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ABSTRACT. The reactivity of iron (II/III) oxide surfaces may be influenced by their interaction 17 

with silica, which is ubiquitous in aquatic systems. Understanding the structure-reactivity 18 

relationships of Si-coated mineral surfaces is necessary to describe the complex surface behavior 19 

of nanoscale iron oxides. Here we use Si-adsorption isotherms and FTIR spectroscopy to analyze 20 

the sorption and polymerization of silica on slightly oxidized magnetite nanoparticles (15% 21 

maghemite and 85% magnetite, i.e. ~2 maghemite surface layers), showing that Si adsorption 22 

follows a Langmuir isotherm up to 2 mM dissolved Si, where surface polymerization occurs. 23 

Furthermore, the effects of silica surface coatings on the redox-catalytic ability of magnetite 24 

are analyzed using selenium as molecular probe. The results show that for partially oxidized 25 
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nanoparticles, and even under different Si surface coverages, electron transfer is still occurring. 26 

The results indicate anion exchange between silicate and the sorbed SeIV and SeVI. X-ray 27 

absorption near edge structure analyses of the reacted Se indicate the formation of a mixed selenite 28 

/ Se0 surface phase. We conclude that neither partial oxidation nor silica surface coatings block the 29 

sorption and redox-catalytic properties of magnetite nanoparticles, a result with important 30 

implications to assess the reactivity of mixed-valence phases in environmental settings. 31 

1. INTRODUCTION. 32 

The widespread abundance of silica in natural waters, with concentrations from 1 to 30 ppm,1 33 

and its affinity for mineral phases make the study of mineral-silica-water interfaces particularly 34 

relevant. Silica surface coatings can modify the mineral surface reactivity, prevent further 35 

weathering of the underlying mineral2,3 (e.g., limiting fluid transport), be involved in sorption and 36 

redox reactions, and promote the sequestration of contaminants playing therefore an important role 37 

in the mobility of contaminants in the environment.4 Furthermore, the redox reactivity of a mineral 38 

species may be affected by the formation of silicate-rich insulating surface coatings at the mineral-39 

water interface, impacting the quantification of the total reduction capacity (TRC) of surficial 40 

environments.5,6 41 

Silica, present in solution in the form of silicate monomers at low concentrations below pH 11.5,7 42 

exhibits a strong affinity towards iron (hydr)oxide surfaces affecting the adsorption and mobility 43 

of cations,8 as well as anionic species such as arsenite,9–11 selenite,12 and chromate.13 Studies 44 

dealing with silicate adsorption on iron oxides are scarce, possibly because its polymerization 45 

precludes mechanistic interpretation of the interaction with mineral surfaces.14–20 Some of these 46 

studies showed that silicate monomers form inner-sphere complexes by exchanging ligands with 47 

iron oxide surface groups forming mono- or bi-dentate surface complexes that can also exist 48 
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simultaneously at low magnetite surface loading.7,14–16,21,22 Polymerization is shown to occur 49 

mostly at high Si surface loadings.7,19,23 50 

Magnetic iron oxide nanoparticles (mostly magnetite Fe3O4), are promising for industrial-scale 51 

wastewater treatment, due to their low cost, strong adsorption capacity, enhanced stability and easy 52 

magnetic separation.24 In aquatic systems, the sorption and redox properties of magnetite 53 

nanoparticles (MNPs) are influenced by the formation of a surface silica coating. Furthermore, as 54 

a mixed FeII/FeIII oxide, magnetite is often non-stoichiometric (partially oxidized), an important 55 

factor to consider when evaluating its reactivity,18,25–28 especially since electron transfer may occur 56 

only through non-oxidized mineral layers.29 In this context, selenium represents an ideal probe to 57 

evaluate electron transfer because iron oxides are effective scavengers of selenite (SeO3
2-, SeIV) 58 

and selenate (SeO4
2-, SeVI) via adsorption processes30–35 and reductive precipitation.36–39 In the 59 

latter, iron oxides containing FeII, like magnetite, catalyze the reduction of Se oxyanions to produce 60 

non-soluble Se0 and Fe selenides. The redox reactivity of MNPs towards Se oxyanions (mainly 61 

SeIV) makes Se an ideal molecular probe to study the influence of silica surface coatings on 62 

sorption and redox processes. 63 

While similar behavior has been observed between experiments in which Si and Se ions were 64 

added simultaneously and experiments in which Si and Se ions were added sequentially (magnetite 65 

shortly pre-equilibrated with Si for 3 days),40 longer pre-equilibration times with dissolved silicates 66 

favor oligomeric and polymeric Si surfaces structures which may influence the sorption properties 67 

of iron oxides.41 The aim of this work is to probe silicate surface chemistry and structure on MNPs 68 

and assess the effects of silica coatings on the adsorption and reduction behavior of magnetite. To 69 

this end, we have used silica-coated MNPs (Si-MNPs) for Se sorption experiments. This approach 70 

allows the precise characterization of the silica coating using Si-adsorption isotherms and infrared 71 
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spectroscopy prior to the adsorption and reduction of Se ions; described by SeIV / SeVI sorption 72 

kinetic experiments and X-ray absorption spectroscopy (XAS). 73 

2. MATERIALS AND METHODS. 74 

All solutions were prepared from analytical-grade chemicals (Sigma-Aldrich) and boiled and 75 

argon-degassed Milli-Q water. 76 

2.1. Solid phase. 77 

Magnetite nanoparticles (MNPs) were prepared following the method reported by Sugimoto.42 78 

