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Hydrogen generation from ball milled Mg alloy waste by hydrolysis reaction
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Hydrolysis is an effective method for generating hydrogen from Mg alloy waste provided from the sacrificial anode industry. Mg alloy was ball milled under H2 to enhance its hydrolysis reactivity.

The effect of ball milling time, the nature of the additives (graphite and AlCl3) and the synergetic effect by chronological or simultaneous addition of 5 wt.% graphite and 5 wt.% AlCl3 were examined. It has been established that increasing milling time without additive beyond 2 h decreases the hydrolysis performance. Using AlCl3 slightly improves the hydrogen production properties when milling for 2 h. Incorporating graphite leads to the best hydrolysis properties (yield of 78% reached in 5 min when milled for 5 h). On the other hand, by combining both additives better results are obtained. The mixture prepared by milling for 2 h with 5 wt.% of graphite followed by additional milling for 2 h with 5 wt.% of AlCl3 shows the best hydrolysis performance with a yield of 92% achieved in 5 min. When both additives are incorporated, the simultaneous or sequential addition and the order of incorporation strongly affect the microstructure and the morphology, and consequently the hydrogen production performance of the powders.

Introduction

Corrosion is one of the major challenges that affect industrial activities at several levels, involving safety, but also the durability of materials and installations. This phenomenon depends on the materials (i.e. atomic and electronic structure) and their environment (e.g. atmospheric corrosion or corrosion in aqueous media). Various protection methods have been developed to protect materials against corrosion such as the addition of inhibitors, the design of coatings, the cathodic protection through sacrificial anodes, etc. Among these methods of corrosion control, the cathodic protection is considered as one of the most reliable and efficient technique, especially in some marine environments [START_REF] Parthiban | Cathodic protection of steel in concrete using magnesium alloy anode[END_REF]. There are essentially two types of cathodic protection systems: 1) imposed current cathodic protection and 2) sacrificial anode [START_REF] Yan | Magnesium alloy anode as a smart corrosivity detector and intelligent sacrificial anode protector for reinforced concrete[END_REF]. The first system has been widely used, but its maintenance is difficult and limited by the availability of electrical supply [START_REF] Koleva | Microstructural properties of the bulk matrix and the steel/cement paste interface in reinforced concrete, maintained in conditions of corrosion and cathodic protection[END_REF]. The second system offers a main advantage by being more practical as no external wiring or auxiliary power is required to impose a current [START_REF] Parthiban | Cathodic protection of steel in concrete using magnesium alloy anode[END_REF]. On the other hand, this system cannot be modified after installation and cannot provide the desired current or voltage for optimum protection since the electrical properties depend on the chemical composition of the sacrificial anode. An ideal sacrificial anode should have a potential slightly lower than the cathode material (nobler), provide sufficient cathodic protection current, and have a limited (as negligible as possible) corrosion rate [START_REF] Song | The possibility of forming a sacrificial anode coating for Mg[END_REF]. Among the commonly used metals, magnesium stands out [START_REF] Abootalebi | Optimizing the electrode position in sacrificial anode cathodic protection systems using boundary element method[END_REF] especially because: (i) it has a negative standard electrode potential of -2.37 V (vs SHE) [START_REF] Cao | Electrochemical oxidation behavior of Mg-Li-Al-Ce-Zn and Mg-Li-Al-Ce-Zn-Mn in sodium chloride solution[END_REF], more negative than those of aluminum (-2,31 V (vs SHE)) and zinc (-1,25 V (vs SHE)) [START_REF] Cao | Electrochemical behavior of Mg-Li, Mg-Li-Al and Mg-Li-Al-Ce in sodium chloride solution[END_REF][START_REF] Suresh Kannan | Corrosion and anodic behaviour of zinc and its ternary alloys in alkaline battery electrolytes[END_REF] which offers higher current output [START_REF] Abootalebi | Optimizing the electrode position in sacrificial anode cathodic protection systems using boundary element method[END_REF],

(ii) it has a density of 1.74 g/cm 3 , lower than that of aluminum (2.70 g/cm 3 ) and zinc (7.14 g / cm3) [START_REF] Wang | Research progress of magnesium anodes and their applications in chemical power sources[END_REF] offering a decrease in the total weight of the total system.

Corrosion-resistant Mg-based alloys, namely AZ alloys [START_REF] Jia | Influence of geometry on galvanic corrosion of AZ91D coupled to steel[END_REF], have been used as sacrificial anodes to protect more noble materials against corrosion [START_REF] Song | Corrosion Mechanisms of Magnesium Alloys[END_REF][START_REF] Jia | Simulation of galvanic corrosion of magnesium coupled to a steel fastener in NaCl solution[END_REF]. The fabrication of such sacrificial anodes produces waste (chips during machining mainly) and the recycling of this Mg waste is unfavorable for economic reasons [START_REF] Brown | Magnesium recycling yesterday, today, and tomorrow[END_REF][START_REF] Edgar | Global overview on demand and applications for magnesium alloys[END_REF][START_REF] Hanko | Recycling automotive magnesium scrap[END_REF][START_REF] Javaid | Literature review on magnesium recycling[END_REF]. Previously, it has been shown that a "second life" can be offered to this waste: the production of hydrogen by hydrolysis with Mg-based waste [START_REF] Bacha | Hydrogen generation via hydrolysis of ball milled WE43 magnesium waste[END_REF][START_REF] Uan | Generation of hydrogen from magnesium alloy scraps catalyzed by platinum-coated titanium net in NaCl aqueous solution[END_REF][START_REF] Uan | Producing hydrogen in an aqueous NaCl solution by the hydrolysis of metallic couples of low-grade magnesium scrap and noble metal net[END_REF][START_REF] Uan | Evolution of hydrogen from magnesium alloy scraps in citric acid-added seawater without catalyst[END_REF][START_REF] Yu | Effects of concentrations of NaCl and organic acid on generation of hydrogen from magnesium metal scrap[END_REF][START_REF] Figen | Hydrogen generation from waste Mg based material in various saline solutions (NiCl2, CoCl2, CuCl2, FeCl3, MnCl2)[END_REF][START_REF] Figen | Hydrogen production by the hydrolysis of milled waste magnesium scraps in nickel chloride solutions and nickel chloride added in Marmara Sea and Aegean Sea Water[END_REF].

