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M/ITQ-2, M@SiO 2 , M@CeO 2 , TaH/SiO 2 , GaN/SBA15, single-site M@HZSM-5, bimetallic M-M'/HZSM-5, core-shell structures, M/Zr(SO 4 ) 2 with M=Mo, Fe, Pt) reactions at similar reaction conditions has been compared. The major drawbacks and the novel strategies used to mitigate or even overcome the main challenges related with the performance of the catalysts in both OCM and MDA reactions were critically revealed. For instance, the overoxidation issue in the OCM mitigated by looking at the operating conditions, the use of alternative oxidants, and the application of membrane reactor technology have been disclosed.

Concerning the MDA reaction, the major issues related with the deactivation of the catalyst through coke formation or migration and sintering of metallic active phases have been addressed. Strategies for novel robust catalysts, new methods for mild coke removal, pretreatment under reductive atmosphere were presented. Approaches to improve aromatics yields over coke production by addition of promoters or co-feed reactants to the MDA catalysts have been discussed. MgO-Sm 2 O 3 775 14400 5/1 23.2 49.2 11.4 CaO-Sm 2 O 3 775 14400 5/1 25.0 57.2 14.3 SrO-Sm 2 O 3 775 14400 5/1 25.9 59.8 15.5 La 0.8 Ce 0.2 O 1.5+δ 450-500 30000 3/1 ~30.0 ~45.0 ~13 71 La 2 CeO 7 750 18000 4/1 ~27.5 ~55.0 ~15

ABSTRACT. Natural gas is the cleanest fossil fuel and an abundant source of methane expecting to play an increasingly important role in powering the world's economic growth over the coming decades. Methane has the potential to be a CO 2 -free feedstock to co-generate hydrogen (H 2 ) and added value "building-blocks" chemicals (e.g. olefins and aromatics) for petrochemistry. In this review, the two main processes (i) the oxidative coupling of methane (OCM) for production of ethylene and (ii) the non-oxidative methane dehydroaromatization (MDA) producing hydrogen and benzene have been revealed. Both routes offer direct conversion of methane into final products of interest representing advantages over the several-steps syngas route. The performance of variety of catalysts reported during the last 25 years for OCM (MnNaW, La 2 O 3 , Li-MgO, etc.) and MDA (M/HZSM 5, M/TNU-9, M/IM-5,

Introduction: from low-carbon to zero-carbon future

Most of the methane produced in the upstream and downstream industries is flared leading to non-negligible emissions of CO 2 to the atmosphere. In 2020, the total amount of natural gas flared in the world was almost equivalent to the demand of Central and South America combined. 1 In addition to the methane that is wasted/flared, there are vast natural gas deposits, making methane an abundant source of hydrocarbons in the world. 2 The use of methane as a raw material to produce high value-added chemicals is therefore an alternative that deserves to be highlighted in the current scenario, which seeks to reduce CO 2 emissions and transform the industry through cleaner fossil sources. In this context, the use of methane is certainly part of the solutions that must be implemented in order to achieve net zero emissions by 2050.

Ethylene, hydrogen, and aromatics are some of the most important chemicals that can be produced from methane. The direct production of such molecules from methane transformation is possible via the catalytic oxidative coupling of methane (OCM) and methane dehydroaromatization (MDA) under non-oxidative conditions, avoiding indirect routes such as syngas production. Throughout this review these two alternatives for methane conversion will be addressed. The main obstacles faced during the oxidative coupling and dehydroaromatization of methane will be also revealed. Low yields, catalyst stability and coke formation are among the most significant challenges that can affect such processes. Different alternatives aiming to address the above issues are pointed out throughout this review.

In the case of the OCM reaction, the nature of the catalysts and the characteristics of the supports used have shown to have a significant impact on the reaction's performance. [START_REF] Zavyalova | Statistical Analysis of Past Catalytic Data on Oxidative Methane Coupling for New Insights into the Composition of High-Performance Catalysts[END_REF][START_REF] Saychu | Catalytic Performance of Na-Mn2O3-Based Catalysts towards Oxidative Coupling of Methane[END_REF][START_REF] Hayek | Critical Surface Parameters for the Oxidative Coupling of Methane over the Mn-Na-W/SiO2 Catalyst[END_REF][START_REF] Yildiz | Enhanced Catalytic Performance of MnxOy-Na2WO4/SiO2 for the Oxidative Coupling of Methane Using an Ordered Mesoporous Silica Support[END_REF][START_REF] Sollier | Oxidative Coupling of Methane on Sr/La2O3 Catalysts: Improving the Catalytic Performance Using Cordierite Monoliths and Ceramic Foams as Structured Substrates[END_REF] In addition, the impact of several parameters such as temperature, space velocity, dilution and others will be addressed, and preferable conditions favoring the OCM will be revealed.

Furthermore, the CH 4 /O 2 ratio appears as a highly important parameter directly affecting conversion, C2 and COx selectivities. The more oxygen fed into the reactor, the more exothermic the process becomes and the more overoxidation occurred thus making it difficult to maintain adequate selectivities to C2 products. [START_REF] Kim | Reaction Engineering of Oxidative Coupling of Methane[END_REF][START_REF] Noon | Oxidative Coupling of Methane with La2O3-CeO2 Nanofiber Fabrics: A Reaction Engineering Study[END_REF] Other possibilities available for better control of oxidation and heat management such as the use of alternative oxidants (N 2 O, CO 2 , S 2 ) and the use of membrane reactors have been also considered. [START_REF] Langfeld | Comparison of Oxidizing Agents for the Oxidative Coupling of Methane over State-of-the-Art Catalysts[END_REF][START_REF] Roguleva | Oxidative Coupling of Methane over Li/CaO Catalysts Using O2 and N2O as Oxidants[END_REF][START_REF] Yamamoto | Oxidative Coupling of Methane over a Li+/MgO Catalyst Using N2O as an Oxidant[END_REF][START_REF] Arinaga | Alternative Oxidants for the Catalytic Oxidative Coupling of Methane[END_REF][START_REF] Cruellas | Experimental Investigation of the Oxidative Coupling of Methane in a Porous Membrane Reactor: Relevance of Back-Permeation[END_REF][START_REF] Wang | Catalytic Mixed Conducting Ceramic Membrane Reactors for Methane Conversion[END_REF] An overview of oxidative coupling of methane in the industrial scenario will be provided in this review paper.

In the case of MDA reaction, catalyst's lifetime is a major concern, mainly due to the formation of coke and inactive species responsible for catalyst deactivation. [START_REF] Kosinov | Selectivity, and Stability of Zeolite-Based Catalysts for Methane Dehydroaromatization[END_REF][START_REF] Menon | A Critical Literature Review of the Advances in Methane Dehydroaromatization over Multifunctional Metal-Promoted Zeolite Catalysts[END_REF] Therefore, a special attention is devoted to the nature of coke produced during the MDA and various strategies on the catalyst design avoiding metal migration and enhancing catalysts resilience have been considered. An optimum metal content and novel approaches to incorporate metals in the zeolitic matrix are among the strategies considered while focusing on MDA.

Furthermore, knowing that the production of extensive amount of coke is currently unavoidable, focused efforts to address this issue have been devoted. Possible approaches presented here consist on partial coke removal under soft conditions and use of reductive atmosphere in order to avoid structural damages of the catalyst. [START_REF] Han | Non-Oxidative Dehydroaromatization of Methane over Mo/H-ZSM-5 Catalysts: A Detailed Analysis of the Reaction-Regeneration Cycle[END_REF][START_REF] Ma | Efficient Regeneration of Mo/HZSM-5 Catalyst by Using Air with NO in Methane Dehydro-Aromatization Reaction[END_REF] Pretreatment of the catalyst under reductive atmosphere are also presented as a way to prevent migration of the active metallic sites. [START_REF] Rahman | Increasing the Catalytic Stability by Optimizing the Formation of Zeolite-Supported Mo Carbide Species Ex Situ for Methane Dehydroaromatization[END_REF][START_REF] Tempelman | Activation of Mo/HZSM-5 for Methane Aromatization[END_REF][START_REF] Sridhar | Bimetallic Mo-Co/ZSM-5 and Mo-Ni/ZSM-5 Catalysts for Methane Dehydroaromatization: A Study of the Effect of Pretreatment and Metal Loadings on the Catalytic Behavior[END_REF][START_REF] Tan | The Catalytic Performance of Mo-Impregnated HZSM-5 Zeolite in CH4 Aromatization: Strong Influence of Mo Loading and Pretreatment Conditions[END_REF] Finally, strategies to improve benzene yields as the addition of metallic promoters [START_REF] Sridhar | Bimetallic Mo-Co/ZSM-5 and Mo-Ni/ZSM-5 Catalysts for Methane Dehydroaromatization: A Study of the Effect of Pretreatment and Metal Loadings on the Catalytic Behavior[END_REF][START_REF] Tshabalala | Dehydroaromatization of Methane over Noble Metal Loaded Mo/H-ZSM-5 Zeolite Catalysts[END_REF][START_REF] Abdelsayed | Effect of Fe and Zn Promoters on Mo/HZSM-5 Catalyst for Methane Dehydroaromatization[END_REF][START_REF] Sridhar | Enhancement of Molybdenum/ZSM-5 Catalysts in Methane Aromatization by the Addition of Iron Promoters and by Reduction/Carburization Pretreatment[END_REF] and mixture of other molecules in the feed have been explored. [START_REF] Aritani | Methane Dehydroaromatization over Mo-Modified H-MFI for Gas to Liquid Catalysts[END_REF][START_REF] Bedard | CH4 Dehydroaromatization on Mo/H-ZSM-5: 1. Effects of Co-Processing H2 and CH3COOH[END_REF][START_REF] Liu | Unique Promotion Effect of CO and CO2 on the Catalytic Stability for Benzene and Naphthalene Production from Methane on Mo/HZSM-5 Catalysts[END_REF][START_REF] Ohnishi | Catalytic Dehydrocondensation of Methane with CO and CO2 toward Benzene and Naphthalene on Mo/HZSM-5 and Fe/Co-Modified Mo/HZSM-5[END_REF][START_REF] Çaǧlayan | Illuminating the Intrinsic Effect of Water Co-Feeding on Methane Dehydroaromatization: A Comprehensive Study[END_REF] As will be shown in the next sections, the reaction performance of the catalysts can be improved by playing with the thermodynamic equilibrium, resulting in changes in terms of coke reduction and benzene yield variations.

Oxidative coupling of methane (OCM)

The oxidative coupling of methane occurs through a mixture of methane and an oxidant, commonly oxygen, at temperatures usually above 500 °C, which varies depending on the type of catalyst used. The most attractive products of OCM are ethylene and ethane, although attaining significant methane conversions while maintaining high selectivity to C2 products is quite challenging. The problem with selectivity arises from the thermodynamics of the reactions involved in the OCM reaction, which favors the formation of overoxidized products as CO x . In fact, complete and partial oxidation of methane to CO x as well as the combustion of ethane and ethylene can occur.

