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Investigation of magnetite-Co interactions: from environmentally relevant trace Co levels to core-shell Fe 3 O 4 @Co(OH) 2 nanoparticles with magnetic applications

Magnetite (Fe 3 O 4 ) nanoparticles (MNs) are largely known as strong sorbents for inorganic ions such as divalent transition metals (e.g. Co 2+ ). Therefore, MNs play an important role on the behavior and fate of trace contaminants, and are commonly used in contaminated water treatment technologies. In addition, surface modification of MNs using Co 2+ affects MNs magnetic properties, which leads to a broad range of high technology applications (e.g., catalysis, medicine and electronics). However, the mechanisms involved between fully stoichiometric magnetite (i.e., with Fe(II)/Fe(III) = 0.5) and transition metals in aqueous solutions are still poorly understood. Adsorption of Co onto stoichiometric MNs (~10 nm-sized) was studied at pH = 8 under inert atmosphere to ensure no evolution of MNs stoichiometry.

The Co adsorption isotherm was found non-linear over the 5 orders of magnitude in aqueous

[Co] investigated. Adsorption modeling, soft X-ray absorption spectroscopy (XAS) and magnetic circular dichroism (XMCD) at the Co and Fe L 2,3 -edges evidenced three types of surface species, which could be attributed to (i) surface complexed or incorporated Co 2+ with a ferrimagnetic behavior at low loadings, (ii) magnetically-silent small Co polymers at intermediate loadings and (iii) precipitation of antiferromagnetic Co(OH) 2(s) -like phase onto the magnetite surface for highest Co concentrations. These results might not only help predicting behavior and fate of Co in the environment, but also to optimize the synthesis procedures of Co-modified MNs using water as solvent for high technology applications.

Environmental Significance

In natural environments, magnetite nanoparticles are present in many types of soil. These iron oxide nanoparticles are known to affect the speciation of contaminants and be used for remediation purposes. However, surface reactivity of stoichiometric magnetite towards metal ions like Co 2+ , defined by a Fe(II)/Fe(III) = 0.5, has rarely been studied in the absence of oxygen that can oxidize its surface to maghemite. Adsorption isotherms, X-ray absorption spectroscopy and X-ray magnetic circular dichroism evidenced three different Co surface species, which modified the magnetic properties of the nanoparticles. This work sheds light on the interaction mechanisms of magnetite and Co 2+ in aqueous media, which might help predicting the environmental fate of Co, and provide some guidelines for the environmentallyfriendly synthesis of core-shell Fe 3 O 4 @Co(OH) 2 nanoparticles for magnetic applications.

Introduction

Magnetite (Fe 3 O 4 ) is one of the most abundant iron oxides in the environment, occurring in soils and waters, but also in some living organisms such as bacteria and some animals. [START_REF] Gould | The Case for Magnetic Sensitivity in Birds and Bees (Such As It Is): Surprising concentrations of magnetite in the tissues of some animals may explain their sensitivity to the earth's magnetic field[END_REF][START_REF] Frankel | Magnetic Guidance Of Organisms[END_REF][START_REF] Cornell | The Iron Oxides: Structure, Properties, Reactions, Occurences and Uses[END_REF][START_REF] Churchman | Alteration, Formation, and Occurrence of Minerals in Soils[END_REF][START_REF] Byrne | Redox cycling of Fe(II) and Fe(III) in magnetite by Fe-metabolizing bacteria[END_REF] Magnetite nanoparticles also attract particular interest for many applications (environmental, electronic, medical, agricultural, etc.) due to their unique electronic and structural properties. [START_REF] Majewski | Functionalized Magnetite Nanoparticles-Synthesis, Properties, and Bio-Applications[END_REF][START_REF] Prado | Enhancing the magnetic anisotropy of maghemite nanoparticles via the surface coordination of molecular complexes[END_REF][START_REF] Usman | Magnetite and Green Rust: Synthesis, Properties, and Environmental Applications of Mixed-Valent Iron Minerals[END_REF][START_REF] Fang | Transition Metal Oxide Anodes for Electrochemical Energy Storage in Lithium-and Sodium-Ion Batteries[END_REF] Magnetite is a ferrimagnetic mineral form of Fe oxide, with the chemical composition formula Fe 2+ (Fe 3+ ) 2 (O 2-) 4 , and it has an inverse spinel structure with octahedral sites shared by Fe (II) and Fe(III) cations and tetrahedral sites occupied by Fe(III). [START_REF] Usman | Magnetite and Green Rust: Synthesis, Properties, and Environmental Applications of Mixed-Valent Iron Minerals[END_REF][START_REF] Lindsley | Experimental studies of oxide minerals[END_REF][START_REF] Skomurski | Structure, charge distribution, and electron hopping dynamics in magnetite (Fe3O4) (100) surfaces from first principles[END_REF] The occurrence of the two Fe oxidation states has major consequences on magnetite properties, notably its redox reactivity [START_REF] Gorski | Redox Behavior of Magnetite: Implications for Contaminant Reduction[END_REF][START_REF] Latta | Influence of Magnetite Stoichiometry on UVI Reduction[END_REF] and magnetic properties. [START_REF] Goss | Saturation magnetisation, coercivity and lattice parameter changes in the system Fe3O4-γFe2O3, and their relationship to structure[END_REF][START_REF] Goya | Static and dynamic magnetic properties of spherical magnetite nanoparticles[END_REF][START_REF] Teja | Synthesis, properties, and applications of magnetic iron oxide nanoparticles[END_REF] Combined with the small size, surface-to-volume ratio [START_REF] Majewski | Functionalized Magnetite Nanoparticles-Synthesis, Properties, and Bio-Applications[END_REF][START_REF] Auffan | Towards a definition of inorganic nanoparticles from an environmental, health and safety perspective[END_REF][START_REF] Issa | Magnetic Nanoparticles: Surface Effects and Properties Related to Biomedicine Applications[END_REF] and subsequent high sorption capacity for ions and molecules, magnetite nanoparticles have been widely investigated as contaminant scavengers in natural systems, for water treatment purposes, [START_REF] Usman | Magnetite and Green Rust: Synthesis, Properties, and Environmental Applications of Mixed-Valent Iron Minerals[END_REF] as support for catalysts [START_REF] Zhu | Inverse iron oxide/metal catalysts from galvanic replacement[END_REF] or as drug carriers, [START_REF] Ito | Medical application of functionalized magnetic nanoparticles[END_REF] for instance.

