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A solar chemical reactor with continuous particle feeding in a tubular absorber has been designed and tested for CO2-free hydrogen production from thermal methane decomposition. The entrained-flow reactor was operated on sun with carbon black particle injection in a stream of methane diluted in argon. The carbon particles are expected to act as a catalyst for the dissociation reaction and the indirect irradiation via an intermediate opaque tubular absorber results in a more uniform heating of the reactor volume and thus an easier reaction temperature control and determination. The effect of particle injection on the reactor performance was investigated as a function of the type of carbon black catalyst and characteristics, reaction temperature (1150-1400°C), total volumetric gas flow-rate and methane content in the feed gas (10-40%). Key measured performance outputs were CH4 conversion and H2 yield, C2H2 outlet concentration, and solar-tochemical reactor efficiency. The particle feeding did not drastically improve the methane decomposition rate and hydrogen yield, which can presumably be attributed to kinetic limitation due to short particle residence time in the high-temperature region. Likewise, the inlet methane mole fraction was not a primary influencing parameter. In contrast, the temperature and the gas flow rate strongly affected the methane decomposition rate.

Highlights

A particle-flow solar reactor was designed and operated for continuous H 2 production Feeding of carbon black catalyst was used to study the effect on methane decomposition

The entrained-flow drop-tube reactor was based on the indirectly-irradiated concept Particle injection slightly improved the performances of the solar chemical reactor CH 4 conversion of 80% and solar-to-chemical efficiency of 5 % were reached at 1350°C

Introduction

The thermo-catalytic decomposition (TCD) of methane, as the main component of natural gas (NG), is a very interesting alternative to mitigate the CO 2 emissions commonly associated with the conventional hydrogen production processes (i.e., steam reforming, partial oxidation, autothermal reforming, coal or biomass gasification) [START_REF] Steinberg | The direct use of natural gas for conversion of carbonaceous raw materials to fuels and chemical feedstock[END_REF][START_REF] Steinberg | Fossil fuel decarbonization technology for mitigating global warming[END_REF][START_REF] Muradov | Hydrogen via methane decomposition: an application for decarbonization of fossil fuels[END_REF][START_REF] Muradov | From hydrocarbon to hydrogen-carbon to hydrogen economy[END_REF][START_REF] Muradov | Green"" path from fossil-based to hydrogen economy: An overview of carbon-neutral technologies[END_REF][START_REF] Muradov | CO 2 -Free Production of Hydrogen by Catalytic Pyrolysis of Hydrocarbon Fuel[END_REF][START_REF] Abbas | Hydrogen production by methane decomposition: A review[END_REF][START_REF] Amin | Review of methane catalytic cracking for hydrogen production[END_REF][START_REF] Ahmed | Decomposition of hydrocarbons to hydrogen and carbon[END_REF]. The moderately endothermic methane decomposition reaction (CH 4  C(s) + 2H 2 , H 0 = 74.6 kJ/mol) yields a carbon-rich condensed phase (carbon black, CB) and a hydrogen-rich gas phase. The carbonaceous solid product can either be sequestered without CO 2 release or used as a material commodity in various industrial applications (e.g., tire and rubber product manufacturing industry or high-value conductive CB for polymers and batteries) or as a metallurgical reducing agent under less severe CO 2 restraints (if CO production is targeted as a key component of syngas) [START_REF] Donnet | Carbon Black[END_REF][START_REF] Levêque | Thermodynamic and kinetic study of the carbothermal reduction of SnO 2 for solar thermochemical fuel generation[END_REF]. Hydrogen is currently considered as a promising energy vector in both transport and power generation sectors, if it is produced from renewable energy, because water is the only product generated during hydrogen fuel combustion. In most current fossil-based hydrogen production methods, the thermal energy required by the endothermic processes of hydrogen production is supplied by the combustion of a portion of the same fossil fuel feedstock. This increases the fossil fuel consumption and greenhouse gas emissions.

For a transition period, solar-aided decomposition of methane-containing gaseous feedstocks, with NG being the first choice due to the elevated H:C ratio, can offer a viable route for fossil fuel decarbonization and CO 2 avoidance with potential to create a transition path towards a "solar hydrogen-solar fuels" economy [START_REF] Ozalp | Solar decomposition of fossil fuels as an option for sustainability[END_REF][START_REF] Spath | Using a Concentrating Solar Reactor to Produce Hydrogen and Carbon Black via Thermal Decomposition of Natural Gas: Feasibility and Economics[END_REF][START_REF] Abanades | Hydrogen production technologies from solar thermal energy[END_REF].