Overview of OCM and advances in catalysts engineering

The oxidative coupling of methane is widely recognized as a mixed catalytic and gas-phase process. [START_REF] Lunsford | The Catalytic Oxidative Coupling of Methane[END_REF][START_REF] Sun | Microkinetics of Methane Oxidative Coupling[END_REF][START_REF] Karakaya | A Detailed Reaction Mechanism for Oxidative Coupling of Methane over Mn/Na2WO4/SiO2 Catalyst for Non-Isothermal Conditions[END_REF][START_REF] Beck | Oxidative Coupling of Methane -A Complex Surface/Gas Phase Mechanism with Strong Impact on the Reaction Engineering[END_REF] A generic scheme considering the different pathways of reactants/intermediates in OCM is presented in Scheme 1. The catalyst is initially activated by oxygen present in the feed. Then the methane molecules react with the oxygen on the catalyst surface resulting in the formation of CH 3 • radicals. The coupling of such radicals to the formation of ethane takes place in the gas phase and the production of ethylene is achieved by subsequent dehydrogenation of ethane. In turn, the non-selective oxidation reactions leading to the formation of CO x occur in both the gas-phase and on the catalyst surface. Therefore, the development of catalysts capable of limiting CO x production (especially CO 2 ), while promoting the formation of methyl radicals and C2 molecules, would be a key step toward commercializing the OCM process in an economically feasible manner.

Scheme 1. General mechanism in the oxidative coupling of methane considering the different pathways of reactants/intermediates in gas phase and surface reactions.

Technologies based on the OCM process are not yet commercially viable. However, efforts have been devoted to change this scenario. Siluria Technologies was the first to develop а process on a demonstration scale plant. 55 In their technology, methane and optionally ethane are initially converted into ethylene in a fixed-bed reactor via the OCM process. The reaction yield is increased by adding ethane to the second section of the reactor, where ethane is converted to ethylene through dehydrogenation. [START_REF] Radaelli | Low-Energy, Low-Cost Production of Ethylene by Low-Temperature Oxidative Coupling of Methane[END_REF] Siluria Technologies has also developed nanowire catalysts operating at low temperatures (~500-700 °C), compared to high temperatures commonly applied in the OCM (> 800 °C). [START_REF] Zurcher | Nanowiere Catalysts and Methods for Their Use and Preparation[END_REF][START_REF] Schammel | Heterogeneous Catalysis[END_REF] The catalysts developed by Siluria are based on Sr doped La 2 O 3 nanowire and they are able to convert 14% methane with about 13% selectivity at 650 °C. [START_REF] Zurcher | Nanowiere Catalysts and Methods for Their Use and Preparation[END_REF] In a recent study, over 35 different combinations of alkaline earth metals as dopants (D) in D/rare earth oxides catalysts were investigated and Sr doped La 2 O 3 was revealed to be the most C2 selective, while undoped La 2 O 3 was the most active catalyst. [START_REF] Schucker | The Effect of Strontium Content on the Activity and Selectivity of Sr-Doped La2O3 Catalysts in Oxidative Coupling of Methane[END_REF] Furthermore, it was observed that excess of Sr in the catalyst generates the formation of secondary phases, primarily amorphous (SrO, Sr(OH) 2 , SrO 2 and SrCO 3 ) that favors oxygen transport and shows improved selectivity. [START_REF] Schucker | The Effect of Strontium Content on the Activity and Selectivity of Sr-Doped La2O3 Catalysts in Oxidative Coupling of Methane[END_REF] According to the theoretical predictions based on DFT calculations, the Sr dopant may lead to an increase of the catalytic efficiency of the La 2 O 3 catalyst by increasing active oxygen radical sites and enhancing the basicity of the catalyst. [START_REF] Cong | Sr-Doping Effects on La2O3 Catalyst for Oxidative Coupling of Methane[END_REF] Despite the decent activity and stability of the Sr/La 2 O 3 based catalysts, the search for other types of catalysts presenting higher C2 yields has attracted more attention in the field of OCM. Several catalysts were subject to a statistical study in order to understand the implications of their composition on the OCM catalytic performance. [START_REF] Zavyalova | Statistical Analysis of Past Catalytic Data on Oxidative Methane Coupling for New Insights into the Composition of High-Performance Catalysts[END_REF] Based on the data obtained from the statistical analysis, it has been proposed that their activity can be improved by inserting dopants like W, Mn and Cl into highly basic oxides catalysts such as Mg and La.

Moreover, the C2 selectivity was shown to be enhanced by the addition of alkaline and alkaline earth metals. MnNaW/SiO 2 is one of the most studied catalysts and it is also reported as one of the most promising system, due to the high C2 yield and stability on stream. [START_REF] Parishan | Investigation into Consecutive Reactions of Ethane and Ethene Under the OCM Reaction Conditions over MnxOy-Na2WO4/SiO2 Catalyst[END_REF][START_REF] Arndt | Mn-Na 2WO 4/SiO 2 as Catalyst for the Oxidative Coupling of Methane. What Is Really Known?[END_REF]76 Serres et al. showed that increasing the quantity of active sites in the catalyst contributed to an increase of the catalytic activity up to 19.5% W. [START_REF] Serres | Influence of the Composition/Texture of Mn-Na-W Catalysts on the Oxidative Coupling of Methane[END_REF] However, by extrapolating the concentration of active sites up to 41%, a drop in activity is observed, which was associated with a loss in the catalysts surface area. Such textural transformation was due to the large amount of Na that promote the formation of low surface area cristobalite phase. [START_REF] Serres | Influence of the Composition/Texture of Mn-Na-W Catalysts on the Oxidative Coupling of Methane[END_REF] Other supports such as SiC and alumina were also tested, but the problem associated with cristobalite formation partially affected the performance of the SiC supported catalysts, while low selectivity was observed when alumina was used as a support. The latter was justified by the low dispersion of active sites on the alumina surface and therefore large extensions of alumina quenching the radicals were observed. [START_REF] Serres | Influence of the Composition/Texture of Mn-Na-W Catalysts on the Oxidative Coupling of Methane[END_REF] Furthermore, a direct relationships between the activity of catalysts supported on SiC and SiO 2 and the concentration of active sites and specific surface were reported (Figure 2 A). [START_REF] Serres | Influence of the Composition/Texture of Mn-Na-W Catalysts on the Oxidative Coupling of Methane[END_REF][START_REF] Wang | Porous Silicon Carbide as a Support for Mn/Na/W/SiC Catalyst in the Oxidative Coupling of Methane[END_REF] Likewise, Fleischer et al. [START_REF] Fleischer | Investigation of the Role of the Na2WO4/Mn/SiO2 Catalyst Composition in the Oxidative Coupling of Methane by Chemical Looping Experiments[END_REF] observed that the increase of the specific area of the catalyst (up to 4 m 2 g -1 ) is associated with an increase in the activity of the catalyst.

Another study also showed that the decrease in the amount of Na 2 WO 4 from 7% to 4% contributed to the reduction in the size of catalysts particles having a direct effect on the increase of catalysts activity as shown in Figure 2 B. [START_REF] Hayek | Critical Surface Parameters for the Oxidative Coupling of Methane over the Mn-Na-W/SiO2 Catalyst[END_REF] The results summarized in Figure 2 indicate that the active sites in OCM catalysts must be highly accessible and homogeneously distributed in supports with high specific surface areas. Furthermore, the activity of the catalysts along the reactions is also related to the structural stability of the support. It is well known that silica-based supports (SiO 2 ) may transform to cristobalite during catalysts preparation in the presence of Na. The cristobalite was reported to be a reason for a better distribution of active phases and formation of more selective Mn 2 O 3 species. [START_REF] Palermo | Critical Influence of the Amorphous Silica-to-Cristobalite Phase Transition on the Performance of Mn/Na2WO4/SiO2 Catalysts for the Oxidative Coupling of Methane[END_REF][START_REF] Elkins | Characterization of Mn-Na2WO4/SiO2 and Mn-Na2WO4/MgO Catalysts for the Oxidative Coupling of Methane[END_REF] The use of mesoporous silica (SBA-15) as a support showed an improvement in the performance of the Mn-Na-W based catalyst compared to the conventional amorphous SiO 2 support. [START_REF] Yildiz | Silica Material Variation for the MnxOy-Na2WO4/SiO2[END_REF] Methane conversion was improved by a factor of two, with similar C2 selectivity and a considerable increase in the ethylene/ethane fraction, compared to other silicon-based supports was reported. Importantly, all supports including SBA-15 were transformed into cristobalite. The improved performance of the catalyst on the SBA-15 support was then associated with a better distribution and a larger number of active sites, as a result of the high surface area and ordered mesoporous structure. [START_REF] Yildiz | Silica Material Variation for the MnxOy-Na2WO4/SiO2[END_REF] Other supports such as MgO, SrO, ZrO 2 , Al 2 O 3 and La 2 O 3 were also investigated and showed lower performance than the conventional SiO 2 supported catalyst. Fe 2 O 3 , Fe 3 O 4 and SiC were more performant than the SiO 2 -based catalyst, although stability problems have been reported when using anatase. [START_REF] Yildiz | Silica Material Variation for the MnxOy-Na2WO4/SiO2[END_REF] In a more recent study, the use of rutile, mesoporous rutile and anatase showed lower C2 yield compared to the SiO 2 support. [START_REF] Elkins | Characterization of Mn-Na2WO4/SiO2 and Mn-Na2WO4/MgO Catalysts for the Oxidative Coupling of Methane[END_REF][START_REF] Yıldız | Mesoporous TiO2-Rutile Supported MnxOy-Na2WO4: Preparation, Characterization and Catalytic Performance in the Oxidative Coupling of Methane[END_REF] In addition to the type of the support, the nature of the salts used for the impregnation also seemed to promote a homogeneous distribution of the active phase, contributing to an improvement of the activity. For instance, the Mn acetate showed more encouraging results than the Mn nitrate. [START_REF] Hayek | Critical Surface Parameters for the Oxidative Coupling of Methane over the Mn-Na-W/SiO2 Catalyst[END_REF] The stability of OCM catalysts is also a challenging issue due to the amount of heat released during the reaction and this needs a special attention. Thermal treatments such as calcination of the catalyst (MnNaW/SiO 2 ) under a specific atmosphere proved to be efficient towards improving the stability. The thermal treatment was found to promote phase change of the silica support to cristobalite and denser phases such as quartz. Therefore, despite the stability gain, a loss of the catalyst specific surface area occured, which leads to a decrease in methane conversion. Best results were obtained when calcination was carried out under inert atmosphere thus favoring the interactions between W and reduced Mn species. [START_REF] Matras | Effect of Thermal Treatment on the Stability of Na-Mn-W/SiO2catalyst for the Oxidative Coupling of Methane[END_REF] On the other hand, in the presence of oxygen during calcination, Mn was found in the form of Mn 2 O 3 oxides, which could hinder the performance of the catalyst. [START_REF] Matras | Effect of Thermal Treatment on the Stability of Na-Mn-W/SiO2catalyst for the Oxidative Coupling of Methane[END_REF] Recently, a new approach where SiC particles were incorporated into the SiO 2 matrix of the catalyst through spray drying proved to be an efficient approach towards improvement of catalysts thermal stability.