Both fields of environment and electronics focus on the sorption of metal ions onto magnetite nanoparticles. In particular, Co is a trace metal that can cause many environmental and health problems, [START_REF] Liu | Synthesis of Magnetite/Graphene Oxide Composite and Application for Cobalt(II) Removal[END_REF][START_REF] Tizro | Removal of Cobalt Ions from Contaminated Water Using Magnetite Based Nanocomposites: Effects of Various Parameters on the Removal Efficiency[END_REF][START_REF] Das | Green Synthesis, Characterization and Application of Natural Product Coated Magnetite Nanoparticles for Wastewater Treatment[END_REF] and its sorption onto magnetite may (i) influence its transport, mobility and toxicity in natural waters and soils or (ii) be used for remediation purposes. [START_REF] Usman | Magnetite and Green Rust: Synthesis, Properties, and Environmental Applications of Mixed-Valent Iron Minerals[END_REF] Surface-bound Co may improve the magnetic properties of magnetite nanoparticles, by decreasing their magnetic anisotropy at ambient temperature, while keeping a small size, [START_REF] Zhang | Synthesis and assembly of magnetic nanoparticles for information and energy storage applications[END_REF][START_REF] Song | Controlled Synthesis and Magnetic Properties of Bimagnetic Spinel Ferrite CoFe2O4 and MnFe2O4 Nanocrystals with Core-Shell Architecture[END_REF][START_REF] Sartori | Strong interfacial coupling through exchange interactions in soft/hard core-shell nanoparticles as a function of cationic distribution[END_REF] which is of great interest for magneto-optic devices, [START_REF] Choueikani | Magneto-optical waveguides made of cobalt ferrite nanoparticles embedded in silica/zirconia organic-inorganic matrix[END_REF][START_REF] Amata | Hybrid magneto-optical mode converter made with a magnetic nanoparticles-doped SiO2/ZrO2 layer coated on an ion-exchanged glass waveguide[END_REF] electronic devices, [START_REF] Sugimoto | The Past, Present, and Future of Ferrites[END_REF] data storage, [START_REF] Sartori | Strong interfacial coupling through exchange interactions in soft/hard core-shell nanoparticles as a function of cationic distribution[END_REF][START_REF] Staniland | Controlled cobalt doping of magnetosomes in vivo[END_REF][START_REF] Babukutty | Studies on structural, optical and magnetic properties of cobalt substituted magnetite fluids (CoxFe1-xFe2O4)[END_REF] high-density recording [START_REF] Gubin | Nanomaterial for High-Density Magnetic Data Storage[END_REF] or even for replacing the rare earths contained in certain permanent magnets. [START_REF] Sartori | Strong interfacial coupling through exchange interactions in soft/hard core-shell nanoparticles as a function of cationic distribution[END_REF][START_REF] Choueikani | Selfbiased magneto-optical films based on CoFe2O4-silica nanocomposite[END_REF] According to the metal concentration and the synthesis method, different metal ions sorption mechanisms onto magnetite exist, such as incorporation, [START_REF] Sartori | Strong interfacial coupling through exchange interactions in soft/hard core-shell nanoparticles as a function of cationic distribution[END_REF][START_REF] Missana | Surface reactions kinetics between nanocrystalline magnetite and uranyl[END_REF][START_REF] Moon | Microbial preparation of metal-substituted magnetite nanoparticles[END_REF][START_REF] Bliem | Adsorption and incorporation of transition metals at the magnetite Fe 3 O 4 (001) surface[END_REF][START_REF] Gaudisson | On the exact crystal structure of exchange-biased Fe3O4-CoO nanoaggregates produced by seed-mediated growth in polyol[END_REF] surface complexation [START_REF] Missana | Surface reactions kinetics between nanocrystalline magnetite and uranyl[END_REF][START_REF] Giraldo | Magnetite nanoparticles for removal of heavy metals from aqueous solutions: synthesis and characterization[END_REF] and surface precipitation. [START_REF] Catalette | Sorption of cesium, barium and europium on magnetite[END_REF][START_REF] Parkinson | Iron oxide surfaces[END_REF] Interaction mechanisms between Co and nanomagnetite surface must be elucidated in environmentally relevant conditions (e.g., in water, at low temperature), which might help deciphering the environmental fate of Co but also inspire environmentally friendly synthesis of Co bound to magnetite particles. However, data are missing due to the experimental challenges associated with the study of magnetite, and their high sensitivity to oxidation and incongruent dissolution of Fe(II) in circumneutral pH conditions. [START_REF] Jungcharoen | Probing the effects of redox conditions and dissolved Fe 2+ on nanomagnetite stoichiometry by wet chemistry, XRD, XAS and XMCD[END_REF][START_REF] Jungcharoen | Prediction of nanomagnetite stoichiometry (Fe(II)/Fe(III)) under contrasting pH and redox conditions[END_REF] By contrast with studies focused on redox reactivity of magnetite, [START_REF] Gorski | Redox Behavior of Magnetite: Implications for Contaminant Reduction[END_REF][START_REF] Latta | Influence of Magnetite Stoichiometry on UVI Reduction[END_REF][START_REF] Marsac | Reduction Kinetics of Nitroaromatic Compounds by Titanium-Substituted Magnetite[END_REF] little effort has been made to preserve the full stoichiometry of magnetite nanoparticles (i.e. Fe(II)/Fe(III) = 0.5) in Comagnetite adsorption studies. [START_REF] Tamura | The Co2+Adsorption Properties of Al2O3, Fe2O3, Fe3O4, TiO2, and MnO2 Evaluated by Modeling with the Frumkin Isotherm[END_REF][START_REF] Motl | Sorption of cobalt on magnetite[END_REF][START_REF] Hashemian | Adsorption of Cobalt(II) from Aqueous Solutions by Fe3O4/Bentonite Nanocomposite[END_REF][START_REF] Efimova | Uptake of Radionuclides 60Co, 137Cs, and 90Sr with α-Fe2O3 and Fe3O4 Particles from Aqueous Environment[END_REF] However, partial oxidation or Fe(II)-depletion at the surface might drastically impact the adsorption extent and surface Co binding mechanisms, as recently evidenced for redox-inert organic molecules. [START_REF] Cheng | Influence of Magnetite Stoichiometry on the Binding of Emerging Organic Contaminants[END_REF][START_REF] Deng | Adsorption capacity of the corrosion products of nanoscale zerovalent iron for emerging contaminants[END_REF] The present study investigates the sorption of Co onto stoichiometric magnetite nanoparticles in aqueous suspensions, with the aims to (i) elucidate the mechanisms involved at various Co concentrations (e.g., surface complexation, oligomerization, precipitation) and (ii) relate the Co surface speciation to its effects on the electronic and magnetic properties of the nanoparticles.