Thermal NG cracking has been applied for the production of carbon-rich hydrocarbons and carbon black [START_REF] Back | Thermal decomposition and reactions of methane[END_REF][START_REF] Holmen | Pyrolysis of natural gas: chemistry and process concepts[END_REF]. Industrial process has already been employed for CB production with hydrogen being a supplementary fuel for the process (Thermal Black process [START_REF] Donnet | Carbon Black[END_REF]). More recent studies have considered this process for H 2 production as an alternative route to steam-reforming, using metallic or carbonaceous catalysts [START_REF] Shah | Hydrogen Production by Catalytic Decomposition of Methane[END_REF][START_REF] Choudhary | Hydrogen Production via Catalytic Decomposition of Methane[END_REF][START_REF] Aiello | Hydrogen production via the direct cracking of methane over Ni/SiO 2 : catalyst deactivation and regeneration[END_REF][START_REF] Takenaka | Methane decomposition into hydrogen and carbon nanofibers over supported Pd-Ni catalysts[END_REF][START_REF] Li | Simultaneous Production of Hydrogen and Nanocarbon from Decomposition of Methane on a Nickel-Based Catalyst[END_REF][START_REF] Muradov | Catalysis of methane decomposition over elemental carbon[END_REF][START_REF] Muradov | Catalytic activity of carbons for methane decomposition reaction[END_REF][START_REF] Kim | Hydrogen production by catalytic decomposition of methane over activated carbons: kinetic study[END_REF][START_REF] Suelves | Hydrogen production by methane decarbonization: Carbonaceous catalysts[END_REF][START_REF] Suelves | Carbonaceous materials as catalysts for decomposition of methane[END_REF][START_REF] Lazaro | Study of the deactivation mechanism of carbon blacks used in methane decomposition[END_REF][START_REF] Serrano | H 2 production from methane pyrolysis over commercial carbon catalysts: Kinetic and deactivation study[END_REF][START_REF] Serrano | Hydrogen production by methane decomposition: Origin of the catalytic activity of carbon materials[END_REF][START_REF] Botas | Methane catalytic decomposition over ordered mesoporous carbons: A promising route for hydrogen production[END_REF]. Catalysts are used to reduce the operation temperature in contrast with the thermal decomposition of methane that typically requires temperatures in excess of 1300°C.

Metal catalysts (e.g. transition metals such as Ni, Fe, Co,…) exhibit the highest activities in methane decomposition and generally promote the formation of carbon nanostructures as long filaments (carbon nanofibres or nanotubes), but they present the disadvantage of being rapidly deactivated by the carbon deposits on the catalyst surface due to blocking of surface active sites [START_REF] Shah | Hydrogen Production by Catalytic Decomposition of Methane[END_REF][START_REF] Choudhary | Hydrogen Production via Catalytic Decomposition of Methane[END_REF][START_REF] Aiello | Hydrogen production via the direct cracking of methane over Ni/SiO 2 : catalyst deactivation and regeneration[END_REF][START_REF] Takenaka | Methane decomposition into hydrogen and carbon nanofibers over supported Pd-Ni catalysts[END_REF][START_REF] Li | Simultaneous Production of Hydrogen and Nanocarbon from Decomposition of Methane on a Nickel-Based Catalyst[END_REF].

Furthermore, regeneration of metal catalysts by burning those carbon deposits is not an attractive option since it would lead to undesirable CO 2 emissions. Alternatively, the use of carbon-based catalysts offers several advantages over metal catalysts: i) high thermal stability; ii) resistance to sulphur poisoning and other potentially harmful impurities present in the feedstock; iii) no metal carbides formation, iv) availability, durability and low cost, v) regeneration step is not needed; vi) the carbon formed can be used as catalyst precursor, so that the process could become autocatalytic, and vii) the co-produced carbon may be more easily marketable (that could substantially reduce the net cost of hydrogen production) [START_REF] Muradov | Catalysis of methane decomposition over elemental carbon[END_REF][START_REF] Muradov | Catalytic activity of carbons for methane decomposition reaction[END_REF]. Numerous types of carbonaceous materials have been tested as catalysts for methane decomposition [START_REF] Muradov | Catalysis of methane decomposition over elemental carbon[END_REF][START_REF] Muradov | Catalytic activity of carbons for methane decomposition reaction[END_REF][START_REF] Kim | Hydrogen production by catalytic decomposition of methane over activated carbons: kinetic study[END_REF][START_REF] Suelves | Hydrogen production by methane decarbonization: Carbonaceous catalysts[END_REF][START_REF] Suelves | Carbonaceous materials as catalysts for decomposition of methane[END_REF][START_REF] Lazaro | Study of the deactivation mechanism of carbon blacks used in methane decomposition[END_REF][START_REF] Serrano | H 2 production from methane pyrolysis over commercial carbon catalysts: Kinetic and deactivation study[END_REF][START_REF] Serrano | Hydrogen production by methane decomposition: Origin of the catalytic activity of carbon materials[END_REF][START_REF] Botas | Methane catalytic decomposition over ordered mesoporous carbons: A promising route for hydrogen production[END_REF][START_REF] Moliner | Thermocatalytic decomposition of methane over activated carbons: influence of textural properties and surface chemistry[END_REF][START_REF] Pinilla | Kinetic study of the thermal decomposition of methane using carbonaceous catalysts[END_REF][START_REF] Shilapuram | Hydrogen production from catalytic decomposition of methane over ordered mesoporous carbons (CMK-3) and carbide-derived carbon (DUT-19)[END_REF][START_REF] Guil-Lopez | Comparison of metal and carbon catalysts for hydrogen production by methane decomposition[END_REF][START_REF] Pinilla | Metallic and carbonaceous-based catalysts performance in the solar catalytic decomposition of methane for hydrogen and carbon production[END_REF], and the catalytic performance of carbons is mostly determined by their crystallinity and surface properties. Thus, amorphous carbons (e.g. activated carbons or CB) are more active catalysts than crystalline ones, this fact being attributed to a higher amount of surface active sites. Carbons having a high external surface area or mesoporosity offer a higher accessibility to the methane molecules and usually exhibit a higher resistance to deactivation by carbon deposits [START_REF] Serrano | Hydrogen production by methane decomposition: Origin of the catalytic activity of carbon materials[END_REF][START_REF] Botas | Methane catalytic decomposition over ordered mesoporous carbons: A promising route for hydrogen production[END_REF][START_REF] Moliner | Thermocatalytic decomposition of methane over activated carbons: influence of textural properties and surface chemistry[END_REF][START_REF] Pinilla | Kinetic study of the thermal decomposition of methane using carbonaceous catalysts[END_REF][START_REF] Shilapuram | Hydrogen production from catalytic decomposition of methane over ordered mesoporous carbons (CMK-3) and carbide-derived carbon (DUT-19)[END_REF].

