 lists the proportion of Mo and Cu species present on the surface of the calcined samples (at 500 ºC for 3 h, under air flow (unsupported sample) or N2 flow (supported samples)) and the treated samples (calcined samples treated at 360 ºC for 1 h, under H2 flow).

CuMo showed almost 100 % Mo (VI) (Fig. S1), indicating that the addition of copper did not modify the oxidation state of molybdenum after calcination treatment. Furthermore, the carbon-supported samples (Mo/C and CuMo/C) presented Mo(IV), Mo(V), and Mo(VI) species (even after calcined under N2 flow) with a predominance of Mo(VI) entities in 20/46 contrast with the XRD analysis in which only MoO2 species were observed (Fig. S1). XPS being a superficial technique, these results strongly suggest that the surface of these samples may have been oxidized into MoO3, leading to a MoO2@MoO3 conformation, as was previously reported by Ansaloni et al. [START_REF] Ansaloni | Hydrodeoxygenation of guaiacol over molybdenum-based catalysts: The effect of support and the nature of the active site[END_REF]. x was calculated using the formula (MoO3-x), using the mean oxidation state of Mo [START_REF] Zhang | Mechanism of hydrodeoxygenation (HDO) in anisole decomposition over metal loaded Brønsted acid sites: Density Functional Theory (DFT) study[END_REF].

The addition of Cu to Mo/C modified the relative proportion of the molybdenum species on the surface of the samples, with the Mo (VI) amount decreasing from 84 to 43 % (Fig. S1). These data indicate that carbon support played a crucial role in reducing molybdenum. At the same time, the addition of copper tends to amplify this phenomenon, in agreement with the previous studies by Thomazeau et al. [START_REF] Thomazeau | Effect of support on the thermal decomposition of (NH4)6Mo7O24•4H2O in the inert gas atmosphere[END_REF] [31]and Kirakosyan et al. [START_REF] Kirakosyan | The Mechanism of Joint Reduction of MoO3 and CuO by Combined Mg/C Reducer at High Heating Rates[END_REF]. The bimetallic samples displayed the presence of two different copper species (Fig. S2), Cu (I) (Auger parameters around 1849 eV) and Cu (II) (Auger parameters around 1851 eV [START_REF] Biesinger | Advanced analysis of copper X-ray photoelectron spectra: Advanced analysis of copper X-ray photoelectron spectra[END_REF][START_REF] Zhang | Mechanism of hydrodeoxygenation (HDO) in anisole decomposition over metal loaded Brønsted acid sites: Density Functional Theory (DFT) study[END_REF]. The CuMo sample presented almost 70 % of Cu(II) while the proportion of Cu species (Mo (IV), Mo (V), and Mo (VI)) found in our samples, mean oxidation states can be determined, revealing in this way the presence of non-stoichiometric molybdenum oxide entities and the existence of oxygen vacancies [START_REF] Zhang | Mechanism of hydrodeoxygenation (HDO) in anisole decomposition over metal loaded Brønsted acid sites: Density Functional Theory (DFT) study[END_REF]. As shown in Table 2, the concentration of oxygen vacancies in the samples follows the subsequent order: CuMo (0) < Mo/C (0.1) < CuMo_H2 (0.2) ≅ Mo/C_H2 (0.2) < MoO3_H2 (0.3) ≅ CuMo/C_H2 (0.3) < CuMo/C (0.4).

Therefore, these results emphasize a quite different role of copper depending on the presence or not of carbon support: if we assume the approach proposed by Zhang et al. [START_REF] Zhang | Mechanism of hydrodeoxygenation (HDO) in anisole decomposition over metal loaded Brønsted acid sites: Density Functional Theory (DFT) study[END_REF], while for unsupported samples, the addition of Cu does not affect the number of oxygen vacancies present on the surface, on the contrary, for carbon-supported samples, copper helps to promote the formation of oxygen vacancies.

Raman spectroscopy was used to detect any local change within dispersed molybdenum oxide domains by probing the Mo-O vibrational modes of all samples and identifying the Mo and Cu phases presented in the samples. Fig. 3 shows the Raman spectra of the calcined samples (spectral region between 200 -1200 cm -1 ). In agreement with XRD results, Fig. 1, the sample CuMo presents bands related to the MoO3 vibrations (995, 819, 665, 470, 379, 364, 339, 291, 283, 264, and 215 cm -1 ) [START_REF] Mestl | Raman Spectroscopy of Monolayer-Type Catalysts: Supported Molybdenum Oxides[END_REF][START_REF] Dieterle | Raman spectroscopy of molybdenum oxides[END_REF]. Besides the MoO3 bands, this sample also shows bands between 860 and 980 cm -1 , Fig. S6. These bands (887, 903, 936, 949, 962 cm -1 ) can be assigned to the presence of CuMoO4 (species shown in XRD) [START_REF] Wei | Negative thermal expansion property of CuMoO4[END_REF]. As for carbon-supported samples, bands associated with MoO2 were observed only in the Mo/C spectrum (226, 342, 360, 457, 495, 568, 586, and 744 cm -1 ). Note that Raman spectroscopy did not detect any Mo phase for the CuMo/C spectrum, Fig. 1. In addition, CuxO signals were not detected in CuMo/C, suggesting that the quantity of copper added was not enough to create copper oxides or that the dispersed copper species must be Raman-inactive [START_REF] Deng | In Situ Raman Spectroscopy of Copper and Copper Oxide Surfaces during Electrochemical Oxygen Evolution Reaction: Identification of Cu III Oxides as Catalytically Active Species[END_REF]. Fig. S7 shows the Raman spectra of carbon-supported samples in a broader spectral region (300 -3500 cm -1 ). It can be seen that all the samples showed bands related to the The TPR of activated carbon (Fig. S8) and all the carbon-supported catalysts presented water release of around 590 ºC, which may be related to the reduction of oxidized surface carbon and gasification of carbon into CO, as previously reported [START_REF] Ansaloni | Hydrodeoxygenation of guaiacol over molybdenum-based catalysts: The effect of support and the nature of the active site[END_REF][START_REF] Zhang | Influence of the surface oxygenated groups of activated carbon on preparation of a nano Cu/AC catalyst and heterogeneous catalysis in the oxidative carbonylation of methanol[END_REF][START_REF] Díez-Ramírez | Carbon Nanofiber-Based Palladium/Zinc Catalysts for the Hydrogenation of Carbon Dioxide to Methanol at Atmospheric Pressure[END_REF][START_REF] Feng | A Temperature-Programmed-Reduction Study on Alkali-Promoted, Carbon-Supported Molybdenum Catalysts[END_REF]. In addition, signals of CH4 (m/z = 15) (dashed lines) and CO (m/z=28) (not shown) release were also observed ratifying these affirmations.

