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Introduction

Securing access to specialty metals required for high-per formance technologies and energy materials has raised envi ronmental and economic concerns in the past decade. Avoid ing risks of supply shortages has become a major challenge for highly import-dependent economies, such as the EU. 11 1 This is particularly true for light rare-earth elements (REEs), for which China supplies over 95 % of the world's production, according to the 2017 European Commission report on Critical Raw Mate rials. 11 1 Developing traditional mine production of such critical minerais in the EU depends on long-term investment projects that are not flexible enough towards rapid changes in market demands. 11 1 On the other hand, recycling of waste electric and electronic equipment (WEEE) or renewable energy materials in the EU can serve as an attractive secondary source of raw ma terials. For instance, the inner content of nickel metal hydride (NiMH) batteries, which are mainly used for hybrid or pure electric vehicles (HEV or PEV), consists of about 50 wt% nickel 12I and 15 wt% REEs. 13I More than 1.8 million HEV battery units were sold worldwide in 2016} [START_REF] Pillot | The Rechargeable Battery Marketa nd[END_REF] 1 with an average battery collection rate of 44% in the EU that same year, 1 5 I and thus, as suring a significant feed for the recycling market. However, the usual result is the identification of particles that exhibit a core shell structure, which is related to anode active mass aging mechanisms. Then, a leaching study in a 10 L pilot-scale reac tor demonstrated the selective dissolution of REEs, with re spect to nickel, at pH 3, which is attributed to 1) the kinetic in hibition of nickel metal dissolution, and 2) the specific core shell structure of aged mischmetal particles. Furthermore, the use of H 2 S0 4 led to coprecipitation of lanthanide-alkali double sulfates and nickel salts. contribution of recycling to the market demand for critical ma terials is still relatively low because it is not yet technically nor economically feasible at the industrial scale.1 6 I As a result, the end-of-life recycling rate of REEs is below 3% 11 • 71 and the end of-life recycling input rate of nickel is only 25%. 161 The 50 wt% recycling efficiency target to be achieved for NiMH batteries, as described by the European Directive (2006/66/EC), makes it necessary for industries to develop more efficient and sustain able recycling schemes, and opens up new possibilities for urban mining. 181 NiMH batteries are made up of four main components: an iron-or aluminum-based outer casing; anode and cathode cur rent collectors, upon which active electrode powders are de posited by using binders; an alkaline electrolyte, such as KOH; and a microporous polymer separator. 19 • 121 The cathode current collector consists of a dense metallic nickel mesh, whereas the cathode active mass is made of spherical particles of either nickel hydroxide �-Ni(OH) 2 or oxyhydroxide NiO(OH), depend ing on the state of charge of the batteryP 3 • 14 1 The anode typi cally contains a nickel-plated steel support as the current col lector 13 1 and an active mass consisting of a hydride alloy of varying compositions. The structure of hydrogen storage alloys can either be AB s, in which A= La, Nd, Pr, Ce, or Y and B= Ni, Co, Mn, or Al; AB 2, in which A=Ti or Zr and B= Ni, Co, Mn, Al, V, Cr, or Sn; or A 2 �, in which A=Nd or Mg and B=Ni or AIY 3 • 15I Such an intricate battery composition highlights the need for advanced recycling processes to recover the majority of valuable metal content.

Hydrometallurgical processes are the main alternative for re cycling NiMH batteries, in which battery powders are generally leached in a minerai acid, such as HCl 113. 1 6 -231 (around 40% of the recent literature) or H 2 SO 4 (about 60%). 1Z3,2a-32, 10 , 12• 1"' 1t. 24-27l To am inor extent, af ew researchers have studied the use of HNO 3 , [13,29] carboxylic acids, [12,[START_REF] Holmberg | Recycling of Nickel Metal Hydride (NiMH) Batteries:C harac terization and Recovery of Nickel,A B5 Alloy and Cobalt[END_REF] or ascorbic acid as leaching agents, but these have not been considered in this study.I ti s crucial to control the leachings tep because the content of dissolved metals in solutionw ill have ad irect impact on subsequent recovery methods, such as precipitation or solvent extraction.M ost of the literature on the leachingo fs pent NiMH batteries focuses on the impact of various operating parameters, such as type and concentration of acid, temperature, time, mixings peed,a nd addition of an oxidant.Anearly total dissolution of nickel and REEs is commonly sought-after,a nd thus, requires the use of aggressive leaching conditions:e ither high workingt emperatures (70-95 8C) or high acid concentrations (8-12 m). However, in view of more sustainable NiMH battery recyclingp rocesses, it is interesting to find milder leaching conditions. Although recent studies have been carried out in this regard, [13,[START_REF] Holmberg | Recycling of Nickel Metal Hydride (NiMH) Batteries:C harac terization and Recovery of Nickel,A B5 Alloy and Cobalt[END_REF]23] it is still necessary to better understandt he particleleaching mechanisms at stake. Moreover,a tt he industrial scale, spent NiMH batteries undergo specific head-ends teps before leaching, such as thermolysis, milling,a nd sieving. Indeed, spent battery packs are first collecteda nd sorted according to their type. Then they are processed through ah eat treatment under ac ontrolled atmosphere (thermolysis) to removev olatile organic components and make the batteries electrically inert. The materiali s then milled and sieved to obtain ap owder enriched in valuable elements, such as nickel andR EEs. These processing steps impact on both the chemical and physical properties of the startingm aterial, and might consequently influence the leaching process. However, apart from afew studies, [START_REF] Nan | [END_REF]12,14,33] the initial materiali nm ost reports in the literature comes from manually dismantledb atteries that have not gone through these pretreatment steps.

The aim of this work is, therefore, to provide ab etter understanding of the leachingb ehavior of nickel and REEs from industrial powders of spent NiMH batteries, the so-called black mass (BM) powder.T he originality of this research lies in the fact that we have carried out in-depth particle characterization of ah eterogeneous materialw ith respect to that found at the industrials cale. The methodology appliedf or initial material characterization was then transferred to the analysis of solid leach residue, which was obtained from leachinge xperiments carried out in a1 0Lpilot-scale reactor.F urthermore, to consider am ore sustainable process at the industrial scale, we selected mild temperature (25 8C < T < 60 8C) and pH (3 < pH < 5.5) operating conditions for the leachinge xperiments, in two acid media (HCla nd H 2 SO 4 ).