Briefly, 8 mL of a FeSO4 solution were mixed with 1 mL of 0.5 M KOH and 1 mL of 2 M KNO3 79 

at 90 °C under inert atmosphere for several hours until precipitation of MNPs. 80 

Specific surface area (SSA) was determined with a multipoint N2−BET 81 

(Brunauer−Emmett−Teller) method using a Belsorp-Max (Bel Japan) volumetric gas sorption 82 

instrument. A sample of 0.3522 g of MNPs was initially outgassed at 80 °C for 12 h under vacuum. 83 

SSA was estimated from the BET equation in the 0.05 ≤ P/P0 ≤ 0.26 interval of relative pressure 84 

and using 16.2 Å2 or cross-sectional area of molecular N2. 85 

Fourier transform infrared (FTIR) spectra of KBr pellets with MNPs at 0.3% w/w were recorded 86 

using a Thermo Fisher Scientific® Nicolet iS550 FTIR spectrometer in the range of 4000 to 400 87 

cm−1 with a 4 cm-1 resolution, by averaging 64 scans. Specific vibrational bands were fitted using 88 

the FityK program.43  89 

Raman spectrum of 30mg/mL MNPs suspension was recorded using a RXN1 instrument from 90 

Kaiser Optical operating with a 785 nm laser probe with an exposure time of 3 s and averaged over 91 

three scans. 92 

X-ray diffraction pattern was recorded at RT using a Bruker® D8 Discover diffractometer with 93 

Cu Kα radiation (wavelength =1.54 Å) in a continuous-scan mode in the 5-80° 2 range with a 94 
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step of 0.026°.  Rietveld analysis was performed using Profex.44 The sample was measured under 95 

Ar atmosphere in an airtight specimen holder ring with dome cap transparent to X-rays. 96 

57Fe Mössbauer spectra were recorded at 300 and 77 K using a constant acceleration 97 

transmission setup and a 57Co γ-ray source diffused into a Rh matrix. A thin layer containing ∼ 5 98 

mg/cm2 of the powdered compound was mounted on an airtight sample holder in an Ar-filled 99 

glovebox. The hyperfine structure was modeled by a least-squares fitting procedure involving 100 

Zeeman sextets composed of Lorentzian lines using program MOSFIT45. The values of isomer 101 

shift are quoted to that of -Fe at 300K and an -Fe foil was used as standard to calibrate the 102 

spectrometer. 103 

Acid-base titration of 1.0 g/L MNPs in KNO3 0.1M background electrolyte was carried out 104 

under a continuous N2 flow. HNO3 and NaOH 0.1 M solutions (Honeywell Fluka) were used as 105 

titrants. The whole system was controlled by a Metrohm® 905 titrando instrument (experimental 106 

details and data evaluation in Text S1). 107 

Tapping-mode AFM images were obtained using a Digital MFP3D, Asylum Research, Oxford 108 

Instruments. Samples were prepared by dropping 50 µL of a 0.1 mg/mL MNPs suspension in 109 

ethanol on a glass slide and drying at room temperature. Data was collected at 1 Hz scan rate and 110 

256 points per line. Surface roughness was evaluated after flattening the topography images and 111 

via calculation of Root Mean Square (RMS, details in Text S2) using the Asylum 112 

Research software, based in IGOR Pro (WaveMetrics, Lake Oswego, OR).  113 

Scanning electron microscopy (SEM) was performed using a FEG Ultra55 with an acceleration 114 

voltage of 4 kV. The sample was prepared by depositing a small amount of MNPs powder on a 115 

double-sided sticky carbon tape fixed to the sample holder. 116 

2.3. Adsorption experiments. 117 
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Silica-coated MNPs (Si-MNPs) were prepared using a sol–gel method based on the base-118 

catalyzed hydrolysis of tetraethyl orthosilicate (TEOS), which relies on the well-known Stöber 119 

method.46,47 Adsorption reactions were initiated by adding TEOS (1 to 10 mM final concertation) 120 

to a mixture of MNPs 0.1 M and NH4OH 0.1 M in a 30% V/V ethanol/water. The final pH = 10 121 

falls into the pH range of maximum silicate sorption (pH = 8-10).22 The reaction mixture was 122 

mechanically stirred during 16 h and the Si content of the supernatant was analyzed by Inductively 123 

Coupled Plasma Optical Emission Spectrometry (ICP-OES) with a Varian 720-ES apparatus. 124 

Powders were washed four times with deionized water by magnetization and dried at 100 ºC. Then, 125 

50 mg were digested in 1.5 mL acid (concentrated HCl, 1mL;  HNO3, 0.5 mL; and HF, 5 µL) at 126 

60 ºC for 2 h. Following digestion, boric acid was added (2 mL, 25 g/L) to neutralize excess HF 127 

and complex fluoride, and the volume completed up to 50 mL with water prior to ICP-OES 128 

analysis. 129 

Selenite (SeO3
2-, SeIV) and selenate (SeO4

2-, SeVI) sorption kinetics were investigated at 25 °C 130 

in an Ar-filled glovebox. Concentration of MNPs or Si-MNPs was fixed at ∼5 g/L in 100 mL of 131 