Two environmentally friendly achievements are obtained through this process: 1) alloy waste is reused and 2) hydrogen is produced. The second achievement is particularly relevant, since hydrogen can be used as a clean fuel with no greenhouse gas emissions. But, the hydrolysis reaction is rapidly interrupted by the formation of a passivation layer of magnesium dihydroxide [START_REF] Tayeh | Production of hydrogen from magnesium hydrides hydrolysis[END_REF]. Previous work has shown that ball milling, under an inert (e.g. Argon) or reactive (e.g. H2)

atmosphere, is an effective treatment to improve the hydrolysis performance of Mg-based materials [START_REF] Bacha | Hydrogen generation via hydrolysis of ball milled WE43 magnesium waste[END_REF][START_REF] Bacha | Effect of ball milling in presence of additives (Graphite, AlCl3, MgCl2 and NaCl) on the hydrolysis performances of Mg17Al12[END_REF][START_REF] Awad | Effect of carbons (G and CFs), TM (Ni, Fe and Al) and oxides (Nb2O5 and V2O5) on hydrogen generation from ball milled Mg-based hydrolysis reaction for fuel cell[END_REF][START_REF] Grosjean | Effect of ball milling on the corrosion resistance of magnesium in aqueous media[END_REF][START_REF] Grosjean | Hydrogen production from highly corroding Mg-based materials elaborated by ball milling[END_REF][START_REF] Grosjean | Hydrolysis of Mg-salt and MgH2-salt mixtures prepared by ball milling for hydrogen production[END_REF][START_REF] Zou | The preparation of Mg-based hydro-reactive materials and their reactive properties in seawater[END_REF][START_REF] Wang | Hydrolysis reaction of ball-milled Mg-metal chlorides composite for hydrogen generation for fuel cells[END_REF][START_REF] Liu | Hydrogen generation from the hydrolysis of Mg powder ball-milled with AlCl3[END_REF][START_REF] Buryakovskaya | Hydrogen production properties of magnesium and magnesium-based materials at low temperatures in reaction with aqueous solutions[END_REF]. Indeed, the decrease in the particle size and the formation of surface defects contribute to the increase of the potentially reactive surface with the electrolyte, and subsequently to the improvement of the hydrolysis performance.

Uan et al. [START_REF] Uan | Generation of hydrogen from magnesium alloy scraps catalyzed by platinum-coated titanium net in NaCl aqueous solution[END_REF] reported that AZ91 waste can be recycled as a secondary material to generate high purity H2. The use of a platinum-coated Ti net as catalyst was required to improve the reactivity of the bulk Mg sample in an aqueous NaCl solution with an average H2 generation rate of about 302.3 ml.min -1 .(g of catalyst) -1 . The use of a rotating electrode catalyst increased the average H2 generation rate to 432.4 ml.min -1 .(g of catalyst) -1 due to the inhibition of the formation of the passive layer of Mg(OH)2. Nevertheless, a disadvantage of using this last method is the need for a complex energy-consuming re-melting process (especially for Mg-Al alloys [START_REF] Kumar | Introduction to magnesium alloy processing technology and development of low-cost stir casting process for magnesium alloy and its composites[END_REF]) and the use of an expensive noble catalyst based on Pt. Recently, we have demonstrated that the milling of another Mg alloy waste, e.g. WE43, under Ar atmosphere and the use of graphite (G) and nickel as milling additives improved the hydrolysis reaction performance [START_REF] Bacha | Hydrogen generation via hydrolysis of ball milled WE43 magnesium waste[END_REF]. The effect of ball milling with graphite was reported beneficial to the hydrolysis reaction because of (i) the galvanic coupling established between Mg and G which increases the corrosion rate of Mg [START_REF] Bacha | Effect of ball milling in presence of additives (Graphite, AlCl3, MgCl2 and NaCl) on the hydrolysis performances of Mg17Al12[END_REF] and (ii) the formation of a protective layer on the surface which prevents the formation of the surface passivation layer [START_REF] Bacha | Hydrogen generation via hydrolysis of ball milled WE43 magnesium waste[END_REF][START_REF] Awad | Effect of carbons (G and CFs), TM (Ni, Fe and Al) and oxides (Nb2O5 and V2O5) on hydrogen generation from ball milled Mg-based hydrolysis reaction for fuel cell[END_REF]. Moreover, the presence of graphite during ball milling of Mg under H2 atmosphere improves Mg hydriding rate [START_REF] Huot | Synthesis of nanocrystalline hydrogen storage materials[END_REF][START_REF] Huang | Improvement in hydrogen cycling properties of magnesium through added graphite[END_REF][START_REF] Huang | Noticeable improvement in the desorption temperature from graphite in rehydrogenated MgH2/graphite composite[END_REF][START_REF] Fuster | Characterization of MgH2 formation by lowenergy ball-milling of Mg and Mg+C (graphite) mixtures under H2 atmosphere[END_REF][START_REF] Fuster | Characterization of graphite catalytic effect in reactively ball-milled MgH2-C and Mg-C composites[END_REF]. Additionally, the use of chlorides (such as AlCl3) reduces the particle size and creates microstructure defects in Mg-based materials [START_REF] Bacha | Effect of ball milling in presence of additives (Graphite, AlCl3, MgCl2 and NaCl) on the hydrolysis performances of Mg17Al12[END_REF][START_REF] Grosjean | Hydrolysis of Mg-salt and MgH2-salt mixtures prepared by ball milling for hydrogen production[END_REF][START_REF] Liu | Hydrogen generation from the hydrolysis of Mg powder ball-milled with AlCl3[END_REF][START_REF] Li | Influence of chloride salts on hydrogen generation via hydrolysis of MgH2 prepared by hydriding combustion synthesis and mechanical milling[END_REF]. Previously, we have shown that the exothermic dissolution of AlCl3 improved (compared to MgCl2 and NaCl) the kinetics and the yield of hydrolysis of Mg17Al12 due to the generation of HCl at the materialelectrolyte interface which favors the dissolution of the passivation layer [START_REF] Bacha | Effect of ball milling in presence of additives (Graphite, AlCl3, MgCl2 and NaCl) on the hydrolysis performances of Mg17Al12[END_REF].