Results

BM powder characterization

An industrial sample of approximately 600 kg of mixed types of spent NiMH batteries was collected. The battery packs, which were composed of am ixture of anodes, cathodes, and casing materials, were processed at industrial facilities. They were dismantled, thermolyzed in an oven, crushedb yk nife milling,a nd sieved at < 1mm. The resulting powder,B M, was carefully characterized before being used as as tartingm aterial for the leaching study.

Chemicalcomposition and phase analysis

The average chemical compositionoffour samples of industrial BM powder from the same batch is provided in Table 1( see the Experimental Sectionf or all analytical details). The BM powderi sm ainly composed of 45.0 wt %N i, approximately 15.9 wt %R EEs (La, Ce, Nd, Pr), 13.1 wt %O ,5 .4 wt %C o, and 2.4 wt %M n. Although the contents of Co and Mn in the BM powderare significant and these metals have anoticeable economic value, herein we have chosen to report only results for the major elements Ni and REEs. The presenceo fK(2.2 wt %) is attributedt or esidual KOH electrolyte. Sodium is absent from the BM (below the detection limit), and traces of cadmium and lithium are due to crossc ontamination from other types of batteries during the manual battery-sorting step. Elementalc arbon (2.8 wt %) most likely comes from the residueo f organicc omponents formed during heat treatmento ft he batteries. At otal chemical composition of 93.65 wt %i so btained; the missing mass can be explained by the fact that additional elements such as YorS mh ave not been analyzed and that a small quantity of BM could not be dissolved prior to elemental analysis.

The powder X-ray diffractogram (Figure S1 in the Supporting Information) provides evidence of the presence of Ni, NiO, CeO 2 ,a nd graphite as major phases. Minor phases include Co 3 La 2 and La 7 Ni 16 ;o ther rare-earth-containing phases could not be identified due to the detection limit of the technique. 

Local elemental particle characterization

Although local electron probe microanalyses (EPMA) infer that both the morphology and associated chemical compositiono f the BM particles are very heterogeneous, our observations lead us to proposeaclassificationi nto five main categories of particles. P1-type particleso bserved and characterizedb ym eanso f scanningelectron microscopy energy-dispersive X-ray spectroscopy (SEM-EDX;n ot shown herein) consist of individual iron oxide and aluminumo xide particles, with ac haracteristic dimension of about 30 mm, possibly originating from the outer casing of the battery.

As shown in Figure 1, zone 1, P2-typep articles containing around9 7at% Ni weree videnced (Table 2). They come from the metallic nickel mesh of the cathode currentc ollector and correspond to the nickel phase identified by meanso fp owder XRD.

P3-type particles consist of circular porousp articles, single or agglomerated, that contain, on average, 78.0 at %N i, 5.3 at %Co, and 4.8 at %O(Figure 1, zone 2, and range of compositions in Ta ble 2). Given their morphology, it can be stipulated that P3-type particles come from the active mass of the cathode, which are originally spherical Ni(OH) 2 or NiO(OH) particles, depending on the state of charge of the battery,a lthoughahigher oxygen content would be expected.

Particles richi nR EEs have been categorized as either of P4 or P5 type. As shown in Figure 1, zone 3, P4-type particles exhibit ag eometrics hape with ad ense and smooth external surface. EPMA point analyses on several P4 particles give molar ratios of (Ni, Co, Mn, Al)/(La, Ce, Nd, Pr) in the range of 1.9a nd 4.6 (Table 2). The specificN i/La molar ratio of 2.20 obtained for some P4-type particles is almost equivalent to that of the La 7 Ni 16 phase identified by means of powder XRD. On the other hand, P5-type particles shown in Figure 1, zone4,e xhibit ac ore-shell structure;t he core is composed of 38.0 at %N i, 34.9 at %O ,a nd 4.1 at %L ao na verage. The (Ni, Co, Mn, Al)/ (La, Ce, Nd, Pr) molar ratios of P5-type particles are in the range of 3.8 and 4.9 (Table 2). The range of compositions found for P4-and P5-type particles can be attributedt ot he heterogeneity of the initial material;t he sample is composed of different types of spent NiMH batteries.

Ah igh-magnification cross sectiono faP5-type particle with ar epresentative core-shell structure and corresponding EPMA line profile are shown in Figure 2. Around the core (the lighter part on the micrographs), the shell is composed of ad ense, thin layer (Figure 2b)c overed by ap orous matrix.

The EPMA line profile (Figure2d) reveals that the dense layer of the shell (the two points at 1.8a nd 3.5 mm) contains, on average, 1.35 times more Ni and Co than that in the core (points at < 1.8 and > 4.7 mm). As for the porous matrix (pointa t3 .0 mm), it hash igh contentso fL a, Ce, and Oo f2 3.9, 8.1, and 20.1 at %, respectively,w hereas the Ni and Co contents drop to 8.8 and1 .1 at %, respectively (Figure 2d).

