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Introduction

Molybdenum (Mo) is an essential nutriment for plants and animals but it becomes toxic at high exposure levels [START_REF] Erdman | Molybdenosis: A Potential Problem in Ruminants Grazing on Coal Mine Spoils[END_REF][START_REF] Gupta | Molybdenum in agriculture[END_REF][START_REF] Van Gestel | Effect of long-term equilibration on the toxicity of molybdenum to soil organisms[END_REF][START_REF] Wenzel | Heavy Metals in Soils, 3rd ed, Heavy metals in Soils[END_REF]. In France, excavated soils are classified into three categories following the European definitions (Directive 2008/98/EC, decision 2000/532/EC and decision 2001/573/EC) adopted by the French Ministerial decree on waste classification for disposal [START_REF] Legifrance | Arrêté du 12 décembre 2014 relatif aux conditions d'admission des déchets inertes dans les installations relevant des rubriques 2515, 2516, 2517 et dans les installations de stockage de déchets inertes relevant de la rubrique 2760 de la nomenclature des i[END_REF]: (i) inert and non-hazardous, (ii) non-inert and non-hazardous or (iii) hazardous waste, depending on their leachable Mo concentrations (0.5, 10 and 30 mgMo/kg of dry soil, respectively). Excavation operations during construction of the subway project "Grand Paris Express" will produce millions of tons of excavated soil. Standardized leaching tests have shown that leachable Mo concentrations are higher than 3 mgMo/kg of dry soil [START_REF] Cabrerizo | Chemical, mineralogical, and environmental characterization of tunnel boring muds for their valorization in road construction: a focus on molybdenum characterization[END_REF], which is 6 times higher than the "inert and non-hazardous waste" limit set by the French Ministerial decree. Thus, it is desirable to immobilize Mo in excavated soils in order to reduce the amount of hazardous waste and lower the costs of soil disposal.

In soils, Mo is found as molybdate (MoO 4 2-

) with the oxidation state +6 [START_REF] Basta | Trace element chemistry in residual-treated soil: Key concepts and metal bioavailability[END_REF][START_REF] Bourg | Mobilization of Heavy Metals as Affected by pH and Redox Conditions[END_REF][START_REF] Plant | Environmental geochemistry at the global scale[END_REF]. Bedrock of all types contains Mo in the mg/kg range, and some Mo based minerals have been identified [START_REF] Smedley | Molybdenum in natural waters: A review of occurrence, distributions and controls[END_REF].

The most common mineral is molybdenite (MoS 2 ), which is found in granite [START_REF] Gupta | Molybdenum in agriculture[END_REF].

Mo can also be present in the environment as a result of anthropogenic activities (e.g. production of alloys in metallurgy, oil operations, industrial agriculture). For example, mineral sources of Mo such as ammonium molybdate ((NH 4 ) 6 Mo 7 O 24 ⋅4H 2 O), sodium molybdate dihydrate (Na 2 MoO 4 ⋅2H 2 O) and sodium molybdate (Na 2 MoO 4 ) are used as fertilizers to ensure against Mo deficiency [START_REF] Wenzel | Heavy Metals in Soils, 3rd ed, Heavy metals in Soils[END_REF]. During mineral weathering, Mo is released into the soil solution, where its mobility is controlled by adsorption on mineral and organic surfaces [START_REF] Goldberg | Molybdenum Adsorption on Oxides, Clay Minerals, and Soils[END_REF][START_REF] Gustafsson | Molybdenum binding to soil constituents in acid soils: An XAS and modelling study[END_REF][START_REF] Marks | Soil organic matter regulates molybdenum storage and mobility in forests[END_REF][START_REF] Wichard | Storage and bioavailability of molybdenum in soils increased by organic matter complexation[END_REF][START_REF] Yang | Sorption and speciation of molybdate in soils: Implications for molybdenum mobility and availability[END_REF]. Under certain conditions, this mobile Mo pool is readily leached from soils and legal limits of Mo leaching are sometimes exceeded even in unpolluted natural soils.

A common treatment of soils containing mobile heavy metals is the stabilization/solidification (S/S) with ordinary Portland cement (OPC) and with other alternative cementitious binders such as slag cements, pozzolanic cements and calcium aluminate cements [START_REF] Chen | Stabilisation/solidification of municipal solid waste incineration fly ash by phosphate-enhanced calcium aluminate cement[END_REF][START_REF] Chen | Immobilisation of heavy metal in cement-based solidification/stabilisation: A review[END_REF][START_REF] Guo | The mechanisms of heavy metal immobilization by cementitious material treatments and thermal treatments: A review[END_REF][START_REF] Li | Sustainable stabilization/solidification of arsenic-containing soil by blast slag and cement blends[END_REF][START_REF] Spence | Stabilization and solidification of hazardous, radioactive, and mixed wastes, Stabilization and Solidification of Hazardous, Radioactive, and Mixed Wastes[END_REF][START_REF] Wang | Green remediation of As and Pb contaminated soil using cement-free clay-based stabilization/solidification[END_REF][START_REF] Wang | The role of zinc in metakaolin-based geopolymers[END_REF]. [START_REF] Kogbara | Mechanical and leaching behaviour of slag-cement and lime-activated slag stabilised/solidified contaminated soil[END_REF] showed that leachable concentrations of several heavy metals (Cd, Ni, Zn, Cu et Pb) decreased in contaminated soil after treatment with slag-based binders. [START_REF] Wang | Green remediation of As and Pb contaminated soil using cement-free clay-based stabilization/solidification[END_REF] investigated the S/S of As and Pb in contaminated soil by using calcinated clays. This study demonstrated that heavy metals leachability from this soil was decreased by 96-98% after the reaction of calcined clays. [START_REF] Chen | Stabilisation/solidification of municipal solid waste incineration fly ash by phosphate-enhanced calcium aluminate cement[END_REF] showed that the S/S of a municipal waste containing predominantly mobile Pb was efficient (about 89% of retention) by its treatment with calcium aluminate cement containing phosphate additives.

