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Trace element and organic matter mobility impacted by Fe 3 O 4nanoparticles surface coating within wetland soil

Engineered oxide nanoparticles have appeared as a highly promising tool for soil remediation. However, their behaviour under complex environmental exposures (i.e. in natural soils) remains poorly understood and a relevant issue to complete their risk assessments. Prior using iron oxide nanoparticles in soil remediation scenarios, it is crucial to evaluate their possible role on the release of natural organic matter (NOM) and trace elements (TEs) as a vector of trace elements (TEs) as it could contribute to the contamination of aquifers. This work presents leaching experiments demonstrating the effects of magnetite (i.e. nFe3O4) on TEs and natural organic matter (NOM) transport within an organo-mineral horizon from a natural wetland. nFe3O4 (~10nm) with two different surface compositions (i.e. uncoated and dimercapto-succinic acid (DMSA) coating) were used in the experiments and both forms impacted the mobility of the NOM within the organo-mineral horizon.

The mobility of the coated nFe3O4 within the horizon was higher than the uncoated nFe3O4 and impacted differently the mobility of TEs and NOM. TEs mobility within the horizon increased in presence of uncoated nFe3O4 with a transfer of elements into the colloidal fraction. This distinctive transfer might be explained by interactions between the surface of nanoparticles with NOM. We also suggest that some of the different behaviours observed might be due to the destabilization of the DMSA coating, highlighting the critical importance of understanding the aging processes of nanoparticles under environmental exposures to assess the risks associated with their use in environmental situations.

Environmental statement

"Trace element and organic matter mobility impacted by Fe 3 O 4 -nanoparticles surface coating within wetland soil" by Maya Al-Sid-Cheikh, Mathieu Pédrot, Aline Dia, Mélanie Davranche, Laurent Jeanneau, Patrice Petitjean, Martine Bouhnik-Le Coz, Marc-André Cormier, and Fabien Grasset Most studies investigating iron oxide nanoparticles to remediate soils from pollutants have employed artificial porous materials, overlooking many soil properties and questioning their relevance to fully understand the transport dynamic of iron oxide nanoparticles in natural settings. We investigated the impact of uncoated and coated magnetite nanoparticles on the mobility of TEs and SOM within leaching experiments on a natural wetland soil. While our study is the first to show different impacts of two nanoparticle surfaces on the behaviour of the SOM and TEs in a natural system, we also evidenced that the nFe3O4 surface composition has an impact on the TEs mobility and could also be involved in a transfer of TEs into deeper soil horizon or groundwater.

Introduction

The increasing production of various engineered nanoparticles (ENPs) and their widespread utilization will inevitably result in their release into the environment [1][2][3] . The environmental fate and behaviour of ENPs were thus extensively studied over the last decade. As such, several studies have pointed out diverse biological effects associated with various ENPs 1,4,5 . Nano-sized metal oxides (<100 nm) such as iron oxides provide high surface area and specific affinity for heavy metals and metalloids such as As in aqueous systems 6 . This has raised concerns about their potential to have indirect toxic effects as inorganic pollutant carriers 7 . For instance, the magnetic iron nanoparticles (i.e. nFe3O4, nγFe2O3) attracted much attention for their apparent capacity to trap and remove toxic metals and metalloids from polluted area (e.g. 8,9 ). It is expected that this advantageous property will promote their use, for example, in soil remediation scenarios 6,[START_REF] Carlos | Waste Water -Treatment Technologies and Recent Analytical Developments[END_REF] . Understanding their behaviour and interactions with heavy metals in soils under realistic conditions is therefore essential as their ill-advised utilization could instead contribute to the contamination of aquifers.

The first efforts to understand the behaviour of ENPs in soils focused on transport mechanisms in porous media. As such, several leaching studies have shown that alongside their surface properties (i.e. surface charge and coating), ENPs mobility in porous media is strongly dependent on soil textural properties (i.e. the pore size distribution and pores structure) and physicochemical parameters (i.e. ionic strength, pH, presence of natural organic matter, etc.) [START_REF] Solovitch | [END_REF] . However, most of the studies used artificial porous media with well-defined material such as glass beads 12 , homogeneous quartz 13,14 or sand in column experiments [START_REF] Solovitch | [END_REF]15,16 . Only a few studies investigated the transport of ENPs in natural soils. For instance, the works of Sagee et al. 17 Please do not adjust margins Please do not adjust margins

ENPs. Other studies have highlighted the role of natural organic matter (NOM) in the mobility of several trace elements (TEs) in soils (e.g. Al-Wabel et al. 18 ; Langner et al. 19,20 ). This is consistent with field observations, where a large fraction of TEs is indeed closely associated to NOM and to the colloidal fraction in many natural waters and soils 21 . Unfortunately, as artificial porous media do not exemplify the complete soil complexity, most of the studies cannot really evaluate the possible role of ENPs as a vector of TEs in soils.

An important part of the soil complexity lies on the presence of natural organic and inorganic colloids, which can interact with many elements and thus play a key role in their mobilization. Many TEs can adsorb onto organic-rich colloidal material (i.e. NOM), which can then be sequestrated into the soil forming organo-mineral complex or transferred into ground and surface waters with NOM 22 . For example, it has been shown that radionuclides can be transported to groundwaters by the soil colloids 23 . Also, a strong correlation between organic matter and many transition elements, including Co, Ni, Cu, Pb and Zn has been shown (e.g. 21,24 ). Natural iron colloids such as iron oxyhydroxides have also been shown to carry several TEs including As, Ba, Co, Cr, Cu, Ni, Pb and Zn [START_REF] Buffle | Chemical and Biological Regulation of Aquatic Systems[END_REF] . While nFe3O4 have shown a great adsorption capacity of TEs, their impact on TEs mobility in natural systems, where the presence of natural organic and inorganic colloids also contributes, remains unknown.

Considering the natural role of natural iron oxide colloids on TEs mobility, the high reactivity of nanoparticles, and their potential to outcompete carbon material to adsorb TEs [START_REF] Sharma | [END_REF] , it is critical to understand the fate of nFe3O4 in natural soils to complete their risk assessment.