The core-shell structure of P5-type particles is most likely linked to NiMH battery aging mechanisms. Indeed, the degradation of NiMH batteries is a complex process in which different mechanisms are at play,i ncluding corrosion of the hydrogen storage alloy.I ti sw orth noting that the stabilityo ft he mischmetala lloy against corrosion can be impactedb y the chemical composition of the alloy,a mong other parameters. According to the groups of Leblanca nd Bäuerlein, changes in corrosion rates as af unction of alloy compositiona re mainly due to differences in decrepitation tendencies. [34,35] Decrepitation, or particle pulverization, is caused by lattice expansion and contraction of the alloy during hydrogen absorption and desorption. The discrete volume changes produce local mechanical stresses that lead to cracking of the alloy grains, the generation of smaller particles, andt he development of a higher particle specific surfacea rea. [34][35][36] Knowing that, from a thermodynamic point of view,t he oxidation of less noble metals,s uch as La, Nd, Pr,a nd Ce, in KOH cannot be avoided, [36] the higher the particle specific surfacea rea the greater the amount of corrosion scales. Therefore, there is acorrelation between the decrepitation tendency of the mischmetala lloy and the corrosion of the particles. Consequently,a lloy composition can be optimized to achieve low lattice expansions during hydrogen intercalation. For example, Chartouni et al. stated that cobalt substitution in the mischmetala lloy had a stabilizing effect by reducing the cracking tendency of the alloy. [37] Several studies in the literature reportt hat corrosion scales form at the surface of the particles in strong-alkali media, retarding hydrogen diffusion rates andl eadingt ob attery failure. [15,[START_REF] Holmberg | Recycling of Nickel Metal Hydride (NiMH) Batteries:C harac terization and Recovery of Nickel,A B5 Alloy and Cobalt[END_REF][34][35][36][38][39][40] Maurel et al. analyzed TEM cross sections of AB 5 mischmetalc ycled in KOH electrolyte, and suggested the formationo ft hree different corrosion layers due to solid-state diffusion:ametallic core differentf rom that of the initial alloy, ac ontinuous corrosion subscale up to 200 nm thick composed of solid solutions of Ni and Co, and as urfacel ayer of rareearth hydroxide composed of 1.5 mml ong needles embedded in the corrosion subscale. [36] Nickela nd cobalt sublayers were also identified by the groups of Ikoma [38] andB äuerlein, [35] and severalo ther authors indicated that needle-shaped rare-earth hydroxides covered the surface of the alloy upon battery cycling in alkali media. [15,[34][35][36]38] Based on these consistent observations, we postulate that P4-type particles correspond to unused battery material (Figure 1, zone 3), whereas the core-shell structure of P5-type particlesi dentifiedi nt he BM correspond to aged alloys (Figure 1, zone 4, and Figure 2). The nickel and cobalt sublayer identified in the literature corresponds to the dense layer of the shell of P5-type particles shown in Figure 2. The porous matrixr ich in La, Ce, and Oo bserved around P5-type particles (Figure 2c)m ay thus originate from the disintegration of the needle-like rare-earth hydroxide surfacel ayer.M oreover,b ased on the observation of various cross sections of the BM samples, there are proportionally many more P5-type particles than that of P4-typep articles, which is consistent with the fact that most batteries are collected if fully spent.

On top of structuralc hanges caused by corrosion of the anode during battery cycling, the thermolysis step is very likely to induce structural and chemical evolutions of the mischmetal alloy.H owever, the impact of thermolysis linked to battery reprocessing is related to more recent concerns than those of battery aging, and thus, is not yet documented in the literature. Nevertheless, based on at hermodynamic study of the La Ni Ot ernary system by Zinkevich and Aldinger,i ti sv ery likely that thermolysis leads to the formation of the stable La 2 NiO 4 spinel. [41] Indeed, this lanthanum nickelate is stable over al arge range of oxygen partial pressure (typically 10 À8 atm < P O 2 < 10 À1 atm), covering thermolysis operating conditions. For Ni/(Ni,L a) molar ratios greater than 0.5, the phase diagram indicates that the spinel phase is the first phase that forms from the oxidation of aN i La alloy,f ollowed by oxidation of nickel into NiO. The results of Zinkevich et al. could explain both the high oxygen content observed at the core of P5-type particles( Ta ble 2a nd Figure 2d)a nd the NiO phase detected by meansofp owder XRD. [41] Altogether,t he EPMA characterization is coherent with the initial constitution of NiMH batteries, and particles from the anode and cathode active mass, as wella sc urrent collectors have been identified and quantified. Thanks to this local particle identification approach, it is thus possible to follow the leachingp rogress by comparing the particles identified in the initial BM powder witht hose in the solid leach residue over time.

Thermodynamic-basedchoice of pH for leaching experiments in HCl media

The choice of pH for leaching experiments in HCl was guided by thermodynamic calculations. Considering the complex phase composition of the initial BM powder,t he system was restricted to the system Ni-La-H 2 O-HCl because Ni and La are the major elements in the BM.T he Eh-pH diagrams calculated at 40 8Cfor La and Ni are presented in Figure 3a and b, together with the list of aqueous species and solidp hases taken into account in Figure 3c.Calculation detailsare provided in the Experimental Section.

As observed in Figure 3a,L ai sn ot stable in its metallic form in aqueous media. At pH 6.8 and 40 8C( or pH 7.1 at 25 8C; pH 6.3 at 60 8C), La is fully dissolved, mainlya sL aCl 2 + .A t higher pH, its stable form is the solid hydroxide La(OH) 3 .

As for Ni (Figure 3b), al ower pH is required to ensure its full dissolution (pH 4.2 at 40 8C) and Ni 2 + is the aqueous dominant species for all temperatures;t he complex NiCl + is present to am inor degree. Above pH 4.2 at 40 8C, metallic nickeli s stable and is not oxidized by H + ions. Nickel(II) is soluble up to pH 6, and forms the solid hydroxide Ni(OH) 2 at higher pH.

Notably,s olids composed of both Ni andL ae lements (LaNi 5 and La 2 NiO 4 )d on ot appear on these diagrams, which means that the main mixed phases of the battery are not stable under leaching conditions.

These preliminary calculations indicatet hat, for as olid/liquid (S/L) ratio of 15 wt %, both nickel and lanthanum elements shouldb es oluble at pH 4a nd below,r egardless of their initial redox state. At 4 < pH < 6, La and Ni II are soluble, but metallic Ni is stable. At 6 < pH < 6.8, La is stable in the aqueous phase, whereas all redox states of Ni are involved in solid phases. Above pH 6.8, no dissolution of these two major elements in the BM should occur.T hese calculations imply as trong influence of pH on the leaching behavior of the BM, and suggest that tuning the pH value might allow the selective dissolution of La. Therefore, the influence of pH on leaching of the BM was studied over the pH range of 3t o5 .5, and pH 3w as used as ap ointofc omparison for studying the influence of the type of acid (HCl or H 2 SO 4 )o nt he leachingy ields and rates with respect to temperature.

Leaching experimentresults

As detailed in the Experimental Section, BM leaching experimentsw ere carried out in a1 0L pilot reactor.T he results are presented in the following sections, starting with the influence of temperature, then pH, and finally the nature of the acid. 

Influenceoftemperature

The influence of temperature on the leachingy ields of La and Ni in HCl at pH 3i ss hown in Figure 4a;s imilar behavior to that of La is obtained for Ce, Nd, andP r. The experiment at 40 8Cw as repeated twiceand demonstrated good repeatability of the leaching yields and total acid consumption:adifference of less than 3.1 and 5.4 %f or the leaching yields of Ni and La, respectively,a nd ar elatived ifferenceo f1 .2 %f or the acid consumption were obtained between both experimentsa fter 6h of leaching.