Several mechanisms of heavy metal immobilization in cement-based materials have been reported, including (i) redox reactions [START_REF] Batchelor | Overview of waste stabilization with cement[END_REF][START_REF] Mancini | Partial Stabilization of Mo-Containing Hazardous Wastes Using a Ferrous Sulfate-Based Additive as a Redox Agent[END_REF], (ii) precipitation and co-precipitation of poorly soluble species [START_REF] Chen | Stabilisation/solidification of municipal solid waste incineration fly ash by phosphate-enhanced calcium aluminate cement[END_REF][START_REF] Chen | Immobilisation of heavy metal in cement-based solidification/stabilisation: A review[END_REF][START_REF] Hills | A calorimetric and microstructural study of solidified toxic wastes -Part 2: A model for poisoning of OPC hydration[END_REF], (iii) adsorption onto the surface of hydration products [START_REF] Basta | Trace element chemistry in residual-treated soil: Key concepts and metal bioavailability[END_REF][START_REF] Grambow | Retention and diffusion of radioactive and toxic species on cementitious systems: Main outcome of the CEBAMA project[END_REF][START_REF] Lange | Uptake and retention of molybdenum in cementitious systems[END_REF], and (iv) substitution and inclusion in the reaction products [START_REF] Berger | Etude des potentialités des ciments sulfo-alumineux bélitique pour le conditionnement du zinc : de l'hydratation à la durabilité[END_REF][START_REF] Chrysochoou | Evaluation of ettringite and hydrocalumite formation for heavy metal immobilization: Literature review and experimental study[END_REF][START_REF] Goetz-Neunhoeffer | Refined ettringite (Ca6Al2(SO4)3(OH)12 •26H2O) structure for quantitative X-ray diffraction analysis[END_REF][START_REF] Wang | The role of zinc in metakaolin-based geopolymers[END_REF]. Several studies have reported that powellite (CaMoO 4 ) precipitation controls Mo solubility in Portland cement binders [START_REF] Glasser | Fundamental aspects of cement solidification and stabilisation[END_REF][START_REF] Kindness | Immobilisation and fixation of molybdenum (VI) by Portland cement[END_REF][START_REF] Minocha | Immobilization of Molybdenum in Ordinary Portland Cement[END_REF]. Other investigations have suggested a partial immobilization of Mo during the formation of synthetic ettringite and monosulfoaluminate (AFm) through the substitution of sulfate (SO 4 2-) by molybdate (MoO 4 2-) [START_REF] Grambow | Retention and diffusion of radioactive and toxic species on cementitious systems: Main outcome of the CEBAMA project[END_REF][START_REF] Lange | Uptake and retention of molybdenum in cementitious systems[END_REF][START_REF] Vollpracht | Binding and leaching of trace elements in Portland cement pastes[END_REF][START_REF] Zhang | Removal of B, Cr, Mo, and Se from Wastewater by Incorporation into Hydrocalumite and Ettringite[END_REF].

The similar tetrahedral structure of the sulfate and molybdate anions allows this substitution even though molybdate (MoO 4 2-

) is larger than the sulfate ion. Another study showed that MoO 4 2can also replace Cl -in AFm interlayers [START_REF] Marty | Thermodynamic and crystallographic model for anion uptake by hydrated calcium aluminate (AFm): An example of molybdenum[END_REF]. At low Mo concentration levels, the adsorption onto the surface of amorphous hydration products such as calcium silicate hydrate (C-S-H) is a possible immobilization mechanism [START_REF] Chen | Immobilisation of heavy metal in cement-based solidification/stabilisation: A review[END_REF][START_REF] Grambow | Retention and diffusion of radioactive and toxic species on cementitious systems: Main outcome of the CEBAMA project[END_REF][START_REF] Lange | Uptake and retention of molybdenum in cementitious systems[END_REF][START_REF] Park | Hydration and solidification of hazardous wastes containing heavy metals using modified cementitious materials[END_REF][START_REF] Spence | Stabilization and solidification of hazardous, radioactive, and mixed wastes, Stabilization and Solidification of Hazardous, Radioactive, and Mixed Wastes[END_REF].

Some studies have addressed the mechanisms of Mo immobilization in OPC binders [START_REF] Glasser | Fundamental aspects of cement solidification and stabilisation[END_REF][START_REF] Kindness | Immobilisation and fixation of molybdenum (VI) by Portland cement[END_REF][START_REF] Minocha | Immobilization of Molybdenum in Ordinary Portland Cement[END_REF]. However, there is no data available on the immobilization of Mo by alternative and more "environmentally friendly" binders and, thus, there is a need to better understand the interaction of Mo with cementitious binders in order to envisage treatment of Mo-contaminated soils. Therefore, the present study aims to (i) compare the capacity of alternative binders to immobilize Mo, (ii) study the immobilization of Mo by C-S-H, and (iii) contribute to the understanding of the mechanisms leading to Mo stabilization by comparing experimental data with thermodynamic models.

One OPC (referred to as CEM I) was used as the reference material, one binder composed of 90% ground granulated blast furnace slag (GGBS) and 10% OPC (referred to as 90-10) and one supersulfated GGBS cement (referred to as SSC), were selected so that their ability to chemically immobilize Mo could be studied. Before hydration, the binders were spiked with sodium molybdate at six different Mo concentration levels varying from 0.005 to 10 wt% (% by weight of anhydrous binder). After hydration, the mobility of Mo was evaluated by a leaching test. In a second step, C-S-H phases were synthesized in the presence of Mo in order to evaluate their contribution to the immobilization of Mo. [START_REF] Vollpracht | Binding and leaching of trace elements in Portland cement pastes[END_REF].

Binders

The chemical and mineralogical compositions of the three anhydrous binders are listed in Table 1. The binders tested were:

-CEM I: Ordinary Portland cement, CEM I 52.5 N CE CP2 NF, referred to as "CEM I". The main hydration products of this cement are portlandite (CH), calcium silicate hydrate (C-S-H) and ettringite (AFt).

-90-10: Experimental binder composed of 90% ground granulated blast furnace slag (GGBS) and 10% OPC (the OPC designation refers to CEM I 52.5 N R CE CP2 NF), referred to as "90-10". The addition of Portland cement to the slag is required to provide the necessary alkalinity to start the reaction of GGBS (Hewlett and Liska, 2019). This binder has been used in previous studies and showed good performance for immobilization of other anions such as sulfate [START_REF] Diaz Caselles | Stabilization of soils containing sulfates by using alternative hydraulic binders[END_REF]. The main hydration products in slag blended with clinker cements include C-(A)-S-H (with alumina replacing some silica), hydrotalcite (M 5 AH 13 ) and other phases such as C 4 AH 13 [START_REF] Chen | The hydration of slag, part 2: Reaction models for blended cement[END_REF][START_REF] Kolani | Hydration of slag-blended cements[END_REF] and AFt to a minor extent [START_REF] Blotevogel | Ability of the R3 test to evaluate differences in early age reactivity of 16 industrial ground granulated blast furnace slags (GGBS)[END_REF].

-SSC: Supersulfated GGBS cement, in conformance with EN 15743. This cement is composed of about 70-90% GGBS, 10-20% calcium sulfate and 1-3% OPC. The main hydration products of this binder are AFt and C-(A)-S-H. Other phases such as M 5 AH 13 may also precipitate [START_REF] Matschei | Hydration behaviour of sulphate-activated slag cements[END_REF]. and cured for 28 days at 20 °C in order to maintain a constant water content.

Methods

Leaching tests

Mo immobilization was evaluated by carrying out leaching tests in accordance with the European Standard NF EN 12457-2 as required by the French Ministerial decree on waste classification for disposal [START_REF] Legifrance | Arrêté du 12 décembre 2014 relatif aux conditions d'admission des déchets inertes dans les installations relevant des rubriques 2515, 2516, 2517 et dans les installations de stockage de déchets inertes relevant de la rubrique 2760 de la nomenclature des i[END_REF]. This method evaluates leachable Mo and other leachable constituents in waste materials by a single-step batch procedure using distilled water [START_REF] Buj | Leaching behaviour of magnesium phosphate cements containing high quantities of heavy metals[END_REF][START_REF] Diaz Caselles | Stabilization of soils containing sulfates by using alternative hydraulic binders[END_REF][START_REF] Diotti | Chemical and Leaching Behavior of Construction and Demolition Wastes and Recycled Aggregates[END_REF][START_REF] Helser | Trace elements leaching from Pb[sbnd]Zn mine waste (Plombières, Belgium) and environmental implications[END_REF][START_REF] Nikravan | Study on physiochemical properties and leaching behavior of residual ash fractions from a municipal solid waste incinerator (MSWI) plant[END_REF]. Hardened binder samples were crushed to a particle size below 4 mm and placed in 1 L polypropylene bottles containing distilled water with a solid to liquid ratio (S/L) of 100 g/L. All bottles were shaken for 24 h in an end-over-end tumbler at 7 rpm.