Current processes are practiced at an industrial scale for H 2 and CB production but they are not combined, with the process heat being supplied by burning a significant portion of the feedstock.

These processes are characterized by their high energy consumption and the concomitant emission of pollutants, derived mainly from the combustion of fossil fuels for heat generation. Internal combustion results in the contamination of the gaseous products while external combustion results in a lower thermal efficiency because of the irreversibility associated with indirect heat transfer via heat exchangers. Alternatively, using solar energy as external source for supplying the process heat offers several advantages: (1) the discharge of pollutants and greenhouse gases is avoided; (2) the gaseous products are not contaminated by combustion by-products; and (3) the calorific value of the feedstock is solar-upgraded in an amount equal to the reaction enthalpy.

During the last years, significant research has been conducted in development of different solar reactor designs for methane decomposition. These designs employ different heating concepts and flow patterns [START_REF] Dahl | Solar-thermal dissociation of methane in a fluid-wall aerosol flow reactor[END_REF][START_REF] Abanades | High temperature solar chemical reactors for hydrogen production from natural gas cracking[END_REF][START_REF] Abanades | Natural gas pyrolysis in double-walled reactor tubes using thermal plasma or concentrated solar radiation as external heating source[END_REF][START_REF] Rodat | Experimental evaluation of indirect heating tubular reactors for solar methane pyrolysis[END_REF][START_REF] Rodat | Methane decarbonization in indirect heating solar reactors of 20 and 50 kW for a CO 2 -free production of hydrogen and carbon black[END_REF][START_REF] Rodat | A pilot-scale solar reactor for the production of hydrogen and carbon black from methane splitting[END_REF][START_REF] Maag | Solar thermal cracking of methane in a particle-flow reactor for the co-production of hydrogen and carbon[END_REF][START_REF] Abanades | Hydrogen production from CO 2 -free thermal decomposition of methane: design and on-sun testing of a tube-type solar thermochemical reactor[END_REF]. The solar chemical reactors for effecting the high-temperature gas-solid transformations usually feature directly-irradiated reacting particles (e.g. particle suspension fed in a cavity), or indirectly-irradiated graphite/ceramic tubes or other opaque surfaces serving as absorbers and heat conductors. For example, an indirectly-irradiated fluid-wall aerosol flow solar reactor was studied and approximately 90% of methane conversion was obtained at a wall temperature of 1860°C and an average residence time of 0.01 s [START_REF] Dahl | Solar-thermal dissociation of methane in a fluid-wall aerosol flow reactor[END_REF]. The reactor was chiefly composed of concentric tubes with an inner porous graphite tube (12 mm i.d.) and a radial forced Ar flow through the porous tube wall (that served to protect the inner tube wall from carbon particle deposition). It was also evidenced that feeding particles (fine acetylene black particles with an average primary size of 30 nm suspended in argon) did not increase methane conversion over the values obtained with no co-feed conditions, this result being attributed to the small reactor tube size. It is expected that the effect of particle feed will become more important when the reactor is scaled-up and the volume to surface area ratio is significantly increased.

A 20 kW prototype and a 50 kW pilot-scale solar reactor based on multi-tube reaction zones inserted in a cavity-receiver were built and tested at CNRS-PROMES (SOLHYCARB EU project) [START_REF] Abanades | High temperature solar chemical reactors for hydrogen production from natural gas cracking[END_REF][START_REF] Abanades | Natural gas pyrolysis in double-walled reactor tubes using thermal plasma or concentrated solar radiation as external heating source[END_REF][START_REF] Rodat | Experimental evaluation of indirect heating tubular reactors for solar methane pyrolysis[END_REF][START_REF] Rodat | Methane decarbonization in indirect heating solar reactors of 20 and 50 kW for a CO 2 -free production of hydrogen and carbon black[END_REF][START_REF] Rodat | A pilot-scale solar reactor for the production of hydrogen and carbon black from methane splitting[END_REF]. A complete CH 4 conversion and H 2 yields above 80% were reached without particle injection for operating temperatures between 1400°C and 1800°C.

A directly-irradiated 5 kW particle-flow solar chemical reactor featuring a continuous flow of CH 4 laden with µm-sized CB particles, was tested in a solar furnace in the 1027-1327°C range [START_REF] Maag | Solar thermal cracking of methane in a particle-flow reactor for the co-production of hydrogen and carbon[END_REF]. The reactor performance was examined for varying operational parameters, namely the solar power input, seed particle volume fraction, gas volume flow rate, and CH 4 molar concentration. However, the effect of CB particle addition was not investigated in detail compared to no-feed studies. Methane conversion and hydrogen yield exceeding 95% were obtained at residence times of less than 2.0 s.

