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ARTICLE INFO ABSTRACT

Editorial handling by Prof. M. Kersten Magnetite nanoparticles are a promising cost-effective material for the remediation of polluted wastewaters. Due

to their magnetic properties and their high adsorption and reduction potential, they are particularly suitable for

Keywords: the decontamination of oxyanion-forming contaminants, including the highly mobile selenium oxyanions sele-
selenite nite and selenate. However, little is known how the remediation efficiency of magnetite nanoparticles in field
selenate applications is affected by partial oxidation and the formation of magnetite/maghemite phases. Here we char-
(S):E]Ia\lglons acterize the retention mechanisms and capacity of partially oxidized nanoparticulate magnetite for selenite and
Se(VI) selenate in an oxic system at different pH conditions and ionic strengths. Data from adsorption experiments
iron oxides showed that retention of selenate is extremely limited except for acidic conditions and strongly influenced by
maghemite competing chloride anions, indicating outer-sphere adsorption. By contrast, although selenite adsorption ca-
adsorption pacity of oxidized magnetite is also adversely affected by increasing pH, considerable selenite quantities are
immobilization retained even at alkaline conditions. Using spectroscopic analyses (XPS, XAFS), both mononuclear edge-sharing
retention (%E) and binuclear corner-sharing (°C) inner-sphere selenite surface complexes were detected, while reduction to
XPS Se(0) or Se(-II) species could be excluded. Under favourable adsorption conditions, up to ~pH 8, the affinity of
x;is selenite to form 2C surface complexes is higher, whereas at alkaline pH values and less favourable adsorption
EXAFS conditions 2E complexes become more dominant. Our results demonstrate that magnetite can be used as a

suitable reactant for the immobilization of selenite in remediation applications, even under (sub)oxic conditions
and without the involvement of reduction processes.

1. Introduction

Selenium (Se) pollution of soils, sediments and waters is a global
phenomenon. Although Se is a naturally occurring trace element, the
major cause of Se release and contamination are human activities such
as coal production and combustion, phosphate and sulphide-ore mining,
metal processing, oil refining, waste disposal or agricultural irrigation
(Dhillon and Dhillon, 2003; Lemly, 2004; Tan et al., 2016). Additionally,
Se occurs in vitrified high-level nuclear waste (HLW) in the form of the
long-lived, harmful radionuclide 7°Se and plays a major role in the
long-term safety assessment of HLW repositories (Bingham et al., 2011;
De Canniere et al., 2010; Frechou et al., 2007).

In aquatic systems, Se levels can rapidly become toxic endangering

* Corresponding author.
E-mail address: nicolas.boersig@kit.edu (N. Borsig).

not only the health of aquatic organisms but also of other beings,
including humans, due to bioaccumulation in the food chain (Lenz and
Lens, 2009; Munier-Lamy et al., 2007). Mobility and bioavailability of Se
in water is mainly controlled by its solubility and retention through
biogeochemical processes (Dhillon and Dhillon, 2003; Fernandez-Mar-
tinez and Charlet, 2009), which are largely determined by the prevailing
Se oxidation state and speciation (Fig. 1a). Under reducing conditions,
Se forms sparingly soluble minerals and compounds, primarily
elemental selenium (Se®) and metal selenides (Se(-I) and Se(-ID)
(Fig. S1). Under (sub)oxic conditions, however, inorganic Se occurs in
the oxidation state Se(IV) and Se(VI) as highly soluble and mobile
oxyanions selenite (SeO%’) and selenate (SeO%’). Both selenite and sele-
nate can appear in protonated or deprotonated form, depending on the
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solution pH (Fig. 1b).

A key factor controlling the fate of dissolved Se oxyanions in aquatic
environments is sorption on geological materials. Of special relevance in
this context are metal (hydr)oxides and particularly iron (hydr)oxides
due to their high affinity towards oxyanion-forming pollutants such as
Se, As, Sb, V, Mo or Cr (Borsig et al., 2017; Chan et al., 2009; Nakamaru
and Altansuvd, 2014; Weidner and Ciesielczyk, 2019). Besides adsorp-
tion, reduction of oxyanions to less soluble compounds is an important
abiotic immobilization process (Kirsch et al., 2008; Scheinost et al.,
2008; Wilkin et al., 2005), driven by Fel or by Fe(Il)-bearing iron (hydr)
oxides, yet depends strongly on the prevailing redox conditions.

Magnetite [Fe3O4] is one of the most widespread iron (hydr)oxide
minerals in nature and is also known as a sink for dissolved oxyanions
due to its high adsorption and reduction potential. Due to these
properties and its magnetic character, the use of magnetite is considered
in various in situ and ex situ environmental remediation approaches,
including wastewater treatment or soil remediation (Kuppusamy
et al., 2016; Usman et al., 2018). Particularly for decontamination
of wastewaters based on removal of hazardous oxyanions by
nanoremediation, nanoparticulate magnetite is a promising
cost-effective material (Chowdhury and Yanful, 2010; Horst et al., 2015;
Li et al., 2017), as shown by several previous studies (Jordan et al.,
2009; Loyo et al., 2008; Martinez et al., 2006; Missana et al., 2009;
Scheinost and Charlet, 2008; Usman et al., 2018).

For field applications, however, it must be taken into account that
reactivity and capacity of a remediation material is highly dependent on
its stability under various environmental conditions. This applies in
particularly for redox- and pH-sensitive minerals such as magnetite and
other reduced or mixed-valent iron minerals like zerovalent iron (ZVI)
and green rust (Borsig et al., 2018; Génin et al., 2006; Liu et al., 2014;
Mu et al., 2017). A common phenomenon for magnetite is thereby the
transformation into maghemite [y-Fe;Os] in (sub)oxic environments
(Fig. S1) due to partial or complete oxidation (Iyengar et al., 2014; Li
et al., 2019; Rebodos and Vikesland, 2010).

4 Fe"Fe)' Oy + 0, — 6 y-Fe)' Oy

Maghemite is the Fe(II)-free oxidation product of magnetite and
since it has the same spinel crystal structure as magnetite, both minerals
represent the end members of a solid solution series (Gorski and Scherer,
2010; Iwatsuki and Fukasawa, 1993). Oxidation of magnetite generally
results in the formation of a maghemite surface layer. However, while
this maghemite layer can protect the bulk of the underlying magnetite
from further oxidation for larger sized (non-nano) particles,

nanoparticulate magnetite is more vulnerable to oxidation (He and
Traina, 2005; Khan et al., 2015; Rebodos and Vikesland, 2010). In this
case, oxidation can lead to significant amounts of maghemite in the
near-surface region (core-shell structure) or even to complete trans-
formation (Kuhn et al., 2002; Sharifi Dehsari et al., 2018; Signorini et al.,
2003).