The solid residue was separated by vacuum filtration using a 0.45 µm filter membrane. After 

Syntheses of C-S-H phases with Mo

All synthetic C-S-H phases were prepared under a nitrogen atmosphere using a glovebox in order to minimize carbonation. Synthetic C-S-H phases were prepared in accordance with the protocol presented by [START_REF] Roosz | Distribution of Water in Synthetic Calcium Silicate Hydrates[END_REF] by using lime (CaO), amorphous silica (SiO 2 ), a water to solid (W/S) ratio of 50 and a stoichiometric Ca/Si ratio of 1.6. W/S was set at 50 to ensure an amount of water in excess, which leads to a rapid dissolution of lime and silica in solution and thus, a rapid synthesis of C-S-H (Hewlett and Liska, 2019;[START_REF] Taylor | Cement chemistry[END_REF]. On the other hand, high Ca/Si ratio increases the positive surface charges of C-S-H, which increases the potential to immobilize anions [START_REF] Grambow | Retention and diffusion of radioactive and toxic species on cementitious systems: Main outcome of the CEBAMA project[END_REF][START_REF] Lange | Uptake and retention of molybdenum in cementitious systems[END_REF].

First, CaO was calcined in a furnace at 1000 °C for 8 h in order to ensure the absence of portlandite (Ca(OH) 2 ). Second, Na 2 MoO 4 was dissolved in ultrapure water (18.2 MΩ.cm) in order to obtain five different Mo concentrations: 0, 0.25, 1, 2.5 and 5 wt% (% by weight of CaO+SiO 2 ). These concentrations were chosen to study the capacity of C-S-H to immobilize Mo at different concentrations and to guarantee experimental Mo detection. Then, 11.98 g of CaO and 8.02 g of SiO 2 were added to the Mo-solution. Finally, all solutions were stored in 250 ml polypropylene bottles and shaken in an end-over-end tumbler at 7 rpm for 30 days.

The solid precipitate was separated by centrifugation and filtration using a vacuum device and 0.22 µm membrane filters. C-S-H samples were stored under vacuum to prevent carbonation. In the supernatant, pH was measured and then the solutions were acidified to 2 v% HNO3 to analyze remaining element concentrations by ICP-OES.

XRD analyses

In order to identify Mo-bearing phases, mineralogical analyses were carried out on Mospiked binder samples and in synthetic C-S-H phases using XRD analyses. All the samples were crushed to a particle size below 80 µm. A Bruker D8 diffractometer in Bragg-Brentano configuration with a copper radiation source (Cu Kα, λ=1.54 Å) was used. The anode voltage was 40 kV, the electric current intensity was 40 mA. Angles from 2θ 5° to 70° were scanned with a step size of 2θ 0.0203° and a total scan duration of 30 min. Rutile (TiO2) was used as an internal standard to normalize the peak intensities.

Thermogravimetric and FT-IR analyses

TGA was performed using two different devices: a Netzsch STA449-F3 and a TG2 by Mettler Toledo. The heating rate was 10 ºC/min over the temperature range 40-1000 ºC.

Before TGA measurements, the synthetic C-S-H samples were humidified for two days in a controlled nitrogen atmosphere using potassium sulfate (K 2 SO 4 ). Then, humidified synthetic C-S-H samples were dried in an oven at 40 ºC in order to remove the bulk water [START_REF] Gaboreau | Hydration Properties and Interlayer Organization in Synthetic C-S-H[END_REF] and TGA was performed immediately after drying. On the same samples, FT-IR was used to detect structural modifications on the Si-O bonds present in C-S-H samples, using a Perkin Elmer UATR1 device with a diamond crystal. Data were collected over the wavenumber range of 4000-600 cm -1 .

Scanning electron microscope observations and EDS analyses (SEM/EDS)

SEM observations were carried out on carbon-coated polished sections of hydrated binders previously mounted in resin. The synthetic C-S-H phases were observed in powder form.

Two different scanning electron microscopes were used, a JEOL JSM-6380LV and a JEOL JSM 7800, equipped with Rontec XFLASH 3001 and SDD X-Max 80 mm 2 Electron dispersive spectroscopy (EDS) detectors, respectively. Images were obtained in both secondary electron (SE) and backscattered electron (BSE) configuration, applying magnifications between 100x and 10000x. EDS mapping and EDS punctual analyses were also carried out to identify correlations between major elements and Mo.

Thermodynamic modeling

Mineral-solution equilibria were calculated using the PHREEQC code version 3.0 [START_REF] Parkhurst | PHREEQC (Version 3)-A Computer Program for Speciation, Batch-Reaction, One-Dimensional Transport, and Inverse Geochemical Calculations[END_REF]. In this code, equilibria are modeled considering the extended Debye-Hückel activity coefficient model and using the Debye-Hückel B-dot relation [START_REF] Helgeson | Thermodynamics of hydrothermal systems at elevated temperatures and pressures[END_REF]. Modeling provides information about the equilibrium state of the solution (concentrations and activities of ionic and molecular species as well as the Saturation Indices (SI) of reactants and products. This implies that kinetics of the chemical reactions

were not taken into account by this model.

In this study, thermodynamic calculations with PHREEQC were used to (i) calculate the saturation index of powellite in the leachate solutions obtained from binder leaching tests, and (ii) create a model of C-S-H syntheses in order to predict the precipitation of powellite at low Mo concentrations (<8 mg/L), that were not accessible experimentally. In regard to the saturation index (SI), SI>0 indicates that powellite can precipitate (oversaturation of solution with respect to powellite), when SI<0 powellite dissolves (undersaturation of solution with respect to powellite), and S=0 means equilibrium between powellite and the solution [START_REF] Goldberg | Geochemistry, Groundwater and Pollution[END_REF][START_REF] Zhu | Environmental Applications of Geochemical Modeling[END_REF]. In the C-S-H model, three main constituents were introduced into the model: (i) amorphous silica (SiO2), (ii) lime (CaO) and (iii) sodium molybdate (Na 2 MoO 4 ). SiO2 and CaO were introduced into the model at fixed concentrations used for the experimental syntheses, while Na 2 MoO 4 was introduced into the model at different concentrations. Experimental and numerical data were compared in order to validate the model. Then, the precipitation of powellite was modeled at lower Mo concentrations (<8 mg/L) to establish threshold concentrations for powellite precipitation.

This model was run taking three different conditions into account: (i) a solution saturated in C-S-H, (ii) a solution saturated in ettringite (AFt), (iii) a solution saturated in portlandite (CH).

It should be noted that the phenomenon of adsorption of Mo onto the surface of C-S-H was not modeled.