To do so, sorption isotherm experiments have been conducted at pH 8 under an inert atmosphere and modeling has been performed to support results. This pH value was chosen in order to preserve the magnetite stoichiometry, because H + -promoted dissolution of Fe 2+ can occur at lower pH values. [START_REF] Jungcharoen | Probing the effects of redox conditions and dissolved Fe 2+ on nanomagnetite stoichiometry by wet chemistry, XRD, XAS and XMCD[END_REF][START_REF] Jungcharoen | Prediction of nanomagnetite stoichiometry (Fe(II)/Fe(III)) under contrasting pH and redox conditions[END_REF] The samples have been characterized by X-ray absorption spectroscopy (XAS) and magnetic circular dichroism (XMCD) at Fe and Co L 2,3 -edges. The results provide important data for the prediction of Co fate in environmental systems where magnetite occurs, as well as key understanding for the development of innovative procedures for the environmentally friendly synthesis of magnetite-bound Co.

Materials and Methods

Chemicals

All chemicals used were purchased from Sigma-Aldrich and were of analytical grade or better. Sample solutions were prepared with "MilliQ" ultrapure water (specific resistivity 18.2 MΩ cm). All experiments were performed in an anaerobic chamber (N 2 -glovebox, JACOMEX, O 2(g) < 1 ppm) and all solutions were purged with N 2(g) for at least 12 hours inside the glovebox before use. All samples were also adjusted pH by HCl and NaOH (no buffer was used). For MET measurements, hexadecyltrimethylammonium bromide (CTAB) was used as surfactant.

Synthesis of stoichiometric magnetite nanoparticles

Stoichiometric magnetite (Fe 3 O 4 ) was synthesized, at room temperature, in an N 2 -glovebox (N 2 -glovebox, JACOMEX, O 2(g) < 1 ppm) by co-precipitation of iron salts. [START_REF] Massart | Preparation of aqueous magnetic liquids in alkaline and acidic media[END_REF] The synthesis method is similar to that used by Demangeat et al. (2018) [START_REF] Demangeat | Colloidal and chemical stabilities of iron oxide nanoparticles in aqueous solutions: the interplay of structural, chemical and environmental drivers[END_REF] and Jungcharoen et al. (2021). [START_REF] Jungcharoen | Probing the effects of redox conditions and dissolved Fe 2+ on nanomagnetite stoichiometry by wet chemistry, XRD, XAS and XMCD[END_REF] First, FeCl 2 and FeCl 3 were dissolved in HCl. Then, the two solutions were mixed to obtain an iron solution with a molar ratio Fe(II)/Fe(III) = 0.5. This solution was added into a NaOH solution leading to the instantaneous precipitation of ∼10 nm magnetite nanoparticles. After synthesis, the solid phase was washed using water at pH = 8 and the stoichiometry of magnetite was checked by spectrophotometric determination of dissolved [Fe(II)] and total [Fe] (i.e. [Fe(III)] +

[Fe(II)]) by the 1-10 phenanthroline colorimetric method. 52,53

Sorption experiments

All the samples were prepared in anaerobic conditions, under the same conditions as the magnetite synthesis. A 100 mM CoCl 2 stock solution was prepared. Samples consisted of magnetite aqueous suspensions, for a total Fe concentration of 6.5 mM (∼0. Cobalt concentrations were determined using a UV-Vis spectrophotometric method, adapted from Zahir and Keshtkar (1998). [START_REF] Klooster | Nitroso R-salt, a new reagent for the detection of cobalt[END_REF][START_REF] Zahir | A Colorimetric Method for Trace Level Determination of Cobalt in Natural and Waste Water Samples[END_REF][56] It is based on the complexation of Co 2+ by 1-Nitroso-2naphthol-3,6-disulfonic acid disodium salt hydrate (nitroso-R salt). A 1% solution was prepared by dissolving 1g of the nitroso-R salt powder in 100 mL ultrapure water. A volume of 500 µL of the nitroso-R solution is added to the sample, with 1mL of a 1 mol L -1 acetate/acetic acid pH-buffer solution (pH = 4.1), as well as ultrapure water to reach a total volume of 10 mL. The absorbance was recorded at 520 nm with a Shimadzu UV2600 spectrophotometer. A cobalt calibration curve was determined, with concentrations ranging from 5 to 100 µM, for the quantification of aqueous Co concentration in the filtered solutions ([Co] aq ). For the samples with [Co] aq , a quadrupole ICP-MS (Agilent Technologies 7700X) was used. Before Co quantification, calibration curves were performed and validated using certified material references (SLRS-6, National Research Council). A rhodium solution was used as an internal standard to correct the instrumental drift and potential matrix effects. The limit of Co quantification was determined at 18 µM (1.04 ppt) (AFNOR Certification). [START_REF] Yeghicheyan | A New Interlaboratory Characterisation of Silicon, Rare Earth Elements and Twenty-Two Other Trace Element Concentrations in the Natural River Water Certified Reference Material SLRS-6 (NRC-CNRC)[END_REF] The total amount of Co associated with the solid phase was expressed in term of Co surface density onto magnetite ([Co] s , in atom nm -²) and calculated as follows:

(1)

[𝐶𝑜] 𝑠 = ([𝐶𝑜] 𝑡𝑜𝑡 -[𝐶𝑜] 𝑎𝑞 ) * 𝑉 𝑚 * 1 𝑆𝑆𝐴 * 𝑁 𝐴 * 10 -18
where [Co] tot and [Co] aq are given in mol L -1 , V is the sample volume (L), m is the magnetite mass (g), SSA is the surface specific area (m² g -1 ) and N A is the Avogadro constant (mol -1 ).