For the direct heating concept, the particle temperature strongly depends on the particle suspension"s optical properties, especially its extinction coefficient, which in turn is a function of the particle volume fraction and determines the penetration and absorption of concentrated solar radiation. High particle loading implies higher attenuation and, consequently, a more efficient absorption, resulting in the gas/particle flow being hotter than the reactor walls, as the optically-thicker particle cloud serves as a radiation shield. It further augments the reaction rate due to a larger specific surface area available for the heterogeneous reaction. The carbon particles thus theoretically serve the functions of both radiant absorbers and nucleation sites for the heterogeneous reaction, enhancing the chemical kinetics. For the indirect heating concept, the particle temperature is limited by the absorber wall temperature because particles are heated mainly by IR radiation from the wall.

Hence, chemical reactors based on the concept of direct irradiation of particle suspensions provide efficient energy transfer to the reaction site, bypassing the limitations imposed by indirect heat transfer through reactor walls, but require window protection against particle deposition by excess inert gas screening. The window component is even more critical at large scale. The indirectirradiated concept is thus a more technically feasible approach, but with an associated energy penalty.

This study thus focusses on the development of an indirectly-irradiated entrained-flow solar reactor evolving from a previously developed tube-type reactor design devoted to thermal decomposition of methane for hydrogen and CB production [START_REF] Abanades | Hydrogen production from CO 2 -free thermal decomposition of methane: design and on-sun testing of a tube-type solar thermochemical reactor[END_REF]. The main advantage of the modified reactor is the separation of the solar receiver zone from the reaction zone, so that particle deposition on the optical window cannot occur, thus enabling reliable and stable on-sun operation of the reactor at high temperatures with particle-laden reactive flow. The reactor is combined with a particle feeding system to inject a given flow of CB catalyst along with the reacting gas inside the tubular absorber. It was employed in an experimental investigation aimed at elucidating the effect of the operational parameters and CB injection on the reactor thermochemical performance.

Experimental set-up and methods

Solar reactor

The main characteristics of the solar reactor have been defined to enable methane decomposition at high temperatures with continuous particle catalyst feeding. The following describes the main key reactor features and also focuses on the specific system that was developed for continuous particle injection. The whole experimental system, schemed in Figure 1, is composed of a solar concentrating system, the solar reactor, a particle feeding system (for carbon catalyst injection), a gas-solid separation unit (filtering device), and a gas analysis system for measuring exhaust gas composition.

The indirectly-irradiated drop-tube solar reactor is chiefly composed of a cavity receiver containing a tubular absorber. The reactor is thus based on the indirect heating concept, so that particle deposition on the optical window is avoided. The reactor contains a cavity-receiver, i.e. a well-insulated enclosure with an opening, the aperture, closed by a transparent hemispherical glass window to let in concentrated solar radiation. This cavity, made of graphite and swept continually by a nitrogen flow, is designed to absorb the incident concentrated solar irradiation through the front aperture (12 mmdiameter) and to transfer the heat to the reactive gas-particle flow via the intermediate tubular opaque heat transfer wall. The cavity height (40 mm) can be adjusted as it corresponds to the heated length of the tube. The reaction takes place in the vertical tubular zone (diameter: 25 x 20 mm) that crosses the cavity height. The reactive gas flows in the downward direction inside the tube (mixture of Ar and CH 4 ). This tubular reaction zone made of alumina is placed at about 7 mm from the backside of the cavity. The tube is heated up by both direct radiation coming from the aperture and by IR radiation from the cavity walls. The particles are injected mechanically via a screw feeding device at the top, thereby resulting in a particle-laden flow type reactor. Thanks to this arrangement, the particle flow rate and the gas flow rate are totally decoupled, thereby avoiding the use of large gas flow rates for particle transportation that would penalize the residence time and reactor energy efficiency. The reactor is lined with several layers of insulating materials surrounding the graphite cavity (total thickness: 7 cm) to reduce thermal losses. The insulating materials are carbon felt directly surrounding the graphite cavity and refractory ceramic fibers. Graphite is used as the hightemperature material for the solar receiver because of its excellent radiation absorption properties combined to its resistance to thermal shocks at high temperatures.

The temperature was measured by different sensors (thermocouples, TC) at various reactor locations along the external cavity wall (Pt-Rh TC) and in the insulation (Cr-Al K-type TC). A TC protected by alumina shield measured directly the temperature in the reaction tube at the center. The temperature of the external wall of the tube at the cavity center was also measured by two optical solar-blind pyrometers (at the front and at the rear via specific CaF 2 portholes). The system was operated at atmospheric pressure in the tube (about 85 kPa at the experimental site altitude). Gas flow rates were measured and controlled by mass-flow controllers (MFC, Brooks Instruments model 5850 S). The largest part of the injected carbon was recovered in a tank settled at the outlet of the drop-tube. An adapted filtering medium was also installed at the exit of the reactor to separate and recover the suspended carbon nanoparticles from the gas-solid flow. The carbon-free gas flow was then analysed by using specific gas analysers to measure the species concentrations and to quantify the reaction progress: a gas chromatograph (Varian CP4900) equipped with two columns (MolSieve 5A PLOT for H 2 and CH 4 , and PoraPLOT U for light hydrocarbons, using Ar as carrier gas and thermal conductivity detectors, precision: ±1% of the measurement), and an online analyser for continuous measurement of H 2 and CH 4 concentrations (thermal conductivity and NDIR detection, respectively; full-scale range: 0-50% for H 2 , 0-25% for CH 4 ; precision: <1% of full-scale).

