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Combined ZnO reduction and methane reforming for coproduction of pure Zn and syngas in a prototype solar thermochemical reactor

Keywords: Solar thermochemical, Concentrated sunlight, Solar reactor, Methane reforming, Zinc, Syngas

Solar thermochemical conversion processes offer a promising avenue for storing intermittent solar energy into high value chemical products. A directly-irradiated packed-bed reactor was developed to experimentally investigate the solar thermochemical methane reforming combined with ZnO reduction for co-production of Zn and syngas in a single process. On-sun experiments were conducted to demonstrate reliable process operation and to identify optimal operating conditions, considering the impact of reduced and atmospheric pressures, temperatures, and inlet methane flow-rates. A pressure decrease enhanced net ZnO conversion at the expense of lowered syngas selectivity attributed to the CO 2 increase because of insufficient gas residence time. Increasing temperature promoted syngas production rate, yield, ZnO and methane conversion at the expense of favored methane cracking which can be alleviated by lowering pressure. The maximum H 2 and CO yields of 28.4 and 4.6 mmol/g ZnO , and the maximum net ZnO conversion and methane conversion (67.3% and 57.6%) were achieved from non-isothermal tests. The calorific value of chemical products was upgraded by solar energy (U up to 1.31), and η solar-to-chemical =3.9% was achieved.

Pure and highly reactive metallic Zn was produced with well crystallized structure in micrometric size, demonstrating the feasibility of combined solar methane reforming and ZnO reduction for synthetic fuel production and sustainable Zn metallurgy.

Introduction

Solar energy is a plentiful, clean, and sustainable energy source, with important potential contribution to protect the environment and climate. When concentrated, it can provide process heat to drive highly endothermic thermochemical conversion processes such as two-step H 2 O/CO 2 splitting [START_REF] Abanades | Screening of water-splitting thermochemical cycles potentially attractive for hydrogen production by concentrated solar energy[END_REF][START_REF] Haeussler | Remarkable performance of microstructured ceria foams for thermochemical splitting of H 2 O and CO 2 in a novel high-temperature solar reactor[END_REF][START_REF] Bhosale | A decade of ceria based solar thermochemical H 2 O/CO 2 splitting cycle[END_REF][START_REF] Pullar | A Review of Solar Thermochemical CO 2 Splitting Using Ceria-Based Ceramics With Designed Morphologies and Microstructures[END_REF][START_REF] Haeussler | Non-Stoichiometric Redox Active Perovskite Materials for Solar Thermochemical Fuel Production: A Review[END_REF], gasification [START_REF] Müller | Co-production of syngas and potassium-based fertilizer by solar-driven thermochemical conversion of crop residues[END_REF][START_REF] Piatkowski | Experimental investigation of a packed-bed solar reactor for the steam-gasification of carbonaceous feedstocks[END_REF][START_REF] Loutzenhiser | A review of the state-of-the-art in solar-driven gasification processes with carbonaceous materials[END_REF][START_REF] Zhao | Biomass-based chemical looping technologies: the good, the bad and the future[END_REF][START_REF] Piatkowski | Solar-driven gasification of carbonaceous feedstock-a review[END_REF][START_REF] Chuayboon | Comprehensive performance assessment of a continuous solar-driven biomass gasifier[END_REF], carbothermal metallurgy [START_REF] Koepf | A review of high temperature solar driven reactor technology: 25years of experience in research and development at the Paul Scherrer Institute[END_REF], methane cracking [START_REF] Abanades | High-temperature solar chemical reactors for hydrogen production from natural gas cracking[END_REF][START_REF] Rodat | High-Temperature Solar Methane Dissociation in a Multitubular Cavity-Type Reactor in the Temperature Range 1823-2073 K[END_REF][START_REF] Rodat | Hydrogen production from solar thermal dissociation of natural gas: development of a 10kW solar chemical reactor prototype[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], and methane reforming [START_REF] Krenzke | Solar fuels via chemical-looping reforming[END_REF][START_REF] Simakov | Solar thermal catalytic reforming of natural gas: a review on chemistry, catalysis and system design[END_REF][START_REF] Nair | Tailoring Hybrid Nonstoichiometric Ceria Redox Cycle for Combined Solar Methane Reforming and Thermochemical Conversion of H 2 O/CO 2[END_REF][START_REF] Chuayboon | Solar chemical looping reforming of methane combined with isothermal H 2 O/CO 2 splitting using ceria oxygen carrier for syngas production[END_REF]. These processes offer an effective and promising pathway in capturing and converting intermittent solar energy into long term storable chemical energy carriers such as syngas and metal commodities [START_REF] Romero | Concentrating solar thermal power and thermochemical fuels[END_REF]. Zinc (Zn) has been regarded as one of the most widely used metal commodities in various industrial sectors such as automotive, aerospace, food, pharmaceutical, galvanizing, electrical batteries or fuel cells, electronics, and mechanical engineering [START_REF] Koepf | A review of high temperature solar driven reactor technology: 25years of experience in research and development at the Paul Scherrer Institute[END_REF].

Conventionally, Zn is extracted from ores via smelting and refining processes, which discharge large amount of greenhouse gas emissions, especially CO 2 , thereby contributing to climate changes. Global carbon footprint of Zn caused by conventional metallurgical processes regarding pyrometallurgy, hydrometallurgy, and electrometallurgy was averaged around 3.6 kg CO2-eq /kg Zn , with values ranging from 2.8 to 4.9 kg CO2-eq /kg Zn [START_REF] Nilsson | A Review of the Carbon Footprint of Cu and Zn Production from Primary and Secondary Sources[END_REF].

To alleviate the issues associated with CO 2 emissions, solar thermochemical dissociation of zinc oxide (ZnO) towards Zn production has been extensively proposed [START_REF] Haueter | The production of zinc by thermal dissociation of zinc oxide-solar chemical reactor design[END_REF][START_REF] Abanades | Design and simulation of a solar chemical reactor for the thermal reduction of metal oxides: Case study of zinc oxide dissociation[END_REF][START_REF] Schunk | A Receiver-Reactor for the Solar Thermal Dissociation of Zinc Oxide[END_REF][START_REF] Perkins | Thermal ZnO dissociation in a rapid aerosol reactor as part of a solar hydrogen production cycle[END_REF][START_REF] Chambon | Thermal dissociation of compressed ZnO and SnO 2 powders in a moving-front solar thermochemical reactor[END_REF][START_REF] Koepf | A novel beam-down, gravity-fed, solar thermochemical receiver/reactor for direct solid particle decomposition: Design, modeling, and experimentation[END_REF][START_REF] Perkins | Determination of aerosol kinetics of thermal ZnO dissociation by thermogravimetry[END_REF]. ZnO can be thermally reduced to Zn vapor with the release of oxygen using concentrated solar energy at temperature above 2000 K [START_REF] Schunk | A Receiver-Reactor for the Solar Thermal Dissociation of Zinc Oxide[END_REF], according to Eq. 1. In addition, produced Zn can be exothermically oxidized with H 2 O and/or CO 2 at lower temperatures to produce hydrogen (H 2 ) and/or carbon monoxide (CO) and ZnO, which can be recycled back to the reduction step (Eq. 1) [START_REF] Chuayboon | Syngas production via solar-driven chemical looping methane reforming from redox cycling of ceria porous foam in a volumetric solar reactor[END_REF][START_REF] Stamatiou | Solar Syngas Production via H 2 O/CO 2 -Splitting Thermochemical Cycles with Zn/ZnO and FeO/Fe 3 O 4 Redox Reactions[END_REF][START_REF] Stamatiou | Solar Syngas Production from H 2 O and CO 2 via Two-Step Thermochemical Cycles Based on Zn/ZnO and FeO/Fe 3 O 4 Redox Reactions: Kinetic Analysis[END_REF][START_REF] Stamatiou | Syngas production from H 2 O and CO 2 over Zn particles in a packed-bed reactor[END_REF][START_REF] Abanades | Thermogravimetry Analysis of CO 2 and H 2 O Reduction from Solar Nanosized Zn Powder for Thermochemical Fuel Production[END_REF][START_REF] Weibel | Mechanism of Zn Particle Oxidation by H 2 O and CO 2 in the Presence of ZnO[END_REF], according to Eq. 2.

