Influence of silica coatings on magnetite-catalyzed selenium reduction
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ABSTRACT. The reactivity of iron (II/III) oxide surfaces may be inﬂuenced by their interaction with silica, which is ubiquitous in aquatic systems. Understanding the structure-reactivity relationships of Si-coated mineral surfaces is necessary to describe the complex surface behavior of nanoscale iron oxides. Here we use Si-adsorption isotherms and FTIR spectroscopy to analyze the sorption and polymerization of silica on slightly oxidized magnetite nanoparticles (15% maghemite and 85% magnetite, i.e. ~2 maghemite surface layers), showing that Si adsorption follows a Langmuir isotherm up to 2 mM dissolved Si, where surface polymerization occurs. Furthermore, the effects of silica surface coatings on the redox-catalytic ability of magnetite are analyzed using selenium as molecular probe. The results show that for partially oxidized nanoparticles, and even under different Si surface coverages, electron transfer is still occurring. The results indicate anion exchange between silicate and the sorbed SeIV and SeVI. X-ray absorption near edge structure analyses of the reacted Se indicate the formation of a mixed selenite / Se0 surface phase. We conclude that neither partial oxidation nor silica surface coatings block the sorption and redox-catalytic properties of magnetite nanoparticles, a result with important implications to assess the reactivity of mixed-valence phases in environmental settings.
1. INTRODUCTION.
The widespread abundance of silica in natural waters, with concentrations from 1 to 30 ppm,1 and its affinity for mineral phases make the study of mineral-silica-water interfaces particularly relevant. Silica surface coatings can modify the mineral surface reactivity, prevent further weathering of the underlying mineral2,3 (e.g., limiting fluid transport), be involved in sorption and redox reactions, and promote the sequestration of contaminants playing therefore an important role in the mobility of contaminants in the environment.4 Furthermore, the redox reactivity of a mineral species may be affected by the formation of silicate-rich insulating surface coatings at the mineral-water interface, impacting the quantification of the total reduction capacity (TRC) of surficial environments.5,6
Silica, present in solution in the form of silicate monomers at low concentrations below pH 11.5,7 exhibits a strong affinity towards iron (hydr)oxide surfaces affecting the adsorption and mobility of cations,8 as well as anionic species such as arsenite,9–11 selenite,12 and chromate.13 Studies dealing with silicate adsorption on iron oxides are scarce, possibly because its polymerization precludes mechanistic interpretation of the interaction with mineral surfaces.14–20 Some of these studies showed that silicate monomers form inner-sphere complexes by exchanging ligands with iron oxide surface groups forming mono- or bi-dentate surface complexes that can also exist simultaneously at low magnetite surface loading.7,14–16,21,22 Polymerization is shown to occur mostly at high Si surface loadings.7,19,23
Magnetic iron oxide nanoparticles (mostly magnetite Fe3O4), are promising for industrial-scale wastewater treatment, due to their low cost, strong adsorption capacity, enhanced stability and easy magnetic separation.24 In aquatic systems, the sorption and redox properties of magnetite nanoparticles (MNPs) are influenced by the formation of a surface silica coating. Furthermore, as a mixed FeII/FeIII oxide, magnetite is often non-stoichiometric (partially oxidized), an important factor to consider when evaluating its reactivity,18,25–28 especially since electron transfer may occur only through non-oxidized mineral layers.29 In this context, selenium represents an ideal probe to evaluate electron transfer because iron oxides are eﬀective scavengers of selenite (SeO32-, SeIV) and selenate (SeO42-, SeVI) via adsorption processes30–35 and reductive precipitation.36–39 In the latter, iron oxides containing FeII, like magnetite, catalyze the reduction of Se oxyanions to produce non-soluble Se0 and Fe selenides. The redox reactivity of MNPs towards Se oxyanions (mainly SeIV) makes Se an ideal molecular probe to study the influence of silica surface coatings on sorption and redox processes.
While similar behavior has been observed between experiments in which Si and Se ions were added simultaneously and experiments in which Si and Se ions were added sequentially (magnetite shortly pre-equilibrated with Si for 3 days),40 longer pre-equilibration times with dissolved silicates favor oligomeric and polymeric Si surfaces structures which may influence the sorption properties of iron oxides.41 The aim of this work is to probe silicate surface chemistry and structure on MNPs and assess the effects of silica coatings on the adsorption and reduction behavior of magnetite. To this end, we have used silica-coated MNPs (Si-MNPs) for Se sorption experiments. This approach allows the precise characterization of the silica coating using Si-adsorption isotherms and infrared spectroscopy prior to the adsorption and reduction of Se ions; described by SeIV / SeVI sorption kinetic experiments and X-ray absorption spectroscopy (XAS).
