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[H1] Introduction

Clay minerals [G] play a major role in scavenging metal ions [G] [START_REF] Bergaya | Handbook of clay science[END_REF] 

in Earth's critical zone [G].

Metal immobilization processes are key aspects of natural biogeochemical cycles in surficial environments, as clay minerals can control the bioavailability of metal nutrients K + and Ca 2+ in temperate-zone soils [START_REF] Sposito | Surface geochemistry of the clay minerals[END_REF] . In addition, the adsorptive properties of clay-rich materials [G] make them of economic interest, as they are crucial to concentrating rare earth elements (REEs) from weathered granites onto clay surfaces during the formation of ion-adsorption type deposits [START_REF] Li | The role of clay minerals in formation of the regolith-hosted heavy rare earth element deposits[END_REF] .

Clay-rich materials are also of growing industrial interest owing to their effective metal retention capacity and their cheap, widespread availability. For example, clay minerals are commonly used in pollution control and remediation applications, including as containment barriers in radioactive waste repository concepts [START_REF] Delay | Characterization of a clay-rich rock through development and installation of specific hydrogeological and diffusion test equipment in deep boreholes[END_REF] , as liner materials in landfills [START_REF] Mishra | A long-term comparative assessment of human health risk to leachate-contaminated groundwater from heavy metal with different liner systems[END_REF] , or as remediation agents for heavy metal-polluted soils [START_REF] Yi | Remediation of heavy metal-polluted agricultural soils using clay minerals: a review[END_REF] . The interaction of clay minerals and metal ions is therefore critical to environmental, industrial and economic applications. However, the complex and diverse nature of clay minerals and their surfaces mean that the mechanisms of metal retention remain debated.

The distinctive interaction of clay minerals with metal ions stems from their surface properties, which result from their layered crystal structure (Box 1 and Figure 1) [START_REF] Brigatti | Chapter 2 -Structure and Mineralogy of Clay Minerals[END_REF] . Individual clay layers are formed of an octahedral sheet [G] sandwiched between two tetrahedral sheets [G], often called 2:1 layers [G] (Figure 1). When stacked together, these layers create inner, outer and edge surfaces onto which metal ions can be adsorbed. However, each layer can have varying compositions, meaning OH groups and cation exchange sites have a range of surfaces positions (Box 1). Various OH groups exist (such as those coordinated to Si, Al, Mg, Fe) and they are responsible for the chemical bonding of metal ions. This variety of surface positions, surface groups and layer compositions lead to a diversity of retention processes, such as cation exchange, surface complexation, structural incorporation in clay layers or through mineral growth by epitaxial nucleation [G] [START_REF] Yuan | Chapter 5.1 -Clays and Clay Minerals for Pollution Control[END_REF] .

Bulk measurements of metal retention in batch experiments do not always provide enough information to predict the fate of metal ions in practical or real-life applications in clay-rich media. Extrapolating the results of batch adsorption experiments (with timescales from hours to days) directly to radionuclide retention predictions in radioactive waste disposal in a geological formation (with timescales over hundreds and thousands of years) can lead to erroneous conclusions because the various retention processes do not have the same kinetic and reversibility characteristics. Consequently, molecular-level knowledge is crucial for understanding the physical-chemical mechanisms underlying experimental and field observations, and for developing predictive models for these environments [START_REF] Yi | Remediation of heavy metal-polluted agricultural soils using clay minerals: a review[END_REF][START_REF] Altmann | Geo'chemical research: A key building block for nuclear waste disposal safety cases[END_REF] .

The emergence of several experimental techniques (such as neutron diffraction [START_REF] Skipper | The structure of interlayer water in vermiculite[END_REF] [G], synchrotron X-ray reflectivity (XRR) [START_REF] Schlegel | Cation sorption on the muscovite (0 0 1) surface in chloride solutions using high-resolution X-ray reflectivity[END_REF] [G] and X-ray absorption spectroscopy (XAS) [G] [START_REF] Dähn | Neoformation of Ni phyllosilicate upon Ni uptake on montmorillonite: a kinetics study by powder and polarized extended X-ray absorption fine structure spectroscopy[END_REF][START_REF] Manceau | Nickel-bearing clay minerals: II. Intracrystalline distribution of nickel: an X-ray absorption study[END_REF] in the late 1980s, accompanied by the rapid development of computational modelling approaches (quantum mechanical, classical and multiscale) [START_REF] Churakov | Review of the current status and challenges for a holistic process-based description of mass transport and mineral reactivity in porous media[END_REF] , has provided the necessary tools for exploring clay mineral-metal ion interactions over different time scales. Because of the high surface heterogeneity of clay minerals, some of the basic properties controlling metal ion retention can be quantified only with the combination of advanced experimental and molecular simulation methods. Multiscale simulation methods in particular are a powerful tool for providing parameters that are impossible or very difficult for experiments to achieve, such as predicting the behavior of metal ions in clay-rich media over geological timescales [START_REF] Churakov | Up-scaling of molecular diffusion coefficients in clays: A twostep approach[END_REF] .

In this Review, we discuss advances in understanding metal ion-clay mineral interactions at the molecular scale. We first explore the macroscopic factors that affect the adsorptive properties of clay minerals, such as the composition and pH of the aqueous solution. Next, immobilization processes are described separately for basal and edge surfaces because they have fundamental differences in bonding mechanisms of with metal ions. We then review the importance of metal retention processes in ion adsorption REE ore formation and pollution control engineering, and we highlight possible future research directions in the molecular-level view of clay mineral-metal ion interactions for fundamental and applied research.

[H1] Macroscopic environmental factors

Under favourable conditions, 1 kg of smectite [G] such as montmorillonite can sorb up to 100 g of metal cations, or equivalently about 1 mol of a monovalent metal cation. This capacity depends, of course, on local environmental conditions. Factors most impacting adsorption processes on clay mineral surfaces are pH and ionic strength. Depending on the chemical properties of the metal ions of interest, either one or both of these parameters can influence its overall retention (Box 2). For example, adsorption of alkaline and alkaline-earth metal ions in their cationic form such as rubidium (Rb + ) ref [START_REF] Brouwer | Cesium and Rubidium ion equilibria in illite clay[END_REF][START_REF] De Koning | Reversibility of radiocaesium sorption on illite[END_REF][START_REF] Poinssot | Experimental studies of Cs, Sr, Ni, and Eu sorption on Na-illite and the modelling of Cs sorption[END_REF][START_REF] Verburg | Hysteresis in the binary exchange of cations on 2/1 clayminerals -a critical-review[END_REF] , cesium (Cs + ) ref 20,21 , strontium (Sr 2+ ) ref 22,23 , and barium (Ba 2+ ) ref 19 is little impacted by pH, and strongly depends on ionic strength, while adsorption of more easily hydrolysed transition metals such as nickel (Ni 2+ ) ref 24,25 and cobalt (Co 2+ ) ref [START_REF] Bradbury | Sorption modelling on illite Part I: Titration measurements and the sorption of Ni, Co, Eu and Sn[END_REF][START_REF] Bradbury | Modelling the sorption of Mn(II), Co(II), Ni(II), Zn(II), Cd(II), Eu(III), Am(III), Sn(IV), Th(IV), Np(V) and U(VI) on montmorillonite: Linear free energy relationships and estimates of surface binding constants for some selected heavy metals and actinides[END_REF][START_REF] Akafia | and Pb Sorption on montmorillonite using surface complexation models[END_REF] , REEs, such as europium (Eu 3+ ) ref 26,29 , and actinides ref 30 , such as uranium (UO2 2+ ) ref 29 , is affected by both parameters. Because adsorption can be a competitive process at surface sites, the chemical composition of the aqueous solution is also an important factor that contributes to the effectiveness of retention [START_REF] Bradbury | Experimental measurements and modeling of sorption competition on montmorillonite[END_REF][START_REF] Grangeon | The influence of natural trace element distribution on the mobility of radionuclides. The exemple of nickel in a clay-rock[END_REF][START_REF] Fernandes | Cation exchange and surface complexation of lead on montmorillonite and illite including competitive adsorption effects[END_REF] . Also, the presence of dissolved and adsorbed organic molecules can be beneficial or detrimental to metal ions adsorption on clay mineral surfaces [START_REF] Bellenger | Adsorption and desorption of Sr-85 and Cs-137 on reference minerals, with and without inorganic and organic surface coatings[END_REF][START_REF] Gao | VI) sorption on illite: effect of pH, ionic strength, humic acid and temperature[END_REF] .