The TPR of Mo/C shows two peaks of water release with the maximum at 400°C and 607ºC and one shoulder at 696ºC, whereas CuMo/C exhibits two prominent peaks at 389°C and 591ºC and one shoulder at 717ºC. For both catalysts, the first peak can be assigned to the reduction of octahedral MoO3 species, while the second can be assigned to the reduction of tetrahedral MoO3 species. The oxidized carbon on the surface, while the highest temperature peak (shoulder) is related to molybdenum carburization due to the reduction of surface carbon [START_REF] Chang | Hydrodeoxygenation of Guaiacol over Carbon-Supported Metal Catalysts[END_REF][START_REF] Feng | A Temperature-Programmed-Reduction Study on Alkali-Promoted, Carbon-Supported Molybdenum Catalysts[END_REF]. Although XRD did not indicate the presence of Mo (VI), the XPS results show that there is MoO3 on the surface of this catalyst, as also observed by Cai et al.

and Ansaloni et al. [START_REF] Cai | Selective hydrodeoxygenation of guaiacol to phenolics over activated carbon supported molybdenum catalysts[END_REF][START_REF] Ansaloni | Hydrodeoxygenation of guaiacol over molybdenum-based catalysts: The effect of support and the nature of the active site[END_REF]. CuMo/C sample still presents a shoulder at approximately 285 ºC, probably related to the reduction of CuO and Cu2O to metallic Cu, dispersed on the support surface as suggested by the XPS results. The release of methane was also observed for the carbon-supported samples, Fig. 4 (dashed lines), suggesting that the reduction of activated carbon starts over 550 ºC.

The TPR profile of Cu/C showed three peaks, the first peak, around 124 ºC, can be attributed to the reduction of CuO highly dispersed on the surface, and another with a maximum at 150 ºC, assigned to the reduction of Cu2O (observed by XRD), in greater quantity, and the third peak at 601 ºC related to the reduction of oxidized carbon on the surface and gasification of carbon support into CH4 and CO, ratifying by their signals observed by mass spectroscopy (the latter not shown) [START_REF] Zhang | Influence of the surface oxygenated groups of activated carbon on preparation of a nano Cu/AC catalyst and heterogeneous catalysis in the oxidative carbonylation of methanol[END_REF]. The reducibility of bulk CuO (Fig. S8) was analyzed under the same conditions, and its profile exhibited just one peak with a maximum at 179 ºC, indicating the direct reduction of Cu(II) to Cu(0). This behavior suggests that, in the presence of carbon, the reduction proceeds in two stages, modifying the proportion of formed species.

The higher reduction temperature of copper species on the molybdenum samples indicates a strong interaction between Cu and Mo, ratifying our observations based on XPS results. According to Zhu et al., the Cu-Mo interaction forms a stable, coordinated structure that is difficult to reduce [START_REF] Zhu | Studies on surface structure of MxOy/MoO3/CeO2 system (M=Ni, Cu, Fe) and its influence on SCR of NO by NH3[END_REF]. Then, the TPR data agree with the XPS and XRD results of H2-treated samples. It is possible to note that the species observed for the samples treated with H2 at 360 ºC are consistent with the transformations during the TPR analyses described in Table 1.

The O2 chemisorption and H2O-TPD techniques were also used to determine the concentration of oxygen vacancies on the bulk and supported samples. In addition, oxygen chemisorption was performed to evaluate the ability of catalysts to capture oxygen in catalytic test reaction conditions, thus determining the amount of available active sites, possibly oxygen vacancies, and then relating these results to those obtained with phenol deoxygenation.

According to the oxygen chemisorption profiles (Fig. 5), it is possible to observe that the bulk catalysts present a rapid increase in chemisorbed oxygen uptake, reaching a constant level at low pressures (about 50 mmHg). In comparison, samples containing activated carbon show a gradual increase in oxygen chemisorption without achieving stability. The result shows that the oxygen captured by CuMo (108 cm 3 gMo -1 ) was slightly higher than that of MoO3 (90 cm 3 gMo -1 ), consequently, the quantity of active Mo-redox (determined by equation 2) was 92 and 76 %, respectively. Therefore, it is possible to perceive that adding copper to the bulk MoO3 promoted the capture of oxygen. However, this technique was not able to determine the number of oxygen vacancies present in supported ones, probably due to the slow diffusion of oxygen into the pores of the support, and it can be difficult to reach saturation at low pressures. Therefore, this type of experiment is not appropriate in our case to determine the total amount of chemisorbed oxygen.