Regardless of the temperature, La (and otherR EEs) leaching yields increase gradually and converge to complete dissolution (Figure 4a)a fter 22 h. As for Ni, al eachingy ield of 58 %i s reacheda fter 22 ha t6 08C, and the yield decreases with temperature.T he leachingi nH Cl at pH 3i st hus partially selective: am aximal La/Ni selectivity ratio of about 6.5i so btained for all three temperatures,a nd the time at which this maximum is reached greatly reduces with temperature (after 3h at 25 8C, 1.5 ha t4 08C, and 36 min at 60 8C). The evolution of the leaching yield of La with respect to that of Ni at pH 3i sp lotted in Figure5.C onsidering that, thermodynamically,b oth La and Ni are soluble in HCl-H 2 Ou nder these conditions (Figure 3), the fact that all experimental points are located above the bisecting line shows that the leachingk inetics of REEs are faster than that of Ni. Moreover,a ll experimental points at pH 3o verlap, which demonstrates as imilarl eachingm echanism, regardless of temperature. At pH 3i nH Cl,t he temperature only enhances the overall reaction kinetics and an increase of 35 8C (from 25 to 60 8C) decreases the leaching duration by af actor of about 3.

Evolution of the chemical composition of the solid leach residues after mineralization (Table S1 in the Supporting Information) indicatesa no verall enrichmenti nN ia nd ad epletioni n REEs, with respect to the initial BM powder,w hichi si na greement with the ICP-OES analyses of the pregnant leach solution (PLS). PowderX RD analysis of all solid leach residues shows that the major phases presenti nt he initial BM powder are still presente ven after 22 ho fl eachinga t6 08C, namely,N i, NiO, and graphite (Figure S2 in the Supporting Information).

It is interesting to identify P2-and P5-type particles in the solid leachr esidue, knowing that they are the ones which contain the highest contentso fN ia nd REEs. According to SEM and EPMA characterizations, many P2-typep articles (pure Ni) are still present (Figure 6, zone 5) in the solid leach residue after 22 hofl eachinga t6 08C.

As triking observation is that the core-shell structures of P5type particles identified in the initial BM powder are still clearly apparent in all solid leach residues.A fter 1hof reactioni nH Cl at pH 3a nd 60 8C, that is, shortly after the maximum La/Ni selectivity ratio is reached, the compositiona nd morphology of particless hown in Figure 6, zones 1a nd 2, illustratet he leaching mechanism.A ccording to the EPMA wavelength-dispersive spectroscopy (WDS) point analyses (Table 3, zone 1), the core of the dissolving particle contains about 30 at %R EEs, whereas the intermediate layer and shell contain 2.6 and 3.3 at %R EEs, respectively.M oreover,c ompared to the core, the shell of the particlec ontains high amounts of Ni (75.6 at %) and is enriched in Co (14.0 at %; Figure 6, zone1,a nd Ta ble 3), which is close to the composition of the shell of P5-type particles in the initial BM powder (Table 2). An EPMA concentration profile measured across al arger particle (Figure 7) provides evidencet hat the shell contains between 70 and 90 at %N ia nd 10 and 20 at % REEs. Overall, these observations showt hat REEs dissolve preferentially to nickelf rom the core of the particles, and that nickel contained in the dense outer shell does not dissolve.

Such al eachingm echanism is also evidenced in the cross sections of the solid leach residue after 22 ho fd issolution in HCl at pH 3a nd 60 8C, where the structure of the remaining particles is either ap orous shell with ah ollow core (Figure 6, zone 3) or ac ore-shell structure with an undissolved core (Figure 6, zone 4). The shells of the hollow particles appear to be porous, and thus, allow REEs to dissolve. According to EPMA analyses (Table 3), the shellso ft hese hollow particles are composed of approximately 62.1 at %N i, 8.9 at %C o, and less than 0.5at% REEs. The shells of the particles with an undissolved core have almost the same composition (Table 3), while their core contains 50.0 at %N i, 7.2 at %C o, 40.4 at %O ,a nd less than 1.5 at %R EEs. These results indicate that the shells and nickel-rich cores of the remaining particles, originally from the spent active mass of the anode,have very slow leaching kinetics in HCl at pH 3, similarly to the metallicn ickel mesh of the cathode. 

InfluenceofpH

The influence of pH on the evolution of the leaching yields of REEs and Ni in HCl at 40 8Ci ss hown in Figure 4b.A fter 22 ho f leachinga t4 0 8C, the recovery yield of Ni decreases from 37.9 %a tp H3 to only 11.9 %a tp H5.5. Meanwhile, the La recovery yield drops from 100 %a tp H3to 11.1 %a tp H5.5. Similar leachingb ehavior as La is obtained for Ce, Nd, and Pr at pH 3and 4, whereas at pH 5.5 Ce, Nd, and Pr have lower leaching yields than that of La of 8.0, 5.2, and 4.4 %, respectively, after 22 ho fl eaching at 40 8C. As observed in Figure 5, at pH 5.5 and4 08C, if the leaching yield of La is plotteda gainst that of Ni, the experimental points are almost aligned with the bisecting line. According to our thermodynamic calculations under thesec onditions,L aa nd Ni II (from the phases La 2 NiO 4 and NiO) are soluble, whereas metallic Ni should remain solid (Figure 3). Therefore, we hypothesized that the low leaching yield obtainedf or nickel shows that Ni II has slow leaching kinetics at pH 5.5, which consequently hinders the dissolution rate of REEs through the creationo fathicker diffusion layer than that at pH 3. XRD analysiso ft he solid leach residues obtained at pH 4 and 5.5 at 40 8Ci nH Cl after 22 ho fl eaching (FigureS3i nt he Supporting Information) reveals that they are composed of the same major phases as those present in the initial BM powder, namely,Ni, NiO, CeO 2 ,and graphite. 