The thermodynamic properties used in this work came from the Thermoddem database (version 1.10) [START_REF] Blanc | Thermoddem: A geochemical database focused on low temperature water/rock interactions and waste materials[END_REF]. The equilibrium constants (Log K) of powellite reported in literature are evolving from -7.02 to -8.51 [START_REF] Essington | Calcium molybdate solubility in spent oil shale and a preliminary evaluation of the association constants for the formation of CaMoO40(aq), KMoO4-(aq), and NaMoO4-(aq)[END_REF], and values used in this work came from [START_REF] Essington | Calcium molybdate solubility in spent oil shale and a preliminary evaluation of the association constants for the formation of CaMoO40(aq), KMoO4-(aq), and NaMoO4-(aq)[END_REF][START_REF] Felmy | The solubility of CaMoO4(c) and an aqueous thermodynamic model for Ca2+-MoO 4 2 -ion-interactions[END_REF] calculations. The dissolution reactions used in this model are presented in Table 2. As presented in Figure 1, Mo concentrations in eluates increased with increasing initial Mo concentrations in all three binders. However, the concentrations in eluates were much lower than the initial Mo concentrations. Table 3 shows that, at high Mo concentrations (>0.1 wt%), more than 85% of Mo was immobilized by all binders. At the highest initial Mo concentration 3). Oversaturation with powellite was generally higher in solutions with higher initial Mo concentrations. Also, oversaturation with powellite was slightly lower in B3 (SSC) (SI between 0.50 and 1.02) than in B1 (CEM I) and B2 (90-10) (SI between 0.26 and 1.62). Only two leaching solutions were not oversaturated with powellite: for B3 (SSC), the solution with the lowest Mo spike was undersaturated (SI=-0.34), and for B1 (CEM I), the solution with 0.05 wt% Mo spike was close to equilibrium (SI=-0.03). At Mo concentrations lower than 1 wt%, powellite was not detected. All patterns showed several characteristic peaks of rutile (TiO 2 ), which was used as an internal standard. The C-S-H peak between 2θ 5º and 10º shifted slightly in position for the C-S-H phase with 0.25 wt% Mo. Otherwise, the C-S-H peaks had identical position and relative intensity for all samples. Moreover, powellite (CaMoO 4 ) was identified in all Mospiked synthetic C-S-H samples and the relative intensity of powellite peaks increased with increasing Mo concentrations (for ease of identification, color was added to powellite peaks). Legend: P: Portlandite, R: Rutile. present due to the hydration of CaO. A third weight loss range between 600 °C and 800 ºC was mainly associated with the presence of carbonates (mono-or hemicarbonates and calcite) [START_REF] Scrivener | A Practical Guide to Microstructural Analysis of Cementitious Materials[END_REF]. This reflects the slight carbonation of synthetic C-S-H phases during their preparation. 19.8% and 18.6% for C-S-H with 0% Mo, 0.25 wt% Mo, 1 wt% Mo, 2.5 wt% Mo and 5 wt% Mo, respectively. This indicates a difference of loss of about 2.7% between the sample without Mo and the sample with the highest Mo concentration. However, no significant shifts in the temperature range of C-S-H dehydration were observed. [START_REF] Ponta | Synthesis and characterisation of nanostructured silica-powellite-HAP composites[END_REF].

Results

Leaching tests in Mo-spiked binders

XRD characterization of Mo-spiked binders

TGA analyses of synthetic C-S-H phases

FT-IR analyses of synthetic C-S-H phases

As observed in Figure 5(c), FT-IR spectra showed the same absorption bands with some differences in their relative intensities. The main absorption bands and corresponding assignments were: 3600-3100 cm -1 (OH stretching), 1700-1600 cm -1 and 1600-1100 cm -1 (C-O stretching and O-H deformation), 1090-1050 cm -1 (asymmetric vibration of Si-O), 900 cm -1 (asymmetric vibration of Si-OH), and 795 cm -1 (symmetric vibration of Si-O) [START_REF] Beganskienė | FTIR, TEM and NMR investigations of Stöber silica nanoparticles[END_REF]. Similar positions and shapes of the main Si-O vibrations and the absence of supplementary bands indicate that the structure of the C-S-H phases was not modified by the presence of Mo. when Mo was added to the solution (except for 2.5 wt% Mo, where the Ca/Si ratio was about 1.71). This was mostly attributed to the coprecipitation of powellite, which increased the amount of Ca in the solid. Ca/Si H phase without Mo, the Si/Ca ratio varied from 0.5 to 0.7 (Ca/Si ratio from 2 to 1.4, respectively (cf. Figure 7(a)). In Figure 7 (b-e), representing the C-S-H sample containing Mo, the Si/Ca atomic ratios were similar to those of the sample without Mo addition.

SEM/EDS observations on synthetic C-S-H phases

However, with increasing Mo content, an increasing number of measurements fall onto the mixing line of C-S-H and powellite. Mo concentrations measured in solution decreased by more than one order of magnitude after the C-S-H syntheses. This corresponds to a Mo retention in the solid phase of 95 to 99%. Na concentrations increased linearly with increasing initial Mo concentrations, due to the use of sodium molybdate (Na 2 MoO 4 ) as Mo source (cf. Figure 8(c)). In solutions with no added Mo, the remaining Ca (984 mg/L) and Si (about 12.5 mg/L) were the highest. In solutions with Mo, Ca concentrations decreased with the addition of Mo and reached 579 mg/L at the highest Mo concentration (5 wt%) (cf. Figure 8(b)), In contrast, Si concentrations remained relatively constant with Mo addition, close to 1 mg/L (cf. Figure 8(b)). In addition, pH values of these samples remained relatively stable between 12.5 and 12.8 (cf. Figure 8(e)).

Mo concentration solution after C-S-H filtration: experimental and modeled element concentration remaining in solution

Overall, modeled solution concentrations were close to experimental data. In particular, Ca and Si concentrations in equilibrated solutions were well represented. In a first model using the thermodynamic data presented in Table 2, it was observed that, even though variations in Mo concentrations were well reproduced, the calculated concentrations were 10 times lower than the experimental values (dotted line in Figure 8(a)). A second model was created by varying the equilibrium constant of powellite in an attempt to approach measured Mo concentrations (solid line in Figure 8(a)). This modification showed no impact on the other calculated element concentrations. The Mo concentrations in solution were well represented when an equilibrium constant of LogK = -7.2 was used for the formation of powellite.

Modeled powellite precipitation evolved linearly from 0 (in the Mo-free sample) to 416.5 mg (in the sample with the highest initial Mo concentration of 5 wt%). The amount of precipitated powellite in the most Mo spiked sample decreased from 416.5 mg to 415.0 mg, which can be considered as negligible. The calculated pH values were slightly lower than experimental values. The quantity of C-S-H in equilibrium with calculated solutions remained stable around 4.4 g for all equilibrated samples (200 mL of initial solution). 

Discussion

Capacity of alternative binders to immobilize Mo

Overall, all three binders showed the ability to immobilize Mo (cf. Table 3). Among the three binders, the supersulfated GGBS binder B3 (SSC) consistently showed the highest relative retention levels of Mo (from 92.0 to 99.6% of Mo retention) over the whole range of Mo concentrations tested. It was followed by the ordinary Portland cement B1 (CEM I) with Mo retention levels from 74 to 98% and the binder B2 (90-10) composed of 90% GGBS and 10% OPC with Mo retention levels from 32 to 94%. For the lowest spike Mo concentration (50 mgMo/kgbinder), binders B1 (CEM I) and B3 (SSC) presented leachable Mo concentrations of 13 and 4 mgMo/kgbinder, respectively. This reduction in leachable Mo would allow the transformation of an initially "hazardous waste" to "non-inert and non-hazardous waste".