ZnO(s) + solar heat → Zn(g) + ½O 2 [START_REF] Abanades | Screening of water-splitting thermochemical cycles potentially attractive for hydrogen production by concentrated solar energy[END_REF] Zn(s) + H 2 O(g) (CO 2 ) → ZnO(s) + H 2 (CO)

Abanades et al. [START_REF] Abanades | Design and simulation of a solar chemical reactor for the thermal reduction of metal oxides: Case study of zinc oxide dissociation[END_REF] designed and simulated a solar reactor for the direct ZnO decomposition using real concentrated solar energy. They found that the reaction extent strongly depends on temperature of the absorbing particles, and complete reaction was achieved at temperature above 2200 K for a 1μm initial particle diameter. The thermal dissociation of ZnO was also tested in solar reactors including rotating-cavity receivers [START_REF] Haueter | The production of zinc by thermal dissociation of zinc oxide-solar chemical reactor design[END_REF][START_REF] Schunk | A Receiver-Reactor for the Solar Thermal Dissociation of Zinc Oxide[END_REF][START_REF] Chambon | Design of a Lab-Scale Rotary Cavity-Type Solar Reactor for Continuous Thermal Dissociation of Volatile Oxides Under Reduced Pressure[END_REF]. Furthermore, various concepts such as moving-front [START_REF] Chambon | Thermal dissociation of compressed ZnO and SnO 2 powders in a moving-front solar thermochemical reactor[END_REF], beam-down [START_REF] Koepf | A novel beam-down, gravity-fed, solar thermochemical receiver/reactor for direct solid particle decomposition: Design, modeling, and experimentation[END_REF], and 100 kW th scale [START_REF] Koepf | Pilot-scale solar reactor operation and characterization for fuel production via the Zn/ZnO thermochemical cycle[END_REF] solar reactors were designed, fabricated, and assembled to facilitate the ZnO dissociation, and reactor performance were found to depend on reactor concept designs and technologies. Regarding two-step H 2 O/CO 2 splitting thermochemical cycle based on ZnO/Zn for H 2 /CO production, Abanades [START_REF] Abanades | Thermogravimetry Analysis of CO 2 and H 2 O Reduction from Solar Nanosized Zn Powder for Thermochemical Fuel Production[END_REF] discovered that Zn nano-powder synthesized from solar thermal ZnO dissociation (obtained after condensation of Zn vapor) reacted effectively with both CO 2 and H 2 O with rapid kinetics. Zn recombination with oxygen during the solar step usually required efficient gas quenching to minimize this undesired reverse reaction and remained a serious problem of the direct ZnO dissociation cycle [START_REF] Koepf | Pilot-scale solar reactor operation and characterization for fuel production via the Zn/ZnO thermochemical cycle[END_REF].

Even though ZnO can be thermally dissociated via solar heat, high operating temperatures exceeding 2000 K have hindered commercial realization. Alternatively, ZnO reduction can be conducted at considerably lower temperatures (above 1223 K) by employing carbonaceous materials as reducing agents to reduce metal oxides and to produce metals [START_REF] Wieckert | A two-cavity reactor for solar chemical processes: heat transfer model and application to carbothermic reduction of ZnO[END_REF].

ZnO can react with a carbonaceous feedstock to produce Zn and CO (Eq. 3). Accordingly, using carbon as reducing agent alleviates recombination of the Zn vapor with oxygen products [START_REF] Brkic | Solar carbothermal reduction of aerosolized ZnO particles under vacuum: Modeling, experimentation, and characterization of a drop-tube reactor[END_REF].

ZnO(s) + C → Zn(g) + CO

Osinga et al. [START_REF] Osinga | Experimental Investigation of the Solar Carbothermic Reduction of ZnO Using a Two-cavity Solar Reactor[END_REF] employed beech charcoal, activated charcoal, and petroleum coke as reducing agents to reduce ZnO using a 5 kW th two-cavity solar reactor and reported that thermal efficiency of 20% and Zn production rate of 0.16 mol/min were achieved at 1150K.

Then, the same group experimentally investigated ZnO carbothermal reduction with beech charcoal using a 300 kW two-cavity solar chemical pilot plant operated in batch mode at 1300-1500K. Zn production of 50 kg/h with 95% purity (2.5-5 μm mean particle size) was obtained, and the thermal efficiency was 30%. 

4ZnO+CH 4 →4Zn+CO 2 +2H 2 O ( 13 
)
The contact between ZnO and CH 4 yields a gas/solid distribution of products, including mainly Zn, CO, H 2 , but also C, CO 2 , H 2 O, besides the unconverted reactants, and the potential reactions (Eqs. 4-13) explain such a distribution. Among these reactions, the main reactions (Eqs. [START_REF] Pullar | A Review of Solar Thermochemical CO 2 Splitting Using Ceria-Based Ceramics With Designed Morphologies and Microstructures[END_REF][START_REF] Chuayboon | Comprehensive performance assessment of a continuous solar-driven biomass gasifier[END_REF][START_REF] Koepf | A review of high temperature solar driven reactor technology: 25years of experience in research and development at the Paul Scherrer Institute[END_REF][START_REF] Abanades | High-temperature solar chemical reactors for hydrogen production from natural gas cracking[END_REF] are dominant because they involve ZnO reactant, while the others are secondary because they involve secondary species (reaction 3 is also secondary as solid carbon is a by-product not linked to the presence of ZnO).

The advantages of the combined ZnO reduction and CH 4 reforming are: (i) both syngas and metallic Zn are produced in a single process, (ii) syngas can be generated with a H 2 /CO ratio of two, suitable for methanol synthesis and compatible with the downstream conversion by Fischer-Tropsch for synthetic liquid fuels, (iii) the use of catalysts is not required, bypassing catalysts deactivation issue, (iv) methane is reformed without using an excess in oxidizer, thus lowering energy requirements as compared to conventional methane reforming (H 2 O:CH 4 ≥3) [START_REF] Simakov | Solar thermal catalytic reforming of natural gas: a review on chemistry, catalysis and system design[END_REF]. Likewise, syngas production via solar chemical-looping methane reforming using non-volatile oxides such as ceria [START_REF] Holzemer-Zerhusen | Efficiency assessment of solar redox reforming in comparison to conventional reforming[END_REF][START_REF] Ma | A comparative thermodynamic analysis of isothermal and non-isothermal CeO 2 -based solar thermochemical cycle with methane-driven reduction[END_REF], iron oxides [START_REF] Wang | Solar fuels production via two-step thermochemical cycle based on Fe 3 O 4 /Fe with methane reduction[END_REF][START_REF] Chuayboon | Stepwise Solar Methane Reforming and Water-Splitting via Lattice Oxygen Transfer in Iron and Cerium Oxides[END_REF], and perovskites [START_REF] Jiang | Solar hydrogen production via perovskite-based chemical-looping steam methane reforming[END_REF][START_REF] Bayon | Experimental, computational and thermodynamic studies in perovskites metal oxides for thermochemical fuel production: A review[END_REF] can be considered as an alternative route since non-volatile oxides remain in the solid state over the whole process while releasing only oxygen from their structure, thereby circumventing the recombination issue. Nevertheless, they exhibit drawbacks of nonstoichiometric reactions, which results in lower oxygen storage/release capacity leading to low fuel productivity (ceria) and weak thermal stability (iron oxides).

Steinfeld et al. [START_REF] Steinfeld | Solar thermal production of zinc and syngas via combined ZnO-reduction and CH 4 -reforming processes[END_REF] examined the thermal ZnO reduction and CH 4 reforming, and they reported that CH 4 conversion and H 2 yield increased with increasing temperature. The extent of reduction rose consistently with CH 4 concentration, and the activation energy of 146 kJ/mol was obtained. Combined ZnO reduction and CH 4 reforming was performed in a solar reactor using a solar furnace between 1000-1600K under atmospheric pressure [START_REF] Steinfeld | A solar chemical reactor for co-production of zinc and synthesis gas[END_REF], yielding ZnO conversion up to 90%. Thermodynamic analysis of ZnO/Zn based CH 4 reforming and H 2 O splitting was investigated [START_REF] Bhosale | Thermodynamic efficiency analysis of ZnO/Zn based solar thermochemical CH 4 reforming and H 2 O splitting cycle[END_REF]. The CH 4 /ZnO ratio and water splitting temperature were varied. The ZnO reduction was possible at 1200 K thanks to CH 4 reducing agent, and increasing the CH 4 /ZnO ratio from 0.1 to 1.0 influenced the Zn and syngas production.