Macroscopic quantification of cations retention on smectite and illite [G] surfaces amounts for countless studies in the literature (see references in [START_REF] Uddin | A review on the adsorption of heavy metals by clay minerals, with special focus on the past decade[END_REF] ) whereas studies concerning the retention of anionic species are more limited. Repulsive electrostatic interactions are responsible for anions repelling from the surface, and thus many anionic element do not sorb substantially on illite and montmorillonite surfaces, such as iodide (I -), pertechnate (TcO4 -), and selenate (SeO4 2-) ref 36,37 . Some anions, including metalloids, sorb weakly, but notably, such as selenite (SeO3 2-) ref 36,38-41 , arsenate (AsO4 3-) ref [START_REF] Manning | Adsorption and stability of arsenic(III) at the clay mineralwater interface[END_REF][START_REF] Garcia-Sanchez | Sorption of As (V) by some oxyhydroxides and clay minerals. Application to its immobilization in two polluted mining soils[END_REF][START_REF] Mohapatra | Arsenic (V) adsorption mechanism using kaolinite, montmorillonite and illite from aqueous medium[END_REF][START_REF] Goldberg | Competitive adsorption of arsenate and arsenite on oxides and clay minerals[END_REF] , arsenite (AsO3 3-), antimony (in the forms Sb(OH)3 or Sb(OH)6 -) ref 46 , and molybdate (MoO4 2-) ref [START_REF] Goldberg | Molybdenum adsorption on oxides, clay minerals, and soils[END_REF] . Adsorption dependences on environmental parameters are also different, often opposite, for anions compared to cations. For example, SeO3 2-adsorption decreases with increasing pH, but is independent of ionic strength. For AsO4 3-, adsorption on illite and montmorillonite increases up to pH 5-6 and then decreases at higher pH. Because adsorption of anions is much less efficient than of cations, clay materials are not often studied as promising materials for applications relying on anion retention properties such as pollution control engineering. This statement must be however reconsidered if modifications of clay mineral surface properties are obtained through interactions with organic molecules. So-called organo-clay materials have proven to be very effective in removing oxyanions such as hexavalent chromium (CrO4 -2 ) ref [START_REF] Lee | Organo and inorgano-organo-modified clays in the remediation of aqueous solutions: An overview[END_REF] . This Review is focused on interactions of metal ions with unmodified clay materials. Consequently, it is also mostly focused on interactions with metal cations.

The reasons for these differences among cations, as well as between cations and anions, were early ascribed to differences in interaction mechanisms on basal and edge surfaces with two main mechanisms [START_REF] Fletcher | The chemical modeling of clay/electrolyte interactions for montmorillonite[END_REF] (Figure 2). The first one is inner-sphere complex [G] reactions, in which metal ions compete with protons (H + ) for the adsorption sites on edge surfaces, and the second is cation exchange reaction, in which metal ions replace layer charge compensating cations on basal surfaces through, mostly, outer-sphere complexes [G]. Anions can also bind through ligand exchange [G] to form inner-sphere complex and in that case anions compete with edge hydroxyl and water surface groups. Because of the non-linearity of cation adsorption isotherms, it was soon necessary to subdivide edge surface complexation sites into two categories, the socalled strong and weak sites [START_REF] Bradbury | A mechanistic description of Ni and Zn sorption on Namontmorillonite. Part II: modeling[END_REF] , which made it possible to account for the higher affinity of some metal ions for the surface at low equilibrium concentration. Competitive adsorption experiments [START_REF] Fernandes | Cation exchange and surface complexation of lead on montmorillonite and illite including competitive adsorption effects[END_REF] evidenced the need to define sub-categories of strong sites, meaning sites that are least abundant but most energetically favourable to retention, for which some metal ions do compete and some others do not.

Macroscopic observations of metal ion retention on clay mineral surfaces can be understood in principle by considering two main types of surface complexes on basal and edge surfaces. The rationale behind most of these macroscopic modelling concepts remains very empirical, but can be verified by progresses made in the molecular level view of the adsorption processes.

[H1] Molecular-level interaction mechanisms

Multiscale experimental and modeling approaches rooted in molecular level information (Box 3) are necessary to unravel the relative contributions of both the diverse array of metal ion retention mechanisms and the associated reactive sites on clay surfaces. Basal surfaces are terminated by saturated oxygen atoms whereas edge surfaces exhibit broken chemical bonds, leading thus in differences in reactivity between these two types of surfaces and metal ions.

Hence, these interactions are discussed separately, and the influence of environmental parameters such as hydration state and the presence of organic matter are then introduced.

[H2] Basal surfaces

At basal surfaces, metal ions cannot form easily covalent bonding with surface atoms, which are already fully coordinated. Species adsorbed at basal surfaces are thus bound through weak long-range interactions such as electrostatics, which are the most effective for cations interacting with the negative potential created by the permanent negative charge of the layer.

The adsorption state of cations largely depends on the Gibbs free energy of dehydration, that is, the cost in free energy of partial dehydration (such as, losing water ligand to form direct contact with the surface) makes the formation of inner-sphere complexes unfavourable.

Therefore, most cations such as Li + , Na + and those of higher valences form outer-sphere complexes while K + , Rb + and Cs + form inner-sphere complexes due to lower dehydration free energy. The inner-sphere complexing sites include the positions above the center of ditrigonal cavity and above tetrahedron [START_REF] Loganathan | Quantifying the mechanisms of site-specific ion exchange at an inhomogeneously charged surface: Case of Cs+/K+ on hydrated muscovite mica[END_REF][START_REF] Loganathan | Structure, energetics, and dynamics of Cs+ and H2O in hectorite: Molecular dynamics simulations with an unconstrained substrate surface[END_REF][START_REF] Liu | Effects of layer-charge distribution on the thermodynamic and microscopic properties of Cs-smectite[END_REF] . Adsorbed cations compete with other cations present in solution, hence the dependence of adsorption on ionic strength and on background electrolyte composition [START_REF] Tournassat | Modeling specific pH dependent sorption of divalent metals on montmorillonite surfaces. A review of pitfalls, recent achievements and current challenges[END_REF] .

The cation exchange thermodynamic theory makes it possible to conduct predictive quantifications without the need for molecular level understanding [START_REF] Thomas | The thermodynamics of ion exchange on clay minerals. A preliminary report on the system montmorillonite-Cs-Sr[END_REF][START_REF] Vanselow | The utilization of the base-exchange reaction for the determination of activity coefficients in mixed electrolytes[END_REF] . It has however several drawbacks including the difficulty to derive true thermodynamic equilibrium constants and activity coefficient of exchanged species [START_REF] Bourg | Ion exchange phenomena[END_REF] . This problem often leaves exchange model parameters to the status of conditional constants that should not be applied without caution to conditions too different from the corresponding experimental conditions [START_REF] Tournassat | Cation exchange selectivity coefficient values on smectite and mixed-layer illite/smectite minerals[END_REF] .

Cation exchange models can be enriched with the consideration of multiple sites present on a same clay mineral particle, and having contrasting affinities for metal ions adsorption. Cs + exchange on illite surfaces represent certainly the best example for this need of a multiple sites description [START_REF] Comans | Sorption of cesium on illite: Non-equilibrium behaviour and reversibility[END_REF][START_REF] Lammers | Molecular dynamics simulations of cesium adsorption on illite nanoparticles[END_REF][START_REF] Poinssot | Experimental and modelling studies of caesium sorption on illite[END_REF] . Cs + affinity for illite surface decreases by several order of magnitude with the increase of aqueous Cs + equilibrium concentration. The presence of at least three types of exchange sites is necessary to explain this behaviour. The least abundant site must have also the highest affinity for Cs + and is ascribed to the presence of so-called frayed edge sites [START_REF] Poinssot | Experimental and modelling studies of caesium sorption on illite[END_REF] , which correspond to adsorption sites on basal surfaces neighbouring the edge of illite particles [START_REF] Bergaoui | Cesium adsorption on soil clay: macroscopic and spectroscopic measurements[END_REF] .

The two other sites have been ascribed to illite basal surfaces as the sum of their capacities matches illite cation exchange capacity, but the reason for their contrasted affinities for Cs + remains unclear [START_REF] Poinssot | Experimental and modelling studies of caesium sorption on illite[END_REF] . This example illustrates the underlying complexity of adsorption processes on basal surfaces.