A Co-hydroxide suspension was prepared from the 100 mM CoCl 2 stock solution which was neutralized by adding NaOH until precipitation, in a N 2 -glovebox, at room temperature. NaOH was added until pH was stable at 10 and the solution was kept as is.

Characterization by TEM and XRD

Magnetite nanoparticles were characterized by transmission electron microscopy (TEM; Jeol JEM 2100 HR microscope), for three Co concentrations ([Co] tot = 0.04, 0.8 and 3 mM). A small volume of Co-magnetite was collected and a surfactant (CTAB, 1 mM) was added in each sample to limit particle aggregation, which was then diluted with ultrapure water (at pH = 8).
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Each sample was sonicated for 15 min. A droplet of the diluted suspension was deposited on a Holey carbon film 300 mesh copper grid and dried inside the anaerobic chamber. Samples were transported to the microscope in hermetically sealed glass bottles, preserving them under an N 2 atmosphere. The average particle diameter of the pristine magnetite was found equal to 11.5±1.5, by measuring 100 particles. [START_REF] Jungcharoen | Probing the effects of redox conditions and dissolved Fe 2+ on nanomagnetite stoichiometry by wet chemistry, XRD, XAS and XMCD[END_REF][START_REF] Jungcharoen | Prediction of nanomagnetite stoichiometry (Fe(II)/Fe(III)) under contrasting pH and redox conditions[END_REF] Powder X-ray diffraction (XRD) was performed on a Bruker D8 Advance diffractometer working with monochromatized Cu Kα1 radiation (λ = 0.15406 nm). The energy detection of the LynxEye detector was settled in order to avoid the fluorescence background from Fe-and Co-atoms. The Co-magnetite solid phases were separated from the solution using a magnet and then deposited and dried on a disoriented Si single crystal holder in an anaerobic chamber. The dried samples were covered by a drop of glycerol to limit the oxidation of magnetite during the XRD analysis.

XAS and XMCD analyses

The solid samples were analyzed by XAS and XMCD, that are covering the soft X-ray range XMCD magnetization curves at specific sites of Co and Fe L 3 edges were plotted by collecting XMCD intensity as a function of the external magnetic field (from +6 to -6 T). At DEIMOS beamline, the fully circularly polarized X-rays are provided by Apple-II HU52

undulator for XAS and XMCD while EMPHU65 with a polarization flipping rate of 10 Hz was used to record the magnetization curves. The beam size was 800x800 µm 2 and the photon energy resolution was 100 meV.

Chemical speciation modeling

Aqueous chemical speciation calculations were performed using the geochemical code PHREEQC (version 2 [START_REF] Parkhurst | User's guide to PHREEQC (Version 2): A computer program for speciation, batch-reaction, one-dimensional transport, and inverse geochemical calculations[END_REF] ) and the Minteq.v4 database, which accounts for the relevant complexation reaction for Co 2+ with Cl -on OH -, and can predict the solubility of Co-bearing phases (e.g. Co(OH) 2(s) , whose logarithm of solubility product equals 13.094). Ionic strength effects on equilibrium constants were calculated using the Davies equation.

Results and Discussion

Cobalt adsorption onto magnetite

The sorption isotherm of Co onto magnetite evidences two distinct behaviors at low and high

[Co] tot , when plotted using linear scales (Fig. 1a; data in Table S1). [START_REF] Tamura | The Co2+Adsorption Properties of Al2O3, Fe2O3, Fe3O4, TiO2, and MnO2 Evaluated by Modeling with the Frumkin Isotherm[END_REF][START_REF] Motl | Sorption of cobalt on magnetite[END_REF][START_REF] Hashemian | Adsorption of Cobalt(II) from Aqueous Solutions by Fe3O4/Bentonite Nanocomposite[END_REF] and suggests a higher sorption capacity of magnetite as compared to its oxidation product, maghemite. This value compares well with an occupancy of 50% of cation-reactive magnetite surface sites (i.e. 14.84 sites nm -², according to Morelova and al. [START_REF] Morelová | Sorption of americium / europium onto magnetite under saline conditions: Batch experiments, surface complexation modelling and X-ray absorption spectroscopy study[END_REF] ), if assuming a 1:1 Co:surface site stoichiometry. However, the prevalence of a 1:1 surface complex is very unlikely: multidentate binding might be more favorable because stronger complexes generally form at Fe oxide surfaces. [START_REF] Morelová | Sorption of americium / europium onto magnetite under saline conditions: Batch experiments, surface complexation modelling and X-ray absorption spectroscopy study[END_REF][START_REF] Ponthieu | Metal ion binding to iron oxides[END_REF][START_REF] Mendez | High and low affinity sites of ferrihydrite for metal ion adsorption: Data and modeling of the alkaline-earth ions Be, Mg, Ca, Sr, Ba, and Ra[END_REF] In addition, high cation surface loadings generate strong positive surface charge. Therefore, to achieve a cation surface loading of 7 atom nm -², not only magnetite-bound Co-monomers but also small oligomers might form. [START_REF] Weng | Cu2+ and Ca2+adsorption to goethite in the presence of fulvic acids[END_REF][START_REF] Ugwu | Irreversibility of sorption of cobalt to goethite (α-FeOOH) and disparities in dissolution of aged synthetic Co-goethite[END_REF][START_REF] Cheng | Adsorption of Quinolone Antibiotics to Goethite under Seawater Conditions: Application of a Surface Complexation Model[END_REF] The plateau in the isotherm is followed by a non-linear increase of [Co] s for [Co] aq above ~ 0.2 mM (Fig. 1a). This corresponds to 10% of Co solubility limit (i.e. assuming three mechanisms respectively described by two Langmuir equations (L1 and L2), to account for Co-magnetite binding up to the sorption plateau, and one Freundlich equation (F), to account for Co surface precipitation:

[Co] s = Q L1 + Q L2 + Q F (2)
In equation 2, Q L,i (i = 1 or 2) and Q F are magnetite-bound Co amounts. Values of Q L,i are calculated according to the Langmuir model:

(3)

𝑄 𝐿,𝑖 = 𝑄 𝑚𝑎𝑥,𝑖 𝐾 𝐿,𝑖 [𝐶𝑜] 𝑎𝑞 1 + 𝐾 𝐿,𝑖 [𝐶𝑜] 𝑎𝑞
where Q max,i is the adsorption capacities (here, in atom nm -²) and K L,i are the Langmuir constants (in L mmol -1 ). Values of Q F are calculated using the following equation:

(4) 𝑄 𝐹 = 𝐾 𝐹 [𝐶𝑜] 𝑛 𝑎𝑞
where K F is the Freundlich constant, and n is the non-ideality parameter. Parameters of equation 2 were optimized using a least square fitting procedure (Table S2). The results of the fit are shown in Fig. 1a,b, in which the experimental results are well predicted by the model combining the three adsorption isotherm models. Values of Q max,i are 0.45 ± 0.13 and 10.09 ± 1.70 atom nm -², for the L 1 and L 2 models respectively (Table S2). Even though this model is simple, as it does not account, for instance, for the potential Co-oligomer formation or electrostatic effects discussed above, it provides further evidence for the formation of at least three distinct surface species and a semi-quantitative guide for the interpretation of the isotherm data and, later in this manuscript, spectroscopic ones.

Cobalt surface speciation analysis by XAS and XMCD

XAS and XMCD analysis were performed to investigate the speciation of magnetite-bound Co. Fig. 2a shows isotropic XAS at the Co L 3 -edge for different Co surface loadings depicted as triangles in the isotherm plots (Fig. 1; 0.12 ≤ [Co] s ≤ 25.74 atom nm -²). Full range spectra at the Co L 2,3 -edges are also shown in Fig. S3a. All spectra exhibit four contributions at 772 eV (peak A), 773.4 eV (peak B), 773.8 eV (peak C) and 774.7 eV (peak D). These peaks correspond to Co 2+ multiplets, i.e., the different possible energy transitions due to important interactions between the valence electrons and the electrons close to the nucleus. [START_REF] Haverkort | Spin and orbital degrees of freedom in transition metal oxides and oxide thin films studied by soft x-ray absorption spectroscopy[END_REF] et al. 2019) [START_REF] Sartori | Strong interfacial coupling through exchange interactions in soft/hard core-shell nanoparticles as a function of cationic distribution[END_REF] and 𝝱-Co(OH) 2(s) (see the XRD pattern in Fig. S2). At low cobalt concentrations, spectra exhibit a more intense peak C relative to the other peaks. These spectra are similar to those recorded for adsorbed molecular complexes of Co 2+ onto magnetite, either via the Co 2+ ion [START_REF] Prado | Enhancing the magnetic anisotropy of maghemite nanoparticles via the surface coordination of molecular complexes[END_REF] or the ligand, [START_REF] Campbell | Engineering the magnetic coupling and anisotropy at the moleculemagnetic surface interface in molecular spintronic devices[END_REF] or CoFe 2 O 4 (Fig. 2a). This suggests that, at low concentrations, Co 2+ either incorporates into magnetite or adsorbs onto its surface, the XAS signal being similar for these chemical species. However, at any [Co] s investigated, analysis at the Fe L 2,3 -edges XAS and XMCD show no detectable effect of Co on Fe stoichiometry (Fig. S4), which suggests no significant substitution of Fe by Co in the Fe 3 O 4 structure, and might point to the prevalence of adsorbed Co ions compared to incorporated Co. Diffusion is a temperature-dependent phenomenon and Co 2+ diffusion in magnetite crystal lattice has only been observed at high temperatures, often with substitution of Fe 2+ atoms. [START_REF] Sharrock | Mössbauer emission spectroscopy study of cobalt-surface-doped acicular magnetite particles[END_REF][START_REF] Auric | Mössbauer experiments on cobalt-ferrite epitaxial magnetite[END_REF][START_REF] Toth | Adsorption[END_REF][START_REF] Franceschin | Exchange-Biased Fe3-xO4-CoO Granular Composites of Different Morphologies Prepared by Seed-Mediated Growth in Polyol: From Core-Shell to Multicore Embedded Structures[END_REF] When [Co] s increases, the intensity increase of peaks A, B and D confirms the presence of a Co(OH) 2(s) -like phase, [START_REF] Ya | An unusual high-spin ground state of Co 3+ in octahedral coordination in brownmillerite-type cobalt oxide[END_REF][START_REF] De Groot | Oxygen 1s and cobalt 2p X-ray absorption of cobalt oxides[END_REF] in agreement with isotherm data and TEM images (Fig. S1).

Linear combination analyses of normalized Co L 3 -edge XAS spectra (from 770 to 780 eV)

were performed to determine Co surface speciation versus Co surface loading (Fig. S5).

Because only two species were distinguished by XAS, spectra of Co(OH) 

(b) The percentage of the different species identified using the adsorption isotherm equation 2 versus Co surface loading, are compared to the percentage of Co(OH) 2(s) -like phase calculated from LCF of XAS data (yellow points) and, on the secondary axis, the XMCD intensity (black squares). (d) XMCD intensity ratio of E and F peaks, as a function of [Co] s . The dotted line corresponds to the XMCD intensity of Co(OH) 2(s) and the solid line to CoFe 2 O 4 references.