The experimental campaign was carried out with the tube-type reactor using a parabolic solar concentrator (horizontal axis) at CNRS (Odeillo, France). The incident solar radiation is first reflected by a facing sun-tracking heliostat and then concentrated by a parabolic mirror (2 mdiameter) that provides at the focal point (0.85 m in front of the parabolic reflector) a maximum flux density of 1600 W/cm 2 (for a direct normal irradiation DNI of 1 kW/m 2 ) with a Gaussian distribution. The solar experiments focused on the catalytic methane decomposition reaction in a gasparticle reacting flow and involved the injection of CB particles in the gas flow. The CB particles are expected to act as a catalyst for the heterogeneous methane decomposition reaction. This type of reactor operation requires the injection of small amounts of particles in a continuous mode.

Consequently, a particle feeding system has been implemented.

Particle feeding system

The particle feeding system was coupled to the tube-type solar reactor for continuous injection of the carbon-based catalyst as fine nanopowder in the vertical tube where the gaseous reactant flows and dissociates at high temperatures. The reactor thus works with an entrained flow of particles that must be continually collected at the exit. The particle feeder is based chiefly on a screw feeder (thread: 10 mm, length: 200 mm, diameter: 14 x 10 mm) entrained continuously by a driving engine (electrical motor). The connection of the screw to the geared motor shaft has been adjusted by machining the screw axis to the correct diameter. The carbon nanopowder is placed in an airtight hopper (~1 Liter) closed at the top by a sealed cover and at the bottom by a trough in which the screw rotates to carry the particles toward the injection zone. On the basis of the bulk density of a bed of CB powder of about 300 kg/m 3 , the tank can contain up to about 300 g of CB. The particle flow rate can theoretically be adjusted by varying the rotation speed of the screw (0-104 rpm). The injection zone with cyclone-like shape is directly fixed to the flange connected to the graphite tube on the upper side of the solar reactor. The gaseous reactant (mixture of Ar and CH 4 ) is injected via a lateral tangential inlet port at the top of the injection zone. A top flange (ISO-KF) in axis with the graphite tube is implemented to fix a thermocouple for directly measuring the temperature inside the graphite tube where the reaction occurs.

The complete system was assembled and tested for continuous particle injection. The main observed limitation was the adherence of carbon on the steel wall of the screw thread (because the carbon black is a sticky material) that tends to plug the screw because of carbon packing and to decrease the injection rate with time. Likewise the injection is not perfectly constant but rather tends to be pulsed due to the rotation of the screw that provides a given amount of powder at each round. A calibration of the system was performed to determine the particle injection rate as a function of the applied voltage to the motor.

Figure 2 shows typical measurements of the carbon flow rate as a function of the applied voltage to work CB feeder. It was found for example that the injected mass flow rate was in the range 100-130 ± 20 mg/min for a voltage of 4-5V applied to the motor (~16 rpm). For 15V (~65 rpm), the mass flow rate was around 0.55 g/min. This particle feeding system was used to study the catalytic methane cracking with carbon particle injection.

CB samples

The CB catalysts were purchased from Asahi Carbon company in Japan. Two types of color CB grades, SB285 and SB905 (Asahi Carbon, Japan), were employed in the form of powder. Coloring CB was used because it has shown reasonably high and stable activities. The CB used for coloring have indeed a higher specific surface area in average, so they should have a better activity. The specifications of the two grades of CB powder provided by the manufacturer are the following: average particle size of 15 and 26 nm, and surface area of 210 and 77 m 2 /g for SB905 and SB285, respectively. The catalytic activity of these two types of CB has been previously characterized using a packed-bed heated by an electric tube furnace [START_REF] Kameya | Kinetic and Raman spectroscopic study on catalytic characteristics of carbon blacks in methane decomposition[END_REF][START_REF] Kameya | Carbon black texture evolution during catalytic methane decomposition[END_REF].

Experimental study

The experimental data collected during the different solar test campaigns have been thouroughly treated as a function of the operating conditions in order to derive the main tendencies. A general overview of the set-up in course of solar testing at the focus of the solar concentrator is illustrated in Figure 1. The investigated parameters are the temperature (1150-1400°C), the type of CB (SB905 and SB285), the gas and carbon flow rates (total gas flow rate: 1-3 NL/min, CB mass flow rate: 0-0.4 g/min), and the CH 4 mole fraction in the feed (10-40%). During each run, the reactor was first heated in argon flow in the tube up to the targeted reaction temperature. Then, methane was injected at the desired flow rate and concentration once the reactor reached the targeted temperature to determine the reaction extent with no particle seeding. The particle feed was started so that the effect of carbon particle addition in the gas flow could be estimated for each experimental condition.

For the tests of the particle entrained-flow reactor, the main point was to check if the presence of particle in the flow had an effect on the reaction, thus to compare the process with and without particles for the same conditions. Then, the effect of temperature and operating conditions such as reactant flow rate and concentration was evidenced. Note that the cavity height was 40 mm and the tube was made of alumina in the following.

The methane conversion represents the ratio between converted methane to total methane input:

4 4 4 4 CH 0, CH CH 0, CH F F F X   (1) 
and the hydrogen yield denotes the ratio between hydrogen produced to maximum hydrogen that could be produced if the reaction was complete:

4 2 2 CH 0, H H 2.F F Y  (2) 
Where F 0,CH4 is the inlet molar flow rate of CH 4 (mol/s), F CH4 and F H2 are the outlet flow rate of CH 4 and H 2 (mol/s).