Quantitative techniques in numerical simulation are now available to evaluate the profiles of cation adsorption free energy as functions of their distance from the basal clay mineral surfaces [START_REF] Meleshyn | Adsorption of Sr2+ and Ba2+ at the cleaved mica-water interface: Free energy profiles and interfacial structure[END_REF] , and these techniques can take into account the effects of layer charge distribution on these surfaces and distinguish between several specific adsorption sites [START_REF] Loganathan | Quantifying the mechanisms of site-specific ion exchange at an inhomogeneously charged surface: Case of Cs+/K+ on hydrated muscovite mica[END_REF] . Molecular simulations coupled to X-ray reflectivity and resonant anomalous X-ray reflectivity measurements provided evidence of the importance of interfacial water structure on the affinity of cations such as Rb + and Cs + for outer basal surfaces of phyllosilicates [START_REF] Loganathan | Quantifying the mechanisms of site-specific ion exchange at an inhomogeneously charged surface: Case of Cs+/K+ on hydrated muscovite mica[END_REF][START_REF] Bourg | Stern Layer Structure and Energetics at Mica-Water Interfaces[END_REF][START_REF] Zaunbrecher | Molecular models of cesium and rubidium adsorption on weathered micaceous minerals[END_REF] . Differences in the structure of water in the hydration shell lead to multiple adsorption positions for a single cation at a single surface, which could be a reason for the observed changes in macroscopic affinities as a function of cation concentration [START_REF] Lammers | Molecular dynamics simulations of cesium adsorption on illite nanoparticles[END_REF][START_REF] Rotenberg | Molecular simulation of aqueous solutions at clay surfaces[END_REF][START_REF] Tournassat | Comparison of molecular dynamics simulations with Triple Layer and modified Gouy-Chapman models in a 0.1 M NaClmontmorillonite system[END_REF][START_REF] Li | Adsorption of cesium at the external surface of TOT type clay mineral: effect of the interlayer cation and the hydrated state[END_REF] .

In interlayer domains of swelling [G] clay minerals, cations and their hydration sphere interact with both bordering inner basal surfaces [START_REF] Tournassat | Chapter 1 -Surface Properties of Clay Minerals[END_REF] . The layer-to-layer distance depends on the hydration of interlayer cations and on the external pressure applied to the clay-rich material [START_REF] Liu | Prediction of swelling pressures of different types of bentonite in dilute solutions[END_REF] . Conversely, experimental values of montmorillonite interlayer affinity for Cs + increase with the pressure applied to the system, and hence with the change of interlayer occupancy from three water layers to two and one water layer(s) [START_REF] Van Loon | Mechanical compaction of smectite clays increases ion exchange selectivity for cesium[END_REF] . According to molecular dynamics simulations and microcalorimetric experiments, the main driving force for Cs + adsorption on clay mineral surface is not the a priori energetically favourable Cs + -clay mineral interaction, but the relative hydrophobicity of Cs + compared to its cationic competitors for the surface [START_REF] Loganathan | Quantifying the mechanisms of site-specific ion exchange at an inhomogeneously charged surface: Case of Cs+/K+ on hydrated muscovite mica[END_REF][START_REF] Loganathan | Structure, energetics, and dynamics of Cs+ and H2O in hectorite: Molecular dynamics simulations with an unconstrained substrate surface[END_REF][START_REF] Zaunbrecher | Molecular models of cesium and rubidium adsorption on weathered micaceous minerals[END_REF][START_REF] Rotenberg | On the driving force of cation exchange in clays: Insights from combined microcalorimetry experiments and molecular simulation[END_REF][START_REF] Teppen | Hydration energy determines isovalent cation exchange selectivity by clay minerals[END_REF] . This molecular level information should help to build advanced cation exchange models that consider several energy terms to describe properly metal ions adsorption as a function of usual parameters such as concentrations, but also as a function of temperature, pressure and related hydration state encountered in underground clay-rich geological settings.

Most of the classical atomistic simulations of hydrated cation interactions with basal clay mineral surfaces only include the effects of molecular and ionic polarizability in an implicit way through the effective parameters of interatomic interactions [START_REF] Cygan | Advances in Clayff molecular simulation of layered and nanoporous materials and their aqueous interfaces[END_REF] . However, more advanced models explicitly including the polarizability effects into calculations are also emerging [START_REF] Crom | Influence of polarisability on the prediction of the electrical double layer structure in a clay mesopore: A molecular dynamics study[END_REF][START_REF] Tesson | Classical polarizable force field to study hydrated charged clays and zeolites[END_REF] .

Beyond the possibility to better describe and quantify metal ions affinity for basal surfaces, simulations and experiments at the molecular level offer a unique capability to study the mobility of surface species as a function of their location. The standard view of adsorbed surface species immobilized in the Stern layer is contradicted by evidences from molecular dynamics simulations [START_REF] Churakov | Mobility of Na and Cs on montmorillonite surface under partially saturated conditions[END_REF][START_REF] Simonnin | Mineral-and ionspecific effects at clay-water interfaces: structure, diffusion, and hydrodynamics[END_REF][START_REF] Malikova | Dynamics in clays-combining neutron scattering and microscopic simulation[END_REF][START_REF] Porion | Cs Nuclear Magnetic Resonance relaxometry as a probe of the mobility of cesium cations confined within dense clay sediments[END_REF] and spectrometric measurements, such as nuclear magnetic resonance [START_REF] Porion | Cs Nuclear Magnetic Resonance relaxometry as a probe of the mobility of cesium cations confined within dense clay sediments[END_REF] , which show substantial in-plane diffusion of species adsorbed on basal surfaces.

Growing macroscopic experimental evidences about this coupling is also made available and macroscopic modelling of diffusive transport of metal ions in clay-rich materials has evolved accordingly since the early ~2010s' to take these coupled adsorption/diffusion processes fully into account [START_REF] Churakov | Review of the current status and challenges for a holistic process-based description of mass transport and mineral reactivity in porous media[END_REF][START_REF] Appelo | Multicomponent diffusion of a suite of tracers (HTO, Cl, Br, I, Na, Sr, Cs) in a single sample of Opalinus clay[END_REF][START_REF] Churakov | Resolving diffusion in clay minerals at different time scales: Combination of experimental and modeling approaches[END_REF][START_REF] Tournassat | Reactive transport modeling of coupled processes in nanoporous media[END_REF] , with important implications for the modelling of the performance of radioactive waste storage concepts in clay-rich geological formations [START_REF] Altmann | Diffusion-driven transport in clayrock formations[END_REF][START_REF] Charlet | Diffusive transport and reaction in clay rocks: A storage (nuclear waste, CO2, H2), energy (shale gas) and water quality issue[END_REF][START_REF] Grambow | Geological disposal of radioactive waste in clay[END_REF] . Because of the highly coupled nature of these processes, molecular level information is necessary to decipher the relative contributions of the various types of adsorbed species in interlayer, Stern layer and in the diffuse layer [START_REF] Whittaker | Ion exchange selectivity in clay is controlled by nanoscale chemical-mechanical coupling[END_REF] .

Because of the chemistry and structure of clay mineral layers, electrostatics is the dominating interaction at basal surface, making the formation of outer-sphere complex the major metal retention mechanism, except for cations having low dehydration free energy, which can be adsorbed as inner-sphere complexes. This apparent simplicity of interaction mechanism description is however hiding additional complexity arising from coupling with environmental parameters, such as pressure, or with other physical processes such as ion mobility.

[H2] Edge surfaces

Higher chemical reactivity leads to the higher diversity of interaction processes on edge surfaces. Surface complexation first occurs when edge groups gradually become available for complexing cations upon proton dissociation as pH increases. Further accumulation at higher pH can cause surface nucleation and crystal growth. In the meanwhile, interfacial electron transfer processes can participate in the interactions of redox-active metal ions with Fecontaining clay minerals.