2. MATERIALS AND METHODS.
All solutions were prepared from analytical-grade chemicals (Sigma-Aldrich) and boiled and argon-degassed Milli-Q water.
2.1. Solid phase.
Magnetite nanoparticles (MNPs) were prepared following the method reported by Sugimoto.42 Briefly, 8 mL of a FeSO4 solution were mixed with 1 mL of 0.5 M KOH and 1 mL of 2 M KNO3 at 90 °C under inert atmosphere for several hours until precipitation of MNPs.
Specific surface area (SSA) was determined with a multipoint N2−BET (Brunauer−Emmett−Teller) method using a Belsorp-Max (Bel Japan) volumetric gas sorption instrument. A sample of 0.3522 g of MNPs was initially outgassed at 80 °C for 12 h under vacuum. SSA was estimated from the BET equation in the 0.05 ≤ P/P0 ≤ 0.26 interval of relative pressure and using 16.2 Å2 or cross-sectional area of molecular N2.
Fourier transform infrared (FTIR) spectra of KBr pellets with MNPs at 0.3% w/w were recorded using a Thermo Fisher Scientific® Nicolet iS550 FTIR spectrometer in the range of 4000 to 400 cm−1 with a 4 cm-1 resolution, by averaging 64 scans. Specific vibrational bands were ﬁtted using the FityK program.43 
Raman spectrum of 30mg/mL MNPs suspension was recorded using a RXN1 instrument from Kaiser Optical operating with a 785 nm laser probe with an exposure time of 3 s and averaged over three scans.
X-ray diffraction pattern was recorded at RT using a Bruker® D8 Discover diffractometer with Cu Kα radiation (wavelength =1.54 Å) in a continuous-scan mode in the 5-80° 2 range with a step of 0.026°.  Rietveld analysis was performed using Profex.44 The sample was measured under Ar atmosphere in an airtight specimen holder ring with dome cap transparent to X-rays.
57Fe Mössbauer spectra were recorded at 300 and 77 K using a constant acceleration transmission setup and a 57Co γ-ray source diffused into a Rh matrix. A thin layer containing ∼ 5 mg/cm2 of the powdered compound was mounted on an airtight sample holder in an Ar-filled glovebox. The hyperfine structure was modeled by a least-squares fitting procedure involving Zeeman sextets composed of Lorentzian lines using program MOSFIT45. The values of isomer shift are quoted to that of -Fe at 300K and an -Fe foil was used as standard to calibrate the spectrometer.
Acid-base titration of 1.0 g/L MNPs in KNO3 0.1M background electrolyte was carried out under a continuous N2 flow. HNO3 and NaOH 0.1 M solutions (Honeywell Fluka) were used as titrants. The whole system was controlled by a Metrohm® 905 titrando instrument (experimental details and data evaluation in Text S1).
Tapping-mode AFM images were obtained using a Digital MFP3D, Asylum Research, Oxford Instruments. Samples were prepared by dropping 50 µL of a 0.1 mg/mL MNPs suspension in ethanol on a glass slide and drying at room temperature. Data was collected at 1 Hz scan rate and 256 points per line. Surface roughness was evaluated after flattening the topography images and via calculation of Root Mean Square (RMS, details in Text S2) using the Asylum Research software, based in IGOR Pro (WaveMetrics, Lake Oswego, OR). 
Scanning electron microscopy (SEM) was performed using a FEG Ultra55 with an acceleration voltage of 4 kV. The sample was prepared by depositing a small amount of MNPs powder on a double-sided sticky carbon tape fixed to the sample holder.
2.3. Adsorption experiments.
Silica-coated MNPs (Si-MNPs) were prepared using a sol–gel method based on the base-catalyzed hydrolysis of tetraethyl orthosilicate (TEOS), which relies on the well-known Stöber method.46,47 Adsorption reactions were initiated by adding TEOS (1 to 10 mM final concertation) to a mixture of MNPs 0.1 M and NH4OH 0.1 M in a 30% V/V ethanol/water. The final pH = 10 falls into the pH range of maximum silicate sorption (pH = 8-10).22 The reaction mixture was mechanically stirred during 16 h and the Si content of the supernatant was analyzed by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) with a Varian 720-ES apparatus. Powders were washed four times with deionized water by magnetization and dried at 100 ºC. Then, 50 mg were digested in 1.5 mL acid (concentrated HCl, 1mL;  HNO3, 0.5 mL; and HF, 5 µL) at 60 ºC for 2 h. Following digestion, boric acid was added (2 mL, 25 g/L) to neutralize excess HF and complex fluoride, and the volume completed up to 50 mL with water prior to ICP-OES analysis.