The thermochemical efficiency (solar-to-chemical)  th of the solar reactor, defined as the amount of solar energy which is stored chemically into hydrogen, has been evaluated according to:

 th = F 0,CH4 .X CH4 .H Reactants (25°C)  Products (Treactor) / Q solar ( 3 
)
where H is the enthalpy change of the reaction when the reactants are fed at 25°C and the products are obtained at T reactor (172 kJ/mole at T reactor = 1250°C), and Q solar is the solar power input (W).

Results of parametric solar tests and discussion

Parametric tests were conducted to appraise the effect of the different operating conditions on the reactor performances. ) varies between about 113 ms to 38 ms (at 1250°C, 85 kPa) when the total gas flow rate increases from 1 to 3 NL/min (this residence time does not take into account the chemical expansion due to gas formation by the reaction). As a result, the CH 4 conversion (resp. H 2 yield) decreases from about 50% (resp. 45%) to 15% (resp. 10%) at 1250°C when the flow rate is increased threefold while the methane mole fraction is maintained constant (Fig. 3). However, this effect of the gas flow rate is less pronounced as the temperature decreases, but the conversion is below 10% at 1150°C. In contrast, the methane mole fraction in the feed does not impact the CH 4 conversion and H 2 yield drastically (Fig. 4).

The temperature was observed to be a key parameter affecting markedly the reactor performances:

the CH 4 conversion (resp. H 2 yield) decreases from about 90% (resp. 80%) to 10% (resp. 5%) when the temperature decreases from 1400°C to 1150°C while both the gas flow rate (1 NL/min) and methane mole fraction (10%) are maintained constant (Fig. 3).

The injection of CB catalyzes slightly the decomposition of methane in the particle-flow configuration. It is generally observed that the CH 4 conversion and H 2 yield are somewhat increased (beyond the experimental uncertainty of 1% on both X CH4 and Y H2 ) when injecting CB in the gas flow compared with the same experimental conditions with no CB in the feed.

Regarding the total pressure effect evidenced in Figure 4 at 1250°C, the observed trend is normal:

the pressure increase in the tube (gauge pressure of +0.2 bar) leads to the conversion increase because the gas tends to flow less rapidly in the tube and has more time to dissociate (residence time of 140 ms instead of 113 ms at 1250°C). Decreasing the pressure reduces the gas residence time in the reactor, which is not favorable on the kinetic viewpoint. That is why it is generally preferable to work at atmospheric pressure rather than at low pressure (and there is no extra energy spent for pumping).

The same kind of parametric test experiments was conducted for SB905 and SB285 that present similar average particle size but substantially different specific surface area. The results show that the reactor performances are roughly identical for given operating conditions when using SB285 instead of SB905 (Figs. 5 and6). Concerning the reaction by-products, C 2 H 2 is the main species detected and its mole fraction in the outlet gas increases when decreasing the gas flow rate or increasing the CH 4 mole fraction or the temperature (Fig. 7). The amount of generated C 2 H 2 is reduced when injecting CB, which points out the catalytic effect of carbon on the H 2 production.

Higher catalytic performance could have been expected for SB905 that presents higher specific surface area than SB285. The type of CB does not affect significantly the performance output for the reactor configuration and conditions investigated. This result can presumably be attributed to the short residence time in the high-temperature region and the small tube size (diameter and heated length corresponding to cavity height). The effect of particle feed should become more important during scale-up when increasing the volume to surface area ratio of the reaction zone, because the cloud of particles could aid in the heat transfer to the gas phase. Enlarging the diameter and/or the length of the irradiated tube should also enhance the particle and gas residence time in the hightemperature region, thus favoring the catalytic effect for the heterogeneous reaction and the reaction kinetics.

The mass flow rate of particles was also varied (Fig. 8) and it was determined that feeding particles in the range of concentrations studied (0 -0.31 kg/m 3 ) did not increase noticeably the CH 4 conversion and H 2 yield over the values obtained with no co-feed conditions. CH 4 conversion and H 2 yield of 50% and 45% were measured at 1250°C regardless of the particle flow rate. This is in agreement with the fact that the global available specific surface area of the solid phase does not strongly influence the reaction, since neither the type of CB, nor the particle flow rate were key factors. Figure 8 also points out repeatedly that increasing slightly the reactor pressure results in the performance outputs improvement, thanks to the longer residence time.

The indirect heat transfer of the reactive flow via the tube wall results in the settling of a temperature gradient inside the tube, decreasing from the wall to the tube center. Theoretically, the carbon particles present in the reactant gas stream have a significant amount of surface area for radiative heat transfer. The particles absorb radiation from the reactor tube wall and convectively transfer that energy to the gas phase. Although the particle addition is favorable for radiative heat transfer (in addition to creating active sites for the heterogeneous reaction), it is necessary to rise their temperature from the temperature of injection (25°C) up to the reaction temperature, which delays the heating of the gaseous species and lowers the kinetics. The heat transfer to the gas phase is also highly combined with the residence time of the gas in the high-temperature region that depends on the gas flow conditions.

It is also noteworthy to point out that continuous carbon particle injection in the gas flow creates an additional heat sink due to the thermal load of the solid particles. Thus a fraction of the energy absorbed by the reactor is constantly spent in the catalyst heating during steady state operation (equivalent roughly to the amount of energy spent to heat the methane flow) and this energy is not used for the reaction itself, which introduces an energy penalty and lowers the reactor efficiency.