In addition, operating ZnO reduction under vacuum pressure and introducing inert gas for dilution are thermodynamically favorable routes, which in turn results in lowered operating temperature [START_REF] Osinga | Solar Carbothermal Reduction of ZnO: Shrinking Packed-Bed Reactor Modeling and Experimental Validation[END_REF][START_REF] Villasmil | Pilot Scale Demonstration of a 100-kWth Solar Thermochemical Plant for the Thermal Dissociation of ZnO[END_REF][START_REF] Halmann | Vacuum Carbothermic Reduction of Al 2 O 3 , BeO, MgO-CaO, TiO 2 , ZrO 2 , HfO 2 + ZrO 2 , SiO 2 , SiO 2 + Fe 2 O 3 , and GeO 2 to the Metals. A Thermodynamic Study[END_REF] and enhanced reaction kinetics [START_REF] Levêque | Investigation of thermal and carbothermal reduction of volatile oxides (ZnO, SnO 2 , GeO 2 , and MgO) via solar-driven vacuum thermogravimetry for thermochemical production of solar fuels[END_REF]. Brkic et al. [START_REF] Brkic | Solar carbothermal reduction of aerosolized ZnO particles under vacuum: Modeling, experimentation, and characterization of a drop-tube reactor[END_REF] tested vacuum carbothermal reduction of aerosolized ZnO particles in a drop-tube reactor at 1-960 mbar, and demonstrated that Zn production was greater at 100 mbar compared with ambient pressure. Reaction at 1 mbar was hindered because of lowered particles residence time and inefficient heat transfer. Most of previous studies dealt with ZnO reduction with solid carbon.

The combination of methane reforming with ZnO reduction has been scarcely addressed and the effect of operating pressure has not been considered so far. Moreover, the influence of the operating conditions (temperature, pressure, and CH 4 flow-rate) on products yields has not been studied. Prior studies on the ZnO reduction with CH 4 were focused on thermodynamics [START_REF] Bhosale | Thermodynamic efficiency analysis of ZnO/Zn based solar thermochemical CH 4 reforming and H 2 O splitting cycle[END_REF][START_REF] Steinfeld | Thermodynamic analysis of the co-production of zinc and synthesis gas using solar process heat[END_REF] and experiments [START_REF] Steinfeld | A solar chemical reactor for co-production of zinc and synthesis gas[END_REF][START_REF] Kräupl | Pulsed Gas Feeding for Stoichiometric Operation of a Gas-Solid Vortex Flow Solar Chemical Reactor[END_REF][START_REF] Kräupl | Experimental Investigation of a Vortex-Flow Solar Chemical Reactor for the Combined ZnO-Reduction and CH 4 -Reforming*[END_REF][START_REF] Wieckert | Solar Thermal Reduction of ZnO Using CH 4 :ZnO and C:ZnO Molar Ratios Less Than 1[END_REF] at atmospheric pressure only. Therefore, the present work aims to further explore the combined CH 4 reforming and ZnO reduction in a 1.5 kW th prototype solar reactor operated under both vacuum and atmospheric pressures using real concentrated sunlight. This reactor was specifically designed for testing the process under vacuum pressure condition [START_REF] Chuayboon | Clean magnesium production using concentrated solar heat in a high-temperature cavity-type thermochemical reactor[END_REF]. Likewise, isothermal and non-isothermal on-sun experiments were realized to address a challenge in controlling the process under transient solar radiation conditions. Moreover, a parametric study was carried out in order to experimentally investigate the impact of process variables regarding operating pressures (0.15-0.9 bar), temperatures (isothermal tests: 800-1000°C, non-isothermal tests: 610-1171°C), and methane flow-rates (0.1-0.3 NL/min affecting the solid-gas contact time) on the performance of methane-driven ZnO reduction in a prototype packed-bed solar reactor. The results obtained under realistic conditions provided insights into the process feasibility, reliability and scalability of solar methane-driven reduction of ZnO for co-production of Zn and syngas. is drilled for the passage of the inlet tube with a 4 mm internal diameter, where a gas mixture of reactive methane and inert carrier N 2 is fed towards the reaction zone.

Experimental setup and methods

To support ZnO powder, a small amount of inert alumina particles (2 mm diameter, 10 mm bed height) is positioned at the cavity bottom above an alumina wool layer (10 mm thickness). These bottom layers also broaden the inlet gas stream, which promotes the gaseous reactant flow distribution along the cross section of the packed-bed. ). The concentrated solar power is delivered to the reactor, and its flux intensity is manually controlled by the shutter positioned between the heliostat and the concentrator (Fig. 1). Prior to on-sun experiments, well grinded ZnO powders (99.8% chemical purity, 1-5 μm particle size, purchased from PROLABO) are placed in the reactor cavity receiver, which is directly exposed to the solar radiation. The ZnO powder bed is uniformly spread at the cavity bottom (48 mm in diameter cylinder) above the supporting alumina particles. Given the ZnO bed loose bulk density (~0.5-0.6 g/cm 3 ), the bed height is in the range 1.8-2.2 mm (for 2 g ZnO).

The low amount of ZnO allows avoiding steep thermal gradient across the bed height. After completely loading ZnO, the reactor is flushed with N 2 flow for 2 min to purge the residual air in the system, reflected by negligible amount of oxygen (<10 ppm) from outlet gas analysis. Subsequently, it is heated progressively by highly concentrated sunlight.

During heating, the reactor window is actively cooled and kept clear of particles deposition by utilizing the protective N 2 flow (2 NL/min), which is injected to the window area via two stainless steel tubes (6 mm O.D., 4 mm I.D.) vertically inserted through the insulation. Protective N 2 , carrier N 2 , and reactive methane gas flow-rates are electronically controlled by mass flow controllers (Brooks, model SLA5850S, range 0-5 NL/min ±0.2% of full scale). Once approaching the desired temperatures (800, 900, and 1000°C), the reactor is evacuated by a vacuum pump to reduce its total pressure (either 0.15 or 0.45 bar), while at atmospheric pressure (0.90 bar) the vacuum pump is not used. When pressure and temperature are in a steady state, methane (99.999% chemical purity) is subsequently fed (0.1-0.3 NL/min) along with carrier N 2 (0.2 NL/min) into the packed-bed of ZnO. Fig. 2 shows a photograph of the 1.5 kW th prototype solar reactor and its external components during on-sun testing. Solar thermal power input was adjusted in the range 0.5-0.9 kW by the degree of shutter opening, depending on the required operating temperature and pressure, and DNI for each experimental day was stable in the range 950-1050 W/m 2 .

At the high reactor temperature, solid ZnO was reduced to Zn vapor that was continuously transported to the outlet by the carrier gas flow, thereby enabling complete ZnO consumption and Zn extraction from the reactor cavity (continuous products removal promotes the reaction completion). Metallic Zn vapor and syngas exited the reactor via the outlet port and then flowed through a water-cooled alumina tube (zone A) with a 20 mm indiameter where Zn vapor primarily condensed. In downstream, the product particles regarding condensed Zn particles and low amount of soot were trapped by a ceramic filter (zone B). Then, the syngas after exiting the ceramic filter was cleaned again with a micro filter (pore diameter: 0.1 μm) prior to gas analysis. The produced gas composition was quantitatively analyzed by an on-line gas analyzer (using infrared detector for CH 4 , CO 2 , and CO and thermal conductivity detector for H 2 , precision: 0.5% of full scale). The molar flowrate of gas product species (F i ) was calculated using their outlet mole fraction (y i ) and the inlet N 2 molar flow-rate (𝐹 𝑁 2 ) as reference: 𝐹 𝑖 = 𝐹 𝑁 2 • 𝑦 𝑖 /𝑦 𝑁 2 . X-ray powder diffraction analysis (XRD) was performed for phase identification in the Bragg Brentano geometry using Cu Kα radiation (αCu = 1.5418 Å, angular range = 20-100° in 2-Theta, step size of 0.02°, recording time = 2 s, Philips PW 1820 diffractometer) to characterize the solid products collected from zone A and zone B for all collected samples. Field emission scanning electron microscopy (FESEM, Hitachi S4800) was utilized to characterize the particles morphology.