Corresponding normalized XMCD spectra are shown in Fig. 2c, at Co L 3 -edge (see Fig. S3b for the Co L 2 -edge). The spectra are typical of Co 2+ . [START_REF] Prado | Enhancing the magnetic anisotropy of maghemite nanoparticles via the surface coordination of molecular complexes[END_REF][START_REF] Daffé | Magnetic anisotropies and cationic distribution in CoFe2O4 nanoparticles prepared by co-precipitation route: Influence of particle size and stoichiometry[END_REF][START_REF] Campbell | Engineering the magnetic coupling and anisotropy at the moleculemagnetic surface interface in molecular spintronic devices[END_REF][START_REF] Coker | Harnessing the Extracellular Bacterial Production of Nanoscale Cobalt Ferrite with Exploitable Magnetic Properties[END_REF][START_REF] Bartolomé | Magnetic stability against calcining of microwavesynthesized CoFe2O4 nanoparticles[END_REF][START_REF] Gaudisson | On the exact crystal structure of exchange-biased Fe3O4-CoO nanoaggregates produced by seed-mediated growth in polyol[END_REF] The negative XMCD intensity values correspond to Co in octahedral environment. [START_REF] Sartori | Strong interfacial coupling through exchange interactions in soft/hard core-shell nanoparticles as a function of cationic distribution[END_REF][START_REF] Bartolomé | Magnetic stability against calcining of microwavesynthesized CoFe2O4 nanoparticles[END_REF][START_REF] Hochepied | X-ray absorption spectra and X-ray magnetic circular dichroism studies at Fe and Co L2,3 edges of mixed cobalt-zinc ferrite nanoparticles: cationic repartition, magnetic structure and hysteresis cycles[END_REF] All spectra exhibit several peaks, related to Co 2+ multiplets, especially a major peak at 773.9 eV (denoted peak F) and its shoulder at approximately 773.5 eV (denoted peak E). XMCD signal is largest for low [Co] s (0.12 and 0.48 atom nm -²), and the spectra are very similar to that of CoFe or adsorbed molecular Co complexes, [START_REF] Daffé | Magnetic anisotropies and cationic distribution in CoFe2O4 nanoparticles prepared by co-precipitation route: Influence of particle size and stoichiometry[END_REF][START_REF] Baaziz | Tuning of Synthesis Conditions by Thermal Decomposition toward Core-Shell CoxFe1-xO@CoyFe3-yO4 and CoFe2O4 Nanoparticles with Spherical and Cubic Shapes[END_REF][START_REF] Van Der Laan | X-ray magnetic circular dichroism-A versatile tool to study magnetism[END_REF] both compounds showing similar XMCD signals (like for XAS). [START_REF] Prado | Enhancing the magnetic anisotropy of maghemite nanoparticles via the surface coordination of molecular complexes[END_REF][START_REF] Campbell | Engineering the magnetic coupling and anisotropy at the moleculemagnetic surface interface in molecular spintronic devices[END_REF] The intensity of peak F exceeds 1 which can be attributed to surface spin canting effects. [START_REF] Sartori | Strong interfacial coupling through exchange interactions in soft/hard core-shell nanoparticles as a function of cationic distribution[END_REF][START_REF] Singh | Enhanced ferromagnetic moment in Co-doped BiFeO3 thin films studied by soft X-ray circular dichroism[END_REF] The XMCD signal decreases with increasing [Co] s from 0.48 to 3.65 atom nm -², before increasing with [Co] s > 3.65 atom nm -². In addition, the energy of the peak shoulder E shifts to lower values with increasing [Co] s (from 773.5 eV to 773.2 eV, between [Co] s = 0.12 to 25.74 atom nm -²), which is accompanied by a decrease of its intensity with respect to that of peak F (Fig. 2d). should exhibit no XMCD signal, being antiferromagnetic, but the strong magnetic field applied for the present measurements (± 6 T) may align part of the Co 2+ spins of a non-crystalline Co(OH) 2(s) phase. [START_REF] Néel | Superparamagnétisme des grains très fins antiferromagnétiques[END_REF][START_REF] Sako | Magnetic Property of Antiferromagnetic MnO Ultrafine-Particle[END_REF][START_REF] Zhang | Anomalous magnetic properties of antiferromagnetic CoO nanoparticles[END_REF] Suspected spin canting effects prevent the estimation of Co speciation by XMCD. Instead, the maximum peak intensity is qualitatively compared with the calculated speciation using the isotherm model (Fig. 2b). The disappearance of the first species, prevailing at low [Co] 

Probing the cobalt speciation by XMCD magnetization curves

For metal oxide nanoparticles, the magnetic properties depend on the valence state of the 3d elements and the spin moments alignment of the cations in the crystalline structure.

Therefore, following the magnetization curves at specific sites (Co 2+ (Oh) , Fe 2+ and Fe 3+ (Oh) and (Td) ) give complementary information about the behavior of the adsorbed or incorporated Co on the magnetite surface. The saturation at high field, the remanent magnetization (at zero field) and the coercive field (at zero magnetization) allow to distinguish the Co-bearing phases at the magnetite surface. For four [Co] [START_REF] Sartori | Strong interfacial coupling through exchange interactions in soft/hard core-shell nanoparticles as a function of cationic distribution[END_REF][START_REF] Kumar | Enhanced saturation magnetization in coblat doped Ni-Zn Ferrite Nanoparticles[END_REF] The low saturation for samples with high Co concentrations indicates the presence of antiferromagnetic phase superimposed to the ferrimagnetic phase already present at low concentration, causing a spin tilt in the surface layer on the magnetic particles and degrading the magnetic properties. [START_REF] Kumar | Enhanced saturation magnetization in coblat doped Ni-Zn Ferrite Nanoparticles[END_REF][START_REF] Thakur | Structural and magnetic properties of nano nickel-zinc ferrite synthesized by reverse micelle technique[END_REF] The magnetic signals of Fe are similar at different Co concentrations, except for the coercive field (Fig. S6). Coercive field (Hc) and the remanence to saturation ratio (Mr/Ms) were measured at the Co and Fe edges (Table 1).