In order to assess the efficiency of magnetite for remediation mea-
sures, it is therefore important to know to what extent oxidation and
formation of a mixed magnetite/maghemite phase (non-stoichiometric
magnetite) affects the retention of pollutants in (sub)oxic systems,
particularly in terms of the specific mechanisms. The aim of this paper
was therefore to characterize the retention efficiency of partially
oxidized magnetite with respect to dissolved Se oxyanions under oxic
conditions. Although a respectable number of studies have dealt with
the capacity of Se oxyanion retention by magnetite in the context of
wastewater treatment or HLW disposal (Gonzalez et al., 2010; Jordan
etal., 2009; S. S. Kim et al., 2012; Martinez et al., 2006; Verbinnen et al.,
2013; Wei et al., 2012), studies investigating the sorption mechanisms at
the molecular level are rather rare (Loyo et al., 2008; Missana et al.,
2009). Besides, there is to our knowledge no publication dealing with
the retention of selenium oxyanions specifically on partially oxidized
magnetite nanoparticles as they would occur in (sub)oxic wastewater
treatment applications. In this study, we examined the interaction of
selenite and selenate with pre-oxidized magnetite in adsorption exper-
iments at various hydrochemical conditions, including pH and ionic
strength. By using hydrochemical data and a combination of solids an-
alyses, we were able to determine the Se retention capacity and stability
as well as the involved immobilization mechanisms.

2. Materials and methods
2.1. Synthesis of magnetite

Magnetite (Mt) was synthesized in the laboratory by progressively
oxidizing an aqueous Fe?' solution under alkaline pH conditions
(Fig. S2). A detailed description of the synthesis procedure, sample
preparation, and characterization of the final product can be found in
Borsig et al. (2018). In short, 5 g FeCl, « 4H,0 were dissolved in 500 ml
No-degassed Milli-Q water. After adding 55 mL 1 M KOH and 25 mL 1 M
NaHCOs solution, the pH value of the solution increased and blueish
green coloured iron(II) hydroxide precipitated (Table S1). Continuous
stirring resulted in the progressive oxidation of the initial anoxic system
by atmospheric oxygen, causing the transformation of iron(II) hydroxide
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into black magnetite within 48 h. With approximately 2 g of magnetite
formed, the mass to volume ratio (m/V) during synthesis was about 3.4
g/L and the final pH was around 9.2. After synthesis, the magnetite
phase was decanted, centrifuged and washed three times with Milli-Q
water. After drying at 40 °C for 48 h, the synthesized particles were
gently ground with an agate mortar to avoid altering the particle sur-
faces before they were stored for analysis and adsorption experiments.

2.2. Adsorption experiments

Adsorption of selenite and selenate on pre-oxidized magnetite was
studied in batch experiments under oxic conditions. The experimental
setup was almost identical to the conditions at the end of the magnetite
synthesis. To investigate selenite and selenate adsorption as a function of
the Se concentrations, 50 ml 0.01 M KCl solution that contained distinct
volumes of Se stock solution was added to 170.0 mg of washed
magnetite powder (m/V ratio 3.4 g/L). The Se stock solutions were
prepared by dissolving defined quantities of NaySeOs or NaySeOy4 «
10H20 in Nj-degassed Milli-Q water. The added volumes were
calculated to obtain initial selenite or selenate concentrations of 107> -
1072 mol/L. KCl was used as background electrolyte since also the
original synthesis took place in such conditions and to simulate solutions
with higher ionic strengths. After mixing, the pH was adjusted to 9.2 by
dropwise addition of KOH solution. The 50 mL flasks were sealed and
constantly shaken for 48 h to ensure that adsorption equilibrium was
achieved (pre-study and comparable studies (Duc et al., 2003; Matulova
et al., 2019; Su and Suarez, 2000) showed fast reaction kinetics with less
than 1 h to reach equilibrium). Due to the strong buffering capacity of
magnetite, pH was checked after 24 and 45 h and if necessary readjusted
to pH 9.2. Afterwards, the residual Se concentration in solution was
analysed and the solids were dried at 40 °C both with and without prior
washing.

In addition, similar batch experiments were carried out to study
the influence of pH and ionic strength. While selenite or selenate
concentration was kept constant (1 o4 mol/L), different ionic strengths
of 0.01 M KCl or 0.14 M KCl were tested and pH values were adjusted in
the range of 2-14 using either HCl or KOH solution.

2.3. Analytical techniques

Dissolved Se and Fe concentrations were determined by Inductively-
Coupled Plasma Optical Emission Spectrometry (ICP-OES; Varian 715-
ES) or Inductively-Coupled Plasma Mass Spectrometry (ICP-MS; X-Se-
ries 2, Thermo Fisher Scientific Inc.) depending on the solution con-
centrations. X-Ray Diffraction (XRD) for analysis of the phase
composition was performed on a Bruker D8 Advance X-ray diffractom-
eter (Cu Ka). The total Se content of solid phases was determined by
polarized Energy Dispersive X-ray Fluorescence Spectroscopy (pEDXRF)
with an Epsilon 5 (PANalytical). Electron microscopy with Energy
Dispersive X-ray Spectroscopy (EDX) was used to characterize the solid
phases. Images were recorded using a LEO 1530 (Zeiss Inc.) Scanning
Electron Microscope (SEM) with a NORAN System SIX (Thermo Electron
Corp.) EDX-System. To examine oxidation states and to identify
elemental composition of the surface area, X-ray Photoelectron Spec-
troscopy (XPS) measurements were performed using a PHI 5000 Ver-
saProbe II (ULVAC-PHI, Inc.). Detailed information about measurement
parameters, sample preparation, and data evaluation are described in
the supplementary data (SD).

X-ray absorption spectroscopy was carried out on selected samples to
identify the Se oxidation state, coordination as well as the molecular
short-range structure. Se K-edge X-ray Absorption Fine Structure (XAFS)
spectra were collected at the Rossendorf Beamline (ROBL) at ESRF
(Grenoble, France). Measurement parameters and sample preparation
are described in detail in the SD. Fluorescence deadtime correction,
energy calibration and averaging of scans was performed with the
software package SixPack (www.sams-xrays.com/sixpack), while

normalization and extraction of the EXAFS chi function was performed
with the software WinXAS according to standard procedures (Ressler,
1998). The k>-weighted EXAFS data were fit using theoretical
back-scattering amplitudes and phase shifts calculated with FEFF 8.2
(Ankudinov and Rehr, 1997). Statistical analysis of spectra was
performed with the ITFA program package (Rossberg et al., 2003).
Spectra of Se reference samples were taken from Scheinost and Charlet
(2008).