Influenceofthe type of acid

The influence of the leaching agent (HCl or H 2 SO 4 )o n the dissolution of REEs, Ni, and Kh as been studied at pH 3f or temperatures ranging from 25 to 60 8C. Under these conditions, both acids are completely dissociated (pK a (HCl/Cl À ) = 6.3, pK a (H 2 SO 4 /HSO 4 À ) = 3.0, andpK a (H 2 SO 4 /SO 4 2À ) = 2.0 at 25 8C). Again, all REES (La, Ce, Nd, and Pr) exhibit similar leachingb ehavior.T hus, only La is considered in the followingd iscussion. As illustrated in Figure 8a and b, at pH 3a nd 25 or 40 8C, the leaching yield of Ni follows similar trends in H 2 SO 4 and in HCl:y ields of only 12.1 and2 0.5 %a re obtained after 5h,r espectively.A t60 8C, however,n ickel is more reactive in H 2 SO 4 than that in HCl (Figure 8c): the same quantity is leached in 45 mini nH 2 SO 4 than that after 5h in HCl. It is worth noting that, for the experiment carried out in H 2 SO 4 at pH 3a nd 60 8C, much greater acid consumption and gas productionw ere observed than that at 25 or 40 8C. The increase in gas production, which is attributedt oH 2(g) generation,i ndicates more reactive dissolution of metallic nickel with increasedt emperature. The large difference in leaching behavior between 40 and 60 8Cw as also observed by Hosseinie tal., who studied the leachingk inetics of NiO and NiFe 2 O 4 from nickel tailingsi n4m H 2 SO 4 at temperatures ranging from 25 to 80 8C. [42] They measureda na brupt increasei nt he leaching rate of nickel at 60 8Ca fter 1hof leaching, and attributedi tt ot he fact that below 40 8Co nly simple oxidesd issolved,w hereas spinel phases only started to dissolvea fter 1h at 60 8C, and the reactionk inetics were then controlled by chemical reaction, rather than by diffusion. [42] The data compiled in Figure 8i ndicatet hat, for all temperatures, potassium precipitates in H 2 SO 4 media shortly after all BM powder has been added because the curve of the leaching yield has an egative slope after approximately 24 min. On the other hand, potassium is completely solubilized in HCl at pH 3 at any temperature. It is thus likely that La and other REEs coprecipitate with Kb ecause their recovery rates are first equivalent to those obtained in HCl (for t < 24 min) and then lower as Ks tarts to precipitate (Figure 8). At 25 8C, potassium precipitation stops after 3h because the leaching yield remains constant at 30 %, whichi se quivalent to 0.024 mol L À1 of K( Figure 8a). After 3h,asharp increasei nt he La leaching yield is observed( Figure 8a)a nd reaches af inal yield of about 61 % after 22 h. At 40 8C, the precipitation of both Ka nd La stops after 3h,l eading to leaching yields of 47.1 (or 0.034 mol L À1 of K) and 46.0 %( or 0.039 mol L À1 of La), respectively,w hich indicates that asolubility limit is reached (Figure 8b).

Mineralizationo ft he solid leach residues obtained after leachingi nH 2 SO 4 at pH 3i ndicates an increasing potassium content with time, which is coherent with the results of PLS analysis. No traces of sodiumw ere detected.

The powder XRD spectra of the leachr esidues obtained after 30 min of leaching in H 2 SO 4 at pH 3a nd 25 or 40 8Ca re almoste quivalent to that of the initial BM powder,a nd no ad-ditional diffraction peaks are observed( Figure S4 in the Supporting Information). This confirms the resultso fl eaching yield analysis,w hich showt hat potassium precipitation does not start until all BM has been added, that is,a fter 24 min (Figure 8). As observed in Figure 9, the major phases of Ni, NiO, and graphite are still present, even after 22 ho fl eaching in H 2 SO 4 for temperatures up to 60 8C. It is worth noting that the residue obtained after 22 ho fl eachingi nH 2 SO 4 at pH 3 and 25 8Cc ontains minor phases of Ce 0.75 Nd 0.25 O 1.875 and Pr 10 OS 14 ,w hich are absent at 40 8C( Figure 9). This shows that, in H 2 SO 4 ,t he precipitation behavior changes between 25 and 40 8C.

Furthermore, for all solid leach residues shown in Figure9,a pristine phase appears that could be ascribed either to NaLa(SO 4 ) 2 •H 2 Oo rK La(SO 4 ) 2 •H 2 O. Because the BM powder does not contain Na and demineralized water is used for the experiments, we conclude that the peaks correspond to the phase KLa(SO 4 ) 2 •H 2 O. Even if the XRD spectrum is not ap erfect match because all peaks are slightly shifted to the right, with respect to the reference, this couldb ed ue to am ixed crystal composition. Indeed, severalo ther lanthanide-potassium double sulfates (K 3 M(SO 4 ) 3 ,K 6 M 4 (SO 4 ) 9 ,K 7 M 3 (SO 4 ) 8 ,K 5 M(SO 4 ) 4 ,a nd K 6 + 3n M 4Àn (SO 4 ) 9 ;M= La, Ce, Nd, or Pr) are reported in the literature. [14,43,44] Porvali et al. studied the precipitation of REEs from strong sulfuric acid NiMH battery waste leachateb yt he addition of Na 2 SO 4 and also observed ap recipitate of mixed crystal composition with as tructure close to that of the lanthanidealkali doublesulfate. [14] SEM observations of cross sections of the solid residue obtained after 22 ho fl eaching in H 2 SO 4 at pH 3a nd 40 8C, and corresponding EPMA point analyses, are compiled in Figure S5 and Table S2 in the Supporting Information. Particles with core-shell structures and compositions similart ot hose obtained in HCl are detected (Figure S5 in the SupportingI nfor- mation, zones 1-3). As illustrated in Figure S5 in the Supporting Information, many precipitates were found around the undissolvedp articles (points 5-10) and contained, on average, 65.9 at %O ,1 2.7 at %S ,8 .5 at %R EEs, 8.3 at %N i, 3.4 at %K , and 0.7 at %C o( Ta ble S2 in the Supporting Information).T hese local chemical analyses confirm the conclusions drawn from XRD analysis that REEs and Kh avec oprecipitated. They also provide evidenceo ft he coprecipitation of nickel and cobalt, probablyi nt he form of double Tutton's salts, such as [45][46][47] The precipitation of nickel could at least partially explain the slow increase in aqueous nickel concentration measured in H 2 SO 4 at pH 3at408C. Although it is not possible to determine accurately the precipitate composition due to its complexity,i t is assumed that the precipitates consist of amixture of potassium-lanthanide double sulfates and

K 2 Ni(SO 4 ) 2 •6H 2 O, K 2 Co(SO 4 ) 2 •6H 2 O, or K 2 Ni x Co 1Àx (SO 4 ) 2 •6H 2 O.
K 2 Ni x Co 1Àx (SO 4 ) 2 •6H 2 O.

