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Regenerating metal fuels through the carbothermal reduction of magnesia and alumina using concentrated solar energy

Introduction

The need for sustainable clean fuels, caused by the depletion of fossil fuels and global warming, makes it necessary to develop novel processes to meet growing demand, especially in the critical transport sector [1]. In this context, metal fuels are promising zero-carbon energy-carrying materials that can be directly burned in a metal-fueled combustor [2]. The regeneration of those fuels using renewable energy sources, through the reduction of the combustion product oxides, provides the sustainability of the combustion/reduction cycles [3]. A previous exergy analysis proved that operating under low vacuum is economically advantageous when the heat required for the reduction is supplied using concentrated solar energy [4]. Therefore, this study investigates the vacuum-assisted carbothermal reduction of magnesia and alumina using concentrated solar energy aiming to improves the metal fuels production and thus the combustion/reduction cycle efficiency.

Experimental Set-up

Solar experiments are performed in the Sol@rmet reactor [START_REF] Puig | AIP Conference Proceedings[END_REF] placed at the focus of a 1.5 kW solar furnace at Odeillo (France) consisting of a tracking heliostat and a parabolic mirror (Fig. 1) that concentrates the solar radiation up to 15000 suns. The reaction temperature is controlled by opening the shutter placed between the heliostat and the parabola, and is measured using a monochromatic pyrometer. A primary pump provides the vacuum and the reactor pressure is set to 190-840 Pa by adjusting the flow rate of the argon carrier gas (0.5-5 NL min -1 ). Oxide powders and charcoal reducing agents were manually or mechanically milled with various binders (PVA, starch, bentonite) and metal catalysts (Fe, Ni, Fe-Ni). C/MgO and C/Al 2 O 3 pellets are formed through dry pressing at a molar ratio of 1.25 (carbon excess) and 3 (stoichiometry) respectively. The produced metal powders were collected on a porous stainless-steel filter installed on the exit tube (m filter ) and on the reactor walls (m reactor ). Those powders were analyzed by XRD to determine their chemical composition (metal purity), and by granulometry and SEM measurements to determine their size and structural morphology. Whereas, the gases (CO and CO 2 ) production was observed all along the reaction time using the Xstream infrared gas analyzer. The performance of the reduction is determined by computing the metal yield according to the following equation, where is the maximum metal quantity that can be produced based on the initial oxide content. Fig. 1: Experimental set-up and photo of the concentrated solar system and the Sol@rmet reactor.

Results and Discussion

Solar carbothermal reduction of magnesia

Based on numerical simulations performed using ANSYS-CFX software, we confirmed by solar experiments that a double Ar entry from the top and bottom parts of the reactor will create a swirl circulation allowing a better purge of the products and thus a higher Mg yield by around 15% as show in Table 1. A mechanical milling of the C/MgO powders prevents the existence of magnesia agglomerates and increases the C/MgO contact thus increasing the reduction yield to 84.7%. The effect of the charcoal type is investigated showing that birch charcoal gives a yield three times higher than using chimney charcoal and proving that a minimal fixed carbon content of 85% is required. Using 5% starch -5% bentonite binder allows reaching a Mg yield of 96% of highly pure agglomerates of submicron Mg particles and crystals and this catalytic effect can be attributed to the prevention of the MgO sintering. Metal catalysts (Fe, Ni, Fe-Ni) proved to have a negative effect as the yield decreases to around 75% when 2% Fe is added. We assume that iron catalyst accelerates the reaction at the beginning thus decreasing the C content and promoting the MgO sintering.

Parameters and conditions during the solar experiments

yield (%) purity (%) Previous results using Sol@rmet reactor (one Ar entry, 900 Pa, 5 Nl min -1 ) [START_REF] Puig | [END_REF] 50.0 97 Progressive temperature increase, one Ar entry, 900 Pa, 3.5 Nl min -1 52.0 87 Double entry: 0.5 Nl min -1 from bottom entry and 3 Nl min - 

Solar carbothermal reduction of alumina

The main problem encountered during the carbothermal reduction of alumina is the formation of unwanted Al-oxycarbide by-products. Solar experiments are performed at various pressures (190-840 Pa) and by slowly or quickly increasing the temperature to optimize the conditions limiting the formation of those byproducts. Results proved again the beneficial effect of mechanical milling as the yield improves by around 15% while the bentonite effect becomes adverse as it accelerates the beginning of the reaction, promoting the formation of by-products. At 840 Pa, a maximum yield of 75% is reached when the temperature is gradually increased, obtaining 85% purity of nano-and micro-sized Al particles. Decreasing the pressure to 285 Pa, by reducing the argon flow, allows to obtain 77% Al yield and to prevent the formation of Al 2 OC (91% Al purity). However, an additional decrease of the pressure to 190 Pa is disadvantageous (43% Al yield) as most of the produced powders deposit in the reactor where they can be easily oxidized (40% Al 2 O 3 ).

Conclusions

The amelioration of the reaction conditions and parameters during the vacuum-assisted solar carbothermal reduction of magnesia and alumina allows to reach higher metal yields of highly pure metal powders making their use as recyclable fuels in combustion/reduction cycles more attractive.

Table 1 :

 1 Comparison of the Mg yield and purity obtained after various solar MgO reduction experiments.

	1 from upper entry	68.0	87
	Mechanical milling of C/MgO powders	84.7	93
	C/MgO + 5% starch + 5 % bentonite	95.8	96
	C/MgO + 5% starch + 5 % bentonite + 2% Fe	77.1	91