In this work, hydrogen production from the hydrolysis reaction of Mg alloy waste is explored. The waste was provided by the sacrificial anode industry, and it was processed by milling under H2 since the formation of MgH2 increases the total H2 generation capacity of the material (from 8.2 wt.% to 15.2 wt.% of H2 for pure Mg and MgH2 respectively) and also because MgH2 is a brittle material that helps to increase the efficiency of milling. The hydrolysis with Mg alloy waste was investigated in a 0.6M MgCl2 aqueous solution. The effects of the ball milling time as well as the use of additives such as graphite and AlCl3 powders and the synergetic effect of adding both additives were studied.

Experimental details

2.1.Materials preparation

Waste of Mg-based alloy from the machining of sacrificial anodes for water heaters mixed with some Al scraps (as provided by Roberto Cordes S.A., Argentina) was washed in acetone in an ultrasonic bath for 15 min to remove residual oil. This cleaning procedure was repeated at least three times until weight loss was not significant. The clean alloy will just be named Mg alloy in the following.

Mg alloy was milled under 5 bar of hydrogen in a Fritsch Pulverisette 6 milling device with a ballto-powder mass ratio of 40:1 at room temperature and with a reverse milling process [START_REF] Cortez | Kinetic improvement of H2 absorption and desorption properties in Mg/MgH2 by using niobium ethoxide as additive[END_REF]. Graphite powder (Aldrich) and anhydrous aluminum chloride powder AlCl3 (98%, Aldrich) were used as ball milling additives. The rotation speed was fixed to 400 rpm with the sequence: 10 min of continuous milling followed by 20 min of pause (to allow the system to cool down).

The materials were stored in an Argon-filled glove box (UNILab MBraun, O2 <0.1 ppm and H2O <0.6 ppm) to avoid air exposure. However, prior to the hydrolysis tests, the powder was exposed to air for a maximum of 7 minutes (for various handlings).

2.2.Materials characterization

Hydrolysis tests were carried out at 23°C in a 0.6M MgCl2 aqueous solution using a homemade experimental setup [START_REF] Pighin | Nanostructured Mg for hydrogen production by hydrolysis obtained by MgH2 milling and dehydriding[END_REF]. 60 minutes after the starting of each hydrolysis experiment 10 ml of a 0.5M HCl solution were added to the system to complete the reaction. To compare the hydrolysis performances of all Mg alloy-X (X stands for additives) results were normalized by dividing the hydrogen amount produced in 0.6 M MgCl2 solution by the hydrogen production capacity obtained after acid addition (considered to be the total hydrogen capacity of each material). In the following, when we report about the kinetics of hydrolysis (i.e. yield as a function of hydrolysis time), it is always without considering the acid addition and so, it is always during the first 60 minutes of hydrolysis.

The samples were characterized by X-ray diffraction (XRD) using a Bruker Advance D8 diffractometer with Cu Kα radiation. The crystalline phases were identified using the ICDD database and quantified by Rietveld refinement using TOPAS [START_REF]TOPAS V4: General Profile and Structure Analysis Software for Powder Diffraction Data, User's Manual[END_REF]. Mg crystallites size (τMg) was estimated from XRD refinement according to the fundamental parameter approach as implemented by TOPAS (only the contribution from crystallites size was considered to the peak broadening, i.e.

the effect of microstrains was not taken into account). The amount of Al incorporated into the Mg matrix (xAl, occupancy) was estimated from the relationship between cell parameter and solubility established by ref [START_REF] Murray | The Al-Mg (Aluminum-Magnesium) system[END_REF]. Morphological analysis was performed on a SEM microscope (SEM-FIB Zeiss Crossbeam 340) coupled to an EDS detector. Particle size distribution was evaluated by laser granulometry using a Mastersizer 2000® from Malvern. Particle size data are expressed as number distribution.

It is worth pointing out that the XRD, SEM, particle size distribution and hydrolysis experiments have been done with the powder obtained after passing the milled material through a sieve of 200 µm, unless no powder was contained in the product of ball milling.

Results and discussion

3.1.Ball milling time effect

The X-ray diffraction pattern of the raw-Mg alloy (Figure 1 

c) a) b)

By refinements of the XRD patterns (Table 1) the previously mentioned effects can be quantified:

(i) the insertion of Al atoms in the Mg matrix (i.e. the occupancy of Al in Mg (xAl) goes from 2.2 at.% to 6.9 at.% after 10h of milling), (ii) Mg crystallites size decreases from 94 nm to 10 nm after 10h of milling (Figure 1.b and Table 1), and (iii) the hydride amount reaches 10.8 wt.% (considering both β-MgH2 and γ -MgH2) after 10h (Figure 1.c and Table 1). The increase of the Al content in the Mg matrix correlates with the decrease of the metallic Al (clearly visible at 2 = 38° which is the most intense peak for Al). Also, a small amount of iron from milling tools can be detected after prolonged milling time. + the material is not a powder but flakes with an average particle size > 300 µm.