NaCl 50 mM in 125 mL polypropylene tubes. The pH was adjusted to ∼5 by adding HCl because 132 

the sorption of selenium anions on Fe oxides is maximized in the acid region due to the formation 133 

of positive protonated surface sites.38,40 Suspensions were equilibrated overnight prior to the 134 

addition of aliquots of the Se stock solutions to obtain an initial concentration of Se ∼1.5 mM (see 135 

Table S3 for details). After the addition of SeIV the pH dropped to ∼8 and it was readjusted to pH 136 

∼5 by adding HCl. After the addition of SeVI the pH remained ∼5. No additional pH adjustments 137 

were done during the kinetic experiments. During the reaction, the reactors were placed in a rotary 138 

shaker. At each defined time interval, a 4 mL aliquot of the suspension was sampled by filtration 139 

through a 0.22 μm pore size membrane filter. The total concentration of Se and Si (and Fe) in the 140 
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filtrates was measured by ICP-OES after dilution with degassed ultrapure water. The difference to 141 

the initial selenium content provided the amount of sorbed Se. The Se sorption efficiency 142 

percentage was calculated using: % Se sorption = {([Se]initial – [Se]final)/[Se]initial} x 100. Control 143 

experiments were performed under the same conditions in the absence of Se. 144 

2.4. X-Ray Absorption Spectroscopy (XAS) measurements. 145 

At the end of the Se sorption kinetic experiments (reaction time ≈ 1000 h, except for Si-MNPs 146 

+ SeVI where reaction time = 804 h), the solid products were separated by filtration, washed with 147 

water and dried at 25 °C in an Ar-filled glovebox. Bulk Se K-edge X-ray absorption near edge 148 

structure (XANES) spectra were collected at BL22-CLÆSS beamline48 at the ALBA CELLS 149 

Spanish synchrotron. (See Text S3 for details). 150 

 151 

3. RESULTS AND DISCUSSION. 152 

3.1. Magnetite characterization and surface properties. 153 

Magnetite (Fe3O4) stoichiometry can be written as Y[XY]O4 where X = Fe2+, Y = Fe3+ and the 154 

brackets denote octahedral sites (Oct). The structure consists of Oct and mixed tetrahedral 155 

(Tet)/Oct layers stacked along the [111] direction.49 Magnetite is often non-stoichiometric, it can 156 

have a range of oxidation states dependent upon the amount of structural Fe2+. For this reason, a 157 

magnetite stoichiometry parameter (x = Fe2+/Fe3+) is defined, the end members being pure 158 

magnetite (x = 0.5) and maghemite (x = 0; γ-Fe2O3).
50 Maghemite has a structure similar to that of 159 

magnetite, but all Fe are in the trivalent state and cation vacancies compensate for the oxidation of 160 

Fe2+. 161 

3.1.1. Identification of synthetic mineral composition. The XRD pattern of MNPs (specific 162 

surface area 22.3 m2/g) (Fig. S1) shows a pure magnetite phase. However, XRD patterns of 163 
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maghemite and magnetite are very similar, with slight shifts in the peak positions due to their 164 

different unit cell lenghts.51 The reported unit cell parameter for stoichiometric magnetite is a = 165 

8.40 Å. As magnetite becomes non-stoichiometric, the unit cell becomes smaller due to the 166 

formation of vacancies and the smaller atomic size of Fe3+ atoms as compared to Fe2+ (a = 8.34 Å 167 

for maghemite).49,50 The unit cell length for MNPs calculated by Rietveld analysis is a = 8.394 Å, 168 

indicating a non-stoichiometric magnetite. The Raman spectrum of MNPs (Fig. S2) is well 169 

consistent with those reported on magnetite, showing a pronounced peak at ∼670 cm-1, and weak 170 

peaks at 310 and 534 cm-1.52 The FTIR spectrum of MNPs (Fig. S3) shows a strong and broad 171 

band at 584 cm−1, assigned to the Fe−O stretching mode of the tetrahedral and octahedral sites of 172 

magnetite, and additional shoulders at 628 and 705 cm−1 due to magnetite non-stoichiometry.51  173 

3.1.2. Stoichiometry. Both XRD and FTIR indicate that MNPs are non-stoichiometric. 174 

However, although these techniques have been used to distinguish between magnetite and 175 

maghemite,50,51,53 accurate stoichiometry quantification remains difficult using optical 176 

spectroscopy techniques. Mössbauer spectroscopy, on the other hand, is a powerful tool for the 177 

identification of charge and coordination of iron species.54 As shown in Fig. S4, the room 178 

temperature Mössbauer spectrum of MNPs which is composed of two magnetic sextets, is rather 179 

similar to that of magnetite but the intensities of these two components differ from expected ones, 180 

corresponding to Oct,TetFe3+ and OctFe2.5+. A first description consists in two independent magnetic 181 

components (Fig. S4a) and the corresponding refined values of hyperfine parameters are listed in 182 

Table S1. This decomposition allows then to estimate the proportions of magnetite and maghemite 183 

from the mean value of the isomer shift by interpolation from those of stoichiometric magnetite 184 

and maghemite.55 A second fitting model (Fig. S4b) consists in combining 4 magnetic 185 

components: two typical of ideal magnetite and the two others typical of ideal maghemite (with 186 
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theoretical absorption areas ratio of 0.5 and 0.6, respectively). The analysis of the spectrum gives 187 