3. Results and discussion
3.1. Characterization of synthesized magnetite

XRD analysis of the synthesis product proved the formation of
magnetite [Fe3O4] without evidence for the presence of maghemite
according to Kim et al. (2012) or other additional phases. According to
SEM characterization, the magnetite consisted of aggregated particles
with an individual particle size of about 50 nm. A specific surface area of
32 m?/g was determined by BET analysis, consistent with literature
values (Cornell and Schwertmann, 2003; Salazar Camacho and Villalo-
bos Penalosa, 2017). XPS analysis and evaluation of the Fe 2p3,, spectra
after Huber et al. (2012), however, showed that the Fe(Il) to Feq ratio
was only 0.14 (+£5 % standard deviation) at the surface and therefore
lower than the expected ratio of 0.33 for stoichiometric Fe304. Note that
the information depth of the Fe 2p3/, elemental line of magnetite was
calculated with 2.2 nm (see SD). This indicated that the synthesized
magnetite was partially oxidized and that the near-surface region of the
particles consists of both magnetite and maghemite.

3.2. Selenium adsorption capacity of partially oxidized magnetite

Fig. 2a shows the adsorption capacity of partially oxidized magnetite
for selenite and selenate under oxic conditions as a function of pH and
ionic strength. The results demonstrate that the adsorption behaviour is
primarily affected by the Se species. Selenate is only immobilized under
extreme acidic conditions and even the data points for pH 2 are in the
range of the adsorption edge. Contrary to selenate, the entire initial
selenite amount is immobilized at low pH (<pH 5) and the adsorption
edge extends over a wide pH range from weakly acidic to alkaline (pH
6-11) conditions. Furthermore, while the adsorption edge of selenate
shifts towards lower pH values (~1.5 pH unit) in the presence of higher
KCI concentrations, retention of selenite is not affected by higher ionic
strengths. The analysis of the residual Fe and Se concentration as a
function of solution pH (Fig. S3) further showed significantly increasing
Fe concentrations at <pH 4, indicating incipient dissolution of magne-
tite at low pH values. The Se retention behaviour is however not affected
by this process due to the high positive surface charge of the remaining
magnetite at acidic conditions. Moreover, the impact of ionic strength
can also be seen in Fig. 2b, which shows the distribution coefficient (Kq)
as a function of the selenite equilibrium concentration at pH 9.2. With
increasing concentrations of dissolved Se, log Kq values decrease
steadily but are identical for both ionic strengths. The absolute K4 values
are furthermore quite high (log K4: 3.2-1.2 L/kg) and correspond to Se
surface coverages in the range of 0.05-2.5 at/nmZ Unlike selenite,
adsorption of selenate was too low to obtain reliable K4 data at pH 9.2.

The observed adsorption behaviour is consistent with the literature.
Adsorption capacities of iron (hydr)oxides for anions such as selenite
and selenate decrease with increasing pH as the amount of positively
charged surface groups declines by deprotonation. Since in particular
the single-protonated Se species (HSeO3 and HSeOy) interact with the
hydroxyl groups on the iron (hydr)oxide surface (Kim et al., 2012;
Martinez et al., 2006), the position of the adsorption edges also
correlates with the pH-dependent distribution of those species in
solution (Fig. 1). However, even at alkaline conditions of >pH 10, where
the particle surface is negatively charged, considerable amounts of
selenite are adsorbed. (Although actual PZC values generally depend on
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Fig. 2. (a) Selenite and selenate adsorption on magnetite (Mt) depending on pH and ionic strength (IS) at initial Se concentrations of 10 * mol/L. (b) Uptake of

selenite by magnetite at pH 9.2 as a function of the Se equilibrium concentration.

numerous factors such as particle size, ionic strength, adsorption of ions,
or the presence of coatings, the reported PZC values by Hu et al. (2010),
Kosmulski (2020), and Milonji¢ et al. (1983) for both magnetite
and maghemite range maximally to ~pH 8.1). Responsible for this
immobilization is the specific adsorption of selenite resulting in the
formation of inner-sphere surface complexes (Jordan et al., 2009; Kim
et al.,, 2012; Loyo et al., 2008; Martinez et al., 2006). Due to this
inner-sphere selenite adsorption, large distribution coefficients as well
as high Se surface coverages of up to 2.5 at/nm? can be observed even at
pH 9.2. Such values were found not only for magnetite (Kim et al., 2012)
but also for hematite and goethite (Borsig et al., 2017; Duc et al., 2003;
Rovira et al., 2008; Su and Suarez, 2000). In addition, formation
of inner-sphere complexes explains why selenite adsorption is not
dependent on the ionic strength. By contrast, selenate primarily forms
outer-sphere adsorption complexes in contact with iron (hydr)oxides
(Hayes et al., 1987; Jordan et al., 2013; Rietra et al., 2001). This would
explain the almost non-existent adsorption at higher pH values as well as
the negative impact of higher ionic strengths as both parameters cause
unfavourable adsorption conditions due to decreasing positive surface
charges and competition effects.

When interpreting these adsorption data, it must be taken into
account that the used magnetite phase was partly oxidized to maghemite
in its near-surface region under the prevailing oxic conditions. However,
the comparison of Se adsorption studies on magnetite and maghemite
reveals that both minerals behave very much alike. The adsorption
capacity of both maghemite and magnetite is similar in terms of its
dependence on Se speciation, pH or ionic strength (Jordan et al, 2013,
2014). Also maghemite exhibits fast Se adsorption kinetics, with Se(IV)
adsorption occurring at neutral and even alkaline conditions, whereas
adsorption of Se(VI) is limited to <pH 7. Moreover, while Se(IV)
adsorption is not affected by ionic strength, higher background
electrolyte concentrations result in decreased adsorption and a shift of
the adsorption edge (1-2 pH units) for Se(VI). Interesting is also that
several previous Se adsorption studies on magnetite led to similar results
regardless of whether the experiments were performed under oxic
(Martinez et al., 2006) or anoxic conditions (Jordan et al., 2009; Kim
et al., 2012; Loyo et al., 2008). In comparative studies Missana et al.
(2009) proved that no differences in terms of selenite sorption occurred
under oxic and anoxic conditions. Furthermore, it is not always docu-
mented to what extent the synthesized, industrially-produced or natural
magnetite tested in the above-mentioned sorption studies might also
have been affected by a partial oxidation into maghemite. In contrast,
magnetite synthesized under well controlled, anoxic conditions proved
to be a very effective reducer for selenite (Scheinost et al., 2008;
Scheinost and Charlet, 2008).

3.3. Effects of selenium adsorption on the properties of the solid phase

To assess the impact of selenite or selenate adsorption on the
properties of the magnetite phase, selected samples from adsorption
experiments were characterized by various solids analysis methods. A
detailed description and evaluation of these analyses can be found in the
SD Chapter 3.2. In short, XRD and SEM/EDX analyses demonstrated that
neither the mineralogical composition (Fig. S4) nor the morphology
(Fig. S5) of the initial magnetite nanoparticles was affected by the
adsorption of selenite or selenate. EDXRF data (Table S2) and SEM/EDX
analysis (Fig. S5), however, proved that the examined solid samples
contained significant Se quantities after adsorption, whose proportions
depend on the initial Se speciation and concentration. For a solid sample
from the selenite system, with a relatively high total Se amount of 4200
ppm, the oxidation state of this Se proportion was identified by XPS as
Se(IV) (Table S3), demonstrating that retention of selenite is not
accompanied by a redox change.

