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Although rare earth elements (REE) are now considered as emerging contaminants, the mechanisms controlling the mobility of REE in geochemical systems remain elusive. The complexity and multi-element characteristics of REE including potential synergistic and antagonistic interactions with environmental surfaces make the prediction of REE fate in nature a challenging task. In this study, a comprehensive set of batch and column transport experiments were conducted to examine the interactions of REE group, as well as some co-occurring or chemically analogous elements (Sc, Y, Th and U), with 100-300 μm quartz sand particles. Results from batch experiments showed that middle REE (MREE) and heavy REE (HREE) are preferentially adsorbed at low and high REE loadings, which showed the occurrence of two different types of binding sites. A surface complexation model (SCM) has been developed, which successfully predicted sorption of REE, Sc, Y, Th and U. Experimental and reactive transport modeling evidenced the importance of the strong sites, and highlighted the competitive binding of MREE with other REE and Y for the quartz surface sites. These results may have strong implications for the development of new prediction tools for accurately assessing the reactive transport of REE in natural systems.

Introduction

Rare earth elements (REE) are a group of fourteen co-occurring elements (lanthanum, cerium, praseodymium, neodymium, samarium, europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium, and lutetium) in surface environments. Their unique magnetic, optical and catalytic properties make them extremely interesting for many applications such as hybrid vehicles, wind turbines, laptops and smartphones [START_REF] Anastopoulos | Adsorption of rare earth metals: A review of recent literature[END_REF][START_REF] Drobniak | Rare Earth Elements: A brief overview[END_REF]. Thus, the demand and the production of these critical metals have surged over the past decades [START_REF] Li | Rare Earth Elements supply vs. clean energy technologies: new problems to be solve[END_REF], which led to rising environmental concerns about their potential toxic effects on human health and ecosystems [START_REF] Langkau | Environmental impacts of the future supply of rare earths for magnet applications[END_REF]. Therefore, to assess the ecological impacts of these emerging contaminants, it is necessary to investigate REE transport mechanisms in natural ecosystems.

Adsorption is recognized as one of the key processes governing the transport of REE in porous natural systems (Henderson, 1984). Quartz being often considered as a representative adsorbent in porous media due to its abundance and chemical stability, several studies investigated sorption of REE onto quartz [START_REF] Dzombak | The Effect of pH on Europium-Mineral Interactions in the Presence of Humic Acid[END_REF][START_REF] Kitamura | Analysis of Adsorption Behavior of Cations onto Quartz Surface by Electrical Double-layer Model[END_REF]Tang andJohannesson, 2005, 2010;[START_REF] Pitois | Humic acid sorption onto a quartz sand surface: A kinetic study and insight into fractionation[END_REF][START_REF] Kar | Time resolved fluorescence spectroscopy and modeling of Eu(III) sorption by silica in presence and absence of alpha hydroxy isobutyric acid[END_REF][START_REF] Wang | The adsorption of Eu(III) and Am(III) on Beishan granite: XPS, EPMA, batch and modeling study[END_REF][START_REF] Schnurr | Sorption of Cm(III) and Eu(III) onto clay minerals under saline conditions: Batch adsorption, laser-fluorescence spectroscopy and modeling[END_REF][START_REF] García | Sorption of Eu(III) on quartz at high salt concentrations[END_REF][START_REF] Karimzadeh | Effect of DTPA on europium sorption onto quartz -Batch sorption experiments and surface complexation modeling[END_REF]. However, the most of these studies focused on a single or a few REE although they generally co-occur in natural systems and might compete with each other for adsorption processes. In addition, multi-REE investigations are particularly interesting due to the coherent evolution of their chemical behaviour with the atomic number: "REE patterns", which can be obtained in adsorption studies by plotting the adsorbed amount onto particles against their atomic number. REE are often considered analogues as they have similar geochemical behavior and mainly exist as trivalent cations, except for Ce(III) which can be oxidized to Ce(IV) and Eu(III) which can be reduced to Eu(II) [START_REF] Ohta | REE(III) adsorption onto Mn dioxide (δ-MnO2) and Fe oxyhydroxide: Ce(III) oxidation by δ-MnO2[END_REF][START_REF] Davranche | Adsorption of REE(III)-humate complexes onto MnO2: Experimental evidence for cerium anomaly and lanthanide tetrad effect suppression[END_REF][START_REF] Liu | Revisiting the hydrothermal geochemistry of europium(II/III) in light of new in-situ XAS spectroscopy results[END_REF]. REE patterns have been shown to probe surface complexation processes onto heterogeneous surfaces of organic composition such as natural organic colloids [START_REF] Marsac | Metal loading effect on rare earth element binding to humic acid: Experimental and modelling evidence[END_REF][START_REF] Marsac | Effects of Fe competition on REE binding to humic acid : Origin of REE pattern variability in organic waters[END_REF][START_REF] Catrouillet | Rare earth elements as tracers of active colloidal organic matter composition[END_REF], bacterial cells [START_REF] Takahashi | Adsorption of rare earth elements onto bacterial cell walls and its implication for REE sorption onto natural microbial mats[END_REF][START_REF] Takahashi | EXAFS study on the cause of enrichment of heavy REEs on bacterial cell surfaces[END_REF], algae [START_REF] Zoll | A surface complexation model of YREE sorption on Ulva lactuca in 0.05-5.0M NaCl solutions[END_REF], and nanoplastics [START_REF] Blancho | Metalbinding processes on nanoplastics: rare earth elements as probes[END_REF]. Furthermore, inorganic particles with homogeneous composition can exhibit different binding sites for metal ions, which leads to different REE patterns depending on the physico-chemical conditions, such as in the case of iron hydroxides [START_REF] Quinn | Comparative Scavenging of Yttrium and the Rare Earth Elements in Seawater: Competitive Influences of Solution and Surface Chemistry[END_REF] or manganese oxides [START_REF] Pourret | Rare earth element sorption onto hydrous manganese oxide: A modeling study[END_REF]. The impact of site heterogeneity on REE patterns at the quartz surface has not been investigated yet, although the results of two recent studies on single REE [START_REF] García | Sorption of Eu(III) on quartz at high salt concentrations[END_REF][START_REF] Amiel | Mobility and Retention of Rare Earth Elements in Porous Media[END_REF] suggest the occurrence of two surface sites.