85% stoichiometric magnetite and 15% stoichiometric maghemite. Therefore, the stoichiometry 188 

of MNPs was calculated as x = 0.425. It is important to note that the study performed at 77K 189 

(spectrum not shown here) confirms perfectly that at 300K. Assuming a preferential oxidation at 190 

the surface of the MNPs, the result leads to a maghemite layer thickness of approximately 1.47 nm 191 

corresponding to about 2 maghemite layers and suggesting that the surface of MNPs is covered by 192 

maghemite. Nevertheless, with our experimental data it is not possible to determine whether the 193 

oxidation occurs at the surface or in the bulk of the particles (solid solution). 194 

3.1.3. Morphology and Surface Properties. The morphology of MNPs was characterized by 195 

scanning electron microscopic (SEM) (Fig. S5). The particles are octahedral crystals bounded by 196 

[111] plane with an approximate crystal size of ∼80 nm. AFM imaging and crystallite roughness 197 

analysis (Fig. S6) indicate a mean square roughness (RMS) of  2 nm, in the same order of 198 

magnitude as the 3.2 nm reported values for 5µm size iron oxide particles.56 Ligand exchange 199 

involving hydroxyl surface sites is one of the main mechanisms of adsorption at the magnetite-200 

water interface. The surface site density (Ds) of MNPs was determined via acid-base titration 201 

following two different data evaluation protocols (see Text S1). Ds values for MNPs were between 202 

2.90 and 3.08 sites/nm2, which is within the range of values reported in the literature (∼1-2 203 

sites/nm2 8,9,12 to ∼5 sites/nm2 61–63) and is in the same order of magnitude of the theoretical 204 

crystallographic value of 8 sites/nm2, obtained using crystal-chemistry considerations and 205 

crystallographic data of the [111] plane of magnetite.64  206 

3.2. Si sorption. 207 

3.2.1. Si adsorption isotherm. To acquire a better understanding of the mechanisms involved 208 

in the adsorption of Si onto MNPs surfaces during the formation of the silica-coated MNPS (Si-209 
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MNPS), we constructed an adsorption isotherm (Fig. 1) by measuring the extent to which MNPs 210 

remove Si from the reaction solution (pH 10). Three different regimes are proposed: (i) 211 

Adsorption/oligomerization regime: at dissolved Si concentrations, [Si]aq, below 2 x 10-3 M, Si 212 

sorption, [Si]sorbed, increases with increasing [Si]aq. The experimental data in this concentration 213 

range can be fitted with a Langmuir isotherm: 214 

𝜏𝑆𝑖 = 𝜏𝑎𝑑𝑠 × 
𝑘𝑎𝑑𝑠[𝑆𝑖]𝑎𝑞

1 +  𝑘𝑎𝑑𝑠[𝑆𝑖]𝑎𝑞
 215 

where Si is the Si surface loading, ads is the total site density, and Kads is the Langmuir constant. 216 

The maximum adsorption capacity (ads) obtained for MNPs is 8.3 sites/nm2, in agreement with 217 

the estimated crystallographic Ds (8 sites/nm2) but slightly higher than the Ds values determined 218 

via acid-base titrations (see section 3.1.3 above). Nevertheless, FTIR analysis (see section 3.2.2 219 

below) indicate that in this regime the only surface Si species formed are monomers and oligomers. 220 

(ii) Polymerization/precipitation regime: a surface precipitation event occurs when [Si]sorbed 221 

increases dramatically at [Si]aq ≈ 2 x 10-3 M, which matches well the equilibrium constant for the 222 

solubility of amorphous silica in water (Ko
eq (aSiO2) = 2 x 10-3 at 25ºC and 1 atm).65 This transition 223 

from adsorption/oligomerization to surface precipitation was also observed for silicate on 224 

hematite66 and can be ascribed by Si surface polymerization.7 However, sorbed Si may also 225 

represent sorption of polymers from solution since the presence of dissolved Si polymers is favored 226 

at high [Si]aq.
7 On the basis of our results only, it is not possible to evaluate the quantitative 227 

contribution of either process to the pronounced increase of Si sorption at [Si]aq ≈ 2 x 10-3 M. (iii) 228 

Homogeneous precipitation regime: at dissolved Si concentrations exceeding Ko
eq (aSiO2), 229 

[Si]sorbed remains constant with increasing [Si]aq. This behavior can be attributed to Si precipitation 230 

in solution due to the formation of small clusters, oligomers and polymers at high [Si]aq regardless 231 

of the pH.7 232 
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 233 

Figure 1. Si adsorption isotherm for MNPs after 16 h equilibration at pH = 10. Dotted lines 234 

correspond to the best-fit data by using a Langmuir isotherm. The arrow indicates the solubility of 235 

amorphous silica in water (Ko
eq (aSiO2), at this point surface polymerization / precipitation at the 236 

surface of MNPs (red colored area) followed by homogeneous precipitation in solution (grey 237 

colored area) occur. 238 

 239 

3.2.2. Surface Si species. To investigate the speciation of sorbed Si on the surface of MNPs at 240 

the different regimes related to the Si-adsorption isotherm, we characterized a series of Si-MNPs 241 

with increasing Si content using FTIR, which has been successfully used to study the degree of 242 

polymerization of silicates via the analysis of the different Si-O vibrations bands.7,19,23. Fig. 2a 243 

shows the FTIR spectra of Si-MNPs with different Si contents in the region between 1300 and 850 244 

cm-1, characteristic for IR bands of sorbed silicate.67–69 IR absorbance bands in this range are only 245 

detected at [Si]sorbed ≥ 4000ppm, below this concentration the spectra is similar to that of bare 246 