In addition, the reactivity of Zn product was examined using thermogravimetry analysis (TGA, Netzsch STA449). To assess the quality of the syngas products, the H 2 and CO selectivity is quantified according to Eq. 14 and Eq. 15:

𝑆 𝐻 2 = 𝑛 𝐻 2 𝑛 𝐻 2 +𝑛 𝐻 2 𝑂 ( 14 
)
𝑆 𝐶𝑂 = 𝑛 𝐶𝑂 𝑛 𝐶𝑂 +𝑛 𝐶𝑂 2 (15) 
where n i is the molar amount of species i, calculated from time integration of the gas production rates (F i ) over the experiment duration.

The net ZnO conversion (X ZnO ), equivalent to Zn production yield, is the net ZnO fraction converted to Zn after Zn recombination. Oxygen is extracted from the ZnO and then recovered in the forms of CO, CO 2 , and H 2 O, as shown in Eq. 4 and Eq. 13. Therefore, X ZnO is determined based on outlet gas analysis using an oxygen mass balance (Eq. 16):

𝑋 𝑍𝑛𝑂 = 𝑛𝐶𝑂+2𝑛𝐶𝑂 2 +𝑛𝐻 2 𝑂 𝑛𝑍𝑛𝑂 (16) 
To determine how much inlet methane is converted to syngas, solid carbon, or soot, the CH 4 conversion (X CH4 ) is calculated according to Eq. 17:

𝑋 𝐶𝐻 4 = 1 - 𝑚̇𝑢 𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝐶𝐻 4 𝑚̇𝐶 𝐻 4 (17) 
where 𝑋 𝐶𝐻 4 is the methane conversion, 𝑚̇𝑢 𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝐶𝐻 4 is the mass flow-rate of unreacted methane in the off-gas, and 𝑚̇𝐶 𝐻 4 is the mass flow-rate of injected methane.

To evaluate the amount of initial carbon in injected methane compared with the total carbon in the outlet gas flow, the carbon mass balance (Xc) is calculated (Eq. 18):

𝑋 𝐶 = ∫ 𝐹 𝐶𝑂 (𝑡) 𝑡 0 𝑑𝑡 + ∫ 𝐹 𝐶𝑂 2 (𝑡) 𝑡 0 𝑑𝑡 +∫ 𝐹 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝐶𝐻 4 (𝑡) 𝑡 0 𝑑𝑡 ∫ 𝐹 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝐶𝐻 4 (𝑡) 𝑡 0 𝑑𝑡 (18) 
F i represents the molar flow-rate of species i (mol/s).

The solar reactor performance indicators are characterized by the energy upgrade factor and solar-to-chemical energy conversion efficiency.

The energy upgrade factor (U) represents the ratio of the total chemical energy content in the outlet flow to the energy content in the inlet flow (Eq. [START_REF] Nair | Tailoring Hybrid Nonstoichiometric Ceria Redox Cycle for Combined Solar Methane Reforming and Thermochemical Conversion of H 2 O/CO 2[END_REF].

U= (𝑚̇𝐻 2 •𝐿𝐻𝑉 𝐻 2 +𝑚̇𝐶 𝑂 •𝐿𝐻𝑉 𝐶𝑂 )+((1-𝑋 𝐶𝐻 4 )•𝑚̇ 𝐶𝐻 4 •𝐿𝐻𝑉 𝐶𝐻 4 )+(𝑚̇𝑍 𝑛 •∆𝐻 𝑍𝑛𝑂→𝑍𝑛+0.5𝑂 2 ) (𝑚̇𝐶 𝐻 4 •𝐿𝐻𝑉 𝐶𝐻 4 ) (19) 
where 𝑚̇, LHV, and ∆𝐻 are the mass flow-rate (kg/s), Lower Heating Value (J/kg), and standard enthalpy change equivalent to the LHV of Zn (J/kg), respectively.

The solar-to-chemical energy conversion efficiency (𝜂 𝑠𝑜𝑙𝑎𝑟-𝑡𝑜-𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 ) is defined as the chemical energy content of products divided by the total energy input (Eq. 20).

𝜂 𝑠𝑜𝑙𝑎𝑟-𝑡𝑜-𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 = (𝑚̇𝐻 2 •𝐿𝐻𝑉 𝐻 2 +𝑚̇𝐶 𝑂 •𝐿𝐻𝑉 𝐶𝑂 )+(𝑚̇𝑍 𝑛 •∆𝐻 𝑍𝑛𝑂→𝑍𝑛+0.5𝑂 2 ) 𝑄 ̇𝑠𝑜𝑙𝑎𝑟 +(𝑋 𝐶𝐻 4 •𝑚 ̇𝐶𝐻 4 •𝐿𝐻𝑉 𝐶𝐻 4 ) ( 20 
)
𝑄 ̇𝑠𝑜𝑙𝑎𝑟 is the total solar power input (W).

The energy content of carbon was not considered because it is a side product that is not targeted. Because both the solar power input and products flow-rate change with time, the efficiency was calculated using integrated data over the experiment duration, for determining both the total solar energy input and the energy content of products given that the total amounts of H 2 , CO, Zn products were quantified.

Results and discussion

3.1 Thermodynamic equilibrium analysis Fig. 3 shows the Gibbs free energy (∆G°) of the possible reduction reactions of ZnO with or without the aid of carbonaceous materials as reducing agents at 1 bar. Overall, ∆G° declines with increasing temperature, and all the considered reactions become thermodynamically favorable. On the one hand, the ∆G° of the direct ZnO dissociation approaches zero at above 2000°C. On the other hand, when using carbonaceous materials as reducing agents, the required temperature drops considerably. For example, ZnO+C and The other anticipated mechanism consisting of CH 4 decomposition followed by reaction of C with ZnO is also realistic. Thermodynamic equilibrium products distribution of the ZnO+CH 4 system at temperatures of 700 and 750°C as a function of pressure (0-1 bar) is shown in Fig. 5. The temperatures of 700 and 750°C were selected because they illustrate well the transition between reactants and products (Zn+CO+2H 2 ) when varying the pressure. Indeed above 800°C, the reaction is complete and the gas products are the only predicted species at equilibrium. Overall, decreasing pressure enables the reduction of ZnO with CH 4 to reach completion. Regardless of the pressure, CH 4 is decomposed to 2H 2 and C, while the pressure decrease results in the shift of the main species from (ZnO+C) to (Zn(g)+CO) according to the carbothermal reduction process (Eq. 3). In addition, when decreasing the operating temperature, the required pressure to reach completion is lowered. For example, the reaction reaches completion at pressure below 0.15 bar at 700°C compared to below 0.4 bar at 750°C. 

Reactor performance assessment

Fig. 7b, 7d, 7f).

As shown in Fig. 7, differences due to the effect of both temperatures and pressures are obvious. When the flow of methane was initiated, CO 2 , CO, and H 2 were produced and reached a peak at initial state, and they then declined progressively until reaching reaction completion, reflected by CO and CO 2 approaching zero (methane cracking can still occur even after complete ZnO reduction: H 2 thus continues to evolve even after CO and CO 2 drop to zero because CH 4 can decompose on the inner wall surfaces inside the reactor and at the surface of the supporting alumina particles at the cavity bottom). In fact, H 2 O was also formed concomitantly with CO 2 according to Eq. 13; however, it cannot be detected by gas analysis, and H 2 O formation was not observable, because of the low amount formed and the possible condensation before reaching the filter. This H 2 O formation was evidenced by thermodynamics (Fig. 4) and prior studies [START_REF] Steinfeld | Solar thermal production of zinc and syngas via combined ZnO-reduction and CH 4 -reforming processes[END_REF]. To quantify the evolved H 2 O, H-atom balance was performed as follows:

(4n CH4 ) inlet = (2n H2 + 4n CH4 + 2n H2O ) outlet (21) 
Thus, the amount of H 2 O can be calculated and compared to the theoretical value (given by Eq. 13). As a result, H 2 O amounts from H-atom balance (Eq. 21) were consistent with the theoretical values (Eq. 13). For example at Run#9, H 2 O yield obtained from Eq. 21 was 3.14 mmol/g ZnO compared to 3.28 mmol/g ZnO from Eq. 13 (twice the CO 2 yield, Table 1).