[H3] Surface complexation

Clay minerals edge surface structure is responsible for a wide range of possible adsorption sites and processes, with adsorbates having the possibility to interact by surface complexation or ligand exchange with tetrahedral sites, octahedral sites or both, and by different binding modes such as mono-or multi-dentate surface complexes. Depending on the chemical nature of these sites (for example Al octahedra versus Mg or Fe octahedra), binding affinities with adsorbates can also vary. In addition, site coordination depends on the crystallographic plane of each edge, which adds up this complexity [START_REF] Liu | Interfacial structures and acidity of edge surfaces of ferruginous smectites[END_REF][START_REF] Liu | Surface acidity of 2:1-type dioctahedral clay minerals from first principles molecular dynamics simulations[END_REF][START_REF] Liu | Acidity of edge surface sites of montmorillonite and kaolinite[END_REF] . The corresponding diversity of site types provides a reasonable explanation to the necessity to consider many sub-categories of edge adsorption sites in surface complexation models. However, it highlights also the necessity to better constrain the nature of the surface complexation sites to understand competition processes. Spectrometric techniques, such as X-ray absorption fine structure (EXAFS) spectroscopy, and diffractometric techniques, such as high-energy diffractometric methods, and more specifically differential X-ray pair distribution function (d-PDF), provide molecular level information to unravel retention processes on clay mineral edges. For example, d-PDF measurements evidenced the binding mode of Sb(V) on montmorillonite to be a bidentate complex attached to the edges of the octahedral sheet [START_REF] Genuchten | Antimonate and arsenate speciation on reactive soil minerals studied by differential pair distribution function analysis[END_REF] . While d-PDF can be used to decipher the crystallographic nature of surface complexation adsorption sites on clay minerals, some limitations of the technique prevent its general use in adsorption studies. These limitations include the needs of a high adsorbed concentration of the element of interest, and an a priori knowledge of the structure of clay mineral edges, which must remain unaffected during the experiment. Such limitations are partly circumvented by the use of EXAFS spectroscopy that allows determining and quantifying the local environment of adsorbed elements.

In experimental conditions identified as being favourable to surface complexation on strong sites Ni 2+ adsorbs only in octahedral coordination in plane with the octahedral sheet on montmorillonite edges [START_REF] Dähn | Structural evidence for the sorption of Ni(II) atoms on the edges of montmorillonite clay minerals: A polarized X-ray absorption fine structure study[END_REF] . Adsorbed Zn exhibit a similar local environmental on montmorillonite strong edge sites. In conditions favourable to adsorption on weak sites, Zn had a more disordered configuration, possibly related to the presence of multiple adsorption sites, all being out of the clay mineral octahedral plane [START_REF] Dähn | Investigation of the different binding edge sites for Zn on montmorillonite using P-EXAFS -The strong/weak site concept in the 2SPNE SC/CE sorption model[END_REF] and possibly being bidentate complexes [START_REF] Churakov | Zinc Adsorption on Clays Inferred from Atomistic Simulations and EXAFS Spectroscopy[END_REF] .

For the adsorption of lanthanides, such as Eu, on illite and montmorillonite edge surfaces. Time-resolved laser fluorescence and EXAFS spectroscopy indicate the formation of innersphere surface complexes at pH >5 for both clay minerals [START_REF] Fernandes | Sorption of trivalent lanthanides and actinides onto montmorillonite: Macroscopic, thermodynamic and structural evidence for ternary hydroxo and carbonato surface complexes on multiple sorption sites[END_REF][START_REF] Rabung | Sorption of Eu(III)/Cm(III) on Ca-montmorillonite and Na-illite. Part 1: Batch sorption and time-resolved laser fluorescence spectroscopy experiments[END_REF][START_REF] Sasaki | Sorption of Eu3+ on Na-montmorillonite studied by time-resolved laser fluorescence spectroscopy and surface complexation modeling[END_REF][192][193][194] . Correspondingly, surface complexation of Eu, other lanthanides and trivalent actinides on illite and montmorillonite can be modelled successfully with the same surface complexation model approach as that used for transition metals [START_REF] Bradbury | Modelling the sorption of Mn(II), Co(II), Ni(II), Zn(II), Cd(II), Eu(III), Am(III), Sn(IV), Th(IV), Np(V) and U(VI) on montmorillonite: Linear free energy relationships and estimates of surface binding constants for some selected heavy metals and actinides[END_REF][START_REF] Fernandes | Sorption of trivalent lanthanides and actinides onto montmorillonite: Macroscopic, thermodynamic and structural evidence for ternary hydroxo and carbonato surface complexes on multiple sorption sites[END_REF][START_REF] Verma | Eu (III) sorption onto various montmorillonites: Experiments and modeling[END_REF] .

While diffractometric and spectrometric methods give insightful details about adsorption processes, they are often limited by the presence of multiple surface complexes that cannot be probed individually, and by the impossibility to distinguish a site configuration from another because of a lack of sensitivity of the method. This limitation can be overcome by coupling molecular level simulation predictions with diffractometric/spectrometric information. For example, the combination of FPMD simulations with EXAFS spectroscopy results made it possible to assign the outermost dioctahedral [G] vacancy of dioctahedral layers to strong sites for Zn 2+ and 1 st row transition metals [START_REF] Churakov | Zinc Adsorption on Clays Inferred from Atomistic Simulations and EXAFS Spectroscopy[END_REF][START_REF] Zhang | Cadmium (II) complexes adsorbed on clay edge surfaces: Insight from first principles molecular dynamics simulation[END_REF][START_REF] Zhang | Surface complexation of heavy metal cations on clay edges: insights from first principles molecular dynamics simulation of Ni (II)[END_REF] , while other sites are related to weak sites, such as aluminol, silanol, apical oxygen and their combination [START_REF] Zhang | Cadmium (II) complexes adsorbed on clay edge surfaces: Insight from first principles molecular dynamics simulation[END_REF] (see principle in Figure 3). Another interesting example is the complexation of uranyl on montmorillonite surfaces, for which different macroscopic modelling approaches yielded different interpretations about the binding mode and the sites available for this species [START_REF] Tournassat | Modeling uranium (VI) adsorption onto montmorillonite under varying carbonate concentrations: A surface complexation model accounting for the spillover effect on surface potential[END_REF]100 , while being equally good at predicting available macroscopic retention observations as well as spectroscopic results. A possible physical basis was later provided by molecular level simulations. While multiple bidentate complexes were predicted by static density functional theory (DFT) calculations [101][102][103] , first principles molecular dynamics (FPMD) simulations showed that they have similar binding affinity and therefore can be treated with a single stability constant in a macroscopic surface complexation model 104 . This example highlights that the determination of adsorption sites in case of surface complexation, both from microscopic and macroscopic points of view, is an extremely complex task, which requires the coupled use of several experimental and computational physical and chemical methods to obtain reliable results (Figure 3). This identification of surface adsorption sites is made even more complicated in systems resembling to natural conditions with the possible interactions of aqueous components and surfaces in ternary (or more) surface complexes. The uranium-carbonate-montmorillonite case is very informative in this respect. This system has been investigated using EXAFS spectroscopy by several teams, yielding different interpretations of uranium binding mechanisms 100,105,106 , with the reported presence 105 or absence 100 of ternary uranyl-carbonatemontmorillonite complexes for experiments conducted in similar conditions. Additional constraints provided by molecular level simulations of ternary complexes adsorption processes would certainly help to resolve this apparent inconsistency.

[H3] Nucleation and growth

At high pH values and in the presence of high concentrations of metal ions, surface complexes can serve as nucleation sites, thus promoting (co-)precipitation of metal ions. Epitaxial nucleation or growth has been found for the 1 st row transition metal including Zn 2+ ref 107,108 , Ni 2+ ref 109,110 , Co 2+ ref 111 and Fe 2+ ref 112,113 . The neoformed phases can be a phyllosilicate or a layered double hydroxide (LDH). LDH, similar to hydrotalcite, is made up of stacked octahedral layers, where the partial substitution of trivalent for divalent cations results in a positive layer charge, compensated by anions located in interlayer space. Because of structural similarities between the neoformed octahedral layer and the octahedral sheet of TOT layer, it is reasonable to assume that these phases nucleate and grow as a continuation of the edges (Figure 2). FPMD simulations 114 evidenced that upon complexation in vacancy, these elements hydrolyse in normal pH range and thus provide complexing sites for subsequent metal cations, eventually yielding epitaxial nucleation. In contrast, cations with larger ionic radii like Pb 2+ hardly hydrolyse on clay mineral surfaces, prohibiting the multinuclear complexation and nucleation. Phyllosilicates would form in presence of considerable amount of Si in solution, in laboratory as well as in natural systems [START_REF] Dähn | Neoformation of Ni phyllosilicate upon Ni uptake on montmorillonite: a kinetics study by powder and polarized extended X-ray absorption fine structure spectroscopy[END_REF]108,[115][116][117] . In samples from Zn-clay ores, transmission electron microscopy evidence was found for epitaxial growth of Zn-smectite from clay mineral edges which played a templating role 118 . FPMD study suggested that for the formation of phyllosilicates, the synchronous pathway (that is Si and metal ions co-precipitate at the same time, path G to H in Figure 2) is favourable over the stepwise pathway (that is the phyllosilicate is formed via silicification of neoformed hydroxide, path I to J in Figure 2) 114 .