Discussion

The BM leachingm echanisms can be discussed thanks to a combination of all of our results( initial BM analyses, equilibrium calculations, evolution of the elemental concentrations in the PLS, and solid leach residue characterization by means of XRD, SEM, and EPMA). Whether in HCl or H 2 SO 4 ,m etallicN i, which is identified ass uch in Figure 1, zone 1, and originating from the cathode current collector,d issolves according to Equation (1). Gas generation was also observed during the experiments.

Ni s ðÞ þ 2H þ ! Ni 2þ þ H 2g ðÞ ð1Þ 
However,d espite favorable thermodynamics, according to the E h -pH diagram at pH 3( Figure 3b), al arge part of nickel in its metal form remains in the solid leach residue, as indicated in the X-ray diffractograms and by meanso fE PMA-WDS analyses (Figure 6, zone 5, and Ta ble 3). Similaro bservations were reportedb yt he groups of Larsson [13] and Petranikova, [23] who studied separately the leaching of anodesa nd cathodes from NiMH batteries in HCl media. These authors postulated that hydrogen produced during the acid attack of nickel metal [Eq. ( 1)] desorbed slowly from nickel surfaces. Based on electronic orbital considerations, Santos et al. also concluded that the adsorbed hydrogen intermediate species, H ad ,i mplied in the redox reaction (e.g.,H ad + H ad = H 2(g) or H + + H ad + e À = H 2(g) ) significantly slowed down the dissolution of metallic nickel in HCl media. [48] For H 2 SO 4 media, ap ossible explanationf or hindered nickel leaching could be the formation of ap assivation layer on the Ni surface in the form of NiO or NiOOH, as reported by authors who have studied the anodic passivation of bulk Ni in H 2 SO 4 media. [49][50][51][52] Similarly,n ickel contained in the Ni/Co porous shell of P5type particles and the Ni/Co/O core of some P5-typep articles does not dissolve or has very slow leachingk inetics, which contributest ot he selective leaching of REE relative to that of Ni. Indeed, in both acids, REE-containing particles( type P5), the core of which is mainly composed of lanthanum nickelates La 2 NiO 4 ,e xhibit selectivel eachingb ehavior,a se videnced by EPMA profiles such as that presented in Figure 7. Thel eaching rate of nickel is slower than that of REEs, resulting progressively in ah ollow structure, as illustrated in Figure 10. It is suggested that dissolution of REEs [Eq. ( 2)] and their diffusiont hrough the porousN i/Co shell results in as hrunken core rich in REEs, whereas an intermediate layer depleted of REEs, but rich in Ni and O, remains and dissolves more slowly (Figure 10).

La 2 NiO 4s ðÞ þ 6H þ ! 2La 3þ þ NiO s ðÞ þ 3H 2 O ð2Þ 
In HCl media, according to speciation obtained from thermodynamic calculations and consistent with experimental results, aqueous La formss oluble chloride compounds, such as LaCl 2 + [Eq. ( 3)],w hereas nickel dissolves mainly as Ni 2 + and, to al esser extent, NiCl + [Eq. ( 4)].A saconsequence, the leached elements remainint he aqueous phase.

La 3þ þ Cl À ! LaCl 2þ ð3Þ 
Ni 2þ þ Cl À ! NiCl þ ð4Þ 
On the contrary,i nH 2 SO 4 media, leachedR EEs precipitate in the form of sulfates, REE 2 (SO 4 ) 3 ;t his behavior has also been reportede lsewhere. [24,53,54] Furthermore, Zelikman et al. explain that lanthanide sulfatest end to form lanthanide-alkali double salts in the presenceo fK 2 SO 4 or Na 2 SO 4 ,a ccording to Equation (5), in which M = Ko rN aand REE = La, Ce, Nd, or Pr. [53] REE

2 ðSO 4 Þ 3 þ M 2 SO 4 ! 2REEMðSO 4 Þ 2 Á x H 2 O ð5Þ 
Lokshin et al. measured the solubilities of doublea lkalimetal (Na, K)-rare-earth( La, Ce) sulfates in solutionsi ns ulfuric acid at 20 8C. For instance, at 20 8Ca nd low H 2 SO 4 concentrations, the solubility of KLa(SO 4 ) 2 •H 2 Oa nd KCe(SO 4 ) 2 •H 2 Oi s 0.015 mol L À1 ,w hich is close to the potassium concentration of 0.024 mol L À1 measured at 25 8Ca fter 3h,w hich is the point at which potassium precipitation stops (Figure 8a). [55] Thus, in H 2 SO 4 media, part of the lanthanide ions form aqueous sulfate species[ Eq. ( 6)],w hereas others precipitate with Kt of orml anthanide-alkali metal double sulfates [Eq. ( 7)].T he main stable nickel species in H 2 SO 4 media is NiSO 4(aq) [Eq. ( 8)],b ut, as evidenced by our local characterization (Figure S5 and Table S2 in the SupportingI nformation), part of the nickel precipitates with K, according to Equation (9).

2La 3þ þ 3SO 4 2À ! La 2 ðSO 4 Þ 3a q ðÞ ð6Þ 
La 2 ðSO 4 Þ 3ðaqÞ þ K 2 SO 4ðaqÞ þ x H 2 O ! 2KLaðSO 4 Þ 2 Á x H 2 O ðsÞ ð7Þ 
Ni 2þ þ SO 4 2À ! NiðSO 4 Þ aq ðÞ ð8Þ 
NiðSO 4 Þ ðaqÞ þ K 2 SO 4ðaqÞ þ 6H 2 O ! K 2 NiðSO 4 Þ 2 Á 6H 2 O ð9Þ 

Conclusions

An industrial sample of spent NiMH battery powder,w hich was obtainedb yt he thermomechanical treatment of ab atch of 600 kg, was characterized for chemical and structural properties. Chemical analysisr evealed that the sample powder was mainly composed of 45 wt %N i, 15 wt %R EEs, and 13 wt %O , whereas XRD analysis demonstrated that the major crystalline phases consisted of Ni andN iO. An ovel result was the quantitative EPMA-WDS analyses of cross sections of the powders, which helpedtoprovide an overall description that was consistent with the initial battery constitution. Indeed, particles containing 97.4 at %N ic orresponded to the metallicn ickel mesh of the cathode current collector and porouss pherical particles rich in Ni andC oc ame from the cathode active mass. An interesting result was the identification of mischmetal particles with core-shell structures: at the core, the (Ni, Co, Mn, Al)/(La, Ce, Nd, Pr) molar ratio was 4.5, whereas the dense shell layer contained 1.35 times more Ni and Co than that in the core. Moreover,a no xide layer rich in REEs surroundedt his dense shell. We attributeds uch particlem orphology to NiMH battery aging mechanismsa fter cycling in KOH electrolyte, in which corrosion subscales concentrated in Ni and Co and REE hydroxide structures were known to form aroundt he mischmetal particles.