In most of the listed above studies have used the valuable information provided by REE patterns to develop mechanistic surface complexation models (SCM). These models include detail understanding of ions binding at the adsorbing surface-water interface and can predict ion adsorption under various conditions, which includes surface site heterogeneity, pH, ionic strength and the presence of other ions inducing competitive or cooperative adsorption processes [START_REF] Xu | Co-binding of Pharmaceutical Compounds at Mineral Surfaces: Mechanistic Modeling of Binding and Cobinding of Nalidixic Acid and Niflumic Acid at Goethite Surfaces[END_REF][START_REF] Cheng | Adsorption of Quinolone Antibiotics to Goethite under Seawater Conditions: Application of a Surface Complexation Model[END_REF]. Mechanistic SCM can further be coupled with transport equation and can be valuable tools to account for these various effects on adsorption in both geochemical speciation and reactive transport modelling J o u r n a l P r e -p r o o f studies of contaminants in the environmental systems [START_REF] Cheng | Adsorption of Quinolone Antibiotics to Goethite under Seawater Conditions: Application of a Surface Complexation Model[END_REF][START_REF] Zhou | Silicate surface coverage controls quinolone transport in saturated porous media[END_REF][START_REF] Luo | Interactions of Anti-Inflammatory and Antibiotic Drugs at Mineral Surfaces Can Control Environmental Fate and Transport[END_REF]. However, if column transport studies of REE in quartz sand is scarce, and mainly focused on a single or few REE [START_REF] Nagao | Migration Behavior of Eu(III) in Sandy Soil in the Presence of Dissolved Organic Materials[END_REF][START_REF] Warwick | Modelling the effect of humic substances on the transport of europium through porous media: a comparison of equilibrium and equilibrium/kinetic models[END_REF][START_REF] Brown | The simultaneous modelling of metal ion and humic substance transport in column experiments[END_REF][START_REF] Yoshida | Migration of strontium and europium in quartz sand column in the presence of humic acid: Effect of ionic strength[END_REF][START_REF] Wang | Co-transport and competitive retention of different ionic rare earth elements (REEs) in quartz sand: Effect of kaolinite[END_REF][START_REF] Amiel | Mobility and Retention of Rare Earth Elements in Porous Media[END_REF], mechanistic SCM have also rarely been applied in reactive transport modeling investigation of REE. Hence, it is important to develop a reactive transport model to correlate molecular interactions of multi-element REE in static conditions with their macroscopic transport in flow-through conditions.

In natural conditions, other elements might compete with REE. For instance, in Earth's crust, REE exist in ores and minerals together with other metals such as scandium, yttrium and naturally occurring actinides such as thorium and uranium [START_REF] Kursun | HCl leaching behaviour of a bastnasite ore in terms of thorium and rare earth elements[END_REF]. Particularly, the chemical behaviour of Y is very similar to Ho and therefore, is often included in the lanthanide series (as "REY") (e.g. [START_REF] Bau | Scavenging of dissolved yttrium and rare earths by precipitating iron oxyhydroxide: experimental evidence for Ce oxidation, Y-Ho fractionation, and lanthanide tetrad effect[END_REF][START_REF] Quinn | Comparative Scavenging of Yttrium and the Rare Earth Elements in Seawater: Competitive Influences of Solution and Surface Chemistry[END_REF][START_REF] Pack | Geo-and cosmochemistry of the twin elements yttrium and holmium[END_REF]. Sc is trivalent and its chemical behaviour is often compared to that of REE, although it exhibits a much smaller ionic radius [START_REF] Balaram | Rare earth elements: A review of applications, occurrence, exploration, analysis, recycling, and environmental impact[END_REF]. U is a redox sensitive element, with oxidation states ranging from +4 to +6 in natural systems [START_REF] Geckeis | Mineral-water interface reactions of actinides[END_REF][START_REF] Altmaier | Recent Advances in Aqueous Actinide Chemistry and Thermodynamics[END_REF]. It mainly occurs as uranyl ion (UO 2 2+ ) in oxidizing conditions, which behaves as a cation with an effective charge of +3.3 [START_REF] Choppin | Complexation of Pentavalent and Hexavalent Actinides by Fluoride[END_REF][START_REF] Geckeis | Mineral-water interface reactions of actinides[END_REF], close to that of REE. Th is a tetravalent element, which is often considered as analogous to other tetravalent actinides (e.g. U/Np/Pu(IV)) and Ce(IV) [START_REF] Marsac | Modeling plutonium sorption to kaolinite: Accounting for redox equilibria and the stability of surface species[END_REF][START_REF] Marsac | Aqueous chemistry of Ce(IV): estimations using actinide analogues[END_REF]. Therefore, multi-element studies on REE might also be extended to Sc, Y, Th and U for their comparative transport behaviour, but also because of their competitive effects on REE surface complexation to mineral particles.

In this study, the interactions of the REY group along with Sc, Th and U with 100-300 µm Fontainebleau quartz sand particles were thoroughly examined under batch and dynamic flow-through conditions. In natural systems, the aqueous concentration and fractionation of REY is highly pH-dependent, therefore, experiments were conducted under a wide range of pH (3-7) and metal concentrations (1 and 5 µg L -1 ), as well as under dynamic flow conditions. These experiments involved multi-metal ion conditions in order to (i) account for their competition for quartz surface sites and (ii) test the capability of REE adsorption patterns to probe the surface site heterogeneity of quartz particles. Different binding mechanisms were expected to occur depending on the experimental physical and chemical conditions, which should lead to REE-quartz pattern variability. The experimental metal ions adsorption data and, especially REE patterns, were then utilized to build a new surface complexation model (SCM) that can predict multi-metal ion pH and concentration-dependence. This knowledge is implemented to develop a reactive transport model that can simulate multi-metal ion transport in flow-through systems.