Selenite (SeO32-, SeIV) and selenate (SeO42-, SeVI) sorption kinetics were investigated at 25 °C in an Ar-filled glovebox. Concentration of MNPs or Si-MNPs was fixed at ∼5 g/L in 100 mL of NaCl 50 mM in 125 mL polypropylene tubes. The pH was adjusted to ∼5 by adding HCl because the sorption of selenium anions on Fe oxides is maximized in the acid region due to the formation of positive protonated surface sites.38,40 Suspensions were equilibrated overnight prior to the addition of aliquots of the Se stock solutions to obtain an initial concentration of Se ∼1.5 mM (see Table S3 for details). After the addition of SeIV the pH dropped to ∼8 and it was readjusted to pH ∼5 by adding HCl. After the addition of SeVI the pH remained ∼5. No additional pH adjustments were done during the kinetic experiments. During the reaction, the reactors were placed in a rotary shaker. At each defined time interval, a 4 mL aliquot of the suspension was sampled by filtration through a 0.22 μm pore size membrane filter. The total concentration of Se and Si (and Fe) in the filtrates was measured by ICP-OES after dilution with degassed ultrapure water. The difference to the initial selenium content provided the amount of sorbed Se. The Se sorption efficiency percentage was calculated using: % Se sorption = {([Se]initial – [Se]final)/[Se]initial} x 100. Control experiments were performed under the same conditions in the absence of Se.
2.4. X-Ray Absorption Spectroscopy (XAS) measurements.
At the end of the Se sorption kinetic experiments (reaction time ≈ 1000 h, except for Si-MNPs + SeVI where reaction time = 804 h), the solid products were separated by filtration, washed with water and dried at 25 °C in an Ar-filled glovebox. Bulk Se K-edge X-ray absorption near edge structure (XANES) spectra were collected at BL22-CLÆSS beamline48 at the ALBA CELLS Spanish synchrotron. (See Text S3 for details).

3. RESULTS AND DISCUSSION.
3.1. Magnetite characterization and surface properties.
Magnetite (Fe3O4) stoichiometry can be written as Y[XY]O4 where X = Fe2+, Y = Fe3+ and the brackets denote octahedral sites (Oct). The structure consists of Oct and mixed tetrahedral (Tet)/Oct layers stacked along the [111] direction.49 Magnetite is often non-stoichiometric, it can have a range of oxidation states dependent upon the amount of structural Fe2+. For this reason, a magnetite stoichiometry parameter (x = Fe2+/Fe3+) is defined, the end members being pure magnetite (x = 0.5) and maghemite (x = 0; γ-Fe2O3).50 Maghemite has a structure similar to that of magnetite, but all Fe are in the trivalent state and cation vacancies compensate for the oxidation of Fe2+.
3.1.1. Identification of synthetic mineral composition. The XRD pattern of MNPs (specific surface area 22.3 m2/g) (Fig. S1) shows a pure magnetite phase. However, XRD patterns of maghemite and magnetite are very similar, with slight shifts in the peak positions due to their different unit cell lenghts.51 The reported unit cell parameter for stoichiometric magnetite is a = 8.40 Å. As magnetite becomes non-stoichiometric, the unit cell becomes smaller due to the formation of vacancies and the smaller atomic size of Fe3+ atoms as compared to Fe2+ (a = 8.34 Å for maghemite).49,50 The unit cell length for MNPs calculated by Rietveld analysis is a = 8.394 Å, indicating a non-stoichiometric magnetite. The Raman spectrum of MNPs (Fig. S2) is well consistent with those reported on magnetite, showing a pronounced peak at ∼670 cm-1, and weak peaks at 310 and 534 cm-1.52 The FTIR spectrum of MNPs (Fig. S3) shows a strong and broad band at 584 cm−1, assigned to the Fe−O stretching mode of the tetrahedral and octahedral sites of magnetite, and additional shoulders at 628 and 705 cm−1 due to magnetite non-stoichiometry.51 
3.1.2. Stoichiometry. Both XRD and FTIR indicate that MNPs are non-stoichiometric. However, although these techniques have been used to distinguish between magnetite and maghemite,50,51,53 accurate stoichiometry quantification remains difficult using optical spectroscopy techniques. Mössbauer spectroscopy, on the other hand, is a powerful tool for the identification of charge and coordination of iron species.54 As shown in Fig. S4, the room temperature Mössbauer spectrum of MNPs which is composed of two magnetic sextets, is rather similar to that of magnetite but the intensities of these two components differ from expected ones, corresponding to Oct,TetFe3+ and OctFe2.5+. A first description consists in two independent magnetic components (Fig. S4a) and the corresponding refined values of hyperfine parameters are listed in Table S1. This decomposition allows then to estimate the proportions of magnetite and maghemite from the mean value of the isomer shift by interpolation from those of stoichiometric magnetite and maghemite.55 A second fitting model (Fig. S4b) consists in combining 4 magnetic components: two typical of ideal magnetite and the two others typical of ideal maghemite (with theoretical absorption areas ratio of 0.5 and 0.6, respectively). The analysis of the spectrum gives 85% stoichiometric magnetite and 15% stoichiometric maghemite. Therefore, the stoichiometry of MNPs was calculated as x = 0.425. It is important to note that the study performed at 77K (spectrum not shown here) confirms perfectly that at 300K. Assuming a preferential oxidation at the surface of the MNPs, the result leads to a maghemite layer thickness of approximately 1.47 nm corresponding to about 2 maghemite layers and suggesting that the surface of MNPs is covered by maghemite. Nevertheless, with our experimental data it is not possible to determine whether the oxidation occurs at the surface or in the bulk of the particles (solid solution).