In view of as ustainable recycling process, ap arametric study was carried out in a1 0Lpilot-scale reactor to assess the influenceo fp H( 3-5.5), temperature (25-60 8C), and typeo f acid (HCl or H 2 SO 4 )o nt he leaching mechanisms of Ni and REEs contained in the industrial battery powders.

Partial selectivity was evidenced in HCl at pH 3f or all temperatures. For instance, at 25 8C, 91.6 %o fL aa nd 17.2 %o fN i leacheda fter 6h,l eading to an aqueous La/Ni molar ratio of 5.31. In H 2 SO 4 media, as imilars elective dissolution occurreda t 25 and4 0 8C, whereas nickel dissolution was enhanced at 60 8C. However,potassium present in the initial battery powder (about 2wt% K) led to the in situ precipitation of REEs in the form of lanthanide-potassium double sulfates, as wella st he precipitation of nickel and cobalt double salts; thus reducing their overall dissolution yields.

One of the reasonsf or the selectived issolution of REEs, with respectt oN i, was due to the kinetic inhibition of nickel metal leaching, in both HCl and H 2 SO 4 ,a sa lready reported in several studies. In the present work, thanks to local EPMA analyses of the solid leach residues,w ea lso showed that specific leaching mechanism occurred in the core-shell mischmetalp articles, in both acid media. The Ni-and Co-rich shell, originating from a corrosion subscale, remained undissolved, even after 22 ho f leaching. The leaching mechanism of the interior of such particles waso ft he "shrinking core" type, in which the leaching rate of REEs was faster than that of Ni. As dissolution proceeded, this resulted in ac oncentration gradient inside the core of the particles. These findings highlight the influence of battery anode aging phenomena on the leachingm echanismso fN i and REEs from industrial samples of spent NiMH battery powders.

Experimental Section Initialr aw material characterization

The BM powder was characterized for chemical content, phase determination, and morphological features. The material was mineralized at 250 8Cf or 2hin aqua regia (mixture of HCl 37 %a nd HNO 3 65 %i na1:1r atio), with aS /L mass ratio of 10 %; ac ooling system was used to condense vapors. The elemental content was determined by means of ICP-OES (PerkinElmer Optima 8300), for the following elements:A l, Cd, Ce, Co, Cu, Fe, La, Li, Mn, Nd, Ni, Pr,Z n, K, and Na. Oxygen and carbon contents were measured by using instrumental gas analyzers (IGAs) equipped with IR detectors (EMGA 620 WL ECO for oxygen and EMIA 820 VH ORIBA for carbon). Phase composition was determined by means of powder XRD on aD 8 BRUKER instrument in the q/2 q configuration and Cu Ka radiation (2 q range of 20 808,w ith aw avelength of 1.5418 ). Cross sections of the solid material were prepared by embedding the powders in an onconducting thermosetting resin (PolyFast, STRUERS) for hot molding (Mecapress 3, PRESI) and diamond-polished down to 1 mm( Mecatech 234, PRESI). Semiquantitative analyses of the cross sections were carried out by using as canning electron microscope field-emission gun (SEM-FEG, JEOL JSM 7100F) equipped with an EDX Oxford ASDD X-Max detector.Q uantitative analyses of the cross sections were performed with an EPMA (CAMECA SXFive FE) equipped with WDS detectors.

Pilot setup of the leaching experiments

The leaching tests were performed in a1 0L jacketed glass reactor equipped with at hree-bafflem echanical stirrer.Ac onstant mixing rate of 400 rpm ensured the suspension of all particles. The temperature inside the reactor was regulated by using aH UBER Ministat 240 instrument. Am ass of 1.2 kg of BM powder was added at a constant rate of 50 gmin 1 in an initial volume of 8Lof demineralized water,l eading to an initial S/L ratio of 15 %; the starting time (t 0) of the experiment was the beginning of BM addition. The pH of the solution in the reactor was regulated in the range of 3 < pH < 5.5, by using aP ID controller connected to ap ump and a stock container of leaching agent. Relative pH standard deviations were lower than AE 4% for all experiments. HCl (12 m/12 n)o rH 2 SO 4 (6 m/12 n)w ere used as leaching agents (reagent grade) for pH adjustment and acid consumption was followed by measuring the mass of acid with ab alance. The effects of three process parameters on leaching yields and mechanisms were studied up to 22 h: the influence of pH (3 5.5) at 40 8Ci nH Cl, and the influence of temperature (25 60 8C) and type of acid (HCl or H 2 SO 4 )a tp H3.A t the end of the runs, the remaining solid leach residue was filtered from the PLS by using ap neumatic filter press and the PLS was collected for further treatment.

To follow the evolution of the leaching yields, samples (5 mL) were taken at periodic time intervals, filtered through 0.45 mms yringe filters, and analyzed by means of ICP-OES. The resulting leaching yield for ag iven element, i,a tt ime t, LY i t ðÞ ,i sc alculated according to Equation (10): 

LY i t ðÞ 
in which C i t ðÞis the concentration of element i in the sample at time t (in gL 1 ), V tot t ðÞis the total volume of solution (H 2 O + added acid, in L), m BM is the initial mass of BM powder (in g), and w i is the mass fraction of element i in the initial BM powder.