Fig. 6 depicts the H2 (m/z = 2) profiles of H2O-TPD of the Mo-based samples. The H2O-TPD analysis allows to determine the number of anionic vacancies present on the surface of oxides. This measure is related to the ability of some solids to dissociate water molecules that are adsorbed on the catalyst surface [START_REF] Gonzalez | Two mechanisms for acetic acid synthesis from ethanol and water[END_REF][START_REF] Chen | Reactivity of Hydroxyls and Water on a CeO 2 (111) Thin Film Surface: The Role of Oxygen Vacancy[END_REF]. The adsorption of H2O on the oxide surface generates hydroxyl species (OH(a)), which can undergo two competing pathways: (i) the association of OH(a), releasing H2O with the production of oxygen vacancies (OH(a) + OH(a) → H2O(g) + Olattice + Ovacancy) and another for which (ii) H2 is formed, (OH(a) + OH(a) → H2(g) + 2Olattice). So, the H2 formation would be related to the presence of oxygen vacancies. As can be observed, all the samples exhibit a similar profile of H2 desorption, with just one peak around 400 ºC, suggesting that they present the same type of active sites, although with different relative amounts. Considering results normalized to Mo amount, it is possible to realize that the quantity of H2 per gram of Mo generated by CuMo/C (211 µmol H2 gMo -1 ) was almost three times greater than Mo/C (81 µmol H2 gMo -1 ), which suggests that the majority of oxygen vacancies have been generated through the addition of copper in CuMo/C, as also speculated by Kasiraju & Grabow [START_REF] Kasiraju | Learning from the past: Are catalyst design principles transferrable between hydrodesulfurization and deoxygenation?[END_REF].

Some authors have reported that metallic Cu (whose presence was observed by XRD) [START_REF] Voss | Kinetics of acetic acid synthesis from ethanol over a Cu/SiO2 catalyst[END_REF][START_REF] Tsai | Direct Water Decomposition on Transition Metal Surfaces: Structural Dependence and Catalytic Screening[END_REF][START_REF] Phatak | Density Functional Theory Comparison of Water Dissociation Steps on Cu, Au, Ni, Pd, and Pt[END_REF] is an active site for the H2O dissociation. It was observed that Cu/C (72.3 µmol H2.gcat -1 ) generated more hydrogen than Mo/C (10.8 µmol H2 gcat -1 ) and CuMo/C (28.1 µmol H2.gcat -1 ), so Cu would be catalyzing the decomposition of water. However, the amount of copper in CuMo/C is only 1% (w/w), whereas the amount of copper in Cu/C is 13 % (w/w),

showing that in CuMo/C, the contribution coming from copper is not significant.
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HDO of phenol over molybdenum catalysts

Table 3 compares the results of phenol conversion for the HDO reaction performed at 330 ºC at atmospheric pressure on an equivalent Mo mass basis. Results are expressed considering the HDO reaction rate of bulk and supported molybdenum catalysts. In addition, the effect of the pre-treatment with H2 at 360 ºC was also evaluated. The amount of benzene produced was greater than 98 % for all molybdenum-based-catalysts, while Cu/C provided a selectivity of 50 % to benzene, 24 % to cyclohexene, and 26 % to cyclohexanone. As shown in Table 3, without the hydrogen treatment, all catalysts exhibited very low phenol conversion (around 1 %) except for CuMo/C, which reaches 7 %. Therefore, it is possible that, under these conditions, neither the support nor the addition of copper significantly affected the activity. However, the activity tends to increase when carbon and copper are combined. The CuxO species present on Cu/C are not active, but when deposited on the surface of the MoOx catalysts, copper promotes modifications by removing electronic density from the surface of covalent bonding oxides, probably due to the hybridization of metal d-orbitals and oxygen p-orbitals. This interaction promotes charge transfer processes at the metal-oxide interface, facilitating the removal of some oxygen atoms and enabling the generation of oxygen vacancies [START_REF] Greiner | Metal/Metal-Oxide Interfaces: How Metal Contacts Affect the Work Function and Band Structure of MoO 3[END_REF][START_REF] Korpelin | Reducing the Irreducible: Dispersed Metal Atoms Facilitate Reduction of Irreducible Oxides[END_REF][START_REF] Ruiz Puigdollers | Increasing Oxide Reducibility: The Role of Metal/Oxide Interfaces in the Formation of Oxygen Vacancies[END_REF][START_REF] Li | Metal-Support Interactions in Metal/Oxide Catalysts and Oxide-Metal Interactions in Oxide/Metal Inverse Catalysts[END_REF].

The hydrogen treatment significantly affects the catalytic activity, which follows the order: MoO3 ≈ Cu/C < CuMo < Mo/C < CuMo/C. According to this result, it can be inferred that the support and/or the addition of copper favored phenol conversion. Moreover, the temperature employed for the treatment of the catalysts before the catalytic tests (360 ºC) is lower than the reduction temperature of the molybdenum species (around 400 ºC), as seen in Fig. 2. Therefore, the heat treatment helps to produce more oxygen vacancies that are considered the active sites for the hydrodeoxygenation of aromatic compounds without modifying the support. This result is consistent with the literature, in which the presence of reduced Mo species (Mo (IV) and Mo (V)) has been shown to increase the activity of catalysts [START_REF] Whiffen | Hydrodeoxygenation of 4-Methylphenol over Unsupported MoP, MoS2, and MoOx Catalysts[END_REF][START_REF] Raikwar | Hydrodeoxygenation of guaiacol over Mo, W and Ta modified supported nickel catalysts[END_REF].

The HDO reaction rate results at low phenol conversion are listed in Table 3. Under the studied reaction conditions, bulk samples display activity inferior to carbon-supported catalysts, indicating that the higher dispersion of the Mo species could be relevant to the activity or that MoO2 species supported on carbon, as shown by XRD profiles, are more active than MoO3 entities.