2 Materials and Methods

Material

Fontainebleau quartz sand (100-300 μm) was purchased from Carlo Erba. The cleaning protocol for the sand was previously described [START_REF] Scheidegger | Coating of silica sand with goethite: preparation and analytical identification[END_REF][START_REF] Hanna | Sorption of phthalic acid at goethite surfaces under flow-through conditions[END_REF]. Briefly, 1M HCl was used to clean the quartz sand for 48 hours followed by rinsing with ultrapure water. Then the quartz sand was treated with H 2 O 2 to remove any organic matter contamination followed by ultrapure water. Finally, the quartz sand was oven-dried at 100 °C for 24 h and rinsed repeatedly with ultrapure water. A blank experiment was made with 2 % HNO 3 and quartz sand, no REE were detected.

Batch experiments

The batch sorption experiments were carried out in 250 mL HDPE opaque reactors. The experiments were conducted by adding 1 g of quartz sand in a 100 mL of a solution containing REE, Sc, Y, Th and U simultaneously in 5 mM NaCl as a background electrolyte. The pH of the solutions was adjusted to the desired value by adding small volumes of HCl or NaOH (0.1 M) solutions. The pH meter (HACH Sension + PH1) used was calibrated using the buffer solution of pH 4, 7 and 10. This calibration was made every day before a series of pH adjustment or measurement of samples. After a given reaction time, the pH was measured and an aliquot of the supernatant is taken for REE concentration determination. No phase separation was required (e.g. filtration or centrifugation) because of the large size of sand particles, which sediment very rapidly.

Two sets of experiments were conducted at various pH values, with 1 and 5 µg L -1 of each metal ion, which corresponds to total metal ion concentrations ([M]) of 10 -7 M and 7×10 -7 M, respectively. The kinetic experiment was conducted for a period of 24 hours, during which sampling was performed at regular intervals. In this case, the sample was stirred with a magnetic stirrer. The pH sorption edge was carried out in the pH range 3 to 7. Once prepared, solutions were shaken in an oscillating table for 24 hours after which the final pH meter reading was taken.

REE, Sc, Y, Th and U concentrations in solution were measured using a Quadrupole ICP-MS (Agilent Technologies 7700×). The concentrations were determined using a conventional external calibration procedure with multi-elemental solutions, acidified to 2% in nitric acid (HNO 3 ), from 0.005 to 2 µ g L -1 . Rhodium solution was used as an internal standard to correct the instrumental drift. The international geostandard SLRS-6 was used to check the validity and reproducibility of the results. Collision cell technology with helium (He) gas, was used to limit or eliminate potential interferences [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]. Typical uncertainties including all error sources were below ±5% for all the trace elements.

The limit of detection and the isobaric interferences for all the groups of metal ions were calculated following the procedure at Rennes previously mentioned in [START_REF] Davranche | Impact of humate complexation on the adsorption of REE onto Fe oxyhydroxide[END_REF].

Percentage of metal ion adsorbed (%M ads ) and distribution coefficient (K d , L kg -1 ) were used to express the metal ion adsorption onto quartz surface:

%𝑀 𝑎𝑑𝑠 = [𝑀] 𝑡𝑜𝑡 -[𝑀] 𝑎𝑞 [𝑀] 𝑡𝑜𝑡 × 100 (1) 
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K 𝑑 = [𝑀] 𝑡𝑜𝑡 -[𝑀] 𝑎𝑞 𝑚 𝑉 × [𝑀] 𝑎𝑞 (2) 
where [𝑀] 𝑡𝑜𝑡 and [𝑀] 𝑎𝑞 refer to the total (initial) metal ion concentration and its concentration in solution after phase separation, respectively, and m/V is the solid to liquid ratio expressed as mass of a solid (in kg) in contact with a solution of a given volume (in L). Several physico-chemical conditions may affect the K d values such as pH, ionic strength, temperature, etc.

Column experiments

The sorption of REE onto quartz under flow through conditions was investigated using a liquid chromatography system (Äkta™ Pure) equipped with a fraction collector (F9-R). Previously cleaned 15 g of Fontainebleau quartz sand was dry-packed in a borosilicate column (XK 16, GE Healthcare) with an internal diameter of 1.6 cm. The porous bed height was approximately 5 cm with a uniform bulk density of 1.65 g cm -3 . The column was wetted upward with 5 mM NaCl solution at a pH of 5 at a flow rate of 0.1 mL min -1 , which corresponds to a flow velocity of 0.05 cm min -1 . Once the column was fully saturated, a tracer test was performed with potassium bromide (KBr solution) (Figure S1) to identify the flow characteristics which was described by the advection dispersion equation (ADE). KBr was injected at a constant flow rate in a pulse mode; 2 mL of tracer solution followed by background electrolyte solution.

The homogeneous flow and the predominantly convective regime were confirmed after analysing the breakthrough curve (BTC) using inverse modeling with HYDRUS 1D (Šimůnek et al., 2013).

For the reactive transport, aqueous REY, Sc, Th and U, solutions containing 5 µg L -1 of each metal (C 0 ), corresponding to 7×10 -7 M of the total metal ion concentration, with 5 mM NaCl at pH 5 were injected in the column at a flow rate of 0.1 or 1 mL min -1 . Samples of the outflow solution were collected by volume of 5 mL in tubes of 18 mm diameter with the fraction collector and the aqueous metal ions concentrations (C) were measured using ICP-MS. This allowed to calculate the relative concentration (C/C 0 ) of each metal ion in the outflow solutions.