Furthermore, XPS analysis and the comparison of the Fe(I)/Feota)
ratio of solids before and after adsorption of selenite or selenate yielded
comparable results (Table S3). The observation that the oxidation of
magnetite to maghemite is not progressing significantly during the oxic
adsorption experiments can be explained by the formation of an initial
maghemite oxidation layer that slows down aerial oxidation of the un-
derlying magnetite core (He and Traina, 2005; Khan et al., 2015;
Rebodos and Vikesland, 2010).

3.4. Characterization of the adsorption complexes

Se K-edge XAFS analysis was used to characterize the oxidation state
(XANES) as well as the local structure (EXAFS) of the immobilized Se.
For this purpose, magnetite samples from selenite or selenate adsorption
experiments conducted at pH 4, 7, and 9.2 were analysed in order to
investigate the influence of pH on the sorption mechanism.

Unfortunately, even at pH 4, selenate sorption on magnetite was too
low to be analysed by XAFS spectroscopy. A determination of the
specific adsorption mechanisms was therefore not possible in case of the
selenate system. Generally, the low selenate retention capacity in
combination with the negative impact of higher ionic strengths and pH
values generally points to the formation of outer-sphere adsorption
complexes. That selenate oxyanions form primarily outer-sphere
complexes in contact to iron (hydr)oxides was previously shown for
maghemite (Jordan et al., 2013) and hematite (Borsig et al., 2017) by
XAFS, as well as by SCM for magnetite (Martinez et al., 2006). It should
be noted, however, that the observed dependency on ionic strength and
pH alone is not an unambiguous characteristic in favour of an
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outer-sphere selenate adsorption (Su and Suarez, 2000).

Unlike the samples from the selenate systems, the selenite samples
had taken up enough Se to be analysed by XAFS analysis. Fig. 3 shows
the Se K-edge XANES spectra of the analysed samples from the selenite
system together with reference spectra of Se(IV) (Na;SeOs solution) and
Se(0) (grey elemental Se) compounds. For all three samples, the
adsorption edge exactly matches that of the Se(IV) reference spectra
(12.660 keV), indicating that the initial tetravalent oxidation state
remained unchanged. Furthermore, a statistical analysis of the spectra
using the ITFA software package (Rossberg et al., 2003) showed that the
three sample spectra contained only one spectral component commen-
surate with Se(IV), and not with any other Se oxidation state tested (Se
(VI), Se(0), Se(-II)). Hence, contributions from these latter oxidation
states are smaller than 5 % (Charlet et al., 2007). XANES data are thus in
line with the XPS results which showed that the adsorption processes
caused neither selenite reduction nor oxidation. An immobilization due
to selenite reduction and formation of sparingly soluble reduced Se
compounds such as elemental Se or selenide minerals can therefore be
excluded not only at alkaline but also at acidic pH conditions. It is
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Fig. 3. Se K-edge XANES spectra of Se references and magnetite samples from
selenite adsorption studies performed at different pH; c(Se)o: 10 * mol/L.

known that in anoxic systems reduction of selenite oxyanions by Fe
(ID)-bearing minerals like magnetite is generally possible (Borsig et al.,
2018; Scheinost et al., 2008; Scheinost and Charlet, 2008). However,
even in an anoxic environment, selenite reduction does not inevitably
take place, as other selenite-magnetite adsorption studies have proven
(Jordan et al., 2009; Loyo et al., 2008; Missana et al., 2009). The exact
reasons for this are unclear, but several possible explanations have been
discussed in previous studies. According to Loyo et al. (2008), one
reason could be the slow reaction time of the selenite reduction process.
However, a direct comparison of the reaction times used in the
above-mentioned studies, ranging from a few hours to 30 days, is
difficult because of the partially different experimental setups (i.e. initial
Se concentrations, magnetite amounts, pH, presence of secondary ions,
etc.). For this reason, the reaction time must rather be seen in relation to
the respective mineral surface coverage and reduction kinetics. Ac-
cording to Missana et al. (2009), reduction of selenite oxyanions is only
possible if the selenite surface coverage of the corresponding Fe
(II)-bearing mineral phase is relatively low, as high coverages slow
down electron transfer processes. This theory, however, has not yet been
experimentally proven. Furthermore, the presence or absence of Se
reduction processes could be affected by the specific Fe(II)/Fe(III) ratio
of the magnetite phase, since the magnetite stoichiometry strongly in-
fluences its physicochemical properties, including sorption capacity and
reduction potential (Gorski and Scherer, 2010). Higher Fe(Il) fractions
have a positive impact on the reduction potential of magnetite, which
was proven in sorption studies with uranium (Latta et al., 2012) and
neptunium (Wylie et al., 2016), among others.

To identify the specific adsorption type, the samples were analysed
by Se K-edge EXAFS spectroscopy (Fig. 4a and b). The k3-weighted
spectra were fit with a FEFF 8.2 file generated with the crystallographic
structure of mandarinoite (Fe3(SeO3)3 « 6H20, CIF 0005198, Hawthorne
(1984)). For all three selenite sorption samples, the phase shift uncor-
rected EXAFS Fourier transforms (FT) are dominated by a strong peak at
1.35 A. Responsible for this peak is the oxygen coordination shell. The fit
of this shell using a single scattering Se-O path resulted in coordination
number (CN) of 2.8 and atomic distances of 1.70-1.71 A (Table 1),
consistent with the tetravalent oxidation state and the unchanged
pyramidal-shaped molecular structure of the selenite oxyanion. Beyond
the oxygen coordination shell, a small double peak arises in the range
2.3-3.5 A, with the relative ratio of the two peaks changing with pH: for
the sample representing acidic conditions [Se(IV)AdsMt-pH4], the
right-side peak at 2.9 A dominates, whereas under alkaline conditions
[Se(IV)AdsMt-pH9.2] the left-side peak at 2.6 A becomes more pro-
nounced. In addition, the peak intensities at alkaline pH are generally
lower than for acidic conditions. The peaks could be fitted with two
individual single scattering Se-Fe paths, providing between 0.3 and 0.9
Fe atoms at an atomic distance of 2.90-2.93 f\, and 0.4-0.9 Fe atoms at
an atomic distance of 3.37-3.40 A (Table 1). Note that the Debye-Waller
factors of both Se-Fe paths were kept correlated, to achieve satisfactory
fitting of those peaks as well as to minimize the number of unknown
parameters. The graphical representation of the fit results can be found
in Fig. S6.

Although the necessity for such relatively small coordination
numbers may be questioned at first due to their inevitably larger error,
the use of two scattering paths was required to achieve stable fitting
results. Contrary to this, the use of only one Se-Fe path or a mixture of
Se-Fe and Se-O paths led to poor fitting results (Fig. S7). Furthermore,
data of other studies (Jordan et al., 2014; Missana et al., 2009) as well as
the results of principal component analysis (see Chapter 3.5) support
this assumption.