In the literature, many works were based on molybdenum oxides as catalysts for the hydrodeoxygenation of biomass-derived compounds. However, controversial results were found concerning the role played by the different Mo species. Several authors affirm that the partially reduced MoO3 presents high activity and selectivity to the cleavage of the C-O bond since it contains active sites associated with the presence of oxygen vacancies, Mo (V) and Mo (III), Lewis acids, oxide defects, acidic and metallic active sites or subcoordinated Mo [START_REF] Prasomsri | Effective hydrodeoxygenation of biomass-derived oxygenates into unsaturated hydrocarbons by MoO3 using low H2 pressures[END_REF][START_REF] Prasomsri | Insights into the catalytic activity and surface modification of MoO 3 during the hydrodeoxygenation of lignin-derived model compounds into aromatic hydrocarbons under low hydrogen pressures[END_REF][START_REF] Shetty | Reactivity and stability investigation of supported molybdenum oxide catalysts for the hydrodeoxygenation (HDO) of m-cresol[END_REF][START_REF] Murugappan | Operando NAP-XPS unveils differences in MoO3 and Mo2C during hydrodeoxygenation[END_REF][START_REF] Raikwar | Hydrodeoxygenation of guaiacol over Mo, W and Ta modified supported nickel catalysts[END_REF][START_REF] Gonçalves | Effect of the support on the hydrodeoxygenation of m -cresol over molybdenum oxide based catalysts[END_REF][START_REF] Ranga | Effect of composition and preparation of supported MoO3 catalysts for anisole hydrodeoxygenation[END_REF][START_REF] Lødeng | Hydrodeoxygenation of phenolics in liquid phase over supported MoO3 and carburized analogues, Biomass Convers[END_REF][START_REF] Zhang | Hydrodeoxygenation of lignin-derived phenolic compounds into aromatic hydrocarbons under low hydrogen pressure using molybdenum oxide as catalyst[END_REF][START_REF] Zhang | Aromatic fuel production from phenolics by catalytic hydrodeoxygenation over novel Mo-based catalyst[END_REF][START_REF] Shetty | Kinetic analysis and reaction mechanism for anisole conversion over zirconia-supported molybdenum oxide[END_REF]. According to these authors, the appearance of MoO2 along the reaction time would reduce the catalytic activity. On the other hand, other works showed that the presence of Mo (IV) in the catalysts provided interesting values in activity and selectivity to deoxygenated products [START_REF] Rahzani | Experimental investigation of upgrading of lignin-derived bio-oil component anisole catalyzed by carbon nanotube-supported molybdenum[END_REF][START_REF] Cai | Selective hydrodeoxygenation of guaiacol to phenolics over activated carbon supported molybdenum catalysts[END_REF][START_REF] Ansaloni | Hydrodeoxygenation of guaiacol over molybdenum-based catalysts: The effect of support and the nature of the active site[END_REF][START_REF] Ding | Effective hydrodeoxygenation of palmitic acid to diesel-like hydrocarbons over MoO 2 /CNTs catalyst[END_REF]. In all works, MoO2 was supported over carbon materials (activated carbon, carbon nanotubes) and, according to Sun and co-workers (2005), the activated carbon has been demonstrated to be effective in splitting H2 into atomic forms [START_REF] Sun | Activated Carbon-Catalyzed Hydrogen Transfer to α,ω-Diarylalkanes[END_REF]. In addition, it has been reported that copper can adsorb and dissociate molecular H2 [START_REF] Wang | Efficient activation of H2 on copper species immobilized by MCM-41 for selective hydrogenation of furfural at ambient pressure[END_REF][START_REF] Lee | An, Cu2O(100) surface as an active site for catalytic furfural hydrogenation[END_REF]. Therefore, a synergy between Cu, MoO2, and the activated carbon may contribute to the formation and activation of hydrogen atoms allowing homogeneous H⋯H splitting to produce H•, promoting slow deoxygenation of phenol into benzene. This behavior was observed by [START_REF] Liu | Solvent-controlled selective hydrodeoxygenation of bio-derived guaiacol to arenes or phenols over a biochar supported Co-doped MoO2 catalyst[END_REF] [START_REF] Liu | Solvent-controlled selective hydrodeoxygenation of bio-derived guaiacol to arenes or phenols over a biochar supported Co-doped MoO2 catalyst[END_REF], that studied the effect of doping MoO2@C with Co for the hydrodeoxygenation of guaiacol.

The improvement of the conversion (4.0 to 6.2%), keeping constant the selectivity to hydrodeoxygenated molecules, was also observed by Itthibenchapong and collaborators (2021) [START_REF] Itthibenchapong | Understanding the promoter effect of bifunctional (Pt, Ni, Cu)-MoO3-x/TiO2 catalysts for the hydrodeoxygenation of p-cresol: A combined DFT and experimental study[END_REF]. They studied the incorporation of copper on the surface of MoO3-x/TiO2 (Cu/Mo = 0.35 molar ratio) for the deoxygenation of p-cresol in the liquid phase at 300ºC and 5 MPa.

According to them, metallic copper effectively promotes H-H dissociation, generating free H atoms. Then, these atoms activate the formation of oxygen vacancies over the MoO3-x surface through a spillover process favoring the HDO route.

As already reported in the literature, copper-based catalysts with different supports (activated carbon, carbon nanotubes, TiO2, and ZrO2) containing 2-5 wt. % Cu loading were tested in the deoxygenation of aromatic compounds (phenol, guaiacol, eugenol) at diverse reaction conditions (liquid and gas phases, 260 -450 ºC, atmospheric pressure -5 MPa).