Similar Hc values calculated for high Co concentration at Fe and Co edges agree with strong exchange coupling of Co and Fe atoms. [START_REF] Sartori | Strong interfacial coupling through exchange interactions in soft/hard core-shell nanoparticles as a function of cationic distribution[END_REF][START_REF] López-Ortega | Strongly exchange coupled inverse ferrimagnetic soft/hard, MnxFe3-xO4/ FexMn3-xO4, core/shell heterostructured nanoparticles[END_REF][START_REF] Estrader | Robust antiferromagnetic coupling in hardsoft bi-magnetic core/shell nanoparticles[END_REF] The Mr/Ms values confirm that with increasing 

Conclusion

Magnetite nanoparticles have a strong affinity for Co 2+ . Therefore, these nanoparticles have a high potential for environmental (decontamination) and electronic (core-shell structure) applications. Magnetite is already widely used in many fields but the understanding of its interactions with metals, and the resulting properties, is still limited. In this study, the mechanisms involved were investigated using magnetite nanoparticles Co 2+ solution at different concentrations, under anaerobic conditions. The results obtained give a better understanding of the interactions between magnetite and Co, at the nanoscale. The characterization of the nanoparticles showed that the addition of Co does not modify the size of the nanoparticles, which is about 10 nm. However, magnetite nanoparticles with high Co concentrations show a gangue, about 1 to 1.5 nm thick, constituted of amorphous Co hydroxide. Modeling of adsorption isotherms gives rise to three different behavior as a function

  and probing the L 2,3 (2p → 3d) absorption edges of Fe and Co transition metals. Thanks to their chemical selectivity and valence state sensitivity, XAS and XMCD give direct information on the electronic and magnetic properties, allowing to better understand the contribution of both Co and Fe cations in the structure and the magnetic behavior of the nanoparticles.XAS and XMCD spectra at Fe and Co L 2,3 edges were recorded on the DEIMOS beamline at synchrotron SOLEIL.[START_REF] Ohresser | DEIMOS: A beamline dedicated to dichroism measurements in the 350-2500 eV energy range[END_REF] All measurements were performed on dried nanoparticles. To do this, colloidal suspensions were drop-casted on silicon plates and dried at room temperature, in an Ar-glove box (JACOMEX, O 2 (g) < 1ppm) connected to the DEIMOS end-station. The silicon plates are then fixed on a copper sample holder. This one is introduced into the superconducting magnet as end-station. All spectra were collected in Total Electron Yield (TEY) at 4 K and in UHV conditions (10 -10 mbar). The XAS spectra were recorded following the measurements protocol detailed in previous works.[START_REF] Sartori | Strong interfacial coupling through exchange interactions in soft/hard core-shell nanoparticles as a function of cationic distribution[END_REF][START_REF] Jungcharoen | Probing the effects of redox conditions and dissolved Fe 2+ on nanomagnetite stoichiometry by wet chemistry, XRD, XAS and XMCD[END_REF][START_REF] Daffé | Magnetic anisotropies and cationic distribution in CoFe2O4 nanoparticles prepared by co-precipitation route: Influence of particle size and stoichiometry[END_REF] XAS were collected by flipping both the circular polarization of X-rays right (σ R ) or left (σ L ), and the external magnetic field (H = +6 or -6 Tesla). Isotropic XAS spectra were plotted as (σ + + σ -)/2, while XMCD were plotted as (σ + -σ -), whereσ + =[σ L (H + )+ σ R (H -)]/2 and σ -=[σ L (H -)+σ R (H + )]/2.XAS and XMCD were normalized by dividing the raw signal by the edge jump of the isotropic XAS. For the all the Co concentrations, the background of XAS and XMCD at Co L 2,3 edges were corrected by substracting from the raw signal the XAS and XMCD of the pure magnetite (without cobalt) sample measured at Co edges. Environmental Science: Nano Accepted Manuscript Open Access Article. Published on 13 September 2023. Downloaded on 9/14/2023 7:12:34 AM. This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence. View Article Online DOI: 10.1039/D3EN00379E

  At low [Co] tot , Co interacts strongly with magnetite surface, as shown by the increase in [Co] s , and the corresponding small [Co] aq remaining in the aqueous phase. The sorption of Co reaches a plateau at around [Co] s 7 to 10 atom nm -². This value is larger than that of previous studies dedicated to Co adsorption to magnetite under oxidizing conditions at pH 8, in which a sorption plateau was measured at 1.5 ≤ [Co] ≤ 3.3 atom nm -²,

  2.4 mM) in 10 mM NaCl solution at pH 8, as calculated with PHREEQC. The non-ideal adsorption behavior, the [Co] aq value and the surface site occupancy point to a surface precipitation mechanism.[START_REF] Blesa | Behavior of cobalt(II) in aqueous suspensions of magnetite[END_REF][START_REF] Farley | A surface precipitation model for the sorption of cations on metal oxides[END_REF][START_REF] Lutzenkirchen | On the surface precipitation model for cation sorption at the (hydr)oxide water interface[END_REF][START_REF] Petrova | The magnetite as adsorbent for some hazardous species from aqueous solutions: a review[END_REF][START_REF] Dzombak | Surface Complexation Modeling: Hydrous Ferric Oxide[END_REF] This was confirmed by TEM imaging, showing crystallized sphere-like magnetite nanoparticles of aboutEnvironmental Science: Nano Accepted ManuscriptOpen Access Article. Published on 13 September 2023. Downloaded on 9/14/2023 7:12:34 AM.This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence. by an amorphous layer whose thickness was about 1 to 1.5 nm for [Co] s = 8.30 and 25.74 atom nm -². Such a layer was hardly observed at lower loading (e.g. [Co] s = 0.12 atom nm -²; Fig.S1). XRD patterns of the pristine magnetite and with high Co loading (25.74 atom nm -²) were similar, which further support the formation of amorphous Co(OH) 2(s)like layer (Fig.S2). Similar TEM and XRD observations were made when surface precipitation of a Fe(OH) 2(s) -like phase occurred onto magnetite nanoparticles.[START_REF] Jungcharoen | Probing the effects of redox conditions and dissolved Fe 2+ on nanomagnetite stoichiometry by wet chemistry, XRD, XAS and XMCD[END_REF] 

Fig. 1 .