In addition, for some experiments, four samples ( % 150 mL) were extracted at different times and filtered by using aB üchner system, to 1) measure the S/L ratio evolution;a nd 2) characterize the solid residues by means of XRD, SEM-FEG, EPMA, and ICP-OES. The consistency of the overall elementary mass balance was verified for one set of conditions (H 2 SO 4 (6 m), pH 3, 40 8C, repeated twice) by comparing the analysis of the solid samples extracted with the Büchner system, the analysis of the aqueous solution, and the initial BM composition.

Thermodynamic calculations

Thermodynamic calculations were carried out thanks to the geochemical software PHREEQC operated with PHREEPlot. [START_REF] Parkhurst | PHREEQC (Version 3) A ComputerP ro gram for Speciation, Batch Reaction, One Dimensional Transport[END_REF] The extended Debye Hückel b-dot equation of the LLNL model was used to calculate aqueous activity coefficients. [START_REF] Parkhurst | PHREEQC (Version 3) A ComputerP ro gram for Speciation, Batch Reaction, One Dimensional Transport[END_REF] Thermodynamic data were taken from the 2017 version of the Thermoddem database [START_REF] Blanc | [END_REF] and completed to account for the thermodynamic properties of solid phases (La(OH) 3 , [START_REF] Ekberg | Hydrolysis of Metal Ions[END_REF] LaNi 5 , [START_REF] Gorbachuk | [END_REF] and La 2 NiO 4 [41] )a nd aqueous lanthanide chloride compounds (LaCl 2 + ,L aCl 2 + ,L aCl 3 ,a nd LaCl 4 ), [60,61] valid in the temperature range 25 90 8C. E h pH speciation diagrams were calculated at 25, 40, and 60 8C, with La and Ni concentrations corresponding to a1 5wt% S/L ratio (S is the solid BM and Li st he HCl H 2 Ol iquid phase).

Figure 1 .

 1 Figure 1. SEM backscattered electron(BSE) cross sections of representative BM particles: P2 type (zone 1), P3 type (zone 2), P4 type (zone 3), and P5 type (zone 4).

Figure 2 .

 2 Figure 2. a) SEM BSE cross section of aP 5 type BM particle with ac ore shell structure, b) first magnification of the core shell oxide structure, c) second mag nification of the core shell oxide structure, and d) corresponding EPMA WDS line profile [at %].

Figure 3 .

 3 Figure 3. Calculated Eh pHd iagramf or a) La and b) Ni, in the quaternary system Ni La H 2 O HCl at 40 8C, with [La] = 0.0965 mol kgw 1 (kilograms of water) and [Ni] = 1.15mol kgw 1 (S/L ratio of 15 wt %). c) List of the solid phases and aqueous species considered for thermodynamic calculations.

Figure 4 .

 4 Figure 4. a) Influence of the temperature in HCl at pH 3o nt he leaching yields of La (circles) and Ni (triangles). b) Influenceoft he pH in HCl at 40 8C on the leaching yields of La (circles)and Ni (triangles).

Figure 5 .

 5 Figure 5. Leaching yield of La [%] expressed with respect to the leaching yield of Ni [%] for experiments carried out in HCl at various pH and tempera ture (the black line corresponds to ac ongruent dissolution of La and Ni).

Figure 6 .

 6 Figure 6. SEM BSE cross sections of particles in the solid leach residueo btained in HCl at pH 3a nd 60 8C, after 1hof leaching (zones 1a nd 2) andafter 22 h of leaching (zones 3 5).

Figure 7 .

 7 Figure 7. a) SME BSE cross section of ap article after 1hof leaching in HCl at pH 3a nd 60 8C. b) CorrespondingE PMA WDS concentration profile obtained across the particle [at %].

Figure 8 .

 8 Figure 8. Evolution of the leaching yields of K( squares), La (circles), and Ni (triangles)inH Cl (blue) and H 2 SO 4 (green) at pH 3and at a) 25, b) 40, and c) 60 8C.

Figure 9 .

 9 Figure 9. PowderX RD spectraoft he initial BM sample (black)and the solid leach resi dues after dissolution in H 2 SO 4 at pH 3a nd 25 8Cfor 22 h( green), at pH 3a nd 40 8Cfor 22 h(yellow), and at pH 3a nd 60 8Cfor 45 min (red).

Figure 10 .

 10 Figure 10. a) Schematicillustration of the proposed leaching mechanism of P5 type particles identified in Figure2in the initial BM sample powder,and b) the corresponding SEM BSE micrograph.

Table 1 .

 1 Average chemical composition [wt %] of the industrial BM sample powder.

	Element	Chemical composition [wt %]
	Al	0.85 AE 0.01
	Cd	0.83 AE 0.05
	Co	5.45 AE 0.23
	Cu	0.51 AE 0.03
	Fe	2.90 AE 0.32
	K2 .17 AE 0.07
	Li	0.13 AE 0.01
	Mn	2.37 AE 0.14
	Na	< detection limit
	Zn	1.56 AE 0.19
	Ni	44.98 AE 0.69
	La	8.72 AE 0.22
	Ce	5.02 AE 1.09
	Nd	1.68 AE 0.05
	Pr	0.45 AE 0.01
	O1 3.1 AE 0.1
	C2 .83
	total	93.65

Table 2 .

 2 EPMA WDS range of atomic contents of P2 type, P3 type, P4 typeand P5 typeBMp articles [at %].

	Particle type					Atomic content[%]					(Ni,Co,Mn,Al):(REEs)
		OA lK	Mn	Co	Ni	Pr	Nd	La	Ce	To tal	
	P2	1.2 1.4	00 0.10 .1 0.2	0.3 0.9	97.4 97.7	0000	100	
	P3	2.0 8.1	0.2 0.4	0.2 1.4	0.1 0.4	2.9 7.3	62.0 93.6	000092.0	
	P4	9.5 33.0	1.1 3.0	0 0.23 .7 4.3	6.2 8.7	42.1 43.6	0.3	1.4 2.4	6.0 19.8	3.2 8.2	99.91 .9 4.6
	P5	31.8 36.9	2.8 4.4	0 0.9	3.9 5.4	5.8 7.8	35.6 41.0	0.5 0.6	1.4 2.2	3.5 4.7	4.7 6.5	100	3.8 4.9

Table 3 .

 3 EPMA WDS point analyses of particlesi dentified in Figure6[ at %].

	Region

  100 C i t ðÞ V tot t ðÞ m BM w i
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