The occurrence of Fe atoms in the second shell indicate an inner-
sphere bonding between the selenite oxyanion and the mineral sur-
face. The shorter Fe shell with a distance of 2.90-2.93 A points to the
formation of a bidentate mononuclear edge-sharing %E arrangement. As
shown in Fig. 5a, 2E adsorption complexes are characterized by two
oxygen atoms of the selenite molecule simultaneously forming the edge
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Fig. 4. (a, b) Se K-edge EXAFS spectra of magnetite samples from selenite adsorption studies performed at different pH values (blue lines) and their reconstruction by
two factors (red lines). (c) Varimax loadings of the two factors. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

Table 1

Se-K XANES edge energies and EXAFS fit results of selenite-magnetite adsorption samples (S3 = 0.9).

Oxygen shell

Iron shells

Sample Eo [keV] CN? R[A] o> [A%]¢ CN R [A] o> [A?%] AE, [eV] Yres [%]

Se(IV)AdsMt-pH4 12.6600 2.8 o) 1.70 0.0019 0.9 Fe 2.93 0.0093" 14.8 12,5
1.7 Fe 3.40 0.0093¢

Se(IV)AdsMt-pH7 12.6595 2.8 o) 1.70 0.0018 0.5 Fe 2.93 0.0048° 15.4 13.4
0.6 Fe 3.39 0.0048°

Se(IV)AdsMt-pH9 12.6596 2.8 o) 1.71 0.0017 0.3 Fe 2.90 0.0030° 15.7 14.6
0.4 Fe 3.37 0.0030°

2 correlated o2,

b CN: coordination number, error +25 %.
¢ R: radial distance, error +0.01 A
d 52 Debye-Waller factor, error +0.0005 A2

of an FeOg octahedron on the iron (hydr)oxide surface. The longer Fe
shell, on the other hand, represents bidentate binuclear corner-sharing
2c adsorption complexes, where one adsorbed selenite molecule is
attached to two FeOg octahedra (Fig. 5b). That interaction of selenite
oxyanions with iron (hydr)oxides can cause the (simultaneous) forma-
tion of these types of inner-sphere adsorption complexes, was also
demonstrated by several previous studies (Borsig et al., 2017; Hayes
et al., 1987; Hiemstra et al., 2007; Jordan et al., 2014; Kalaitzidou et al.,
2019; Manceau and Charlet, 1994; Missana et al., 2009).

According to the EXAFS result, other types of sorption or retention
mechanisms can be largely excluded. For instance, Missana et al. (2009)
reported formation of a discrete ferric selenite phase like Fey(SeO3)3 «
6H,0 at pH 4. This would result in higher Fe coordination numbers as
well as in the presence of additional Se backscatter atoms, which are
both missing in our EXAFS data. However, the slightly increased iron
coordination numbers of the pH 4 sample could indicate an incipient
surface precipitation of ferric selenite in addition to inner-sphere
selenite adsorption under acidic conditions, which has also been
reported for selenite adsorption on ferrihydrite at low pH (Francisco
et al.,, 2018). Also the formation of monodentate mononuclear
corner-sharing 'V complexes, which can arise for instance during the
adsorption of As-oxyanions (arsenate or arsenite) on magnetite or
maghemite can be ruled out (Morin et al., 2008; Navarathna et al., 2019;
Zhang et al., 2011), since structural features in the EXAFS FT range
beyond 3.5 A are absent. Furthermore, we could exclude the presence of
tridentate hexanuclear corner-sharing 3C complexes, that have been
shown to form with the oxyanions arsenite (Liu et al., 2015; Wang et al.,

2008) and antimonite (Kirsch et al., 2008) at the {111} faces of
magnetite, since backscatterer atoms at higher atomic distances are
absent. This assumption is supported by results of previous studies, in
which also no hints for selenite 'V or 3C adsorption complexes on
magnetite or maghemite have been found (Jordan et al., 2014; Missana
et al., 2009). Jordan et al. (2014) explain this different behaviour of
selenite compared to arsenite or antimonite by the different sizes of
these trigonal pyramidal oxyanion molecules.

3.5. Properties and stability of the selenite surface complexes

Based on XAFS data, interaction of dissolved selenite with magnetite
under oxic conditions leads to the simultaneous formation of 2E and 2C
adsorption complexes. Which types of adsorption complexes develop on
a particular material generally depends on the prevailing hydrochemical
conditions and the structural and morphological properties of the
adsorbent phase. This can be explained by the atomic structure and
features of specific crystal surfaces. Due to the distinct arrangement of
functional surface groups or, respectively, adsorption sites, certain types
of adsorption complexes occur mainly on certain crystal surfaces. Since
the affinity of an adsorbate for certain adsorption sites is determined
among other things by its general surface coverage (Fukushi and
Sverjensky, 2007; Peak and Sparks, 2002), which in turn is influenced by
the pH value, different crystal surfaces show different reactivities
depending on the degree of coverage or pH. Additionally, it must be
considered that depending on the morphology of the nanoparticles, the
exposed crystal faces may also vary. For oxyanion adsorption on
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Fig. 5. Model showing the structure of (a) 2E and (b) %C adsorption complexes
between selenite molecules and FeOg octahedra.

magnetite and maghemite, formation of 2C adsorption complexes is
mainly associated with the {100} crystal surface, while the °E complexes
are related to the {110} or {111} facets (Jonsson and Sherman, 2008;
Jordan et al., 2014; Liu et al., 2015; Navarathna et al., 2019; Wang et al,
2008, 2011).

Changing selenite adsorption types depending on solution pH were
determined by EXAFS analysis for both magnetite (Missana et al., 2009)
and maghemite (Jordan et al., 2014). The respective results indicate that
2F and 2C selenite adsorption complexes appear simultaneously at acidic
conditions or at high surface coverages, respectively, with the
corner-sharing %C complexes being dominant. With increasing pH values

or decreasing surface coverages, the share of 2C complexes tends to
decrease and at alkaline conditions (>pH 8) only edge-sharing 2E
adsorption complexes occur. However, the authors of both studies noted
that the evaluation of EXAFS data for such samples is quite difficult. Due
to the small coordination numbers, especially at neutral or alkaline
conditions, identification of the adsorption complexes as well as deter-
mination of their relative shares becomes more and more challenging.
This challenge also arises for the EXAFS data of this work. Particularly
the samples at pH 7 and pH 9.2 are characterized by small Fe coordi-
nation numbers, which makes it difficult to estimate their relative
fractions.

We therefore performed a statistical analysis of the EXAFS spectra
with Iterative Transformation Factor Analysis (ITFA) (Rossberg et al.,
2003). ITFA allows determining the number of principal components
(PC) and their respective factor loadings (Rossberg et al., 2009;
Yalcintas et al., 2016). Fig. 4a and b illustrates the good match between
the experimental spectra (black) and their reconstructions (red lines) by
two PC. The ITFA thus confirms that two individual spectral components
are needed to characterize the EXAFS spectra of all three adsorption
samples.