From the morphologic point of view, ball milling reduces the size of Mg alloy flakes from up to 300 μm to 11 μm after 10 hours (Table 1) and forms surface defects (cracks) (Figure 2). In fact, the particles were fractured under the ball impacts, which created fresh Mg/MgH2 surfaces and increased subsequently the surface area of the powder. 2). Milling for 2, 5 and 10 h enhances the hydrolysis performance and increases the total capacity of H2 generation (i.e. H2 generated after HCl addition) due to the formation of MgH2. It should be noted that, from an application point of view, two factors must be taken into account: the hydrogen generation during the first minutes (i.e. good kinetics) and the total generation capacity (i.e. high H2 generation).

d) c) a) b)

Table 2: Hydrogen production by hydrolysis with all the samples after 5 min and 60 min of reaction in 0.6M MgCl2 solution, after 0.5M HCl solution addition (considered as being the total hydrogen amount produced) and the calculated yield. ** After adding HCl, the hydrolysis reaction is considered complete and the amount of hydrogen produced is considered as the maximum H2 production.

Sample

The increase in milling time (i.e. 2, 5 and 10h) improved the total hydrogen generation capacity (with acid, last column in Table 2) due to the formation of MgH2. Without acid, the best hydrolysis performances (first 2 columns of Table 2) were obtained for Mg alloy 2h, with 91% of the total yield produced in 60 min (Figure 3.b.). With further milling time the hydrolysis kinetics worsen. This behavior has been reported previously for Mg and MgH2 and has been attributed to increased oxidation of the powder and to the homogeneity of the defects distribution in the material after prolonged milling [START_REF] Grosjean | Hydrogen production via hydrolysis reaction from ball-milled Mgbased materials[END_REF].

XRD patterns of Mg alloy 10h after more than 60 min of hydrolysis shows the predominant presence of Mg(OH)2 and metallic hydroxides/chlorides (i.e. Mg6Al2(OH)18.5H2O [START_REF] Uan | Producing hydrogen in an aqueous NaCl solution by the hydrolysis of metallic couples of low-grade magnesium scrap and noble metal net[END_REF], Mg2Al(OH)7 [START_REF] Gan | Kinetic performance of hydrogen generation enhanced by AlCl3 via hydrolysis of MgH2 prepared by hydriding combustion synthesis[END_REF] and/or Mg3(OH)5Cl.4H2O [START_REF] Buryakovskaya | Hydrogen production properties of magnesium and magnesium-based materials at low temperatures in reaction with aqueous solutions[END_REF][START_REF] Gan | Kinetic performance of hydrogen generation enhanced by AlCl3 via hydrolysis of MgH2 prepared by hydriding combustion synthesis[END_REF][START_REF] Tan | Hydrogen generation by hydrolysis of Mg-Mg2Si composite and enhanced kinetics performance from introducing of MgCl2 and Si[END_REF] with a minor contribution of MgCl2.6H2O) together with a small amount of unreacted Mg and MgH2 (Figure 1.a.). The ratio of the amount of Mg/MgH2 decreases from 4.1 to 3.4 after the hydrolysis reaction. This suggests that, as reported in ref [START_REF] Awad | Effect of carbons (G and CFs), TM (Ni, Fe and Al) and oxides (Nb2O5 and V2O5) on hydrogen generation from ball milled Mg-based hydrolysis reaction for fuel cell[END_REF], MgH2 is less reactive than Mg. 

3.2.Effect of AlCl3 addition

The effect of ball milling with the addition of 5 wt.% of AlCl3 for 2, 5 and 10 h was investigated.

A material named "Mg alloy + AlCl3 xh" refers to Mg alloy + 5 wt.% AlCl3 milled for x h (e.g. x = 2, 5 or 10). Milling with AlCl3 reduced Mg crystallite size to 22 nm, 12 nm and 9 nm (Figure 1.b) and the particle size to 23 μm, 11 μm and 11 μm for 2h, 5h and 10h respectively (Table 1).

These results are expected since chlorides are known as good milling agents that promote the reduction of particle size and the creation of surface defects (Cf Supplementary material Figure 1) [START_REF] Bacha | Effect of ball milling in presence of additives (Graphite, AlCl3, MgCl2 and NaCl) on the hydrolysis performances of Mg17Al12[END_REF][START_REF] Grosjean | Hydrolysis of Mg-salt and MgH2-salt mixtures prepared by ball milling for hydrogen production[END_REF][START_REF] Liu | Hydrogen generation from the hydrolysis of Mg powder ball-milled with AlCl3[END_REF][START_REF] Li | Influence of chloride salts on hydrogen generation via hydrolysis of MgH2 prepared by hydriding combustion synthesis and mechanical milling[END_REF]. Figure 1.c. and Table 1 show that the presence of AlCl3 reduces the hydriding of Mg during ball milling under H2. Indeed, the amount of MgH2 is only 0 wt.%, 3 wt.% and 5 wt.% for Mg alloy + AlCl3 ball milled for 2h, 5h and 10h respectively (Table 1). EDS observations (Figure 4 Referring to Table 2 and supplementary material Figure 2, Mg alloy milled 2h with AlCl3 shows better hydrolysis performance than Mg alloy milled without additives (4.8 wt.% of H2 produced in 5 min (corresponding to a yield of 73%) and 6.1 wt.% in 60 minutes (corresponding to a yield of 92%). The improvement of the hydrolysis kinetics is attributed to (i) the increase of the surface defects (cracks) which promotes pitting corrosion due to Cl -ions from MgCl2 solution and (ii) the exothermic dissolution of AlCl3 during the reaction which generates Lewis acid cation Al 3+ and Brønsted acid cation H + [START_REF] Bacha | Hydrogen generation via hydrolysis of ball milled WE43 magnesium waste[END_REF][START_REF] Bacha | Effect of ball milling in presence of additives (Graphite, AlCl3, MgCl2 and NaCl) on the hydrolysis performances of Mg17Al12[END_REF][START_REF] Grosjean | Effect of ball milling on the corrosion resistance of magnesium in aqueous media[END_REF]. Acids decrease the pH favoring the destruction of the passive layer of Mg(OH)2 [START_REF] Bacha | Effect of ball milling in presence of additives (Graphite, AlCl3, MgCl2 and NaCl) on the hydrolysis performances of Mg17Al12[END_REF][START_REF] Liu | Hydrogen generation from the hydrolysis of Mg powder ball-milled with AlCl3[END_REF]. Nevertheless, as observed for Mg alloy without additives (Section 3.1), milling for more than 2h with AlCl3 decreases the hydrolysis performance.
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3.3.Effect of graphite addition