3.1.3. Morphology and Surface Properties. The morphology of MNPs was characterized by scanning electron microscopic (SEM) (Fig. S5). The particles are octahedral crystals bounded by [111] plane with an approximate crystal size of ∼80 nm. AFM imaging and crystallite roughness analysis (Fig. S6) indicate a mean square roughness (RMS) of  2 nm, in the same order of magnitude as the 3.2 nm reported values for 5µm size iron oxide particles.56 Ligand exchange involving hydroxyl surface sites is one of the main mechanisms of adsorption at the magnetite-water interface. The surface site density (Ds) of MNPs was determined via acid-base titration following two different data evaluation protocols (see Text S1). Ds values for MNPs were between 2.90 and 3.08 sites/nm2, which is within the range of values reported in the literature (∼1-2 sites/nm2 8,9,12 to ∼5 sites/nm2 61–63) and is in the same order of magnitude of the theoretical crystallographic value of 8 sites/nm2, obtained using crystal-chemistry considerations and crystallographic data of the [111] plane of magnetite.64 
3.2. Si sorption.
3.2.1. Si adsorption isotherm. To acquire a better understanding of the mechanisms involved in the adsorption of Si onto MNPs surfaces during the formation of the silica-coated MNPS (Si-MNPS), we constructed an adsorption isotherm (Fig. 1) by measuring the extent to which MNPs remove Si from the reaction solution (pH 10). Three different regimes are proposed: (i) Adsorption/oligomerization regime: at dissolved Si concentrations, [Si]aq, below 2 x 10-3 M, Si sorption, [Si]sorbed, increases with increasing [Si]aq. The experimental data in this concentration range can be fitted with a Langmuir isotherm:

where Si is the Si surface loading, ads is the total site density, and Kads is the Langmuir constant. The maximum adsorption capacity (ads) obtained for MNPs is 8.3 sites/nm2, in agreement with the estimated crystallographic Ds (8 sites/nm2) but slightly higher than the Ds values determined via acid-base titrations (see section 3.1.3 above). Nevertheless, FTIR analysis (see section 3.2.2 below) indicate that in this regime the only surface Si species formed are monomers and oligomers. (ii) Polymerization/precipitation regime: a surface precipitation event occurs when [Si]sorbed increases dramatically at [Si]aq ≈ 2 x 10-3 M, which matches well the equilibrium constant for the solubility of amorphous silica in water (Koeq (aSiO2) = 2 x 10-3 at 25ºC and 1 atm).65 This transition from adsorption/oligomerization to surface precipitation was also observed for silicate on hematite66 and can be ascribed by Si surface polymerization.7 However, sorbed Si may also represent sorption of polymers from solution since the presence of dissolved Si polymers is favored at high [Si]aq.7 On the basis of our results only, it is not possible to evaluate the quantitative contribution of either process to the pronounced increase of Si sorption at [Si]aq ≈ 2 x 10-3 M. (iii) Homogeneous precipitation regime: at dissolved Si concentrations exceeding Koeq (aSiO2), [Si]sorbed remains constant with increasing [Si]aq. This behavior can be attributed to Si precipitation in solution due to the formation of small clusters, oligomers and polymers at high [Si]aq regardless of the pH.7
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Figure 1. Si adsorption isotherm for MNPs after 16 h equilibration at pH = 10. Dotted lines correspond to the best-fit data by using a Langmuir isotherm. The arrow indicates the solubility of amorphous silica in water (Koeq (aSiO2), at this point surface polymerization / precipitation at the surface of MNPs (red colored area) followed by homogeneous precipitation in solution (grey colored area) occur.

3.2.2. Surface Si species. To investigate the speciation of sorbed Si on the surface of MNPs at the different regimes related to the Si-adsorption isotherm, we characterized a series of Si-MNPs with increasing Si content using FTIR, which has been successfully used to study the degree of polymerization of silicates via the analysis of the different Si-O vibrations bands.7,19,23. Fig. 2a shows the FTIR spectra of Si-MNPs with different Si contents in the region between 1300 and 850 cm-1, characteristic for IR bands of sorbed silicate.67–69 IR absorbance bands in this range are only detected at [Si]sorbed ≥ 4000ppm, below this concentration the spectra is similar to that of bare MNPs. In order to distinguish the spectral features of the various Si-MNPs we performed curve fitting of the absorption bands (see Fig. S9 for deconvoluted spectra). The number of component bands, band areas, and peak maxima locations vary with [Si]sorbed (Table S2, Fig. S10a). Moreover, using the integrated area of each fitted absorption band we obtained quantitative information about each silicate species in terms of percentage (Fig. 2b) and absolute content (Fig. S10b).