Moreover, the corresponding Varimax factor loadings (Fig. 4c) show
that the sample at pH 4 is solely dominated by PC 1, whereas PC 2
primarily represents selenite adsorption under alkaline conditions.
Based on the previous observations and the findings of Missana et al.
(2009) and Jordan et al. (2014), these results can be interpreted in a way
that the different factor loadings are associated with a varying distri-
bution of 2E and 2C surface adsorption complexes. Accordingly, PC 1
reflects a combination of °E and 2C adsorption complexes with a higher
proportion of corner-sharing 2C complexes, while PC 2 represents a
mixture of both complexation types with a higher share of E complexes.
Under neutral or slightly alkaline conditions, both adsorption types
would thus occur in approximately equal proportions, which is consis-
tent with the factor loading of sample Se(IV)AdsMt-pH?7.

The dependency of the complexation type from the pH value can
basically be interpreted that increasing pH values and a higher negative
surface charge cause a change in stability and thus in the predominance
of certain selenite adsorption complexes. Under favourable adsorption
conditions, the affinity of selenite oxyanions to form corner-sharing 2C
complexes is generally higher than for edge-sharing 2E complexes,
leading to a quantitative predominance of the 2C complexes over a wide
pH range. However, at more alkaline conditions, which are generally
unfavourable for selenite adsorption, the 2E complexes become more
stable. This effect, which could be explained by the higher selectivity of
2F sites for selenite, leads to a significant increase in the proportion of 2E
over 2C complexes, although the absolute amount of adsorbed selenite
decreases with increasing pH.

3.6. Environmental and technical application

Evidence of significant adsorption-based Se retention despite the
lack of reduction contributes to understanding the retention behaviour
of Se oxyanions in contact with nanoparticulate magnetite/maghemite
phases in (sub)oxic environments. This scenario can be applied to
various systems affected by Se contaminated groundwater and waste-
water. Since magnetite occurs naturally in soil and sediments or can be
derived via microbial pathways (Usman et al., 2018), adsorption of Se
and other oxyanions on partially oxidized magnetite can be relevant for
assessing contaminant fate in natural systems. This natural attenuation
particularly concerns polluted oxic aquifers (e.g. Red River Delta,
Vietnam; Kontny et al., 2021). Nevertheless, in natural environments,
also the adverse influence of microbial processes must be considered,
which can significantly reduce long-term retention of adsorbed Se
oxyanions due to the formation of mobile and even volatile organic
species (Peitzsch et al., 2010).

Other potential applications include in situ remediation techniques
such as Se removal from wastewater using permeable reactive barrier
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(PRB) technologies. In engineered PRB systems, a reactive medium is
introduced into the subsurface to passively remove contaminants
without additional treatment. Magnetite nanoparticles are not only a
promising source material, but also a main corrosion product of
(nanoscale) zero-valent iron (ZVI), which is often used for treating both
inorganic and organic pollutants (Karn et al., 2009; Morrison et al.,
2002; Roh et al., 2000). The adsorption-based retention described above
could thus be of interest for settings where Se immobilization by
reductive precipitation is not possible or inhibited (oxic conditions) or
where the originally applied reactive material (e.g. ZVI) has lost its
reducing ability. However, with respect to the stability of retention, the
difference between Se reduction and precipitation of insoluble Se phases
and formation of surface complexes has to be considered. This concerns
in particular the unclear long-term stability of Se oxyanion surface
complexes due to possible desorption caused by high pH, presence of
competing anions or DOC, or reductive dissolution of the magnetite
(Henderson and Demond, 2007; Su et al., 2007). In addition, colloidal
transport of Se-loaded magnetite nanoparticles in flowing groundwater
could affect Se mobility and prevent Se from remaining at the remedi-
ation site.

Affordable and easy-to-produce nanoparticles are also widely
researched and used for ex situ or technical wastewater treatment ap-
plications. Among these, magnetite has emerged as suitable material due
to its high reactivity combined with its magnetic properties (Carlos
et al., 2013; Giraldo et al., 2013; Lankathilaka et al., 2021). The latter
allows controlled use and easy separation after application (Yavuz et al.,
2006). Based on our results, the addition of synthesized magnetite
nanoparticles for remediation of contaminated wastewaters should also
work with partially oxidized magnetite particles after oxidation or under
oxic operating conditions, and not only under anoxic conditions causing
Se reduction. Depending on the particular scenario, the total retention
capacity would then even be defined by both redox transformation and
adsorption processes. As for other materials, however, this approach
would raise the question of whether exhausted magnetite can be re-
generated and reactivated, e.g. through controlled desorption, or how
the resulting contaminated magnetite sludges can be properly disposed
of after their application.

A further relevant aspect of the demonstrated Se retention by
adsorption is that surface complexation modeling can be applied to
predict Se migration and optimize wastewater treatment in case of en-
vironments where reduction processes do not occur.

4. Conclusion

When redox-sensitive materials are considered to prevent the
migration of pollutants, it must be taken into account that the retention
properties of these materials can change considerably in natural envi-
ronments. This study demonstrates that magnetite nanoparticles can
effectively remediate selenite and selenate contaminated wastewaters
even if they are partially oxidized. However, the retention requires
suitable hydrochemical conditions, which mainly concern the prevailing
pH and the corresponding selenium speciation. While retention of
selenate only takes place at acidic conditions, selenite is immobilized
over a large pH range. No reduction processes were involved in the
immobilization. The specific retention mechanism is attributable to the
formation of surface adsorption complexes. A mixture of mononuclear
edge-sharing (°E) and binuclear corner-sharing (*C) inner-sphere com-
plexes in case of selenite and most likely outer-sphere surface complexes
in case of selenate. It was found that both types of inner-sphere selenite
complexes have different affinities and stabilities depending on the so-
lution pH.

Regarding the assessment of the remediation efficiency of oxidized
magnetite, the results show that the mechanisms of selenate and sele-
nate adsorption are comparable to the findings from previous adsorption
studies on pure maghemite. Accordingly, in systems where no reduction
takes place, partially oxidized magnetite nanoparticles can

approximately be considered as a maghemite-like adsorbent phase.
These findings help to better understand the retention behaviour of se-
lenium oxyanions in contact with nanoparticulate magnetite/maghe-
mite phases under (sub)oxic conditions and could be used in modeling
the migration of selenium oxyanions in natural and engineered systems.
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1 Redox sensitivity of iron and selenium in aqueous solutions
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Figure S1. Pourbaix diagrams of the Fe-Se-H20 system at 25°C and 1 atm; Fer: 10* mol/L; Ser: 10 mol/L.
(a) Eh-pH diagram for iron considering the iron oxide minerals magnetite [Fes04] and maghemite
[y-Fe20s]. (b) Eh-pH diagram for selenium taking into account different solid Fe and Se phases.
Diagrams calculated with PHREEQC (USGS) using an adapted wateq4f database; thermodynamic Se
data: aquatic species from Séby et al. (2001), solid phases from Salah and Wang (2014).