Surface Complexation and Reactive Transport Modeling

Surface complexation on quartz was modeled using 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]. The thermodynamic database "Minteq v4" was used. This database has been updated by incorporating well-accepted stability constants at 0 M ionic strength and 25 °C for REY inorganic anion complexation relevant to the present work including: (i) chloride (REYCl [START_REF] Luo | Carbonate complexation of yttrium and the rare earth elements in natural waters[END_REF]. Th and U database is taken from Nuclear Energy Agency (NEA) [START_REF] Guillaumont | Update on the chemical thermodynamics of uranium, neptunium, plutonium, americium and technetium[END_REF]. Sc hydrolysis constants are taken from [START_REF] Brown | The simultaneous modelling of metal ion and humic substance transport in column experiments[END_REF]. The reactions and the constant database for REY and Sc is provided in Appendix (Table S1). Note that REY(OH) 3(s) precipitation along with Sc(OH) 3(s) , Schoepite and Th(OH) 4(s) did not occur in our experiments according to the model.

The surface complexation model in this study was derived from the model of [START_REF] García | Sorption of Eu(III) on quartz at high salt concentrations[END_REF]. In this model, two types of sites are considered: first type of sites (site x) shows an amphoteric behaviour J o u r n a l P r e -p r o o f whereas the second type of sites (site y) only undergoes deprotonation. The total site density of x and y sites equals 1 nm -2 and 3.7 nm -2 , respectively [START_REF] Hiemstra | Multisite proton adsorption modeling at the solid/solution interface of (hydr)oxides: A new approach: II. Application to various important (hydr)oxides[END_REF][START_REF] García | Sorption of Eu(III) on quartz at high salt concentrations[END_REF]. All concerning information are given in Table 1. Surface species concentrations are expressed with a mole fraction scale in PHREEQC [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][START_REF] Lützenkirchen | Treatment of multi-dentate surface complexes and diffuse layer implementation in various speciation codes[END_REF]. A Basic Stern Model (BSM) is used to define interfacial electrostatics of the system, with a capacitance of 2 F m -2 . The charge of H + ions is placed at the surface (0-plane) whereas for Cl -and Na + the charge is located at the 1-plane. The charge of REY, Sc, Th and U ions was distributed at the quartz/water interface between 0-plane and 1-plane, as they form innersphere complexes with metal oxide surfaces [START_REF] Dzombak | The Effect of pH on Europium-Mineral Interactions in the Presence of Humic Acid[END_REF][START_REF] Rabung | Sorption of Eu(III) on a Natural Hematite: Application of a Surface Complexation Model[END_REF][START_REF] Schnurr | Sorption of Cm(III) and Eu(III) onto clay minerals under saline conditions: Batch adsorption, laser-fluorescence spectroscopy and modeling[END_REF][START_REF] Wu | Thermodynamic and kinetic coupling model of Cd(II) and Pb(II) adsorption and desorption on goethite[END_REF]. Outersphere complexation of these ions occurs in the diffuse double layer, but this process appeared negligible compared to innersphere surface complexation one. PhreePlot was used to estimate parameters for metal ions adsorption to quartz [START_REF] Kinniburgh | PhreePlot: Creating graphical output with PHREEQC[END_REF]. Using a modified Marquardt-Levenberg procedure [START_REF] Powell | A method for minimizing a sum of squares of non-linear functions without calculating derivatives[END_REF], PhreePlot provides a statistical uncertainty for the estimated parameters, which are reported in this study. The surface area of the quartz particles could not be measured as it is very small, but was found equal to 0.07 m 2 g -1 with Phreeplot, which is close to 0.05 m² g -1 estimated from geometrical consideration.

Surface complexation reactions at equilibrium were coupled with advection dispersion equation (equation ( 3)) in PHREEQC to simulate the breakthrough curves of the REY, Sc, Th and U in column. The aqueous concentrations of the metal ions are governed by the following advection-reaction-dispersion (ARD) equation [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]:

𝜕𝐶 𝜕𝑡 = -𝑣 𝜕𝐶 𝜕𝑥 +𝐷 L 𝜕 2 𝐶 𝜕𝑥 2 - 𝜕𝑞 𝜕𝑡 ( 3 
)
where C is the concentration in water (kg m -3 ), t is time (s), v is pore water flow velocity (m s -1 ), x is distance (m), D L is the hydrodynamic dispersion coefficient (m 2 s -1 ), and q is concentration in the solid phase (expressed as kg m -3 in the pores). The numerical approach in PHREEQC follows the basic components of ARD equation in a split-operator scheme [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]. First, advective transport was calculated, followed by calculation of equilibrium controlled chemical reactions, and dispersive transport. The chemical interaction term 𝜕𝑞 𝜕𝑡 calculated separately from the transport part for each time step is the sum of all equilibrium reaction rates.
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Table 1. Model parameters: protolysis reaction and reaction of background electrolyte onto quartz surface with a BSM (capacitance equal to 2 F m -2 ). Surface site densities are 1 (site x) and 3.7 nm -2 (site y). Surface area is equal to 0.07 m 2 g -1 . Present study revealed that y-type sites must be divided into strong and weak sites with densities of 0.135 and 3.565 nm -2 , respectively (see section 3.3).

Surface reaction

Log K Δz 0 Δz 1

𝑆𝑖 𝑥 𝑂𝐻 + 𝐻 + ⇌ ≡ 𝑆𝑖 𝑥 𝑂𝐻 2 + -1.3 +1 0 𝑆𝑖 𝑥 𝑂𝐻 ⇌ ≡ 𝑆𝑖 𝑥 𝑂 -+ 𝐻 + -4.0 -1 0 𝑆𝑖 𝑥 𝑂 -+ 𝑁𝑎 + ⇌ ≡ 𝑆𝑖 𝑥 𝑂𝑁𝑎 1.9 0 +1 𝑆𝑖 𝑥 𝑂𝐻 2 + + 𝐶𝑙 -⇌ ≡ 𝑆𝑖 𝑥 𝑂𝐻 2 𝐶𝑙 5.4 0 +1 𝑆𝑖 𝑦 𝑂𝐻 ⇌ ≡ 𝑆𝑖 𝑦 𝑂 -+ 𝐻 + -8.5 -1 0 𝑆𝑖 𝑦 𝑂 -+ 𝑁𝑎 + ⇌ ≡ 𝑆𝑖 𝑦 𝑂𝑁𝑎 1.5 0 +1
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3.1 Adsorption of REY, Sc, Th and U onto quartz sand