The aim of the present study was to investigate the effect of nFe3O4 on the mobility of TEs, organic and inorganic colloids in natural soils. Column leaching experiments were thus carried out using a natural soil from a riparian wetland chosen for its high TEs and NOM concentrations as well as for its key role in aquatic environmental systems. Uncoated and dimercaptosuccinic acid (DMSA)-coated nFe3O4s were used. The leaching solutions were analysed by spectrophotometry (for aromaticity), pyrolysis gas-chromatography mass spectrometry (Py-GCMS; for NOM characterization) and inductively coupled plasma mass spectrometry (ICP-MS; for total element concentrations in filtrated and ultrafiltrate fractions). Finally, the soil columns were analysed by micro X-ray fluorescence (µXRF) after the experiments to determine the ENPs distributions within the soil column.

Experimental

Synthesis of nFe3O4

Uncoated iron oxide nanoparticles (i.e. nFe3O4) were prepared using the Massart's method 27 according to Duguet et al. 28 . These preparations include soft chemistry using coprecipitation of the precursor cations FeSO4 S 1 andS 2). The electron crystallography was calculated for four circle diameters and compared to the AMS database.

The coated magnetite nanoparticles (nFe3O4@DMSA) were prepared using a ligand exchange reaction of oleic acid for dimercapto-succinic acid (DMSA) following a reported procedure 29,30 . The particle surface was modified with DMSA to offer free ligand groups for biomolecule conjugation and a negative charge at pH 7 that provides a greater stability in aqueous media 30 . Particles were coagulated from the hydrophobic suspension (50 mg/5 mL) by ethanol addition, centrifugation (2825×g, 10 min) and elimination of the solution.

A mixture of 25 mL toluene and a solution of 90 mg DMSA in 5 mL dimethylsulfoxide (DMSO) were added to the coagulated particles, which were sonicated (5 min) and stirred mechanically (24 h). Solvent was then discarded, precipitated particles washed and centrifuged three times with an ethanol:acetone mixture (50:50 v/v). nFe3O4 coated with DMSA were separated by centrifugation (4000 rpm, 15 min) and washed in Milli-Q water until the washing solutions conductivity were negligible and DOC concentrations below 0.5 ppm. Finally, nanoparticles were dispersed in alkaline water H2O before dispersion at pH 7.

The size distributions for both coated and uncoated nFe3O4 were estimated at 11 ± 3 nm and 9 ± 2 nm, respectively, using TEM and Image J (see Figure S 1).

Column Preparations

A total of 9 columns (i.e. 3 experiments in triplicates) was performed in poly(methyl methacrylate)) (PMMA) pipes with an inner diameter of 4 cm and length of 50 cm. The bottom of each of these columns was trimmed to a wedge to facilitate insertion of PTFE cap. Each cap was equipped of polyethylene filter with a porosity of 100 µm (2F Technologies, France). The packing procedure follows the Organisation for Economic Co-operation and Development (OECD) [START_REF]OECD Guidelines for the Testing of Chemicals[END_REF] protocol guideline 312. The columns were packed with sieved soil (<2 mm) up to a height of approximately 38 cm. To obtain uniform packing, the soil was added to the columns in small portions with a spoon and pressed with a plunger under simultaneous gentle column vibration until the top of the soil column does not further sink.

After packing, the soil columns were pre-wetted with artificial rainwater (5•10 -3 M NaCl) from bottom to top to displace the air in the soil pores by water. Thereafter, the soil columns could equilibrate, and the volumes used to wet the soil column (corresponding to 1 pore volume -PV) were measured by weighing the difference after wetting with ultrapure water with an ionic strength settled at 5•10 -3 M in NaCl.

Leaching Experiments

To produce data comparable to the literature, the OECD protocol was also used during the leaching soil experiments [START_REF]OECD Guidelines for the Testing of Chemicals[END_REF] . A peristaltic pump was used to apply artificial rainwater and the nFe3O4 suspensions at 5 mL•min -1 (i.e. ~0.4 mL•min -1 •cm -2 ). The flow rates were constantly controlled. Three types of experiments were performed with different leaching solutions:

(1) a control experiment with synthetic rain water composed of Milli-Q water with an ionic strength (IS) at 5•10 -3 M NaCl and a pH at ~ 6.5, (2) an experiment with a suspension of uncoated nFe3O4 (IS = 5•10 -3 M NaCl, pH ~ 6.5 and [Fe] ~ 20 mg•L -1 ), and

(3) an experiment with a suspension of nFe3O4@DMSA (IS = 5•10 -3 M NaCl, pH ~ 6.5 and [Fe] ~ 20 mg•L -1 ). Prior each column experiments (i.e. on the same day), nFe3O4 were transferred from gloves box (i.e. nitrogen atmosphere) to a pure water solution (i.e. oxygen atmosphere). The solutions were constantly stirred throughout the leaching experiments. The leaching experiments were performed for 28 h. Only 2 L of water were spiked with both nFe3O4. After the two first litters, synthetic water was used (IS = 5•10 -3 M NaCl, pH ~ 6.5) for the rest of the leaching. The leaching water samples were collected by an Eldex universal fraction collector with an interval time of 10 min per fraction. The initial composition of the leaching solutions for the three exposures are displayed in Table S 5.

Size Fractionation

To evaluate the distribution of TEs and various colloidal pools, the leaching samples were fractionated by size using two cutoffs of 0.22 µm (i.e. <220 nm) and 2 kDa (i.e. <1.6 nm), according to the colloidal phase from 220 nm to 1.6 nm and the 'truly' dissolved fraction below 1.6 nm. The conversion of the molecular weight in nanometre was calculated according Erickson [START_REF] Erickson | [END_REF] :

𝑅 "#$ = 0.066 𝑀 + ,
Where M is the molecular weight in Dalton and Rmin is the minimal radius in nanometre. All collected leached water samples were filtrated (i.e. cut-off of 220 nm, polyether sulfone membrane, Sartorius Minisart). Sampling was settled on the leached volume (pore volume, PV). Twelve samples (S1 to S12) were collected for the 220 nm-fraction (PV ≈ 2, 4, 6, 8, 10, 12, 14, 16, 20, 24, 28, 30). Five samples (i.e. PV ≈ 2, 4, 8, 16 and 30; corresponding to S1, S2, S4, S8 and S12;) were fractionated at 1.6 nm by ultrafiltration cells (15 mL centrifugal tubes, Vivaspin). All analyses were performed on these different fractions (i.e. Corg, total major and trace element concentrations, aromaticity).