The effect of ball milling with 5 wt.% of graphite for 2, 5 and 10h was also investigated. Materials named "Mg alloy + G xh" refer to Mg alloy milled for x h (e.g. x = 2, 5 or 10) with 5 wt.% of G. Table 1) after 5 and 10h respectively). This is in perfect agreement with the "Mg + G" hydriding behavior results previously reported [START_REF] Fuster | Characterization of MgH2 formation by lowenergy ball-milling of Mg and Mg+C (graphite) mixtures under H2 atmosphere[END_REF][START_REF] Fuster | Characterization of graphite catalytic effect in reactively ball-milled MgH2-C and Mg-C composites[END_REF]. From the morphological point of view, after 2 hours of milling, flakes were obtained because of the lubricating effect of the graphite [START_REF] Bacha | Hydrogen generation via hydrolysis of ball milled WE43 magnesium waste[END_REF][START_REF] Awad | Effect of carbons (G and CFs), TM (Ni, Fe and Al) and oxides (Nb2O5 and V2O5) on hydrogen generation from ball milled Mg-based hydrolysis reaction for fuel cell[END_REF] whereas the accumulation of mechanical energy in the material after a prolonged milling (5h and 10h) transforms these flakes into a fine powder (size of 6 μm , Cf Table 1 and Supplementary material Figure 3).

From Figure 6.a, the amount of hydrogen produced from hydrolysis with Mg alloy + G is ranked as follow: 5h / 10h / 2h while figure 6.b shows that, the normalized H2 productions (i.e. yield) are ranked as : 5h / 2h / 10h. This dissimilarity is explained by the variation of MgH2 amount in the three samples, which influences the amount of hydrogen produced at the end of the reaction (i.e.

the higher MgH2 amount, the higher the total H2 production). The relative low hydrogen production by hydrolysis with Mg alloy + G 2h (compared to that with Mg alloy + G 5h and 10h) is attributed to the fact that the particle size is greater than 300 μm (Table 1 and Supplementary material Figure 3), which reduces the reactive surface area.

XRD patterns of Mg alloy + G 10h after hydrolysis (Figure 5) confirms the conversion of Mg and MgH2 to Mg(OH)2 and MgxAly(OH)zClt [START_REF] Uan | Producing hydrogen in an aqueous NaCl solution by the hydrolysis of metallic couples of low-grade magnesium scrap and noble metal net[END_REF][START_REF] Buryakovskaya | Hydrogen production properties of magnesium and magnesium-based materials at low temperatures in reaction with aqueous solutions[END_REF][START_REF] Gan | Kinetic performance of hydrogen generation enhanced by AlCl3 via hydrolysis of MgH2 prepared by hydriding combustion synthesis[END_REF][START_REF] Tan | Hydrogen generation by hydrolysis of Mg-Mg2Si composite and enhanced kinetics performance from introducing of MgCl2 and Si[END_REF] (Cf, Section 3.1). The presence of broad peaks induces large inaccuracy on phase quantification. Nevertheless, according to the estimation of the amount of Mg and MgH2 from Rietveld refinement before and after hydrolysis the ratio of the amount of Mg/MgH2 decreases from 2.7 to 1.3 after hydrolysis, i.e. Mg is more reactive than MgH2 [START_REF] Awad | Effect of carbons (G and CFs), TM (Ni, Fe and Al) and oxides (Nb2O5 and V2O5) on hydrogen generation from ball milled Mg-based hydrolysis reaction for fuel cell[END_REF]. The improvement in the hydrolysis performance of the AZ91 + G materials milled 5h and 10h compared to Mg alloy milled without additives is attributed to the formation of a graphite layer on the surface which prevents the limitation of hydrolysis by the adhesion of Mg(OH)2 [START_REF] Bacha | Hydrogen generation via hydrolysis of ball milled WE43 magnesium waste[END_REF][START_REF] Awad | Effect of carbons (G and CFs), TM (Ni, Fe and Al) and oxides (Nb2O5 and V2O5) on hydrogen generation from ball milled Mg-based hydrolysis reaction for fuel cell[END_REF]. 

b) a)