As a result, a novel MnNaW/SiO 2 -SiC catalyst with higher conversion and selectivity over time on stream compared to the traditional catalyst based on SiO 2 support was disclosed. 85

Optimal operating conditions for OCM reaction

The thermal effects taking place during the OCM reaction can be altered by varying some operational parameters including temperature, space velocity, dilution with inert gas, methane to oxygen ratio, etc. Since the heat generated during the OCM reaction can affect its performance, experimental settings in which the surface and gas phase reactions are balanced have to be established. In this way, the optimum conditions toward enhance conversion while retaining strong C2 selectivity and preventing product overoxidation have to be defined. One strategy is to enhance exothermic methyl radical coupling in order to create ethane, while favoring endothermic ethane dehydrogenation to obtain large ethylene fractions, all while avoiding product overoxidation. Recently M. Kim et al. [START_REF] Kim | Reaction Engineering of Oxidative Coupling of Methane[END_REF] investigated the catalytic activity of Mn-Na 2 WO 4 /SiO 2 in OCM reaction under varying the quantity of catalyst (0.5-1.5 g), temperature (750-875 °C), dilution with inert gas (0-75%), GHSV (9600-19200 cm 3 g -1 h -1 ) and methane to oxygen ratio (2-4). In certain conditions, further increase of the quantity of catalyst more than 1 g proved to be difficult in terms of controlling the reaction temperature or pressure rise. This issue is quite challenging when aiming extending the process to industrial scale. Among the parameters investigated, it was observed that the increase of temperature directly favors higher methane conversion and ethylene/ethane ratio. Dilution rate with inert gas (N 2 ) between 25-75% promotes a decrease in the reaction temperature and consequently lower the methane conversion and ethylene/ethane ratios. A similar response was obtained when GHSV is increased and consequently the residence time inside the reactor was reduced. In the case of less diluted systems (N 2 of up to 25%), an increase in the gas phase reactions such as dehydrogenation of ethane and formation of CO with an unfavorable balance to C2 selectivity was observed. On the other hand, increasing the methane to oxygen ratio promoted the C2 selectivity, though the conversion is reduced, as the latter is limited by the reaction stoichiometry and therefore by the amount of oxygen supplied as the limiting reactant. [START_REF] Kim | Reaction Engineering of Oxidative Coupling of Methane[END_REF] For example, keeping the flow rate, temperature and dilution constant, the methane conversion and C2 selectivity changed from 30% and 66% to 45% and 44%, for the CH 4 /O 2 ratio of 4 and 2, respectively. Although in this case the yields were similar around 20%, an almost two times higher ethylene/ethane ratio and higher production of CO and CO 2 were obtained by the CH 4 /O 2 ratio of 2. [START_REF] Kim | Reaction Engineering of Oxidative Coupling of Methane[END_REF] Importantly, due to the danger of explosion, the ratio methane/oxygen must be carefully examined before any test. [START_REF] Holst | Ignition Behavior of Methane-Oxygen Mixtures at Elevated Conditions[END_REF] Similar conclusions were made for La 2 O 3 -CeO 2 and LaSr/CaO catalysts. [START_REF] Noon | Oxidative Coupling of Methane with La2O3-CeO2 Nanofiber Fabrics: A Reaction Engineering Study[END_REF][START_REF] Sun | Scale-up Analysis of Autothermal Operation of Methane Oxidative Coupling with La2O3/CaO Catalyst[END_REF] In that case, the parameters such as flow velocity and methane to oxygen ratio were investigated. It was demonstrated that the higher the methane to oxygen ratio, the higher the C2 selectivity was obtained, but the lower the methane conversion. [START_REF] Noon | Oxidative Coupling of Methane with La2O3-CeO2 Nanofiber Fabrics: A Reaction Engineering Study[END_REF][START_REF] Sun | Scale-up Analysis of Autothermal Operation of Methane Oxidative Coupling with La2O3/CaO Catalyst[END_REF] It is also interesting to mention that for higher methane to oxygen ratios, the ignition temperature was also higher. [START_REF] Sun | Scale-up Analysis of Autothermal Operation of Methane Oxidative Coupling with La2O3/CaO Catalyst[END_REF] Furthermore, by decreasing flow velocities in the range 5-40 ms at the same feed temperature, a positive effect on simultaneous methane conversion and C2 selectivity was observed. [START_REF] Sun | Scale-up Analysis of Autothermal Operation of Methane Oxidative Coupling with La2O3/CaO Catalyst[END_REF] For the same catalytic system, the effect of the feed dilution with 55% N 2 , proved to be beneficial for increasing the yield of the C2 fraction. [START_REF] Ching | Modeling of Catalytic Reactor for Oxidative Coupling of Methane Using La2O3/CaO Catalyst[END_REF] The use of a diluent (N 2 ) had a direct effect on the oxygen dilution leading to an increase in methane conversion. The methane coupling process was enhanced by such dilution, whereas the competing deep oxidation reactions were inhibited. However, it was observed that higher dilutions would also cause disadvantages for the methane coupling, as the reaction yield decreases. 88 The use of GHSVs between 8000 and 12000 h -1 were identified as the best conditions for a perovskite-type catalyst in the OCM process. [START_REF] Yaghobi | The Role of Gas Hourly Space Velocity and Feed Composition for Catalytic Oxidative Coupling of Methane: Experimental Study[END_REF] The C2 yield decreased with further increase of the GHSV. Considering the CH 4 /O 2 ratio, values between 1-3 showed decent C2 yields, and the ideal condition at CH 4 /O 2 =2 and 12000 h -1 , where an ethylene yield of about 19%

was obtained (C2 yields of 23.9%) was identified. 89

Alternatives for controlling deep oxidation in OCM process

Recently the use of alternative oxidants for the OCM process was reviewed by Arinaga et al. [START_REF] Arinaga | Alternative Oxidants for the Catalytic Oxidative Coupling of Methane[END_REF] . N 2 O, CO 2 and S 2 were identified as promising candidates for use as mild oxidants in the OCM. The replacement of O 2 , in addition to promoting the reuse of waste resources, was also reported to have a positive effect on the safety of the process, as the risk of explosion can be minimized. Although the conversion decreased when N 2 O was used instead of oxygen, it has been reported that using N 2 O results in better C2 selectivity. As an example, when oxygen was substituted by N 2 O as the oxidant, selectivity to C2 was increased in the case of Li/CaO, Li/MgO, RbWSi and NaWSi based catalysts. [START_REF] Langfeld | Comparison of Oxidizing Agents for the Oxidative Coupling of Methane over State-of-the-Art Catalysts[END_REF][START_REF] Roguleva | Oxidative Coupling of Methane over Li/CaO Catalysts Using O2 and N2O as Oxidants[END_REF][START_REF] Yamamoto | Oxidative Coupling of Methane over a Li+/MgO Catalyst Using N2O as an Oxidant[END_REF] Considering the last catalyst, an improvement from 14% to 83% in C2 selectivity was reported when N 2 O was used. [START_REF] Langfeld | Comparison of Oxidizing Agents for the Oxidative Coupling of Methane over State-of-the-Art Catalysts[END_REF] The high selectivity obtained in the presence of N 2 O are most likely due to the fact that such molecules generate different oxygen species that are more selective to C2. [START_REF] Langfeld | Comparison of Oxidizing Agents for the Oxidative Coupling of Methane over State-of-the-Art Catalysts[END_REF][START_REF] Roguleva | Oxidative Coupling of Methane over Li/CaO Catalysts Using O2 and N2O as Oxidants[END_REF] Analogous to N 2 O, CO 2 also produces oxygen species that affect the methane oxidation.

Experimental work indicated that CO 2 decomposes and forms CO and O* species promoting up to 94% C2 selectivity when applied together with the MnNaW/SiO 2 catalyst. While the methane conversion of about 5% was obtained in this system. [START_REF] Liu | Performance of Na2WO4-Mn/SiO2 Catalyst for Conversion of CH4 with CO2 into C2 Hydrocarbons and Its Mechanism[END_REF] Other challenges were reported using CO 2 in OCM such as primarily acetylene formation 91 and a competition with the dry reforming reaction. [START_REF] Oshima | Oxidative Coupling of Methane Using Carbon Dioxide in an Electric Field over La-ZrO2 Catalyst at Low External Temperature[END_REF] In turn, co-feeding of CO 2 in the presence of O 2 was also investigated and indicated slight improvement of the catalyst activity. [START_REF] Yoon | Study on the Unsteady State Oxidative Coupling of Methane: Effects of Oxygen Species from O2, Surface Lattice Oxygen, and CO2 on the C2+ selectivity[END_REF] Disulfur (S 2 ) is another oxidant that can be used to replace O 2 in the OCM reaction. S 2 can react with methane and form a mixture of H 2 S and ethane or ethylene, through the coupling mechanism. [START_REF] Zhu | Sulfur as a Selective "soft" Oxidant for Catalytic Methane Conversion Probed by Experiment and Theory[END_REF] Despite the endothermic process, methyl mercaptans can also be formed.