Chemical parameters

Redox (Eh) and pH potential were constantly monitored throughout the experiments. The electrodes were calibrated for each experiment with a WTW (Xylem Analytics, Germany) solution for pH (i.e. 4.01 and 7 at 25 °C) and a potential redox buffer standard (i.e. 220 mV).

Micro-XRF analyses

The soil columns were analysed by micro-X-ray fluorescence spectroscopy at CEREGE (Aix-en-Provence, France). The solid soil sample preparation was adapted from Solovitch et al [START_REF] Solovitch | [END_REF] .

Columns containing retained nFe3O4 after the experiments were frozen and cut in vertical sections of 9.5 cm by 2 cm thickness. Laboratory-based micro-X-ray fluorescence (µ-XRF) measurements were done on the samples that were kept frozen using a Pelletier cooled sample holder. Measurements were carried out on a HORIBA XGT -7000 microscope equipped with an X-ray guide tube producing a finely focused and highintensity beam with a 100 µm spot size and a tension of 50 kV. Each 256 x 266 pixels represents 100 µm. Up to 12 scans were produced for each individual sample with a counting time per frame of 2000 s. Spectral data processing was performed with the software Image J.

Dissolved Organic Carbon (DOC) and Aromaticity

DOC was measured with a Total Organic Carbon analyzer (Shimadzu TOC-5050A). The error on the measurements was below 5% and checked for each analysis. SUVA and aromaticity index were determined by UV absorption analyses performed at 254 nm with a Perkin-Elmer spectrophotometer (More details in ESI -Analysis 1).

Pyrolysis -Gas Chromatography -Mass Spectrometry (Py-GC-MS)

Five PVs were selected to assess the molecular composition of NOM during the leaching experiments (S1, S2, S4, S8, and S12). The samples were fractionated using the large Jumbosep® ultrafiltration system (Pall® Life Sciences), a centrifugal device with the smallest cut-off size available for 60-mL samples (3 kDa = 1.8 nm). To meet the mass required for Py-GC-MS analyses (i.e. ~1 mg dw), sample volumes between 100 and 250 mL, according to the DOC concentration, were filtrated. The samples were then frozen at -20°C and lyophilized (More details in ESI -Analysis 2).

Major and trace elements analyses

Total concentrations of major and trace elements for each PV, fraction and cut-off sizes (i.e. <1.6 nm and between 220 and 1.6 nm) were measured on an ICP-MS (Agilent 7700X). Both filtered Please do not adjust margins

Please do not adjust margins samples were directly acidified with nitric acid (HNO3; 14.6 N) at 2% v/v prior to ICP-MS analysis. Calibration curves and accuracy controls were performed following Yéghicheyan et al. 34 and using river water reference material for TEs with a large compositional range (SLRS5, National Research Council of Canada). The total relative uncertainties were around 5%.

Results and discussion

Hydrogen (pH) and Redox (Eh) potential

The pH of the leaching water with nFe3O4 fluctuated between 5.5 and 6.5 (Figure 1a) and should have consequently contributed to the aggregation of the nFe3O4 on the soil surface.

Although the pH drives the surface charge of uncoated particles such as nFe3O4, negative (i.e. 𝐹𝑒𝑂 0 ) and positive (i.e. 𝐹𝑒𝑂𝐻 2 3 )

charges should coexist at the surface of the particles. For instance, the pH of the point of zero charge (pHzpc) of the uncoated nFe3O4 was calculated to be (│pH1+pH2│)/2 = pHZPC = 5.1 ± 0.1 according the model 1 site/2 pK model 35 (see Figure S1), which is slightly lower than the values reported in the literature for Fe3O4: 5.56 36 , 6 37 , 7.1 38 and 7.0 39 . However, considering the 1 site/ 1 pK model 35 , the pHzpc of our uncoated nFe3O4 would be │pK│= pHzpc = 6.70 ± 0.2, which is more consistent with the literature. Therefore, this last value will be used in the present study. According to a measured pHzpc of 6.7 ± 0.2, at pH < pHzpc, the 𝐹𝑒𝑂𝐻 2 3 groups should dominate the 𝐹𝑒𝑂 0 groups (i.e., net surface charge is positive). At pHzpc, the number of 𝐹𝑒𝑂𝐻 2 3 groups should however equal the 𝐹𝑒𝑂 0 groups. Above pHzpc, 𝐹𝑒𝑂 0 groups should dominate (i.e. net surface charge is negative). While the net surface charge of nFe3O4 is pH-dependent, the soil solid phase charges are more stable, and as such, aggregation between the positively charged magnetite particles and the negatively charged soil particles should take place at pH below the pHzpc of nFe3O4 40 .

The pH of the leaching solution with nFe3O4@DMSA varied between 5.0 and 6.5, which should correspond to a more stable condition for the particles. nFe3O4@DMSA have indeed been shown to be stable for months at any pH between 3 and 11 30 , with negative charges in the range of pH = 1 -14 (at pH = 5, Zpotential ~ -35 ± 10 mV) [START_REF] Chen | Colloids Surfaces A Physicochem[END_REF] . Although the interactions of nFe3O4@DMSA with other particles are also strongly dependent on the pH, their coating should nevertheless enhanced their stability due to steric hindrance or combined electrostatic and steric (electrosteric) effects 40 . As such, nFe3O4@DMSA are expected to be more dispersed for a wider range of pH. DMSA monomers are small molecules that have the capacity to complex with iron oxides via their thiol groups (pKaSH= 9.65 et 12.05), which slightly disturbs the structure of the nano-FeO surface and allows a good dispersion of the suspension through the -COO -functions (pkaCOOH = 2.71; 3.43) 42 .