Adsorption kinetics data showed that an equilibrium was reached within less than 8 hours (as illustrated for Eu in Figure S2), and that adsorption kinetics followed a pseudo-second order model as shown in the following equation:

𝑞 𝑡 = 𝑘 2 𝑞 𝑒 2 𝑡 𝑘 2 𝑞 𝑒 𝑡 + 1 ( 4 
)
where t is time (min), q t is the amount of adsorbed solute at time t (µg g sand -1

), q e is its value at equilibrium (µg g sand -1

) and k 2 is the pseudo-second order rate constant (g sand µg -1 min -1 ). The value for k 2 determined for Eu (in the presence of the other REY, Sc, Th and U) by using a least-square fit approach was found to (i) increase with pH at high loading ([M] = 7×10 -7 M), from 0.361 (pH = 5.5) to 0.612 (pH =6.5) g sand µg -1 min -1 , (ii) increase with decreasing loading at pH = 5.5, as it reached 0.944 g sand µg -1 min -1 for [M] = 10 -7 M. This showed that the rate and the extent of metal ion uptake can be influenced by both pH and initial metal ion concentration.

The adsorption of Eu onto quartz versus pH in the presence of the other REY, Sc, Th and U in 5 mM NaCl solution is shown in Figure 1a,b for the total metal ion concentrations of 7×10 -7 M and 10 -7 M, respectively. Adsorption data for some selected REE (La, Ho and Lu) are also shown for comparison in Appendix (Figure S3). As typically encountered for cations adsorption onto quartz and metal oxides, REE binding to quartz surface increased with pH [START_REF] Dzombak | The Effect of pH on Europium-Mineral Interactions in the Presence of Humic Acid[END_REF][START_REF] Stumm | Aquatic Chemistry: Chemical Equilibria and Rates in Natural Waters, 3rd ed[END_REF][START_REF] Rabung | Sorption of Eu(III) on a Natural Hematite: Application of a Surface Complexation Model[END_REF][START_REF] Naveau | Sorption of europium on a goethite surface: influence of background electrolyte[END_REF][START_REF] García | Sorption of Eu(III) on quartz at high salt concentrations[END_REF]. This is due to the intrinsic chemical affinity of REE to quartz surface sites and the electrostatic attraction between negatively charged quartz surface and positively charged metal ions [START_REF] Akbour | Surface charge and adsorption from water onto quartz sand of humic acid[END_REF][START_REF] García | Sorption of Eu(III) on quartz at high salt concentrations[END_REF]. For the high metal ion concentrations (7×10 -7 M, Figure 1a), the adsorption started at around pH 4 and reaches almost 95% at pH 7. In addition, the pH-edge envelop did not have a simple sigmoid shape: the adsorption follows two stages, hence suggesting the occurrence of two distinct adsorption processes. These results are in excellent agreement with previous studies [START_REF] García | Sorption of Eu(III) on quartz at high salt concentrations[END_REF], where the formation of two surface species were identified at low and high pH involving different stoichiometric coefficients for the proton. However, the present results show that the pH-edge envelop is concentration dependent, because the adsorption increases more steeply with pH at low metal ion concentrations (10 -7 M, Figure 1b) than for higher ones (7×10 -7 M, Figure 1a). This suggests involvement of a certain amount of high affinity sites at the quartz surface, as previously observed for metal ions adsorption onto, for instance, hydrous ferric oxides [START_REF] Dzombak | The Effect of pH on Europium-Mineral Interactions in the Presence of Humic Acid[END_REF], hematite [START_REF] Rabung | Sorption of Eu(III) on a Natural Hematite: Application of a Surface Complexation Model[END_REF], clays [START_REF] Schnurr | Sorption of Cm(III) and Eu(III) onto clay minerals under saline conditions: Batch adsorption, laser-fluorescence spectroscopy and modeling[END_REF] and goethite [START_REF] Wu | Thermodynamic and kinetic coupling model of Cd(II) and Pb(II) adsorption and desorption on goethite[END_REF]. The REE patterns obtained at different pH values are plotted as percentage adsorbed against the atomic number in Figure 1c,d, for 7×10 -7 M and 10 -7 M, respectively. A M-type tetrad effect can be observed which shows that REE adsorbed predominantly by innersphere complexation [START_REF] Takahashi | Formation of Outer-and Inner-Sphere Complexes of Lanthanide Elements at Montmorillonite-Water Interface[END_REF][START_REF] Takahashi | Adsorption of rare earth elements onto bacterial cell walls and its implication for REE sorption onto natural microbial mats[END_REF]. For high REE concentrations at low pH, middle REE (MREE) are preferentially adsorbed over light (LREE) and heavy REE (HREE) (see Figure 1c, pH 5.15). However, REE pattern evolved at pH > 6, where HREE are preferentially adsorbed over LREE and MREE. One possible reason for this variation in the REE pattern could be the occurrence of a second type of surface complex that is prevalent at high metal ion J o u r n a l P r e -p r o o f surface loadings and high pH values. Therefore, the surface complexation model should account for this shift in the REE pattern likely arising from two distinct adsorption mechanisms. At low REE loading (see Figure 1d), a single pattern increasing for MREE was observed for the whole investigated pH range. This is in line with the hypothesis of the prevalence of a single type of REE surface complex at low surface loadings. The occurrence of two surface complexation processes, corresponding to high affinity and low affinity sites, may alter REE adsorption patterns, as previously observed for heterogeneous adsorbent such as natural organic