Furthermore, total oxidation of methane with S 2 resulted in the formation of CS 2 , which is similar to the production of CO 2 with O 2 . Thermodynamically, the formation of CO 2 during the conventional OCM is much more favorable than the formation of CS 2 using the S 2 -OCM catalyst. [START_REF] Zhu | Sulfur as a Selective "soft" Oxidant for Catalytic Methane Conversion Probed by Experiment and Theory[END_REF] The oxidation of methane with S 2 is less exothermic and by-products of the reaction such as H 2 S and C 2 S can be used as raw material in the Claus process [START_REF] Kohl | Sulfur Recovery Processes[END_REF] and as a solvent [START_REF] Williams | The Merck Index: An Encyclopedia of Chemicals, Drugs, and Biologicals[END_REF] , respectively. Several unsupported metal sulfides including MoS 2 , RuS 2 , TiS 2 and PdS showed improved activity in the S 2 -OCM catalyst. [START_REF] Zhu | Sulfur as a Selective "soft" Oxidant for Catalytic Methane Conversion Probed by Experiment and Theory[END_REF] It was shown that the weak M-S bonds are more reactive and can easily activate C-H bond in methane and further form CH x intermediates, leading to overoxidation and production of CS 2 . As a result, even though their activity is lower, catalysts with stronger M-S bonds have the advantage of being more selective. Furthermore, the dispersion of the metal sulfide over a support showed an improve performance of the S 2 -OCM catalyst. The catalyst prepared by 10% palladium sulfide supported on ZrO 2 displayed a methane conversion of about 16% and ethylene selectivity of almost 17% at 1050 °C. [START_REF] Zhu | Sulfur as a Selective "soft" Oxidant for Catalytic Methane Conversion Probed by Experiment and Theory[END_REF] The use of membranes represents another alternative to control high oxygen partial pressure and consequently the formation of oxidation products as CO x . Thus, the primary benefit of a membrane reactor is to provide effective oxygen distribution resulting in low oxygen partial pressure all along the reactor, favoring selectivity to C2 products and significantly improving of methane conversion. [START_REF] Cruellas | Oxidative Coupling of Methane: A Comparison of Different Reactor Configurations[END_REF] Furthermore, the inclusion of a membrane in the reactor resulted in better heat distribution and minimize hot spots that might arise as a result of the OCM reaction's exothermicity. [START_REF] Cruellas | Oxidative Coupling of Methane: A Comparison of Different Reactor Configurations[END_REF] A techno-economic assessment analysis exploring the integration of membrane reactors on the OCM process was performed, indicating that the use of membranes promote a reduction of cost of ethylene production (595-695 € t -1 ethylene) with 25%-30%, when compared to naphtha steam cracking. [START_REF] Cruellas | Oxidative Coupling of Methane in Membrane Reactors; A Techno-Economic Assessment[END_REF] In general, the promising effect of using membranes in the OCM process motivated the researchers to explore further various possibilities. [START_REF] Cruellas | Experimental Investigation of the Oxidative Coupling of Methane in a Porous Membrane Reactor: Relevance of Back-Permeation[END_REF][START_REF] Wang | Catalytic Mixed Conducting Ceramic Membrane Reactors for Methane Conversion[END_REF] Dense and porous membranes were proposed for application in OCM. Both technologies ensure homogeneous distribution of oxygen throughout the reactor, however, dense membranes allowed for selective oxygen species permeation, which was not feasible with porous membranes. [START_REF] Cruellas | Advanced Reactor Concepts for Oxidative Coupling of Methane[END_REF] Another disadvantage of the porous membrane is the risk of back-permeation, which can have serious consequences on the performance and safety of the process. [START_REF] Cruellas | Experimental Investigation of the Oxidative Coupling of Methane in a Porous Membrane Reactor: Relevance of Back-Permeation[END_REF][START_REF] Cruellas | Advanced Reactor Concepts for Oxidative Coupling of Methane[END_REF] Oxygen ionic conducting (OIC) and mixed oxygen ionic and electronic conducting (MIEC) membranes as dense membranes were explored in the OCM. 100 Such membranes present the benefit of promoting the transport of oxygen ions that are more selective to the formation of ethylene, avoiding the products of overoxidation. 100 Ionic membranes were also applied in electrochemical reactors, which have the possibility to tune the oxygen permeability by altering the electric current.

Although the use of membranes have shown to be very promising, some challenges still need to be considered. The reduction in permeability of dense membranes due to the high temperatures of the process, the need for a large amount of membranes to supply the entire demand for oxygen, and back-permeation in the porous membrane, as already mentioned have to be further consided. [START_REF] Cruellas | Advanced Reactor Concepts for Oxidative Coupling of Methane[END_REF]100,101 The interactions of the catalyst with the membrane has to be also considered, since it can lead to the formation of different phases that can hinder the permeation in the membrane. 102

Outlook for the OCM industrial scenario

The Siluria's oxidative coupling of methane technology with a commercial demonstration plant in La Porte, Texas was developed in 2019. Nowadays, Siluria's technology is used to convert natural gas to fuels and chemicals by Lummus. 103 As mentioned earlier, the technology is based on a post-bed ethane cracking zone, in order to guarantee higher ethylene yields. [START_REF] Radaelli | Low-Energy, Low-Cost Production of Ethylene by Low-Temperature Oxidative Coupling of Methane[END_REF] Although it is an interesting alternative, the technology requires the introduction of ethane for the process. The intellectual property as well as facilities of this technology belonged to the McDermott. 104

One of the biggest obstacle for the commercialization of the OCM technology is linked to the "conversion or selectivity" dilemma and the challenges that prevent increasing the C2 yield of the reaction. To overcome these limitations, strategies linked to the OCM technology are emerging combining valorization of other products formed during the reaction.

In a recent patent from Sabic Technologies, a process combining two different reaction zones of oxidative coupling of methane and partial oxidation of methane was proposed. 105

The idea was to take advantage of the effluent produced through the OCM in the second reaction zone of catalytic partial oxidation to produce mainly C2 and synthesis gas (CO and H 2 ) in addition to side products such as H 2 O and CO 2 . 105 Besides, the ongoing European project C123 also addressed the concept of atomic economics for the production of ethylene from methane. 106 In this case, the oxidative conversion of methane (OCoM) produces initially (ideally) C2, CO and H 2 through a combination of OCM and dry reforming of methane (DRM) reactions among others in the same step. 106 The advantage behind the C123 strategy is the direct use of the effluent from the OCM reactor (C2, CO and H 2 ) in the hydroformylation reactor to generate high value C3 products (propylene) by dehydration.

Very importantly, this process will relay on exploiting pristine or wasted sources of methane as well as biogas containing CO 2 . 106

3.

Methane dehydroaromatization (MDA)

Overview of MDA: main drawbacks and new trends in catalysts design

The catalytic upgrading of methane under non-oxidative conditions is an attractive way to produce directly valuable hydrocarbons. Methane is reacted with a catalyst to produce selectively benzene as well as dihydrogen through the methane dehydroaromatization reaction, according to the following equation:

(1)

The high potential offered by MDA reaction to produce valuable hydrocarbons and energetical resources has received significant attention from researchers during the past decades. Various catalytic systems have been reported and discussed in details in many review papers. [START_REF] Galadima | Advances in Catalyst Design for the Conversion of Methane to Aromatics: A Critical Review[END_REF][START_REF] Spivey | Catalytic Aromatization of Methane[END_REF][START_REF] Ismagilov | Direct Conversion of Methane on Mo/ZSM-5 Catalysts to Produce Benzene and Hydrogen: Achievements and Perspectives[END_REF][START_REF] Vollmer | Progress in Developing a Structure-Activity Relationship for the Direct Aromatization of Methane[END_REF][START_REF] Sun | Progress in Nonoxidative Dehydroaromatization of Methane in the Last 6 Years[END_REF][START_REF] Kosinov | Selectivity, and Stability of Zeolite-Based Catalysts for Methane Dehydroaromatization[END_REF][START_REF] Zhang | Recent Advances in Heterogeneous Catalysis for the Nonoxidative Conversion of Methane[END_REF][START_REF] Ma | Recent Progress in Methane Dehydroaromatization: From Laboratory Curiosities to Promising Technology[END_REF][START_REF] Xu | Recent Advances in Methane Dehydro-Aromatization over Transition Metal Ion-Modified Zeolite Catalysts under Non-Oxidative Conditions[END_REF][12][START_REF] Nithyanandam | Review on Production of Benzene from Petroleum Associated Gas by Dehydro-Aromatization, Partial Oxidation of Methane and Methanol-to-Aromatics Processes[END_REF][START_REF] Kiani | Methane Activation by ZSM-5-Supported Transition Metal Centers[END_REF][START_REF] Majhi | Direct Conversion of Natural Gas to Higher Hydrocarbons: A Review[END_REF][START_REF] Mamonov | Metal/Zeolite Catalysts of Methane Dehydroaromatization[END_REF][START_REF] Xu | Direct Conversion of Methane under Nonoxidative Conditions[END_REF][START_REF] Menon | A Critical Literature Review of the Advances in Methane Dehydroaromatization over Multifunctional Metal-Promoted Zeolite Catalysts[END_REF][START_REF] Choudhary | Nonoxidative Activation of Methane[END_REF][START_REF] Petkovic | Direct Production of Hydrogen and Aromatics from Methane or Natural Gas: Review of Recent U[END_REF][START_REF] Kosinov | Nonoxidative Dehydroaromatization of Methane[END_REF][START_REF] Olivos-Suarez | Strategies for the Direct Catalytic Valorization of Methane Using Heterogeneous Catalysis: Challenges and Opportunities[END_REF] In the current review we summarized the best results obtained with different catalytic systems reported during the last 25 years regarding the methane conversion, C 2 products and benzene yields, as well as the used operating conditions (Figure 4 and Table 2). As can be seen from Table 2, the Mo/HZSM-5 is the most investigated catalyst for the MDA reaction since the very first report in 1993. 107 Usually, the MDA reaction is carried out at temperatures from 650 to 800 °C, leading to an average benzene selectivity of 70%. [START_REF] Han | Non-Oxidative Dehydroaromatization of Methane over Mo/H-ZSM-5 Catalysts: A Detailed Analysis of the Reaction-Regeneration Cycle[END_REF][START_REF] Rahman | Increasing the Catalytic Stability by Optimizing the Formation of Zeolite-Supported Mo Carbide Species Ex Situ for Methane Dehydroaromatization[END_REF][108][109][110][111][112][113][114][115][116][117][118] Other catalysts for the MDA with lower performance including Fe/HZSM-5, GaN/SBA-15, TaH/SiO 2 and bimetallic Pt-X/HZSM-5 have been reported. On the contrary, highly dispersed Fe@SiO 2 119,120 and Pt@CeO 2 121 showed high benzene and C 2 production during tens of hours of reaction. However, both catalysts showed some disadvantages as high reaction temperature (≥ 950 °C) and high methane dilution for the Pt@CeO 2 (1 vol % CH 4 in He). The high selectivity to benzene (22%) and ethylene (55%) on the Fe@SiO 2 catalyst at a methane conversion of 32% at 1020 °C is diverged with the radical mechanism proposed. 119,122,123 It is important to note that the potential development of MDA using the Fe@SiO 2 catalyst will require an appropriate design of the process as a whole, and more precisely a reactor to control the non-selective gas-phase reactions should be considered. So far, based on numerous studies and results summarized in review papers it is accepted that the Mo/HZSM-5 is the most suitable MDA catalyst to upgrade methane into valuable aromatics. [START_REF] Galadima | Advances in Catalyst Design for the Conversion of Methane to Aromatics: A Critical Review[END_REF][START_REF] Spivey | Catalytic Aromatization of Methane[END_REF][START_REF] Ismagilov | Direct Conversion of Methane on Mo/ZSM-5 Catalysts to Produce Benzene and Hydrogen: Achievements and Perspectives[END_REF][START_REF] Vollmer | Progress in Developing a Structure-Activity Relationship for the Direct Aromatization of Methane[END_REF][START_REF] Sun | Progress in Nonoxidative Dehydroaromatization of Methane in the Last 6 Years[END_REF][START_REF] Kosinov | Selectivity, and Stability of Zeolite-Based Catalysts for Methane Dehydroaromatization[END_REF][START_REF] Zhang | Recent Advances in Heterogeneous Catalysis for the Nonoxidative Conversion of Methane[END_REF][START_REF] Ma | Recent Progress in Methane Dehydroaromatization: From Laboratory Curiosities to Promising Technology[END_REF][START_REF] Xu | Recent Advances in Methane Dehydro-Aromatization over Transition Metal Ion-Modified Zeolite Catalysts under Non-Oxidative Conditions[END_REF][12][START_REF] Nithyanandam | Review on Production of Benzene from Petroleum Associated Gas by Dehydro-Aromatization, Partial Oxidation of Methane and Methanol-to-Aromatics Processes[END_REF][START_REF] Kiani | Methane Activation by ZSM-5-Supported Transition Metal Centers[END_REF][START_REF] Majhi | Direct Conversion of Natural Gas to Higher Hydrocarbons: A Review[END_REF][START_REF] Mamonov | Metal/Zeolite Catalysts of Methane Dehydroaromatization[END_REF][START_REF] Xu | Direct Conversion of Methane under Nonoxidative Conditions[END_REF][START_REF] Menon | A Critical Literature Review of the Advances in Methane Dehydroaromatization over Multifunctional Metal-Promoted Zeolite Catalysts[END_REF][START_REF] Choudhary | Nonoxidative Activation of Methane[END_REF][START_REF] Petkovic | Direct Production of Hydrogen and Aromatics from Methane or Natural Gas: Review of Recent U[END_REF][START_REF] Kosinov | Nonoxidative Dehydroaromatization of Methane[END_REF][START_REF] Olivos-Suarez | Strategies for the Direct Catalytic Valorization of Methane Using Heterogeneous Catalysis: Challenges and Opportunities[END_REF] However, the mechanism of methane dehydroaromatization on the Mo/HZSM-5 catalyst is still under discussion. Two different paths are actually considered: (i) a bifunctional mechanism involving the coupling of methane to C 2 H x species on molybdenum sites, followed by the oligomerization of these intermediates to aromatics on Brønsted acid sites [START_REF] Spivey | Catalytic Aromatization of Methane[END_REF][START_REF] Sun | Progress in Nonoxidative Dehydroaromatization of Methane in the Last 6 Years[END_REF]155 , or (ii) a hydrocarbon pool mechanism involving the activation of methane on molybdenum sites reacting with hydrocarbons entrapped in the zeolite pores responsible for the aromatics formation. 112,156 A typical MDA reaction on the Mo/HZSM-5 catalyst can be divided in three steps 156 including (i) the activation of the catalyst corresponding to molybdenum oxides reduction without benzene production, (ii) the increase of benzene formation during the induction period, and finally (iii) the constant benzene production and progressive deactivation of the catalyst.