The pH of the leaching solution during the control experiment varied between 4.7 and 5.1, which is ~1 pH unit below the pH of the leaching solution during experiments with both nFe3O4 (i.e. between 5.5 to 6.5 and 5.0 to 6.5 for coated and uncoated, respectively). The higher pH values observed in presence of both nFe3O4 after 10 PVs (t-test, p-values<0.05) might be the consequence of an oxidation of the nFe3O4. Peng et al. 43,44 demonstrated that at pH 6, proton-promoted dissolution yields the release of Fe 2+ (aq) from magnetite nanoparticles, following the equation 1: where the square represents a cationic vacancy due to diffusive migration of iron cations 43,44 . Although the pH values observed during the leaching with both particles are similar, in the 10 first PVs the pH values of the leaching solution observed in presence of nFe3O4@DMSA were lower. This might be due to the DMSA coating potentially slowing down the proton-promoted dissolution reaction at the beginning of the leaching.

Eh values measured during the leaching experiements were between 350 and 457 mV and were relatively constant throughout the experiments. The values observed during the leaching with both coated and uncoated nFe3O4 were between 350 and 440 mV for both coated and uncoated nFe3O4 leaching with, and between 417 and 457 mV mV during the control leaching experiment. Although it is difficult to accuratly assess in the soil matrix, such pH and Eh values (pH = 4.6 -6.5; Eh > 0.3 V) should favour the speciation of iron towards the form Fe 3+ . In summary, while nFe3O4@DMSA particles are expected to be relatively stable, aggregation of uncoated nFe3O4 is expected to occur. The redox potential should also push the speciation of iron to be ionic and potentially release iron from nFe3O4 particles directly in the leaching solution.

Fe behaviour and mobility. Please do not adjust margins

Please do not adjust margins Total iron (Fet, < 220 nm) leached during the experiments showed distinctive patterns (Figure 2a) with total masses of 5.4 ± 0.3, 9.6 ± 3.4 and 21 ± 7.8 mg for the control, uncoated nF3O4, and nFe3O4@DMSA, respectively (Table S 6). The controls showed a relatively constant release of Fet leached during the experiments, while leaching with uncoated nFe3O4 and with nFe3O4@DMSA showed massive released of Fet in the 10 first PVs. Previous studies that have performed such experiments, but using standardized artificial sand columns, described such patterns using the Attachment Efficiency (AE), which has been suggested as an appropriate fate descriptor for transport of engineered nanoparticles (ENPs) in soils 45,46 . The different results for the different nanoparticles that are presented here, highlight however that the complexity of natural soils makes difficult the description of such patterns using a single parameter and that AE should be defined for unique combination of ENP and soil. As such, the transport predictions of ENPs using AE appears unreliable, due to the important number of parameters influencing AE such as the ionic strength, natural organic matter (NOM), soil composition and temperature 46 .

In the columns with uncoated nFe3O4 and nFe3O4@DMSA, respectively, about 87 to 98 % and 71 to 97 % of the leached Fet were leached within the 220 nm to 1.6 nm fraction, suggesting a strong movement of nanoparticles or of natural colloids (Figure 2 b,c,d). The size of the Fet leached during the experiments was relatively constant for the columns with uncoated nFe3O4 with a proportion of 87 to 98 % between 1.6 and 220 nm (Figure 2c). The size of the leached Fet in the columns with nFe3O4@DMSA showed however more difference. A larger proportion of Fet leached in the 10 first PV was below 1.6 nm (between 14 and 29 %, Figure 2d). These distinct patterns might be explained by different retention times for nFe3O4 and nFe3O4@DMSA on the columns. We suggest that the Fet in the size fraction below 1.6 nm released at the beginning of the leaching with nFe3O4@DMSA might be a "dissolved" Fe (i.e Fe 2+ ) released from the oxidation of magnetite to maghemite (as described by equation 1). In presence of nFe3O4@DMSA particles, DMSA might be complexed the Fe 2+ , and leached in the small fraction (< 1.6 nm).

µ-XRF analyses on the first 5 cm of the columns showed very distinct patterns for the controls, the leaching with uncoated nFe3O4, and the leaching with nFe3O4@DMSA (Figure 3). For instance, the results showed an important peak of Fe in columns with nFe3O4 (orange line), while the Fe distribution was more constant for the control leaching (blue line) and the leaching with nFe3O4@DMSA (grey line). Hence, nFe3O4@DMSA seems to have been transported lower in the column, bellow the first 5 cm, by contrast to uncoated nFe3O4, no Fe peak was detected on µ-XRF analyses (grey line). Also, after 1.5 cm the homogenous distribution of Fe of nFe3O4@DMSA show similar amount of Fe than for nFe3O4. The different patterns could be explained by a better transport of nFe3O4@DMSA through the column due to a better stability of the particles improved by the DMSA coating 47,48 . Please do not adjust margins Please do not adjust margins

Organic carbon

DOC measurements have shown distinct total dissolved organic carbon (DOCt, i.e. <220nm, Figure 4) patterns in the different leaching experiments. For instance, the amount of DOCt leached in presence of nFe3O4@DMSA was much higher than in presence of uncoated nFe3O4 or during the control experiment. Specifically, 0.99 ± 4.9 x 10 -2 , 0.54 ± 8.5 x 10 -2 , and 1.7 ± 2.2 x 10 - 2 g of DOC was leached during the control, nFe3O4 and nFe3O4@DMSA leaching experiments, respectively (Table S 6). This suggests an enhanced sequestration of the DOCt in presence of the uncoated nFe3O4, whereas the presence of nFe3O4@DMSA seems, in the contrary, to highly mobilize the DOCt (Figure 4a). As both nFe3O4@DMSA and DOCt are negatively charged, this might be explained by a competition on soil particle sites (positively charged). However, we suggest that a part of this signal is probably also due to the organic coating from the particles itself.

The aromaticity of DOCt during the control experiments increased to reach a stable aromaticity level of about 25 % after 15 PV (Figure 4b). A large proportion (from 60 to 78 %) of the molecules were below 1.6 nm. The aromaticity of DOCt during the leaching experiments with uncoated nFe3O4 was similar to the control experiments, reaching quickly an aromaticity between 20 and 30 % after 3 PV and stayed relatively constant until the end of the leaching (Figure 4b). 53 to 73 % of molecules were below 1.6 nm. By contrast, the leaching experiments with nFe3O4@DMSA show a distinct pattern with a very low aromaticity in the 10 first PV (i.e. below 15 %) reaching about 25 % after the first 12 PV (Figure 4b). Between 60 to 95 % of the molecules were below 1.6 nm. The low aromaticity observed in the leaching experiments with nFe3O4@DMSA might be simply due to a destabilization of the DMSA coating driving the aromaticity down. This is supported by Py-GCMS analyses done on fraction below 1.8 nm, in which DMSA was detected in the 10 first PVs (Figure S 4).