Actinides and lanthanides can also form secondary mineral phases [START_REF] Rabung | Sorption of Eu(III)/Cm(III) on Ca-montmorillonite and Na-illite. Part 1: Batch sorption and time-resolved laser fluorescence spectroscopy experiments[END_REF] Electron transfer processes at mineral interfaces can in principles be modeled by using DFT based free energy calculation methods 138,139 . However, the delocalization error caused by the poor description of the exchange energy in generalized gradient approximation (the commonly currently used DFT level) usually leads to errors in the estimates of redox levels and redox potentials, with the underestimate in redox potential reaching 1 eV 140 . The estimate of redox levels and redox potentials could be improved to some extent by using the beyond DFT technique, such as Hubbard+U 141 and constrained DFT 142 . These techniques have also been used to estimate the rate of self-exchange type electron transfer 143 . However, such ad hoc tricks can bring about other problems. Advanced functionals such as hybrid/double-hybrid functional are able to obviously improve the predictions, for aqueous transition metal cations 144 , liquid water 145 and solid-water interfaces 146 . Unfortunately, FPMD using these functionals are easily tens of times more expensive than that with generalized gradient approximation. The computational cost has now been a major obstacle to the application on the mineral interfaces of geochemical/environmental interest. Understanding the redox properties and the associated electron transfer mechanisms in clay minerals is thus a key but also challenging issue on an experimental as well as from a computational point of view.

[H2] Influence of environmental parameters [H3] Water saturation and surface hydration

Clay mineral surfaces are hydrated in conditions relevant to the critical zone. Water molecules are adsorbed through interactions with both adsorbed cations and clay surface atoms. A 43 % relative humidity is sufficient for external basal surface to be covered by a complete water layer, which corresponds to dry conditions in Earth's surficial environments. Relative humidity of only 0.2 % and 9 % are sufficient to establish fully hydrated smectite interlayer space with monolayer and double layer states respectively 147,148 because of strong water attraction under nanosized confinement. Previous simulation and experimental studies indicate that under partially saturated conditions, outer-sphere complexes can transform into inner-sphere, that is, the adsorption is stronger compared to water saturated condition [START_REF] Churakov | Mobility of Na and Cs on montmorillonite surface under partially saturated conditions[END_REF]149 . On the opposite, adsorption of Cs + on the outer-basal of montmorillonite decreases with decreasing water saturation levels in adjacent interlayer spaces [START_REF] Li | Adsorption of cesium at the external surface of TOT type clay mineral: effect of the interlayer cation and the hydrated state[END_REF] , thus evidencing also possible long-range interactions influencing cation adsorption from one surface to another surface in clay mineral particles. This effect seems, however, to have a minor influence on cation mobility in clay-rich materials compared to the effect of pore connectivity decrease with decreasing water saturation levels 150 .

[H3] Natural organic matter

In soil and sedimentary rock systems, the presence of organic matter brings in additional complexity on retention of metal elements 151 . Natural organic matter and clay minerals form organo-clay association through the bonding of active groups, such as carboxylate, phosphate, and ammonium groups, and hydrophobic interactions with aliphatic or aromatic moieties 152 .

Organic matters can bind on outer basal and edge surfaces and can also intercalate into the interlayer region of clay minerals 153 , with binding location and mechanism varying as a function of factors such as pH, ionic strength 152 .

Because of the multifunctionality of natural organic matter, they can alter surface hydrophilicity, cover surface sites while they bring in active groups which can serve as complexing sites for metal cations, and they can take part in interfacial electron transfer processes with redox-active groups 154 . Consequently, the effect of organic matters on metal cation retention in clay-rich materials can be extremely complicated, and the presence of organics can promote or inhibit the retention of metal ions depending on investigated metals and experimental conditions [START_REF] Bellenger | Adsorption and desorption of Sr-85 and Cs-137 on reference minerals, with and without inorganic and organic surface coatings[END_REF][START_REF] Gao | VI) sorption on illite: effect of pH, ionic strength, humic acid and temperature[END_REF] .

The molecular-level mechanisms that are responsible for organic mattermetal ionsclay minerals interactions are still far from being fully understood. Natural organic matter are now described as supramolecular associations of a group of small molecules 155,156 rather than macromolecules 157 or polymers 158 , as evidenced by both experiments 159,160 and molecular simulations 161 . By taking advantage of this new description of organic matter structure, molecular level models of organo-clay associations have been developed, which can explicitly take account of experimentally measured properties of organics and clay minerals 162,163 . Such models together with multiscale simulation techniques can thus serve as a starting point to explore microscopic interactions and develop predictive approaches for multicomponent systems.

Clay mineral edge surface reactivity is responsible for very diverse interaction processes with metal cations, including surface complexation, co-precipitation and redox reactions, which cannot be unravelled on the basis of batch chemical characterization only. Because the kinetics, reversibility, and thus efficiency of these retention processes are not the same depending on environmental conditions, deciphering their respective contributions is necessary to make useful predictions for industrial and environmental applications. Multiscale experimental and modeling approaches rooted in molecular level information have proved to be effective to do so (Figure 3), but many technical challenges remain, especially to model crystal growth and redox reactivity.

[H1] Industrial and environmental implications

Major advances in the ability to characterize and model interaction processes and mechanisms have important practical applications to several environmental and industrial processes. Below we briefly describe the current understanding of clay mineral-metal ion retention processes in both metallic waste pollution control and REE ion-adsorption deposits as examples.

[H2] Pollution control engineering

Clay minerals have exceptional thermal, mechanical, hydraulic and chemical properties, they are abundant in nature and reasonably cheap. Because of these features, clay-rich materials are commonly used as natural buffers to remediate contaminated soils and waters and to inhibit the migration of pollutants in disposal facilities for hazardous wastes including radioactive waste [START_REF] Altmann | Geo'chemical research: A key building block for nuclear waste disposal safety cases[END_REF][164][165][166][167][168][169] . Clay minerals are also increasingly finding new applications in materials science, biotechnology and clay mineral-based nanocomposites development 166,170 .

Adsorption is one of the most efficient mechanisms to remove metal ions, which is why clay minerals have been used since the ~1970-1980s as a less toxic alternative for environmental remediation. However, in the face of increasing pollution from industrial and anthropogenic activities, increasing efforts have been made since the ~2000s to develop new types of clay mineral-based absorbents modification of natural clay-rich material to increase its adsorption capacity, such as modified clay minerals and nanocomposites. Clay mineral-based absorbents are used for the removal of toxic organic and inorganic (metal) contaminants from polluted waters. The removal efficiency of clay minerals towards pollutants can be increased through treatments of the material such as thermal and acid treatment, exfoliation, pillaring of cations, and modification with surfactants, polymers and organosilanes [171][172][173] .

Clay mineral supported nanoparticle have high potential for use in the development of highcapacity adsorbents and photocatalyst. Montmorillonite supported zero-valent iron is very effective in removing highly toxic arsenic from aqueous solutions 174 . The combination of many type of modification and the use of clay minerals of various morphologies (tubed, fibrous, stacked) has led to the development to tailored made clay mineral based nanomaterial(s) with extreme high and selective adsorption properties [175][176][177] . For instance, polymer-functionalized clay mineral nanocomposites combine the remarkable features of both nanoparticles and polymers. The use of clay mineral as a nanofillers in polymer matrixes confer the polymer desirable interfacial properties 178,179 .

Most studies published in the field of pollution control engineering focus on aqueous contaminant removal efficiency of raw and treated clay-rich materials, and on the associated favorable environmental or engineered conditions. In proportion of the total number of studies, few gain insights from basic molecular understanding about retention processes. Notable exceptions to this dominant empiricism driven approach are found in the areas of radioactive waste storage [START_REF] Altmann | Geo'chemical research: A key building block for nuclear waste disposal safety cases[END_REF]180 , and of the study of mobility of metals in soils [START_REF] Lammers | Molecular dynamics simulations of cesium adsorption on illite nanoparticles[END_REF]181,182 , for which cation exchange, surface complexation, surface precipitations, electron transfer, as well as interactions with natural organic matters have been identified as important clay mineral related processes in the understanding of metals mobility and biogeochemical cycling.

Geological disposal, which is presently the internationally preferred option for the storage of radioactive waste, relies on a multi-barrier concept, which is a combination of engineered barriers (waste form and canister, backfill, seal) and natural barriers (host rock), to ensure the containment and long-term isolation of the highly radio-and chemo-toxic waste from the biosphere. Clay minerals are key components of such most multi-barrier systems. The retention of (radio-)contaminants on clay minerals surfaces along potential transport paths is the main retardation mechanisms on which the safety assessment of deep geological repositories relies (Figure 3).