Adsorption/oligomerization regime: At [Si]sorbed between 4000 and 4700 ppm, IR absorbance appears between 850 and 1100 cm−1 (Fig. 2a). An absorbance maximum was determined at ∼990 cm-1, together with less intense bands at ∼890, ∼925 and ∼1040 cm-1 (Table S2, Fig. S10a).  Previous studies attributed the different peaks in this region of the spectra to monomeric, oligomeric, and polymeric Si surface conﬁgurations, which can be distinguished based on the position of the Si−O stretching bands.7,19,23 The IR bands between 890 and 950 cm−1 are attributed to monomeric species.7 The maximum IR absorption of the oligomer occurs at ∼1000 cm-1, while a shift to 1050 cm-1 indicates oligomeric species with a higher degree of polymerization.19 Based on the described band assignments, at [Si]sorbed = 4000 - 4700 ppm, silicate forms exclusively monomeric and oligomeric species, accounting for ∼30 and ∼70 % of the area of the spectrum respectively (Fig. 2b).
Polymerization/precipitation regime: At [Si]sorbed between 6300 and 12000 ppm, all resolved bands of sorbed silicate shifted to higher frequency with increasing surface coverage (Fig. 2a), reaching an absorbance maximum at 1061 cm−1 for [Si]sorbed = 12000 ppm (Table S2, Fig. S10a). Moreover, new bands appeared at >1100cm-1. Generally, the band positions of stretching vibrations of Si surface species are shifted to higher wavenumbers with increasing degree of condensation. IR absorbance in the wavenumber region 1050-1200 cm-1 is related to polymeric species, and bands at wavenumbers > 1100 cm−1 have been assigned to a 3D framework such as amorphous silica.7,19,23 Fig. 2b shows that during the surface precipitation regime, the percentage of polymeric species increase from 10 to 86% of the area of the spectrum, while monomeric species decrease from 30 to 14%. Interestingly, oligomeric species decrease from 60 to 0%, indicating that all oligomers condense to form high polymers.
Homogeneous precipitation regime: At [Si]sorbed >17500 ppm, all resolved bands remain essentially at the same position (Table S2, Fig. S10a) and the percentage of each silicate species remains constant (Fig. 2b), which agrees with the homogeneous precipitation regime of the Si-isotherm.
It is important to highlight that the absolute content of Si-monomers remains constant for all the range of [Si]sorbed (Fig. S10b), suggesting that a minimum of ∼2000 ppm of Si, corresponding to adsorbed monomers, is required prior to the occurrence of polymerization. Notably, this value corresponds to ∼2.14 sites/nm2, which is similar to the Ds of MNPs calculated by acid-base titrations (2.90 - 3.08 sites/nm2, see above). Accordingly, the relationship between the number of sites occupied by Si monomers and Ds highlights the vital role of active site density in Si adsorption and polymerization on MNPs.
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Figure 2. a)  FTIR spectra of Si-MNPs with different Si content. Baseline correction, smoothing and normalization to the maximum intensity of the highest peak (584 cm-1 magnetite’s Fe−O stretching mode) was performed using SpectraGryph software. b) Percentage of each Si-species calculated using the integrated areas of fitted absorption bands.
3.3. Effect of silica coating on Se sorption.
3.3.1. Se sorption kinetics. To study the inﬂuence of silica coatings on the sorption of SeIV and SeVI by MNPs, we utilized Si-MNPs with different Si content: (1) [Si]sorbed = 4000 ppm, that fall in the adsorption/oligomerization regime of the Si-adsorption isotherm and are composed of 24% monomers and 76% oligomers (abbreviated thereafter as Siads-MNPs); and (2) [Si]sorbed = 10000 ppm, that fall in the polymerization/precipitation regime and contain 20, 42 and 38% of monomers, oligomers and polymers respectively (Sipol-MNPs).
SeIV sorption: The results of SeIV kinetic sorption experiments at pH ≈ 5 are shown in Fig. 3a and Table S3. In the absence of Si, the concentration of Se sorbed, [Se]sorbed, increased rapidly within the first hour to ∼2 Se/nm2, and then raised slightly to reach 2.5 Se/nm2, corresponding to 30% of Se sorption efficiency. This relatively low sorption percentage can be attributed to the saturation of sorption sites of adsorbent in the presence of high concentrations of adsorbate.70 The initial SeIV concentration, [SeIV]aq, was chosen according to the concentration of reactive sites [–Fe–OH] based on the estimated crystallographic Ds (8 sites/nm2). However, Ds of MNPs calculated by acid-base titrations was smaller (2.90-3.08 sites/nm2, see above), which may explain the decrease in SeIV sorption efficiency.