The specific molecular composition of the size fraction below 1.8 nm also suggests that both nFe3O4 had an impact on the movement of the DOC < 1. Please do not adjust margins

Please do not adjust margins fractions (IMW; m/z ≈ 900 Da) are more hydrophilic 50,51 . Such competition should indeed contribute to the leaching of molecules normally bounded to the soil particles. An important amount of DMSA was also detected during the first part (i.e. PV ≈ 1.7, 3.5, and 6.7 of the leaching experiments in presence of coated nFe3O4, suggesting a desorption of the DMSA coating.

TEs dynamics

The analysis of the elemental concentrations during the control leaching experiment (Figure 5, blue bars) showed that all elements in the size fraction between 1.6 and 220 nm were not correlated with the concentration of Fe, while some elements including Cd, Mg, Si, Ca, Sr, Ba and U were correlated with the amount of DOCt (p-values < 0.05, t-test). The introduction of uncoated nFe3O4 (Figure 5 A clear perturbation of TEs behaviour is observed when both types of nFe3O4 are introduced in the system. However, the elemental interactions are clearly different and driven by the surface compositions of the particles. The introduction of uncoated nFe3O4 shows high interactions with almost all elements and might be attributed to a potential adsorption of those elements on the uncoated particles and consequently leading to a sequestration of those elements. The introduction of coated nFe3O4 shows more selective interactions but may still have promoted their mobility in the soil matrix.

TEs sequestration

The amount of TEs leached and monitored throughout the experiments evidenced that the surface composition of nFe3O4 influences the fate (Figure 6) and the behaviour ( Please do not adjust margins Please do not adjust margins during the leaching are given in Figure S 5. For instance, heavy metals (e.g. Cu) and oxyanions (e.g. As) have similar patterns with a stronger leaching during the first 5 PVs. Interestingly, REEs have more distinct patterns, where in presence of nFe3O4@DMSA their leaching is identical to the release of DOC (Figure 4a). We suggest that this is could be due to the complexation of REEs with DOC as often previously evidenced 52 .

Potentially, the leaching of DOC in presence of nFe3O4@DMSA may contribute to carry REEs in the colloidal phase.

Conclusions: Environmental implications

Considering that about 40 mg of Fe were applied to the columns in the form of nFe3O4 during the leaching experiments, our results suggest that a large part of nFe3O4, coated and uncoated, might have been sequestered during the leaching. We suggest that this might be due to an aggregation or sorption mechanisms in contact with soil components as NOM into the soil columns. However, it is likely that such bindings could be broken by longer leaching, change in redox and pH conditions 53 . nFe3O4 are known to be excellent TEs adsorbent and because we observed some TEs leached with different behaviour during the experiments, it is essential to further investigate the change in TEs mobility associated with the nanoparticle coating 54 .

The leaching experiments within natural soil matrix evidenced that the nFe3O4 surface composition -and not only the presence of nFe3O4 -has an impact on the TEs mobility and that the surface composition could be involved in a transfer of TEs into deeper soil horizon or groundwater. In general, we observe a weaker solubilisation of the TEs in presence nanoparticles (i.e. nFe3O4 < nFe3O4@DMSA < control). Importantly, the results also suggest that within a natural soil matrix, nanoparticle surface composition (i.e. coating) can be unstable and potentially having important consequence regarding the TEs mobility interacting with it. Elements such as As, Pb or Fe 2+ could be complexed with eventually destabilized DMSA coating, known to easily complex with those metals in simple matrix (i.e. sand) 55 . Most of column studies pointed out the strong capacity of iron oxides nanoparticles coated (i.e. humic acid) to remove from the soil water toxic metals such as Hg, Pb, Cd, As, or Cu 55 . However, to our knowledge, all these studies used simple matrix such as sand particles. Here, in a natural matrix soil, we observed that elements such as Pb or Cd are contrarily more extensively mobilized during the leaching in presence of nFe3O4. We suggest that these different behaviours might be due to (i) the destabilization of the coating from the coated nFe3O4 that might complex with these TEs and leach more easily in the soil and (ii) the release of natural colloids favouring the mobility of some TEs normally interacting with NOM or natural Fe nanooxides. This highlights that the aging of the nanoparticles is a critical issue concerning the fate of TEs in soil horizons and groundwaters. As such, the life cycle of nanoparticles must be seriously considered regarding the use of iron oxides nanoparticles to remove toxic metals from contaminated soils. A normalized parameter of specific ultraviolet absorbance (SUVA), which is calculated as the ratio between the UVA at a given wavelength and the organic carbon content, has been applied in water chemistry (Traina et al., 1990; Weishaar et al., 2003).

Thus, absorbance at 254 nm was measured to obtained SUVA (specific ultra-violet absorbance, eq. 1) values in according to:

𝑆𝑈𝑉𝐴 = 𝐴 254𝑛𝑚 [𝑂𝐶]
The values of SUVA determined at 254 nm can be used to describe the composition of water in terms of hydrophobicity and hydrophilicity, and SUVA 254 > 4 L mg -1 m -1 indicates mainly hydrophobic and especially aromatic material, whereas SUVA 254 < 3 L mg -1 m -1 represents hydrophilic material (Edzwald et al., 1985).

The values of SUVA 254 were found to be strongly correlated with percent aromaticity for organic matter isolated from aquatic environment (Weishaar et al., 2003) in according to: 𝐴𝑟𝑜𝑚𝑎𝑡𝑖𝑐𝑖𝑡𝑦 = 6.52 × 𝑆𝑈𝑉𝐴 + 3.63

These parameters were used such as an indicator of the chemical composition of the leached NOM.