Because of the time-and length scales envisioned for radioactive waste storage, the prediction of contaminant migration in performance and safety assessments are commonly based on models using a limited set of macroscopic parameters, on which sensitivity analysis are conducted. These macroscopic parameters loop together many basic processes (Figure 3). For example, all retention mechanisms explored in this review are often up-scaled in the form of a single numerical parameter for a given radionuclide. In this respect, the safety case must demonstrate a detailed understanding of the physical-chemical phenomena governing retention processes, in order to confirm the consistency of the chosen up-scaling approach 9 (Figure 3).

Retardation factors (Rf), which quantify the delayed aqueous transport of adsorbed contaminants compared to a perfect tracer, are major input parameters in performance and safety assessments [START_REF] Altmann | Diffusion-driven transport in clayrock formations[END_REF] . Rf values for strongly adsorbing tracers are commonly derived from KD values measured from batch adsorption experiments. Since the ~2000s, evidence of coupled transport-retention processes through surface-enhanced diffusion have accumulated, which questions the adequacy of this equivalence between real Rf values and Rf values derived from batch KD values. Related experimental and modelling study at all scales from molecular level [START_REF] Churakov | Up-scaling of molecular diffusion coefficients in clays: A twostep approach[END_REF][START_REF] Churakov | Resolving diffusion in clay minerals at different time scales: Combination of experimental and modeling approaches[END_REF] to in situ tests [183][184][185] gave rise to changes in modelling paradigms with consideration of emergent coupled processes [START_REF] Tournassat | Reactive transport modeling of coupled processes in nanoporous media[END_REF][START_REF] Altmann | Diffusion-driven transport in clayrock formations[END_REF] , in which part of adsorbed species is not immobilized on the surface, but, on the contrary, participates to an enhancement of the overall diffusion flux 186- 188 . Adsorption must be seen as a process that both slows down metal ion transfer because of accumulation on the surface, and also that accelerates their transfer through surface-enhanced diffusion. Consequently, a detailed understanding of adsorption process must be made available to use retention parameters obtained in static systems for the prediction of contaminants diffusive mobility.

[H2] Ion-adsorption REE ores

REEs ion-adsorption type deposits (IADs) have been known as an important source of REEs in the world in particular for heavy REEs [189][190][191][192][193][194] . IADs are characterised by high recovery rate of REEs simply by leaching of REEs with an ammonium sulphate solution at normal temperature, and low leachable amounts of U and Th, which can cause problems in other REEs sources in terms of environmental problems and working environment. Thus, IADs are ideal REE resources, which are critical to society due to its use in modern technologies 195,196 .

IADs are mainly found in weathered profile of felsic igneous rocks with a variety of clay minerals. In most cases, weathered granite has been developed, but IADs can also be found in felsic volcanic rocks in the world 191,193,[197][198][199] . IADs typically consist of a strongly weathered zone at the surface layer, and an enriched zone of REEs in the subsurface layer accumulated mainly by adsorption through outer-sphere complexation of hydrated REE trivalent cation to clay minerals (Figure 4a,b) 189,199,200 . The surface layer exhibits a positive Ce anomaly in REE patterns due to the removal of the other REEs and fixation of Ce by its oxidation to insoluble Ce(IV) species 201,202 , whereas the subsurface REE-enriched layer generally shows a negative Ce anomaly due to the fixation of REEs, except for Ce (Figure 4c-e).

REE species in the enriched zone have been revealed by EXAFS spectroscopy 189,200 , showing that the outer-sphere surface complex to clay minerals is main REE species, and the species is responsible for the high recovery rate of REE by the ion-exchange reaction 192,203 . These results are consistent with laboratory studies on the formation of outer-sphere complex to various clay minerals, such as montmorillonite, as evidenced by EXAFS spectroscopy 189,200,204 and by laserinduced fluorescence spectroscopy 205,206 . The enriched zones are usually located in acidic environment (pH<6) 138 . The lower pH is unfavorable for dissociation of groups of edge surfaces, thus suppressing the formation of REE inner-sphere complexes. Although the identification of phyllosilicates at the nm-scale is possible by transmission electron microscopy, the detection of REEs in the same view presented a challenge, which inhibited the attainment of clear identification of the REE host phase. In such cases, secondary ion mass spectrometry (SIMS) can bring additional insights 207 . Identification of the host mineral is primarily important, since the type of host mineral is related to the degree of weathering depending on temperature and rainfall 208 , which is crucial information for the survey of IADs, and the recovery rate of REE from the IADs.

High REEs extractable property of IADs is very contrastive to marine REEs resources such as marine ferromanganese oxides with low extractability of REEs (< 1%) due to the formation of inner-sphere surface complex of REEs 209-212 and deep-sea REEs-rich mud with REEs incorporated as phosphate phases 213 . However, IADs cannot be formed under marine environment due to high salinity of seawater, which shows that IADs are specific to land areas.

The difference between IADs and marine ferromanganese oxides originated from the different REE retention mechanisms: the former is mainly through electrostatics which is hindered by high ionic strength, whereas the latter is through chemical bonding. This example clearly shows that molecular-level studies allow systematic understanding of ion retention that occurs in natural systems, and to develop its application such as extraction of useful metals.

Retention reversibility and adsorbed cation mobility are two key aspects of resources extraction efficiency in industrial processes and contaminant mobility in pollution control engineering.

Both properties are linked with the speciation of metal cations at clay mineral surfaces, with the presence of outer-sphere complexes enhancing reversibility and mobility.

[H1] Summary and future directions

The accurate predictions of metal ionclay mineral interactions over long time-and largespatial scales in natural and engineered systems necessitates the development of a continuum of macroscopic models that are able to consider a large range of environmental conditions, as well as temporal and spatial changes. Such predictions are currently hampered by the diversity of interaction processes of metal ions with clay mineral surfaces, and by the difficulty to unravel their respective contributions in the results of macroscopic experiments that are used to calibrate retention models, such as surface complexation models. This limitation is currently being addressed by implementing retention models with molecular level characterization to better understand adsorption and related processes.

The highly complex nature of clay mineral-metal ion interactions requires the application of multiple techniques to reach insightful conclusions. Important progress has been made since the ~2000s in this direction, with important breakthroughs in deciphering mechanisms of adsorption and of incorporation of elements, with applications to the formation mechanisms of economically important metal deposits, as well as to the containment of hazardous materials by clay-rich barriers. Since the 2010s, the emerging coupling of quantum mechanics simulation predictions with molecular level synchrotron-based characterization techniques proved to be very powerful to better constrain the nature and location of adsorption sites, binding mechanisms, as well as the energy associated to binding reactions, thus allowing further development of macroscopic models with a reduced number of empirically fitted parameters.

It is now also possible to obtain quantified information on surface nucleation and growth mechanisms that are yet not integrated into geochemical modelling approaches.

With the application of higher quantum mechanical levels (such as advanced density functional and perturbation theory), more accurate estimates can be made, approaching chemical accuracy (about 1 kJ mol -1 ). Multiscale modelling will allow the system size and time scale to be expanded substantially towards ~μm and ~s respectively, enabling the direct simulation of slow processes, such as nucleation and dissolution, and promoting the combination with experimental results. Therefore, one can expect that the continuous development of efficient algorithms and increases in computing power will greatly advance the predictive capability of microscopic simulation, which is going to play an ever more important role in guiding industrial and engineering applications.

Concerning adsorption processes, the quantification of surface ternary complex formation (in particular, in the presence of carbonated metal ions species) and a better understanding of metal-organic matter-clay mineral surface interactions, are needed to model conditions relevant to natural systems. Surface nucleation and growth clearly deserves more mechanistic research for their fundamental importance in both pollution control engineering and transition metal enriched clay deposits, such as zinc clay ores 118 and nickel laterite ores 214 .

Surface induced redox reactions have important implications for the containment performance of engineered and natural clay-rich barriers in pollution control applications, but also for bioremediation applications. The detailed understanding of surface induced redox reactions with respect to the retention of redox sensitive metals still requires extensive research before implementation in geochemical models, particularly with respect to the redox properties of iron. In particular, further research is needed for the identification of electron transfer paths and efficiency; for the assessment and thermodynamic description of intrinsic redox potential of structural and adsorbed Fe; for the identification of relationship between changes in Fe oxidation state and surface chemistry; and, for the quantification of Fe redox reactivity as a function of its abundance and location in the crystal structure.