Synergetic effect of graphite and AlCl3

In recent works, the addition of 5 wt.% of two additives (G and Ni [START_REF] Bacha | Hydrogen generation via hydrolysis of ball milled WE43 magnesium waste[END_REF][START_REF] Awad | Effect of carbons (G and CFs), TM (Ni, Fe and Al) and oxides (Nb2O5 and V2O5) on hydrogen generation from ball milled Mg-based hydrolysis reaction for fuel cell[END_REF], G and AlCl3 [START_REF] Bacha | Effect of ball milling in presence of additives (Graphite, AlCl3, MgCl2 and NaCl) on the hydrolysis performances of Mg17Al12[END_REF]) was found to enhance Mg [START_REF] Awad | Effect of carbons (G and CFs), TM (Ni, Fe and Al) and oxides (Nb2O5 and V2O5) on hydrogen generation from ball milled Mg-based hydrolysis reaction for fuel cell[END_REF], WE43 [START_REF] Bacha | Hydrogen generation via hydrolysis of ball milled WE43 magnesium waste[END_REF] and Mg17Al12 [START_REF] Bacha | Effect of ball milling in presence of additives (Graphite, AlCl3, MgCl2 and NaCl) on the hydrolysis performances of Mg17Al12[END_REF] hydrolysis rate. So far, we have shown that milling Mg alloy without additives or with AlCl3 for 2h improves hydrolysis (Sections 3.1 and 3.2), but further milling decreases hydrogen production yield and rate. When using G as an additive, milling for 5h (Section 3.3) was necessary to obtain a powder exhibiting the best hydrolysis performance. In this context, it appears interesting to study the possible synergetic effect of the addition of 5 wt.% of both graphite and AlCl3,either by simultaneous or chronological addition.

Simultaneous addition

Mg alloy + (G + AlCl3) xh refers to Mg alloy milled for x hours (x = 2, 5 or 10) with simultaneous addition of 5 wt.% of G and 5 wt.% of AlCl3. Even for 10h of milling time with both additives only flakes (i.e. no powder) were obtained (Supplementary material Figure 4). The size of the flakes decreases by increasing the time, but still with a d90 greater than 300 μm. The broadening of the Mg diffraction peaks by increasing milling time indicates a decrease of Mg crystallites size, but the preferred orientation along the c axis persists even after 10 hours of milling. Additionally, it can be seen that milling with graphite and AlCl3 prevents the hydriding of Mg (Table 1). These observations suggest that the lubricating effect of graphite (which reduces the energy induced by ball milling) is stronger when added with AlCl3. Nevertheless, Table 2 (and Figure 5 of supplementary material) indicates that an increase in milling time in the presence of both additives improves the hydrolysis performance.

Compared with Mg alloy milled without additives, the yields obtained for Mg alloy + (G + AlCl3) 2h and Mg alloy + (G + AlCl3) 5h are lower, while Mg alloy + (G + AlCl3) 10h shows a slightly better performance (68% of the total H2 amount for Mg alloy + (G + AlCl3) 10h vs. 62% for Mg alloy 10h). In the latter case, two phenomena could explain the improvement: (i) the presence of AlCl3 and graphite which, each having its singular effect (sections 3.2 and 3.3), improves the hydrolysis performance, and (ii) the non-formation of MgH2 which is less hydrolysable than Mg.

Taking all this into account, it seems that the simultaneous addition of graphite and AlCl3 somewhat cancels the individual positive effect of each additive, leading to a less efficient milling and lower hydrolysis performance.

Chronological addition

The chronological addition of both additives refers to milling Mg alloy with one additive for a certain duration, and then adding the other additive and milling for an additional duration. For AlCl3 we selected a milling time of 2 hours, since 2 h is the optimal milling time with this additive (Section 3.2). For G, milling times of 2, 3 and 5 h were considered, as it will be discussed below.

A material named "Mg alloy + AlCl3 2h + G xh" refers to Mg alloy + AlCl3 milled for 2 h then followed by further milling with graphite for x h (e.g. x = 3 or 5), while, "Mg alloy + G xh + AlCl3 2h" refers to Mg alloy + G milled for x h (e.g. x = 2 or 5) then followed by further milling with AlCl3 for 2 h. 2, that the material with G has a hydrolysis performance slightly below that of Mg alloy + AlCl3 2h, despite the reduction in Mg crystallite size and particle size induced by G (Figure 8.a and Table 1). This effect is attributed to the longer milling time employed to prepare Mg alloy + AlCl3 2h + G 3h. In fact, comparing Mg alloy + AlCl3 2h + G 3h with Mg alloy + AlCl3 5h (same total milling time) we note that the performance of the first is better in kinetics and yield. Therefore, the combination of AlCl3 and G is better than only AlCl3. However, the order in which the additives are incorporated has to be taken into account. By comparing Mg alloy + AlCl3 2h + G 3h with Mg alloy + AlCl3 + G 5h (again same total milling time) the chronological addition of the additives produces a considerably better material (Figures. 7.a and 7.b, and Table 2), with different microstructural and morphological properties (Table 1). To finish the analysis of Mg alloy + AlCl3 2h + G 3h it is interesting to compare it with Mg alloy + G 5h. This last material has better hydrogen production properties in terms of kinetics and yield. This can be attributed to the smaller particle size of Mg alloy + G 5h and the greater proportion of MgH2 (Table 1).

Up to the moment the material with better hydrogen production properties is Mg alloy + G 5h. It is interesting to compare this material with Mg alloy + G 5h + AlCl3 2h, after chronologically adding AlCl3. Figures 7.c We have previously shown that the lesser the milling time the better the hydrogen production properties of the material. 1). On the other hand, particle size seems to be a relevant property. Comparing all the materials analyzed in these sections, we note that those with smaller particle sizes show the better hydrogen production properties. However, it is important to take into account that this property is not the sole factor that determines the hydrolysis properties of these materials. In sections 3.1, 3.2 and 3.3 we have extensively seen that longer milling times produce materials with worse hydrolysis properties, despite the reduction in particle size.