During reaction progress, temperatures (T 1 and T pyrometer ) remained constant over entire runs, confirming isothermal operation. Methane evolution trends were always opposite compared to syngas production rates, demonstrating the conversion of CH 4 to syngas. In comparison, CO 2 and CO production rates at 0.15 bar were evolved slightly before H 2 , whereas they were produced at the same time at 0.9 bar, pointing out the influence of reduced pressure on reaction mechanism.

Increasing temperature or decreasing pressure consistently improved reaction kinetics, as reflected by a decrease in reaction duration, in agreement with the thermodynamically favored reaction (Figs. 4 and5) and with previously reported results [START_REF] Levêque | Investigation of thermal and carbothermal reduction of volatile oxides (ZnO, SnO 2 , GeO 2 , and MgO) via solar-driven vacuum thermogravimetry for thermochemical production of solar fuels[END_REF]. For instance, at 0.15 bar the duration was 21 min at 800°C compared to 9 min at 1000°C, and at 900°C the duration was 17.5 min at 0.9 bar compared to 13.5 min at 0.15 bar (the difference is negligible at 800°C, and reaction duration is almost the same, probably because the effect of pressure at the lowest temperature is not detectable due to low kinetics). In addition, a remarkable increase in syngas production rates with temperature was noticed for both pressures. For example, at 0.15 bar, the peak H 2 , CO 2 , and CO production rates were 7.39, 2.07, and 1.61 mL min -1 g ZnO -1 at 800°C compared to 23.10, 16.36, and 9.54 mL min -1 g ZnO -1

at 1000°C.

Regarding pressure influence, at 0.90 bar the syngas production rates seemed to be greater than those at 0.15 bar. In contrast to the results obtained at 0.90 bar, the CO production rate at 0.15 bar was always lower than CO 2 regardless of temperature, indicating pressure influence (at 900°C peak CO and CO 2 production rates were 9.06 and 2.65 mL min -1 g ZnO -1 at 0.90 bar vs. 6.33 and 8.15 mL min -1 g ZnO -1 at 0.15 bar, respectively). CO 2 formation is not predicted by thermodynamics (Fig. 5) because kinetic limitations are not taken into account by thermodynamic equilibrium calculations. In contrast, experiments show that decreasing pressure favors the CO 2 formation at the expense of lowered CO yield.

Importantly, at 0.90 bar and 1000°C (Fig. 7f), the H 2 production rate was extremely high and kept quite stable over the entire run although CO 2 and CO reached zero after 9 min. This is attributed to the favored side reaction associated with CH 4 cracking. However, the methane cracking reaction was not favored when decreasing the pressure to 0.15 bar (Fig. 7e), unveiling the beneficial effect of lowered pressure on alleviating methane cracking. Fig. 8 shows the H 2 , CO, CO 2 yields as a function of pressure at 800, 900, and 1000°C, calculated by time integration of each gas production rate from Fig. 7 (the error bars show the uncertainty of the values due to the measurements linked to the gas analysis mainly). The H 2 yield produced from the main reaction associated with CH 4 +ZnO (Eq. 4, Fig. 8a) and from the side reaction associated with methane cracking (Eq. 5, Fig. 8b) were quantified and reported separately. The H 2 yield (from CH 4 cracking) was estimated using the total H 2 yield measured by gas analysis minus the H 2 yield from the main reaction (Eq. 4) that doubles the CO yield. In addition, to confirm this approach, carbon-atom balance was also performed (Eq. 22) to directly determine the solid carbon formation, and then quantify the H 2 from CH 4 cracking (twice the amount of C, Eq. 5).

(nCH 4 ) inlet = (nC + nCO + nCO 2 + nCH 4 ) outlet [START_REF] Nilsson | A Review of the Carbon Footprint of Cu and Zn Production from Primary and Secondary Sources[END_REF] As a result, the H 2 yields from CH 4 cracking were consistent. For example at Run#9, H 2 yield from CH 4 cracking was 1.33 mmol/g ZnO (obtained from carbon-atom balance, Eq. 22)

compared to 1.46 mmol/g ZnO (obtained from total H 2 yield minus two times CO yield, Table 1).

On the one hand, H 2 (ZnO+CH 4 ) (Fig. 8a), H 2 (CH 4 cracking) (Fig. 8b), and CO (Fig. 8c) yields dropped with decreasing pressure regardless of temperature (e.g. at 900°C: 4.1 (H 2 (ZnO+CH 4 )), 2.9 (H 2 (CH 4 cracking)) and 2.0 (CO) mmol/g ZnO at 0.90 bar vs. 1.8 (H 2 (ZnO+CH 4 )), 1.5 (H 2 (CH 4 cracking)) and 0.9 (CO) mmol/g ZnO at 0.15 bar). On the other hand, CO 2 rose considerably with decreasing pressure whatever the temperature (Fig. 8d) (e.g. at 900°C: from 0.9 mmol/g ZnO at 0.90 bar to 1.5 mmol/g ZnO at 0.15 bar, leading to a decrease in syngas selectivity from 0.80 (H 2 ) and 0.70 (CO) at 0.90 bar to 0.53 (H 2 ) and 0.38

(CO) at 0.15 bar). These variations can be explained by the fact that the reactions proceed through consecutive steps. First, ZnO is chiefly reduced by CH 4 to Zn vapor, CO, and H 2 (Eq. 4), and further reduced by produced CO (Eq. 11), H 2 (Eq. 12), or carbon (Eq. 3) to Zn vapor, CO 2 , H 2 O, or CO. However, the gas residence time is lowered consistently with decreasing pressure (by a factor of ~6). Thus, the intermediate gas-phase secondary reactions related to methane cracking (Eq. 5), dry and steam methane reforming (Eqs. 6 and 7), Boudouard (Eq. 8), carbon gasification (Eq. 9), or reverse water-gas shift (Eq. 10) can be kinetically limited, leading to a decrease in H 2 and CO yield at the expense of an increase in CO 2 yield. The decrease of gas residence time more likely effects the gas-phase reactions than the reactions involving solid ZnO inside the packed-bed.

In agreement with thermodynamic analysis (Fig. 4) and previous studies [START_REF] Steinfeld | Solar thermal production of zinc and syngas via combined ZnO-reduction and CH 4 -reforming processes[END_REF],

increasing the temperature enhanced syngas yield regardless of pressure, although the effect of temperature on syngas yield is more pronounced at 0.9 bar than at 0.15 bar (e.g. at 0.9 bar: 4.63 (total H 2 ), 0.87 (CO), and 0.34 (CO 2 ) mmol/g ZnO at 800°C vs. 14.34 (total H 2 ), 2.28 (CO), and 1.12 (CO 2 ) mmol/g ZnO at 1000°C and syngas selectivity: 0.87 (H 2 ) and 0.67 (CO)).

Nevertheless, it comes at the expense of favored methane cracking reaction (Fig. 8b), particularly at 1000°C and 0.90 bar, as evidenced by the highest H 2 (CH 4 cracking) yield Fig. 9a shows that net ZnO conversion (X ZnO ) increased with temperature, and it was also upgraded when decreasing pressure as clearly seen at 0.15 bar (up to 60.6% at 1000°C), in agreement with literature [START_REF] Brkic | Solar carbothermal reduction of aerosolized ZnO particles under vacuum: Modeling, experimentation, and characterization of a drop-tube reactor[END_REF]. Importantly, the lowest X ZnO of 18.3% was obtained at atmospheric pressure (0.90 bar) and 800°C with the presence of ZnO remaining in the reactor cavity receiver after the experiment according to Fig. S1 (Supporting Information). This is because of low thermodynamic driving force for the reaction at this temperature.