matter (NOM), nanoplastics or bacterial cells [START_REF] Takahashi | Adsorption of rare earth elements onto bacterial cell walls and its implication for REE sorption onto natural microbial mats[END_REF][START_REF] Takahashi | EXAFS study on the cause of enrichment of heavy REEs on bacterial cell surfaces[END_REF][START_REF] Marsac | Metal loading effect on rare earth element binding to humic acid: Experimental and modelling evidence[END_REF][START_REF] Marsac | An improved description of the interactions between rare earth elements and humic acids by modeling: PHREEQC-Model VI coupling[END_REF][START_REF] Marsac | Modeling rare earth elements binding to humic acids with model VII[END_REF][START_REF] Catrouillet | Rare earth elements as tracers of active colloidal organic matter composition[END_REF][START_REF] Blancho | Metalbinding processes on nanoplastics: rare earth elements as probes[END_REF]. For NOM, REE patterns have been successfully applied to describe preferential adsorption of REE onto carboxylic and phenolics or chelate binding sites, respectively [START_REF] Marsac | Metal loading effect on rare earth element binding to humic acid: Experimental and modelling evidence[END_REF]2011), which was affected by competition with other cations such as Al 3+ or Fe 3+ [START_REF] Marsac | Aluminium competitive effect on rare earth elements binding to humic acid[END_REF]2013;[START_REF] Marsac | Modeling rare earth elements binding to humic acids with model VII[END_REF]. In case of REE adsorption to nanoplastics, REE patterns were shown to differentiate between low affinity mono-dentate complexation sites and high affinity bi-dentate complexation sites [START_REF] Blancho | Metalbinding processes on nanoplastics: rare earth elements as probes[END_REF]. Similarly, on the bacterial cell walls, or organic matter of bacterial origin, REE patterns evidenced two different types of binding mechanisms to carboxylate and phosphate groups [START_REF] Takahashi | Adsorption of rare earth elements onto bacterial cell walls and its implication for REE sorption onto natural microbial mats[END_REF][START_REF] Takahashi | EXAFS study on the cause of enrichment of heavy REEs on bacterial cell surfaces[END_REF][START_REF] Catrouillet | Rare earth elements as tracers of active colloidal organic matter composition[END_REF]. Therefore, REE patterns can be considered as important tools to highlight the presence of various binding sites at the surface of natural adsorbents. Adsorption of REE was compared with the adsorption of Sc, Y, Th and U. The pH-edge envelop of Y (Figure 2) showed a concentration dependence similar to REE, as evidenced by steeper adsorption increase with pH at low metal concentration than at high metal concentration possibly due to the presence of two distinct sites. This is consistent with the geochemically similar behavior of Y and Ho (one of the REE) due to similar charge and ionic radii (1.019 Å for Y 3+ and 1.015 Å for Ho 3+ , both with a coordination number (CN) of 8) [START_REF] Shannon | Revised Effective Ionic Radii and Systematic Studies of Interatomie Distances in Halides and Chaleogenides[END_REF]. By contrast, Scandium showed stronger adsorption compared to REY. At pH ~ 4, the percentage of Sc adsorbed was 70 % and 50 % for low and high metal concentrations, respectively (Figure 2). This can be explained by the smaller ionic radius of Sc 3+ : 0.87 Å for CN = 8, which is a considerably lower value than Lu 3+ , the smallest lanthanide (0.98 Å with CN 8). Th occurs as a tetravalent cation resulting in its strong surface complexation onto minerals including quartz [START_REF] Reiller | On the study of Th(IV)-humic acid interactions by competition sorption studies with silica and determination of global interaction constants[END_REF][START_REF] Geckeis | Mineral-water interface reactions of actinides[END_REF]. Finally, in aqueous solutions U (VI) is generally prevalent, however under reducing conditions U (IV) can also exist [START_REF] Fletcher | U(VI) Reduction to Mononuclear U(IV) by Desulfitobacterium Species[END_REF]. As the experiments were conducted under oxidizing conditions U mainly exist as a uranyl ion (UO 2 2+ ) in aqueous solutions, and J o u r n a l P r e -p r o o f behaves as a cation with an effective charge of +3.3 [START_REF] Choppin | Complexation of Pentavalent and Hexavalent Actinides by Fluoride[END_REF][START_REF] Geckeis | Mineral-water interface reactions of actinides[END_REF], which may explain why its adsorption is generally stronger than that of REE. The present results for U are also in agreement with previous studies (e.g. [START_REF] Turner | Approaches to sorption modeling for high-level waste performance assessment[END_REF][START_REF] Prikryl | UraniumVI sorption behavior on silicate mineral mixtures[END_REF][START_REF] Davis | Approaches to surface complexation modeling of Uranium(VI) adsorption on aquifer sediments1 1Associate editor: J. Rustad[END_REF][START_REF] Nair | Surface complexation modeling of Uranium(VI) sorption on quartz in the presence and absence of alkaline earth metals[END_REF][START_REF] Zavarin | Community Data Mining Approach for Surface Complexation Database Development[END_REF]. Unlike REY, the pH adsorption edges of Sc, Th and U was unaffected by metal loading within the present range of experimental conditions. This can be explained by either (i) a preferential binding of these cations to the strong surface sites or (ii) similar binding affinities for both weak and strong sites.