2 Detailed information about synthesis and analytical techniques

2.1 Magnetite synthesis
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Figure S2. Schematic illustration of the magnetite synthesis process based on the by progressive oxidation of
an aquatic Fe?* solution and the subsequent sample treatment.



Table S1: Protocol of the pH history during the magnetite synthesis; all solutions used were prepared with N2-
degassed Milli-Q water.

Synthesis step pH Temp [°C] 02 (%) 0, (mg/L)
59 FeCly - 4 H:0 (5 g) + 500 mL HzO 3.4 24.7

Addition:  +55mL 1 MKOH 8.2 25.1

Addition:  +25 mL 1 M NaHCO; 8.6 25.1 1.4 0.17

Time: after 48 hours 9.2 24.9 87.8 7.15

Reaction product: Black precipitate

2.2 ICP-OES and ICP-MS

After centrifugation and filtration (0.2 pm filter), all supernatants were acidified with
concentrated high-purity HNOj3 (50 puL). The Se and Fe concentrations in the aqueous phase were
determined by ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry) or ICP-
MS (Inductively Coupled Plasma Mass Spectrometry) depending on the Se concentrations: For
amounts higher than 1 mg/L, measurements were performed on ICP-OES using a Varian 715ES.
Analysis of samples with lower Se concentrations were carried out on an X-Series 2 ICP-MS

(Thermo Fisher Scientific Inc.).

In case of ICP-MS analysis collision cell mode was used to eliminate polyatomic clusters, and Se
and Fe isotopes (m/z: 76, 77, 78 for Se; 56 for Fe) without spectroscopic interferences were
selected for detection. #Sc, 13Rh, and '°In were used as internal standards to minimize non-
spectroscopic interferences. This includes the correction of signal changes caused by high ionic

strength in some of the sample matrices.

The ICP-MS detection limits were approx. 0.3 pg/L for both Se and Fe, while the ICP-OES
detection limit for Fe was approx. 12 pg/L. Throughout the analyses of both ICP methods, a

certified reference solution was used as standard.

23 XRD

X-Ray Diffraction (XRD) was used for analysis of the purity and composition of the synthesized
solid materials and performed on a Bruker D8 Advance X-ray diffractometer with Cu Ko
radiation (A = 1.5406 A) and a LynxEye detector. Magnetite samples (reaction time: 48 h) were
prepared from powders. XRD patterns of the analysed samples were compared with mineral

references of the ICDD PDF-2 database.

2.4 BET

BET measurements were conducted on pure magnetite as well as on its precursor phase using a
Quantachrome Autosorb 1-MP and 11-point BET-argon isotherms recorded at the temperature

of liquid argon (87.3K) to calculate the specific surface areas (SSA). Prior to the measurement,
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the sample were outgassed in vacuum at 95°C overnight to remove water and other volatile
surface contaminations. Note that the sample drying might has changed the characteristics of

the solid phase in case of the redox-sensitive magnetite precursor phase.

2.5 pEDXRF

The Se content of the solid phases was determined by polarized Energy Dispersive X-ray
Fluorescence Spectroscopy (pEDXRF) using an Epsilon 5 (PANalytical) equipped with a W X-
ray tube and a Ge detector. A Mo target was selected as polarizing secondary target and the
measurement period was 500 s, resulting in a lower detection limit for Se of 10 ppm and an
analytical precision of + 5%. Prepared standards consisting of mixtures of synthesized pure
hematite and known amounts of a Se reference material (pure Se(0) powder or certified Se

reference solution) were utilized for calibration.

2.6 SEM & EDX

SEM images were obtained using a LEO 1530 (Zeiss Inc.) scanning electron microscope
(operated at 10 kV) with a NORAN System SIX (Thermo Electron Corp.) EDX-System. The
dried powder samples (reaction time: 48 h) were coated with Pt after they were mounted on
sample holders via double-sided carbon tape. Increased levels of C and Pt in EDX spectra are

due to the characteristics of the sample holders and the Pt coating of the samples.

2.7 XPS

XPS measurements were performed using a PHI 5000 VersaProbe II (ULVAC-PHI Inc.). The
system was equipped with a scanning microprobe X-ray source (monochromatic Al Ko,
1486.7 €V) in combination with an electron flood gun and a floating ion gun generating low-
energy electrons (1 eV) and low energy argon ions (6 eV) for charge compensation at isolating
samples (dual beam technique), respectively. Calibration of the binding energy scale of the
spectrometer was performed using the well-established binding energies of elemental lines of
pure metals (monochromatic Al Ka: Cu 2ps32 at 932.62 eV, Au 4f72 at 83.96 eV (Seah et al.,
1998). O1s (a-Fe304) at 530.0 eV or O1s (OH) at 531.2 eV were used as charge reference for the
analysed samples (Moulder et al., 1995). Error of binding energies of elemental lines is estimated
to + 0.2 eV. Samples were moved without air contact from the anoxic glovebox into the XP

spectrometer by means of a transfer vessel (ULVAC-PHI Inc.). Data analysis was performed

using ULVAC-PHI MultiPak program, version 9.9.

XPS analysis enabled the determination of the Fe(Il)/Fetotal ratio at the mineral surface. This
evaluation method is described in Huber et al. (2012) and is based on a comparison between the

Fe 2ps/2 spectra of a sample and a freshly prepared magnetite reference. The information depth
4



(95% of signal) of the Fe 2ps3/2 elemental line is 2.2 nm for magnetite and 2.8 nm for maghemite,
calculated by the CS2 equation of Cumpson and Seah (1997) taking in account a photoelectron
take-off angle of 45°.

2.8 XAFS

For X-ray Absorption Near-Edge Structure (XANES) and Extended X-ray Absorption Fine-
Structure (EXAFS) analysis at Rossendorf Beamline (ROBL) at ESRF, a 13 element high-purity
germanium detector (Canberra) with digital signal processing (XIA) for fluorescence detection
was used. The monochromator energy was calibrated with a gold foil (K-edge at 11,919 eV)
because of its greater inertness and hence reliability in comparison to elemental Se. During the
sample preparation, small amounts of Se-bearing magnetite powders were placed in sample
holders and sealed with Kapton® tape. Spectra were collected at 15 K using a closed cycle He
cryostat with a large fluorescence exit window and a low vibration level (CryoVac) in order to

avoid photon-induced redox reactions.

The evaluation of the XAFS data, including dead time correction of the fluorescence signal,
energy calibration and the averaging of single scans were performed with the software package

SixPack (www.sams-xrays.com/sixpack). Normalization, transformation from energy into k

space, and subtraction of a spline background was performed with WinXAS using routine

procedures (Ressler, 1998).