Nevertheless, it was upgraded to 34.8% when lowering pressure to 0.15 bar. Note that an incomplete X ZnO was assumed to also be due to Zn recombination as well as losses caused by diffusion into insulation materials [START_REF] Osinga | Experimental Investigation of the Solar Carbothermic Reduction of ZnO Using a Two-cavity Solar Reactor[END_REF]. When decreasing pressure, methane conversion (X CH4 ) (Fig. 9b) tended to drop, particularly at 0.15 bar, due to lowered gas residence time despite higher X ZnO (Fig. 9a). However, it was enhanced by increasing the temperature. Note that at 1000°C and 0.90 bar, X CH4 was high (47%) because of strong CH 4 cracking, as previously described in Fig. 8b. Besides, incomplete carbon balance (Xc) was observed because of carbon particles formation (Table 1). However, it was close to 100% when lowering pressure and temperature, e.g. at 800°C: Xc rose from 92.4% at 0.90 bar to 96.1% at 0.15 bar, thanks to low solid carbon formation.

Energy upgrade factor (U) rose minimally when decreasing pressure (Fig. 9c) because of an increase in the unreacted methane, caused by the reduced gas residence time. In addition, U values were above one for all the runs (in the range of 1.04-1.31), confirming successful solar energy storage into chemical products. Besides, U dropped with temperature at 0.9 bar, but not at 0.15 bar. This confirmed that temperature played stronger role on carbon deposition associated with methane cracking at atmospheric pressure than at low pressure. In addition, solar-to-chemical energy conversion efficiencies (η solar-to-chemical ) (Fig. 9d) were obtained in the range 1.9-2.7%. They dropped when reducing pressure due to the lowered H 2 and CO yields (to the benefit of CO 2 and H 2 O), and the higher solar power input (Table 1) needed to compensate the heat losses caused by vacuum pumping (hot gases were rapidly sucked by vacuum pump, especially at 0.15 bar, resulting in lower heat transfer rate).

Nevertheless, η solar-to-chemical can be upgraded by raising the temperature thanks to an improvement in syngas yield and reaction rate. Indeed, in spite of higher solar power input and CH 4 conversion at high temperatures (both showing an adverse impact on the efficiency, Eq. 20), the shortened reaction duration (due to enhanced kinetics) results in lowering the total amounts of both injected methane and consumed solar energy (for instance at 0.15 bar, the total solar energy input decreased from 0.61 MJ at 800°C to 0.42 MJ at 1000°C), which in turn enhances η solar-to-chemical . The higher efficiency when increasing the temperature is thus chiefly the combined result of the enhanced syngas yields (H 2 and CO) and kinetics.

Therefore, η solar-to-chemical increased when increasing the temperature regardless of the pressure (Fig. 9d). In summary, an improvement of the reaction kinetics was demonstrated when increasing temperature or decreasing pressure, as evidenced by the enhanced syngas production rates and the shortened reaction duration. However, H 2 and CO yields declined with decreasing pressure at the expense of increased CO 2 yield caused by the lowered gas residence time. Increasing the temperature promoted syngas yield despite favored methane cracking reaction that can be alleviated by decreasing the pressure. Net X ZnO was upgraded by either rising temperature or reducing pressure, while X CH4 was upgraded when increasing temperature.

Inlet methane flow-rate influence

The influence of methane flow-rate (CH 4 mole fraction) on syngas production rates, yields, and performance metrics was experimentally investigated at 900°C and 0.90 bar (these conditions alleviate the CH 4 cracking issue). The syngas production rates were plotted along with temperatures for ZnO reduction with CH 4 (2g ZnO particles) at inlet methane flow-rates of 0.1, 0.2, and 0.3 NL/min (33%, 50%, and 60% CH 4 mole fraction, respectively)

in Fig. 10. Increasing the CH 4 flow-rate also decreases the contact time of the gas with the initial ZnO bed (from 0.80 s to 0.48 s).

When increasing methane flow-rate, the H 2 production rate increased considerably, especially between 0.1 and 0.2 NL/min, while CO and CO 2 production rates remained similar. For instance, the peak H 2 , CO, and CO 2 production rates were 21.26, 9.06, and 2.65 mL min -1 g ZnO -1 at 0. (Fig. 12a). The impact of the methane flow-rate on X ZnO and X CH4 was not obvious although their trends increased slightly above 0.2 NL/min, particularly X CH4 due to methane cracking.

U decreased from 1.09 to 0.90 (Fig. 12b), resulting from the increase of X CH4 caused mainly by methane cracking reaction at the expense of solid carbon formation. Part of the formed carbon particles was carried by outlet gases to filters, thereby losing their heating value and eventually leading to a reduction in U. The heating value contained in carbon is lost if carbon is not recovered; thus, the calorific value of the carbon was not included to calculate U, because solid carbon was considered as an undesired by-product. η solar-to-chemical increased slightly from 2.4% at 0.1 NL/min to 2.6% at 0.3 NL/min, ascribed to higher syngas yield (Fig. 11). Therefore, in order to maximize X ZnO and U while minimizing CH 4 cracking, the lowest inlet methane mole fraction is recommended. 

Non-isothermal ZnO reduction with CH 4

Two non-isothermal on-sun tests of ZnO reduction with CH 4 were performed with higher amounts of ZnO (5 and 4 g) at atmospheric pressure to investigate dynamic chemical reaction behavior and associated mechanism while increasing the temperature under CH 4 flow.

Fig. 13 shows the evolution of syngas production rates together with temperatures. To assess the impact of starting reaction temperature on reaction rate, CH 4 was injected at 755°C (Table 1) for Run#11 (5g ZnO) vs. 610°C for Run#12 (4g ZnO). Note that the temperature of Run#11 was higher than Run#12 by above 100°C (T 1 ) over 14 min. It was found that Run#11 took shorter duration to reach reaction completion despite a higher amount of ZnO (as evidenced by CO production rate reaching zero after 18 min for Run#11 vs. 27 min for Run#12 while T 1 is still above 1000°C, thus high enough for the reaction to proceed; the amount of CO (and CO 2 ) reaching zero means there is no more ZnO to react with CH 4 ). This is because of the higher operating temperature of Run#11, which resulted in greater reaction rates, leading to shorter duration. As shown in Fig. 13, syngas production rates varied strongly with a change in temperature, especially H 2 . The H 2 production rate increased with temperature and was dramatically higher than CO, indicating additional H 2 formation from thermal CH 4 dissociation. In contrast to the results obtained from isothermal tests at 800, 900, and 1000°C (0.15 bar) (Fig. 7 and Fig. 10), CO production rate reached zero after that of CO 2 (Fig. 13). As indicated in 

Zn product characterization

To collect solid products separately, the removable outlet components where solid products deposited were separated into two zones: (i) alumina tube and connector (zone A), and (ii) ceramic filter (zone B). They were weighed before and after experiments in order to quantify the amount of solid products inside them. As a result, a large amount of solid products was collected from zone A in the range 0.5-2.2 g, followed by zone B in the range 0.2-1.3 g (total amount in the range 0.82-3.53 g), according to Table S1 (Supporting Information). However, solid carbon particles contained in the products were also observed after experiments, especially Run#12, in agreement with incomplete Xc. A portion of the collected solid products was sampled for XRD, FESEM, and TGA analysis.

The XRD patterns of the solid products from zone A and zone B are plotted for temperatures of 800, 900, and 1000°C in Fig. 14a (0.15 bar) and Fig. 14b (0.90 bar).