Analysis 2 Procedure and data treatment for Py-GCMS analysis

Approximately 2 mg of solid residue (lyophilizate) were introduced into an 80 µL aluminum reactor with an excess of solid tetramethylammonium hydroxide (TMAH -ca. 10 mg). The THM reaction was performed on-line using a vertical micro-furnace pyrolyser PZ-2020D (Frontier Laboratories, Japan) operating at 400°C during 1 min. The products of this reaction were injected into a gas chromatograph (GC) GC-2010 (Shimadzu, Japan) equipped with a SLB 5MS capillary column (60 m × 0.25 mm ID, 0.25 µm film thickness) in the split mode. The split ratio was adapted according to the sample and ranged from 10 to 30. The temperature of the transfer line was 321°C and the temperature of the injection port was 310°C. The oven temperature was programmed from an initial temperature of 50°C (held for 2 min) rising to 150°C at 7°C/min, then rising from 150°C to 310°C (held for 20 min) at 4°C/min. Helium was used as the carrier gas, with a flow rate of 1.0 ml/min. Compounds were detected using a QP2010+ mass spectrometer (MS) (Shimadzu, Japan) operating in the full scan mode. The temperature of the transfer line was set at 280°C, and molecules were ionized by electron impact using energy of 70 eV. The temperature of the ionization source was set at 200°C. The list of analyzed compounds and m/z ratios used for their integration are given in the supplementary materials (Table S1). Compounds were identified on the basis of their full-scan mass spectra by comparison with the NIST library and with published data. They were classified into three categories: lignin (LIG) and tannin (TAN) markers, carbohydrates (CAR) and fatty acids (FA). The peak area of the selected m/z for each compound was integrated and corrected by a mass spectra factor (MSF) calculated as the reciprocal of the proportion of the fragment (used for the integration) relating to the entire fragmentogram provided by the NIST library.

LIG were quantified using an internal calibration for 3,4-dimethoxybenzoic acid methyl ester, 3-(4-methoxyphenyl)prop-2-enoic acid, methyl ester and 3,4,5-trimethoxybenzoic acid methyl ester. Dihydrocinnamic acid d9 methyl ester (CDN Isotopes, D5666) was used as an internal standard and was added to the system prior to the THM step (10µL of a 25 ppm solution in methanol). The other LIG and TAN compounds were quantified by assuming that their quantification factors were similar to those of 3,4-dimethoxybenzoic acid methyl ester. For this type of analysis, the relative standard deviation (RSD) represents approximately 10% of the values.

The proportion of each compound class was calculated by dividing the sum of the areas of the compounds in this class by the sum of the peak areas of all analyzed compounds multiplied by 100 in order to express it as a percentage. The use of THM-GC-MS to investigate the temporal variability of the DOM composition meant that it was necessary to assume that the ionization efficiency and matrix effects are equivalent for all analyzed compounds in all samples.

Treatment of molecular data

The classification of molecular markers generated by THM-GC-MS into microbial and plant-derived markers has been performed according to Jeanneau et al. (2014). Briefly, the analyzed compounds were classified as follows. LIG-TAN are characteristic of DOM inherited from plant-derived inputs, whereas CAR and FA can be inherited from both plantderived and microbial sources. The proportion of microbial CAR was calculated using an end-member mixing approach (EMMA) based on the deoxyC6/C5 ratio, assuming that it is 0.5 and 2.0 for plant-derived and microbial inputs, respectively (Rumpel and Dignac, 2006). C6 were not considered since they can derive from the THM of cellulose leading to an increase of the plant-derived C6 signal. The proportion of microbial FA was calculated as the % low molecular weight FA (< C19) by excluding C16:0 and C18:0 that can be inherited from plant-derived or microbial inputs. The microbial FA were composed of C12:0, C13:0, C14:0, C15:0, C17:0, anteiso and iso C15:0 and C17:0, iso C16:0, C16:1 and C18:1 commonly used as bacterial indicators (Frostegård et al., 1993). The proportion of microbial markers was calculated as the sum of the proportion of microbial CAR multiplied by the proportion of CAR plus the proportion of microbial FA multiplied by the proportion of FA. From this value, it is possible to calculate the proportion of plant-derived markers among the analyzed compounds. For this calculation, it is assumed that the modification of the distribution of CAR and FA would only be due to the relative proportion between these plantderived and microbial inputs. Although these assumptions still need to be validated by investigating pure and known mixtures of vegetal and microbial sources, this approach can be used to approximate the proportions of plant-derived and microbial CAR.
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  2 𝑂 + 𝐹𝑒23 (1)

Figure 1 .

 1 Figure 1. a) pH and b) Eh recorded during the leaching experiment at the output of the columns.

Figure 2 . 6 |

 26 a) Total iron leached < 220 nm with in blue the control, orange bare nFe 3 O 4 and grey nFe 3 O 4 @DMSA; b) Size distribution of Fe for the control within the leaching; c). Size distribution of Fe for the nFe 3 O 4 within the leaching; d) Size distribution of Fe for nFe 3 O 4 @DMSA within the leaching; The labelled in the histograms are the Fe mass in mg in each fraction. J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

  8 nm during the leaching experiments. The molecular composition of the control leaching was mostly composed of lignin and carbohydrates in the first part of the leaching and the proportion of fatty acids increased with PVs (Figure S 4). Although carbohydrates and lignin still represent a major part of the DOCt < 1.8 nmleached in presence of uncoated nFe3O4, the proportions of molecular groups are strongly affected. For instance, the contribution of fatty acids (e.g. PV = 17.3 and 31.1, 69 and 36 %, respectively) and small acids (e.g. PV = 7, 33 %) increased importantly (Figure S 4). This support the idea that the surface charge of the uncoated nFe3O4 might compete with other molecules (e.g. carbohydrates and acids) for bonding with the soil particles. In fact, fractionation by molecular weight (MW) may be induced by the sorption of NOM onto iron oxides49 . It seems that high MW fractions (m/z ≈ 1700 Da) are more prone to sorption, while intermediate MW

Figure 4 .

 4 Figure 4. Leaching of (a) amount of organic carbon (Corg) < 220nm and respectively (b) the aromaticity of the Corg during each leaching.

Figure 3 .