One of the main role of the Mo/HZSM-5 catalyst is the shape-selective production of benzene from oligomerization of light hydrocarbons intermediates in the zeolite micropores.

A wide range of molybdenum species have been proposed as active sites for the methane activation [START_REF] Xu | Recent Advances in Methane Dehydro-Aromatization over Transition Metal Ion-Modified Zeolite Catalysts under Non-Oxidative Conditions[END_REF]141,[157][158][159][160][161][162][163][164][165] and they can be summarized in two groups: and deposition of bulk oxides on the external surface of the catalysts. 114,157,166 Molybdenum oxides anchored on Brønsted acid sites are reduced to mono or dimeric oxy-carbides during the activation period under methane flow through a multi-stage reduction while producing mostly H 2 and CO. 156,158,165,[167][168][169] Their deeper reduction into carbides is not required in order to produce benzene. 169,170 The dispersion of molybdenum in the Mo/HZSM-5 is the most critical to have an active and stable catalyst. 141,155,159,171,172 The zeolites with low Si/Al ratio provide more anchoring sites, leading to a homogeneous dispersion of Mo, while a high silicon content or high molybdenum loading resulted in the formation of MoO x clusters and weak linkage with the framework oxygen. 110,157,172,173 The weak interaction between molybdenum and the support lead to molybdenum migration and aggregation during the pretreatment of the catalysts (high temperature treatment) or during the MDA reaction. 109,174 In order to prepare well-dispersed metal containing catalysts by impregnation, the balance between the molybdenum and the Si/Al ratio of the zeolite (i.e. Mo/Al molar ratio) must be considered carefully.

Recent reviews emphasized on two disadvantages restricting the industrial development of the non-oxidative transformation of methane. [START_REF] Kosinov | Selectivity, and Stability of Zeolite-Based Catalysts for Methane Dehydroaromatization[END_REF]12,[START_REF] Menon | A Critical Literature Review of the Advances in Methane Dehydroaromatization over Multifunctional Metal-Promoted Zeolite Catalysts[END_REF] First, the MDA reaction is thermodynamically limited with a maximum of benzene conversion of 12.5% at 700 °C, thus the Mo/HZSM-5 catalysts show low activity. Second, the coke formation at the high temperatures of the reaction is favored, leading to the fast deactivation of the catalyst and limiting the benzene selectivity. Thus, some aspects of the MDA process with emphasis on catalyst engineering (dopant, post-synthesis treatment), pretreatment, regeneration and cofeed of oxidative or reducing species have been considered. These features will be critically analyzed in the following sections in terms of deactivation and improvement of benzene formation in the MDA reaction.

Deactivation of MDA catalyst and mitigation strategies

Modes of MDA catalysts deactivation

Despite the substantial research efforts on MDA catalysts development, the deactivation remains a significant concern. Two ways of deactivation lead to the significant loss of catalysts performance: (i) the reversible coke formation during the MDA reaction and (ii) the irreversible structural damage including the formation of Al 2 (MoO 4 ) 3 and carbide migration due to the harsh experimental conditions of the MDA process. Therefore, during the past decade, a variety of approaches have been developed to extend the catalyst lifetime.

Reversible coke formation in MDA catalysts

The Mo/HZSM-5 catalysts suffer from solid carbon formation during the MDA reaction, at selectivity reaching from 10 to 50%. 108,110,113,117,137,144,145 The characterization and quantification of the coke are crucial to understand the deactivation mechanism of the catalysts. The most common TGA/DTA characterization technique provides an important information about the coke formed on the catalysts allowing to discriminate three kinds of carbonaceous deposits: (i) the carbon in molybdenum carbides, burning between 400 and 450 °C (not considered as a coke), (ii) the carbon associated to a "soft" coke, burning around 450 -500 °C, and (iii) the carbon related to a "hard" coke burning between 500 and 600 °C. [START_REF] Kosinov | Selectivity, and Stability of Zeolite-Based Catalysts for Methane Dehydroaromatization[END_REF]12,[START_REF] Tempelman | Activation of Mo/HZSM-5 for Methane Aromatization[END_REF]160 The thermal analysis only provided quantification and usually are coupled with complementary TEM 118 , Raman 172,175 or XPS 175 spectroscopy characterization methods in order further to investigate the localization and nature of the carbonaceous deposit. Most of the studies considered "soft" and "hard" cokes separately, whose discrimination comes from the extrapolation of their oxidation temperatures measured by the thermal analysis. Both

cokes have an aromatic nature 156,168 , but have different locations in the zeolites thus impacting the combustion temperature. However the exact location, nature and the effect of coke on the MDA catalysts remain ambiguous.

Due to its lower combustion temperature, the "soft" coke is supposed to be located either (i) on the external surface of the zeolite crystals where oxygen access is not limited by diffusion, and/or (ii) close to the molybdenum sites, able to catalyze the coke combustion. [START_REF] Han | Non-Oxidative Dehydroaromatization of Methane over Mo/H-ZSM-5 Catalysts: A Detailed Analysis of the Reaction-Regeneration Cycle[END_REF][START_REF] Çaǧlayan | Illuminating the Intrinsic Effect of Water Co-Feeding on Methane Dehydroaromatization: A Comprehensive Study[END_REF]160,168,172,176 The soft coke was reported to have a graphitic like carbon structure. [START_REF] Han | Non-Oxidative Dehydroaromatization of Methane over Mo/H-ZSM-5 Catalysts: A Detailed Analysis of the Reaction-Regeneration Cycle[END_REF]160,172 The growth of graphitic like carbon close to the molybdenum carbide particles is causing deactivation of the MDA catalyst. Molybdenum carbides are the actives species involved in the methane activation and as time on stream increases, coke coverage lead to a loss of the catalysts activity. 160,177 Furthermore, molybdenum carbides migrated from pore mouths to the external surface of zeolite crystals and sinter after a long time on stream, enhanced by the "soft" coke formation. 118,178 Molybdenum carbides and Brønsted acid sites at the external surface of the catalysts promoted the growth of the "soft" coke. [START_REF] Tempelman | Activation of Mo/HZSM-5 for Methane Aromatization[END_REF]111,118,159,172,[178][179][180] As depicted in Figure 5, the amount of graphitic coke on the catalyst is independent to the molybdenum -Si/Al balance of the catalysts. If an increase of the external molybdenum carbide particles with higher molybdenum content is considerd, resulting from the synthesis or migration during the MDA reaction 166 , the formation of soft coke on molybdenum carbides will be minor. The graphitic carbon formation must occur through the thermocatalytic scission of methane on the external surface 156,175,181 , moreover to be catalyzed by the solid carbon deposit himself. 182 The passive thin layer growth of coke at the external surface blocks the zeolite micropores and mitigates the access of the BAS to the intermediates and reactants. 118,172,176 Additionally, it was demonstrated that the production of the "soft" coke is proportional to the external surface of the mesoporous catalysts obtained by desilication or swelling of MFI type zeolite crystals (Figure 6). "Soft" coke is not only a deactivating deposit but active in the ethylene transformation towards production of aromatics. 167