MNPs. In order to distinguish the spectral features of the various Si-MNPs we performed curve 247 

fitting of the absorption bands (see Fig. S9 for deconvoluted spectra). The number of component 248 

bands, band areas, and peak maxima locations vary with [Si]sorbed (Table S2, Fig. S10a). 249 
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Moreover, using the integrated area of each fitted absorption band we obtained quantitative 250 

information about each silicate species in terms of percentage (Fig. 2b) and absolute content (Fig. 251 

S10b). 252 

Adsorption/oligomerization regime: At [Si]sorbed between 4000 and 4700 ppm, IR absorbance 253 

appears between 850 and 1100 cm−1 (Fig. 2a). An absorbance maximum was determined at ∼990 254 

cm-1, together with less intense bands at ∼890, ∼925 and ∼1040 cm-1 (Table S2, Fig. S10a).  255 

Previous studies attributed the different peaks in this region of the spectra to monomeric, 256 

oligomeric, and polymeric Si surface configurations, which can be distinguished based on the 257 

position of the Si−O stretching bands.7,19,23 The IR bands between 890 and 950 cm−1 are attributed 258 

to monomeric species.7 The maximum IR absorption of the oligomer occurs at ∼1000 cm-1, while 259 

a shift to 1050 cm-1 indicates oligomeric species with a higher degree of polymerization.19 Based 260 

on the described band assignments, at [Si]sorbed = 4000 - 4700 ppm, silicate forms exclusively 261 

monomeric and oligomeric species, accounting for ∼30 and ∼70 % of the area of the spectrum 262 

respectively (Fig. 2b). 263 

Polymerization/precipitation regime: At [Si]sorbed between 6300 and 12000 ppm, all resolved 264 

bands of sorbed silicate shifted to higher frequency with increasing surface coverage (Fig. 2a), 265 

reaching an absorbance maximum at 1061 cm−1 for [Si]sorbed = 12000 ppm (Table S2, Fig. S10a). 266 

Moreover, new bands appeared at >1100cm-1. Generally, the band positions of stretching 267 

vibrations of Si surface species are shifted to higher wavenumbers with increasing degree of 268 

condensation. IR absorbance in the wavenumber region 1050-1200 cm-1 is related to polymeric 269 

species, and bands at wavenumbers > 1100 cm−1 have been assigned to a 3D framework such as 270 

amorphous silica.7,19,23 Fig. 2b shows that during the surface precipitation regime, the percentage 271 

of polymeric species increase from 10 to 86% of the area of the spectrum, while monomeric species 272 
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decrease from 30 to 14%. Interestingly, oligomeric species decrease from 60 to 0%, indicating that 273 

all oligomers condense to form high polymers. 274 

Homogeneous precipitation regime: At [Si]sorbed >17500 ppm, all resolved bands remain 275 

essentially at the same position (Table S2, Fig. S10a) and the percentage of each silicate species 276 

remains constant (Fig. 2b), which agrees with the homogeneous precipitation regime of the Si-277 

isotherm. 278 

It is important to highlight that the absolute content of Si-monomers remains constant for all the 279 

range of [Si]sorbed (Fig. S10b), suggesting that a minimum of ∼2000 ppm of Si, corresponding to 280 

adsorbed monomers, is required prior to the occurrence of polymerization. Notably, this value 281 

corresponds to ∼2.14 sites/nm2, which is similar to the Ds of MNPs calculated by acid-base 282 

titrations (2.90 - 3.08 sites/nm2, see above). Accordingly, the relationship between the number of 283 

sites occupied by Si monomers and Ds highlights the vital role of active site density in Si adsorption 284 

and polymerization on MNPs. 285 



 

  

14 

 286 

Figure 2. a)  FTIR spectra of Si-MNPs with different Si content. Baseline correction, smoothing 287 

and normalization to the maximum intensity of the highest peak (584 cm-1 magnetite’s Fe−O 288 

stretching mode) was performed using SpectraGryph software. b) Percentage of each Si-species 289 

calculated using the integrated areas of fitted absorption bands. 290 

3.3. Effect of silica coating on Se sorption. 291 
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3.3.1. Se sorption kinetics. To study the influence of silica coatings on the sorption of SeIV and 292 

SeVI by MNPs, we utilized Si-MNPs with different Si content: (1) [Si]sorbed = 4000 ppm, that fall 293 

in the adsorption/oligomerization regime of the Si-adsorption isotherm and are composed of 24% 294 

monomers and 76% oligomers (abbreviated thereafter as Siads-MNPs); and (2) [Si]sorbed = 10000 295 

ppm, that fall in the polymerization/precipitation regime and contain 20, 42 and 38% of monomers, 296 

oligomers and polymers respectively (Sipol-MNPs). 297 

SeIV sorption: The results of SeIV kinetic sorption experiments at pH ≈ 5 are shown in Fig. 3a 298 

and Table S3. In the absence of Si, the concentration of Se sorbed, [Se]sorbed, increased rapidly 299 

within the first hour to ∼2 Se/nm2, and then raised slightly to reach 2.5 Se/nm2, corresponding to 300 