These binders present potential to efficiently immobilize Mo. Since this study was limited to model systems, further data on more complex real-world applications are needed (e.g. Mocontaminated soils or waste material). Under these conditions, there might be additional effects due to the presence of organic matter, ion competition and other reactive surfaces.

Among the three binders studied, only the OPC has already been reported to immobilize Mo. [START_REF] Kindness | Immobilisation and fixation of molybdenum (VI) by Portland cement[END_REF] 

Mechanisms of Mo retention in alternative binders

XRD analyses performed in the Mo spiked binders showed the presence of powellite at Mo concentrations ≥5 wt% (cf. Figure 2). This suggests that precipitation of powellite controls the Mo solubility at high initial Mo concentrations, in all three binders. The immobilization of Mo by OPC has already been reported and was explained by the precipitation of powellite and the precipitation of an Mo-AFm phase [START_REF] Kindness | Immobilisation and fixation of molybdenum (VI) by Portland cement[END_REF][START_REF] Minocha | Immobilization of Molybdenum in Ordinary Portland Cement[END_REF].

At lower Mo concentrations (≤1 wt%), powellite was not identified -probably because the detection limits of the XRD analyses are relatively high. However, almost all solutions were slightly oversaturated with powellite. This suggests that powellite is the controlling phase of Mo mobility, even in samples where no powellite was detected by XRD. Powellite precipitation was predominantly controlled by Ca availability. pH values may have an indirect effect by modifying the stability of other Ca-bearing phases (e.g. C-S-H, ettringite, portlandite). Furthermore, the slight oversaturation indicates that the stability of powellite in cementitious systems is not exactly represented by the equilibrium equation. In fact, it appears to be somewhat less stable, which was confirmed by the modeling of C-S-H and will be discussed in section 4.4.2. The reduced leachate concentrations of Ca in the presence of Mo (cf. Figure 1) further support powellite precipitation. In binder B2 (90-10), with the lowest leached Ca concentrations, the deficit of available Ca probably limited powellite precipitation, thus explaining the lower Mo retention rates. Similar oversaturation of leachates from B1 (CEM I) and B2 (90-10) support this mechanism. This illustrates the need for a sufficient Ca supply if Mo is to be immobilized efficiently.

In binder B3 (SSC) the powellite SI values calculated in solution were systematically lower at equal spike concentration than in B1 (CEM I) and B2 (90-10) (cf. Table 3). At the lowest spiked Mo concentration, the solution was even undersaturated with powellite. This suggests that the reaction controlling Mo mobility in B3 is slightly different from that in B1 and B2. This may be due to a supplementary Mo immobilization mechanism such as adsorption, substitution and inclusion, on which pH probably has a more important effect than in powellite precipitation [START_REF] Lange | Uptake and retention of molybdenum in cementitious systems[END_REF][START_REF] Mancini | Partial Stabilization of Mo-Containing Hazardous Wastes Using a Ferrous Sulfate-Based Additive as a Redox Agent[END_REF][START_REF] Minocha | Immobilization of Molybdenum in Ordinary Portland Cement[END_REF][START_REF] Vollpracht | Binding and leaching of trace elements in Portland cement pastes[END_REF][START_REF] Zhang | Removal of B, Cr, Mo, and Se from Wastewater by Incorporation into Hydrocalumite and Ettringite[END_REF]. Several studies have suggested that Mo could be partially immobilized by sulfate-bearing phases, such as ettringite. For example, [START_REF] Vollpracht | Binding and leaching of trace elements in Portland cement pastes[END_REF], studied the leaching of Mo in several Portland cements during hydration. After pore solution extractions, they found that molybdate concentrations followed a trend opposite to that of ettringite formation. Therefore, the authors pointed out that molybdate may have partially replaced sulfate in ettringite.

Similarly, [START_REF] Zhang | Removal of B, Cr, Mo, and Se from Wastewater by Incorporation into Hydrocalumite and Ettringite[END_REF], studied the immobilization of Mo, Cr, B and Se by incorporation into ettringite. They showed that Mo was partially immobilized during ettringite precipitation as Mo concentrations decreased from 10 ppm to 4 ppm.

Ettringite was present in B1 (CEM I) and B3 (SSC) binder samples. In both systems, sulfate concentrations increased in solution with increasing Mo-spike concentrations. This would be in line with a partial substitution of sulfate by molybdate in ettringite. In fact, XRD analyses obtained from the binder B3 (SSC) showed that ettringite (a major hydrate of this binder)

was structurally modified at high Mo levels (≥1 wt%~10000 mgMo/kgbinder). The peak of ettringite situated between 2θ 9º and 9.5º shifted toward lower angles, which implies an increase in the d-spacing. According to the literature, the bond length of Mo-O is about 1.76 Å, which is around 1.2 times that of sulfate (~1.49 Å) [START_REF] Vollpracht | Binding and leaching of trace elements in Portland cement pastes[END_REF][START_REF] Zhang | Removal of B, Cr, Mo, and Se from Wastewater by Incorporation into Hydrocalumite and Ettringite[END_REF]. These observations are in line with a possible substitution of sulfate by molybdate. As shifts in ettringite diffraction patterns were only observed in binder B3 (SSC), this supplementary mechanism might explain the slight undersaturation of the solution with respect to powellite at the lowest Mo spike.

For B1 (CEM I), the peaks of ettringite were identified in all the patterns except for the two highest concentrations of Mo, in which the peaks of ettringite disappeared, probably because of the high amount of Na in the solution. Na concentrations in solution mainly came from the use of Na-molybdate as a spike. Several studies have shown that the presence of high Na or K content inhibits the formation of ettringite [START_REF] Brown | The stability of ettringite[END_REF][START_REF] Glasser | The stability of ettringite[END_REF], which may favor the precipitation of other phases, such as powellite. This destabilization of ettringite likely explains the increased presence of sulfate in the eluates of B1 (CEM I) at the highest initial Mo spike concentration.

Syntheses of C-S-H in the presence of Mo: coprecipitation of powellite

Calcium silicate hydrate (C-S-H) is the main hydration product of cementitious materials. In fact, all of the three binders studied in this paper produce C-S-H in different proportions during hydration. According to the literature, C-S-H allows the physical adsorption of heavy metals onto their surface [START_REF] Glasser | Fundamental aspects of cement solidification and stabilisation[END_REF][START_REF] Grambow | Retention and diffusion of radioactive and toxic species on cementitious systems: Main outcome of the CEBAMA project[END_REF][START_REF] Lange | Uptake and retention of molybdenum in cementitious systems[END_REF][START_REF] Park | Hydration and solidification of hazardous wastes containing heavy metals using modified cementitious materials[END_REF]. In addition, C-S-H may compete with powellite for Ca ions in solution, so the On the other hand, the structure of the C-S-H phases was not modified by the presence of Mo. In fact, XRD patterns were almost identical for all the synthetic phases. In addition, FT-IR spectra showed that the main Si-O vibrations were comparable in wavenumber and intensity for all the C-S-H phases. However, the band between 850 and 750 cm -1 increased in relative intensity with increasing Mo concentration. As no further Si-O bonds were present with increasing Mo concentration, this was likely due to the appearance of the Mo-O band associated with the precipitation of powellite (cf. Figure 5) [START_REF] Ponta | Synthesis and characterisation of nanostructured silica-powellite-HAP composites[END_REF]. Besides, the temperature range for dehydration during TGA was identical in all the C-S-H samples for all Mo concentrations. The small decrease in weight loss for samples with high initial Mo content was likely due to the dilution for C-S-H with powellite. These observations suggest that Mo was not included into the C-S-H structure and that there was no significant competition for Ca between powellite and C-S-H.