"Hard" coke was reported to have a polyaromatic structure and is supposed to grow in the micropores through acidic catalysis and burn at higher temperatures due to a low oxygen accessibility. 12,[START_REF] Han | Non-Oxidative Dehydroaromatization of Methane over Mo/H-ZSM-5 Catalysts: A Detailed Analysis of the Reaction-Regeneration Cycle[END_REF][START_REF] Çaǧlayan | Illuminating the Intrinsic Effect of Water Co-Feeding on Methane Dehydroaromatization: A Comprehensive Study[END_REF]160,168,175,181 The polyaromatic coke accounts for most of the total coke weight deposited on the catalyst. [START_REF] Xu | Recent Advances in Methane Dehydro-Aromatization over Transition Metal Ion-Modified Zeolite Catalysts under Non-Oxidative Conditions[END_REF]168,175,181,185 It should be noted that thermal quantification of "hard" coke gives an underestimated value of polyaromatic coke as these species are also formed on the external surface and account for the "soft" coke. 118,186 Polyaromatic coke formation occured through benzene and ethylene polycondensation on the Brønsted acid sites in the micropores of zeolites. [START_REF] Ohnishi | Catalytic Dehydrocondensation of Methane with CO and CO2 toward Benzene and Naphthalene on Mo/HZSM-5 and Fe/Co-Modified Mo/HZSM-5[END_REF]175,181,[187][188][189] Thus, a higher amount of free Brønsted acid sites (i.e. low Mo/Al molar ratio) in the zeolite catalysts promotes the formation of "hard" coke (Figure 7). The "hard" coke amount increases with time on stream and gradually fill the zeolite porous network, resulting in a zeolite templated carbon (ZTC) like structure and full pore clugging. 168 Polyaromatic coke formation lead to activity loss through diffusion of molecules in the micropores and coverage of the Brønsted acid sites. [START_REF] Ma | Recent Progress in Methane Dehydroaromatization: From Laboratory Curiosities to Promising Technology[END_REF]172 The negative impact of the "hard" coke on the MDA reaction is regarded as entrapped polyaromatic species formed in the induction period and play a role in the benzene formation. 156,168 The properties of coke(s) in terms of way of formation, location, nature and impact on MDA are still a matter of discussion. [START_REF] Kosinov | Selectivity, and Stability of Zeolite-Based Catalysts for Methane Dehydroaromatization[END_REF]168 This raises the question of cokes nomination, i.e.

from the semantic point of view, the names "hard" and "soft" cokes can mislead and suggest that one is more detrimental for MDA than the other. Nevertheless, these names come from the differences in combustion temperatures observed during the TG analysis, and their respective toxicities are not established yet. Most of the studies considered the zeolite network obstruction point of view and a few studies report on rational and rigorous correlations between coking and activity loss of catalysts. This is mainly due to the complexity of characterizing of used Mo/HZSM-5 catalysts by operando spectroscopic methods for MDA [START_REF] Vollmer | Progress in Developing a Structure-Activity Relationship for the Direct Aromatization of Methane[END_REF] and TG/DTA analysis. The temperature of coke combustion depends on several parameters like the zeolite acidity, crystal size, coke content, metal content and time on stream. 110,168,172,181,190 Further investigations on space and time evolution of carbonaceous species during the MDA process are highly desirable by combination of characterization techniques. [START_REF] Vollmer | Progress in Developing a Structure-Activity Relationship for the Direct Aromatization of Methane[END_REF] Kinetics studies of coke formation (carbonaceous deposits) in the catalyst followed by ex-situ analysis will provide important information. [191][192][193] Such studies will provide information on reactive intermediates while clarifying the ambiguous discrimination between coke and hydrocarbon pool. New approaches are needed, such as addressing the deactivation problem from a coke toxicity point of view 167 , i.e. active sites poisoning and not only focusing on the pore blocking issues.

In summary, coke formation during the MDA reaction is one of the main feature hindering the process development and is a major concern of hydrocarbons processing, especially on acidic catalysts. The development of a regeneration step to remove the coke from the catalyst is a very important issue toward MDA process optimization. 194 The nature and formation rate of coke is related to the properties of the catalyst and operating conditions. Numerous solutions have been considered to mitigate the coke formation and deactivation rate during the past decades but still the exact role and mechanism of formation of polyaromatic hydrocarbons require further investigations in order to develop an efficient MDA process.

Irreversible structural damages of MDA catalysts

The excessive heat treatment and the presence of water during the severe MDA reaction and especially during the regeneration step lead to irreversible deteriorations of the catalyst; i.e. the balance between Mo and Si/Al ratio of the zeolite is a critical parameter to be considered. 116,140,166,195 High molybdenum content favors migration phenomena, and the optimal molybdenum content for the HZSM-5 catalyst with a Si/Al ratio of 15 was found to be around 4 -5 wt %. [START_REF] Han | Non-Oxidative Dehydroaromatization of Methane over Mo/H-ZSM-5 Catalysts: A Detailed Analysis of the Reaction-Regeneration Cycle[END_REF]109,166,174 Thus, better molybdenum anchoring to the zeolite framework obtained with low Si/Al ratios offsets the weaker (hydro)thermal stability of aluminum-rich zeolites. 196,197 As an alternative way, the preparation of atomically dispersed Mo/HZSM-5 catalysts by defects "healing" of the framework structure with molybdenum was reported. 147,[198][199][200] The Mo was introduced in the silanol nest defects of the MFI zeolite framework resulting in ultra-stable catalysts. The atomically dispersed Mo/HZSM-5 depicted high stability of both the zeolite structure and molybdenum during multiple cycles of MDA reaction at 850 °C and regeneration at 750 °C under steaming. Several other strategies have been proposed to improve the stability of the catalyst during regeneration and to adapt molybdenum-containing zeolites to harsh regeneration conditions. 8

Evolution of the catalyst stability during the MDA

Impact of the catalyst pretreatment

The route of formation of molybdenum active sites is a crucial parameter in designing a stable and active Mo/HZSM-5 catalyst. The carburation of molybdenum at temperatures below that of the MDA reaction (< 650 °C) appeared to be beneficial for the catalytic performance as the reduced forms are less volatile than the oxidized forms. 201 Thus, heating the fresh catalyst, i.e. with molybdenum in oxidized form, above 550 °C under inert (N 2 , He)

or oxidative (O 2 ) atmosphere may lead to materials damage through molybdenum sintering and migration at the external surface. Moreover, mobile molybdenum species can extract aluminum from the zeolite framework and form extra-framework Al 2 (MoO 4 ) 3 species. [START_REF] Sridhar | Bimetallic Mo-Co/ZSM-5 and Mo-Ni/ZSM-5 Catalysts for Methane Dehydroaromatization: A Study of the Effect of Pretreatment and Metal Loadings on the Catalytic Behavior[END_REF]111,140 Molybdenum carbides clusters resulting from external molybdenum oxides reduction and Al 2 (MoO 4 ) 3 species are considered as spectators for the MDA cause coke formation. 114,166,167,202 On the other hand, the heating of the Mo/HZSM-5 catalyst under a reductive atmosphere such as pure flow of CH 4 , H 2 , CO or a CH 4 /H 2 mixture shown improvement of the catalyst stability and an increase of the benzene yield. [START_REF] Rahman | Increasing the Catalytic Stability by Optimizing the Formation of Zeolite-Supported Mo Carbide Species Ex Situ for Methane Dehydroaromatization[END_REF][START_REF] Tempelman | Activation of Mo/HZSM-5 for Methane Aromatization[END_REF][START_REF] Sridhar | Bimetallic Mo-Co/ZSM-5 and Mo-Ni/ZSM-5 Catalysts for Methane Dehydroaromatization: A Study of the Effect of Pretreatment and Metal Loadings on the Catalytic Behavior[END_REF][START_REF] Tan | The Catalytic Performance of Mo-Impregnated HZSM-5 Zeolite in CH4 Aromatization: Strong Influence of Mo Loading and Pretreatment Conditions[END_REF][START_REF] Sridhar | Enhancement of Molybdenum/ZSM-5 Catalysts in Methane Aromatization by the Addition of Iron Promoters and by Reduction/Carburization Pretreatment[END_REF]183,203 In these conditions, the reduction of Mo sites occurred at lower temperatures, preventing the Mo migration. [START_REF] Rahman | Increasing the Catalytic Stability by Optimizing the Formation of Zeolite-Supported Mo Carbide Species Ex Situ for Methane Dehydroaromatization[END_REF] Recently, Rahman et al. [START_REF] Rahman | Increasing the Catalytic Stability by Optimizing the Formation of Zeolite-Supported Mo Carbide Species Ex Situ for Methane Dehydroaromatization[END_REF] reported the effect of different pretreatment atmospheres including He, CH 4 , H 2 and a mixture of CH 4 /H 2 on the structural properties and performance of MDA catalysts. Higher Mo dispersions were correlated with lower reduction temperatures. Pretreatments under a mixture of CH 4 /H 2 (10/90, v/v) or pure H 2 followed by carburization under CH 4 at 700 °C led to the best performance of the catalyst. Furthermore, with H 2 in the flow, no coke formation was observed during the carburization process, while with pure CH 4 flow, soft coke was produced close to molybdenum active sites. 118

Impact of the reaction conditions

In addition to the catalyst' properties, the operating conditions impact the coke formation and the catalyst deactivation behavior. Rates of coke formation and catalyst deactivation are faster at high space velocity 188,204 , i.e. low contact time, thus suggesting that coke formation is not kinetically limited. However, the amount of coke is lower at high space velocities and shifts towards external surface coverage, facilitating the removal by lower temperature oxidation. 188,204 Moreover, high space velocity induces mass transfer limitations over the zeolite crystals, thus the coverage of their surface enhances the deactivation. 188,204 Thermodynamically, the formation of polyaromatics and carbon graphite is more favorable than benzene at higher temperatures. [START_REF] Kosinov | Selectivity, and Stability of Zeolite-Based Catalysts for Methane Dehydroaromatization[END_REF]205 Experimentally, raising the reaction temperature by 60 °C multiplied by three-fold the total coke amount generated on the spent catalyst. 206

The general chemical equation for polyaromatics compounds formation is as follow:

(2)

were n is the number of aromatic cycles in the final molecule.

It can be seen from equation ( 2), increasing the pressure will shift the thermodynamic equilibrium to indirect way according to the principle of Le Chatelier. The longer is the polyaromatic coke molecule, the more significant will be the effect of pressure on polyaromatics growth. However, the scavenger effect of hydrogen shade off with equilibrium shifting, which can indirectly increase coke accumulation on Brønsted acid sites. 207 Hensen et al. 208 showed that the selectivity shifted towards benzene formation, and the mitigation of coke formation and deactivation of the catalyst with increasing the pressure. Surprisingly, the coke content recovered on the spent catalyst after 900 min of reaction was higher at elevated pressure. It has been proposed that higher pressures favors coke formation in the zeolite pores with more dense carbon structures formed, thus, the combustion temperatures shifted to higher values.