In the case of Si-MNPs, the SeIV uptake performance decreases compared to bare MNPs and the sorption kinetics are slower as the Si coverage increases (Fig. 3a and Table S3). Although the kinetics were different, final [Se]sorbed and sorption efficiency were the same for both, Siads-MNPs and Sipol-MNPs. Examining Si desorption from Si-MNPs during SeIV sorption experiments explains why the sorption of selenite was slower in the presence of Si coatings. Fig. 3b shows that Si is slowly desorbed from magnetite during the first ∼300h, probably due to the lower affinity of Si for the magnetite surface at pH < 8.22 Moreover, Si desorption kinetics are slower as the Si coverage increases due to the presence of more extended polymeric surface silicate species. For both Si-MNPs samples, the final Si sorbed decreased to a value of ∼750 ppm, which corresponds to ∼0.7 Si/nm2 (Fig. 3b and Table S3). This final concentration of silicate probably corresponds to ﬁrmly bonded monomeric species, forming covalently bonded inner-sphere complexes.7 However, in the absence of selenium Si is desorbed to a lesser extent under the same conditions; reaching final Si sorbed values of 2.2 Si/nm2 for Siads-MNPs and 3.3 Si/nm2 for Sipol-MNPs (Fig. 3b). Noteworthy, the final total site densities occupied by Si + Se were 2.2 and 2.4 sites/nm2 for Siads-MNPs and Sipol-MNPs respectively, which are in the range of i) the [Se]sorbed in the absence of Si; ii) the final Si sorbed in the absence of SeIV; and iii) the Ds of MNPs calculated by acid-base titrations (2.90-3.08 sites/nm2, see above). The effect of Si on the SeIV sorption efficiency can then be attributed to a competition between both anions for the surface sites. Reported ion-competitive studies showed that when silicate was present in the solution, the sorption of selenite onto magnetite decreased due to changes in surface charge potential and magnetite surface site availability upon adsorption of silicate species.12,40 The silicate monomeric/oligomeric species present in Siads-MNPs modify the surface charge potential of magnetite (point zero charge, pHpzc, ≈ 7 for magnetite71,72 and ≈ 3 for silica73) as well as the surface sites availability. On the other hand, the high percentage of polymers present on the surface of Sipol-MNPs does not seem to prevent SeIV adsorption, only a decrease in the kinetics of adsorption is observed. Summarizing: 1) Desorption of already sorbed silica on the magnetite surface gradually freed up new sorption sites and, thus, selenite and silicate compete for those sites; therefore, 2) SeIV sorption kinetics are influenced by Si-desorption kinetics. Finally, 3) Si coatings affect SeIV sorption efficiency since ∼0.7 sites/nm2 remained occupied by surface silicate monomeric species ﬁrmly attached to the magnetite surface, hindering the sorption of selenite onto magnetite – this may also suggest a site-specific silicate sorption onto magnetite’s surface.
SeVI sorption: Fig. 3c and Table S3 show the results of SeVI kinetic sorption experiments under the same conditions as for SeIV. Both, MNPs and Si-MNPs show the same SeVI sorption efficiency and kinetics, which are independent of silicate coverage. After 300h, the final [Se]sorbed is ∼1 Se/nm2 for all samples and Se sorption efficiencies were between 10 and 14%. Compared with SeIV, SeVI sorption kinetics are slower and less efficient, especially for bare MNPs, since SeVI has a lower affinity for Fe-bearing minerals and it reacts with much slower kinetics than SeIV.33,40,74,75 The slow SeVI sorption kinetics were also reﬂected in the measured amounts of desorbed Si: In the presence of SeVI, the Si desorption kinetics (Fig. 3d) are slower compared to SeIV. Moreover, less Si is removed during SeVI sorption experiments, since the final [Si]sorbed is ∼1.5 Si/nm2, whereas SeIV experiments resulted in a final [Si]sorbed of ∼0.7 Si/nm2 (Table S3). Note that, additionally, the difference in the final [Si]sorbed in the absence / presence of SeVI is less pronounced than the final [Si]sorbed in the absence / presence of SeIV (Fig. 3d). This behavior can be explained by the slower SeVI sorption compared with Si desorption kinetics on magnetite (Fig. 3c, d); during Si desorption there is virtually no competition with Se adsorption, and therefore, even at pH 5 some desorbed silicate can be re-adsorbed. Although the maximal percentage of silicate adsorption is located between pH 8 and 10, silicate can bind on the surface of magnetite over a wider pH range in the absence of competing species.22 Note that for silicate concentrations under the solubility limit of amorphous silica (2 x 10-3 M), as in our experiments (Table S3), only monomeric species are present in solution from pH 4 to 10.76 Importantly, the total site density occupied by Si + Se is similar for SeIV and SeVI experiments (2.2 - 2.9 sites/nm2) and agrees with the total coverage of surface reactive sites. Nevertheless, in the absence of silicate competing ions, SeVI sorption only reached ∼1 site/nm2, confirming the lower reactivity of SeVI vs. SeIV. Recapitulating: 1) SeVI sorption is less efficient and slower than SeIV sorption. 2) The slow kinetics of SeVI sorption onto magnetite makes this reaction independent of Si coverage since there is time enough to free up sorption sites due to Si desorption (effectively no competition with silicate); which, in turn, 3) results in lower Si-desorption (higher final [Si]sorbed) compared with the reaction that starts with SeIV.