However, these catalysts showed low activity in HDO (0 -5.3 % conversion) [START_REF] Chang | Hydrodeoxygenation of Guaiacol over Carbon-Supported Metal Catalysts[END_REF][START_REF] Bjelić | Hydrogenation and hydrodeoxygenation of aromatic lignin monomers over Cu/C, Ni/C, Pd/C, Pt/C, Rh/C and Ru/C catalysts: Mechanisms, reaction micro-kinetic modelling and quantitative structure-activity relationships[END_REF][START_REF] Shu | Efficient catalytic hydrodeoxygenation of phenolic compounds and bio-oil over highly dispersed Ru/TiO2[END_REF][START_REF] Teles | Hydrodeoxygenation of Phenol over Zirconia-Supported Catalysts: The Effect of Metal Type on Reaction Mechanism and Catalyst Deactivation[END_REF][START_REF] Dongil | The effect of Cu loading on Ni/carbon nanotubes catalysts for hydrodeoxygenation of guaiacol[END_REF].

In the present study, the Cu/C catalyst showed low catalytic activity for HDO (2 %) and selectivity for benzene (50 %). Nevertheless, adding copper to the molybdenum oxide catalysts improved the phenol conversion for the bulk and the supported catalysts, thus suggesting that Cu improves the tendency to form oxygen defects over MoOx, as hypothesized previously by Kasiraju & Grabow (2018) [START_REF] Kasiraju | Learning from the past: Are catalyst design principles transferrable between hydrodesulfurization and deoxygenation?[END_REF]. This effect of copper was confirmed by TPD-H2O and O2 chemisorption, which showed an increase in the quantity of H2 generated and of chemisorbed oxygen, respectively.

Concerning the reaction selectivity, mono and bimetallic molybdenum catalysts produce almost 100 % in benzene, indicating that the addition of copper did not change the selectivity along the direct deoxygenation route (DDO). Furthermore, the calculated STY results of bulk catalysts confirm this observation since MoO3 (0.16 h -1 ) shows a low value to CuMo (1.47 h -1 ), indicating that the addition of copper increased the intrinsic activity of redox-active Mo species, which enhanced the catalyst activity without affecting the selectivity in benzene.

Two reaction routes are generally proposed for the HDO over bimetallic catalysts composed of an active hydrogenation metal and an oxophilic site: (i) in the presence of oxophilic sites close to the periphery of metal particles, phenol adsorbs as phenoxy species on oxophilic sites of the support; this step is followed by tautomerization and formation of a cyclohexadienone as an intermediate. Then, the carbonyl group is hydrogenated to 2,4cyclohexadiene, rapidly dehydrating to benzene [START_REF] De Souza | Hydrodeoxygenation of Phenol over Pd Catalysts. Effect of Support on Reaction Mechanism and Catalyst Deactivation[END_REF][START_REF] Barrios | Hydrodeoxygenation of phenol over niobia supported Pd catalyst[END_REF][START_REF] Nie | Kinetics and mechanism of m-cresol hydrodeoxygenation on a Pt/SiO2 catalyst[END_REF]. (ii) The oxygen of the organic compound chemisorbs on the oxygen vacancy of the oxyphilic metal oxides by activating and weakening the CAr-O bond. At the same time, the metal dissociates H2 forming hydrides.

These hydrides facilitate the rupture of the C-O bond, leading to dehydration [START_REF] Mortensen | Screening of Catalysts for Hydrodeoxygenation of Phenol as a Model Compound for Bio-oil[END_REF][START_REF] Hsu | Does a Strong Oxophilic Promoter Enhance Direct Deoxygenation? A Study of NiFe, NiMo, and NiW Catalysts in p -Cresol Conversion[END_REF].

Then, based on the literature [START_REF] Liu | Solvent-controlled selective hydrodeoxygenation of bio-derived guaiacol to arenes or phenols over a biochar supported Co-doped MoO2 catalyst[END_REF][START_REF] Hu | Hydrogenation of biomass-derived compounds containing a carbonyl group over a copper-based nanocatalyst: Insight into the origin and influence of surface oxygen vacancies[END_REF], and taking into account the physical-chemical properties and catalytic performance of the studied catalysts, the mechanism represented in It can be seen that the order of reducibility of Mo species agrees with the results of TPD-H2O and the activity of catalysts. Thus, the greater the reducibility of Mo species (higher tendency to create coordinatively unsaturated molybdenum sites), the greater the number of oxygen vacancies, implying an increase in the reactivity of catalysts in HDO.

These data agree with what was observed by Shetty et al [START_REF] Shetty | Reactivity and stability investigation of supported molybdenum oxide catalysts for the hydrodeoxygenation (HDO) of m-cresol[END_REF].

Catalysts deactivation studies

Besides the catalyst activity, its stability is a crucial point to consider in developing catalysts. Catalyst deactivation can occur through different physical (fouling, attrition, crushing, and erosion), thermal (phase transformation and sintering), or chemical (leaching and poisoning) processes [START_REF] Kim | Recently developed methods to enhance stability of heterogeneous catalysts for conversion of biomass-derived feedstocks[END_REF].