Modeling of the precipitation of powellite 4.4.1. Experimental vs modeling of C-S-H in contact with Mo

Predicted phase precipitation and solution concentrations values were well in line with solution chemistry and mineralogical analyses. This implies that, by taking only the precipitation of C-S-H and powellite into account, the main processes are represented. Other processes, such as the adsorption of Mo onto the surface of C-S-H, cannot be excluded but

were not significant in this study. In fact, [START_REF] Lange | Uptake and retention of molybdenum in cementitious systems[END_REF][START_REF] Grambow | Retention and diffusion of radioactive and toxic species on cementitious systems: Main outcome of the CEBAMA project[END_REF] studied the adsorption of Mo by C-S-H phases. Both studies showed a strong retention of Mo (in the form of molybdate) by synthetic C-S-H phases having Ca/Si ratios between 0.9 and 1.4. [START_REF] Lange | Uptake and retention of molybdenum in cementitious systems[END_REF], indicated that molybdate uptake by C-S-H can be explained by the electrostatic sorption of Mo. However, both studies used much smaller Mo contents in solution in order to avoid supersaturation of the solution with respect to powellite (initial molybdate concentrations between 5x10 -6 and 1x10 -7 mol/L).

Mo concentrations in solution were correctly modeled only if the equilibrium constant (Log K) was modified to -7.2 (-8.05 by [START_REF] Essington | Calcium molybdate solubility in spent oil shale and a preliminary evaluation of the association constants for the formation of CaMoO40(aq), KMoO4-(aq), and NaMoO4-(aq)[END_REF]-7.92 by Felmy et al., 1992), bringing the leaching solutions closer to equilibrium. This suggests that, in a cementitious environment, powellite is less stable than predicted from the equation in Table 2. This is supported by the oversaturation of solution leached from binders in Table 3. The proposed modification of the equilibrium constant (Log K) was in the highly variable range of published values (-7.02 to -8.51). This variability was previously attributed to the high dependence of experimental values on the stability of Mo-rich aqueous species [START_REF] Essington | Calcium molybdate solubility in spent oil shale and a preliminary evaluation of the association constants for the formation of CaMoO40(aq), KMoO4-(aq), and NaMoO4-(aq)[END_REF]). In cementitious system with many dissolved ions, the formation of aqueous Mo species other than MoO4 2-(that are not contained in the database) is possible.

Modeling of the precipitation of powellite at low Mo concentrations

Simulations were also carried out using Mo concentrations lower than 8 mg/L in order to establish threshold values for the precipitation of powellite at low Mo concentrations that were not tested experimentally (the equilibrium constant used for powellite was Log K=-7.2).

Because the stability of powellite depends only on the activity of Ca and Mo in solution (cf.

Table 2), the Ca activity and the pH in solution were fixed by the equilibrium with C-S-H, ettringite (AFt) or portlandite (CH). Thus, this model gives the maximum values of dissolved Mo in cementitious environments, controlled by these three phases. To reach even lower leachable Mo concentrations, the solution concentration of Ca would need to be further increased (e.g. by adding an even more soluble Ca mineral). These results show that any amount of Mo can be immobilized below legal limits by cementitious binders, if the Ca availability is properly managed.

On the other hand, when the solution was saturated with respect to AFt, Mo concentrations in solution increased, up to 6.5 mg/L (7x10 -5 mol/L), where powellite precipitation started.

When the Mo was added into solution beyond this point, the Mo concentration still slightly increased. This is likely due to an increase in pH due to the addition of Na2MoO4 to the model. In fact, AFt becomes more stable at higher pH values, and therefore, the Ca concentration in solution decreases, which increases the threshold Mo concentration for powellite precipitation. Therefore, the Mo retention by powellite precipitation is not sufficient to reach legal limits in solutions that are controlled by AFt. Nevertheless, the binder B3 (SSC) with the lowest pH and highest AFt contents showed the best Mo retention. This underlines that, in binder B3 (SSC), retention mechanisms other than powellite precipitation

were at play at least at low Mo concentrations. 

Conclusion

The aims of this study were to: (i) compare the capacity of three cementitious binders to immobilize Mo in a single-step batch procedure, (ii) study the immobilization of Mo by the calcium silicate hydrate (C-S-H) phase, and (iii) contribute to the understanding of the mechanisms leading to Mo stabilization by comparing experimental data with thermodynamic models. To this end, three different binders were studied: one Ordinary Portland cement (OPC), one experimental binder composed of 90% ground granulated blast furnace slag (GGBS) and 10% OPC (90-10), and one supersulfated GGBS cement (SSC).

All the binders were spiked with sodium molybdate using different Mo concentrations from 0.005 wt% to 10 wt% (% by weight of anhydrous binder) (50 to 10000 mgMo/kgbinder). In a second step, the syntheses of C-S-H in contact with Mo was also studied for Mo concentrations from 0.25 wt% to 5 wt%.

The main conclusions drawn from this study are:

1. Mo was strongly immobilized by the three binders studied (>74%). Supersulfated GGBS binder (SSC) showed the highest capacity to immobilize Mo over the range of Mo concentrations studied. The OPC and SSC binders allowed for the transition of Mo-spiked binders from "hazardous" to "non-inert and non-hazardous" waste category.

2. Powellite (CaMoO 4 ) precipitation was identified as the main mechanism of Mo stabilization. Powellite was detected by XRD analyses at high Mo concentrations, and thermodynamic calculations showed that all leaching solutions were slightly oversaturated with powellite.

3. In synthetic C-S-H, Mo stabilization was mainly controlled by the coprecipitation of powellite, and it was observed that the structure of C-S-H was not modified by the presence of Mo, so Mo uptake into the mineral lattice was excluded. However, the 

Figure 1

 1 Figure1presents the concentrations of Mo, Ca, sulfate and Na measured in eluates after paste leaching tests. Figure1shows the leached concentrations plotted against the concentration of the initial Mo spike using a linear scale. Figure1(a) and (b) presents the same information on a logarithmic scale in order to emphasize the behavior of the elements at low initial Mo concentrations (<1 wt%). It should be noted that leached concentrations are expressed in both mgelement/kgbinder and mg/L of eluates in order to compare leachable Mo concentrations with the French Ministerial decree[START_REF] Legifrance | Arrêté du 12 décembre 2014 relatif aux conditions d'admission des déchets inertes dans les installations relevant des rubriques 2515, 2516, 2517 et dans les installations de stockage de déchets inertes relevant de la rubrique 2760 de la nomenclature des i[END_REF] and for discussion of Mo stabilization mechanisms (solubility is controlled by solution concentration and not by the amount of solid). In addition, Table3displays the pH values of the eluates after paste leaching tests, the percentage of Mo retention calculated for each formulation and the calculated powellite Saturation Index (SI).