30% of Se sorption efficiency. This relatively low sorption percentage can be attributed to the 301 

saturation of sorption sites of adsorbent in the presence of high concentrations of adsorbate.70 The 302 

initial SeIV concentration, [SeIV]aq, was chosen according to the concentration of reactive sites [–303 

Fe–OH] based on the estimated crystallographic Ds (8 sites/nm2). However, Ds of MNPs calculated 304 

by acid-base titrations was smaller (2.90-3.08 sites/nm2, see above), which may explain the 305 

decrease in SeIV sorption efficiency. 306 

In the case of Si-MNPs, the SeIV uptake performance decreases compared to bare MNPs and the 307 

sorption kinetics are slower as the Si coverage increases (Fig. 3a and Table S3). Although the 308 

kinetics were different, final [Se]sorbed and sorption efficiency were the same for both, Siads-MNPs 309 

and Sipol-MNPs. Examining Si desorption from Si-MNPs during SeIV sorption experiments 310 

explains why the sorption of selenite was slower in the presence of Si coatings. Fig. 3b shows that 311 

Si is slowly desorbed from magnetite during the first ∼300h, probably due to the lower affinity of 312 

Si for the magnetite surface at pH < 8.22 Moreover, Si desorption kinetics are slower as the Si 313 

coverage increases due to the presence of more extended polymeric surface silicate species. For 314 
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both Si-MNPs samples, the final Si sorbed decreased to a value of ∼750 ppm, which corresponds 315 

to ∼0.7 Si/nm2 (Fig. 3b and Table S3). This final concentration of silicate probably corresponds 316 

to firmly bonded monomeric species, forming covalently bonded inner-sphere complexes.7 317 

However, in the absence of selenium Si is desorbed to a lesser extent under the same conditions; 318 

reaching final Si sorbed values of 2.2 Si/nm2 for Siads-MNPs and 3.3 Si/nm2 for Sipol-MNPs (Fig. 319 

3b). Noteworthy, the final total site densities occupied by Si + Se were 2.2 and 2.4 sites/nm2 for 320 

Siads-MNPs and Sipol-MNPs respectively, which are in the range of i) the [Se]sorbed in the absence 321 

of Si; ii) the final Si sorbed in the absence of SeIV; and iii) the Ds of MNPs calculated by acid-base 322 

titrations (2.90-3.08 sites/nm2, see above). The effect of Si on the SeIV sorption efficiency can then 323 

be attributed to a competition between both anions for the surface sites. Reported ion-competitive 324 

studies showed that when silicate was present in the solution, the sorption of selenite onto 325 

magnetite decreased due to changes in surface charge potential and magnetite surface site 326 

availability upon adsorption of silicate species.12,40 The silicate monomeric/oligomeric species 327 

present in Siads-MNPs modify the surface charge potential of magnetite (point zero charge, pHpzc, 328 

≈ 7 for magnetite71,72 and ≈ 3 for silica73) as well as the surface sites availability. On the other 329 

hand, the high percentage of polymers present on the surface of Sipol-MNPs does not seem to 330 

prevent SeIV adsorption, only a decrease in the kinetics of adsorption is observed. Summarizing: 331 

1) Desorption of already sorbed silica on the magnetite surface gradually freed up new sorption 332 

sites and, thus, selenite and silicate compete for those sites; therefore, 2) SeIV sorption kinetics are 333 

influenced by Si-desorption kinetics. Finally, 3) Si coatings affect SeIV sorption efficiency since 334 

∼0.7 sites/nm2 remained occupied by surface silicate monomeric species firmly attached to the 335 

magnetite surface, hindering the sorption of selenite onto magnetite – this may also suggest a site-336 

specific silicate sorption onto magnetite’s surface. 337 
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SeVI sorption: Fig. 3c and Table S3 show the results of SeVI kinetic sorption experiments under 338 

the same conditions as for SeIV. Both, MNPs and Si-MNPs show the same SeVI sorption efficiency 339 

and kinetics, which are independent of silicate coverage. After 300h, the final [Se]sorbed is ∼1 340 

Se/nm2 for all samples and Se sorption efficiencies were between 10 and 14%. Compared with 341 

SeIV, SeVI sorption kinetics are slower and less efficient, especially for bare MNPs, since SeVI has 342 

a lower affinity for Fe-bearing minerals and it reacts with much slower kinetics than SeIV.33,40,74,75 343 

The slow SeVI sorption kinetics were also reflected in the measured amounts of desorbed Si: In the 344 

presence of SeVI, the Si desorption kinetics (Fig. 3d) are slower compared to SeIV. Moreover, less 345 

Si is removed during SeVI sorption experiments, since the final [Si]sorbed is ∼1.5 Si/nm2, whereas 346 