Impact of the regeneration steps

The coke formation cannot be entirely avoided due to the acidic nature of the catalyst and the reactivity of unsaturated products formed under the high temperature MDA reaction. The total coke removal can be reached at high temperatures treatment up to 600 °C as shown by TG analysis. The oxidation of coke involved as well the oxidation of molybdenum carbides to molybdenum oxides occurring around 400 -450 °C. Above 500 °C, the molybdenum oxides became volatile and started to migrate, leading to materials damages through MoO x sintering or formation of extra-framework Al 2 (MoO 4 ) 3 species [START_REF] Sridhar | Bimetallic Mo-Co/ZSM-5 and Mo-Ni/ZSM-5 Catalysts for Methane Dehydroaromatization: A Study of the Effect of Pretreatment and Metal Loadings on the Catalytic Behavior[END_REF]111,140 that depend on the molybdenum content in the catalysts. 157,209 Different strategies for regeneration of MDA catalyst have been evaluated in order to remove efficiently the coke while minimizing the damage of the catalyst' structure. One strategy is based on burning the coke at lower temperatures. Using 2 vol % of NO as a promoter in air, the total removal of coke at a lower temperature, i.e. 450 °C instead of 550 °C was achieved and this allowed to mitigate the loss of activity during eight reaction-regeneration cycles in comparison with the catalyst simply treated in air only. [START_REF] Ma | Efficient Regeneration of Mo/HZSM-5 Catalyst by Using Air with NO in Methane Dehydro-Aromatization Reaction[END_REF] However, the study of the regeneration temperature on the performance of MDA catalyst revealed that the total coke removal was not needed to recover the initial activity. [START_REF] Han | Non-Oxidative Dehydroaromatization of Methane over Mo/H-ZSM-5 Catalysts: A Detailed Analysis of the Reaction-Regeneration Cycle[END_REF] The catalyst treatment at 450 °C under 10 vol % O 2 in He removed the "soft" coke and allowed to recover similar methane conversion and benzene yield after 5 cycles of 10 hours reaction followed by regeneration. This implies that the "soft" coke is highly toxic for the catalyst. On the contrary, at higher temperatures (550, 700, and 850 °C), the coke removal was more efficient but involved irreversible structural damages like a loss of molybdenum and Brønsted acidity leading to a decrease of benzene production in multi-cycle catalytic reaction.

In comparison, the coke removal under a reductive atmosphere was shown to occur at higher temperatures (700-800 °C) but re-carburization of the catalyst was not needed. [START_REF] Han | Non-Oxidative Dehydroaromatization of Methane over Mo/H-ZSM-5 Catalysts: A Detailed Analysis of the Reaction-Regeneration Cycle[END_REF][209][210][211] Regeneration under H 2 partially removed the coke by methanation while allowing to recover part of the benzene yield and methane conversion. Contrarily to oxidative treatment, the H 2 coke-removal did not cause irreversible damage to the catalyst. 209 Indeed, molybdenum was preserved at a reduced state and no water was formed, while in the case of oxidative treatment, water from the coke combustion caused dealumination. 140,212 Despite these considerations, a reductive treatment was found to be less effective than the low-temperature oxidative treatment in terms of catalyst' deactivation after several MDA/regeneration cycles. [START_REF] Han | Non-Oxidative Dehydroaromatization of Methane over Mo/H-ZSM-5 Catalysts: A Detailed Analysis of the Reaction-Regeneration Cycle[END_REF] Another way towards improvement of MDA catalysts reported is to conduct the process under "short" cycling conditions by starting the regeneration of the catalyst before reaching the total deactivation. Alternative 1.5 h of reaction then 0.5 h of regeneration at 540 °C led to a maximum benzene yield with productivity three-fold higher than in a single run over 18 h experiment. 144 However, the carburization was required to prevent molybdenum oxides migration after the regeneration in these conditions. Furthermore, as observed during experiments with high-frequency injection of dioxygen in the MDA feed, the frequency of the cycles was the parameter that must be carefully optimized. 213

Improving aromatic production in the MDA

Addition of promoters

The introduction of several metals as promotors to tune the performance of the Mo/HZSM-5 catalysts was studied. The concentration of the promoters was varied, and either single or bimetallic promoters were used. The total benzene yield reported on bi-metallic Mo-X/HZSM-5 catalysts and the first order deactivation rate constant of benzene formation are summarized in Table 3. The bi-metallic Mo-X/HZSM-5 based catalysts contain palladium, ruthenium, iridium, zinc, copper, chromium, tungsten, platinum, iron, cobalt, nickel, rhenium or gallium (Table 3). In most of the studies, mono-and bi-metallic catalysts with an increase of the total metallic content were compared. To account the effect of the promotor (metal content), the increase of benzene formation per moles of metal in comparison with the monometallic molybdenum catalyst (Mo/HZSM-5) used as a reference was calculated according to the following equation 3:

τ Benzene = (3) 
The results are depicted in Figure 8. Bold: monometallic catalysts used as references for the catalyst series; 1 benzene produced (%) is calculated by integration of a range of T.O.S specified for each case.

The general trend observed is that adding a small amount of co-metal promotors to the Mo/HZSM-5 catalyst is beneficial (Figure 8). Below 20 mol % of co-metals in the metallic phase, the deactivation rate of benzene formation is decreased, except in the cases when palladium and iridium were used (Table 3). However, the benzene production per moles of metals is only slightly improved in the presence of platinum, rhenium, nickel or iron added to the Mo/HZSM-5 catalyst at content below 20 mol %.

Addition of co-feed reactant

The addition of a co-reactant to the MDA feed to extend the catalyst lifetime by mitigating the coke formation has been investigated. In most studies, H 2 , CO, CO 2 and H 2 O as co-feed reactants were employed.

To evaluate the impact of a co-feed reactant, the increase of benzene formation in comparison with the absence of a co-feed was calculated according to the equation 4:

τ Benzene = (4)
The impact of a co-feed reactant on the "relative conversion" of methane ( ) according to the thermodynamic equilibrium at the reaction temperature was calculated according to the equation 5:

(5)

Addition of H 2 co-feed reactant

The addition of H 2 in MDA feed has been studied over a wide range of concentrations, from 0.5 to 30 vol %. The improvement of Mo/HZSM-5 catalysts in terms of methane conversion and benzene formation rate with different flow composition of H 2 is depicted in Figure 9. The addition of H 2 has a positive effect on catalyst' stability at lower than 3 vol % H 2 in the feed (Figure 9). Moreover, the amount of coke on the catalysts decreased with the addition of H 2 in the feed, and most notably, the polyaromatic coke located in the zeolite channels decreased. 175,188,[219][220][221] As discussed in the previous section, the H 2 co-feed shifts the equilibrium of the methane pyrolysis reaction towards reactants according to Le Chatelier principle and limits the formation of the "hard" coke. Moreover, the hydrogen favors the desorption of aromatic species from BAS, which mitigates coke formation during toluene disproportionation for exemple. 222,223 Above 3 vol % H 2 , the initial conversion and benzene formation rate are negatively affected as shown in Figure 9. The addition of H 2 in the feed shifts the equilibrium of MDA reaction according to the equation 1. Thus, the higher the H 2 /CH 4 ratio is, the lower the CH 4 conversion is expected 219 ; the performance of the catalyst decreases linearly with the H 2 /CH 4 ratio (Figure 9). As shown by equation 2, the coke formation is more affected by hydrogen co-feed than the benzene formation, i.e. the hydrogen (moles) produced per aromatic ring is higher in the case of coke than for benzene. Therefore, H 2 co-feed is only efficient at low content (< 3 vol %) where the MDA reaction is not affected substantially and the formation of polyaromatic coke is mitigated. 

Addition of CO co-feed reactant

The effect of carbon monoxide addition over a range of 1-12 vol % in the feed to the MDA reaction has been studied extensivly. [START_REF] Liu | Unique Promotion Effect of CO and CO2 on the Catalytic Stability for Benzene and Naphthalene Production from Methane on Mo/HZSM-5 Catalysts[END_REF][START_REF] Ohnishi | Catalytic Dehydrocondensation of Methane with CO and CO2 toward Benzene and Naphthalene on Mo/HZSM-5 and Fe/Co-Modified Mo/HZSM-5[END_REF]115,[224][225][226][227] The impact of the CO co-feed reactant on the initial methane conversion and benzene formation rate is presented in Figure 10. An enhancement of the catalysts performance under addition of CO with concentrations from 1 to 12 vol % was observed, which is consistent with the lower amount of coke deposited on the catalyst with higher CO concentrations in the feed. [START_REF] Ohnishi | Catalytic Dehydrocondensation of Methane with CO and CO2 toward Benzene and Naphthalene on Mo/HZSM-5 and Fe/Co-Modified Mo/HZSM-5[END_REF]115,224 CO acts as a promoter in MDA reaction due to different reasons. [START_REF] Liu | Unique Promotion Effect of CO and CO2 on the Catalytic Stability for Benzene and Naphthalene Production from Methane on Mo/HZSM-5 Catalysts[END_REF]225 The dissociative adsorption of CO on metallic sites lead to (i) inhibition of the deactivation of molybdenum active sites by oxidation of coke precursors to CO and CO 2 and (ii) formation of hydrocarbon products from the reaction between adsorbed carbon atoms and dihydrogen produced during the MDA. 115,225 Thus, hydrogen consumption shifts the thermodynamic equilibrium of the MDA reaction according to the equation 1 towards the products formation. The oxygen prevents the coke formation by oxidizing the coke precursors, while regenerating the carbon monoxide. Therefore, by taking into account all previous considerations, the incorporation of a promoter that favors both CO dissociation and avoid the methane thermocatalytic scission could significantly enhance the catalyst stability. Metals used in Fisher Tropsch synthesis 228 such as Iron or Cobalt were reported to be good promoters enhancing catalyst' stability under CO co-feeding. [START_REF] Liu | Unique Promotion Effect of CO and CO2 on the Catalytic Stability for Benzene and Naphthalene Production from Methane on Mo/HZSM-5 Catalysts[END_REF][START_REF] Ohnishi | Catalytic Dehydrocondensation of Methane with CO and CO2 toward Benzene and Naphthalene on Mo/HZSM-5 and Fe/Co-Modified Mo/HZSM-5[END_REF] 

Addition of CO 2 co-feed reactant

The use of CO 2 as a co-feed reactant in the MDA is of great importance since it is already present in the natural gas feedstock. 229 The cost of the MDA process could be lowered by eliminating the upstream separation. Moreover, the use of CO 2 as a co-reactant helped to reduce the carbon footprint of the process. 230 The impact of the addition of CO 2 with a concentration in the range 1.6 -14.3 vol % on benzene formation rate and initial methane conversion is presented in Figure 11. An improvement of both parameters is observed at CO 2 concentrations lower than 2 vol % in the feed (Figure 11), which is mainly due to the presence of H 2 and CO alongside the catalytic bed. Indeed, the addition of CO 2 to the MDA reactor leaded to a staged catalytic bed with (i) upstream dry reforming of methane to produce carbon monoxide and hydrogen or Boudouard reaction with the carbonaceous deposit forming two moles of carbon monoxide and (ii) downstream MDA reaction in the presence of CO and H 2 . [START_REF] Ohnishi | Catalytic Dehydrocondensation of Methane with CO and CO2 toward Benzene and Naphthalene on Mo/HZSM-5 and Fe/Co-Modified Mo/HZSM-5[END_REF]201,219,224,231,232 Co-feeding with more than 2 vol % CO 2 is detrimental 

Addition of H 2 O co-feed reactant

The impact of H 2 O co-feed reactant on the MDA reaction has been studied at atmospheric pressure with 0.8 -10.7 vol % H 2 O, and a reactor pressure of 3 MPa with 0.6 -2.6 vol % H 2 O in the feed. The effect of the addition of H 2 O co-feed reactant on the initial methane conversion and benzene formation rate is presented in Figure 12. Water co-feed at low concentration resulted in an improved MDA performance with an optimal value of around 2 vol % in the feed (Figure 12). The benefit of using water in the feed is similar to that observed for the CO 2 co-feed reactant. Methane and coke are steam reformed, consuming mainly the coke on the external surface. [START_REF] Çaǧlayan | Illuminating the Intrinsic Effect of Water Co-Feeding on Methane Dehydroaromatization: A Comprehensive Study[END_REF]234 Carbon monoxide and hydrogen are thus produced and act as promoters (see the above sections). However, like CO 2 , a high water content in the feed leaded to the reoxidation of the molybdenum carbides. In addition, water favored the dealumination of the zeolite catalysts thus resulting in crystallinity loss. In conclusion, the addition of H 2 , H 2 O, CO and CO 2 co-feed reactants is an approach to enhance the performance of the catalysts in the MDA reaction. The impact of co-feed reactants on the MDA reaction is summarized in Table 4. Importantly, the H 2 , H 2 O, CO and CO 2 co-feed reactants improved the stability of the catalysts by mitigating the coke formation process. The efficiency of the co-feed reactants on the performance of the catalysts is strongly related to the nature and concentration of the co-reactants. 