 3 Figure 3. Distribution of iron (Fe) in the soil column (solid phase) by µXRF analysis. in Bleu: Control leaching; Orange: uncoated nFe 3 O 4 leaching and Grey: DMSA-coated nFe 3 O 4 leaching

  , orange bars) in the columns changed the behaviour of the elements. A strong correlation between all element (excepted Ca) and Fe concentrations is indeed suggested (p-values < 0.05, t-test). Still in presence of nFe3O4, heavy metals, trivalent, oxyanions (excepted B and Sb) and others (Be, Si) are correlated with the DOCt (p-values < 0.05, ttest). We suggest that nFe3O4 scavenge elements and DOC during the oxidation process of magnetite into maghemite, transporting them into the leaching solution. The introduction of nFe3O4@DMSA (Figure5, grey bars) in the columns suggests more selective effects. Elements such as Mn, Mg, Ca, Sr and Ba are anti-correlated with Fe (p-values < 0.05, t-test). Anticorrelation with DOCt is also observed with Li and As (p-values < 0.05). The data suggests that other oxyanions, heavy metals and elements are only weakly anticorrelated with the DOCt.

Figure S 5 Figure 6 .

 56 Figure 6. Total amount of TEs leached at the end of the experiments; following Figure 5, a) and b) refers to "others" TEs, c) and d) trivalent elements; e and f) oxyanions, g) heavy metals and h) Th and U. Blue bars represent the control experiment, orange bars the experiment in presence of nFe3O4 and grey bars the experiment in presence of nFe3O4@DMSA. Numbers with different letters are significantly different (p<0.05).

Figure 5 .

 5 Figure 5. square R correlation of trace element concentrations below 0.22nm with (a) iron concentration, (b) dissolved organic carbon. Blue bars are control leaching, grey nFe 3 O 4 @DMSA leaching and orange are pristine nFe 3 O 4 leaching. P-values are like follow: * p<0.05, ** p<0.01, *** p<0.0001, **** p<0.0001.

Figure S 1 .

 1 Figure S 1. TEM images of uncoated and DMSA coated nano-Fe 3 O 4 (a) uncoated and (b) coated, respectively. C) Characterization of pH zpc of uncoated nFe 3 O 4 according to Bourikas, et al. (2003), called differential potentiometric titration (DPT) for uncoated nano-Fe 3 O 4 . Three replicates were performed called nano-Fe 3 O 4 _a, nano-Fe 3 O 4 _b and nano-Fe 3 O 4 _c.

2 Figure S 2 .Figure S 3 .Figure S 4 .

 2234 Figure S 2. XRD images from a) uncoated nFe 3 O 4 and b) coated nFe 3 O 4 with d-spacing calculated for the four first circles (i.e. green dot) and the comparison with AMS database gives magnetite crystallography structure, with h k l: 4 0 0.

Figure S5 .

 S5 Figure S5. Mass leached < 200 nm of copper (cu), Arsenic (As), Aluminum (Al), Uranium (U), Strontium (Sr) and Rare Earth Elements (REE) during each leaching.

  

  

  

  mol L -1 ) under vigorous stirring for about 30 min. A black precipitate of magnetite was formed. The precipitate was isolated by decantation on a magnet, separated by centrifugation (4000 rpm), washed in acetone, and dispersed in pure water. The nFe3O4 washing step was repeated three times.

	The nFe3O4s were kept in water solution and stored in a gloves
	box under nitrogen atmosphere to avoid oxidation. nFe3O4
	characterizations (i.e. Transmission Electronic Microscopy
	(TEM), electronic diffraction image, trace elements and pHzpc)
	can be found in Supporting Information (Figures S 1 and S 2,
	Tables

•4H2O (99 %, Aldrich) and Fe(NO3)3•6H2O (99 %, Acros) (Fe 2+ /Fe 3+ = 1/2) in distilled water. The mixture was dropped into 200 mL of NaOH solution

(2 

Table S1 . Magnetite AMS sheet from Haavik C, Stolen S, Fjellvag H, Hanfland M, Hausermann D, American Mineralogist 85 (2000) 514-523, Equation of state of magnetite and its high-pressure modification: Thermodynamics of the Fe-O system at high pressure (database: # amcsd 0002411). http://serc.carleton.edu/

 S1 

	2-THETA	INTENSITY	D-SPACING	H K L Multiplicity
	18.77	8.68	4.728	1 1 1	8
	30.88	28.49	2.8953	2 2 0	12
	36.39	100	2.4691	3 1 1	24
	38.07	8.6	2.364	2 2 2	8
	44.24	19.65	2.0473	4 0 0	6
	54.93	9.09	1.6716	4 2 2	24
	58.57	5.95	1.576	3 3 3	8
	58.57	24.11	1.576	5 1 1	24
	64.35	38.84	1.4476	4 4 0	12
	73.08	3.19	1.2948	6 2 0	24
	76.24	8.1	1.2488	5 3 3	24
	77.28	3.87	1.2346	6 2 2	24
	81.42	2.41	1.182	4 4 4	8
	89.57	3.51	1.0943	6 4 2	48
	18.77	8.68	4.728	1 1 1	8
	30.88	28.49	2.8953	2 2 0	12
	Cell parameters: 8.1891; 8.1891; 8.1891; 90.000; 90.000; 90.000; Space group: Fd3m; X-ray wavelength:
	1.541838; MAX. ABS. Intensity / Volume**2: 97.1243910		

Table S3 . Key properties of soil grain size mixtures A

 S3 

	Soil	Air dry	SOM	CEC (meq/100	pH soil	Nitrogen	C/N	Sand	Silt	Clay
	fraction	moisture (%)	(%)	g)		(g/kg)		(%)	(%)	(%)
	A	3.2	8.5	20.4	5.0	4.5	11	9.9	69.2	20.9

Table S 4. Element analysis of the soil fraction A.

 S 

	Element ppm Element ppm	Element	%
	As	7.3	Nb	10.5	SiO 2	61.5
	Ba	406.3	Nd	24.7	Al 2 O 3	11.6
	Be	1.7	Ni	32.0	Fe 2 O 3	3.6
	Bi	0.2	Pb	23.2	MnO	0.04
	Cd	0.3	Pr	6.1	MgO	0.9
	Ce	55.4	Rb	66.8	CaO	0.5
	Co	9.5	Sc	11.8	Na 2 O	0.9
	Cr	82.8	Sb	0.9	K 2 O	1.8
	Cs	4.3	Sm	5.0	TiO 2	0.7
	Cu	21.0	Sn	3.0	P 2 O 5	0.2
	Dy	4.3	Sr	59.3	PF	18.0
	Er	2.5	Ta	0.9	Total	99.6
	Eu	1.0	Tb	0.7		
	Ga	14.8	Th	7.8		
	Gd	4.4	Tm	0.4		
	Ge	1.4	U	2.7		
	Hf	6.8	V	77.5		
	Ho	0.9	W	1.6		
	In	< L.D.	Y	24.1		
	La	26.1	Yb	2.6		
	Lu	0.4	Zn	76.3		
	Mo	0.7	Zr	269.9		

Table S5 . Initial composition of the leaching solution for three exposures and the triplicates. L.D is limit of detection.