Figure 1 -

 1 Figure 1 -Experimental leached element concentrations (expressed in mg/L on the y-axis at left and in mgMo/kgbinder on the y-axis at right) plotted as a function of the initial Mo spike in the binders expressed in mgMo/kgbinder. All values are related by lines for ease of reading and are presented in a linear scale. Mo and Ca data are also plotted in logarithmic scale to analyze trends at low Mo concentrations. (a) Molybdenum, (b) calcium, (c) sulfates, (d) sodium. Two solution samples were analyzed per formulation and arithmetic mean values are presented with a confidence interval of 95%.

(

  10 wt%), leached Mo concentrations were 2070, 6550 and 390 mgMo/kgbinder for B1 (CEM I), B2 (90-10) and B3 (SSC), respectively. This corresponds to a Mo retention of 97.9, 93.5 and 99.6%. At low Mo concentrations (<0.1 wt%), relative Mo retentions were lower. For the lowest Mo concentration (0.005 wt%), leached Mo concentrations were 13, 34 and 4 mgMo/kgbinder for B1 (CEM I), B2 (90-10) and B3 (SSC), respectively. This corresponds to a Mo retention of 74, 32 and 92%. Thermodynamic calculations of the Saturation Index (SI) of powellite showed that almost all solutions were oversaturated with powellite except for the 0.05 wt% Mo solution in B1 (CEM I) and the 0.005 wt% Mo solution in B3 (SSC) (cf. Table

Figure 3

 3 Figure3presents the XRD patterns of all the Mo-spiked binders, which are plotted for two angular ranges(2θ 17.5º-19º and 27º-30º) in order to zoom on the main powellite peaks (2θ 18°-19° and 2θ 28°-29°). Besides rutile (2θ 27°-28°), which was used as an internal standard, ettringite (2θ 17.5º-18º), portlandite (2θ 28º-29º), gypsum (2θ 29º-29.5º) and calcite (2θ 29º-30º) were identified. Powellite was detected in all binders that contained 5 and 10 wt% Mo. For binder B3 (SSC), a modification of the diffraction pattern in the range of powellite was observed at 1 wt% Mo, which is likely due to the minor presence of powellite.

Figure 2 -

 2 Figure 2 -XRD patterns obtained from Mo-spiked binders at 28 days of curing using rutile (TiO 2 ) as internal standard and plotted in the selected ranges 2θ 17.5º-19º (left), and 2θ 27º-30º (right). (a) and

Figure 3 Figure 3

 33 Figure3presents XRD patterns of all binders in the ranges corresponding to main ettringite peaks (2θ 8.8º-9.5º and 2θ 15º-17º). Ettringite was present in binders B1 (CEM I) and B3 (SSC) without Mo (0% Mo). Meanwhile, ettringite was not detected in the formulation B2 (90-10). It should be noted that no AFm phases were detected in the different samples. In formulation B1 (CEM I), no ettringite peaks were detected when the binder was spiked with Mo concentrations equal to or higher than 5 wt%. Meanwhile, in formulation B3 (SSC), ettringite peaks shifted toward lower angles with increasing spike Mo concentrations. Further details of this phenomenon will be addressed in the discussion section (cf. section 4.2).

3. 3 .

 3 Figure 4(a) presents the XRD patterns of all synthetic C-S-H samples in the range 2θ 5º-70º.

Figure 4

 4 Figure 4(b) and Figure 4(c) present zooms on the powellite peaks in the ranges 2θ 27º-32º and 2θ 57º-60º, respectively. All diffraction patterns were normalized to the rutile peak at 2θ 27.4º.

Figure 4 -

 4 Figure 4 -XRD patterns of synthetic C-S-H with and without Mo using 10 wt% rutile (TiO2) as internal standard. (a) range 2θ 5º-70º, (b) superposed patterns in 2θ 27º-32º, (c) superposed patterns in 2θ 57º-60º. Percentages in (b) and (c) refer to initial Mo concentrations given in % by weight (wt%).

Figure 5

 5 Figure 5(a) and (b) present the TGA analyses carried out on synthetic C-S-H samples. In Figure 5(a), the weight loss between 100 °C and 200 ºC was attributed to the dehydration of C-S-H[START_REF] Scrivener | A Practical Guide to Microstructural Analysis of Cementitious Materials[END_REF]. The second temperature range of weight loss between

  Figure 5(b) shows that the overall weight loss of synthetic C-S-H phases tended to decrease with increasing Mo concentration used in the syntheses of C-S-H. The total weight losses calculated from Figure 5(b) were: 21.3%, 21.5%, 19.5%,

Figure 5

 5 Figure 5(c) and (d) show FT-IR spectra of the C-S-H phases. All spectra were normalized to the minimum value of each spectrum. In Figure 5(d), the spectra of sodium molybdate (Na 2 MoO 4 ) and powellite (CaMoO 4 ) were also plotted in order to compare the position of the bands corresponding to the Mo-O group. The powellite spectrum was taken from the RRUFF ID R050355.2 database[START_REF] Ponta | Synthesis and characterisation of nanostructured silica-powellite-HAP composites[END_REF].
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 5 Figure 5 -Thermogravimetric (TGA) and FT-IR analyses of synthetic C-S-H phases. (a) Differential thermogravimetry (DTG) data of weight loss given in wt%/ºC, (b) weight loss given in percentage. All data were plotted as a function of temperature from 0 ºC to 1000 ºC (heating rate 10ºC/min), (c) FT-IR spectra were plotted in the 4000-1100 cm -1 range, and (d) in the 1100-600 cm -1 range.

Figure 6

 6 Figure 6 shows the SE images obtained from synthetic C-S-H phases and the corresponding distribution of Ca/Si atomic ratios determined by EDS punctual analyses. The SEM images show the presence of several bright spots on the C-S-H surface when Mo was added to the solution. The amount and intensity of the bright spots increased with increasing concentration of Mo and EDS spectra on these spots confirmed the presence of Mo (Figure 6 middle). In the synthetic C-S-H with no Mo, EDS punctual analyses show that the average
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 67 Figure 6 -SEM/EDS analyses of synthetic C-S-H phases. Left: SE images, Middle: EDS spectra,

Figure 7 -

 7 Figure 7 -Mixing diagram of Si/Ca vs. Mo/Ca atomic ratios from EDS punctual analyses for all synthetic C-S-H phases. The dotted line corresponds to the mixing line between C-S-H and powellite.

Figure 8

 8 Figure 8 compares the modeled and experimental Mo, Si Ca, and Na concentrations in solution together with pH values obtained after C-S-H syntheses. Concentrations presented on the y-axis are given in mg/L and they are plotted against the initial Mo concentration used in syntheses expressed in % by weight of initial solid (initial solid = 20 g of CaO+SiO2, Ca/Si of 1.6 and with a water to solid (W/S) ratio of 50). Experimental data are represented by circles while modeled values are given by lines.