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Fig 3. a) Sorption kinetics of SeIV, b) Desorption kinetics of Si in the absence/presence of SeIV, c) Sorption kinetics of SeVI, and d) Desorption kinetics of Si in the absence/presence of SeVI. The black circles denote the samples used for XANES measurements (see below). Initial Si content in the desorption graphs (at t = 0 h) corresponds to the Si sorbed prior to the pre-equilibration step. Error bars correspond to a 5% estimate ICP-OES error, determined from repeated analysis of standards.

3.3.2. Surface Se species. Sorption products at the end of the kinetics experiments (reaction time ≈ 1000 h, except for Siads-MNPs + SeVI where reaction time = 804 h) were characterized by Se K-edge XANES.
SeIV sorption: Linear combination fits (LCF) analysis of the Se K-edge XANES spectra of the solid residues from the experiments with SeIV revealed the presence of SeIV and Se0 (Fig. 4, Table S4). Clearly, as SeIV is adsorbed, it is reduced to elemental Se0 using the electrons generated from the oxidation of Fe2+ in magnetite; note that reduction by aqueous Fe2+ dissolved from magnetite can be ruled out (see Table S5). This result suggests that magnetite can immobilize SeIV through two different mechanisms: surface adsorption and reductive precipitation. In reductive precipitation processes, FeII-bearing minerals catalyze the reduction of SeIV forming predominantly Se0, but also Fe selenides (FeSe, and FeSe2) depending on the experimental conditions.36,37,39,77,78 In adsorption processes, sorbed SeIV may form inner-sphere (FeSeO3) and outer-sphere (Na2SeO3 electrostatic sorption) complexes.77,79–81 Although SeIV is generally sorbed by bidentate inner-sphere complexation,78 the exact SeIV solid species in our system are hard to describe by our XANES measurements. For MNPs, LCF analysis resulted in 24% of Se0 reduced species and 76% of SeIV unreduced surface complexes (Table S4, Fig. 4b). It is important to note that, although Mössbauer data (see section 3.1.2) indicated that MNPs are slightly oxidized (15% maghemite, ~2 maghemite surface layers assuming oxidation at the surface), electron transfer is still occurring. However, in the presence of Si, the percentage of Se0 in the solid products was smaller and decreased as the initial Si coverage increased (Table S4, Fig. 4b); indicating that not only Si hinders the electron transfer between magnetite and SeIV, but also the competition between selenite and silicate for the surface sites observed in the kinetic experiments affects the redox reactivity.
SeVI sorption: The XANES spectra of the solid residues from the experiments with SeVI (Fig. 4a) revealed the presence of SeIV and Se0, indicating that either all SeVI was reduced to SeIV and Se0; or that adsorbed SeVI is washed away from solids during the filtration and washing procedures (SeVI is generally presumed to form outer-sphere complexes82). Similarly, Onoguchi et al.37 recently reported the reduction of selenate into selenite and elemental Se0 catalyzed by green rusts (GR) through two different mechanisms: i) after adsorption (homogeneous redox reaction); and ii) without adsorption (heterogeneous redox reaction), where dissolved SeVI could be reduced upon contact with GR. Our attempts to detect SeIV in solution by ionic chromatography (IC) analysis were not successful, except in one sample; the filtrate fraction from the MNPs + SeVI experiment after ∼1000 h revealed that ∼2 % of total selenium was SeIV (data not shown). Clearly, at pH 5, SeIV is strongly sorbed on the positively charged magnetite surface, and indeed constitutes the dominant solid phase selenium species. LCF analysis results (Table S4, Fig. 4b) indicated that the relative proportion of total Se present as Se0 was lower when the reaction starts with SeVI than when the reaction starts with SeIV, indicating that the reduction of selenate to selenite influences the overall kinetics of selenium reduction. Furthermore, when Siads-MNPs was used as adsorbent, the percentage of Se0 in the solid product not only was lower than in the absence of Si, as expected; but also lower than when the reaction starts with SeIV for the same Siads-MNPs adsorbent. This is a consequence from the sum of two effects: i) the SeVI to SeIV reaction influencing the overall kinetics of Se reduction; and ii) the higher final [Si]sorbed on the surface of magnetite (1.5 vs. 0.7 Si/nm2 for the reaction starting with selenate and selenite respectively, see section 3.3.1 above) hindering electron transfer.