SeIV experiments resulted in a final [Si]sorbed of ∼0.7 Si/nm2 (Table S3). Note that, additionally, 347 

the difference in the final [Si]sorbed in the absence / presence of SeVI is less pronounced than the 348 

final [Si]sorbed in the absence / presence of SeIV (Fig. 3d). This behavior can be explained by the 349 

slower SeVI sorption compared with Si desorption kinetics on magnetite (Fig. 3c, d); during Si 350 

desorption there is virtually no competition with Se adsorption, and therefore, even at pH 5 some 351 

desorbed silicate can be re-adsorbed. Although the maximal percentage of silicate adsorption is 352 

located between pH 8 and 10, silicate can bind on the surface of magnetite over a wider pH range 353 

in the absence of competing species.22 Note that for silicate concentrations under the solubility 354 

limit of amorphous silica (2 x 10-3 M), as in our experiments (Table S3), only monomeric species 355 

are present in solution from pH 4 to 10.76 Importantly, the total site density occupied by Si + Se is 356 

similar for SeIV and SeVI experiments (2.2 - 2.9 sites/nm2) and agrees with the total coverage of 357 

surface reactive sites. Nevertheless, in the absence of silicate competing ions, SeVI sorption only 358 

reached ∼1 site/nm2, confirming the lower reactivity of SeVI vs. SeIV. Recapitulating: 1) SeVI 359 

sorption is less efficient and slower than SeIV sorption. 2) The slow kinetics of SeVI sorption onto 360 
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magnetite makes this reaction independent of Si coverage since there is time enough to free up 361 

sorption sites due to Si desorption (effectively no competition with silicate); which, in turn, 3) 362 

results in lower Si-desorption (higher final [Si]sorbed) compared with the reaction that starts with 363 

SeIV. 364 

 365 

Fig 3. a) Sorption kinetics of SeIV, b) Desorption kinetics of Si in the absence/presence of SeIV, c) 366 

Sorption kinetics of SeVI, and d) Desorption kinetics of Si in the absence/presence of SeVI. The 367 

black circles denote the samples used for XANES measurements (see below). Initial Si content in 368 

the desorption graphs (at t = 0 h) corresponds to the Si sorbed prior to the pre-equilibration step. 369 
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Error bars correspond to a 5% estimate ICP-OES error, determined from repeated analysis of 370 

standards. 371 

 372 

3.3.2. Surface Se species. Sorption products at the end of the kinetics experiments (reaction 373 

time ≈ 1000 h, except for Siads-MNPs + SeVI where reaction time = 804 h) were characterized by 374 

Se K-edge XANES. 375 

SeIV sorption: Linear combination fits (LCF) analysis of the Se K-edge XANES spectra of the 376 

solid residues from the experiments with SeIV revealed the presence of SeIV and Se0 (Fig. 4, Table 377 

S4). Clearly, as SeIV is adsorbed, it is reduced to elemental Se0 using the electrons generated from 378 

the oxidation of Fe2+ in magnetite; note that reduction by aqueous Fe2+ dissolved from magnetite 379 

can be ruled out (see Table S5). This result suggests that magnetite can immobilize SeIV through 380 

two different mechanisms: surface adsorption and reductive precipitation. In reductive 381 

precipitation processes, FeII-bearing minerals catalyze the reduction of SeIV forming 382 

predominantly Se0, but also Fe selenides (FeSe, and FeSe2) depending on the experimental 383 

conditions.36,37,39,77,78 In adsorption processes, sorbed SeIV may form inner-sphere (FeSeO3) and 384 

outer-sphere (Na2SeO3 electrostatic sorption) complexes.77,79–81 Although SeIV is generally sorbed 385 

by bidentate inner-sphere complexation,78 the exact SeIV solid species in our system are hard to 386 

describe by our XANES measurements. For MNPs, LCF analysis resulted in 24% of Se0 reduced 387 

species and 76% of SeIV unreduced surface complexes (Table S4, Fig. 4b). It is important to note 388 

that, although Mössbauer data (see section 3.1.2) indicated that MNPs are slightly oxidized (15% 389 

maghemite, ~2 maghemite surface layers assuming oxidation at the surface), electron transfer is 390 

still occurring. However, in the presence of Si, the percentage of Se0 in the solid products was 391 

smaller and decreased as the initial Si coverage increased (Table S4, Fig. 4b); indicating that not 392 

only Si hinders the electron transfer between magnetite and SeIV, but also the competition between 393 
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selenite and silicate for the surface sites observed in the kinetic experiments affects the redox 394 

reactivity. 395 

SeVI sorption: The XANES spectra of the solid residues from the experiments with SeVI (Fig. 396 

4a) revealed the presence of SeIV and Se0, indicating that either all SeVI was reduced to SeIV and 397 

Se0; or that adsorbed SeVI is washed away from solids during the filtration and washing procedures 398 

(SeVI is generally presumed to form outer-sphere complexes82). Similarly, Onoguchi et al.37 399 

recently reported the reduction of selenate into selenite and elemental Se0 catalyzed by green rusts 400 

(GR) through two different mechanisms: i) after adsorption (homogeneous redox reaction); and ii) 401 

without adsorption (heterogeneous redox reaction), where dissolved SeVI could be reduced upon 402 

contact with GR. Our attempts to detect SeIV in solution by ionic chromatography (IC) analysis 403 

were not successful, except in one sample; the filtrate fraction from the MNPs + SeVI experiment 404 

after ∼1000 h revealed that ∼2 % of total selenium was SeIV (data not shown). Clearly, at pH 5, 405 