J o u r n a l P r e -p r o o f

J o u r n a l P r e -p r o o f

Journal Pre-proof

Transport of REE in sand columns

To assess the potential mobility of aqueous REY, Sc, Th and U, solutions containing 5 µg L -1 of each metal were injected through fixed-bed columns packed with quartz sand particles. The breakthrough curves (BTCs) shown in Figure 3a for La, Eu and Lu, chosen as examples of LREE, MREE and HREE respectively, show that REE did not break out before the injection of 40 pore volumes (PV). This delayed breakthrough indicated that REE were strongly retained in the quartz sand column under flow-through conditions. The total adsorbed amounts at complete breakthrough (La~ 0.007 µmol m -2 , Eu ~ 0.008 µmol m -2 and Lu~ 0.005 µmol m -2 ) were in close agreement with those expected from the batch sorption data.

Stronger adsorption of MREE in the column pushed the breakthrough point of Eu up to 47 PV compared to 43 PV for La and Lu. Two distinct shapes in the BTC of REE were observed depending on the REE type.

For instance, La and Lu showed similar BTCs, while that of Eu exhibited a long tailing before a complete breakthrough (i.e. C/C 0 = 1) occurring at 113 PV. The relative concentration for La and Lu exceeded 1 after their complete breakthrough at 59 PV, before decreasing back to C/C 0 = 1 at around 80 PV. This may result from a release of previously adsorbed LREE and HREE, thereby suggesting preferential adsorption of MREE, Sc, Th and U, onto the quartz surface. This competitive adsorption may also explain the extended tailing observed in the BTC of Eu, where Eu continued to adsorb and compete with La and Lu for the surface sites of quartz. This could also be confirmed by the REE patterns in the column effluent normalized to the inlet concentration (Figure 3b). Indeed, the REE patterns showed MREE depletion with respect to LREE and HREE indicating higher retention of MREE and higher mobility of LREE and HREE in the column. This pattern was similar to the inverted REE patterns obtained under batch conditions at low REE concentration (see Figure 1d). In fact, surface loadings in column were comparable to batch data at low metal concentrations (0.15 µmol m -2 for column vs. 0.12 µmol m -2 for batch) (Figure S5). Hence, the same type of REE surface complexes could be expected in both systems, which was characteristic of low metal loading under batch conditions.

The transport behaviour of Y was very similar to that of the LREE or HREE, with the breakthrough point at 43 PV and the complete breakthrough occurring at 59 PV. Similar to the batch results, the adsorption of U in the column was stronger than REY delaying the breakthrough until 56 PV. However, the complete breakthrough was not achieved within the experimental timescale. For Th and Sc, the adsorption was very strong in the dynamic column experiment and thus no breakthrough was observed.

To check whether kinetic limitations took place under flow conditions, a ten-fold increase in the flow rate (~1 mL min -1 ) was tested (Figure S6). No significant change in the breakthrough point was observed for all metals except for U (earlier breakthrough point). However, the BTCs of La, Eu and Lu showed an extended tailing at higher flow rate, and no desorption of previously adsorbed elements has been noted (i.e. C/C 0 >1).
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Surface complexation and reactive transport modeling

According to [START_REF] García | Sorption of Eu(III) on quartz at high salt concentrations[END_REF], quartz surface exhibits two types of sites (x and y) but only cation binding to y sites is considered. Present experimental results evidenced two distinct adsorption mechanisms, suggesting that y-type sites must be divided into 2 subsets of high affinity and low affinity sites, with identical reaction and constants with protons and background electrolytes (Table 1). At low metal loading, REY formed a surface complex on the high affinity (or strong, "s") sites (≡ 𝑆𝑖 𝑦,𝑠 𝑂𝐻) which was more prevalent at low pH values (Table 2). At higher metal loading, REY formed a complex involving low affinity (or weak, "w") sites (≡ 𝑆𝑖 𝑦,𝑤 𝑂𝐻). Both of these innersphere surface complexation reactions could be expressed by the following generic reaction:

2(≡ 𝑆𝑖 𝑦,𝑠/𝑤 𝑂𝐻) + 𝑅𝐸𝑌 3+ ⇌ (≡ 𝑆𝑖 𝑦,𝑠/𝑤 𝑂) 2 𝑅𝐸𝑌 + + 2𝐻 + (5)

The surface complexation reaction differed from that of [START_REF] García | Sorption of Eu(III) on quartz at high salt concentrations[END_REF], where two surface species involving different stoichiometries for H + were used. This is due to the fact that strong and weak sites were considered in the present work, contrary to [START_REF] García | Sorption of Eu(III) on quartz at high salt concentrations[END_REF] where the two surface complexation processes had to be distinguished by different reactions. For Sc, surface complexation reaction involving a hydrolysed surface species was considered:

2(≡ 𝑆𝑖 𝑦 𝑂𝐻) + 𝑆𝑐 3+ + 𝐻 2 𝑂 ⇌ (≡ 𝑆𝑖 𝑦 𝑂) 2 𝑆𝑐(𝑂𝐻) + 3𝐻 + (6)
The adsorption of Th was assumed to involve the 2 nd hydrolysis expressed as:

2(≡ 𝑆𝑖 𝑦 𝑂𝐻) + 𝑇ℎ 4+ + 2𝐻 2 𝑂 ⇌ (≡ 𝑆𝑖 𝑦 𝑂) 2 𝑇ℎ(𝑂𝐻) 2 + 4𝐻 + (7)
This did not exclude the formation of less hydrolysed Sc or Th surface species, but they might prevail at lower pH values than those presently investigated. Finally, to account for the U(VI) adsorption onto quartz a single reaction was used, similarly to that of REY:

2(≡ 𝑆𝑖 𝑦 𝑂𝐻) + 𝑈𝑂 2 2+ ⇌ (≡ 𝑆𝑖 𝑦 𝑂) 2 𝑈𝑂 2 + 2𝐻 + (8)
To decrease the number of adjustable parameters, it was assumed that the REE pattern of the surface complexation constants with strong and weak sites had the same shape as the patterns recorded in column and in batch at high surface loading, respectively. Column REE pattern (C/C 0 ) at pore volume 52 (denoted 𝐶/𝐶 0,𝑃𝑉=52 ) and log K d pattern at pH = 6.7 and [M] = 7×10 -7 M (denoted K d , high ) were respectively selected for that purpose:

𝑙𝑜𝑔 𝐾 𝑠,𝑅𝐸𝐸 = 𝑎 × 𝐶/𝐶 0,𝑃𝑉=52 + 𝑏 (9)

𝑙𝑜𝑔 𝐾 𝑤,𝑅𝐸𝐸 = 𝑐 × 𝑙𝑜𝑔 𝐾 𝑑,ℎ𝑖𝑔ℎ + 𝑑 (10)

Where a, b, c and d are adjustable parameters of the linear relationships (a = -0.22 ± 0.06, b = -2.63 ± 0.11, c = 0.72 ± 0.06, d = -9.12 ± 0.25). The log K values for Sc, Y, Th and U along were fitted individually. For Sc, Th and U, the present experimental dataset did not allow us to include high affinity and low affinity sites. Therefore, same surface complexation constant values were assumed at both sites. Final site densities were found equal to 0.135 nm -2 and 3.565 nm -2 for strong and weak y-type sites, J o u r n a l P r e -p r o o f respectively. For reactions concerning REY, the charge variation at the 0-and 1-planes (Δz 0 ; Δz 1 ) was determined together with the surface complexation constants during the fit with Phreeplot. The charge variation of Sc at 1-plane was constrained based on the Δz 1 value of the REY with an addition of -1 charge to account for the charge of hydroxide ion. The same reasoning was applied for Th where -2 charges are placed at the 1-plane. For U, Δz 0 value was set equal to that of the REY.