[image: ]
Figure 4. a) Se K-edge normalized XANES spectra with LCF results and related Se references and b) Percentage of Se components normalized to a sum of 100% for SeIV and SeVI sorption products at the end of the kinetic experiments (reaction time ≈ 1000 h, except for Siads-MNPs + SeVI where reaction time = 804 h).

3.3.3. Kinetics pathways of Se reduction in the presence of silica coatings.
SeVI to SeIV: The first limiting step is the reduction of selenate to selenite. As described above, this reaction influences the overall kinetics of Se reduction. Furthermore, the lack of competition with silicate of this reaction results in a final [Si]sorbed 2 times higher than when the reaction starts with SeIV, hindering further electron transfer. Accordingly, when the reaction starts with selenate, the reduction to selenite results in a [Se]sorbed that is about half of the [Se]sorbed when the reaction starts directly with selenite.
SeIV to Se0: Reduction of selenite anions is another step limiting the reaction: as selenite is adsorbed, it is reduced by surface ferrous iron to Se0 (s). This would imply that the stability of SeIV inner-sphere surface complexes at the interface is one of the steps limiting the redox reactivity. Furthermore, the competition between selenite and silicate limits the redox reactivity with the kinetics slowed down as more silicate is initially introduced.
3.6. Environmental implications.
Magnetite contributes, together with iron(II) rich clay, sulfide and carbonate minerals, to the total reduction capacity (TRC) of surficial environments (e.g. sediment or geological formations). TRC is either measured by titration with a strong oxidant, such as permanganate or dichromate, or computed based on chemical and mineralogical analysis.83 It has been defined as the sum of reduced species present in the system:6
	TRC = 4Corg + 7S(-I) +8S(-II)+ 8N(-III) + 2Mn(II) + Fe(II)
[bookmark: _GoBack]where S(-I) is attributed to pyrite (content often derived from total S content assuming no other sulphur species), Mn(II) from the total Mn content (assuming no MnO2) and Fe(II) from the pyrite, siderite and magnetite contents (Fe(II) in clay fraction often omitted because deemed to be less reactive). N(-I) and N(-II) are usually neglected. The way to quantify the amount of the ‘active’ species in such TRC computations is still a topic of debate: It has been shown that electron transfer may occur only along specific crystallographic axes,84 and perhaps only through thin non-oxidized layers of the minerals,29 which would decrease the effective concentration of reactive mineral mass susceptible of acting in redox reactions. These and other environmental constraints, such as the presence of a silicate rich insulating surface,5 could also affect quantification of the TRC. Here we investigated using wet chemistry and spectroscopic methods the redox-catalytic reactivity of slightly oxidized magnetite nanoparticles (15% maghemite and 85% magnetite, i.e. ~2 maghemite surface layers) and the effect of silicate adsorption and polymerization on this reactivity. First, we show that silicate ions are adsorbed, according to FTIR, as monomeric Si surface complexes and short-chain oligomers, the adsorption following a Langmuir-type isotherm, up to 2 x 10-3 M. This dissolved Si concentration happens to coincide with the amorphous silica equilibrium concentration, and a typical concentration found in surface waters.65 Above that concentration, surface silicate polymers form. Both oligomeric and polymeric surface complexes are shown to be displaced by selenite anions. Reduction of selenite anions to elemental Se catalyzed by the nanoparticles appears to be an important step limiting the reaction; in the case of selenate, all selenate is reduced to selenite before the Se0 (s) precipitates, influencing the overall reduction kinetics. All these processes seem to take place independently of the silicate coverage, with the kinetics slowing down as more silicate is initially introduced. A competition between selenite and silicate seems to be at place, with silicate being desorbed as selenite is adsorbed, that is limiting nanomagnetite reactivity towards oxyanion contaminants. The observed reduction of selenium oxyanions, used here as molecular probes, demonstrates that neither a partial oxidation nor a partial coverage by silica can prevent magnetite particle to be redox reactive. Such findings were also observed on electron transfer occurring through the basal plane silicate layer of clay minerals,85,86 and may have important consequences in magnetite driven nanotoxicity.87
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SYNOPSIS. Mechanistic study about the redox reactivity of magnetite nanoparticles and selenium oxyanions in the presence and absence of silica coatings.
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