SeIV is strongly sorbed on the positively charged magnetite surface, and indeed constitutes the 406 

dominant solid phase selenium species. LCF analysis results (Table S4, Fig. 4b) indicated that the 407 

relative proportion of total Se present as Se0 was lower when the reaction starts with SeVI than 408 

when the reaction starts with SeIV, indicating that the reduction of selenate to selenite influences 409 

the overall kinetics of selenium reduction. Furthermore, when Siads-MNPs was used as adsorbent, 410 

the percentage of Se0 in the solid product not only was lower than in the absence of Si, as expected; 411 

but also lower than when the reaction starts with SeIV for the same Siads-MNPs adsorbent. This is 412 

a consequence from the sum of two effects: i) the SeVI to SeIV reaction influencing the overall 413 

kinetics of Se reduction; and ii) the higher final [Si]sorbed on the surface of magnetite (1.5 vs. 0.7 414 

Si/nm2 for the reaction starting with selenate and selenite respectively, see section 3.3.1 above) 415 

hindering electron transfer. 416 
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 417 

 418 

Figure 4. a) Se K-edge normalized XANES spectra with LCF results and related Se references 419 

and b) Percentage of Se components normalized to a sum of 100% for SeIV and SeVI sorption 420 

products at the end of the kinetic experiments (reaction time ≈ 1000 h, except for Siads-MNPs + 421 

SeVI where reaction time = 804 h). 422 

 423 
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3.3.3. Kinetics pathways of Se reduction in the presence of silica coatings. 424 

SeVI to SeIV: The first limiting step is the reduction of selenate to selenite. As described above, 425 

this reaction influences the overall kinetics of Se reduction. Furthermore, the lack of competition 426 

with silicate of this reaction results in a final [Si]sorbed 2 times higher than when the reaction starts 427 

with SeIV, hindering further electron transfer. Accordingly, when the reaction starts with selenate, 428 

the reduction to selenite results in a [Se]sorbed that is about half of the [Se]sorbed when the reaction 429 

starts directly with selenite. 430 

SeIV to Se0: Reduction of selenite anions is another step limiting the reaction: as selenite is 431 

adsorbed, it is reduced by surface ferrous iron to Se0 (s). This would imply that the stability of SeIV 432 

inner-sphere surface complexes at the interface is one of the steps limiting the redox reactivity. 433 

Furthermore, the competition between selenite and silicate limits the redox reactivity with the 434 

kinetics slowed down as more silicate is initially introduced. 435 

3.6. Environmental implications. 436 

Magnetite contributes, together with iron(II) rich clay, sulfide and carbonate minerals, to the 437 

total reduction capacity (TRC) of surficial environments (e.g. sediment or geological formations). 438 

TRC is either measured by titration with a strong oxidant, such as permanganate or dichromate, or 439 

computed based on chemical and mineralogical analysis.83 It has been defined as the sum of 440 

reduced species present in the system:6 441 

 TRC = 4Corg + 7S(-I) +8S(-II)+ 8N(-III) + 2Mn(II) + Fe(II) 442 

where S(-I) is attributed to pyrite (content often derived from total S content assuming no other 443 

sulphur species), Mn(II) from the total Mn content (assuming no MnO2) and Fe(II) from the pyrite, 444 

siderite and magnetite contents (Fe(II) in clay fraction often omitted because deemed to be less 445 

reactive). N(-I) and N(-II) are usually neglected. The way to quantify the amount of the ‘active’ 446 
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species in such TRC computations is still a topic of debate: It has been shown that electron transfer 447 

may occur only along specific crystallographic axes,84 and perhaps only through thin non-oxidized 448 

layers of the minerals,29 which would decrease the effective concentration of reactive mineral mass 449 

susceptible of acting in redox reactions. These and other environmental constraints, such as the 450 

presence of a silicate rich insulating surface,5 could also affect quantification of the TRC. Here we 451 

investigated using wet chemistry and spectroscopic methods the redox-catalytic reactivity of 452 

slightly oxidized magnetite nanoparticles (15% maghemite and 85% magnetite, i.e. ~2 maghemite 453 

surface layers) and the effect of silicate adsorption and polymerization on this reactivity. First, we 454 

show that silicate ions are adsorbed, according to FTIR, as monomeric Si surface complexes and 455 

short-chain oligomers, the adsorption following a Langmuir-type isotherm, up to 2 x 10-3 M. This 456 

dissolved Si concentration happens to coincide with the amorphous silica equilibrium 457 

concentration, and a typical concentration found in surface waters.65 Above that concentration, 458 

surface silicate polymers form. Both oligomeric and polymeric surface complexes are shown to be 459 

displaced by selenite anions. Reduction of selenite anions to elemental Se catalyzed by the 460 

nanoparticles appears to be an important step limiting the reaction; in the case of selenate, all 461 

selenate is reduced to selenite before the Se0 (s) precipitates, influencing the overall reduction 462 

kinetics. All these processes seem to take place independently of the silicate coverage, with the 463 

kinetics slowing down as more silicate is initially introduced. A competition between selenite and 464 

silicate seems to be at place, with silicate being desorbed as selenite is adsorbed, that is limiting 465 

nanomagnetite reactivity towards oxyanion contaminants. The observed reduction of selenium 466 

oxyanions, used here as molecular probes, demonstrates that neither a partial oxidation nor a partial 467 

coverage by silica can prevent magnetite particle to be redox reactive. Such findings were also 468 
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observed on electron transfer occurring through the basal plane silicate layer of clay minerals,85,86 469 

and may have important consequences in magnetite driven nanotoxicity.87 470 

 471 
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