Additional XRD analyses were performed for powders obtained with different methane flowrates at 0.90 bar and 900°C (Fig. S3). Overall, the products were well crystallized with clear patterns. Only the Zn pattern was detected regardless of pressure and temperature, demonstrating pure Zn production. However, a small amount of crystallized gray grains was found at the 1-cm outlet tip of the water-cooled alumina tube (zone A, Fig. S4), condensation zone of Zn vapor, thus implying the existence of Zn recombination, which explained the incomplete X ZnO . Downstream (zone B), the solid products were carried by outlet gases, and in this zone the temperature was lower. As a result, only pure, fine Zn particles were recovered regardless of pressure and temperature. Therefore, the solar reactor was suitable for producing both Zn and syngas in a single process. The morphology of solid product particles from zones A and B at the pressures of 0.15 and 0.90 bar, characterized by FESEM, is shown in Fig. 15 (1.2 μm scale) and Fig. S5 (3.0 μm scale). Overall, condensed Zn products were formed in the shape of a clear crystal hexagonal structure with most diameters below 1.2 µm. The products collected in zone A (Fig. 15a) exhibited Zn in plane layers because Zn vapor condensed in contact with cold surfaces, uniformly growing along plane layers. Some low amounts of the solid carbon deposition from CH 4 dissociation in the form of fine particles can be observed on the surface of Zn structure, e.g. Fig. 15b. However, such small amounts of fine carbon particles are mainly observed in the case of low pressure operation (favoring high gas velocities), denoting some carbon particles entrainment to the reactor outlet by the carrier gas. This carbon is not problematic as it can be avoided by decreasing the carrier gas. If the produced Zn powder is further used to split H 2 O or CO 2 in a closed cycle, the carbon will be consumed (gasified) by the reaction producing additional H 2 or CO, and ZnO that can be recycled. In addition, the produced Zn powder reactivity was investigated using TGA. The purpose is to prove its recombination ability occurring at the condensation zone (zone A) and to further reveal its potential to produce CO (H 2 ) in a CO 2 (H 2 O) splitting scheme. As a result, high reactivity of Zn product with CO 2 was highlighted (Fig. S6). Consequently, the pure Zn product obtained from this process is reactive toward oxidation, and can be employed as oxygen carrier for a two-step solar thermochemical H 2 O/CO 2 splitting system for solar fuel production.

Conclusions

Solar thermochemical methane-driven reduction of ZnO for co-production of Zn and syngas was evaluated thermodynamically and experimentally in a directly-irradiated, packed-bed reactor prototype. The process was successfully demonstrated under both isothermal and non-isothermal conditions using a real solar concentrating system. Gas species production rates, yields, ZnO conversion, methane conversion, and reactor performance during ZnO reduction with methane were assessed via a detailed parametric study. Results showed the benefits of the combined process involving both methane as gaseous reducer for Zn extractive metallurgy and ZnO as solid oxidant for methane reforming.

Regarding isothermal tests, gas species production rates were found to be dependent on temperature, pressure, and methane flow-rate. Increasing temperature and decreasing pressure improved reaction kinetics. In comparison, CO 2 production rate was higher while operating duration was shorter at 0.15 bar compared to atmospheric pressure. Decreasing pressure lowered syngas yield and selectivity (H 2 and CO), favored CO 2 and lowered methane conversion due to insufficient gas residence time. Net ZnO conversion increased with decreasing pressure up to 60.6% at 0.15 bar, in agreement with thermodynamic predictions.

Increasing temperature enhanced syngas production rate, syngas yield, conversion of ZnO and methane at the expense of favored methane cracking, which can be alleviated by lowering pressure. Increasing methane flow-rate also favored methane cracking rather than main reactions, as evidenced by the H 2 /CO ratio significantly higher than two and an increase in X CH4 conversion.

Regarding non-isothermal tests, gas production rates were strongly dependent on the operating temperature. The maximum X ZnO and X CH4 up to 67.3% and 57.6%, respectively, were achieved from non-isothermal tests, confirming the strong temperature impact.

Therefore, to enhance syngas selectivity, X ZnO , and X CH4 while diminishing the CO 2 formation and methane cracking issues, the process should be operated isothermally at an intermediate pressure of 0.45 bar, inlet methane flow-rate of 0.1 NL/min, and temperature of 1000°C. The highest U and η solar-to-chemical of 1.31 and 3.9%, respectively, were accomplished, and pure metallic Zn product with well crystallized structure, micrometric size and high reactivity was highlighted. This solar-driven ZnO reduction with methane was demonstrated to be promising for producing both pure Zn and syngas in a single process, as a suitable means of storing intermittent solar energy into sustainable chemical products.

Fig. 1

 1 Fig.1 shows schematically the directly-irradiated solar chemical reactor associated with a real solar concentrating system. The reactor consists of a cylindrical cavity receiver made of alumina (T max : 1800°C) with a 121.4 cm 3 volume (48 mm I.D., 58 mm O.D., and 70 mm height), and it is designed particularly for methane-driven ZnO reduction under vacuum pressure condition. It features rapid solar heating thanks to a suitable cavity volume and accommodates fluctuations in the transient DNI. The cavity receiver is enveloped with a cylindrical porous ceramic alumino-silicate insulation layer (40 mm-thick). Its bottom center

Fig. 1 .

 1 Fig. 1. Schematic diagram of solar furnace and complete experimental set up.

Fig. 2 .

 2 Fig. 2. Photograph of the 1.5 kW th prototype solar reactor during on-sun testing conducted at the PROMES-CNRS solar furnace: (1) parabolic concentrator, (2) pyrometer, (3) transparent window, (4) water-cooled reactor outlet port (zone A), (5) ceramic filter (zone B), (6) thermocouple type B, (T 1 ),[START_REF] Piatkowski | Experimental investigation of a packed-bed solar reactor for the steam-gasification of carbonaceous feedstocks[END_REF] water-cooled reactor shell, (8) inlet tube where a mixture of carrier N 2 and CH 4 is injected, (9) tubes where protective N 2 is injected,[START_REF] Piatkowski | Solar-driven gasification of carbonaceous feedstock-a review[END_REF] filter outlet connected to pumping system.

Fig. 3 .Fig. 4

 34 Fig. 3. ∆G° of ZnO reduction reactions as a function of temperature at 1 bar.

Fig. 4 .

 4 Fig. 4. Thermodynamic equilibrium products distribution of the ZnO+CH 4 system at 1 bar.

Fig. 6

 6 Fig. 6 plots the ZnO boundary point at which ZnO totally disappears (is fully converted) at any temperature, which highlights the benefit of decreasing pressure for lowering the temperature of complete ZnO conversion.

Fig. 5 .Fig. 6 .

 56 Fig. 5. Thermodynamic equilibrium products distribution of the ZnO+CH 4 system as a function of pressure at 700 and 750°C. H 2 O and CO 2 were omitted because in negligible amounts.

Fig. 7 .

 7 Fig. 7. Outlet gas product species flow-rates along with reactor temperatures (T 1 and T pyrometer ) for combined ZnO reduction and CH 4 reforming at temperatures of 800, 900, and 1000°C and pressures of 0.15 and 0.90 bar.

Fig. 8 .

 8 Fig. 8. Yields of (a) H 2 (ZnO+CH 4 ), (b) H 2 (CH 4 cracking), (c) CO, and (d) CO 2 as a function of pressure for the temperatures of 800, 900, and 1000°C.

Fig. 9 .

 9 Fig. 9. (a) ZnO conversion (X ZnO ), (b) CH 4 conversion (X CH4 ), (c) energy upgrade factor (U), and (d) solar-to-chemical energy conversion efficiency (η solar-to-chemical ) as a function of pressure for the temperatures of 800, 900, and 1000°C.

  1 NL/min compared to 34.54, 10.11, and 2.50 mL min -1 g ZnO -1 at 0.3 NL/min. Differences in operating duration between the three runs were negligible even though it tended to decrease slightly (around 15 min duration) when rising the inlet methane flow-rate to 0.2 and 0.3 NL/min.

Fig. 10 .

 10 Fig. 10. Outlet gas product species flow-rates along with reactor temperatures (T 1 and T pyrometer ) for combined ZnO reduction and CH 4 reforming at methane flow-rates of 0.1, 0.2,

Fig

  Fig.11confirms that an increase in the inlet methane flow-rate improved H 2 yield,

  found in the reactor cavity after the experiments (Run#6 and Run#8) when employing the methane flow-rates of 0.2 and 0.3 NL/min (Fig.S2). These formations looked like sulfur impurities as a result of an excess in inlet methane.

Fig. 11 .

 11 Fig. 11. H 2 , CO, and CO 2 yields as a function of methane flow-rate at 900°C and 0.90 bar.

Fig. 12 .

 12 Fig. 12. (a) ZnO conversion (X ZnO ) and CH 4 conversion (X CH4 ), (b) energy upgrade factor (U) and solar-to-chemical energy conversion efficiency (η solar-to-chemical ) as a function of methane flow-rate at 900°C.