One can point out that the expected catalytic effect of carbon particle injection in a gas flow may be thus unfavorably counterbalanced by the negative effect of the additional thermal load necessary to heat up the solid particle flow. This explains the negligible effect of an increased particle loading in the gas flow, as evidenced in Figure 8. A high particle loading should indeed imply a more efficient radiation absorption and a larger specific surface area available for the heterogeneous reaction, that should further augment the reaction rate. The scale effect must also be considered, as the small size of the reactor limits the impact of CB co-feed. The CB particle addition did not enhance the heat transfer in the system and, hence, increase the methane conversion due the small diameter and heated length of the reactor tube.

Therefore, the continuous injection of inert particles in a reactive gas flow to carry out the TCD reaction may be not the most advantageous strategy to operate a solar chemical reactor for this application. This type of reactor operation may be more justified in the case of solid-consuming reactants requiring continuous processing of solid particles. For thermo-catalytic gas/solid reactions using solid catalyst, extended particle-gas contact at high temperatures is preferred for enhancing the residence time and the reaction rate. Then, instead of using particle-laden flow reactor, it may be more attractive to conduct the reaction using packed bed [START_REF] Abanades | Hydrogen production from thermo-catalytic decomposition of methane using carbon black catalysts in an indirectly-irradiated tubular packed-bed solar reactor[END_REF] or moving bed reactors in which the catalyst load is heated once during the transient period and the absorbed solar power is then only used to heat the reactive gas and to dissociate methane.

The solar-to-chemical efficiency is more dependent on the CH 4 mole fraction than on the total gas flow rate (Fig. 9). This is because the increase of the CH 4 mole fraction does not affect the chemical conversion while the amount of converted methane is increased, which improves the solar-tochemical efficiency (above 5% at 1350°C and 1400°C). Conversely, the amount of converted methane is not globally changed when increasing the total gas flow rate because of the concomitant chemical conversion decrease. Given that the evolution of thermochemical efficiency versus CH 4 mole fraction shows linear increase, projected efficiencies of 18% at 1400°C and 12% at 1350°C may be expected for pure methane (mole fraction of 1) in the case of SB905.

This type of solar reactor configuration with particle-gas reacting flow could also be adapted to gasification of carbonaceous materials or heterogeneous decomposition reactions such as metal oxide dissociation, carbo-thermic reduction or lime production from limestone calcination, in which the continuous processing of solid particles is required.

Solar chemical reactors can be based either on (1) directly irradiated reactors, where the solid reactant is directly exposed to the concentrated solar irradiation; or (2) indirectly irradiated reactors, where heat is transferred to the reaction site via an opaque wall (e.g. tubular absorber). While directly irradiated reactors provide efficient heat transfer directly to the reaction site, they require a transparent window for the access of concentrated solar radiation, which becomes a critical and troublesome component under high-pressures, severe gas environments, and particularly at large scales.

Moreover, high inert gas flow rates are usually needed for cooling and purging the window in the case of directly-irradiated solar reactors, because of particle deposition issue. This inert gas is then ineluctably mixed with the reaction products, which requires additional energy input to heat the reactants at the desired temperature and further imposes the implementation of a gas separation step downstream because of the high dilution of the produced species. The high resulting gas flow rate also reduces the gas residence time in the high-temperature region, thereby lowering the reaction extent. Thus, decoupling the receiver zone from the reaction zone is of major concern to avoid particle deposition on the window and high inert gas flow rate disturbance, which justifies the need to develop indirectly-irradiated solar reactors applied to solar chemicals and solar fuels production.

Carbon characterization (scanning electron micrographs)

The characterization of carbon samples collected in the particle entrained-flow reactor after CH 4 decomposition experiments was performed by SEM-FEG (Hitachi S4800) to observe the powders microstructure and morphology. The CB was collected mainly in the downstream filter and in the outlet tank collector installed at the bottom of the drop-tube for recovering the greatest part of the injected CB.

SEM observations show that the collected CB at the tube outlet and in the filter forms large micronic particles composed of nano-sized primary particles (20-30 nm-diameter, Figures 10a,b). Direct comparison of the electron micrographs of the raw sample (fresh CB) and the collected materials does not show any significant change of the carbon morphology, which is consistent with the moderate reaction extent evolving from carbon particle addition and the resulting weak amount of carbon formed at the particle surface. Therefore, the particle size is not significantly modified after the reaction in the single-pass tube. This suggests that the particle residence time in the hightemperature region of the reactor is the limiting factor that controls the reaction extent and the carbon deposit formation at the surface. Note that some carbon deposit on the inner tube wall was also formed as a graphitic layered carbon (flake structure) at the highest temperature (1400°C), which could be easily removed because not strongly adhering on the alumina wall. The primary particles collected in the tube also showed larger diameters (100 nm) than particles recovered in the filter (Figure 10c), because they remained longer in the high-temperature region (particle growth resulting from surface carbon formation).

Conclusion

A high-temperature solar chemical reactor was built and operated on-sun for hydrogen production from methane decomposition. Experiments were related to the solar thermal methane decomposition with continuous carbon-based catalyst injection in the tube-type reactor. The solar reactor concept features an indirectly-irradiated particle-laden flow type configuration with CB particles feeding for continuous operation. The endothermic reaction is carried out by using an external source of concentrated solar energy for supplying high-temperature process heat. Indirect heating of particle suspension requires heat transport via an opaque wall that absorbs the solar radiation on one side and thus inherently separates the receiver zone from the reaction zone.