Outlook

Methane is a crucial actor in the energy transition from fossil to renewable resources, initiated in the petrochemical and energetical sectors. This C1 compound is an important building block for the production of higher hydrocarbons. The high hydrogen to carbon ratio in methane allows the production of dihydrogen with low carbon emission. However, the C-H bond strength in methane is much higher than in heavier alkanes or even the C--C bonds, which makes its activation difficult 236 . The C1 chemistry differ substantially from others hydrocarbons, thus requiring the development of new processes. The development of various ways of methane transformation is, therefore, a significant concern, which captivates the scientific community for decades.

Different catalytic ways are actually considered to valorize methane into hydrocarbons and hydrogen, with variable maturity levels. Methane transformation through syngas route is currently operated in different industrial plants. This route involves several steps of transformation to reach the final products, but the different gas-to-liquid technologies offer access for C1 chemistry to a wide range of products: oxygenates, saturated and unsaturated linear hydrocarbons and aromatic compounds. The syngas route has thus a low carbon efficiency and high energy cost. On the contrary, OCM and MDA routes are more elegant and alternatives, as they allow direct and selective production of C2 and benzene, respectively, two essential building blocks of industrial chemistry.

The OCM technology is more mature than MDA, but efforts in research and development are still required, such as to increase the C2 selectivity by mitigating CO X formation. For decades intensive efforts have been made at different process scales emphasizing on catalysis, reactor and process design, as well as optimization of operating conditions. A promising future for OCM could come from considering that it should not go alone, but be integrated into a multi-step process, i.e. cascade reactors, to remove COx effluent and using it as reactant.

The MDA reaction offers the opportunity to produce dihydrogen while valorizing the carbon to hydrocarbons. Thus, from the reaction point of view, the valorization of methane occurs through a "zero" CO 2 formation path. A free carbon wasting process is not conceivable for MDA, as coke is produced, but an appropriate design of the process, involving heat management provided by renewable sources, could allow reaching a low level of CO 2 emissions.

The outlines of an MDA process can already be foreseen, but fundamental investigations are still needed, such as understanding the mechanism of methane dehydroaromatization on Mo/HZSM-5 catalysts and establishing the scheme of deactivation by coke. These are prerequisites for designing stable and active catalysts. As for OCM, MDA technology's scaleup will need to consider the catalyst, the reactor, and the process engineering simultaneously.
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 2 Figure 2. Activity of MnNaW catalysts supported on SiO 2 ( ) and SiC ( ) as a

Figure 3 .

 3 Figure 3. Effect of CH 4 /O 2 ratio on the conversion and selectivity of oxidative coupling of methane in the presence of Mn-Na 2 WO 4 /SiO 2 33 ( ) and La 2 O 3 -CeO 2 34 ( ) catalysts.

Figure 4 .

 4 Figure 4. (A) Conversion of methane, (B) yield of C 2 products and (C) yield of

  scheme representing anchoring of mono ([MoO 2 ] 2+ ) and dimeric ([Mo 2 O 5 ] 2+ ) molybdenum

Figure 5 .

 5 Figure 5. Content of soft coke in Mo/HZSM-5 as a function of the Mo/Al molar ratio

Figure 6 .

 6 Figure 6. Content of soft coke in desilicated 111 ( ) and lamellar 184 ( )Mo/HZSM-5

Figure 7 .

 7 Figure 7. Content of hard coke in Mo/HZSM-5 as a function of the Mo/Al molar ratio

  the classical example is the Mo/HZSM-5. Under thermal and oxidizing conditions, the Mo species became mobile and can migrate on the external zeolite surface to form molybdenum clusters or react with the framework Al to produce aluminium molybdates (Al 2 (MoO 4 ) 3 ), thus leading to pores blocking.114,140 External molybdenum species (Al 2 (MoO 4 ) 3 and MoC 2 ) are considered as spectator in the MDA reaction, resulting in irreversible deactivation of the catalyst.166,167 Furthermore, the molybdenum sintering caused a decrease of methane conversion rate 118 as the density of active sites decreased, and the synergetic effect of Mo-BAS proximity is lost.109 Then the Mo migration prevents continuous regeneration and recycling of the catalyst, which is crucial due to the rapid formation of coke. The robustness of impregnated Mo/HZSM-5 catalyst is inherent in the zeolite framework in the presence of alumina. To mitigate the irreversible deactivation of the catalyst, the Mo-support interactions,
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 8 Figure 8. Effect of the concentration of co-metal promotors (Fe, Co, Ni, Pt, Zn, Pd
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 9 Figure 9. Impact of the amount of H 2 co-feed reactant in Mo/HZSM-5 catalysts on
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 10 Figure 10. Impact of the amount of CO co-feed reactant in Mo/HZSM-5 catalysts on
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 11 Figure 11. Impact of the amount of CO 2 co-feed reactant in Mo/HZSM-5 catalysts on
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 12 Figure 12. Impact of the amount of H 2 O co-feed reactant in Mo/HZSM-5 catalysts on

  

Table 1 .

 1 Performances of catalysts and conditions of the OCM reaction reported in the open literature.

	Catalyst	OCM condition			Performance		Reference
		Temperature	GHSV CH 4 /O 2				
		°C	ml CH4 g cat -1 h -1		%	%	%	
		MnNaW based catalysts				
	NaCl/Mn 2 O 3 /SiO 2	750	3000	4/1 37.5	60.5 22.7	29
	Mn Na 2 WO 4 /ZeoA	750	60000	4/1 19.0	55.0 10.0	30
	MnxOy-Na 2 WO 4 /SiO 2	750	4200	4/1 19.5	60.0 12.0	61
	Mn Na 2 WO 4 /SiO 2	850	2700	4.5/1 33.0	8.00 26.0	62
	MnxOy-Na 2 WO 4 /SBA-15	750	72000	4/1 14.0	70.0 10.0	31
	MnxOy-Na 2 WO 4 /MCF-17	750	60000	4/1 15.6	33.0	5.0	63
	Rh-MnxOy-Na 2 WO 4 /MCF-17	750	60000	4/1	9.3	55.6	5.2	63
	Ir-MnxOy-Na 2 WO 4 /MCF-17	750	60000	4/1 14.4	46.7	6.7	63
	Pt-MnxOy-Na 2 WO 4 /MCF-17	750	60000	4/1 14.1	36.1	5.1	63
	Mn 2 O 3 -Na 2 WO 4 /Ce 0.15 Zr 0.85 O 2	700	4000	5/1 26.0	70.0 18.2	64
	MnOx-Na 2 WO 4 /TiO 2 MnOx-Na 2 WO 4 /MgO	700-800	4000	5/1 ~23.0	~73 (C2-C3)	~17	65
	MnOx-Na 2 WO 4 /SnO 2	740-800	4000	5/1 ~21.5	~64(C2-~14	

28 Figure 1 shows the performances of the common MnNaW, La 2 O 3 and Li-MgO based catalysts in comparison to recently explored materials in the OCM process.

Figure 1. (A) CH 4 conversion and (B) C 2 yield on different OCM catalysts. Each line corresponds to one datapoint taken from references presented in

Table 1; the gray columns show the trends.

Initial conversion of CH 4 (%) Na 2 WO 4 particle size (nm)

  [START_REF] Elkins | Characterization of Mn-Na2WO4/SiO2 and Mn-Na2WO4/MgO Catalysts for the Oxidative Coupling of Methane[END_REF]82 Yildiz et al. showed that the use of rutile and anatase (TiO 2 ) with
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Table 2 .

 2 Performance of catalysts and conditions for MDA reaction reported during the last 25 years.

	Catalyst	MDA conditions

Table 3 .

 3 Performances of Mo/HZSM-5 catalysts doped by metals promoters in MDA reaction.

				1.5						
							Iron	Zinc		
							Cobalt	Palladium		
							Nickel	Rhenium		
							Platinum			
			(Ratio)	1.0			Mo/HZSM-5 reference		
			t Benzene	0.5						
				0.0						
				0		25	50	75	
				Co-metal promoter (mol % of metallic phase)		
	Co-	Composition		Co-	MDA conditions	TOS.	Increase of	Symbol/
	metal		Si/Al	metallic metal in the			range	relative to benzene yield	References
				phase				Mo/HZSM-	
								5 (τ Benzene )	
					T	Feeding				
						conditions				
		wt %		Mol % °C		h	%	h -1	
	/	2Mo		0.0				0.5	1.0 8.3 10 -2	
	Pd	2Mo-0.3Pd	14	11.9	700	WHSV: 2700 h -1	0.2-24.1	0.2	0.3 6.7 10 -2	/ 214
	Ru	2Mo-0.3Ru		12.5				0.9	1.7 7.2 10 -2	
	/	6Mo		0.0				3.6	1.0 1.1 10 -1	
	Pd	6Mo-0.5Pd		7.0	700	GHSV: 1500 ml g cat -1 h -1	0.1-4.0	2.3	0.6 4.7 10 -1	/ 215
	Ir	6Mo-0.5Ir		4.7				1.3	0.3 2.4 10 -1	
	/	6Mo	25	0 700 GHSV: 1500	0.1-	3.2	1.0 9.5 10 -1	/ 137

Table 4 .

 4 Impact of CO, H 2 , CO 2 and H 2 O co-feed reactants on the MDA reaction.

	Co-feed	Co-feed
	reactant	reactant
		concentration
		in the MDA

a Maximum content reported in the literature.

If not indicated, it is atmospheric pressure, WI: wet impregnation, MM: mechanical mixing, MF: melting fuse, HT: hydrothermal treatment, IE: ionic exchange; Δ: difference from the room temperature to the reaction temperature; feed composition is presented in vol %/vol %.

(Ratio)
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