Conclusion

In conclusion, we demonstrated that an a priori non-recyclable Mg alloy waste used in the sacrificial anode industry can be milled and re-used to produce hydrogen by the hydrolysis reaction in a 0.6M MgCl2 solution. Prolonging milling time beyond 2 h under H2 reduces the hydrolysis performance of Mg alloy and improves the hydriding of Mg. Thus, the hydriding of Mg during ball milling increases the total hydrogen production capacity but reduces the yield of H2 produced by hydrolysis as MgH2 is less reactive than Mg.

Mg alloy milled with AlCl3 slowed the hydriding of Mg due to the formation of an AlCl3 (partial or total) layer on the surface. Mg alloy + AlCl3 2 h showed the best hydrolysis performance (92% of its total capacity in 60 min). The presence of AlCl3 hampers the formation of the passive film during hydrolysis by decreasing the pH. In fact, the exothermic dissolution of the additive which generates acid cations Al 3+ (Lewis) and H + (Brønsted) favors the dissolution of the hydroxide.

Graphite addition, by its lubricating effect, delays the reduction of Mg alloy flakes into powder.

After 5 h of milling, Mg alloy + G 5h generated 78% of its total capacity in 5 min and 90% in 60 min. Additionally, reactive ball milling with graphite improves the hydriding of Mg of the alloy (e.g. Mg alloy + G 10h contains 39 wt.% MgH2).

The simultaneous addition of graphite and AlCl3 did not improve the hydrolysis performance and the persistence of the preferential orientation along the c axis for Mg after 10 h of milling indicates that the lubricating effect of graphite is more important in the presence of AlCl3. However, by incorporating the two additives sequentially, the best material from the hydrogen production point of view was obtained by milling Mg alloy with G for 2 h and then adding AlCl3 and milling for 2 extra hours. This material, Mg alloy + G 2h + AlCl3 2h produced 92% of its theoretical capacity in 5 min and total hydrolysis after 60 min.

Our procedure for the treatment of non-recyclable Mg-based waste led us to modify the reactivity of the alloy with respect to the aqueous solution with an optimal hydrolysis performance. Thus, non-recyclable waste can be milled to give them a "second life": hydrogen production through the hydrolysis reaction.

  .a.) shows the presence of Mg, with a preferential orientation along the c axis (maximum intensity for the (002) plane), and Al. When the material is milled Mg peaks show some changes. They slightly shift toward higher 2θ angles due to the insertion of Al atoms into the Mg matrix, its breadth enlarges due to the reduction in crystallite size, and the preferential orientation disappears because of the accumulation of energy in the powder and the random deformation of the material (Figure1.a.)[START_REF] Grosjean | Effect of ball milling on the corrosion resistance of magnesium in aqueous media[END_REF]. Additionally, milling induces the formation of Mg hydride, as evidenced by the characteristic peaks of both β-MgH2 and γ -MgH2.

Figure 1 :

 1 Figure 1: a) XRD patterns of Mg alloy, Mg alloy milled for 2h, 5h and 10h before hydrolysis and Mg alloy milled 10h after hydrolysis; variation of b) Mg crystallites size (τMg) and c) MgH2 amount in Mg alloy, Mg alloy + AlCl3, and Mg alloy + G with milling time.

Figure 2 :

 2 Figure 2: SEM images of a) Mg alloy and Mg alloy milled for: b) 2h, c) 5h and d) 10h.

Figure 3 :

 3 Figure 3: a) Hydrogen released by hydrolysis with the as-received Mg alloy and Mg alloy milled for 2, 5 and 10h and b) the corresponding yield. The amount of hydrogen produced after HCl addition is indicated by the arrow on figure 3.a.

  10h powder revealed the presence of AlCl3 (partial or complete layer) on the surface of Mg alloy that could lead to a decrease of the diffusion of H2 into Mg bulk to form MgH2.

Figure 4 :

 4 Figure 4: SEM and EDS mapping of Mg alloy + AlCl3 10h.

Figure 5

 5 Figure 5 shows the X-ray diffraction patterns of Mg alloy + G 2h, 5h, 10h before hydrolysis and also Mg alloy + G 10h after hydrolysis. The preferential orientation along the c axis (i.e. (002) plane) persists after the first two hours of milling. Mg crystallites size (Figure 1.b) decreases with milling as the preferred orientation does (it even disappears after 5 hours). As milling progresses, Mg diffraction peaks broaden indicating crystallite size reduction and the accumulation of microstrains and lattice defects. At the same time, the intensity of these peaks weakens as part of Mg reacts with hydrogen to form MgH2 (e.g. 12 and 39 wt.% of MgH2 are formed (Figure 1.c. and

Figure 5 :

 5 Figure 5: XRD patterns of Mg alloy + G milled for 2, 5 and 10h before hydrolysis and Mg alloy + G 10h after hydrolysis.

Figure 6 :

 6 Figure 6: a) Hydrogen released by hydrolysis with Mg alloy + G milled for 2h, 5h and 10h and b) the corresponding yield. The amount of hydrogen produced after HCl addition is indicated by the arrow on figure 6.a.

  We begin the analysis by considering Mg alloy + AlCl3 2h + G 3h. Comparing this material with Mg alloy + AlCl3 2h, the material without G, we observe in Figures 7.a and 7.b and Table

  and 7.d, and Table 2 show that Mg alloy + G 5h + AlCl3 2h exhibits better hydrogen production properties than Mg alloy + G 5h in terms of kinetics and yield, even though it has been milled longer. Evidently the chronological addition of G first and AlCl3 afterwards allows us to combine the beneficial effects of both additives (Figure 8.b).

Figure 7 :

 7 Figure 7: a) Hydrogen released by hydrolysis with Mg alloy + AlCl3 2h, Mg alloy + AlCl3 5h, Mg alloy + G 5h, Mg alloy + (G + AlCl3) 5h and Mg alloy + G 2h + AlCl3 2h and b) the corresponding yield ; c) Hydrogen released by hydrolysis with Mg alloy + G 5h, Mg alloy + AlCl3 2h + G 5h, Mg alloy + G 2h + AlCl3 2h and Mg alloy + G 5h + AlCl3 2h and d) the corresponding yield. The amount of hydrogen produced after HCl addition is indicated by the arrow on Figures 7.a and 7.c.