Figure 8 -

 8 Figure 8 -Experimental and numerical data of element concentrations and pH values from the filtered solution after the syntheses of C-S-H with Mo. Concentrations are given in mg/L on the y-axis and plotted against initial Mo concentrations in % by weight of solid. Solid =20 g of CaO+SiO2. Circles: experimental data. Lines: modeling. (a) molybdenum, (b) calcium, (c) sodium, (d) silicon, and (e) pH values.

  studied the immobilization of Mo in an Mo-spiked OPC and showed that leachable Mo concentration was 40 times lower than initial Mo concentration after 12 days of curing. Similarly, Minocha and Goyal, 2013, studied the immobilization of Mo in an OPC spiked with different Na 2 MoO 4 concentrations. They showed that samples spiked with Mo at 1000, 1500 and 2000 ppm (mg/kgsolution) retained about 99% of Mo, in agreement with the retention values obtained in the present study.

  immobilization of Mo during C-S-H formation was studied to advance the understanding of Mo retention mechanisms.In all C-S-H syntheses, Mo was largely immobilized (>95%) over the whole range of Mo concentrations studied (0.25, 1, 2.5 and 5 wt% Mo). Again, the main immobilization mechanism appeared to be the precipitation of powellite, which was detected by XRD. SEM/EDS analyses showed the mixing of C-S-H and powellite with increasing initial Mo concentrations. The presence of powellite in C-S-H syntheses was in line with the slight decrease in Ca concentration in the filtered solution after C-S-H syntheses, while Mo concentration in the solid fraction increased. Moreover, all XRD patterns showed the presence of portlandite in all C-S-H samples, indicating that Ca was available in excess.

Figure 9

 9 Figure 9 presents the Mo concentrations and the evolution of the precipitation of powellite calculated for the three different solutions. All data are expressed in mg/L and were plotted as a function of the initial Mo concentration. As shown in Figure 9, Mo concentrations in solution increased progressively up to the Mo concentration of 1.7 mg/L (1.7x10 -5 mol/L) and 1.8 mg/L (1.9x10 -5 mol/L) for a solution saturated with respect to C-S-H and CH. From these concentrations, powellite started to precipitate. Addition of Mo beyond these points only increased the powellite formation, not Mo concentration in solution. This Mo threshold concentration was below 2 mg/L, which, considering a solid to liquid (S/L) ratio of 1/10 in accordance with the European Standard NF EN 12457-2, would translate into leached Mo concentrations of 20 mg/kg of dry mass, which is below the legal threshold of 30 mg/kg of dry mass established for the "hazardous" waste category. Any Mo concentration can be immobilized to this solution concentration by powellite precipitation in solutions that are controlled by CH or C-S-H. However, these values are still well above the limit drinking water concentration presented by the WHO (0.07 mg/L) (World Health Organization, 2004).

Figure 9 -

 9 Figure 9 -Modeling of Mo concentrations in solution and the evolution of the precipitation of powellite at low initial Mo concentrations. All concentrations are given in mg/L of solution and plotted as function of the added Mo concentration.

*

  Waste category: following the European definitions (Directive 2008/98/EC, decision 2000/532/EC and decision 2001/573/EC) adopted by the French Ministerial decree on waste classification for disposal.

Table 1 -

 1 Chemical and mineralogical compositions of anhydrous binders (% by weight). The GGBS(1) and OPC binders were used to fabricate the binder B2 (90-10). The GGBS(2) was used in the SSC cement. No crystallized phases were detected in GGBS due to their glassy structure.

	90-10	
	CEM I	GGBS(2)
	GGBS(1)	OPC

Table 2 -

 2 

Dissolution reactions and related equilibrium constants (Log K) used for the thermodynamic modeling from Thermoddem database

[START_REF] Blanc | Thermoddem: A geochemical database focused on low temperature water/rock interactions and waste materials[END_REF]

. Data for powellite came from

Essington, 1990 1 , and Felmy et al., 1992 2 . 

Solid Phases Dissolution reactions used to calculate solubility products Log K

  

	C1.2SH	Ca2.4Si2O7.1203H1.4406:2.0692H2O + 4.8H + = 2.400Ca 2+ + 2H4SiO4 + 1.1895H2O	37.938
	C1.3SH	Ca2.6Si2O7.3957H1.5914:2.1702H2O + 5.2H + = 2.6Ca 2+ + 2H4SiO4 + 1.5659H2O	42.40
	C1.4SH	Ca2.8Si2O7.687H1.774:2.2274H2O + 5.6H + = 2.8Ca 2+ + 2H4SiO4 + 1.9144H2O	46.93
	C1.5SH	Ca3.0Si2O7.9783H1.9566:2.2848H2O + 6.0H + = 3.0Ca 2+ + 2H4SiO4 + 2.2631H2O	51.45
	C1.6SH	Ca3.2Si2O8.2682H2.1364:2.3446H2O + 6.4H + = 3.2Ca 2+ + 2H4SiO4 + 2.6128H2O	55.94
	Portlandite	Ca(OH)2 + 2H + = 1Ca 2+ + 2H2O	22.81
	Powellite 1	CaMoO4 = Ca 2+ + MoO4 2-	-8.05
	Powellite 2	CaMoO4 = Ca 2+ + MoO4 2-	-7.92
	SiO2(am)	SiO2 + 2.0H2O = 1.0H4SiO4	-2.70
	C0.7SH	Ca1.4Si2O5.9496H1.0992:1.378H2O + 2.8H + + 0.6724H2O = 1.4Ca 2+ + 2H4SiO4	17.73
	C0.8SH	Ca1.6Si2O6.1698H1.1396:1.6122H2O + 3.2H + + 0.218H2O = 1.6Ca 2+ + 2H4SiO4	21.80
	C0.9SH	Ca1.8Si2O6.4048H1.2096:1.7014H2O + 3.6H + = 1.8Ca 2+ + 2H4SiO4 + 0.1062H2O	25.45
	C1.0SH	Ca2.0Si2O6.6436H1.2872:1.7542H2O + 4.0H + = 2.0Ca 2+ + 2H4SiO4 + 0.3978H2O	29.464
	C1.1SH	Ca2.2Si2O6.8821H1.3642:1.867H2O + 4.4H + = 2.2Ca 2+ + 2H4SiO4 + 0.7491H2O	33.727
		13	

Table 3 -

 3 Mo retention as a percentage in the three binders (B1, B2 and B3), pH values of eluates after paste leaching of Mo-spiked binders and calculated powellite Saturation Index (SI). Each point is the arithmetic average of two values.

	Initial Mo concentration		B1 (CEM I)			B2 (90-10)			B3 (SSC)	
	wt%	mgMo/kg	pH	Mo retention	SI	pH	Mo retention	SI	pH	Mo retention	SI
		binder									
				(%)			(%)			(%)	
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stabilization of Mo at low concentrations by adsorption onto the C-S-H surface cannot be rejected. 4. Thermodynamic modeling showed that powellite formed at Mo concentrations higher than 1.7 mg/L (1.7x10 -5 mol/L) when the solution was saturated with respect to C-S-H or portlandite. In contrast, when the solution was saturated with respect to ettringite, powellite precipitated at Mo concentrations higher than 6.5 mg/L (7x10 -5 mol/L). At lower Mo concentrations, especially in ettringite containing binders, other stabilization mechanisms, such as substitution and adsorption, might be relevant.

The present study highlights the potential of alternative cementitious binders to efficiently immobilize Mo. However, the study was limited to model systems so that there is a need for further data on more complex real-world applications (e.g. Mo-contaminated soils or waste material). Under these conditions, there might be additional effects due to the presence of organic matter, ion competition and other reactive surfaces. 
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