In contrast, for directly heated solar reactors, the window is a critical component because of possible particle deposition and the inert gas injection for window screening imposes important constraints:

(i) this gas stream is mixed with the reactive gas which dilutes the reaction products and imposes a gas separation step downstream, (ii) the residence time of the reactants is reduced, thus the reaction extent is lowered, (iii) additional energy is needed to heat the excess gas stream and to maintain the reactor temperature, which decreases the reactor efficiency. Although direct solar radiation absorption provides efficient means of heat transfer, the aforementioned limitations justify the development of indirectly-irradiated solar reactors applied to methane pyrolysis for hydrogen production.

Among the different parameters investigated during reactor testing, results confirmed that the temperature and the total flow rate (or residence time) have a strong influence on the CH 4 conversion, H 2 yield, and outlet C 2 H 2 concentration. The increase of CH 4 mole fraction moderately affects the reactor chemical performance, which favorably improves the solar-to-chemical efficiency.

Besides, one can also point out that the effect of CB on the H 2 yield is visible, because of the generally lower amount of C 2 H 2 generated when injecting CB. Optimum conditions for improved methane conversion and hydrogen yield are high temperatures (1350°C), low gas flow rate for enhanced residence time (in excess of 100 ms), and CB feeding for decreasing the amount of C 2 H 2 .

Additional condition for maximum thermochemical efficiency is high inlet CH 4 mole fraction.

Due to the small size of the reactor, it was observed that the CB co-feed did not enhance the heat transfer in the system and, hence, greatly increased the methane conversion. This result can presumably be attributed to the short residence time in the high-temperature region and the small reactor tube diameter and heated length. It is anticipated that the effect of particle feed will become more important as the reactor is scaled-up and the volume to surface area ratio is increased.

Such a solar reactor concept based on particle flow could also be applied to other heterogeneous solid-gas thermochemical reactions demanding continuous processing of solid particles. Entrainedflow solar reactors exhibit efficient transport properties, but at the expense of being sensitive to particle sizes, and they are mostly suited to high reactivity feedstocks because of the short residence time. Solid-consuming solar-driven reactions such as gasification of carbonaceous feedstock, thermal/carbo-thermal reduction of metal oxides applied to thermochemical fuel production or extractive metallurgy, or calcination reactions can be potential candidates.

Figure captions Figure 1:

Operating principle of the developed 1 kW solar reactor driven by solar radiation reflected and concentrated by the 2 m-diameter parabolic mirror. The nanoparticles of CB are injected with the screw feeder into the flow of methane at the inlet of the heated tube; the mixture of the gas and the entrained particles are heated inside the tube and then the methane is decomposed; the produced hydrogen and the used CB particles are emitted from the outlet and separated by the filter. The peak temperature in the reactor was raised up to 1400°C; 90% of CH 4 conversion and over 5% of solar-tochemical efficiency were achieved in the experiments conducted at the PROMES-CNRS laboratory. 

Figures 3 to 6

 6 summarize the effect of volumetric gas flow rate and inlet CH 4 concentration on the CH 4 conversion and H 2 yield for different temperatures and the two types of CB. The CB mass flow rate was fixed at about 0.3 g/min, which corresponds to a particle volume fraction at the inlet of about 10x10 -5 (particle concentration of 0.23 kg/m 3 ). The CH 4 conversion and H 2 yield decrease significantly when the total gas flow rate increases because of the residence time decrease. The residence time (also called space time) calculated on the basis of the inlet volumetric flow rate (at the actual temperature and pressure) and volume of the tube inserted in the cavity (40 mm-height, 20 mm i.d.

Figure 2 :

 2 Figure 2: Particle mass injected as a function of time for different voltages applied to the motor

Figure 3 :

 3 Figure 3: CH 4 conversion and H 2 yield vs. volumetric gas flow rate (type of CB: SB905, CH 4 mole fraction: 0.1, CB mass flow rate: ca.0.3g/min). The dotted line points out the results reproducibility.

Figure 4 :

 4 Figure 4: CH 4 conversion and H 2 yield vs. inlet mole fraction of CH 4 (type of CB: SB905, CB mass flow rate: ca.0.3g/min, total gas flow rate specified as dV/dt). The dotted line points out the marked effect of the gas flow rate at 1250°C.

Figure 5 :Figure 6 :Figure 7 :

 567 Figure 5: CH 4 conversion and H 2 yield vs. volumetric gas flow rate (type of CB: SB285, CH 4 mole fraction: 0.1, CB mass flow rate: ca.0.3g/min)

Figure 8 :

 8 Figure 8: CH 4 conversion and H 2 yield vs. mass flow rate of CB feeder (type of CB: SB905, total gas flow rate: 1.0 NL/min, CH 4 mole fraction: 0.1). The dotted line points out the results reproducibility.

Figure 9 :Figure 10 :

 910 Figure 9: Solar-to-chemical efficiency vs. (a) total flow rate (CH 4 mole fraction: 0.1) and (b) inlet CH 4 mole fraction (total gas flow rate: 1.0 NL/min) for the two types of CB Figure 10: SEM images of (a) CB (SB905) dropped in the outlet tank collector, (b) CB collected in the filter downstream, and (c) CB collected in the tube at high temperature
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