In this work, the catalysts with higher reactivity, Mo/C_H2, and CuMo/C_H2, were chosen for stability studies over 6 h under the same experimental conditions. Fig. 8 displays the conversion of the phenol and product distribution as a function of time on stream (TOS) for the catalysts. For both catalysts, the first-order deactivation profile (Fig. S9) presents three deactivation zones (5 -45 min, 45 -180 min, and 180 -360 min), and the main product observed was benzene (above 98%), which indicates that the selectivity for the cleavage of the C-O bond was maintained throughout the reaction time. For Mo/C_H2, the phenol conversion decreased from 33 to 17 % with deactivation rate constants 0.01226, 0.00176, and 0.00085 min -1 . While for CuMo/C_H2, the phenol conversion decreased from 48 to 17%, with deactivation rate constants 0.0179, 0.00247, and 0.00114 min -1 . selectivity to unsaturated hydrocarbons. This stability was attributed to the presence of copper, which would preserve the active Mo species through its auto-oxidation. This observation was confirmed by thermogravimetric analysis (in air atmosphere) of the Mo/C and CuMo/C catalysts, which showed that the increase in mass of the Mo/C was 2.26 % against 1.18 % to CuMo/C, suggesting that the insertion of higher copper makes the catalyst less susceptible to oxidation, making CuMo/C more stable than Mo/C. In contrast with our work, the insertion of copper did not increase the stability of the CuMo/C_H2 catalyst, but rather its activity, seen by the initial conversion values, 48 % versus 33 % for Mo/C_H2. The difference between the deactivation constants obtained for the first zone (the most drastic one) in each case corresponds exactly to the percentage difference between these conversions (31 %).

De Souza et al (2017) studied the stability of palladium catalysts supported on different materials (SiO2, Al2O3, TiO2, ZrO2, CeO2, and CeZrO2) in the gas-phase HDO reaction of phenol at 0.1 MPa and 300 °C [START_REF] Barrios | Hydrodeoxygenation of phenol over niobia supported Pd catalyst[END_REF]. The authors stated that phenoxy and other intermediate species adsorb strongly on the oxophilic sites, inhibiting further adsorption of the reactants, and concluding that the reduction in the number of the acid sites and the sintering of the Pd particles were the two dominant factors leading to the deactivation of the catalyst. Notably, the catalysts containing TiO2 and ZrO2, which have a high oxophilic character, such as molybdenum [86], were more active, directing the reaction towards the deoxygenation of phenol. Moreover, although they deactivated faster than those containing CeO2 and CeZrO2, the benzene selectivity remained stable and high during the reaction time (20 h).

In the present work, at the end of the 6 h reaction, both catalysts reached the same conversion level (17 %). The selectivity for the deoxygenated product (benzene = 98 % of selectivity) was not changed, indicating that the composition of the active sites was not modified over the reaction time, maintaining direct deoxygenation as the main route of oxygen removal from phenol. Comparing the diffractograms of fresh and spent catalysts (Fig. S10), it is possible to observe the reduction or disappearance of some peaks related to MoO2 [2θ (plan) = 26º (-111); JCPDS 32-0671; 37º (-211)] and metallic Cu [2θ (plan) = 50.3º (200); JCPDS 04-0836] phases. This reduction is more pronounced in the CuMo/C_H2 catalyst, which may explain the greater deactivation of this catalyst (Fig. 8). Based on these results, we can speculate that the deactivation is due to the decrease in the number of available oxygen vacancies in MoOx phases, which probably is blocked by strong carbon adsorption during the reaction.

Conclusion

Bulk and supported molybdenum and copper catalysts were tested in the phenol hydrodeoxygenation in the gas phase at 330 ºC and atmospheric pressure. For bulk samples, copper and molybdenum are found in a mixture of Cu(I) and Cu(II) and Mo(V) and Mo(VI), respectively, whereas on carbon-supported catalysts, copper and molybdenum are present in the Cu@Cu2O and MoO2@MoO3 forms, respectively. For carbon-supported samples, the treatment with nitrogen promotes the reduction of molybdenum Mo(VI) to Mo(IV) and copper Cu(II) to Cu(0). The effect of the support and the copper addition were evaluated.

The supported catalysts were more active than the bulks ones, indicating that the presence of MoO2 species can enhance the activity. The bimetallic catalysts were more active than monometallic ones, suggesting that the incorporation of copper promotes the conversion of phenol because copper would be responsible for: initially relocating the MoOx electronic cloud, promoting the creation of vacancies, and the generation of H•, which promote the cleavage of the C-O bond, previously weakened by oxygen vacancy. The conversion order agreed with the TPD-H2O method results, suggesting that the H2 generation represents the
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 1 Fig.1shows the X-ray diffractograms of bulk and carbon-supported calcined
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 1 Fig. 1. X-ray diffractograms of the calcined samples: (A) 10 < 2 ϴ < 80°; (B) 10 < 2ϴ < 30º. [() MoO2, () Cu 0 , () Cu2O and () CuMoO4]

Fig. 2 .

 2 Fig. 2. X-ray diffractograms of the samples treated with H2 [() MoO2 and () Cu 0 ].
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 3 Fig. 3. Raman spectra of calcined samples.
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 4 Fig. 4. H2-TPR profile of bulk and supported samples: (A) MoO3, (B) CuMo, (C) Mo/C, (D) CuMo/C and (E) Cu/C [(--) H2O (m/z =18) and (---) CH4 (m/z =15) release].

Fig. 5 .

 5 Fig. 5. O2 chemisorption isotherms of samples at 350 ºC.

Fig. 6 .

 6 Fig.6. H2 (m/z=2) spectra of H2O-TPD profiles of the samples (0.2 g, 360 ºC (10 ºC min - 1 ), 1 h.

  CuMo/C is the most active for HDO with or without the hydrogen treatment among the studied catalysts. The rate of deoxygenation followed the order: MoO3 (0.001) ≈ Cu/C (0.001) < MoO3_H2 (0.002) ≈ CuMo (0.002) ≈ Cu/C_H2 (0.002) < Mo/C (0.003) < CuMo/C (0.015) < CuMo_H2 (0.024) < Mo/C_H2 (0.034) < CuMo/C_H2 (0.059). This evolution shows a correlation between the HDO reaction rate, and the number of oxygen vacancies created by adding copper. At the same time, carbon support and MoO2 species are also two important parameters. If normalizing the performance of different bulk catalysts based on redox-active Mo species, the initial site time yields (STY) of MoO3 and CuMo were 0.16 h - intrinsic activity of the redox-active Mo species, enhancing the catalyst activity without affecting the selectivity in benzene.
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 7 Fig. 7 can be proposed: (i) Copper promotes the homolytic cleavage of H2; at the same time,

Fig. 7 .