Fig. 13 .

 13 Fig. 13. Outlet gas product species flow-rates along with reactor temperatures (T 1 and T pyrometer ) during non-isothermal combined ZnO reduction and CH 4 reforming for two runs at different heating rates and starting reaction temperatures.

Fig. 14 .

 14 Fig. 14. XRD patterns of the collected solid products deposited in the aluminum tube and connector (zone A) and ceramic filter (zone B) for temperatures of 800, 900, and 1000°C at (a) 0.15 bar and (b) 0.90 bar.

Fig. 15 .

 15 Fig. 15. FESEM images of the solid products collected on (a,c) alumina tube and connector (zone A) and (b,d) ceramic filter at a temperature of 800°C and pressures of 0.15 and 0.90 bar.

  

  Another attractive solar-driven approach, which proceeds at moderate temperatures (above 1123K), is ZnO reduction with methane. The endothermic reactions involve both partial oxidation of methane to form syngas and simultaneous ZnO reduction to yield Zn, thereby producing both Zn and syngas in a single process, according to Eq. 4.

	ZnO(s) + CH 4 → Zn(g) + CO + 2H 2	(4)
	However, possible secondary side reactions may occur during ZnO reduction with methane
	according to (Eqs. 5-10):	
	CH 4 →C+2H 2	(5)
	CH 4 +CO 2 →2CO+2H 2	(6)
	CH 4 +H 2 O→CO+3H 2	(7)
	C+CO 2 ↔2CO	(8)
	C+H 2 O→CO+H 2	(9)
	CO 2 +H 2 ↔CO+H 2 O	(10)
	ZnO+CO→Zn+CO 2	(11)
	ZnO+H 2 →Zn+H 2 O	(12)

Other possible reactions are ZnO reduction with carbon (Eq. 3), CO (Eq. 11), or H 2 (Eq. 12), yielding Zn with CO, CO 2 , or H 2 O. Therefore, the overall side reaction of ZnO with methane yielding Zn, CO 2 , and H 2 O can be represented as:

  ZnO(s) is reduced to Zn (in condensed and gaseous states), while C is gasified with CO 2 and H 2 O to form H 2 and CO. The reduction approaches completion above 800°C and then reaches it above 1000°C, consisting of a single gas phase containing Zn vapor and a mixture of H 2 and CO with H 2 /CO ratio of two. The low quantity of CO 2 and H 2 O could actually be the result of their consumption by the reaction of solid C with CO 2 and H 2 O yielding CO and H 2 .

negligible at equilibrium. At ambient temperature, both ZnO and CH 4 are thermodynamically stable. Then, at above 400°C, CH 4 is decomposed to C and H 2 (g). Between 600 and 800°C,

Table 1

 1 Overall, the H 2 and CO selectivity was found in the range of 0.50-0.94 and 0.35-0.83, respectively, indicating higher H 2 production. X ZnO , X CH4 , and Xc in the ranges of 18.3-67.3%, 7.4-57.6 %, and 61.0-96.1%, respectively, were accomplished. η solar-to-chemical and U values were in the ranges of 1.9-3.9% and 0.90-1.31, respectively. η solar-to-chemical was not high due to

	lists the operational conditions and experimental results for combined ZnO
	reduction and methane reforming for 12 on-sun tests. Experiments were carried out with the
	following parameter ranges: initial ZnO mass = 2-5 g, inlet methane flow-rate = 0.1-0.3
	NL/min, reactor pressure (P) = 0.15-0.90 bar, total N 2 flow-rate = 2.2 NL/min, reactor
	temperature (T 1 ) = 800-1000°C (isothermal tests) and 610-1171°C (non-isothermal tests), and
	solar power input (𝑄 ̇solar ) = 0.48-0.93 kW (thermal) .

sensible heat losses resulting from long experimental duration and vacuum pressure condition. Almost all U values exceeded one and some of them approached the theoretical maximum U of 1.39 (calculated from Eq. 4), thereby confirming efficient solar energy storage into chemical fuels.

Table 1 .

 1 Summary of operational parameters and solar reactor performance assessment.

	Run No.	initial ZnO mass (g)	CH4 flow-rate (NL/m in)	P (bar)	T1 (°C)	𝑄 ̇𝑠𝑜𝑙𝑎𝑟 (kW)	H2 yield (mmol /gZnO) (±2%)	CO yield (mmol /gZnO) (±2%)	CO2 yield (mmol /gZnO) (±2%)	SH2 (±2% )	SCO (±2% )	XZnO (±2%)	XCH4 (±2%)	Xc (±2%)	U (±2%)	ηsolar-to-chemical (±2%)
	1	2	0.1	0.15	800	0.52	3.74	0.55	0.93	0.67	0.37	34.8	7.4	96.1	1.10	1.9
	2	2	0.1	0.90	800	0.48	4.63	0.87	0.34	0.87	0.72	18.3	11.2	92.4	1.11	2.0
	3	2	0.1	0.15	900	0.63	3.31	0.92	1.49	0.53	0.38	55.8	16.0	93.7	1.12	2.3
	4	2	0.1	0.45	900	0.59	5.21	1.61	1.10	0.70	0.60	48.8	16.6	93.3	1.12	2.4
	5	2	0.1	0.90	900	0.58	7.03	2.04	0.89	0.80	0.70	45.8	17.3	91.8	1.09	2.4
	6	2	0.2	0.90	900	0.62	11.5 7	2.55	0.81	0.88	0.76	47.0	23.4	85.1	1.02	3.3
	7	2	0.2	0.90	900	0.63	10.6 6	1.71	0.68	0.89	0.71	36.1	15.8	88.3	1.01	2.4
	8	2	0.3	0.90	900	0.55	12.4 7	1.81	0.72	0.90	0.72	38.1	19.7	82.8	0.90	2.6
	9	2	0.1	0.15	1000	0.77	3.26	0.90	1.64	0.50	0.35	60.6	26.6	89.7	1.31	2.6
	10	2	0.1	0.90	1000	0.70	14.3 4	2.28	1.12	0.87	0.67	54.8	47.0	68.9	1.04	2.7
	11*	5	0.1	0.90	755-1104	0.93	13.0 8	3.60	0.88	0.88	0.80	58.0	57.6	71.5	1.13	3.9
	12*	4	0.1	0.90	610-1171	0.83	28.4 0	4.55	0.93	0.94	0.83	67.3	53.5	61.0	0.90	3.0
		*non-isothermal test											

  . 11 confirms that an increase in the inlet methane flow-rate improved H 2 yield, ZnO at 0.3 NL/min). This implies that raising the inlet methane flow-rate would rather promote CH 4 cracking reaction than the main reaction of ZnO reduction with methane, as reflected by a substantial increase in H 2 and a drop in CO and CO 2 yields with methane flow-rate. In addition, the associated solid carbon formation could be estimated to be half the H 2 (from CH 4 cracking) yield, thus increasing in the range 1.47-4.43 mmol/g ZnO at 0.1-0.3 NL/min, and inducing a drop in Xc with inlet methane flowrate (from 91.8% at 0.1 NL/min to 82.8% at 0.3 NL/min). Note that yellow solid chunks were

	especially H 2 associated with CH 4 cracking; however, CO and CO 2 yields tended to decrease
	within the considered range (4.09 (H 2 (ZnO+CH 4 )), 2.94 (H 2 (CH 4 cracking)), 2.04 (CO), and
	0.89 (CO 2 ) mmol/g ZnO at 0.1 NL/min vs. 3.61 (H 2 (ZnO+CH 4 )), 8.86 (H 2 (CH 4 cracking)),
	1.81 (CO), and 0.72 (CO 2 ) mmol/g

Table 1 ,

 1 syngas yields obtained from Run#12 (H 2 and CO yields were 28.4 and 4.6 mmol/g ZnO , respectively, with H 2 /CO=6.2) were greater than those obtained from Run#11, especially H 2 yield owing to stronger CH 4 dissociation at the expense

of high solid carbon formation, which explained the lower Xc (61%). The highest values of X ZnO (67.3%) and X CH4 (57.6%) were obtained from non-isothermal tests, confirming the strong temperature effect on ZnO and CH 4 conversion.
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