The growing scientific interest in the quantification and understanding of clay mineral retention properties must be put in perspective with industrial and environmental applications that rely on the ability of clay minerals to scavenge metal ions. Bulk characterization of retention properties is necessary to study the effectiveness of clay-rich materials for such applications, but still is not sufficient to quantify these processes over long timescales. Process understanding at the molecular level combined with multiscale simulation approaches has proved to be essential to predict parameters such as resource extractability and contaminant mobility. Layers of dioctahedral smectite and illite, two groups of clay minerals of interest for their metal ions retention properties, are made of two tetrahedral sheets sandwiching an octahedral sheet, forming so-called 2:1 layers (Figure 1).

Tetrahedral and octahedral sheets of smectite and illite contain mostly Si and Al (or Fe) atoms.

A range of other minor elements are incorporated through isomorphic substitutions, which create a local charge imbalance if the substituted element does not bear the same formal charge as the incorporated element (for example, Mg 2+ for Al 3+ ). This local charge is not compensated for in the layer structure, which creates a permanent negative structural charge in the clay layer. This negative charge is compensated by the positive charge of cations in the interlayer space and on external surfaces.

Interlayer spaces can be hydrated and accessible to aqueous species as in the case of smectite, or collapsed and mostly inaccessible to water and aqueous species as in the case of illite, in which adjacent tetrahedral sheets are bonded by non-hydrated K + ions (Figure 1). Na + , K + , Ca 2+ , Mg 2+ are the most common charge compensating cations, but they can be exchanged easily on external and hydrated interlayer surfaces by other metal cations [START_REF] Tournassat | Chapter 1 -Surface Properties of Clay Minerals[END_REF] . Differences in hydration properties of interlayer cations results in the common phenomenon of clay mineral swelling, which corresponds to changes of interlayer spacing as a function of the nature of interlayer cations and water chemical potential 216 .

Crystal faces of clay minerals can be grouped into basal and edge surfaces, which are parallel and perpendicular to the basal plane respectively [START_REF] Tournassat | Chapter 1 -Surface Properties of Clay Minerals[END_REF] . Smectite and illite layers thickness is approximately 1 nm, while their lateral dimensions range from 50 nm to 1 µm (Figure 1). These dimensions result in very large specific surface areas, up to 800 m 2 g -1 for smectites. The vast majority of the surface area is born by the basal surfaces, while edge surface area account for only 5 to 30 m 2 g -1 .

Atoms present at basal surfaces are fully coordinated and form a siloxane terminated surface, while oxygen atoms present at edge surfaces have fewer metal neighbours than in bulk (Figure 1). Edge surfaces are covered by chemically adsorbed water, forming amphoteric charged surface hydroxyl groups (>OH groups, where the > sign is indicative of a surface coordination), having contrasted acidity constants (pKa) as a function of coordination, surface crystallographic orientation and nature of the central metal bonded to the >OH group [START_REF] Liu | Surface acidity of 2:1-type dioctahedral clay minerals from first principles molecular dynamics simulations[END_REF] . Consequently, edge surface chemical properties are strongly pH-dependent, by contrast, basal surface properties are little or not.

Box 2. Quantification of metal ion immobilisation

Macroscopic quantification of metal ion retention on a given mass of clay minerals (mclay in kg) can be obtained from experimental adsorption isotherms (see figure). The concentration of an adsorbed element (Cads in mol kg -1 clay) can be quantified by the difference between a total concentration added in the system (Ctot in mol L -1 ) and an aqueous concentration measured at steady-state, which is assumed to be representative of thermodynamic equilibrium (Ceq in mol L -1 ).

Retention is usually quantified as a percentage of total added concentration, or as a distribution coefficient RD, or KD (in L kg -1 ), which quantify the partitioning of the metal ions between the solution and the surface: where Vsol is the volume of solution (in L).

𝐶 𝑎𝑑𝑠 =
The RD value does not give any insight into the physical and chemical processes responsible 

  . Because of obviously larger ionic radii of f-elements, actinides and lanthanides cannot form phyllosilicate/hydroxide phase resembling the structure of clay minerals. In these cases, clay minerals might only provide complexing ligands, for example, in the formation of coffinite (U(IV)SiO4), but have no templating effect. Although classified as REEs together with lanthanides and Y, Sc can be incorporated into octahedral sheets, forming Sc-rich smectite 119 .[H3] Surface redox reactionsClay minerals often contain structural or adsorbed Fe ref 120 , which participate in electron transfer reaction with adsorbed redox sensitive metal ions 121 , such as U ref[122][123][124] , Np ref 124 , Pu ref 125,126 , Se ref 127,128 , Tc ref 124,129-131 , and Cr ref 131-135 . The mobility of redox sensitive elements depends on their oxidation state, often through the contrasted solubility and adsorption properties of oxidized and reduced aqueous species of a given element. The study of surface enhanced reduction or oxidation of redox sensitive metal ions is made very difficult by the numerous mechanisms that were identified as a function of the elements of interest, but also as a function of the nature of the clay mineral and of the geochemical conditions. For example, naturally reduced ferrouginous clay minerals from subsurface redox transition zones exhibit minimal reactivity towards the oxyanions TcO4 -and CrO4 2-compared to those measured in previous studies on laboratory treated samples 131 . Their reduction capacity was enhanced by adsorbed Fe(II) although added Fe(II) was not detected as redox-reactive species within the outermost few nanometers of clay mineral surfaces. The adsorption of Se(IV) on montmorillonite is an another example of a surface-enhanced redox reaction. In the presence of dissolved Fe(II) and in the pH range (pH < 8) where Fe(II) is also sorbed onto montmorillonite, a reductive precipitation of Se(IV) to nano-particulate Se(0) in the pH range (pH < 8) is observed127,136 . However, based on Mössbauer spectrometry and XANES measurements, Fe oxidation kinetic rate was much higher than Se reduction kinetic rate.Structural Fe(II) in a chemically reduced nontronite does not reduce As(V) or Sb(V), and when all structural Fe is Fe(III), it does not oxidize As(III) and Sb(III) neither. Also, Fe(III) within a Fe(II)-O-Fe(III) moiety is more reactive compared to that in Fe(III)-O-Fe(III) in oxidizing As(III) and Sb(III)ref 128,137 , and so, Fe(II)-O-Fe(III) moieties at the edge sites are assumed to be the redox-active species in Fe-containing clay minerals.
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  Figure 1. Clay mineral sheet, layer and particle structures. Two tetrahedral sheets sandwiching an octahedral sheet form a tetrahedral-octahedral-tetrahedral (TOT) layer. The thickness of a TOT layer, ~9.5 Å, corresponds to the distance between two planes of apical oxygen atoms, ~6.6 Å, plus the ionic radii of two oxygen atoms. Isomorphic substitutions (where one structural cation is replaced for another of similar size, see magenta tetrahedral and cyan octahedral) are responsible for a permanent negative structural layer charge that is compensated by cations present in the interlayer spaces and on external surfaces of clay mineral particles. In water-saturated conditions, charge compensating cations can be hydrated (red and blue cations) or not (yellow cations), depending on the nature of the cation, the type of layer isomorphic substitutions, the layer charge, and the type of neighbouring surfaces (interlayer versus external). Layer structure and negative charge are responsible for the high metal cation retention capability of clay minerals.

Figure 2 .

 2 Figure 2. Interaction mechanisms of metal ions with clay minerals. Clay layers are made of octahedral (orange) and tetrahedral (blue) sheets, depicted along the stacking direction. Adsorbed metal ions are shown in purple, and water molecules in red and white. a| Metal ions (purple) in complexes with water molecules (red-white) can be adsorbed onto external basal surfaces or accumulate in diffuse layers. The transitions from panels b to d highlight the continuum from adsorption on edge surfaces to clay mineral nucleation and growth. b| outersphere complexes can be adsorbed in the interlayer space. Inner-sphere complexes can attach onto the edge of the octahedral layer, or c| in the interlayer space. If complexation of the edge surface occurs at the same time as silicification, the clay mineral undergoes epitaxial growth.

  d| A cation adsorbed by complexation at an active redox site on an edge surface can undergo electron transfer with the clay mineral layer, which in turn changes the redox state of both the octahedral sheet and adsorbed metal ions (blue-purple colour change). The duality of surface types (basal vs. edge) and the redox reactivity of the inner atoms in the layer are responsible for multiple modes of interactions with metal cations.

Figure 3 .