 7 Fig. 7. Proposed mechanism of phenol HDO over CuMo/C.

Fig. 8 .

 8 Fig. 8. HDO of phenol with Mo/C_H2 and CuMo/C_H2 at 330 ºC (Reaction conditions: 0.1 MPa, Treduction = 360 ºC, WHSV = 5.75 h -1 ).

Table 1 .

 1 Elemental composition, crystallite size of samples, and TPR analysis.

						Crystallite size (nm) a				Reduction b
	Sample	Mo	Cu	Cu/Mo	Calcined samples	Samples treated with H2 at 360 ºC	Tpeak	Transformations
		(wt. %)	(molar ratio) dMoO3 dMoO2 dCu dMoO3 dMoO2 dCu	(ºC)	
	MoO3	--	--	--	56	--	--	45	--	--	674 699	MoO3 ⇒ MoO2 MoO2 ⇒ Mo
											326, 367	CuMoO4 transformations
	CuMo	64.5	2.7	0.06	165	--	--	--	33	--	and 415 652	(Equation 12) MoO3 ⇒ MoO2
											715	MoO2 ⇒ Mo
	Mo/C	12.7	--	--	--	24	--	--	24	--	400 607	Reduction of MoO3 octahedral Reduction of MoO3 tetrahedral
	CuMo/C 13.0 0.76	0.09	--	21	--	--	21	--	389 591	Reduction of MoO3 octahedral Reduction MoO3 tetrahedral
											150	CuO ⇒ Cu2O
	Cu/C	--	*	--	--	--	32	--	--	19	320	Cu2O ⇒ Cu 0
											601	Reduction of oxidized carbon

Table 2 .

 2 Proportions of the Mo and Cu species present on the surface of the samples and respective binding energies as determined by decomposition of XPS Mo 3d5/2 and Cu 2p3/2 core level spectra of different catalysts.

	Sample	Mo IV a	Mo V a	Species proportions (%) Mo VI a Cu I a Cu II a	x (MoO3-x) b
	MoO3_H2	8	36	56	--	--	0.3
	CuMo	--	2	98	32	68	0
	CuMo_H2	14	19	67	71	29	0.2
	Mo/C	7	9	84	--	--	0.1
	Mo/C_H2	9	24	67	--	--	0.2
	CuMo/C	26	31	43	88	12	0.4
	CuMo/C_H2	18	23	59	67	33	0.3
	a Binding energy of Mo and Cu states: Mo IV (229.8 ± 0.3 eV); Mo V (231.6 ± 0.5 eV); Mo VI (232.8
	± 0.2 eV); Cu I (932.8 ± 0.4 eV) and Cu II (934.8 ± 0.4 eV [34-36]		
	b						

Table 3 .

 3 Catalyst activity in phenol HDO.

	Sample	Conversion (%) No treatment H2 treatment at 360 ºC	HDO rate (mol min -1 gMo -1 ) H2 treatment No treatment at 360 ºC
	MoO3	0.5	1	0.001	0.002
	CuMo	1.1	11	0.002	0.024
	Mo/C	1.2	16	0.003	0.034
	CuMo/C	7	28	0.015	0.059
	Cu/C	1	2	0.001	0.002

and 1.47 h -1 , respectively. These results indicate that the addition of copper increased the
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species present on the surface of CuMo/C was quite different (88 % of Cu(I) and 12 % of Cu(II)), indicating that in the presence of activated carbon, copper was reduced during the calcination under N2. No signal of Cu (0) was observed by this technique. In contrast to these results, the XRD patterns (Fig. 1) showed different Cu species for both catalysts. So, the sample surface was once again oxidized and the structure Cu@Cu2O may have been formed.

Concerning the catalysts treated with hydrogen (MoO3_H2, CuMo_H2, Mo/C_H2, and CuMo/C_H2), Fig. S3, S4, and S5, as expected, the treatment generally promoted an increase in the concentration of species with lower oxidation numbers. Furthermore, this reduction process was less pronounced in samples containing copper. On the other hand, the treatment with H2 of the CuMo/C sample increases the concentration of species with the highest oxidation state, Mo (VI) and Cu (II). In this case, the C support helps to improve the Cu-Mo interaction. The lower concentration of Mo (VI) and Cu (II) species for the CuMo/C sample (without H2 treatment) should be explained due to the reducing effect of the carbon support. In this case, carbon gives electrons to Cu, which transfers them to Mo. Transferring electrons to Mo helps part of Cu(0) to go back to the metastable Cu(I) oxidation degree leading to a subtle equilibrium between C, Cu, and Mo. If an H2 treatment is applied to CuMo/C_H2, this equilibrium is broken: the hydrogen treatment then limits the role of carbon as a reducing agent since the support is probably first partly reduced by the hydrogen supply. Direct electron transfers between C, Cu, and Mo are therefore restrained, hampering the ability of Cu and Mo to be present at lower oxidation degrees.

Regarding the binding energies, should be noted that there was no significant variation in the binding energy at 531.5 eV relative to the O 1s core level spectra (Fig. S5), hampering our ability to use this signal to determine the presence or not of oxygen vacancies.