 1 Fig. 1. Cobalt adsorption isotherm on magnetite (0.5 g L -1 ), at pH 8 in 10 mM NaCl solution. Data are plotted on (a) linear and (b) logarithmic scales. Circles represent the experimental data ("exp. data"). Triangles correspond to the samples analyzed by XAS and XMCD. Dashed black lines are model results using a combination of two Langmuir (Q L1 and Q L2 as grey and blue lines, respectively) and one Freundlich isotherm equations (Q F , red lines).

  All spectra were normalized to peak C, in order to deduce qualitative information one structure of the Co at the surface of the Fe 3 O 4 nanoparticles from the evolution of the relative intensity of the other peaks (A, B, and D). Results were also compared with spectra of CoFe 2 O 4 (taken from Sartori Environmental Science: Nano Accepted Manuscript Open Access Article. Published on 13 September 2023. Downloaded on 9/14/2023 7:12:34 AM. This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence. View Article Online DOI: 10.1039/D3EN00379E

Fig. 2 .

 2 Fig. 2. Normalized XAS (a) and XMCD (c) spectra at the Co L 3 -edge (see L 2,3 -edges in Fig. S3) of stoichiometric magnetite with different Co surface loadings (0.12 ≤ [Co] s ≤ 25.74 atom nm -²). XAS and XMCD signals are normalized by dividing the raw signal by the maximum XAS peak. (b) The percentage of the different species identified using the adsorption isotherm equation 2 versus Co surface loading, are compared to the percentage of Co(OH) 2(s) -like phase calculated from LCF of XAS data (yellow points) and, on the secondary axis, the XMCD intensity (black squares). (d) XMCD intensity ratio of E and F peaks, as a function of [Co] s . The dotted line corresponds to the XMCD intensity of Co(OH) 2(s) and the solid line to CoFe 2 O 4 references.

2 O 4 nanoparticles
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  s , corresponds rather well to the drop in the XMCD signal intensity. For large [Co] s , the XMCD signal increase coincides with the increase in the amount of Co(OH) 2(s) -like phase. These results suggest that the Co species with weak magnetic signal forms at intermediate surface loadings, which corresponds to the prevailing Co species when the sorption isotherm reaches a plateau (at around 10 atom nm -²). Altogether, wet chemical experiments, XAS and XMCD at Fe and Co L 3 -edges point to the formation of (i) relatively strong Co surface complexes or incorporated Co species at low loadings (< 1 atom nm -²), (ii) Co-oligomeric species formations with antiferromagnetically coupled spins, and (iii) Co(OH) 2(s) -like surface precipitates.

[Fig. 3

 3 Fig.3XMCD magnetization versus magnetic field measurement at Co L 3 -edge at 4.2 K for four solid cobalt concentrations (from 0.48 to 25.74 atom nm -²). All curves are normalized to 1 in order to compare the magnetization behavior versus the[Co] s . The raw XMCD magnetization curves can be seen in the SI (see Fig.S7).
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  The observations at intermediate[Co] s suggest the occurrence of a species with a weak magnetic signal, whereas data at large[Co] s are in line with the formation of the Co(OH) 2(s) -like precipitate. The XMCD spectrum of Co(OH) 2(s) exhibits a smaller signal than CoFe 2 O 4 and more easily distinguishable peaks E (773.5 eV) from Fe.[START_REF] Sartori | Strong interfacial coupling through exchange interactions in soft/hard core-shell nanoparticles as a function of cationic distribution[END_REF] In principle, Co(OH) 2(s)

  field parallel to the beam varying from -6 to 6 T. XMCD (H) curves (Fig.3) show different behavior depending on the Co surface loading. At 0.48 atom nm -², the magnetization curve corresponds to a ferrimagnetic phase like a cobalt ferrite which is characterized by a relatively fast magnetic saturation and a coercive field. At highest Co concentration the magnetization curve corresponds to an antiferromagnetic phase that is characterized by a weaker saturation and highest coercive field. Following the magnetization curves versus the Co concentration, the saturation is faster for low Co concentrations and the coercive field is stronger for high concentrations. The saturation of the magnetization curves for samples with low Co concentration is attributed to Co 2+ in CoFe 2 O 4 -like magnetic structure, caused by the high magnetic moment of Co 2+ .
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s , ranging from 0.48 to 25.74 atom nm -², XMCD magnetization curves XMCD(H) were measured at a fixed energy (773.9 eV), and under a Environmental Science: Nano Accepted Manuscript Open Access Article. Published on 13 September 2023. Downloaded on 9/14/2023 7:12:34 AM. This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence. magnetic

Table 1 .

 1 Coercive

	Sample	[Co] s = 0.48	[Co] s = 2.22	[Co] s = 8.30	[Co] s = 25.74	Co(OH) 2
		nm -2	nm -2	nm -2	nm -2	
	Hc Co	0.13	0.09	0.10	0.20	0.29
	Hc Fe	0.10	0.03	0.10	0.19	
	Mr/Ms Co	0.37	0.30	0.21	0.20	0.09
	Mr/Ms Fe	0.29	0.14	0.30	0.44	

field and Mr/Ms values obtained for element specific hysteresis measured by XMCD on Fe 3 O 4 nanoparticles with different Co adsorption, with [Co] s ranging from 0.48 to 25.74 atom nm -2 . Hc, Mr and Ms are respectively the coercive field, the remanent magnetization and the magnetization at 6T.
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This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence. XMCD analyses and magnetization curves allowed to define the magnetic properties of magnetite-Co nanoparticles. The three surface species show different magnetic properties.

The Co-monomers have a magnetic behavior similar to that of CoFe 2 O 4 particles, with the formation of a ferrimagnetic phase, while the Co-precipitate has a behavior close to that of Co(OH) 2(s) particles, which forms a core-shell structure, with the formation of an antiferromagnetic phase. On the other hand, the Co-oligomers have diminished magnetic

properties. This study has a double interest. First, these results provide a comprehensive view of Co speciation, which can be useful for environmental applications, including soil and water remediation. Secondly, it provides a better understanding of the magnetic behavior of magnetite-Co nanoparticles, according to speciation, which allow to predict the magnetic properties and to adapt magnetite-Co synthesis for electronic applications.
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