 3 Figure 3. Upscaling of information in modeling of radionuclide storage. a| Quantum mechanical simulation of a metal ion complexed on clay mineral surface. b| Classical simulation of metal ions at a clay mineral-aqueous solution interface. c| An example of a surface complexation model for metal ion adsorption on clay mineral surfaces using a two-site model. Information about binding energy and the nature of adsorption sites can be constrained by molecular level studies. d| generic example of a simulation of radionuclide flux at the outlet of a radioactive waste storage site over 1000-100,000 year time scales. Retention and diffusion parameters used in these simulations are usually obtained in laboratory experiments that last from days to years. Using these parameters to make upscaled predictions to million year time scales must be justified by process understanding and quantification. Effective upscaling of molecular-level information from measurements and simulations enables practical applications in macroscopic studies.

Figure 4 .BoxesBox 1 .

 41 Figure 4. Ion-adsorption type rare earth element (REE) deposits. a | Typical vertical profile of weathered zone hosting ion-adsorption deposit (IAD). Granite is a typical parent rock for IADs. b | Rare earth elements, excluding Ce, are leached from the top layer in the profile (the pedolith). REE accumulation occurs in saprolite deposits, below the pedolith but above the weathered parent rock. Adsorbtion of REEs in the accumulation zone mainly occurs as outersphere complexes on external basal clay layers. c | the REE-leached zone is characterized by a positive cerium (Ce) anomaly and relatively low REE abundances. Y is preferentially leached relative to Ho. d | the REE-accumulation zone is characterized by a negative Ce anomaly and enrichment of the other REEs. Y is enriched relative to Ho. e | the weakly weathered zone has a similar REE pattern to the parent rock, but does not have the Ce anomaly. Adsorption on clay minerals as outer-sphere complex is responsible for the enrichment and high extraction rate of REEs in IAD.

  for the observed retention (such as adsorption, incorporation, and precipitation). However, in a first approach, the shape of the adsorption isotherms plotted as a function of pH and metal ion concentration (see figure), allows the difference between major adsorption sites and other retention mechanisms to be determined. The figure shows: a| retention processes shown as a function of pH and constant metal cations concentration, and b| as a function of metal cations concentration and fixed pH. Superposition of coloured areas is indicative of a mixed contribution of several mechanisms to the overall retention.
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Key points:

 Clay minerals have a diverse array of chemical structures and layer types that lead to a range of metal ion retention mechanisms in Earth's critical zone. The metal retention capabilities of clay minerals can concentrate rare earth elements (REEs) in ion adsorption type deposits and can also be exploited for metallic industrial waste disposal.

 Basic metal ion-clay mineral interaction mechanisms include cation exchange, surface complexation, ligand exchange, structural incorporation, surface precipitation (with or without epitaxial growth of neoformed minerals), and precipitation induced by surface redox reactions.

 Such diversity of retention mechanisms originates from the distinct structures and properties of basal and edge surfaces. Cation exchange on basal surfaces occurs mainly through electrostatics while other mechanisms occur through chemical bonding on edge surfaces.

 REEs in ion adsorption type deposits are mainly physically adsorbed on basal surfaces, which are responsible for the high REE extractability (> 50 %) through ion exchange.

 Both cation exchange and surface complexation processes occur during the retardation of metallic pollution plumes in waste management applications (radioactive and conventional industrial wastes as well as landfill leachate).

 Understanding and quantification of the multifaceted and multiscale nature of clay mineralmetal ion interactions necessitates the close combination of experimental and modelling techniques at the molecular-level.

Box 3. Predictive approaches at different scales

Quantum mechanics simulation

Density functional theory (DFT) 217,218 has been the workhorse of quantum mechanics calculation. By transforming the 3N-dimensional Schrodinger equation to 3-dimensional Kohn-Sham equation, DFT makes it affordable to calculate energy and atomic forces of realistic systems. First principles molecular dynamics (FPMD) 219 , a combination of DFT and molecular dynamics (MD), generates dynamical trajectories at limited temperatures and is thus able to explore the properties of aqueous and interfacial systems. FPMD can calculate free energy by integrating with enhanced sampling techniques (such as the method of constraint, metadynamics). However, the expensive computational costs badly limits the system size and time FPMD can access: for current supercomputing architecture the typical length and time scales are only ~10 angstroms and ~10 picoseconds.

Classical simulation

Classical simulation calculates energy and forces based on a force field that is a set of parameters describing atomic interactions 220 . Classical MD produces dynamical trajectories by using the forces calculated from a force field. The length and timescale of classical simulation can reach second and micrometer.

Multiscale simulation

Classical mechanical simulation and thermodynamic models are necessary to build direct link to macroscopic experiments. These models are usually based on a set of empirical/fitted parameters. Multiscale simulation plays the role of a bridge by translating the information generated by quantum mechanics into parameters of upscaling modelling, thus overcoming the temporal and spatial limits of quantum mechanics modelling, such as it provides constraints for geochemical modeling and the force field used in classical simulation 221 .

Geochemical thermodynamic modeling

Surface complexation and cation exchange models apply mass balance, surface charge balance and thermodynamic chemical equilibrium concepts to predict, quantitatively, the partitioning of chemical species between an aqueous solution and mineral surfaces 222 . Surface complexation and cation exchange models can be coupled to fluid transport models at large scale (aquifers, rivers, water catchment) to build defensible predictions in the environmental sciences 223,224 . Since the ~2000s, model parameters have been obtained from fitting macroscopic adsorption, while microscopic and spectroscopic observations helped constraining the main mechanisms responsible for the observed metal ions retention. Since the ~2010s, advances in molecular level modelling and multiscale simulations provide new possibilities to reduce the number of empirical fitting parameters in surface complexation and cation exchange models.

Glossary terms:

Metal ions: metal cation (M) in aqueous solution with the chemical formula [M(H2O)n] z+ , metal ions include rare earth elements (REEs), actinides, transition metals, and alkaline and alkaline-earth metals.

Clay mineral: signifies a class of hydrated phyllosilicates making up the fine-grained fraction of rocks, sediments, and soils, which this Review is focused on.

Clay-rich materials refers to materials containing clay minerals, such as sediments, soils and weathered rocks, and with physical and chemical properties dominated by their clay mineral fraction.

Earth's Critical zone:

The oxygenated and hydrated layer at Earth's surface and shallow subsurface, spanning from the tops of tree canopies to the bottom of groundwater.

Complex: a compound consisting of a central atom or ion that is bonded to other atoms or ions, which are called ligands.

Ligand exchange: A type of reaction in which a ligand of a complex is replaced by a different ligand.

Tetrahedral sheet: A 2-dimensional sheet formed by tetrahedral units, each consisting of a metal cation coordinated by four oxygen atoms and linked to three neighbouring tetrahedra by shared oxygen.

Octahedral sheet: A 2-dimensional sheet formed by octahedral units, each consisting of a metal cation coordinated by six oxygen atoms, linked to six neighbouring octahedra by shared edges.

Dioctahedral: A common type of octahedral sheet where most of the metal cations are of +3 valence, two-thirds of the octahedra are occupied while the other third is vacant.

2:1-type clay mineral: clay mineral which has a structural layer made of one octahedral sheet sandwiched by two tetrahedral sheets.

Smectite: A group of 2:1-type clay minerals with expandable interlayer space Illite: A group of 2:1-type clay minerals with non-expandable interlayer space.

Inner-sphere complex: where the cation is adsorbed on a clay layer with direct chemical contact to the mineral layer surface.

Outer-sphere complex: where the cation is adsorbed on a clay layer surface, but is separated by one or more water molecules.

Epitaxial nucleation: formation of a crystalline nucleus on a substrate, where the new crystalline layers form with one or more well-defined orientations fixed by that of the substrate lattice.

Neutron diffraction: an experimental technique used to probe the crystallographic properties of materials, including the position of hydrogen atoms, notably by taking advantage of the contrasting interactions of neutrons with hydrogen and deuterium. Synchrotron X-ray reflectivity (XRR): an experimental technique used to study the detailed surface properties of solids, based on the analysis of X-rays reflected by a surface.

X-ray absorption spectroscopy (XAS):

an experimental technique used to study oxidation state and local environment of an atom in a sample, based on analysis of variations in X-ray absorption over a range of photon energies.

Website summary:

Clay minerals can retain metal ions, concentrate rare earth elements and be exploited for industrial waste disposal. This Review discusses the molecular-level mechanisms of metal ion retention in clay minerals and their importance for environmental and industrial applications. 40