Results of the fit with Phreeplot are shown in Figures 1 and2. Overall the model predicted relatively well the effects of pH and surface loading on the adsorption on each of the studied cations and, hence, of REE adsorption patterns. Simulations of the surface speciation revealed that, at low metal loading (Figure 1b), REY adsorption processes were controlled mainly by the few strong sites at pH < 5.7. Above this pH value, the strong sites became saturated and competition between weak and strong sites occurred. At higher metal concentrations (Figure 1a), REE adsorption occurred at the strong sites at low pH values, until strong sites are saturated. When pH increased, the adsorption of REE was controlled by the weak sites. This shift from the strong to weak sites with pH corresponding to two distinct adsorption mechanisms was evidenced by the change in the slope of the pH sorption edge at pH ≈ 5.7. The corresponding change in the REE pattern from MREE preferential adsorption at strong sites to HREE preferential adsorption at weak sites was also well captured (Figure 1c,d). Because the same binding constants were assumed for strong and weak sites for Sc, Th and U, only one type of surface species could explain the whole adsorption behaviour. The multi-element REE SCM developed in this study also predicted relatively well literature data of Eu sorption onto quartz García et al. ( 2019) (Figure S7), when accounting for the effects of high ionic strength with the Pitzer equation (included e.g. in the THEREDA database [START_REF] Moog | Disposal of nuclear waste in host rock formations featuring high-saline solutions -Implementation of a thermodynamic reference database (THEREDA)[END_REF]).

Using the batch-derived surface complexation parameters (see Table 2) and the hydrodynamic parameters defined by the tracer breakthrough, the reactive transport model developed in PHREEQC could well describe the experimental BTCs (see Figure 3a). Only a slight adjustment of the surface complexation constant was made, by reducing the log K of all REY values by 0.5, which is close to the range of uncertainty. The 1-D transport model captured many of the observed features, namely: (i) the breakthrough points for REY, (ii) the extended tailing for MREE, and (iii) the desorption of LREE and HREE induced by competition with MREE resulting in C/C 0 >1. The model, however, overestimated the sorption of U in the column as no breakthrough was observed in the model. This might be due to kinetic limitations that may cause earlier breakthrough for U. Indeed, varying flow rates or residence times in the column have influenced the BTC of U, yet no significant change in mobility behaviour was observed for the other metals.

Overall, the model was able to predict correctly the strong adsorption behaviour for Sc and Th in the column. The REE pattern predicted by the transport modeling (Figure 3b) fitted well the experimental data, confirming that MREE are preferentially adsorbed. This study demonstrated that transport modeling using hydrodynamic parameters defined by the tracer breakthrough experiment and the surface complexation reactions involving strong and weak sites could be successfully used to predict not only the mobility of REE through quartz, but also the competition between different REE for surface sites.
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Here, we have investigated the interactions of REE, Y, Sc, Th and U with the most abundant mineral in the environment, quartz, under both batch and dynamic flow conditions. Our work notably uncovered several important and unforeseen processes that might play an important role on the fate and behaviour of REE in environmental systems. Despite its low specific surface area, quartz sand particles were shown here to strongly bind REE along with Y, Sc, Th and U, and thus alter their transport and mobility under flow-through conditions. In addition, two types of binding surface sites with different densities were found to control metal ions adsorption to quartz: (i) less abundant high affinity sites preferentially bind middle REE at lower REE loading and (ii) more abundant low affinity sites preferentially bind heavy REE at higher REE loading. This further illustrates the great utility of REE pattern as an efficient probe of surface complexation processes at heterogeneous mineral surfaces. Considerable competition effects were also observed between metal ions for the strong sites because of their relatively small surface density. This was particularly important under flow though conditions, where the more strongly binding MREE, Sc, Th and U ions moved other REE and Y out of the column, which lead to larger concentrations of these latter ions in the outflow solution (C/C 0 > 1). A mechanistic surface complexation model was developed to account for the occurrence of strong and weak surface sites, which allowed accurate predictions of REE, Sc, Y, Th and U adsorption to quartz versus pH and metal ion concentration. Reactive transport model assuming a local equilibrium and using batch-derived parameters could capture relatively well the transport behaviour of REE, including competitive effects between metal ions. All these results highlight the need of an accurate description of complexation reactions of REE at environmental surfaces. In addition, the presently investigated reactive transport model might pave the way for the development of new powerful tools for the prediction of the fate and transport of REE in natural systems. However, because natural systems are characterized by a large heterogeneity, further experimental and modeling investigations of REE interactions with various minerals under varying solution chemistry (e.g. presence of dissolved anions or natural organic matter) are required.

Figure 1 .

 1 Figure 1. Experimental and modeled Eu adsorption data onto quartz as a function of pH for total metal ions concentration of (a) 7×10 -7 M and (b) 10 -7 M. Corresponding percentage of REE adsorbed as a function of atomic number ("REE patterns") at different pH values for total metal ions concentration of (c) 7×10 -7 M (d) 10 -7 M. REE K d patterns are shown in Figure S4. Experimental data are represented by markers, whereas the solid lines represent the surface complexation model results.

Figure 2 .

 2 Figure 2. Percentage adsorbed for Sc, Y, Th and U onto quartz for total metal ion concentration of (a) 7×10 -7 M and (b) 10 -7 M.

Figure 3 .

 3 Figure 3. (a) Experimental and modeling breakthrough curves for La, Eu and Lu. (b) REE patterns in the column for different PV injected. (c) Experimental and modeling breakthrough curves for Sc, Y, Th and U.
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