 S5 

			Leaching solution				Column parameters	
	# ID	C org	Fe	pH	T	d	Flow rate PV	m soil	H	Fe 2 O 3 Fe
		(mg L -1 )	(mg L -1 )		°C (g cm -1 ) (mL min -1 ) mL	g	cm	g
	Blank a	0.06	<L.D.	6.5	20	0.58 5.21 ± 0.3 300	275 37.5	9.9 3.5
	Blank b	0.03	<L.D.	6.5	20	0.61 5.25 ± 0.4 294 292.6	38	10.5 3.7
	Blank c	0.02	<L.D.	6.5	20	0.59 5.09 ±0.2 284 276.9 37.5	10.0 3.5
	nFe 3 O 4 a	0.21 39.8±1.2	6.5	20	0.6 5.17 ± 0.5 295 285.9	38	10.3 3.6
	nFe 3 O 4 b	0.18 41.1±0.9	6.5	20	0.59 5.42 ± 0.3 294 281.3	38	10.1 3.5
	nFe 3 O 4 c	0.23 38.6±0.7	6.5	20	0.61 5.07 ± 0.3 324 290.4	38	10.5 3.7
	nFe 3 O 4 @DMSA a	305.7 41.3±0.8	6.5	20	0.57 5.4 ± 0.2	308	270	38	9.7 3.4
	nFe 3 O 4 @DMSA b	287.9 38.9±1.1	6.5	20	0.56 5.8 ± 0.5	300	268	38	9.6 3.4
	nFe 3 O 4 @DMSA c	300.5 40.6±1.0	6.5	20	0.54 5.2 ± 0.3	320	258	38	9.3 3.2

Table S6 . Total amount of dissolved organic carbon and iron < 220nm during the soil leaching experiments.

 S6 

	Analysis 1 SUVA and Aromaticity treatment					
	Avg PV	s.d.		DOC	s.d.	Fe (ug)	s.d.
				(mg)			
	Control-S1	1.2	0.078	131.3	11.5	468.0	46.2
	Control-S2	2.6	0.202	174.6	28.4	566.5	65.4
	Control-S3	3.9	0.222	92.5	11.6	499.5	1.8
	Control-S4	5.2	0.189	81.2	14.6	561.6	34.7
	Control-S5	7.0	0.280	62.1	4.7	440.0	14.0
	Control-S6	8.8	0.437	74.2	6.2	554.3	38.2
	Control-S7	10.7	0.549	69.1	8.7	493.9	64.3
	Control-S8	13.0	0.611	54.4	6.7	315.9	32.2
	Control-S9	15.9	0.688	65.6	4.2	291.8	16.5
	Control-S10	18.8	0.764	61.2	7.8	295.0	26.2
	Control-S11	21.3	0.869	68.7	5.5	412.5	34.8
	Control-S12	23.5	0.962	57.5	2.9	456.3	32.4
	Total			992.5	113.1	5355.3	406.7
	nFe 3 O 4 -S1	1.8	0.09	138.72	56.07	694.42	166.88
	nFe 3 O 4 -S2	3.5	0.07	97.22	13.82	1182.35	372.96
	nFe 3 O 4 -S3	5.4	0.37	62.47	20.35	668.31	271.27
	nFe 3 O 4 -S4	7.0	0.22	34.52	2.25	357.37	41.26
	nFe 3 O 4 -S5	9.4	0.24	30.48	4.55	174.15	50.78
	nFe 3 O 4 -S6	12.0	0.21	22.45	1.43	110.14	2.09
	nFe 3 O 4 -S7	14.4	0.49	18.83	0.49	112.09	16.99
	nFe 3 O 4 -S8	17.3	0.41	20.71	4.11	89.19	50.32
	nFe 3 O 4 -S9	20.6	0.50	24.37	0.87	79.02	27.78
	nFe 3 O 4 -S10	24.4	0.83	30.42	5.06	93.44	37.32
	nFe 3 O 4 -S11	27.8	0.83	29.22	2.57	120.30	9.35
	nFe 3 O 4 -S12	31.1	0.72	27.07	1.68	161.87	23.22
	Total			536.5	113.2	3842.6	1070.2
	nFe 3 O 4 @DMSA-S1	1.7	0.05	160.3	21.2	1228.7	151.2
	nFe 3 O 4 @DMSA-S2	3.5	0.10	242.4	54.5	2836.1	526.5
	nFe 3 O 4 @DMSA-S3	5.1	0.07	259.7	78.5	4177.7	512.8
	nFe 3 O 4 @DMSA-S4	6.8	0.14	257.8	81.9	3541.2	605.3
	nFe 3 O 4 @DMSA-S5	8.6	0.20	193.7	62.4	1681.1	180.3
	nFe 3 O 4 @DMSA-S6	11.4	0.46	104.4	29.3	884.2	173.2
	nFe 3 O 4 @DMSA-S7	13.8	0.49	46.9	12.5	874.4	241.9
	nFe 3 O 4 @DMSA-S8	16.2	0.55	56.9	13.4	998.1	334.9
	nFe 3 O 4 @DMSA-S9	19.4	0.75	84.9	15.1	1088.6	388.3
	nFe 3 O 4 @DMSA-S10	22.6	0.95	105.6	19.2	1130.6	419.4
	nFe 3 O 4 @DMSA-S11	25.8	1.09	104.4	25.6	1316.1	505.9
	nFe 3 O 4 @DMSA-S12	29.2	1.3	131.0	36.0	1274.5	487.8
	Total			1748.0	449.5	21031.3	4527.6

This journal is © The Royal Society of Chemistry 20xx
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