This observation was also made by Zhang et al., with even much higher copper loading (13 % wt) [START_REF] Zhang | Mechanism of hydrodeoxygenation (HDO) in anisole decomposition over metal loaded Brønsted acid sites: Density Functional Theory (DFT) study[END_REF]. Nevertheless, based on the respective proportions of the different molybdenum graphitic structure at 1600 cm -1 and 1336 cm -1 . The band localized at 1600 cm -1 , called Gband, which is common to all sp 2 carbon systems, is related to the stretching of the C-C bond in graphitic materials. The band localized at 1336 cm -1 , called D-band, is related to the crystalline structural disorder, that is, the presence of defects such as curvatures, amorphous carbon (sp 3 hybridization), openings, and bifurcations [START_REF] Dresselhaus | Perspectives on Carbon Nanotubes and Graphene Raman Spectroscopy[END_REF]. Quantifying disorder in a carbon material is usually made by analyzing the intensity ratio (ID/IG) between the disorder-induced D-band and the Raman-allowed G-band. Both samples showed the same ratio, around 0,9, so the introduction of Cu did not change the structure of the activated carbon.

TPR was used to investigate the reducibility of the calcined samples. The reduction profile of each sample is shown in Fig. 4, and the main temperature/transformations observations in each profile are summarized in Table 1. For MoO3, the TPR profile shows two reduction peaks, at 674 ºC and 699 ºC, suggesting the existence of two different environments, possibly related to some differences in molybdenum coordination. These transformations are also observed in the CuMo reduction profile (652 and 715 ºC). Besides, three peaks centered at around 326, 367, and 415 ºC can be assigned to various transformations of copper molybdate as observed by Wen et al. and Soltys et al. [START_REF] Wen | In situ timeresolved characterization of novel Cu-MoO2 catalysts during the water-gas shift reaction[END_REF][START_REF] Soltys | Redox and Catalytic Properties of Copper Molybdates with Various Composition[END_REF] and shown in Equation 12. 12)

We can see that the first deactivation period (0-45 min) proceeds quickly, and after that, the deactivation is milder for both catalysts. The fast initial deactivation may be related to the high concentration of active sites at the beginning of the reaction, with the formation of many products that adsorb to the active site, deactivating it.

Agreeing with the literature, the deactivation of catalysts employed at hydrodeoxygenation reaction of aromatic molecules can occur, mainly by the deposition of carbon, sintering, or strong adsorption of the particles [START_REF] Shetty | Reactivity and stability investigation of supported molybdenum oxide catalysts for the hydrodeoxygenation (HDO) of m-cresol[END_REF][START_REF] De Souza | Hydrodeoxygenation of phenol using nickel phosphide catalysts. Study of the effect of the support[END_REF]. This carbon formation can occur by polymerization or polycondensation at the acidic sites of the carbon, blocking the active sites [START_REF] De Souza | Hydrodeoxygenation of Phenol over Pd Catalysts. Effect of Support on Reaction Mechanism and Catalyst Deactivation[END_REF][START_REF] Yan | Study on Catalyst Deactivation During the Hydrodeoxygenation of Model Compounds[END_REF]. However, the type of carbon formed is related to the composition of the catalytic site and the molecule studied [START_REF] Gao | Conversion of Guaiacol on Noble Metal Catalysts: Reaction Performance and Deactivation Studies[END_REF][START_REF] González-Borja | Anisole and Guaiacol Hydrodeoxygenation over Monolithic Pt-Sn Catalysts[END_REF].

Shetty and collaborators investigated the stability of 10 % MoO3 dispersed over different supports (SiO2, γ-Al2O3, TiO2, ZrO2, and CeO2) in the hydrodeoxygenation of mcresol in the gas phase at 320 ºC and 0.1 MPa [START_REF] Shetty | Reactivity and stability investigation of supported molybdenum oxide catalysts for the hydrodeoxygenation (HDO) of m-cresol[END_REF]. According to their results, the supported catalysts were more stable, and the deactivation was attributed to the carbon deposition and the formation of Mo species with low reactivity (e.g., Mo (IV)).

Yu and co-workers (2022) studied the effect of the addition of transition metals (X = Cu, Ni, Cr, Zn, Fe, Co) in the mass ratio X/Mo = 1/10 on the activity of the Mo/C catalyst in the HDO of methyl oleate in liquid phase at 1.0 -3.5 MPa at 260 -300 ºC between 1 and 5 h of reaction [START_REF] Yu | Highly stable Mo-based catalysts for selective hydrodeoxygenation to produce diesel-like hydrocarbons[END_REF]. Among the metals evaluated, copper provided the best results, keeping the conversion and high selectivity for unsaturated hydrocarbons, 98.8 and 40.2%, respectively. The selectivity to unsaturated products was mainly due to the higher number of oxygen vacancies in CuMo/C. The XRD, XPS, and EPR characterizations indicated that the presence of oxygen vacancies is conducive to the preferential adsorption of carbonoxygen bonds and prevents the hydrogenation of C=C bonds. Comparing CuMo/C with Mo/C, the former proved to be more resistant to catalyst deactivation, maintaining its specific sites for hydrodeoxygenation. CuMo/C was the most active among the tested catalysts, with an improvement in the conversion of 1 to 28 % compared to MoO3, showing good activity at oxygen removal of aromatic oxygenates. This result is probably due to the enhanced formation of surface oxygen vacancies and an optimized cleavage rate of phenol CAR-OH bond, without promoting unwanted ring reactions or compromising the stability of bulk oxide, something unattainable with copper oxide catalysts (a metal with hydrogenating characteristics). Therefore, in the present study, both the use of carbon support (activated carbon) and the addition of Cu were demonstrated to influence the phenol conversion while maintaining high selectivity along the DDO pathway. The most active catalysts were deactivated during the stability test, though the product distribution was not affected, as the selectivity remained high to benzene. The used catalysts were characterized by XRD and, according to the results, it is assumed that the deactivation is linked to the blocking of active sites by carbon formation on the catalyst surface.
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