3 Results

3.1 Magnetite adsorption capacity for selenite and selenate depending on pH
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Figure S3. Residual (a) Fe and (b) Se concentrations after selenite or selenate adsorption on partially oxidized
magnetite as a function of the solution pH; c(Se)o = 10 mol/L = 8 mg/L, lonic strength (IS) = 0.01 or
0.14 mol/L KCI.



3.2 Characterisation of magnetite samples from selenite and selenate adsorption
studies by solids analyses

To investigate the effects of selenite or selenate adsorption on the properties of the magnetite
phase, selected samples from adsorption experiments were also characterized by various solids
analysis methods. Table S1 shows the main hydrochemical data of four adsorption experiments
together with results from solids analysis. The investigated samples came from selenite or
selenate adsorption experiments, which were conducted at initial concentrations of 10~ mol/L

or 5 x 1073 mol/L.

Table S2: Equilibrium concentrations of Fe and Se, Se removal (in % and log K4) and mineral composition (Mt:
magnetite) of selected samples with different initial Se amounts; *’c(Se)o = “X” x 10~2 mol/L.

speggtion Sample Mineral®  Se® pH°® c(Fe)q  c(Se)o  c(Seeq sorbig a logKs
[ppm] [mol/L] [mol/L] [mol/L] [%] [mol/m?] [L/kg]

1 - Mt (initial) @ Mt bl 8.9 7.96E-07 - - - - -
2 Se(IV) Se(IV)AdsMt! Mt 2900 9.2 4.63E-06 1.00E-03 8.49E-04 15.4 1.42E-06 1.73
3 Se(lV) Se(IV)AdsMt® Mt 4200 9.2 bdl 5.02E-03 4.70E-03 6.4 2.93E-06 1.30
4 Se(VI) Se(VI)AdsMt! Mt 730 9.1 bdl 1.02E-03 1.01E-03 1.1 1.01E-07 0.50
5 Se(VI) Se(VI)AdsMt® Mt 120 9.1 bdl 5.11E-03 4.98E-03 2.6 1.24E-06 0.90

aMineral composition (by XRD). ® Se content of the solid phase (by EDXRF). ¢final pH after experiment. ¢ Mt after synthesis

EDXREF data are in line with the results of the calculated Se uptake by hydrochemical data. They
show that interaction with selenite causes higher absolute Se shares than selenate, although the
total Se content of all analysed samples is overall very low. Even at relatively high initial selenite
concentrations of 5 x 1073 mol/L, the maximum Se content only amounted to approx. 0.42 wt.%

in the corresponding sample.

XRD analysis furthermore demonstrated that the mineralogical composition of the initial
magnetite phase was not affected by the adsorption of selenite or selenate respectively. XRD

plots are all identical and no changes of the original magnetite peaks are discernible (Figure S4).
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Figure S4. XRD results of magnetite samples from selenite and selenate adsorption studies. Initial Se
concentrations: X" ¢(Se)o="X" - 10 mol/L.

Besides XRD analysis, solid samples from each Se system - selenite or selenate - were also
characterised by SEM/EDX. SEM images of two samples together with their corresponding EDX
analysis are shown in Figure S5. The comparison of both images with the initial magnetite phase
after synthesis (see Borsig et al., 2018) indicates that neither adsorption of selenate nor selenite
has an influence on the morphology of the solid phase. All samples consisted only of aggregated
magnetite particles with a size of about 50 nm. Indications for the presence of additional mineral
phases could not be found. However, it must be noted that due to the limited adsorption capacity
of magnetite at pH 9.2, which results in low total Se contents, it is questionable whether

mineralogical changes could be identified by XRD or SEM analysis.
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Figure S5. SEM/EDX results of magnetite samples from selenite and selenate adsorption studies; c(Se)o =5 x
10-% mol/L. EDX spectra shows the result of bulk analysis.

In order to gain more information about the chemical composition, the samples were also
characterised by XPS (Table S2). XPS results confirmed the previous finding according to which
the adsorption samples hardly differ from the original, Se-free magnetite. Like the original
magnetite, the near-surface region of the unwashed adsorption samples mainly consists of Fe
and O together with smaller amounts of C, Cl, K, and Na. The latter points to adsorption of
dissolved ionic species such as Cl" or HCO3™ or their precipitation as salts. Regarding the
Fe(Il)/Feotal ratio of these samples, with values of 0.10-0.11 (+ 5%), the remaining Fe(II) content
after adsorption is only slightly lower than for the magnetite phase directly after synthesis (0.14).
This illustrates that despite the constant oxic conditions during the adsorption process, the
oxidation of magnetite into maghemite, which already occurred shortly after the magnetite
synthesis, is not progressing significantly. The maghemite formed in the near-surface region of
the particles, which already occurred shortly after the mineral synthesis, thus, seems to act as a
passivating layer that prevents the magnetite from further aerial oxidation. Such a process was
also described in previous studies on magnetite oxidation (He and Traina, 2005; Khan et al.,

2015; Rebodos and Vikesland, 2010).



Like the SEM/EDX analysis, XPS data furthermore proved that the solid sample from the

selenite system contained small amounts of Se (~0.8 at% Se at initial selenite concentrations of

5 x 1073 mol/L). By analysing the binding energies of its spectral lines, the oxidation state of this

Se proportion was identified as Se(IV). This demonstrates that the Se retention mechanism is

not accompanied by a change of the Se oxidation state. Due to the low uptake at pH 9.2, the

sample of the selenate system on the other hand contained too little Se to be analysed via XPS.

Table S3. XPS results of magnetite samples from selenite and selenate adsorption studies as well as pure

magnetite reference (all unwashed): Atomic concentrations (at%) of main elements; Binding

energies in eV. X" ¢(Se)o = "X"-10° mol/L; ¥ pure magnetite from Borsig et al. (2018).

Sample C N o Na Cl K Fe Se Fe(ll)/Feo [%]
Magnetite (pure)* 9.5 0.6 53.1 1.3 0.7 3.0 31.8 13.8
Se(IV)AdsMt® 5.5 0.9 54.8 0.3 0.6 24 34.8 0.8 11.2
Se(VI)AdsMt® 9.0 0.4 54.5 0.8 2.0 33.3 9.5

Atomic concentrations [at%]: relative error £ 10-20%. Fe(ll)/Fe: relative error £ 5%.

Sample Se 3s Se L3MysMys Se 3ps2  Se LoMssMys O 1s (charge ref.)

Se valency

Se(IV)AdsMt® 233.9 185.6 164.9 1441 530.0 FesO4

Se(lV)

Binding energy [eV]: error + 0.2 eV
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Figure S6. Se-K edge EXAFS fit results of selenite-magnetite adsorption studies performed at different pH

EXAFS fit results
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Figure S7. Example of an unsatisfactory EXAFS fit using only one Se-Fe shell for fitting the FT peaks in the
range 2.3-3.5 A.
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