G

  first could help by the formation of a protective graphite layer and the promotion of Mg hydriding, and then adding AlCl3 next may have a multiple role by: (i) the creation of surface defects and particle size reduction that promote pitting corrosion[START_REF] Bacha | Effect of ball milling in presence of additives (Graphite, AlCl3, MgCl2 and NaCl) on the hydrolysis performances of Mg17Al12[END_REF][START_REF] Grosjean | Hydrogen production from highly corroding Mg-based materials elaborated by ball milling[END_REF][START_REF] Grosjean | Hydrolysis of Mg-salt and MgH2-salt mixtures prepared by ball milling for hydrogen production[END_REF][START_REF] Liu | Hydrogen generation from the hydrolysis of Mg powder ball-milled with AlCl3[END_REF][START_REF] Li | Influence of chloride salts on hydrogen generation via hydrolysis of MgH2 prepared by hydriding combustion synthesis and mechanical milling[END_REF], (ii) the destabilization of the formed Mg(OH)2 during hydrolysis by the exothermic dissolution of the salt[START_REF] Bacha | Effect of ball milling in presence of additives (Graphite, AlCl3, MgCl2 and NaCl) on the hydrolysis performances of Mg17Al12[END_REF][START_REF] Liu | Hydrogen generation from the hydrolysis of Mg powder ball-milled with AlCl3[END_REF] and (iii) the decrease of the pH due to the acidic character of Al 3+ .

Figure 8 :

 8 Figure 8: SEM images of a) Mg alloy + AlCl3 2h + G 3h, b) Mg alloy + G 5h + AlCl3 2h, c) Mg alloy + AlCl3 2h + G 5h and d) Mg alloy + G 2h + AlCl3 2h.

Table 1 :

 1 Quantification of Mg, β-MgH2 and γ -MgH2, Al atoms occupancy in Mg matrix (xAl), Mg crystallites size (τMg) and particle size d90 (90% of the particles have a diameter smaller than d90) of all the materials involved in this study. Balance of quantification is assured by presence of Al, Mg17Al12, MgO, Fe, graphite and AlCl3 (detailed in supplementary material Table1).

		Rietveld refinement from XRD measurements	
	Sample	Mg* β-MgH2* γ -MgH2 *	xAl in Mg (at.%)	τMg (nm)	Particle size d90 (µm)
	Mg alloy	87	0	0	2.2	94	+
	Mg alloy 2h	89	3	0.6	1.9	27	32
	Mg alloy 5h	82	10	0.8	3.3	15	13
	Mg alloy 10h	77	17	2	6.9	10	11
	Mg alloy + AlCl3 2h	90	0	2	2	22	23
	Mg alloy + AlCl3 5h	87	3	0	3.7	12	11
	Mg alloy + AlCl3 10h	93	5	0	6.4	9	11
	Mg alloy + G 2h	84	0	0	2.1	22	+
	Mg alloy + G 5h	71	10	2	1.5	26	6
	Mg alloy + G 10h	52	39	0	5.4	7	6
	Mg alloy + (G + AlCl3) 2h 88	0	0	1.8	32	+
	Mg alloy + (G + AlCl3) 5h 87	0	0	2.0	26	+
	Mg alloy + (G + AlCl3) 10h 87	0	0	1.9	28	+
	Mg alloy + AlCl3 2h + G 3h 83	0	0	4.1	10	11
	Mg alloy + AlCl3 2h + G 5h 81	0	0	2.7	14	10
	Mg alloy + G 2h + AlCl3 2h 80	5	0	1.5	28	8
	Mg alloy + G 5h + AlCl3 2h 64	13	2	1.7	17	7
	* values are given in wt.%.						

  When Mg alloy + G 5h + AlCl3 2h is compared with Mg alloy + AlCl3 2h + G 5h (same milling time) we observe that the order of incorporation of each additive is relevant. Effectively, Mg alloy + G 5h + AlCl3 2h has considerably better hydrogen production properties than Mg alloy + AlCl3 2h + G 5h (Figures 7.c and 7.d, and Table2) despite both having similar Mg crystallite sizes, particle sizes (Table1) and morphologies (Figures 8.b and 8.c). Evidently, mechanical milling is a complex process during which material properties change following different paths according to the particular physical, chemical and mechanical properties of the materials. It seems that adding

  Then, it is interesting to analyze if the properties of Mg alloy + G 5h + AlCl3 2h can be improved by reducing the milling time. To this end, the material Mg alloy + G 2h + AlCl3 2h was prepared (Figure 8.d). In Figures 7.c and 7.d, and Table2we note that this last material is effectively better than the first one in terms of both kinetics and yield. Mg alloy + G 2h + AlCl3 2h provides the best hydrolysis performance with a generation of 92% of the total H2 amount in 5 minutes and an almost complete hydrolysis (99%) after 60 minutes. By comparing these materials, it is interesting to note that Mg crystallite size does not seem to be a relevant property from the point of view of hydrogen production by hydrolysis in these materials. Both materials have excellent hydrolysis properties despite having different Mg crystallite sizes (28nm vs. 11nm, Table
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Highlights

1. Mg alloy waste was milled under H2 to produce hydrogen by hydrolysis reaction in 0.6M MgCl2 solution.

2. The formation of MgH2 during ball milling increases the theoretical capacity of hydrogen production but reduces the hydrolysis performance.

3. Excellent hydrolysis performance was obtained for Mg alloy milled with graphite followed by milling with AlCl3.